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ABSTRACT

Ultra~high strength steel wire, with a teousile strensth greater
than than 2000 MPa, has been used for a numbey of years in ropes
used for noisting appllcations by the wining industry. Recently,
problems have avigen in certain ropes, due to a measured decrease
in the rope treaking force after storage, snd the phenomeron has
Been attridbuted to strain apeing. This study was dnitlated in an
attempt to detexming the operstive sechanisws and to recommend
possible practical solutivns te the problem.

The approsch used was o investigate the rffect of various
parameters on the rate of ageing in cowventional wire, messured by
the changes in ¥de tensile prosf atress and the wire doetility,
These paraceters Jucivded the carbon and sitrogen contents; the
drawing  strsin  the drafting schedule; the drawing speed; and the
peariite interiazeilsr  spacing, The effects of silicon and
alopiniurs additions wers alse detersised.

The zesctiom rate for agedrs wos Lound to be deseribed dg 813
cases by o Avrherdus-typt  yate with an

eneyxy of sbout I17 klmel-'. Ths rate expoawnt, ns delined by
tie  Johpsan-Mehl squation, was fousd ts he about 0,25 to 0.3, The
ageing kinetics were found to be ineressed by su hizh nitropen
conteat, & high level of atratm, and s iow peariite interlamellar
spacing, An inoreased drawing speed, and & low final veduction dn
the drafting schedule appeared to xuduce the rats of deterioration
of the wire ductility. High levels of silicon (abave adout 1%)
were also found to DHe beneficisl, ulthough lower levels had She
opposite effect.

The predominunt apeing mechanism could not be isolated from these
results, but they tended to confirm sume work described in the
ldterature, which sseribed the rate-controlling step to cementite
dissolution to provide carbon atoms for traditional “Cottrell”
ageing, The situation, however, appears to be more complex, due to
the significant effect of buth the drafting schedule (snd hence
probably the residual stress level) and the nitrogen content. An
alternative mechanism which may account for these effects, whereby
some refinement of the dislocation substructure occurs during
ageing, is proposed.
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CHAPTER ONE : INTRODUCTION

Ultra-high strength steels are generally considered 10 have
tensile strengths in excess of 2000 MPa, Such values are readily
attainable din cold-drawa plain carbon pearlitic steeis by a
combination of optimising the heat treatment prior to drawing
and by drawing ta sufficient reductloms.

Sach steel wire has found extensive application in ultra-high
tensile  (U.H.T.) vropes, used for hoisting by the mnining
industry. The requirements of the mining industry for increased
shaft depths and increased payloads has motivated research inte
the manufacture of roping wire with ever higher tensile
strengths (e.g. Benson, 1984), and such work has largely been
successful

However, ome of the most impostant gualities of roping wire is
its ductility, since the wires must be able to accommodate high
cross~over forces from adjacent wires in the rope while in
service, Although the ductility of high strength roping wires is
usually satisfactory. after manufacture, it has been observed
that this property sometimes deteriorates with time, leading
ultimately to a reduetion of the breaking force of the xope.
This phenomenon has been sttributed to strain ageing,

Much work has been performed on the ageing phenomenon in drawn
high carbon steel wires, and practical improvements to the
"problem” of ageing have been made with some success over recent
years; notably by paying attention to efficient cocling in the
drawing process, With current strength levels of plain carbon
U.H.T. ropes, it is probable that the problem has been overcome
sgatisfactorily. However, the continuing re¢uirements for ropes
of higher strength and lenger life have motivated resoarch into
establishing fundamental solutions to the ageing phenomenon.




The present study was propesed to contribute to this research,
and the basic objectives of this project were thus as follows:

1. to deteyrmination the operative mechanisms of the ageing
process; and
2, to develop a solution to the problem of ageing.

The ageing process occurs on an atomic scale in steel wire, and
even with the most sophisticated techniques available, veliable
information on the ageing mechanism in heavily drawn steel wire
has not been achieved. Therefore, the process can only be
inferred from other experiments.

The basic approach was to investizate those parameters which, on
consideration, were thought to be significant to the ageing
process. These were studied by drawing wire under controlled
conditions, and testing its response te artificial ageisds
treatments by mechanical testing. The activation energy for
ageing and a kinetic parameter were derived, which would, it was
hoped, supply useful information regarding the operating
mechanism{s).

The study was largely restricted to plain carbon eutectoid
steels, gince data on normal commercial materisls were required
before possible alloying additions could be recommendsd.
However, the effect of small additions of silicon was alse
investigated.

Initially a traditional approach to the experimentation was
taker, but it was eventually found that the wumber of
influencing parameters was too large to investisate them ¥ any
detail. A statistical apprcach was then used to examine a group
of parameters in a single factorial experimental design.
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CHAPTER TWO : STRAIN AGRING IN ULTRA~-HIGH STRENGTH DRAWN
PEARLITYC STRELS ~ LITERATURE REVIEW

2.1 INTRODUCTION

The term strain ageing has been applied to n wide variety of
effests in which some ageing phenomenon takes place both during
or after plastic strain., The subject has been widely
dnvestigated for many years, and a areat deal of information has
been published.

The vast majority of work on strain ageing has heen performed on
low carbon steels (containing less than about 0,2% carbon), and
subjected to low levels of strain (of the order of a few
percent). Relatively little work has been performed on high
carbon steels, especially where very high levels of plastic
strain (e.g. true strains greater than 0,5) have been applied.

For the present study, the strain ageing chaxacteristics of high
carbon steels, cold drawn to true strains of greater than about
2,0 are of particular interest. The following literature review
will, therefore, concemtrate on the extent of current knowledse
of strain ageing, especially as far as it pertains to drawn
steel wire,

Subsequent sections will consider general aspects of strain
ageing, the production methods and properties of carbon steel
wire, the dnfluence of straln ageing on these properties, and
methods by which the strain ageing susceptibility of steel wire
can be measured, Finally, means by which strain ageing can be
contxolied in finished wires will be discussed.




2,2 THE STRAIN AGEING OF STEELS — AN OVERVIEW

2.2.1 The Ageing Mechanism

The general features of strain ageing are well documented, and
have been described in a number of reviews (e.g. Kenyou and Buns,
19403 Low and Gensamer, 1944; Paxton, 1958 and Baird, 1963).
Commonly, strain ageing ia revealed by the return of the yield
point in  tensile stress/strain curves after plastic strainming and
subsequent ageing, as shown by Figure 2.1, All the mechanical
praperties, however, may be affected, including tensile strength,
yield stress, fracture toughness, impact transition temperature,
and ductility, Strain ageding also influences physical properties
sach as damping capacity and electrical resistivity,

Xt has been shown (Low and Gensamer, 1944) that if carbon and
nitrogen are removed from atee.. then the isitial discontinuvous
yielding characteristic of annealed wmild steels and strain ageing
are eliminated. From this and other work Cottrell and Bilby (1949)
developed the generally accepted theory of strain ageing in
steels,

According to this theory, the yield point in steel is caused by
the segregation of carbon and/or nitrogen atoms to the many
dislocations present in the iron Jattice. These 3nterstitial
solute atoms tend to xelieve the stresses around the dislocations.
From energy consideratioss, it is possible to show that a higher
gtress is required to cause plastic flow (l.e. the movement of
dislocations away from their surrounding atmospheres of carbon and
nitrogen atoms), Once the dislocations have been torn away, the
force reduired to maintain dislocation movement is reduced, and
the stress falls to the lower yield point,

Strain ageing can alsoc be explained using the same model. Duxing
ageing, carbon and/or nitrogen atoms migrate through the strained
iron Jlattice to the new dislocation positions, locking them in
place as before. The extent of strain ageing with time after
straining will be dependent on the rate of diffusion of the
interstitial solute atoms, on the number of interstitial atems in
solution, and on the temperature.

. ) whﬁm“h
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Honeycombe (1981) has quoted an alternative theory to that
deseribed above, which was attributed to Gilman and Johnson.
This theory proposes that once the carbon atom atmospheres have
pinned the dislocations, these remain locked and the return in
the yield point arises from the sudden generation and movement
of newly~formed dislocations. Thus it would be expected that

dynamic strain ageing (in which carbon atom atmespheres form ,
continuously on newly senerated dislocations) would require a
higher dislocation density to complete the deformatiom.

Electron microscopy studies have demonstrated that, in steels
deformed at 200°C, dislocation densities are an cxder of
magnitude greater than in specimens similarly deformed at room .
temperature. Gilman and Johnson's wodel also accounts for the
increased work hardening rates obvained during warm straining, !

when compared to straining at room temperature,

A detailed survey by Nishino and Takahashi (1962) of the changes ‘. :
occurring during the low temperature heat treatment of various AR

. steels in the vrange 0,1% to 0,9% ocarbon used hardness
2 measurements to follow the progress of ageing., The resulis
" showed a double peak in the hardness vs temperature response
cugve, which was most clearly evident in the lower carbon N
steels. The primary peak, in particular, became more pronounced o Q

as the carbon content decreased (Figure 2,2) (see also Vare, B
1964) .

It can be argued that, durdng defaxrmstion, active dislocations v g
wiil plle~up at obstacles such as grain boundaries or cementite

particles, giving rise to a back Stress, At elevated temperature A
wol " these dislocations will tend ta move under the influence of this -

stress, but in so doing, encounter other groups of dislecations, p ' A4
The dnteraction between these groups of dislocations renders ’
them sessile, The annihilation -f active dislocations can :
account for the ohserved hardening erfect. Pt

s




2.2.2 The Effect of Strain Aseing on Mechanical Properties

The effects of strain - dng on the mechanical properties of
steels can be considered I the basis of a two-stage ageing
process proposed by Hundy (°256), and Wilson and Russell (1960),

The first stage of agelng corresponds to interstitial solute
atom migration to dislocation sites to form "Cottrell
atmospheres”, as described previously. In terms of tewsile
properties, this should merely increase the yield stress, while
tensile strength and ductility (as measured by elongation to
fracture) are unaffected, With very low solute contents only the
first stage is possible.

The second stage of ageing corresponds te the formation of
precipitates on the disiocations. This incresses both the yield
strass and the ultimate tensila stress, while ductility is
adversely affected. 1In addition, the work hardening rate
increases. Overageing, due to coarsening of the precipitates may
eventually occur, leading toe a small reversal of the above
property changes.

Other property changes which occur aye as follows, Hardness, 4s
expected, tends to follow the same trends as tensile strength.

There is some evidence (Levy and Kanitkar, 1961; and Lippitt and
Horne, 1957) to suggest that the fatigue endurance Iimit,
especially din low stress-high cyecle fatigue, is due to strain
ageing effects, since no comparable Limit is obtained in iron
from which ail carbon and nitrogen have been removed,

The impact transition temperature is particularly sensitive to
first stage ageing, although this parameter does rise
continuously throughout the ageing process (von Kockritz, 1930),
while the upper shelf energy decreases,

Electrical resistivity, damping capacity and residual magnetism
all decrease during strain ageing (Wilson and Russell, 1960;
Cottrell and Churchman, 1949; Dahle and Lucke, 1954; and Xoster,
1930).
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The rate of &geing 3is temperature dependent, but the maximum
property changes are not separently greatly affected by the
temperature of agelng, Overageing, however, is only pronounced
at temperatures above about 250°C (Bairxd, 1963).

2.2.3 The Kiretics of Ageing

The availability of carborn and nitrogen dn ferrite for
disiocation Jlocking derives from the inevitable superseoturation
of these elements, even after slow cooling. Dislocations are
known to be very effective nucleation sites for precipitation
and Honeycowbe (1981} quoteés the value for the birding energy of
a carbon atom to a dislocation to be 0.5 eV,

Cottrell and Bilby (1949) analysed the kinetics of solute
atmosphere furmation, while making the simplifying assumption
that the only important effect would be the "drift force"
pulling solute atoms in towards the dislocation core.

This drift force arises from the decrease in the dilatational
energy of a solute atom in sites near te the tension side of an
edge dislocation. The following expression was obtained for the
number of wolute atoms, N(t), that would rveach a unit length of
a dislocation in time t;

RE) = 1o, 3(HI /2. (8.0, £)3/ ovvvininnaanal2il)
2) (kT
whers ¢ no is the average concentration of solute atoms {(per
unit volume);

D s the diffusion coefficleut {(m¥s=*);

Ais a parameter defining the magnitude of the
interaction  between the solute atom and the
dislocations (A 1s approximately  3x10<?° Nm fox
carbon and nitrogen in alipha~iron);

k is Planck's comstant, 1,38x10™23 JK1;

and T is the temperature (K).




Cottrell and Bilby estimated that a dislocation would become
saturated with carbon when 1-2 atoms of carbon per atom plane of
dislocation had segregated o it. However, Equation 2.1 will
only hold for atmosphers densities considerably lower than this
saturation level. As saturation i1s approached, back diffusion
from the core region will tend to counterbalance imward flow Gue
to the drift force, and, in addition, relief of the disiocation
stresses by segresated atoms may reduce the drift force.

Herper's equation (1951) allows for the fall in solute
concentyation in the matrix surrounding dislocatiops as strain
ageing proceeds:

Woa 1w expl-3r(I) /(4D 1)) Livivaan.aa (2,2)

A.D.t)
O (2 (k1) )
where W = fractign of atoms collecting on dislocations in time t
and r = dislocation density.

Hundy (1954) Jjncluded data from Wert (19502, 1950b) on the
diffusivities of carbon and nitrogen in alpha—iron in Harper's
equation, and derived an equation relating the time of strain
ageing at room temperature to that at a higher temperature:

SRR log (Eed = K (L _ L} = 1o (L) vovvenensed23) ..
S {t) (T T) (Te)
ogr where the value of k depends on whether carbon ér nitrogen

causes strain ageing., Thus &k = 4400 for carbon and 4000 for i
nityogen. Here, t is the strain ageing time at temperature T, !

i
while the subscript r denotes room temperature values. }

Hundy's equation does not, however, fully characterise the
ageing process, for three main reasons. Firstly, the equation

does not account for the plateaw in the ageiri curve (Figure
2.3} which is frequently observed, especially when the change in
vield point is used to detect ageing (Tardif and Ball, 1956).

Secondly, the equation does net allow far the change in
ol solubility of the interstitial atoms with temperature. Finally
e the equation cannot explain the strain ageing of commercial

materials in which nitrogen is often combined with a nitride-
former such as aluminium,
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The small difference in the value of k for carbon and nitrogen
in Equatiuz 2.3 reflects the small difference in their
diffusivities an t.c.c, diron, The diffusion coefficients for
carbon (Dg} and mnitrogen (Dy) in ferrite (dve to Wert, 1949;
and Nabarro, 1948; respectively) are:

Do = 2,0 x 10-%.exp(-84 _100) 0%5™" ...iiveenra (2.4
¢ RT )

Dy = 6,6 x 10~7.exp{-77_808) m*s~* ...........(2.5)
( R.T
where R is the gas constant, 8,314 Jmol~2K~1;
and T is the absolute temperature (K).

Authoys {e.g. Harper, 1951; Wert, 19493 and Polder, 1845) who
have studied the strain precipitation of carben in very low
(0,01%) carbon diroms using, for instance, Iinternal friction
techniques, have derived activation energies for the process
which are, generally, close to 84 kJmol~?, This agrees with
the activation energy for diffusion of carbon in alpha-iron
{Wert, 1949; Stanley, 1549). Similarly, the activatien energy
for strain sgeing due to sitrogen has been determined to be
72 kimel=* (Harper, 1951), a figure also in reasonable
agreement with that for diffusion of nitrogen in ferrite
{Leslie, 1959),

The activation energy for the diffusion of carbou in ferrite
does, however, dincrease with the caxbon content of the steel,
according to Gul and Babich (1980). For example, the activation
energy for dynamie strain ageing due to carbon increases by 50%
(from 136 to 205 kJmol~!) on increasing the carbon content
from 8,15% to 0,80%.

The kinetics of strain ageing are usuvally followed by measuring
the change in the concentration of interstitial solute remaining
in the ferrite lattice, the assumption being made that all
solute leaving the lattice segregates to dislocations, If the
dislocation density is known or can be deduced, the atmosphere
density at any stage of the process can be calculated.

e - ks olile
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The concentration of carbon and nitrogen in solution in the
ferrite has generally been measured either by measuring the
neight of the corresponding Snoek internal friction peak (Snoek,
1941), or by measuring electrical resistivity (Dijkstra, 1947).

The former method is noted to provide the more accurate results,
since it distinguishes more ¢learly between interstitial solute
atoms in normal lattice positions, and those segregated to
dislocations.

Opinions vary as to the number of solute (carbon) atoms reguired
to sufficiently lock dislocations, but it has been shown that,
in quenched mild steels, hetween 10 and 100 solute atoms per
atom plane were attributed to each dislocation during strain
ageing (e.g. Thomas and Leak, 1955; and Dahle and Lucke, 1354).
It would appear, therefore, that sufficient atoms can be
accunulated on dislocations to form small precipitates. It was
proposed that, on subsequent cold work, the dislocations are
freed from their atmospheres while the precipitates are left
behind, Although still too small to be resolved using electron
microscopy, they can exercise a considerable hardening effect on
the steel, thereby raising the geneval level of the stress-
strain curve.

Wilson (1957) has pointed out that carbide precipitation in
steel tends to reverse a gemeral rule that cold work increases
the rate of precipitation from a supersaturated solid solution.
This observation is based on the work of Andrew and Trent (1938}
and others, who showed that cold working of a quenched low
carbon steel or iron-nitrogen alley cam prevent the formation of
virible precipitates during subsequent ageing at 200 to 250°C.

Wilson himself showed that the precipitation of €-carbide in the
first stage of tempering in medium and high carbon martensites
can be suppressed by cold work. In addition, he showed that
carbides precipitated during a tempering treatment tended to
redissolve during subsequent deformation. Wilson suggested that
this phenonenom was due to a strong interaction hetween carbon
atems and lattice defects in irom,

ik e el o tabe




13

This hypothesis has been substantiated by Cottrell {1953) and
others (from Baird, 1963) who have shown that when a carben ar
nitrogen atom is situated near the centre of an edge dislocatien
in iron, the elastic interaction will give a binding energy
which is sgreater than that binding those atoms in iron carbide
or nitride precipitates, even when & relatively high Jenmsity of
solute atoms on dislocations exists (i.e. above 10 atoms per
atom plane),

Gul and Babich (1980) have analysed the mechanisms of strain
ageing in medium and high carbon steels from a thermodynamic
viewpoint. They proposed that higher carbon steels contain lawer
proportions of solute {ecarbon and nitrogen) in solution in the
ferrite., For 1low carbon steels, the total (¢ + N) content in
ferr.te ranges bstween 10™* and 10~ weight percent, while
for medium - and high carbon steel this value is in the range
10-7 to 10~ weight percent (Mogutnov et al, 1972), This
phenomenon wag explained in terms of the larger volume fractien
of cementite present, and of the sharter ferrite diffusion
paths,

They and other workers (i,e. Sarrak et al, 1969; Gul, 1973; and
Yamada, 1974) waintain that the carbon and nitrogen in solution
in the ferrite of higher carbon steals would not be sufficient
to produce any strain ageing. It would thus be reasonable to
agsune partial dissolution of cemeatite to oceur to provide
carbon atoms for dislocation pinnine.

However, this cannot be explained solely in terms of am enthalpy
advantage,; and it can be shown that the free energy can be
further reduced by an increase in the configurational entropy,
Seone. Thus: :

Saowe = Ssowre (Vi = Vap) 2 0 nvrecnnunineyers(2.6)

where V., = volume of ferrite matrix containing dislocations of
a certain density;
and Vap= volume of the decomposing phase.
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At yoom temperature, it follows that the locking of dislocations
during styain sgeing must be weak since, therwudynemically, only
the first stage of ageing (i.e. Cottrell atmosphere formation)
is possible. In addition, since the activation energy for strain
ageing tends to increase with the carbon content of the steel,
the additional energy required may be accounted for by that
additional energy required to rupture the carbon-cementite bond,

The dimplications of a higher activation energy are that natural
strain ageing (d.e. at room temperature} should occur at a
comparatively low rate, but that the ageing rate should increase
more rapidly with temperature, For example, caleulations based
on  the Cottrell-Bilby-Harper equstion (2.2} show that an
increase of 33% din the activation energy of the strain ageing
process over the activatjon energy for carbon diffusion in
alpha~iron, lowers the ageing rate by 1000 times at 27°C, but
only 10 vimes at 400°C. It wight thersfore be reasonable to
expect esgentially no natural strain egeing din high carban
stesls, and this has apparently been confirmed experimentally
(Gul and Babich, 1980). However, the general validity of this
observation, especiaily at high prestrains, is questionable,
based on the observed detsrioraticd in properties of hard drawn
pearlitic steel wire with time (gee Section 2.4).

2.2.4 The Behaviour of Carbon and Nitrogen in Cold-Worked
Alpha Iron

Ritrogen and carbon differ siightly in their behaviour during
strain ageing in low carbon steels. The behaviour of nitrogen
can be gwmmarised as follows (frem Baird, 1963):

% By virtue of 4ts reasosably high solubility, its low
diffusion coefficient, and the severity with which it locks
dislocations, nltrogen is expected to be an effective solute
in producing stirsin ageing., This has been confirmed by
experimental evidence di~wn from iron-nitrogen alloys.

sl o ol Ll dar




15

*  Iron-nitrogen alloys show appreciable ageing below 100°C,
This is due partly to the fact that equilibrium solubilities
at low tempexatures are not often approached, and partiy
because dissolution of iron nitride particles can contribute
to strain ageing.

*. The amount of ageing in an iron-nitrogen alloy is not very
sensitive to prior heat treatment,

* The amount of nitrogen required to produce strain ageing is
uncertain, but values af as low as 0,0001% appear to be
ufficient to produce le ageing.

In contrast, the behaviour of carbon can be summarised in the
following manner:

# In slowly cooled specimens, the carbon held in solution is
likely to be lower than nitrogen, s> that the ageing due to
carbon is likely to be less significant than that due to
nitrogen,

®* If held in supersaturated solid solution, carbon should be
4ble to produce ageing below 100°C, since carbon can diffuse
and lock dislocation almost as rapidly as nitrogen. This has
been demonstrated experimentally.

* As little as 0,0001% carbon in solid solution can give
appreciable strain ageing at 100°C, and the amount of ageing
increases as the lavel of dissolved carbon is raised to
about 0,002%,

" Large amounts of carbon probably decrease strain ageing, by
decreaaing the proportion of free ferrite present.

The above conclusions wers derived by Baird from the work of
many authoxs. However, i1t should be noted that the materials
used were largely restricted to very low carbonr and nitrogen
iron alleys.




2.2.5 The Effect of Alloying Elements on the Strain Ageing
of Carbon Steels

There are two classes of alloying elements which may be
distinguished in connectlon with strain ageing. The first class
consists of solutes which may pin dislocatious and hence may
cause strain ageing. These elements must have high diffusivities
in alpha=iron, and are thus limited to those elements which go
inte dinterptitial solid solution (e.g. carbon, nitrogen, oxygen,
boren, and hydrogen}). It has been demonstrated (by Low and
Gensamey, 1944; and Fast, 1950) that carbon and nitrogen are the
only causes of strain ageing in commercially important steels.

The second class of elements includes those which may influence
the strain ageing process by altexing the solubility or mobility
of those elements in the first class, These may be divided into
four main groups, as follows:

1. elements which interacit only weakly with carbon or nitrogen
{e.g. copper, nicke)l manganese, phosphorus);

2. mnitride-formers (e.g. aluminium, silicon, boyon);

3. carpide-formers (e.g. molybdenum);

4. nitride~ and carbide-formers (e.z, chromium, vanadium,
niobium, titanium).

2.2.5.1 Copper, Nickel, Manganege, Phosphorus

Of these elements, copper and nickel are considered not to
interact appreciably with carbon or nitroges, whereas phosphorus
way be a weak nitride-former, and manganese a weak carbide- and
witride-former. In high carbon steels, manganese enters the
aarbide phase as (Fe,Mn}aC.

Copper and nickel have been shown by Edwards et al (1940) to
alightly increase the atrain ageing of a 0,025% carbon iron at
250°C, indicating that these elements may increase the
solubility of carbon or nitrogen in iron.
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Manganese and phosphorus, which tend to attract nitrogen atoms
when in solid solution. probably slow down low temperature
ageing (Erdmann-Jesnitzer et al, 1860), but the evidence is
limited, Contradictory evidence of the effect of manganese on
the ageing response of steel is available. Fast (1960) found no
effect of up to 0,5% manganese ont low carbon steels up to 250°C,
but Murphy (1968}, while investigating 0,6% carbon wire, found
that manganese reduced the ageing response,

2.2.5.2 Nitride-Fouming Elements

Aluminium is used extensively in the steelmaking industry to tie
up oxygen to produce killed or eemi-killed steels, It also
interacts stromgly with nitrogen to form sluminium nitride, ALN,
The effect of aluminium alone in reducing strain ageing due to
nitrogen is not great; low tempevature ageing can be reduced by
aluninium alone, but wot eliminated (Leslie and Rickett, 1953).

Aluminium  additions appear to most effective when low
austenitising temperatures are used to reduce the tenmdency for
aluminium nitride to dissociate. However, in combination with
siiicon, aluminiwm appears to be far wmare effective, The
precipitates formed are Jisomorphous (Arvowsmith, 1963), and it
appears that silicon mnitride precipitates on aluminium mitride
particles during cooling. Both aluminium and silicon form stable
carbides but each has a strong affinity for iron which tends to
counteract the formation of these carbides,

Langenscheid (1979) investigated the precipitation of aluminium
nitride during the cooling of steel. The solubility of the
unitride in avstenite 1s given by:

log K = =7750 + 1.8 iuvvsvvverasansvananea{2.7)
T

where X<{Al].[N] and T ds the absolute temperature, Thus the
solubility decresses as the temperature falls. The precipitation
of aluminium nitride is a diffusion-controlled process, and thus
the temperature of precipitation is important. The dangex arises
that some of the wnitrogen may not be fixed by aluminium, and
hence would be available for ageing.
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Langenscheid has shown that precipitation oceurs rapidly at
about 750°C but at the normal transformformation temperatures of
around 600°C for wire rod, the reaction is very slow.

It should be poted that of the common alloying elements, silicon
is the only one which lncreases the activity coefficients of
carbon and witrogen din ferrite, and will, therefore, increase
the kinetics of ageing. However, it is thought that this effect
may be cancelled by a reduction in the diffusion rate of the
interstitial elements in the fexrite, by silicon (Swmith, 1985).

Boron has been shown by Morgan and Shyne {1957a, 1957b) to
significantly reduce strain ageing in steels, through the
formation of boron nitride. The best vesults have been obtained
with additions of about 0,004% horon, One advantage of using
boron as a stacilising element Is thut, being itself an
interstitial solute, it can diffuse quickly at low temperatures
and so precipitate nitrogen under most cooling conditions.

2.2,5.3 Carbide-Forming Elements

Molybdenum #As the only 3Important element in this group, Its
effectiveness, however, as an ageing "inhibitor" is question-
able, since nitrogen will remain in solutiocn Yo promote ageing.
Fox dnstance, in one experiment by Leslie (1959) an unsuccessful
atteapt was made to produce a ron-ageing rinmed steel by the
addition of molybdenum,

2.2.5.4 Nitride- and Carbide-Forming Elements

The majority of dmportant alloying elements fall iute this
group. In general, for metals such as chromium, vanadium,
nickium and titanium, the nitrides tend to be more stable than
the carbddes. This implies that the nitrogen is often largely
combined with these elements, while carbon, due mainly to its
presence in larger quantities, is incompletely combined.
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Potentially, all the elements which foxrm both carbides and
nitrides can eliminate high temperature strain ageing if present
in sufficient quantities. Low temperature ageing tends to be
more easily reduced, presumeably because of the greater
importance of witrogen below about 100°C,

The effectiveness of the alloying elements in preventing strain

ageing increases aceording to their affinity for carhon and

nitrogen, din the order chromium, vanadium, niobium and titanium,

The elements wnolybdenum, manganese, chromium and vanadium have

beon showm by dnternal friction techniques to intersct with .
nitrogen in ferrite (Dijkstra and Siadek, 1953), but not in any

comparable way with carbon (Wert, 1952).

The effect of such an interaction could be due to slow precipit-
ation during cooling, thus implying an inereased supersaturac'inn
after coollng. Alternatively, the migration of the interstitial
element during strain ageing may be hindered. These alternatives
way oceur together, din which case the effects may cancel each
other out.

Rashid (1975), has dnvestigated the strain ageing kinetics of
vanadium~ and titanium-strengthened high strength low alloy
(HSLA) steels. He proposed that in these steels, strain ageing
may oceur in tve stages:

1, Smoek rearrangementj

2, Cottrell atmosphere formation.

The process of Snoek rearrsngement was proposed by Nabarro
(1948), and various investigators have attributed the effect to
dislacatinn pinning by local atomic yearrangement, oxr short
range ordering of interstitials in dislocation strain fields.
Due to the proximity of the interstitial atoms to the
dislocations dinvolved in Snoek rearrangément, when comparad with
those interstitials diffusing through the lattice to form
Cottrell atmospheres, the former mechanism occurs much faster
than the latter,
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Rashid derived an activation energy for Cottreil atmosphere
formation only, since the effect of Snoek rearrangement on
mechanieal properties is very small. Using only small amounts of
prestrain  (2,6%) to ensure the maximum response to ageing, and
ageing temperatures between 205°C and yoom temperature, the
activation energy for Cottrell atmosphere formation in both
vanadium and titanium HSLA steels was found to be close to
144 kJmoi~*. This high value for the activation energy was
attributed to the vresults of interactions between interstitial
solutes and the elastic strain fields which surround coherent
precipitates in the HSLA steels (Rashid, 1976),

2.2.6 Symmary

Strain ageing is generally considered to be caused by the
migration of interstitial atoms (particularly carbon and
nitrogen) to dislocation sites, thereby effectively pinning
them, The effect of this phenomenon is to increase the tensile
properties (notably the yield point) and to veduce ductility.

Strain ageing din mild steel is a diffusion-dependent process,
and as such, follows an Arrhenius~type rate law. The ageing rate
is thus markedly 4nfluerced by temperature. The rate also
depends on the migrating element, on the concentration of this
element, and on the amount of prior deformation applied,

The normal commercial method for re. wricting strain ageing is to
tie up excess interstitial solute by using nitride- and/or
carbide~formers as alloying elements, Alundnium is frequently
added to combine with free nitrogen in steels, while strong
carbide- and nitride-formers, such as vanadium or titanium, are
probably the most effective additions,
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2.3 THE PRODUCTION OF CARBON STEEL WIRE

2.3.1 Introduction

Cold drawn wire is a commercially imeortant material, with a
unique combination of wmechanical prope:cles, Tensile strengths
far in excess of 1600 MPa are readily achieved, even with
relatively inexpensive plain carbon steels, while adequate
dretility dis maintained, Such & combination of strength and
duetility dis superdor to that obtainable Ly means of heat
treatment or by the ad ition nof alloying alements slone,

The uechanical properties of cold drawn wire are deterwmined by
the chemical composition of the steel, the heat treatment applied
prior to drawing, the extent of cold working applied, the drawing
conditions and the nature .of any heat treatment applied after
drawing. mmber of interacting factors may therefore affect the
guality of the finished product, and this section attempts to
summarise some of these factors.

2.3.2 The Patenting Process

Patenting is a term used in the wire industry to describe the
heat treatment applied to the as~rolled rod, or partially drawn
vire, prier to drawing. Generally, with eutectoid steels, the
object of patenting is to obtain a fine uniform pearlitic
structure across the rod section, although, in scme instaneces
pearlite and bairiii mixtures are preferred., Alternative methods
of obtaining the required microstructure, such as controlled
cooling or step-patenting have been recently investigeted, with
excellent results. The traditional patenting method, though,
remains the most important commercial method in South Africa.

Typically, peavlite interlamellar spacings of the order of 70 to
90 om are required, Such a fine (and uniform) microstructure is
important 1in wire drawing, since fine cementite lamellae can bend
during deformation (Duckfield, 197la; and Nishimura et al, 1980),
while thicker lamellae will tend to fracture, and mav “tereby
initiate failure. Im addition, thin caxbide plates res...ct void
formation at the tail of the plate, since the ferrite can more
easily accomodate the required deformation (Pickerinmg, 1965).

. ] o dablulade o
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For a given jeduction in area during drawing (using similar
drawing conditions) the tensile strength of the finished wire
depends largely on the as-patented strength. A fine pearlitic
stxueture ensures a8 high strength pricr to drawing, which will
reduce the deformation required to achieve a given tensile
grade, The. work-hardening rate also increases with pearlites of
smaller interiamellar spacing (Godfrey, 1963).

The patenting process consists of three stages; heating to the
austenitising temperature, soaking at temperature, and, finally,
conling to the tranformation temperature. The process method may

be either continuous or batch,

The heating cycle is maintained to as short a time as possible,
although rapid vrates of heatine are not normal in the patenting
process {Payne and Smith, 1968).

During soaking, time is -normally allowed for some degree of
austernite homogenisation. This eliminates carhen concentration

gradients which car result in an inferior microstructure after
transformation. Hewever, for economic reasons the soaking time
is Kkept short. A fine grain size is ideal for the final wire

properties, but manvfacturers often favour coarse grain sizes
since lower drawing loads are required, and an increased ,,‘
hardenability is obtained (Duckfield, 1871a).

The third stage, covoling to the transformation temperature, is
the most eritical, since it is the metallurgical reactiens which

occur during coolirg whieh greatly dinfluence the f£inal
properties of drawn wire. Cooling is generally performed in lead B
maintained at about 540°C for plain carbon rod, although the .
transformation temperaturs range may be as high as 650°C to °

670°C, depending on the rod size. The variations in cooling rate
acvoss the rod section, especially for thicker rods, can give o
ris +. cnarse pearlite, which cammot be drawn te very high

W strai., aud may also lead to inferior mechanical properties. P

Once transformation has started, the heat of transformation, “‘.‘

Wl together with an adequate lead bath, is then sufficient te

T ensure uniform tr ion temperature conditions.
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Franklin et al (1980) studied the effects of composition and
patenting conditions orn the patenting response of 0,74-0,80%
carbon steels. These authors state that patenting is essentially
a compromise heat treatment, since the attainment of a fine,
uniform patented microstructure requires the use of larger
austenite grain sizes, and high alloying contents te improve
hardenabiiity. Higher austenitising temperatures and increased
alloying contemts, however, tend to lead to an increased trans-
formation time, and, apparently, to an increase in the pearlite
interlamellar spacing, with a Jonsequent decrease in strength.

It was found that the highest as-patented strength levels,
regardiess of composition, were associated with  lower
austenitising temperatures (850 to 950°C) and lower quench bath
temperatures (450 to 500°C).

Lower quench bath temperatures had a tendeney to {Lym bainite
and  pearlite/baimite mixtures but these microstractures
apparently  presented no problems, even on drawing to 9i%
reduction in area, Fully pearlitic microstructures were,
however, mnoted to exhibit  higher work hardening rates,
particularly for reductions greater than about 80%.

2,3.3 Wiredrawing

Wire drawing is essentially a work hardening process, although
many other factors may operate during production processing. The
most rnotable of these are ageing effects. Some of these factors
will be described separately below.

2.3.3.1 The Mechanics of Wire Drawing

The true mode of deformation involved in wire drawing is not yet
clear (Suith et al, 1973), although a substantial amount of work
has been performed .on evaluating the drawing stresses required
{see e.g., Sachs, 1927; Johnson and Sowerby, 1969; Atkins and
Caddell, 1968; and Caddell and Atkins, 1968). It is generally
agreed (Caddell and Atkins, 1971) that the deformation patterns
imposed on metals as they plastically flow through a noxrmal
conical die, are such as to produce marked strain inhomogen-
eities in the deformed material (Figure 2.4),
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The strain inhomogeneities are due to redundant de’¢.mation
oceurring in the wire during drawing, and are ac .ociaited with
the generation of hydrostatic tension along the wir: axis. The
redundant deformation can be considered to be the'. required to
change the shape of the wire during deformatio,, but which is
not reflected in the final wire size. The amount of redundant
work performed on the wire during drawing is dependent on the
approach angle in the die and on the reduction in avea and, to
some smaller extent, on the initial wire dismeter, and ‘on the
extent of prior deformation (Figure 2.5). Thus the redundant
work 1is at a maximum when larpe diameter wires of annealed
metals are drawa using small reductions and large die angles
{Timiney, 1985).

Redundant  defoxmation Thas a number of effects which are
detrimental to wire properties, Ceittral bursting in the wire
during drawing is due to high hydrostatic tensions along the
wire axis. Drawing stresses are increased, and the total strain
applied to the wire is increased., FPinally, variations in
properties across the wire crossg section occur and the magnitude
of residual stresses s increased.

Timiney (1985) nas quoted some results from a finite element
analysis on residual hoop stresses in high strength wire (Figure
2.6)}. At the surface, residual hoop stresses as high as 1200 MPa
have been predicted, which may easily induce cracking in both
the radial and the longitudinal directions. The residual stress
pattern also tends to raise the apparent tensile strength of the

wire,

It is apparent from the above that the use of a narrow die angle
is indicated for the drawing of high strength steel wire,
However, it must be recngnised that the use of a Jlower die angle
tends to increase the amount of frictional work requirved. This
will lead to an increased drawing force, higher wire/die
interface  temperatures and possible concomitant Iubrication
breakdown problems. These factors should therefore be comsidered
when selecting die geometries for the production of high
strength wire.
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Godecki (1972) investigated the effeck of the die angle and
drafting schedule on the propexties of steel wire, and in
particular on the torsional ductility. He proposed that poor
duetility was assoclated with Ffragmentation of the cementite
lamellae in pearlite, and that heavy drafting results in the
fragmentation process occurring sooner, and more extensively
than when lighter drafting is employed,

In addition, 3if a high reduction in area is liable to cause
premature fragmentation of the cementite, then it might be
expected that increasing the die entry angle will have a similar
effect, A large entry angle may create bending stresses in the
wire, in excess of the bending strength of the cementite
lamellae giving rise to fracture. '

On the basis of these theories, a 50 called “hump-backed" draft
has been recommended to ensure the optimum tensile strength and
ductility din the finished product. This employs ldight imitial
drafting to orientate the cementite lamellae, followed by heavy
drafts decreasing again to light drafts at high strains.

2.3.3.2 Hork Hardening Characteristics

The work hardening processes involved in wire-drawing have been
investigated 4n some detail, and Figure 2.7 (after Duckfield,
1971a) shows a typical work hardening curve relating tensile
strength to true stvain., It can be seen that the woxk haxdening
procesg appears to occur ir two stages. At a true strain of
about 2,0 (corresponding to about B7% reduction in area) a
change of slope occurs in the work hardening cuxve.

This behaviour is commonly quoted (Duckfield, 1971a; Stephienson
et al, 1983) but other observers have discounted the distinet
two-stage work hardening rate (Whyte, 1985), attributing the
rige din the apparent work hardening rate rather to strain ageing
occurring during drawing at high strains,
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The work havdening rate depends to a large extent on the carbon
content of the wire (Shipley, 1963; Heape, 1983), the effect
becoming moxe warked din second stage hardening {(Figure 2.8). In
addition, the work hardening rate is enhanced by small pearlite
interlamellar spacings. These effects have been attributed by
Godfrey (1963), in part, to the fact that dislocations may
originate at the ferrite/cementite interface, Thus, an increase
in the carbon content or a decxease in the interlamellar spacing
would lead to an increased carbide surface area, and hence to an
increase in the number of dislocations generated.

Puckfield (1971a) has attributed the two stage hardening process
to the following, based on thin foil electron micrescopy
observations, During the early stages 'of wire drawing,
deformation of the pearlite is largely confined to tae ferrite
lamellae, which initially show rapid dislocation multiplicatiaon,
followed by the and e refi of distinct
sub~cell structures. The work hardening rate during this stage
is wnormally about 350 MPa/unit strain for a high carbon steel

wire,

The second stage of hardening derives frow the defermation of
cementite, which results in the formation of distinct sub-cell
structures within the cementite lamellae, This occurs only at
high strains, and a work hardening rate of about 950 MPa/unit
strein is typical duxing Stage II hardening.

The ability of cementite to deform in this mamner is not
particularly surprising since high hydrostatic pressures develop
during drawing. There is, however, some doubt as to the point at
which cementite deforms, Wishimura et al (i980), for instance,
examined some cementite lamellae after just 15% deformation, and
found dislocation densities apparently within the lamellae of
the order of 10%* w~?*, which is significantly kigher than in
as-patented steels,

Godfrey (1963) attributed the increased Stage II hardening rate
to an additional stremgthening effect arising from the preferred
orientation of the ferrite grains, which only becomes obsurvable
after about 50% reduction in area.
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Relly and Nutting (1963) hav. ghwwr that the dislocation density
is unlikely to increase wu:k above 10% strain, at which point
the dislocation density should be abunt 5§ x 10%% ™3, Vare
(1964), however, pointed out that the number of active
dislocations decreases with strain at high strain levels, and
that this accounts for the increase in strength of the material.
Evans et al (1972) have proposed that an abnoxmally high number
of dislocatjons ave produced during weym straining (correspond-
dng to produstion wire drawing). This phenomenon is probably due
t0 the mechamism of Gilman and Johnson {see Section 2.2.1}.

Embury and Fisher (1966) investigated three possible strengthen-
ing mechanisms dn operation during the deformetion of pearlite.
The first mechsnism was that of fibre strengthening, due to the
arientation of the cementite lamellae along the deformation
line, such that the structure behaves as a composite material.
The authors discounted this mechanism for a number of reasons,
not least af which being that drawn pearlite behaves gimilarly
o  dyayn bainite, ferrite and tempered martemsite, in which no
fibre strengthening can oneur.

The second mechanism, that of dispersion strengthening by the
Orawan was alge di due to the gimplicity of

the model.

The third souxrce of strongthening was due to the substructure
wenerated by drawing. The microstructure of drawn pearlite wire
indicates that the material consists of cells orientated in the
drawing direction. The cell dimension perpendicular to the
drawing diyection was observed to decrease Wi increasing
drawing strain, It was assumed that the cell walls wers the
barrieys ¥ ible for st analogous to that of the
Hall-Peteh relatdonship for the effect of grain size, and their
experimental results support this assumption,

2,34 Wixe Properties

The strength of drawn wire depends on the chemical compesition
of the steel, the heat treatment applied, the extent of cold
working, and the drewing conditions. Chemical composition and
heat ctreatment have been brietly reviewed above; this section

wll e aclodbol s Y08
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attempts te illustrate the general effects of the other
parameters on wire properties.

It has already been shown that the tensile strength of dravn
wire depends on the amount of strain applied during drawing.
This effect 4 illustrated in Figure 2.9 (after Shipley, 1963).
Both the tensile strength and the duciility of the drawn wire
vary sccording to the production technique used (drawing
schedule, drawles;, apeed, lubrication ete.), Great care mwust be
taken to avoi. 2 known as "o ¥ ", in which
the wire tends to break up during deformation. :

Overdrawing may refer to the stage at high strains where the
cementite lamellae rapidty disintegrate, leading to microcrack
formation and a severe loss in ductility. Altermatively, it may
refer to & point at which extensive dislocation § le-ups lead to
micro-fissuring, and aun eventual collapse in the materjal
properties (Lanner, 1983), In either ¢ase, overdrawing temds to
occur earlier in steels with higher carbon contents, since their
ability to deform plastically is reduced.

The trend din material property changes which occur during the
drawing of carbon steel wire under production gonditicns is
shown dn Figure 2.10. It can be seen that the method by which
duetiiity is evaluated (e.s. elongation at fracture, reduction
in aves at the fracture, twists to fallure or number of reverse
bends), will give marked differences in the measured ductility.
In particular, the elongation at fracture decreases sharply,
while the number of reverse bends and twists to failure maintain
a low fevel during the early stages of drawing. Beyond about 45%
reduction in area (a true strain of 0,6) the latter propertiss
increase up to an - ptimum value at sbout 70% reduction {(a true
strain of 1,2). During this time, however, elongation at
fracture decreases further.

Cold drawn ‘wire characteristically possesscs a low elastic
limit, Aitchison (1923) attributed this to the presence of
planes in cold worked metals om which slipping could eccur
easily; theee planes being those on which slipping had taken
place during the cold working of the metal.
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The application of a low temperature heat treatment has been
used in the wire industxry for many years to recover a high
elastic limit : UTS ratio, particularly for material used for
springs and prestressed concrete wire. The effect of such a heat
treatment on wire properties can be summarised by Fisure 2,11,

For roping purposéi, it is desirable to retain the low elastic
properties, since forming of the wire into strand is more easily
achieved. In addition & low elastic limit enables the wires to
accommodate the high intexwire forces which occur within a rope,

2.3,5 The Bffcots of Alloying Blements on Wire Properties

2.3.5.1 arbon

The strength of hypo-eutectoid plain carbon steel wire is
directly related to the carbon content of the wire, the stremgth
inereasing with the volume fraction of pearlite present.

In addition. it has been observed that higher ductilities may be
recorded from steels whose microstructures do not exhibit any
free ferrite (Fraoklin et al, 1980). This therefore implies that
the optimum combinations of strength and ductility are provided
by eutectoid compositions. Although further strength incresses

can be using hyp toid steels, in wire drawing

practice it is unusual to use steels with a carbon content
gyeatar than 0,85%. This is due to the increased difficulty ia
heat treating and cold workipe such material, since ductility is
adversely affected by the presence of grain boundary cementite
{Shipley, 1969).

2.3.5.2 Manganese

Manganese is usually found in plain carbon steels, partly due to
its use as a desulpburiser, It has been shawn by Fyamkiin et al
{1980) that manganese slightly delays the austenite decompos—
ition during patenting, and also incresses the transformation
time. Thus, although 4 har ility, the
longer transformation times may lead to increased pearlite
interlamellar spacings, and hence lower strength levels.
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Excess manganese c¢an cause problems due to microsegregation, and
thus manganese additions are usually limited to less than 1%, In
addition it has been shown that lower manganese contents are
beneficial in promoting hish as-patented strengths (Cahill and
James, 1968; and Nakamura and Fujii, 1974). Pranklin ex al (1980)
demonstrated that compositions anly 0,6% and
0,76% carboa ylelded excellent as-patented strengths, compared to
compositions containing up to O,Bi carbont and up to 1% manganese,

2.3.5.3 Molybdenum

¥olybdenum has a marked efifect on the hardenability of steel even
at low levels (typically 0,1%), However, molybdenum has only a
small effect on the as-patented strength, while it also gives
excessively long trancformation times (Reeves, 19853,

Molybdenum alse displaces the nose of the pearlite transform—
ation curve to higher temperatures, thereby allowing easier
formation of bainite., Such bainjte need not necessaiily be
detrirental to material stremgths on drawing, although ductility
may be adversely affected,

2.3.5.4 Silicon

Silicon is commonly used as & deoxidiser in sitwels used in wire
drawipg, and levels are often found in excess of 0,2%, Silicen,
like wmolybdemum, has 1ittle effect on the as-patented stremgth
(Franklin et al, 1980; ond Yamakoshi et al, 1977), and affects
hardenability in a similar manner.

The use of silicon as a solid solution strengthemer therefore
appears to have limited potential, but it may tend to inhibit
lattice diffusion in the ferrite, due to lattice distortion,
which may inhibit detrimental strain egeing (Smith, 1983).

2.3.5.5 Otheyr Elements

Tue residual elements sulphur and phosphorus have little effect
on wire pyoperties as long as they are maintained within certain
well-defined limits (i.e. less than about 0,04%; Shipley, 1963),
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Nickel and chromium can have marked effects on properties, but
may, as for other elements, increase hardenability excessively,
and alse may introduce segregation problems.

Coppexr and tin may have a profound detrimental influence on the
properties of ecold drawn wire, due to localised hot~shortness at
surface grain boundaries. Both these elements must, for ultra-
high tensile wire, be maintained at very low levels (i.e, below
0,05% for copper and baelow 0,02% for tin).

2.3.6 Rire Testing

A number of traditional wire tests have been in use for many
years and have been specified by British Standard B.5.2763:1982
for rope wire, These tests are for diameter, tenmsile strength,
and mmber of torsions and number of reverse bemds te failure,

The number of twists to failure in the torsion test is
considered to be the principal criterion of ductility, and has
been the subject of a number of investisations (e.g, Shipley,
1963; Duckiield, 1971b; Godecki, 1969; Nishioka and Nishioka,
1971; And Middlemiss and Hague, 1.,/3). The required performance
leyels are empirical and vary with wire diameter, and tensile
grade and type, but the test does provide a reproducible method
for comparing the torsional properties of wires of similar
strengths and diameters.

The major problem with the tprsion test ds the lack of good
correlation between the number of twists to failure and wire
pi-“ormance im  a rope (Stephenson et al, 1983), Recent
unpublished work at British Ropes Ltd, quoted by Stephenson et
al, has shown that the type of torsion fracture may be used to
some effect in  selecting wives of differeat performance
potential, but the corralation is still not entirely adequate.

flongation and comstriction in the temsile test, and the proof
stress ¢ temsile strength ratio, can also provide some
indication of the likely performance of a wire in a rope,
However, again the correlation is poor except in certain extreme
situations. Such sxtreme cases oeccur particularly where theve
axe significant strain ageing effects, induced either

il P T e
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deliberately by low temperature heat treatment or during drawing
using inadequate cooling (see Section 2.4.3).

Stephensan et al developed the "shear test®, which attempts to
simulate the principal loading conditions in a vope wire, which
are moSt severe at the strand cross-over points in the rope. If
the wire is brittlu, a characteristic in-service failure occurs
with an ablique fracture with little or no elongation,

The %est can imitiate similar failures but may not provide an
absolute measure of subseguent rope performance since the test
conditions were derived empirically. Test results are therefore
comparative.

The test is performed in a stapndard wire tensile testing
machine, with a special hydraulic compression jig attached to
the wire within the sgauge length. The jig provides a sideways
compressive force on the wire, such that the resultant of this
force and the tensile force is a shear force at approximately
45" to the tensile axis. The wire is then tested to destruction.
The st-called shear elongation s an estimate of the extent of
elongation experienced after the maximum load has beea reached.
4 wire exhibiting good ductility will reveal a high shear
elongation value, with a temsile-type fracture surface. A wive
of low ductility may show zerc elongation and will exhibit an
oblique shear fracture surface.

2.4 STRAIN AGEING IN DRAWN PRARLITIC STRELS

2.4.1 Intreduction

In general, the effects of severe strain ageing in high carbun
steel wire can be pummarised as :
(i) an increase in wire tensile strength;
(i1} an increase in the tensile prouf stress as a proportion af
the UTS;

(i1i) 8 reduction in the xumber of twists to failure in the
torsion test (usually associated with localised twisting,
spiral splittieg (or delamination) and a brittle
fracture); and
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(iv) a decrease in the elongation after the maximum load is
reached in ihe shear test (accompanied by a thange in the
fracture mode from tensile to oblique shear).

In order to identify the prime cause of the drop in ductility ef
carbon steel wire, Middlemiss and Hague (1873) conducted a
series of detailed Jinvestigations into the torsjonal behaviour
of carbon steel wire. Their results olearly showed that the
obeerved deterioration in properties was due entirely to strain
ageing, and not to surface effects, dintermal stresses or
microstructyral damage.

2.4.2 The, niem

Yamada (1976} e performed artificial agejns expeximents on a
variety of eutectoid steel wires, drawm at very low speeds in
order to maintain a very low wire temperature during drawing.
This procedure was adopted to minimise (or eliminate) strain
ageing during the drawing process. The material was subsequently
sged at various tepperatures for different times. The ageing
protess  wes monitoved by internsl friction techniques and
changes In electrical vesistivity, in order to infer the
meckanisms involved.

In this work three stages of ageing wers identified as described
below an? illustrated in FPFigure 2.12. The given tempevatures
apply to the experimental conditions of artifieial ageing:
isachronal ageing for five minutes.

The first stage, which occurs below about 150°C, corresponds to
the first stage in Cottrall's theory of sgeing (Section 2,2.1),
Thus, supersaturated carbor and nitrogea in solution in the
ferrixe mnigrate to dislocations, thereby locking them. The yield
stress increases wildly, and a decrease in the electrical
resistivity can be measured. It was alse found that the carbon
and nitrogen Snoek peaks observable using dinternal friction
technigues, and a background attributable to dislocation motion,
all decrease in height, with the Snoek peaks eventually
disappearing completely.
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The carbon supersaturation after patenting was assumed to be
small, and only a small part of first stage egeing was attributed
to carban. The more significant role was assumed by nitrogen. The
activation energy was calculated to be about 84 kimol™*, which
correspands closely with that for interstitial solute diffusion
of nitrogen in ferrite (Section 2,2.3),

The second stage of ageing occurs at temperatures between
approximately 150°C and 250°C. During this stage, electrical
resistivity and tensile properties increase, while the internmal
friction background decreases further. Analysis of these results
yielded an activatiom energy for the stage of 117 kJmol=?, and
an order of reaction of 2,2 to 2,4.

Second stage ageing was not apparently influenced by the nitrogen
content of the steel, and it was showm that for very low carbon
wires, no increase in resistivity occurred.

The inferemcé from these results is that after first stege
ageing, the ecarbon is 11y removed, but
that not all the dislocations axe pinned. This is evidenced by
the still siguificant dnternal f£riction backeround. Therefore,
for age-hevdening to occur, interstitials must be furnished to
dislocation &ites. Yamada proposed that cementite dissclution
coincides with the observed decreases in intermal friction,

Support for this hypothesis has been provided by studies of the
thermodynamics of strain ageing in medium and high carbon steel
by Gul and Babich (1980). The driving force for strain ageing in
these ateele was found o be the reduction in free energy due to
the entropy increase associated with the migration of carbon
atoms from cementite to dislecations in ferrite,

The strain ageing process can be expressed as follows:

FesC = 3Fe + € ..
€ D=CD

erevevernaiaene(2.8)
veveassareraans{2.9)

FeaC + D = 3Fe + €D cusevccnnrrresassorsnss(2:10)

where D is a dislocation site to be occupied by a C atom;
and C.D ia a carbon atom occupyine a dislocation site.
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A rate equation can be derived such that:

Aifion) = Kalfan  cevrsirersrsereninevess{2i11)

dat
where (1 =~ ngo) Is the fraction of carbon atoms already
geeupying the dislocation sites.

Equation 2,11 represents a second order reaction and thus
corresponds closely with Yamada's experimental wvalue for the
order of the xeaction. ‘The 'true" reaction rate can then be
expressed by (Yamada et al, 1983):

dn * Koun?+7,exp(= Q) seonnrevnnnavinsanaa(2,12)
at (R.T)
Where Ko = comstant; 3,6 x 10% sy
R = gag constant; 8,314 JR-*mol—%g
and Q = activation enexgy; 117 kJmol=-®,

The driving force for the reaction can be shown to be due to an
enthalpy advantage. In the 1iterature, values for the binding
energy of carbon to cementite range from 40 to 54 kJmol-?, and
for carbon to dislocations from 50 to 70 kJmol~* (the actual
value varies according to the position of the carbon atoms on
the dislocation line).

The binding enexgy of carbon to cementite can be considered to
be equal to the difference in the activation energies of
cementite dissolutzon amd precipitation. Since Yamada's second
stage of ageing app 1y coincides with dissolution,
the activation eneygy for cementite dissolution was found i be
117 kJmol™*, Reported values for cementite precipitation are
about 84 kJmyl=*, which thus implies a value for the binding
energy of carbon to cementite of about 33 kimol~?, This value
is alightly lower than the quoted values, but this could be
explained in terms of plastic deformation and fragmentation of
the cementite lamellae (Yamada, 1976).

Further ewvidence to support the theory of cementite dissolution
is provided by the effect of an intermediate second stage ageing
treatment applied between two dies. This produced move
significant during first gtage ageing,
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and this could be accounted for by the additional carbon in
solution provided by cementite dissolution. This result has been
confirmed by Heape (1984a) and + ady and Boxall (1957), who also
found that repeated straining and ageing of a low carbon ri~wing
1 in tensile properties than if
ageing were carried out only after the completion of streining,

steel a greater

The importance of carbon content has been demonstrated by Babich
(1969) and Krishtal et al (1964), Dabich found that the extent of
strain ageing was dependent on the pearlite content, from which he
also Ainferred tha% cementite was providing carbon atoms for strain
sgeing, It was found that the carbon in solid solution was
completely precipitated when a low carbon steel was drawn to a 752
reduction in ares, and in this way, strain ageing eventually
stops. However, in high carbon steel wire, strain ageing may
centinue indefinitely at room temperature, some property changes
still occurring after eight years.

The third and final stage of ageing, according to Yamada (1976),
only occurs significantly above 250°C and corresponds to
overageing. Here, the tensile strevgth and electrical resistivity
decrease, as does the internal fricticn background,

Varo (1364) dnvestigated the effect of a commercial low
tempexature hest trealment on the properties of cold drasm wire.
Such a low tamperature heat treatment is commonly applied to wire
for the produstion of springs, prestressed concrete strand, ete.
and is often refexred to as a stress rel.eving treatment; the
object is to increase the elastic properties of the wire.

Vaxo also summaxised the effects of this ageing treatment on the
mechanical properties of high carbon steel wire in terms of three
mechanisms, At temperatures below about 150°C, a rapid recovery in
moduli is observed due to the rapid releasz of residual stresses,
Between 150°C and 200°C, strain age hardening occuxs by the preci~
pitation of carbon and nitrogen on disiocation sites, and finally,
at temperatures above about 200°C, furthur strain age hardening
occurs by the i of disl The latter

occurs as dislocations in pile-vp groups, at grain boundaries and
cementite particles, move under the influence of a back stress and
interact with other disl i thereby sessile,
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Varo's conclusions were derived from an extensive series of tests
on production wire, drawn with minimal interpass cooling, It is
thus .‘eas’unable to assume that significant ageing of the wire had
already taken place during drawing., Nevertheless, the observed
changes in wmechanical properties (Pigures 2,13 and 2.14) agree
with those observed by Yamada (1976) for materisl drawg under
closely controlled low temperature conditions,

2.4,3 The Effect of Drawing Conditions on the Ageing Behaviour b
of Steel Wire d

A considerahle amount of work has been carried out on the effects
of various drawing parametexs on the ageing behaviour of steel .
wire, Unforcunately, the number of interacting factors is large,
and attributing observed effects to certain production parameters .
is extremely difficult. Such parameters include drawing speed, o
lubrication conditions, strain rate, overall reduction, drawing i
4 ' schedule (i.e, reduction in area per pass), die and wire cooling 1
efficiency and the residual stresses introduced. In addition, o .
A clearly the starting rod must be considered in terms of

composition, homogeneity, dnclusion level, casting defects, Lok
Lt patexting temperature, and pearlite spacing and uniformity.

All of these parameters may have some effect on the ageing
! susceptibility of drawn wire. Based on the extent of the present
. knowledge, an attempt will be made to isolate the effects of the
i various production parameters on ageing behaviour,

2.4.3,1 Wire Temperature

From the point of view of ageing, temperature is the most
inportant  factor in wire drawing., The wire temperature is A
2 influenced by the wire stremgthk ond diameter, the drawing speed, ’
the strain rate, and the efficiency of both lubrication and K

%

. cooling, Duckfield (1971a) has proposed that ageins during &)
- drawing contributes from 50 to 150 MPa to the LIS of drawn carbon “& Sy
o

;
i
steel wire, i
i
i

The drawing sveed ds largely predeternined by production
constraints such as  ecomomics apd machine capabilities. o
Typically, wire is at rates of about 2 to N sq

. o R 3 e el bR AN . ‘M,.,.m'

AN



15,4 MPa)

{1 sl

L of P, 0,01% PS, 0,1% PS, UTS ~ tai

E 120

2

@

@ 110

-

"

3 100 0,1% P8

o %0

=3

® 0,01% PS

-

7 80 1

a Lof P

&

~ 70

3

=

4

3 60 /f

o

2

3

8

2

8 50 Constriction

o

g 40 A

3

-

s

2 30

5 Young s
T T, Modulus

4 20 |

g Reverse Bends

&

2 10

£

@

E o Elongation

0 50 160 150 200 250 300 350

Temperature OC

Figure 2.13 : Effect of Low Temperature Heat Treatment (5min soak}
on the tensils properties of 0,048" (1,22mm}
spring wire. After Varo (1964).




[

IS

6

< 10 .,
&
%
g 1o | _J_—\ ars
©
"
g 100 o
- 0,1% ES
w90 |
~ %
s 2 .
g =« \
~F “f b
s 2 80 0,01% 25
u bl
3f”
= 2 Linit of
TG 60 Proportion-
B ality
2 5
a
a2
g ‘i 50 4 ———
[ /‘_/ Constriction
& § uw |
S £
.5 .
4 & ___"_’_’,_’———f—/"—"‘-_——~‘h Young's
& - Modulus
€ 8
< 2
s & 2 \
o8 \_\/’-\\ Reverse
« § 10 Bends
° B
o= _______b____\___’/_ Elongation
0

Temperature °C

Figure 2.14 : Effect of a Low Temperature Heat Treatment (5Smin soak)
on the tensile properties of 0,0915" (2,32mn} spring
wire. After Varo (1964},




47

10 ms~* at the final pass. Smith (1973) has shown that from a
metallurgical viewpoint, there is no objection to speeds up to
20 ms~* as long as adequate interpass cooling is maintained.
Indeed, the dry sodium and c¢aleium soap tubricants appear to
increase in efficiency towards the higher speeds, resulting in a
reduction in the drawing load required. The mode of deformation
was noted to be unaffected by the drawing speed.

The effect of the drawing speed on the wire temperature is not
clear, but from measurements wmade under production conditions
{Bversd, 1985), it appears that the bulk wire temperatures at
the die exit remain approximately constant for drawing speeds in
the range 3 to 7 ms™*, as long as efficient interpass cooling
is maintained, Wire surface temperatures within the die,
however, are markedly influenced by the drawing speed, due to
the -ipability of the ceoling system to dissipate the additional
frictional heat (Pigure 2.15; Pawelski and Vollmer, 1973).

The temperatures in the wire bulk immediately after drawing are
typically between 150 amd 250*C. while surface temperatures may
i 1y reach in excess of $00°C (Paxton,

1959; Pawelski and Vollmer, 1973; and Yamada et al, 1983).

Sudo and Yutori (197)) carried out dynamic strain ageing
experiments on patented high carbon steel, using a tensile
testing method. Prom theiy results, Yamada et al (1983) deduced
that dynomic strain ageing 1s not expected to pecur during
pornal wire drawing practice, although the conditions do favour

static strain ageing.

Middlemiss and Hague (1973) maintain that dynamic strain ageing
can occeur during drawing at heavy reductions., This view is
supported by the work of Rvans and Bhattacharya (1972) and
Reynolds (1982). It 48 possible that due to the exceptionally
high surface temperatures which can be produced during wire
drawing, strain ageing will occur dynamically within the surface
layers, and statically within the wire bulk, The effect on wire
properties of either mechanism will be similar in both cases.
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On the basis of Equation 2.12 Nokamura et al (1976} have
calculated a temperature-time relatiouship for the beginming of
static strain ageing embrittlement (Table 2.1), From these data,
it can be seen that embrittlement will cecur after two hours at
100°C, and after only 700 microseconds at 420°C,

The temperature distribution in a die under typical drawing
conditions was also ¢alculated using finite element analysis,
and this is given in Figure 2,16. Un the basis of these results,
it d¢ probable that strain ageing embrittlement will occur very
rapidly within the die, during drawing.

o 4 TARLE 2.2 ¢ A TEMPERATURE/TIME RELATIONSHIP FOR THE BEGINNING
Sl OF STATIC STRAIN AGEING EMBRITTLEMENT
e (after Nakamura et al, 1976)
145
R “?; Temperature Time
e ¢ 3
¥ 100 7000 Specinen is a
140 13 0,8% carbon
180 20-30 steel wire
220 1,5 drawn from
260 Q0,2 1,8zm to 1,0mn
s00 8,04 alaneter
340 0,648
380 0,002
420 0,0007

The need for an efficdent cooling system in wire drawing, in
order to prevent or restvict strain ageing during manufacture Y

ey has been epphasised by wmany authors., Such systems will be
discussed in Sectien 2.5.2,

2.4.3,2 The Bffect of Prafting Schedule and Die Apgle

{
} The temperature rise within the die is detexrmined by the amount | i .
B | of useful work performed, and by the amount of redundant -
§ deformation, and the friction conditions. A reduced die anmgle is o
11 indicated for the reduction of redundant work (Timiney, 1985), .
; and this would he expected to reduce the maximum temperature -
i achieved, However, the frictional component is increased, and
'\ the extra heat thus generated tends to counter the bemeficial
: effects of a reduced die asgle in restricting the occurrence of B
ageing during drawing (Heape, 1984b). ! ﬁ

[ PV s LAy i R
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Figure 2.16 Temperature distribution in the die (drawing speed 222m/min,
3,4mn to Z,9mm diameter, 0,63%C, 0,5%n, SM-Processed 5,5mn
diameter). After Nakamura et al (1976).
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The unse of a "hupp-back” draft to restrict cementite lamellae
fragmentation has been shown by the same author to significantly
improve the shear properties at high strains, with little
improvement in tensile strength. Also, the ageing susceptibility
of wires drawn using the hump-back draft was significantly
reduced, when compared with the normal taper drafting achedule.

Based on the work of Godeckd (1372), this improvement in ageing
response may be¢ due to the delay in the point at vwhich the
cementite Cfragments. It was proposed that freshly Iractured
cementite may have a bigh surface energy, thereby enabling more
rapid cementite dissolution, and a congoguent reduction in the
activation enersy for second stage agedaz, Unfortunately, the
drafting schedule used by Yamada in his 1976 work was not
reported, and thus the resulits of ‘Heape {1984b; aud Yamada camnot
be compared directly.

The strain vate during drawing is a function of the wire diameter,
the reduction in area per pase, the drawing speed and the die
semi-angie, as indicated by Equation 2.13 {after Avitzur, 1968).

Bomadee £) e (2210)
4, 2B (/R

where = relative average strain ratej

]
%
Ve w wire exit velocity;

Ro = wire entry diameter;

Re = wire exit diametsr;

a = die gemi-angle; and
£(a) 18 a somewhat enmplax function of the die semi-sngle.

Thus, in the range of die angles applicable to wire drawing,
reducing the total die angle from e.s. 15° to 8" reduces the
avexage straxs rate by a factor of only about 1,4,

However, according to this equation, small reductions in area
lead to significantly higher strain rates, For instance, a
decrease in the reduction from 12% to 4,5% to a wire size of
1,33 mn increases the strain rate by a factor of about 3.
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The strain rate 1is typically a meximum at the last die, where
values of the order of 10%s~* may be achieved. Stephenson et
al {1983} showed that the ageing ‘temperature at which the
ductility (in the shear test) falls to zero decreased with
increasing overall drawing strain. It is, however, not clear
from their work whether this is simply a result of the wire more
nearly approaching ite limit of ductility (or overdrawing
limit), or whether the kinetics of the ageing process are
enhanced by the more heavily worked microstructure.
Nevertheless, the critical level of deformstion for overdrawins
is probably influenced b¥ the sxtent of previous strain ageing.

2.4.4 Bvaluating Strain Ageing Susceptibility

A mumber of methods of evaluating the strain ageing response of
a hard drawn wire are available, based beth on the measurement
of mechanical property changes, and on certain physical
properties (such as electrical resistivity and intermal
friction), vhich are affected by ageing.

2.4.4,1 Tensile Properties

Many authors (e.g. Baird, 1963; and Vrtel, 1967) advocate the
use of the change in yield stress or proof stress as the most
sensitive mechanlcal property change to detect ageing, It has
been pointed out prévicusly, however that cold drawn wire
exhibits a very low elastic limit, and usually does not exhibit
a yield point. In addition, the "elastic portion" of the curve
is often not linear, and thus proof stress values are alse
difficult to obtain with confidence. In instances where values
can be derived, the scatter band tends to bé very large, and
thus experience dictates that the elasgtic properties are not
normally used to monitor the progress of s 'Shilpley, 1985),

The temsile strength has been shown .~ ~-fected by ageing,
but to a much lesser extent than yieiu otress. Yamada (1976)
showed that tessile satrength changed significantly only in the
Becond stage of ageing, and thus the parameter will not be
likely t&¢ reveal the effects of first stage. Experience
elsevhere (Heape, 1985h) supports this view,

'
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The constriction and elongation at fracture in the temsile test
also do not provide reliaple data on the extent of ageins, since
the results are subject to excessive scatter.,

2.4.4,2 Hardpess Tests

Hardness values can often be .nterpreted approximately as the
stress at about 8% strain, and are therefore expected to follow

the ageing process in a manner intermediate between yield stress
and tensile strepgth, The problem with hardness tests is that the s ‘";
tests are performed on specific planes of the material, while the KO
tepsile test, Ffor instance, measures the weakest wire properties ~ e
along the pauge length of the wire. In addition, hardness values
tend to vary acruss the cross section of a wire (Figure 2,4),

Thatcher and Whyte (1985) hava shown that the hardness does 4
change as the ageing process continues, and that the ratio of UTS
to hardness may provide a good measure of ageing. This ratio
decreases as the degree of sgeing increases.

2.4.4.3 The Tarsion Test

Lanner  (1983) has described the effsets of ageing on the
torsional properties of aged carsa steel wire, as follows. The S
wire becomes more inclined to v sk within the grips (d.e. it )
becomes mere notch-sensitive), wihile the odcurrxence of a stegpped i
fracture and a seamy condition, vt Qelamination, appears along
the wire length, The test pieces may also start to bulge, and to B u‘
fail at lower nughers of twists to failure, These gbservations . .
have been confirmed by a numbexr of authers {e,g. Stephenson et
al, 1983; and Heape, 1985h) with the additional observation that
dn many cases the scatter in the results increasee at the onset
of ageing (Reynolds, 1982; and Niedzwiedz and Pyka, 1979).

It has been suggested that the mode of failuxe in the torsion
test sSeems to be & mors reliable measure of ageing than the
number of twists to failure (Stephenson et al, 1983). The toraion
test thus appears to be a gond indicator of the onset of ageing,
although the results tend to be qualitative, since the failure
mode is diffienlt to quantify, while the measured number of
twists to fallure is unreliable.
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2.4.4.4 The Shear Test

The shear test (as developed by Stephenson et al, 1983; and g\

described in Section 2.3.6) has been shown to be an efficient and

fairly consistent indicator of the onset of wire embrittlement by " ﬂ

agejng (Heaps, 19858).

The difficulties with this test at present are that the results b,
again are subject to some scatter at the onset of ageing, while
the quantitetive dats derxdved from the test aye diffienlt to B
interpret in texms of wire pexformance. In its present form, the
test dis perhaps: too crude to monitor the ageing process
throughout, gince shear elongation values tend to fall to zero
rapidly aftex ageing has commenced, .

2.4.4.5 Electrical Resistivity

Yamada (1976) obtained wuch of his quantitative data on the
kinetics of ageing from the change in electrical resistivity
during ageing {see . Section 2.4.2), The change in resistivity
appears to follow reliably the changes in mecbanical properties,
such that ‘-~ temperature at which maximum resistivity is
achieved col Jes with the highest mesaured 0,2% proof stress, t
and UTS, i.e. with the maximum strain age haydening. {

King and Oreenough (1960) and Andrews {1973) have described how
resistivity is affected by lattice deZuqts such as interstitiel
atoms, dislocations, stacking faults .nd grain boundaries. The
thoories involved are couplex, but :rsewtially any such defect
intyvduces localised strain fields irn lattice which increase
the electrical resistivity., Thereforc. ;.3 process which reduces
the amount of local strain fields, s, =3 ageing, will decrease
the vesistivity, Yamada's observaties :jusw resistivity incresses
during second stage agelng can therefoge %wniy be accounted for if
the concentration of lattice defects increases during this time.

Elementary caleulations of the amount of carbon in solution in
the ferrite can be made, hased on the wark of Volzar (1961) who
showed that the carbon contribution to the resistivity increase
is 2 x 1077 Qm per wti carhon, i
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It is advisable to measure igtivity at low {e.&¢
in liquid nitrogen) to avoid thermal scattering effects. Thus
the monitoring of ageing using resist; sty would probably
involve ageing a% the required followed by

into  liquid wnitrogen for the resistivity measurement. The
procedure would therefors be stepwise rather than continuous.

Resistivity measurements of cold worked alloys can yieid much
useful information regarding the microstructure of the alloy.
Hawever, ambiguities FErequently arise in the interpretation of
the results, and it 18 recommended that resuits are shtained
simuitanesusly by other , to avoid

2.4.4.6 Damping Capacity

The amplitude of free vibration pof any solid decreares with
time, This is dve to a progressive transformation of vibrational
eaergy iate other forms, the must notable of which is heat. Some
of the fall in amplitude can be attributed, for example, to
friction with the surrounding medium (e.g. air), friction at the
sample supports, oY %0 accoustic energy, hut un inherent damping
capacity for dintexmal friction) dis possessed by all golids,
whereby the solid itself converts vibrational enevzy into other
forms, Entwhistle (1960) has reviewed the subject in some
detail.

Quantitatively, damping capacity (or jnternal Eriction) dis
wmeasured by the gwount of gnerzy transformed within the solid
during one cycle of vibration. This may be determined from the
rate of decrease of the amplitude of vibration of the solid, or
by the enexgy redquired to maintain a predetexmined amplitude,
The magnitude nf the damping capacity is dependent on the
microstructure of the solid, and thus the value of the damping
capacity can be used to identify microstructural features,

Bxperimental techniques can be broadly classified inte two
groups (according to Entwhistle, 1960):

1, A bar of uniform section is freely suspended and is set to
vibrate at one of its natural frequenuvies.
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2. A bar or wire specimen is provided with rigid inertias to
reduce the €requency of vibratiom.

Great care must bu takem in the design of the measurement

apparatus, in order to account for the effects of friction, ete.

Typically, the internal f£riction of the sample material is
measured over a range of temperatures, in orxder to obtaja
internal friction va temperature profiles, This is because
different microstinctural features comtribute in different
propartions to the damping capecity at different temperatures.
Thus, for example, pesks in the profile may be ascribed to the
effect of carbon atoms in solution in ferrite, or to vacancies,
The relative heights of the peaks can he used to estimate, Your R

instance, the amount of solute present. B '

In order to nonitor the ageipg of a steel wire on a continupus P
basis, the wire would have to be held at the Suoek peak |
t for the i dtial elements under consideration,

(d.e. 38°C for carbon and 25°C for witrogen). o

“The dnterpretation of the internal friction/temperature profile
can be very difficult, as is the case for electrical resistivity
testioR. Interpretation generally becomés morxe difficult as the
microstrycture under investigation becomes jore complex.

2.5 THE SUPPRESSION OF STRAIN AGEING IN DRAWN PERARLITIC STIELS

2.5.1 Introduction

Esaentially, there ars two methods which can he considerad in an o
attenpt to eliminate the strain sgeins phenomenon in drawn o
pearlitic steel wire. 'The first and woat important method
commercially, is te restrict temperatures during drawing to a
winimum using dinterpass cooling systems, This would be i,
immediately applicable to certain current industrial production
facilities with other benefits, such as increased die life, The
second method 15 to alter the chemical composition of the rod to ' i

1

raise the activation energy for strain ageing to a level where "
no significant natural ageing occurs after drawing. L
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One probiem with restricting ageing during drawing is that
ageing effects may account .or between 50 apd 150 MPa of the
as-drawn UTS, and this contribution is probably important in the
production of ultra-high tensile wire., Thus, if ageing during
drawing were to be pravented by efficient wire cooling, the
additional strength required would probably have to made up by
increasing the extent of cold working (i.e¢. by drawing to higher
strains). However, alloying additions may bhe used to restrict
ageing, and to increase the as-patented strength of the
material, and thereby satisfy both requirements. Each of these
aspects will be described below.

2,5.2 Cooling Puring Drawing

Traditional methods of interpass cooling have focussed on
cooling the wire on the block (or capstan), using forced air and
internal watex cooling of the block to assist heat tramsfer, The
heat tramsfer situation here is extremely complex, since three
media (steel, air and water), and two significant modes of heat
tranafer (conduction and forced convection) are invelved.

Alexander {1975} has used advanced computer analysis to study
this problem and his results correlated well with experimental
wvalues. It was then possible to analyse different wire drawing
situations to find the optimum conditions.

It was found that peak wire tempexatures on a drawing frame
increased with dincreasing drawing speed (although not in direct
propertion). However, the temperature could be maintained at a
constant level by increasing the block diameter and wrap height
{see Figure 2,17) so that the total wrap area was increased in
proportion to the speed, The analysis also Jindicated that
changes in coolant temperature had little effect.

From the analysis of the drafting sequence, the use of a taper
draft  schedule was recommended to winimise the peak wire
temperatures. An il-irease in the mumhsr of passes was found to
reduce the temperatuxe rise through each die.
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Middiemiss (1972) states that a temperature rise of the order of
120°C per pass may be expected when drawing high carbon steel
wire at reductions of sbout 20%. He therefore developed a more
direct cooling system than simple iaternal cooling of the block,
whereby water is sprayed directly onto the wire on the block.
Excess water was removed using a compressed air wipe at the
block take-off. This latter point is important since any water
present on the wire can lead to immediate lubrication breakdown
in the subsequent dies,

The efficiency of this system is dillustrated by Figure 2,18
which shows that dincoming wire at 170°C can be cooled to the
coolant temperature before leaving the block. This data was
derived from a test on a commercial six-hole draw bench, using
water cooling only on the fourth block.

The effect of this procedure on the tensile stremgth of the wire
dis diliustrated in Figure 2.19. Using the saume finishing speed
the tensile strength obtained was 30 to 70 MPa lover than that
produced 3in ddentical wire drawn without any cooling. The
implicetion from this work s that the finishing speed, and
hence praducticn levels can be increased wivhout degrading the
mechanical properties.

Nakamura et al (1976) bhave developed an altermative type of
cooling system, whereby both the die and the wire exiting the
die are directly cooled with water (Pigure 2.20). At a finishing
speed of 850 m.min~?, wire exit temperatures were reduced hy
100°C to about 140°C, thereby possibly inhibiting second stage
ageing., The results (Pigure 2.21) again showed that the work
hardening rate decreases with cooling, although this can be
rectified by increasing the drawing speed. An additional
advantage of superior cooling, commercially, is that die life is
extended, an observation confirmed by Alexander (1975) and
Middlemiss (1972).

Nakamura et al also analysed the temperature distribution in the
die, and compared this to the conventional method without direct
cooling, Figure 2.16 shows that peak die surface temperatures
were also reduced by over 100°C which may account for the
extended die life,

.. JAM&M‘.MM-ﬂi
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Analyses of the temperature diastribution in the wire itself
(Figure 2.22) showed that, with their cooling system the wire
temperatuye can be brought to below 150°C within about 0,05
geconds, under their operating conditions. The ecooling tube
lensth required can then be calculated on the basis of the
required finishing speed.

It was noted, however, that dynamic strain ageing may stiil
oceur within  the surface layers within the die hole,
Unfortunately, it seems to be impossible at present te reduce
the peak die temperatures still further.

Heape (1985¢) and Middlemiss et al (1973) attempted te eliminate
strain ageing by pre-cooling the wire before the die using dry
dce (solid carbon djoxide}, in combination with very low drawing
speeds. Using this technique Middlemiss et al demonstrated that
natural ageing subsequent to drawing could be completely
suppressed if wire could he i low enough,
This, however, required a drawing speed of 1,4x10™%ms™?,
which is obvicusly of no comercial value. Even with drawing
speeds as low as 0,05 ms—* (Heape, 1985¢), in combination with

additional direct water cooling, 8 small degree of embrittlement
could be induced by ageing at 50°C for 200 hours.

It is apparent therefore that the complete elimination of ageing
in hard drawn wires, even at low temperatures {i.,e. natural
ageing), is wot possible by using only elaborate cooling
systems. However a definite impr( vement can be achieved, and for
commercial puxposes, this may be sufficient.

2,5.3 Chenmical Composition of Wire Rod

The chemical composition of the wixe may have a marked effect on
the rate and extent of ageing of the wire, buth during and after
drawing. This aspect will be considered below.

Heape  (1983) has shown the possible benefits of slightly
reducing the carbon content of the wire, Initial tests shoved
that a wire with a carbon content of 0,72% can be drawn to
higher true strains than a wire containing 0,302 carbon, thereby

4
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giving higher strengths and improved ductility, In addition,
such wires also ylelded improved ageinz properties, These
results, however, are subject te confirmation in further tests,

Some work performed on a 0,762 carbon steel which had been
specially heat treated to give a particularly uniform pearlite
interlamellay spacing prior to drawing (Heape, 1984c) was also
found to have an excellent combination of tensile and shear
properties. The ageing propertiss were, however, not evaluated,

A finer pearlite interlamellar spacing has been shown (Heape and
Davies, 19585) to incresse the drawn tensile strength as would be
expected, but also to incresse the ageing susceptibility, This
is probably due in part to the high work hardening rate, but may
also be due to the shorter ferrite free path,

As  deseribed im Sectiop 2.2.5, commercial control of strain
ageing wnormally dinvolves the additdion of stromg nitride-formers
to tie up excess dnterstitial solute, Nitrogen, however, is
unlikely to have a major effect on ageing in drawn pearlitic
steels, according to Yameda (1376}, and therefors the addition
of, far instance sluminium or titanium may not prove beneficial.

Since the strain ageing rate may be presumed ta be determined by
the rate of diffusion of carbon in ferrife, it would seen
appropriate to consider alloying elements which will inhibdit
carbon diffusion. The diffusion rate of carbon in fevrite was
given by Equation 2.4: .

Ba = 2,0 x 107*.exp(-84 1000 m?5™" oveiennnese(2.4)
R.T ¢

Thus, d4n order to reduce the diffusion rate, the pre-exponential
texm must be reduced, while the activation energy term should be
increased.

Data on the effect of alloying elements on the diffusion rate of
carbon in ferrite are relatively scarce, buc trends referring to
carbon  diffusion in austenite should also apply to diffusion in
ferrite {Smith, 1985; and Krishtal, 1970).
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Krishtal (1970, tollected information from a number of sources
on the effect of vaxious alloying elements on the diffusivity of
carbon in sustenite and his results are shown in Table 2.2.

TABLE 2.2 : THE DIPFUSIVITY QF CARBON IN ALLOYED AUSTENITE
Carbon Content = 0,7% (after Krishtal, 1970)

Alloying Alloy 1ffusion Activation
Element Contem: Gnetficient Energy
wt % m¥s~t x 10-° kIpol—*
- - 0,096 134,7
Wi 4 0,10 129,7
Mn 1 a,11 132,2
Co 3 0,10 127,6
6x 0,21 0,112 138,4
0,38 ol%ze 39,3
0,62 81123 141:0
0,98 0,107 142,3
2,5 0,19 154,8
Ho 0,9 0,28 141,4
5i 8 0,152 133,9
0:24 0,104 128:7
0,483 0,035 17,1
1,22 0,024 110,0
1,60 0,11 133,9
Al 0,39 9,120 134,7
B it
0,57 0,12 137,68
Cu 1,02 0,10 132,2
2,04 0,087 130,1

It can be seen that nost elements appear to increase the
diffusion coefficient of carbon, but same reduce it if added in
sufficient quantities (i.e. of the order of 1%). Some elements
also dncrease the activation emergy for diffusion, asnd in
particular, chromium raises the activation energy at 1% sddition
by about 6%. Silicon generally tends to reduce the activation
energy for diffusion.

Krishtal alse found that dons of alloying i
often of greater bemefit then single additions; this is evident
in Table 2.3, where 1,2% silicon is added in combination with
other elements. It can be seen that the effects of two elements
are not additive, and there is clearly a synergistic influence.

are

. 1
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TABLE 2.3 : THE DYFFUSIVITY OF CARBON IN AUSTENITE CONTAINING
1,2% SILICON AND ONE OTHER ALLOYING ELEMENT,
Carbon Content 0,7% (after Krishtal, 1970)

Alloying Alloy Diffusion Activation
Element Content Coefficient Energy
+1,2% 54 x n?s~ x 10~¢ kmol~*

7 02,0138 115
AL 8:53 00252 12313
0,45 0,0346 128)7
o 0,96 9,278 138,1
1,88 0,278 1381
cu 9,09 0,0204 110,5
0,21 0,0214 1i0,5
W 9,18 0,0451 125,9
0,39 0,0316 12,4
0}61 00153 125}
Mn 1,00 09,0513 129,7
1,52 0,0718 136,4
Mo 0,23 06,0254 125,5
0,40 0,0257 126,4
v 09,21 09,0257 128,0
0,60 04,0320 13604
0,96 0,0449 13879
[ 9,20 9,0089 12,3
0,38 0,01 12870
0,59 09,0067 1301
0,82 0,0074 1343
1,03 04,0065 1351

The most promising comblnation of alloying additions in Table
2.3 4s a 1,2% silicon, 1% chromium alloy, It would appear that
silicon depresses the value of the pre-exponential term, while
chromium compensates for any depreciating effect silicon has on
tie activation emergy for diffusion.

Krishtal alsc studied the diffusion characteristics of carbon in
alloyed ferrite and found that small additions of chromium (of
about  1%) have even more marked ¢/“scts on the activation enersy
for diffusion, Activation energies as high as 142 kimol~* can
be achieved in combimation with a significant reduction im the
pre-exponential term, Molybdenum has a similar effect on carbon
diffusion din ferrite. The synergistic effect of a combination of
alloying additions was again noted, in particular with
chromiun-rolybdenum-manganese mixtures,

. 3 AA..-.MMJMMA_M_J
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Bssentially, the reason for the large reduction in the
diffusivity of carboy 7 chromium or molybdenum steels is the
strength of the bindirg Yorces between the alloying element and
carbon. The magnitude +f these binding forces may be inferred
from the melting points ¢f the chromium carbides which tend to
be very high {e.s. for Cr,Cy, the melting point is 2170°C).

As stgted din Sectaon 2.3.5, segregation can he a significant
protlem in alloyed rod, and may lead to a non-uniform rod
structure, Also, the above additions increase the hardenability
of the steel, which may lead to unacceptable transformation
times. For example, Thatcher (1983) found that the addition of
0,14% molybdenum to a eutectoid steel can lead to required
isothermal transformaticn times of greater than 15 minutes at
sQa0¢c.

Recent work by Benson (1984) has shown the benefits of small
additjons of chromium, silicon and vanadivm with regard to
ultimate tensile strength after drawing. With judicious control
of the composition and the patenting process used, strengths of
beyond 2500 MPa have been achieved. The implications for ageing
are that reduced amounts of defoymation may be required in ordexr
to achieve a particular desired temsile strength, thus leading
to redyced ageing susceptibility from this aspect also.

Heape (1984d) has shown that steels containing additions of 1,3%
chromium and 0,6 and 1,9% silicon exhibit very good ageing
properties after drawing, when compared to similarly produced
plain carbon (eutectodd] wire. Similarly, Honda and Ynoue (1970)
showed that a 0,7% chromium, 1,6% silicon, medium carbon (0,53%)
steel wire gave good vresistance to low temperature tempering,
such that the wire only attained a maximum value of UTS during
tempering at some 50°C higher than a high carbon music wire with
a similar indtial UTS,

On the basis of the above, it would appear that alloying can
give a marked improvement in the ageing properties of steel
wire, and may alsu give incressed tensile strength.




2.6 SUMMARY AND CONCLUSIONS

An overview of the strain ageing phenomenon in steels has been
presented, together with a general description of the cold
drawing process for the production of steel wire. Each of these
subjects is immense, and an attempt has besn made only to
extract information of direct relevance to the project.

The phenomenton of strain ageing in drawn pearlitic steels has
been investigated and the results of several authors have been
presented. A general concensus that the proeress of ageing can
be separated into three broadly distinct stages is appareat, but
different interpretations of these stages have been published.
The theory that cementite partially dissolves to provide
interxstitial atoms for ageing appears to be valdd, particularly
since the dislocation density in drawn steel wires is hizh, and
the tial solute don is low.

A rnumber of methods by which strain ageins can be detected have
been described, and it would appear that, for heavily worked
steels the change in yield point is not suitable, due to
uncertainty in the accuracy of such measurements in these
materials. Other tests, therefore, such as the torsion test and
the shear test may be more relevant te this project., Monitoring
the change in resistivity with ageins time also appsars to be a
useful method of following the progress of ageins.

Methods of inhibiting ageing have been discussed. Of undoubted
commercial importance is the Interpass cooling of wires, to
minimise temperature build up and hence to restrict strain
ageing during drawing., Direct information on the effect of
alloying elements on the strain ageing susceptibility of drawn
wire jds deficient, but certain aslloy combinatians such as swall
additions of silicon and chromium may prove to be beneficial in
mstricting ageing in finished wires.




69

CHAPTER THREE : THE ESTABLISHMENT OF EXPERIMENTAL. PROCEDURRS

3.1 INTRODYCTION

Although the ‘wire drawing process is, superficially, a
relatively simple operation, there are a great number of
wmaterial and process variables which must be considered in any
investigation invelving wire drawing. Some of ihese parameters
which affect the rod or wire proparties, especially those which
may affect the strain ageing of steel wirs, are listed below.

Material Composition: interstitial elements (e.g. carbon and
nitrogen); normal alloying additions (e.2. manganvse apd
silicon}; special alloying additions (e.z. chromium, molybdenum
and vanadium); etc.

Mierostrycture: free carbon and nitrogen in ferrite; pearlite
interlamellar spacing and uniformity; decarburisation; grain

size; ete.

Rod Properties: tensile strength; ductility; surface quality.

Drawing Conditions: draftimg schedule; die angle; temperature
distribution; residence time at tempersture; friction; draw .

speed; cooling; redundant deformation; total strain; etc, ER

Post Drawing Conditions: ecoiling; forming; storage conditions;
operating temperatures; ete,

The number of wariables dis therefore very large, and many are N .
interrelated. It was important from the uuytset that the ideal MR
experimental conditions be established so that adequate b
quantities of each wire could be which were ”

in metallurgical and mechanical properties along their length [

such that ddentical samples werc provided for different

experiments. Preliminary work therefore concentrated on these o

aspects, and this is described in the following sections. 8

"  malkRake . ,»_;..At



3.2 PREPARATION OF WIRE SAMPLES

3.2.1 Material Preparation

The f£ixst ecriteria which required selection were material
composition and size. At present, ultra-high strength steel wire
is manufactured commerciatly frowm plain carbon steel of eutectoid
composition. Since the ageing phenomenon was of most relevance to
this material, conventional commercial material was used for the
initial studies.

Much ultra~high strength wixe is requixed with a final diameter
of about 3,1 mm for roping applications, and this is drawn from
patented rod of between 9 and 11 mm diameter depending oa the
desired strength of the finished product. This corresponds to a
true strain after drawing of between 2,1 and 2,5,

Initially it was decided that wire of normal size (9 mm or
9,5 mm) be used, since this would have most relevance to "real™
conditions, Subsequently, it was decided to change the feed size
to 4 mm for the following practical reasons. The smaller feed
size enabled closer contyxol of both the heat treatment conditions
{across the wire diameter) and the drawing conditions; in
particular the drawing speed and wire cooling after the die (and
thus ageing during drawing). The finished wire sizes of 1,3 or
1,2 mm (which gave equivalent strains) were also more suitable
for the neasurement of electrical resistivity. Finpally, the
amount of wire sample which could be produced from the starting
nmaterial was vastly increased. This became relevant when it was
decided to manufacture experimental alloys for further studies,
and the length of wire sample available was severely limited.

3.2.1.1 Commercial Materials

Over a reasonable length, commexciilly manufactured and processed
material possesses generally consistent properties, and the
chemical composition and mechanical properties do mnot alter
significantly between the front and back of a sample coil. This
is due to the larse scale of the operation, which limits local
variations in material properties as a result of chemical
composition or heat treatment conditions.

e T A I
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The commercial material used in this project was manufactured
either by Thyssen™ of Germany, or by ISCOR™, locally.
Patenting was carried out at Haggie Rend Ltd according to normal
production practice {i.e, asustenitisation at 960°C for about 6
winutes in a controlled nitrogen atnosphere, followed by
quenciing into lead at 560°C for 4 wn material, or 540°C for 9
or 9,5 mm material), The 4 mm feed material was supplied by
ISCOR din 5,5 wm forw. &nd was therefore drawn to 4 mm diameter
prior to repatenting st tiis size.

3.2,1,2 Vacuun-Melted Material

For certain of the experiments it was required to have close

contrel over the chemical composition of the steel, Use was

therefore wmade of the alloy preparation facilities of the
of the Wi as will be described below.

A vacuum induction furnace was used to prepare 5 kg ingots of
the required steels, The melting base was pure iron in the form
of electrolytic tlakes, and this was melted with carbon under an
argon partial pressure, Pure manganese and silicon were then
added to make up the desired composition. Where control of the
nitrogen level was required, a partial pressure of nitrogen
{about 13 KPa} was maintained above the melt for several
minutez, (lose control of the nitrogen content by this method
vas found to be difficult, and the correct compositions were
often athieved by trial and error.

In order to restrict the formation of pipe in the ingot,
especially dn alloys containing silicon, the superheat was
lowered as puch as possible before pouring into the mould.
Cooling was carried out 3in the argon atmosphere in order to
prevent oxidatien.

After ceoling, the lugots were rollsd into rpd switable for
drawing, This was carried out using an experimental rolling mill
of 30 tonne capacity.

* Thyesen Edelstahlwerke AG, Krefeld, West Germany
* ISCOR: Iron and Steel Corporation of South Africa,
Vanderbijlpark, South Africa.
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The ingota were prsheated at 1100°C for two hours prior to
rolling and wers first cogged down to 25 ma square bar with at
least two further reheats of up to 30 minutes each. The rolls
were then changed to allow further rolling down to 14 mm or 10 um
or rod. The 18 mm rolls were only used omce, since this size
caused a number of problems, including laps in the finished rods.

A decarburised zone of about 1 mm existed after rolling, which
had to be removed by wmachining, oy by some other method (for

example, acid disselution, Section 4.3.2}.

3.2.1.3 Heat Treatment

Heat treatmenta were carried out at Haggie Rand Ltd either in the
works, which uses continuous patenting lines, or in the research
laboratory for the batch processing of short wire lensths. The
equipment for the latter will be described helow.

Austenitisation was performed in a Russ 22 kW muffle furnace,
which, for short straight specimens, was equipped with a heat
registing stainless steel tube which protyuded through the door,
and, within which, the sample was held in the hot zone of the
fuynace. Nitrogen gas was passed through the tube to yestrict
oxidation.

Austenitisation temperatures between 900°C and 960°C were used,
The furnace temperature was maintained within 10°C using a
Eurpotherm 020 temprrature coantroller.

Tsothermal transformation was then achieved by quenching the rod
into a lead bath held at the desired temperature, holding in the
bath for approximately ome minute; then water quenching, The
dimensions of the 1lead bath were approximately 420 wm by 220 mm
by 250 mm deep, and the temperature was again coptrolled using a
Burotherm controller. The lead temperature was monitored using a
type K thermocouple and a Fluke model 8086 digital multimeter.

Control of the lead bath the t -~
ation time was within 5°C of the required temperature. The lead
was Stirred manvally to maintain an even e t]

the bath.

. )
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3.2.2 Analytical Equipment

Chemical analyses of the materials were performed in the Haggie
Rand [Ltd laboratoxy (Jupiter works), or at ISCOR (Pretoria
works), using the following methods:

carbon and sulphur: Leco carbon and sulphur analyser;
manganese: atomic absorption spectrophotometer (AA);

silicon: gravimetric;
aluminium: AAj;
o nitrogen: Lecu nitrogen analyser (ISCOR);
phosphorus: spectrometer (rod samples only).

Metallographic specimens were prepared using standard
techniques, Hot mounted specimens were ground on successively
" finer grades of silicon carbide paper ta 1000 grit, and final
polishing was achieved wusing 3, 1, and f£inally 1/4 pa diamond I
lapping compounds. . ""
For light ndcroscopy, specimens Were etched in a 2% nital o
il solution, and viewed using & Zeiss inverted metallurgical
oy microscope and a Nikon Qptiphot microscop2. A Zeiss Ultraphot
projection microscope was used to produce photomicrographs.

S A Philips model 505 qing electron ¢ at

Sl |
SR 30 kv) was used for the estimation of “he minimum pearlite
. interlamellar spacing of the steels, and to identify any wire -

: defects. ‘The energy-dispersive X-ray spectrometer (EDS) facility } i
: of this SEM was used to determine if there was any gross !
7 gsegregation of substitutional alloying elements. Mounted snd
etched specimens were gold coated in a Polaron E5100 SEM coating
unit, to a coating thickness of about 15 nm. . |

s The minimum pearlite dinterlamellar spacing was estimated by
scanning the surface of transverse sections of the steel for
fine pearlits loni and ing the interlamellar spacing
against a 1 ’Lln marker superimposed on the viewing screen. Ten
1 . such colonies were measured for each sample.




3.2.3 Wire Drawing Apparatus

All material was prepared for drawing in the Haggie Rand Ltd

works, according to normel factory procedures, as follows:

1. pickiing %a inhibited hydrochloric acid for 20 minutes to
xemove mill gscale and surface rust;

2, rinsing thoroughly;

3, dipping inte a tank of zinc phosphate at 70°C for 6 minutes;

4, rinsiog sgain; and

5. dipping inte a borax solution at 90°C for 2 minutes.

This d applies a P 4 caating

to the rod surface, and alst a coating of borax. The coatings
aid pick-up of the drawing .lubricant (socap powder) during
drawing, and theveby Ximit the bheat rise in the die due to
friction, while also protectinz the wire surface from dawage.

In his 1976 work {describded im Section 2.4.2), Yamada prepared
wire sample material at drawing speeds of 50 to 80 mm.win~* in
order to avoid temperatures in the ateel wire of Breater tham
30°C. These values tompaye with finighing speeds of wp to
15 ms~* wnder coomercial conditions, Due to the .apparent
success of Yamada's studies, it was decided te investigate the
practicalities of preparing samples at such low speeds.

Ta this end, a speclal die and soap box ettachwent wvas
constyucted to f£it onto the 'live" head of an Avery 1000 ki
horizontal tensile test machine normally used to perform tensile
testing of vope specimens. Am attachment was also made to enable
the use of a conventional “pulling-in~dog" or grip in the other
head, so that the wire could be pulled through the die. The wire
was passed through a conventional sedium scap before entering
the die, o assist lubrication,

The tensile test wachine was equipped with infinitely variable
speed contrel from 0 0 200 mm.min~*. The total available
extension for test purposes was about age metye, but by
adjusting the position of the heads on the tracks, a sauge
length of up to eight metres could be attained. Thus wire could
be drawn dn short sections up to this length. The wive drawing
arrangement jis shown in Plates 3.1 aund 3,2.

7
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3.2.3 Wire Drawing Apparatus

All material was prepared for drawing in the Haggie Rand Ltd

works, according to normal factory procedures, as follows:

1. pickling in inhibited hydrochloric acid for 20 minutes to
remove mill scale and surface xust;

2. rinsiog thoroughly;

3. dipping into a tank of zinc phosphate at 70°C for 6 minutes;

4. rinsing again; and

5. dipping into a borax solution at 90°C for 2 minutes.

This procedure applies a % coating
to the rod surface, and also a coating of borax, The coatings
aid pick-up of the drawing .lubricant (soap powder) during
drawing, and thereby limit the heat rise in the die due to
friction, while also protecting the wire surface from damage,

In his 1976 work (described in Section 2.4.2), Yamada prepared
wire sample material at drawing speeds of 50 to 80 mm.min—? in
order to avoid temperatures in the steel wire of greater than
30°C. These values compare with finishing speeds of up to
15 ms~' undeér commercial conditions. Due to the apparent
success of Yamada's studies, it was decided to investigate the
practicalities of preparing samples at such low speeds.

To this end, a special die and svap box attachment was
constructed to fit onte the "live" head of an Avery 1000 kN
horizontal tensile test machine normally used to pexform temsile
testing of rope specimens. An attachment was also made to enable
the use of a conventional "pulling-in-dog" ox gzrip in the other
head, 80 that the wirs could be pulled through the die. The wire
was passed through a conventional sodium soap before entering
the die, to assist lubrication.

The temsile test machine was equipped with infinitely variable
speed control from 0 to 200 mm.min~*. The total available
extension for test purposes was about one metre, but by
adjusting the position of the heads om the tracks, a gauge
length of up to eigzht metres could be attained. Thus wire could
be dravn in short sections up to this length. The wire drawing
arrangement is shown in Plates 3,1 and 3.2.




o Plate 3.2 : Detail of Die Box Assembly To

The work hardening xate of wire during drawing is considered to
o be a good dindicator of the amount of ageing which has ocourrved
) during the drawing process (Whyte, 1985). Ageing during drawing
will increase the apparent work faxdening rate in any one pass. PR
The shape of the tensile strength vs drawing strain curve should
be smooth after the first die, and therefore this can be used to
indicate the occurrence of ageing, since ageing will introduce

‘, steps dinto the ecurve, The overall work hardening rate may also [
be affected. b
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It was therefore decided to carry out drawing trials using a
variety of drawing speeds and cooling conditions (see Table 3.1
for details), using the slow drawing apparatus, in order to
detexymine the Work hardeming rate. This was monitored by
sampling the wire after each die and measuring the tensile
strength, The work hardening curves are shown in Figure 3.1,
fron which it can be seen that no appreciable difference existed
between these e¥periments in terms of ageing during drawing.

TABLE §.1 : CONDUTIONS FOR SLOW DRAWING TRIALS

Rod Feed size'x 9,0 mm
Angia: 14°
Lubricant. Calcium Soap

Drawing Speed Wire Cooling

Bxpt 1: 14,8 mm.win~? av exit, cunstnnt None
Expt 2: 63,5 mu.min* at uxit mgtant

EXpE 31 13 nmminot at Firet dic, Tucreasing Diey caaled
ian proportion to reduction in area. r{
in me hannl

Die No | pie Size Reductitin in Area | True Strain
L)
1 8,08 19,8 0,223
2 6,86 27,6 0,543
3 5,94 28,5 0,831
4 5,20 23,4 1,105
5 4,57 22,6 1,364
[ 4,06 21,2 1,592
7 3,65 12,2 1,802
8 3,37 14,5 1,977
9 3,11 14,8 2,131
10 2,87 15,1 2,286
1 2,67 13,5 2,430

During these trials, it was noted that the meusured drawing
forces were significantly higher than those expected at normal
drawing sapeeds, and this was attributed to poor lubrication
(Honer, 1985), At these speeds, the wire apparently proceeds
through the die in small discrete steps (which are diffieult to
detect) and not smecthly, This can give rise to non-uniform wire
properties, and, more importantly, to surface damage of both the
wire and the die. The Lnl:ernal stxess field after drawing is
also likely to be unr of ion material.

& mabdihaelie .
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Buperiments were therefore perfoymed with certain different
lubxicants din an attempt to solve this problem. These lubricants
included molybdenum disulphide, wool grease and graphite, and
various mixtures of these.

In oxder to work effectively as a boundary lubricant, molybdenum
disulphide  (MoS,) powder should, be bonded to the steel
surface by hard rubbing or burnishing". This requirement added
conslierably to the difficulties of using molydenunm disulphide,
so that an uttempt was alse made to wse the lubricant wyithout
the burnishing ogpevation.

A commercial plain carbon (0,8% C) 4 mm diametay feed material
was preparsd, and the different lubricants applied before
drawing at various speeds. The drawing force, vwhich is affected
by the friction conditions in the die, was monitored during two
passes. The vesults are listed in Table 3.2, f£yom which it is
apparent that no improvement to the situation could be made,

TABLE 3.2 : SUMMARY OF RESULTS FROM DRAWING LUBRICANT TREAL

D Drawd) Prawi:
Lubricant Size Speegg Forca:
v | mmaminet| 40,2 KN
Pliosphate+Borax coated
Culed 3,408 26 7
Gaietom soap B 65 12
Ca soap + Grnphite 65 7,8
Ca soap + Graphite 200 7.9
any disnlphidm (MoS,} 3,408 20 ;'g
Woof greasa ( G)*Graphite 03
W6 + Gra{ + Ca S 7,35
MpSa Ant; —Scutf Spruy 7,75
Mo, only 3,408 200 724
Sa 6,9
U2 craphise™ 78
We + Graphite + Ca Soap 7,2
Clean Wire
Calcium soap 3,408 20 2,1
Suap + MoS, (buxnished) 7,35
HDS nly. 7,8
WG+ Graphﬁ.te 7,5
Calciuln Soap 2,902 50 5,9
a Soap + hnSa (burnished) 2,8
K!a Soap + <0
MaSa only 6,7
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The traditional calecium soaps generzlly yielded the Llowest
drawing forces, while melybdenum disulphide was only found to be
beneficial in combination with the caicium gosp.

Both wool gresse and graphite are noted boundary lubricants in
certain applications. For instance, wool grease is added to rope
lubricants for this purpose. However, it ls thought that the
friction conditions within the die in this experiment were too
sevare for either of these products to be effective.

The temperature which the wire reaches during the drawing
process is of considerable importance to the ageing rate, and
hence to the ductility of the wire after drawing, Thus, the
temperatuxe 4in the bulk and surface of the wire during slow
draving was estimated by inserting a 1 mm K-type thermocouple
into holes drilled into the yod as shown in Figore 3.2,
Temperatures were only reasured for the first two passes of a
9,5 mws yod drawa to 8,05 sm and 6,86 wm, for practical reasons.
bue ta the large amounts of deformation experienced, it can be
considered that the temperature rise inm the first two passes is
prubably larger than in subsequent passes.

The results from this experiment are susmarised in Table 3.3, It
is apparsnt that the maximum temperature measured in the wire
was  just 34°C above ambient at the wire centre. In addition it
was noted that the residenc +ime at these temperatures was of
the order of seconds, and it can therefore be concluded that no
significant ageing was likely to oceur during drawing under
these conditions (aee Table 2.1).

TABLE 3.3 : SUMMARY OF TRMPERATURE MEASUREMENTS OF THE WIRE IN
THE DIE DURING SLOW DRAWING

Sample | Wire Die D: D Max T Max Te
N‘g? Bu1§ or | Size s;::d E‘S:ze Bis:mp Achiev:‘s
Surface
mn jem/min | kN *c ‘e
1 Bulk 8,09 20 a7 7.8 25
6,87 20 29 10,4 31
2 Bulk 8,08 100 37 31,1 48
6,87 | 100 30 33,8 55
3 Surface | 8,09 100 35 30,0 52
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Due to the inherent variability in the mechanical properties of
wire samples, it is always necessary to repeat tests in order to
ensure that the results obtained are statistically valid. 4
large amount of wire sample is therefore required for any ageing
investigation, whevre a multiplicity of time/temperature ageing
treatments are tested. Thus, the slow drawing techrique of
sample pr&pﬁration was found to be iwpractical for a project of
this duratiod, and an alternative drawing method was therefore
requirsd; The unrepresentative friction conditions with respect
to those normally encountered also prompted the rejection of the
slow drawing wire preparation technique.
" g

A single~hole, commercial drawing machine (shown in Plate 3.3)
was therefore employed, Tiiz wmachine was capable of drawing
speeds ranging from about 1 m.nin® te 4 ms~' at ne load,
but the actual values obtained depended somewhat on the drawing
forces required. For instance, large drawing forces necessitated
that the speed e dincreased to avoid stulling, and little
contrel of the actual speed was possible. At the smaller wire
feed sizes, speed control to within 0,2 m.min—? was attainable
due te the lower drawing forces finvolved.

Mate 3.3 : Coxmercial Single-Hole Wire Drawing Machine

A direct water cooling attachment was used to cool the outgoing
wire, ani this is shown in Plate 3.4, This cooler was similar in
principle to that used by Nakamura et al (1976) (see Figure
2.20), but in the presemt study, water cooling of the die itself
was provided separately.




Plate 3.4 : Direct Water Cooling Apparatus

The coolexr operates as follows. Water at inc local mains
pressure is fed into the upper inlet of the couler, with a flow
rate of about 20 Imin~! while air is injected into the right-
hand orifice. The air mixes with the water, ensuring turbulent
coolant flow conditions for the maxit m heat transfer rate from
the wire. The effective cooling length was 230 mm,

The air/water mixture exits through the large down pipe at the
centre, but part of the air blast exits at the wire outlet, and
this helps to wipe the excess surface water from the wire.

Comparative tests between the slow and fast drawing apparatus
showed that there was no apparent disadvantage as regsrds either
the as-drawn properties or the ageing behaviour of wire drawn
using the commercial machine, as long as efficient post-die
cooling was maintained, The number of tests was, however,
limited,

The drafting schedules used in all the drawing trials were
designed to reflect a traditional taper draft, as might be used
in production conditions, Equivalence in texns of the reduction
in area per pass was maintained when the wire feed size was

changed from $ or 9,5 mm to 4 mm.
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After drawing, the wire was straightened manvally and divided
into lengths of appropriate size for the test methods envisaged,
and stored in a domestic freezer maintained at -22°C to inhibit
the occurrence of ageing during storage. Storage under liquid
nitxogen, as used by Yamada (1976) was investigated, but was
found to be prohibicively expensive.

3.2.4 Ageing Procedure

Artificial ageing treatments were carried out using a comstant
temperature bath containing silicon oil. The bath was maintained
at the desired ageiug temperature by an RKC model PF-62 0-200°C
temperature comtrollex {accurate to within 1°C) connected ¢o a
type J thermocouple immersed at a central location in the bath
(Flate 3.5)., The oil temperatufre was checked using a mercury-
in-glass thermometer, while agitation of the fluid to restrict
tewperature gSradients was provided by two laboratory overhead
stivyers, B > S

% I T .
Plate 3.5 : Silicon 0il Path Used for Ageinz Treatments

Silicon oil was selected tor the heating medium due to its low
vigcosity at the desired temperatures, and due to its high
temperature stability at wp te 200°C.

The wires were aged in batches, and always in the same region of
the oil bath to ensure consistent ageing treatments. The wires
were suspended in wire cages at the mid-level of the bath, Care
was talen to ensure that bundles of wires were bound loosely to
allow free circuiation of the oil around individual wires,
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On completion of the ageing treatment, the wires w ., quenched
into a bath of trichlovoethyleme at reom fr-.pe.stuxe. The
orsenic solvent helped to xemove residual silico. oil from the
wire surface, as well rapidly cooling the wi'e. Aged samples
were stored at -22°C prior to testing.

3.3 NIRE TESTING

Wire testing procedures have been described in some detail in
8ection 2.4.4, and their applications will therefore not be
discussed in detail here.

Appropriate mechanical tests for the detection and measurement
of ageing should have the following qualities:

1. a continuous variation in the measured property throughout
all stages of ageing;

2. sensitivity (i.e. magnitude of the response); and

3. 1ity and bility,

Ideally, the test would also be noid~destructive, s¢ that the
ageing response of any one sample could be measured continuously
thereby eliminating the variance between sawples. However, this
ia at present impossible to achieve with a mechanical test,

Over the course of the project, testing took the form of
mechanical tests (i.e. tensile testing, toxsion testing and
shear testing) as well as electrical resistivity measurements,
‘The appropriate methodology will be described below.

Indtially, the ultimate temsile stress (UTS) was the uonly
property measured, eince past experience had yuled out the
neasurement of the elastic properties (i.e, proof stress} on the
basis of repeatability of the results, while the shear and
torsien tests were considered to be too qualitative in nature,
Subsequent difficulties with the measurement of the UTS (linked
to the tendency of the wires to break in the grips) forced the
re-evaluation of the shear test, and of the determination of the
tensile proof stress at a later stage.

won s me & e ,.M“Ml..«_‘._m a
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3.3.1 The Tensile Test

All tensile testing was performed using an Instron hydrauliic
serew-driven universal tensile test machine, equipped with &
100 kN load cell provided with full scale ranges of 2, 5, 10,
20, 50 and 100 kN. Genmerally, tensile tests were repeated four
or five times, to obtain more significant results, S

When required, extension measurements were made using an Instron
50 mm clip-on strsin gaugeé extensometer with a 5 mm full scale »
deflection  (Plate 3.6) which conmected directly inta the i
processing unit. The Icad/extension curve could then be plotted
directly on the x-y plotter built :nto the machine.

Plate 3,6 : Apparal Load~Bxtension

or_the Heasurement o

Data in the Tension Test.

One of the bigzest problems associated with the determination of
the proof stress resulted from the shape of the load/extension

especially in freshly drawn (i.e, ungged) material, Although the
wires were monually straightened ag accurately as possible, it
was proposed by Reynolds (1986) that the curivature in the
initial part of the load/extension record was due in part to the
residual curvature of the wire itself,

A small jig was designed and built to strajghten the wire in the
tencile machine prior to attaching the extensometer, and this
was tested against normal wire samples. However, no advantage
was found with using the jig, and it appears therefore that the {“
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curve, which rarely demonstrated a true "elastic" portion, ‘1
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observed non-linearity was due to an inherent wire property.

Y bR« s



86

To facilitate the gnalysis of the load/extension curves to
determire the proof stress, a Hewlett—Packaxd wodel HP 85
microcomputer was connected to the Instyon wmachine via an
appropriate analogue to digltal convertexr, Computexr programmes
were written to log the load/extension data directly from the
teet, ard to stove this data on tape, Typically, about 250 data
points were stored from each test. The programme listings are
included in Appendix A,

After testing a batch of wire, a second programme was called to
analyse the test data for the (true) 0,1 and 0,2% proof stress.
The elastic slope was estimated automatically using a least
squares techuique to fit a straight lime to the first 75 points
recorded, although provision was made to adjust this number if
required. This method was found to work very well, and only
rarely was it found necessary to re-analyse a test result using
different points to estimate the elastic slope, An exanple of
the output from the analysis routine is shown in Figure 3.3,

Reynolds (1980) has shown that ageing of steel wires tends to
decrease the work hardening rate in the tensile test. It was
decided to investigate this effect in crder to determine whether
or not this phenomenon could be quantified, and hence could be
used a8 a parameter to detect ageing. Reynolds' method was used
to investigate this property, in the following way.

The work hardening rate is defined by an expression of the form:

Or = AEL™™ iiiiieenaiairirennisn(3,1)

where n{a) is the apparent work hardening exponent;
€x 15 the true strain;
0z is the true stress (MPa);

and 4 is a coustant.

The value of u{a) can therefore be derived from the slape of the
graph of log stress vs log strain, in the plastiec region.
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The appavent work hardening exponent, however, is calculated
using the sum of the elastic and the plastic straiss. The true
work should only ider the plastic straiu.
Thus, 4f €. 18 the elastic strain at the proportional limits

e = A{Br = Eu}™ Liiiiiiiiiiienieneed(8,2)

amd ‘the true work hardening exponent, n{t), is then given by the
slope of the log stress vs log (€x - €p) curve,

I order to determine the value of €, the true proportional
limit must be derived, using the point at witich the equations
describing the elastic properties and the plastic properties
intersect, Thus:

A% = BBy = €m0 savnseeinnresanenencs(33)

The reasons why freshly drawn wire (in particular) behaves in
this wmanner 18 unclear, but may arise from the intermal stresses
in the wire alfter drawings, Reynolds' work was performed on
spring wire which undergoes stress relieving heat treatments in
the course of processing, and this may avcount for his success
with this method,

3.3.2 The Shear Test

The shear test which was described briefly in Section 2.4.4,
attempts to aimulate the severs contact forces operating on &
xapo wire in service by placing a side force on the wire during
the temsile test, It is evident that the shear test tends to
measure the tranverse properties of a wire, and that these will
differ significently from the tensile properties due to the
anisotropic nature of the microstructure.

Computer programmes wexe written to perform the log stress/log
styain asnalyses automatically., However, it was found to be
impossible to obtain a log stress/strain plot which showed
linear behaviour in the plastic region (Figure 3.4), This
impiied that the app: woxk (required in
Bquation 3.3) cannot be by the al

{3.1), It was therefore found ta be impossible to determine the
true work hardening rate.




.,
st

89

The side force was applied using a hydraulic ram, which forces
the wire against¢ an anvil with a fixed rpdius, as shown in
Figure 3.5, The magnitude of the side force required was
datermined from the empirical results obtained et British Ropes
Ltd. (Stephemson, 1983), and was dependent only on the wire
diameter. The side force was monitored using a pressure gauge on
the oil feed 1ine., The ram was applied to the wire at a point
nidway on the gavge length (which by convention is 100 mm),

The wire 15 loaded progressively at a constant crosshead speed.
A load vs elapsed time yecord is made of the portion of the
yvecord which includes the attaimment of maxiwum load and final
failure, The shear elongation is then sstimated from the chart
to be the total extenslon to failure after maximum load has beenm
achieved, and this is essentially the extension at tha neck.

Wires which have been severely embrittled (e.g. by shrain ageing
or overdrawing) may not show any extension after the maximun
load has been achieved (i.e. they do not exhibit any ductility).
During the course of ageing, the maximum lvad recorded is found
to increase, until the wire becomes embrittied, when the wire
appears to break prematurely., Such wires having zero shear
elongation usually exhibit a characteristic oblique fracture at
approximately 45° to the teunsile axls (see Plate 3,7). Once a
wire has attained zexo shear elongation in the test, the further
progress of an embrittling effect such as ageing cannot be
motdtored,

Plate 3.7 : A Typical “Shear" Fracture in the Shear Test

A
(Sample is a production 3,05mm wixe) 20x
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In an attempt to extract more useful (i.e, quantitative)
information from the shear test, a record was nade pf the
complete load/extension curve, and estimates of fthe strain
energy to failure were made using the HF 85 microcomputer.
Unfort -.vely, the variability of the test results pracluded the
use of thls technique to follow the yrogress of strain ageing.

The Mining Equipment Researsh Unle of the (SIR* has
dnvestiga ° 1 test similar to vhe shear test described above,
in an attempr to quantify the behaviour of wire in a rope.

This method applies a side forece to the wire in a similar
manner, but instead of using an anvil of fixed radius, a wire of
ddentical size o the one under investigation is used,
orjentated at a kinown angle to the wire axis, The side force
used is a known proportion of the wire breaking force.

In an attempt to :efine the shear test, and to encourfge a more
gradual deterioration of properties, the CSIR shear test method
was briefly investigated.

Difficuities were symcountered with the setting of the side
loads, sinee the wire size under investigation was very small
(1,22 mm). The effect therefore of small variations in the side
force was found to be significant with respect to the type of
failure which was observed ({i.e. ductile ox shear), It hecame
apparent that this test methed, for this wire size, and with the
equipment used, was prone to as much scatter as the standard
version, and was therefore no more suitable fox this project.

3.3.3 The Torsion Test

The torsion test measures the number of twists which a wire can
accommodate before sepetation, over a gavge length which is
arbitrarily defined to be equal to 100x the wire dismeter. A
note is also made of the appearance of the wive after the test,
and of the type of fracture exhibited,

™ CSIR - Council for Scientific and Industrial Research,
Pretoria.
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Stephenson et al (1983) and Lanner (1983} have show that a
ductile wire exhibits a square-ended fracture, with uniform
deformation along the wire lemgth. Mowever a wire whuse ductility
has started to deteriorate will bégin to show a seamy conditiom,
with splitting along its length, and a fracture which is helical
in appearance. A& secondary fracture behind the primary break may

iso occur,

« worefr the torsion test has been described as a sensitive
wpwtrd of ageing, 1t ghares the problem of the shear test in
smar it ds  lacking in reliable and repeatable dquantitative
oatpue, while it also su fers from a large variability in
resuits.,

A test was peyformed on 1,45 mm and 1,36 mm wire to determine the
response. of ‘this wire size to ageing, by the torsion test. The
mategial Uped #as a commercial high carben steel, dyawn using the
normal experimental drawing practice, as described previously
(see Spction 3.2.3). fThe wires were tested in the as-drawn
confliliun, and after ageing at 100°C for 8 hours. The results of
torston pnd shear tests on these wires are shown in Table 3.4,

4ABLE 3.4 : VARTATION TN TORSION AND SHEAR PROPERTIES AFTER
AGEXNG AT 100°C_FOR § HOURS.

Torsion Test Shear Test
Wire . Numbey Practure | Av, Shear
Diapeter | Conditivn | of Twists Type Eloggation
{d) mm {on 100xd} { £
1,445 As L 40 35 40 Al Al A2 0,95
40 A2
1,445 ed 30 23 27 A2 A2 A% 0,25
' ae 3l a2 !
1,360 As Drawn 33 37 30 A2 A2 AL 0,80
1,360 Aged 29 23 33 A% A2 AY 0,71

Note {1): Torsion Test Quality Rating (after Haggie Rand Ltd)t

Al = No splitting; no waviness; even twisting; firacture

square-ended; no secondary breaks.
A2 = As Al but secondary fracture permitted.

B = As A2 but primary fracture may be stepped or helical.
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An ageing treatment of 8 hours at 100°C can be considered to be
relatively severe, as evidenced by a significant decrease in the
shear elongation to failure, The number of twists to failure
had also decreased, although with some scatter, but the quality
of the wire fractura altered little. It is probable that the
insensitivity of the fracture type in this investigation derived
from the smaller than ussal wire diaweter, which might be
expected to fawour good quality torsion fractures, From this,
and other tests, i was evideat that the torsion test offered no
advantage over the stiwar test for this project.

3.3.4 Blectrical Resisiivity

The measurement of electrical resistivity is, in essence, véry
simple, since the value of the resistivity is derived from the

-resistance of the wire, and its dimensions:

e =RaA serresstsnrsistrisesvecsrerrarness{3.4)

where @ is the resistivity (Qm);
R is the resistance of the specimen (§);
4 is the area of cross-section (m?);
and 1 is the specimen lenzth (m).

The resistance of the sample is easily calculated using Ohm's
law, from the potential drop measured along the specimen length
while a constant known current is passed through, The difficulty
with resistance measurement, however, i1a in the level of
accuracy of the test method, nince this will depend on a number
of factors, such as:

* contact resistance at the potential measursment points;
* resclution of the potential measurement equipment.;

* dimensional accuracy;

# temperuture of measurement, and its stability; and

* curreat atability.

et g

e e
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The chosen current must be sufficient to yield a measurable
potential drop, without affecting the temperature stability of
the wire, As mentioned in Section 2.4,4,5, the acruracy of
resistivity tests is dnereased if the temperature of measurement
is maintained as low as possible.

& special cooling cell was constructed to contain the wire
sample, the cooling medium (liquid nitrogen), and the potential o
measurement leads (Figure 3.6}, The wire protruded through
rubber seals to enable attachment of the current leads outside
the cell., Goid plated Keivin type clips were used initially to

connect the potential measurement leads to the wire, but these ¥ -
were later substituted by point contact devices (Fiaure 3.7), B

g
These allowed for mare acourate placement of the gauge length, “a.

and also reduced the variance in the contact resistance,

Initial tests were performed on 3,1 nm dizmeter wire using a .
variety of currents to determine the heating effect of this
factor, The results are shown in Pigure 3.8, from which it is "
apparent that a marked heating effect does occur as the current
ds dncreased beyond about 0,1 A. A current of 1 4 was however

required for future test work, in order to give sufficient @ o
sensitivity for measuring the putential drop. % .
Attempts were then made to the ageing i of N

steel wires, as measured by the electrical resistivity. Wire of

3,2.2) from 9,48 diameter rod, at a constant speed of
50 mm.ein-i, The finished wire had a drawn tensile stremgth of
2i35 MPa, after drawing to the true strain of 2,23. The wixe
drawn on the tengile machine had the advantage of being straight HAN
as  druwn, and therefore required no straightening before
insertion into the cooling cell, This eliminated ome source of
erroy, since the plastic due ta could
ba expected to affect the measured value of the resistivity.

3,1 mm vas manufactured on the tensile test machine (see Section e,
i
[
i

Averaged results from this experiment are shovn in Figure 3.9,

The measured wire behaviour was never consistent, and prope tu
sigmificant error. This was observed even though the tensile e
properties could be seen to be increasing at a steady rate
during ageing. Further work on this apparatus confirmed this

. MMML,_
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trend. It was therefore concluded that the test technique used
in  the presemt study was dinadequate and work using this
apparatus was therefore abandoned.

3.4 smaupy

This chapter has described the efforts made to establish
reliable test procedures, from the preparation of materials,
through testing, to final data analysis.

The materials used initially were commercisl grade plain carbonm
steels, prepared for drawing under factory conditiops. A wire
feed size of 4 mm was selected for reasoms of better control of
the wire preparation procedures,

The slow wire drawing apparatus way successful in operation, but
for practical yeasons, had to be withdrawn. These reasons
included the amount of time reguired to prepare wire sample, and
more dimportantly pexhaps, the comparability of slow-drawn wire
with that produced under conditions of more ideal lubrication,

411 wire samples wers therefore subsequently prepared om a
commercial single hole drawing wachine, equipped with a dlirect
water cooler.

Artificial ageing of the drawm wive was carried out ira
silicon odl bath, the termerature of which was closely
controlled. Initially the progress of ageing was monitored using
the tensile stremgth only, for reasons of veproducibility and
smoothness of the respouse to ageing. However, at a latex date,
the shear test was introduced ss a regular wire test, while the
tensile proof stress was also detarmined, For this work, the
torsion test was considered to offer no advantage to the sheaxr
test as an alternative to the tensile test,

The neasurement of the change in electrical resistivity with
ageing was investigated, but after some initial work, was
abandoned din  favour of the more relevant and measurable
mechamical properties,




CHAPTER FOUR : INVESTIGATIONS INTO THR EFFECT QF VARIOUS
PARAMITERS ON STRAIN AGEING,

4.1 INYRODUCTION

For any stientific ; 3, some K dge of the

of a standard aroduct is required before the =ffects of changes
to the i th can be A large volune 8
of work was tharefs ~ad on commercial wire {(with typical
compositions) in or- shcterise its behaviour. \ :

After the establishment of bage data for the standard material, \,/
preliminary dnvestigations into the ageing phenomenon wexe N "
carried out, These included sfudies of the effect on the rate of "

ageing of total strain, wire size, carbon and nitrogen contents, ’
and & low temperature anneal applied prior to drawing. 7

Subsequently, the effect of nitrogen vas studied in more detail,
and the deflaence on the rate of aseing of certain other
interesting parameters {the pearlite interlamellar spacing and
the silicon content) was determined using specially prepared
steels, manufactured under vacuum. From this work, it was hoped
that the ageing haniam would be identifd and a solution to
the problem proposed, which could then be invustigated further,

This chapter describes the above work in some detail, and the
conclusions which could be drawn fxom the results obtained.




93

4.2 PRELIMINARY INVESTIGATIONS ON COMMERCIAL FLAIN CARBON STEELS

4.2.1 Conventions) High Carbon Steel Wiye

For reasons described in Section 3.2.1, & relatively small
starting wire size before drawing of 4 mm was considered tn be
beneficial from the point of view of maintaining close control
of vite experimental conditions, A sample of patented 4 mm high
carbon steel wire was supplied by the Haggie Rand Ltd factoxy,
for the initial test work. This material had the composition,
and microstructural features described in Table 4.1,

TABLE 4 : QUMMERCTAL O.8% CARBON STREL FEED MATERIAL
g Hn i 4 8§ Tatal K
% £ i 13 Z x
Chenmical
Analysis 0,83 | 0,81 4,21 | 0,015 | 0,022 0,0067

Microstructures 100% Pearlite

o
Peariite Spacings 65 mm
ASTH gralg sizg.

Tensile Strenichx 1335 - 1380 MPa
Lonat: ons 44
Average Diameter: 3 98 wm

Drawing of the feed moteyial into wire was pexformed on the
wingle-iiole drawing wachine described din Section 3.2,2, using
the die set piven In Table 4.2, which was considered to be
roughly equivalent to a typical works drafting schedule, The
final wire size was 1,36 mm, at a drawing strain of 2,16,

The direct water coclex with a cooling lemsth of about 230 mm,
was used Lo cool the wire leaving the die, A constant drawing
speed of 2,1 munin~? was used for each pass, &0 that the
immersion time in the cooler was About 7 second: This was found
to be more than sufficient to cool the wire to rogm temperature
before the wire exited from the cooler.

The drawn wire was aged at various temperatures in the range
80°C to 130°C using the method previously deseribed in Section
3.2.3, and subsequently tensile tested for the UTS only.




TABLE /4,2 : DIE SEY FOR 4 mm FEED MATERTAL

Die Die Reduction True
Rumbey Size in %rea Strain
i)

1 3,408 27,4 0,320
2 2,906 27,3 €,638
3 2,530 24,2 0,916
4 2,208 24,0 1,190
5 1,955 21,5 1,432
[ 1,749 20,0 1,655
Do b E |
9 1,360 10}8 2,158

A plot of the average increase in UTS with time at the agedng
temperature is showm in Flgure 4.1. It can be seen that, if the
increase din the tengile property 18 plotted agaimst <the
logarithm of the ageing time, then the ageinz process can be
described by & straight line (in the resime covered by the
ageing treatments applied). The temperature of ageimg alters the
Yoffset" of the vensile ageing curves and thus the kinetics of
the ageing process are accelerated by an increase in the ageing
temperature, as would be expected.

The activation energy fox the reaction to proneed was estimated
by using the cross-cut method (as used by Yamada, 1976) on the
tensile ageing eurves, Thus a temperature/tiuwe relationship is
derived for the reaction to proceed to some arbitrarily defined
point, determiped by some change in a measured property., In this
case increases din the mea.wred UTS of 50 MPa and 100 MPa were
used, and the In(time) vs reciprocal of the ageinz temperature
graphs are shown i1n Figure 4.2, This cssentially follows a
recommended practice for tha dsm for a 1
(Perry and Chilton, 1973), by examining the rate conatant after
a small amount of the reaction has proceeded.

The graphs in Pigure 4.2 are approximately straight lines; this
dndicates that the ageing process ig thermally sctivated, and
can be describud by an Arxhenius-type rate law:

Rate = A.exp (=0 ) sevirennrrasereenararsrnersss(4il)
(R.T)
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PR s ¢ 243}

In(time) = In(A) + Q.1
RT

where Q = activation energy (kJmol=!);

= pas constant (8,314 Jmol~*K-1);

= gbsolute temperature (K);

= yeaction constant.

> Ao

The slope of the Line therefore yields the activation energy
when multipiied by the gas constant. The activation energy
represents the minimum energy required for the reaction (or
process) to proceed, and thus characterises the rate-controlling
step., The reaction constant, A, represents, in chemical jerms,
the frequency factor which can be considered to be a "ecollision
frequency" beiween two treacting species; this is dependent on
the square root of the (absolute} temperature, on the
concentravion of the reacting species, and on the mean diffusion
distance, This tern is also, therefore, time-dependent.

The activation energies for 50 MPa and 100 MPa increases in UTS
were found to be 117 KkJmol~* and 119 kJmol~* respectively,
These values compare exactly with that determined by Yamada
{1976) for the second stage of ageing (see Section 2.4.2) from
electrical resistivity measurements.

The kineties of the ageing reaction can be investigated by
applying an equation of the form:

R B T N € %)

where n = fraction of the reaction progressed;
k = reaction constant {(note: not equal to A, above);
t = ageing time;

and m = rate or time exponent,

This empirical equation was proposed by Johnson and Mehl (1939)
to describe -eaction kinetles on the bagls that the decrease in
the precapitation rate with time will be proportiemal to the
fraction already precipitated.

Wl e el atbe
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The temperature dependence of k, the reaction constant,
corresponds to the energy of activation for the reaction. The
rate exponent, m, however, describes the reaction kinetics; thue
it is temperature dependent, and is also affected by the
conceatrations of the reacting species. The rate exponent can
therefore be cousidered to be equivalent to the pre-exponential
term in Equation 4.1.

The rate expoment is determined from the siope of the plot of
la.1n{1/{1-n))} vs 1n{t). This procedure is shown for some
temperatures in Figure 4.3, and the results are shown in Table
4.3, For the calculation, an estimate of the maximum increase in
the UTS was required, and this was taken to be 200 MPa. The
significance of these results will be discussed in Section 6.3.1

TABLE 4.3 : VALUES OF THE RATR EXPONENT DERIVED FROM FPIGURE 4

Ageding Rate
Tecperature Expinant
*C {m)
80 0,234
110 0,247
120 0,256
130 0,265

This experiment was repeated using a different 0,8% carbon feed
wmaterial (with the composition given by Table 4.4) also supplied
by Haggie Rand Lid., A new starting material was used since the
significant variation in the tensile properties of the original
material along its length was found to be repeated in the
finished wire. The new material had more consistent properties,
and therefore gave more reliab.e results,

The results from the repeat experiment are givenm in Figure 4.4,
which shows the progress of ageing at 100°C ¢ver an extended
period, as wmeasured by the tensiie test. The rate exponont was
determined to be 0,275 (see Pigure 4.5), which agrees reasonably
well with the results in Table 4.3.

i
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TABLE 4.4 : NEW COMMERCIAL 0,8% CARBON FEED MATERTAL

Potal N
z

2w

c s
% 13 % %

Chemical
Analysis 0,80 | 0,74 | 0,26 | 0,012 | 0,024 } 0,0059

Mlcrostructure. 100% Pearlite
Minimum Observed
Pearl;te Spacing: 65 nm

TM Grain Size: 6

Average Diameter: 3,95 mm
Tensile Stremgth: 1308 -

4.2.2 The Effect of Drawing Strain

The drawing strain was ipvestigated using the feed material
defined in Table 4.4, and the drawing conditions specified in
Section 4.2.1, Wire was sampled at 2,20 mm (true strain = 1,17),
at 1,58 mm {strain = 1,83), and at 1.45 mm (strain = 2,01}, and
coppared with the 1,36 mm diameter material described above.

Ageing treatments were performed at 100°C over a limited range
of times at tewperature, Figure 4.6 shows the results of the
absolute increase in UTS vs ageing time, for each af the wires
considered, while Figure 4.7 shows an attempt to noxmalise the
data by relating the increase in UTS to the as~drawm UTS. The
drawing strain, as might be expected, markedly affects the rise
in UTS {Pigure 4.6), but no simple correlation appears to exist
between the increase in UFS on ageing and the as—drawn UTS
(Figure 4.7); nor is there a simple correlatiom %o the amount of

drawing strain.

The slopes of the inmcrease in UTS vs In(time) sraphs are similar
at each strain, and this implies that the rate constant does not
change significantly with strain, and thus the reaction
mechanism 3s probably also unaffected. Drawing satrain does,
however, accelerate the reaction kinetics, as might be expected.
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Shear tests were also performed on the aged wires, and the
variation in the shear elongation (i.e. total elongaiion after
maximum load) with ageing time is shown in Figure 4.8. These
results showed an interesting anomaly, The shear elongation
wight be expected to decrease more rapidly during ageing as the
drawing strain increases, in line with the increase in UTS. This
is dindeed the case av 2,2 to 1,45 mm, However, the final wire
size of 1,36 mm showed a significantly improved ageing response, H
with little drop in measured ductility throughout the ageing

treatment, {
This phenowenon was possibly a consequence of the empirical -
nature of the test, such that comparisons between wires of o

different Qiameters are not necessarily valid. Altermatively, it
may be linked to the drafting schedule, The die set uysed in this .
experiment was specified in Table 4.2} and the reduction in wire |
crosg-sectior in the penultimate pass (1,45 wm) was 15,3%, while
that in the final pass was just 10,8%, The reduction in area at Lt
the final or penultimate pass is known to affeet the finished L
wire properties, as will be discussed below,

Further dinvestigations were therefore performed using the same s
feed material, and a similar die set, with the addition of a
1,33 mm final die. Four wire samples were produced under K
nominally didentical conditions with different final reductions
in aree, as defined in Table 4.5, The wire was aged at 100°C for ﬁ
up to 62 hours, and tensile and shear tests were performed, The
results are illustrated graphically in Figures 4,9 and 4,10,

TABLE 4.5 : INVESTIGATION INTO THE EFPECT OF REDUCTION AT THY NS
FINAL PASS -~ SPECYFICATION OF WIRE SAMPLES

Sample Wire True No of Final | Dyawyn | Shear

Number | Diameter | Strain | Passes | Redn urs Elong,
i E3 MPa o o

1 1,441 2,017 8 15,9 2115 9,95

2 1,360 2.133 3 10,8 | 2144 | 06,81

3 1,330 2177 10 A | 64 | 0.77

4 1,330 2,177 9 14,8 2173 0,79
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The tensile results here showed a larger degree of scatter than
was observed previously, and this was attributed to a new set of
grips for the Instxon temsile machine. These grips were found to
cause consistent wire failures in the gripped length, at losds
which were sometimes below the true breallng 1load of the
specimen (di.e., with littie or wro necking at fracture), The
problem could not be solved simply since a replacement set of
grips was noi available.

It ds apparent fxom Figure 4.9 that the reducticn of area in the
final pass did not affect the temsile praperties sigmificantly,
However, the shear test (Figure 4,10) revealed a marked deterio—
ration in the transverse properties after ageing. Wire which had
undergone a small reduction in the final pass was found to
retain dits as-drawm shear properties for a significantly longer
period of time (by an oxder of magnitude) than wire finished at
& higher reduction, when tested at the same diameter.

Recent work by Sadok and Kowalskl (1986) has shown that the use
of a2 small reduction in area (of about 1-5%) in the final die
can cause an appreciable fall in the internal stresses of the
vire, and they showed benefifs in terms of the fatigue strength
of the finished wire, It 3> therefore possible that a less
severe dintermal stress distribuc*za is beneficial to the ageing
properties of wires, as measurcw ¢ the shear test,

Alternatively, as shown by Equaties 2.12 (in Section 2.4.3.2), a
lower reduction din avsa will have the effect of increesing the
average effective strain rate. Increasing the rate of strain in
a deformation process may be considered to be equivalent to

4 the of don (in texms of thermally

activated deformation), 8o that it is not vnreasomable to assume
that the effect is similar to increasing the efficiency of wire
cooling during drawing {(see Section 2.5).

It 4s difficult to see how the relative effects of these
can be Further work in this area was,
however, curtailed hecause of time comstraints.
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4.2.3 The Effect of Carbon Content

Since it is generally presumed that the phonemenon of strain
ageing occurs in the Ferrite phase of a pearlitic steel, it
might be pupposed that the rate of ageing, or at least the
maximum extent of ageing, might increase if the volume fraction
of ferrite were increased, A feed material of lover carbon
content (0,70%) was therefore procured for investigation,

This material had the chemical analysiy and microstructural
features described in Table 4.6, The wire was drawn using
nominally denticai conditions to those described previously,
dinte 2,2 mm and 1,36 mn diameter wire, The finished wire size
size of 2,2 mm was equivalent to a drawing strain of 1,17, which
wag similar to that most often used by Yamada in his 1976 work.

The wire was aged at temperatures between 80*C and 150°C for
various times, and were temsile tested only, The increase in UTS

vs ageing time is showa in Figure 4.11.

TABLE 4.6 : COMMERCIAL 0,7% CARBON FEED MATERIAL

E Total K
%

Chemical
Analysis 0,71 | 0,70 | 0,30 | 0,023 § 0,914 | 0,0067

Microstructure: Pearlite + 5% pro-a.tzctodd ferrite

n: &
Pearlite Spacing: 70 nm
ASTM Gmig Sizg: &

Average Diameiers 3,9
Tensile Strength: 1350 MPa
Constriction: 41,3

For the derivation of the activatior swcrgy for the reaction,
the intercept at about 50% of the reactics was used, For 2,2 mm
materdal this was estimated to be at ahout an 80 MPa increase in
UTS, and for the 1,36 mm material at about 125 MPa. The energy
of activation was determined using Figure 4.12, and the rate
exponent was estimated from Figure 4.13, The results of these
analyses are given in Table 4.7,
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TABLZ 4.7 : ACTIVATION ENERGY “OR AGEING OF 0,7% CARBON STEEL

Wire Drawing | Cress-cut | Activation | Rate P:,:Eonent
Diameter | Strain UTS at Ener?y at 100°C
nm MPa kimol™*
2,208 L17 80 115 0,283
1,360 2,15 125 108 0,308

There s, nsturally, some error in the rate exponents derived,
since this value depends on the maximum change in properties
achieved, and this could only hbe estimated on the basis of
experience.

The results for the activation emersgv for ageing are similar to
those obtained previcusly for 0,8% carbon material, allowing for
experimental error. However, a swall incresse in the rate
exponent is apparent over those values obtained for the £,8%
stee} at the same strains (see Table 4.33.

The implication of these results is that the reaction rate is
increased in the presence of a larger volume fraction of ferrite
(but not by a large degree) but that the reaction mechanism is
unaffectad.

This phenomenon is also reflected in the increased ageing rate
on drawing further from 2,20 mm to 1,36 wmm. The reaction
kinetics are again accelerated by the higher drawing strain, due
probably to an increased dislocation demsity and to a finer
microstructure, resulting in a reduction in the mean ferrite
diffusion path required for ageing to occux.

It is not certain if a difference in the activation emergies for
ageing at each wire size actually exists. The implication from
the Table 4.7 is that ageing will oceur mere rapidly at the
smaller size due to lower barriers to the ageiug reactien,

2




4,2,4 The Effect of Annealing Prior to Drawing

It was considered that the rate of ageing might be dependent on
the amount of carbopn held in supersaturation in the ferrite
after drawing, and that this in itself might be dependent on the
amount of carbon in the ferrite prior to drawing.

A supersaturation of the ferrite undoubtedly exists after the
patenting process, where the final heat treatmext takes place at
about 540°C, followed by quenching to room temperature,

According to  Reed-Hill (1973}, the equilibrium cerbon
concentration [C] in ferrite in the presence of cementite is
given by the equation:

(€] = 2,55 x exp(=4D 585) iiivivniensnrnnsaoracneclbib)
{R.T
where R is the universal gas constant, 8,314 Jmel—*K~*;

and T is the absolute temperature {(K)

Therefore, the following ferrite carbon contents can be
considered to be in equilibrium with cementite at the following
temperatures:

25"C 3 1,9 x 10~7 wt % carbon

200°C : 8,4 x 10~% wt % carbon

540°C : 6,3 x 10" wt % carbon,

The supersaturation of carbon at 25°C is therefore about 32000x
after quenching from 540°C, By comparison, if the steel is
allowed to equilibrate at 200°C, the supersaturation is only
about  400x and  6,2x107°% carbon should be removed from
solution, which is a significant reduction,

However, the ferrite after quenching is heavily dislocated, and
it might be expected, therefore, that the excess carbon would
precipitate on dislocations during annealing, thereby
effectively removing it from solid solution in the ferrite. This
is energetically more favourabic than orecipitation on the
cementite (see Section 2.2.4). In thi: vay, the yield stress
might be expected to increase, and with it the UTS, although to
a smaller extent.
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A number of experiments were performed to evaluate the effect of
an annealing treatment on the feed wire properties, and on the
final wire properties. These were performed on hoth tbe 0,8%
carbon and the 0,7% carbon materials. An anmealing tr.atment of
200°C for 65 hours was selected, and this was carried out in a
tempering furnace.

If the mean diffusion distance is taken to be v2.D.t (Kemp,
1987) (vhere D is the diffusion coefficient (w3s™*), and t
is the time (s)) then, from Equation 2.4 (which gives the
diffusion coefficient of carbon in ferrite}, the average carbon
atom can travel several nanometers per minute at 200°C, Since
the pearlite interlamellar spacing is of the order of 90 nia in
the pratented material, it dis apparent that equilibrium
conditions should de achieved after 65 hours at temperature,

The wire was cooled to room temperature in the furnace, prier to
tensile testing to determime’ the change in the feed wire
properties. These properties are shovn in Table 4.8,

TABLE 4.3 : EFFECT OF AN ANNEALING TREATMENT OF 65h AT 200°C
ON _THE TENSILE STRENGTH PRIGR TQ DRAWING

Tensile Strength /MPa

Samplie

Material As received | After Annealing
0,82 ¢ 1321 1326
0,72 ¢ 1233 1249

The wire was drawn to a diameter of 2,20 mm using the normal die
set and cooling conditions, and was subsequently aged at 190°C
before tensile testing. A wire size of 2,20 mm was investigated,
because this gave mwore consistent results im the tensile test
vwhere grip breaks were a problem with the emall wive, In
addition, the drawing strain of about 1,17 was equivalent to
that used by Yamada (1976), so that some comparison with his
results could be made, The drawn properties of the wire are
shown in Table 4.9, while the ageing response of the materials
is shown in Figure 4,14,
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TABLE 4.9 : TENSILE PROPERTIES OF 2,20 mm WIRE DRAWN WITH
AND WITHOUT PRIOR ANNEALING

Tensile Strength /MPa

Sample .
Material, Without Anneal With Anv.eal

43¢

[ 174
[ 162:

L&

0,8
0,7

The ryesults clearly reveal that the margina’ increases in the UTS
of the feed material on annealing are not observed in the drawn
material (Table 4,9), nor do they influence the ageing response of
the drawn material (Figure 4.14),

On consideration, this is an expected result, because if the
inerez.e in UTS after anuealing is attributed ta dislocation
pinning by carbon or carbide precipitates, then as soon as the
wire is deformed (e.g. by dvawing), this ¢Zfect will be removed,
and the ferrite will once azain ively be The

rate of subsequent ageing will not, therefore, be affected.

Shear tests were not carried out in this part of the programme
since the sensitivity of the shear test is reduced at low drawing
strains, and the test is therefore significant only at strains
above about 2,0,

4.2.5 The Effect of Nitrogen

In order to investigate the effect of nitrpgen on commercial steel
wire, two similar 4 mm feed materials containing different ampunts
of nitrogen (0,006% and 0,012%) were odtained from the Haggie Rand
Ltd factory. The full analyses of these materials are givem in
Table 4.10,

TABLE 4,10 : CHEMICAL ANALYSIS OF STEELS USED TO EVALUATE
THE_EFFECT OF NITROGEN ON AGEING

Specimen c Mn 355 8 4 . N Al
Nember [ % z H H z z
H 0,80 | 0,71 | 0,24 | 0,014 | 0,023 | 0,0122| 0,01
L 0,80 | 0,74 | 0,24 | 0)012 | 0024 | 0,0053 01013
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The mechanical properties of these materials are given in Table
4,11, which includes the measured properties after drawing ta

2,20 om diameter, The drawing conditions are alse specified.

TABLE 4.11 : MECHANICAY, PROPERTIES OF COMMERCIAL NITROGEN STRELS

2,204 um Wire

SEEQ Patented | Average | Grain ; Pearlite
o uTs DPiam. Size Spacing UTS jShear 81
MPa ASTH nm ¥Pa ma
1309 3,946 7 75 1733 1,71
L un 3,950 [3 75 1733 1,90
Drawing Spee »3 n.min-?

Lubricatios
Water Cooling: Yes

The drawn wires were aged at 80*C, 100°C, 115°C aud 130°C for
various times, and the teosile strengths were messured., The
increase in UT§ with ageing time is shown in Fieure 4.15,

The activation energy was deteymived for an increase of 60 MPa
in temsile strength. This figure was selected on the basis that
it was suitably bounded by the actual results obtained. The
derivation of the energy of activation is given in Figure 4.16,
frow which it dis apparemt that a value of about 120 xJmol~*
characterises the ageing rate in this test. This is in suitable
agreement with previously cbtained values, The conclusion here
is that increasing vhe nitrogen content does not affect the
methanism of ageing; oY, more accurately, supplying additional
nitrogen does not allow a different mechanism (e.g. nitrngen
diffusion vsther than carbon diffusion) to become the rate
controlling step in the reactiom,

A negative effect of nitrogen on the agelng rate, however, is
apparent, and asince the rate increases with the nitrogen
content, it can be concluded that increasing the nitrogen
content increases the kinetics of the ageing process,

R T R
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4.2.6 Summary

Barly wnik concenirated on establishing some of the process
parametsrs which may Rove a significant effect on the ageing of
commercial  steels, Thus, the effect of drawing strain and
drafting schedule; the carbon and nitrogen contents; ond
annealing prior to drawing were briefly considered.

An  enexgy of activation for a small amount of ageing (as measured
by the change in temsile properties) was determined for some of "
the conditions investigated, while the kinetics of the reaction
were studied using the rate exponent. The activation energies SR
obtained were generally close to 120 kJmol~l, while the rate o8

exponents was found to be between 0,25 and 0,31,

According to the measurements of the change in the UTS, the .
i did not appear to markedly affect

the reaction mechanism, as indicated by the activation energy.

The kinetics of the reaction were apparently increased by drawing e
to high strains, by increasing the volume fraction of ferrite, )

and by dincreasing the amount of nitrogen present. Annealing the
L feed wmaterial prior to drawing in an attempt to reduce the earbon .
oL supersaturation did not affect the ageing rate, N

This work has domonstrated that the shear test, im spite of being T
- . a "crude" test, is rather better than the tensile test at
determining the embrittlement of steel wires by ageing. In an -
|- “ instance where the UTS showed no apparent difference in the
’ ageing behaviour of two wires, the shear test showed that the
transverse properties were indeed affected differently, In this
way the beneficial effect of a low drawing reduction at the final
pass was noted.

The shear test 15 only relevant, however, foxr wire whichk can be

embrittied 3in a reasonable time. Thus, for wires drawn to a
strain of about 1,2, for example, the shear test shows only a
smail decrease in the shear elengation with ageing and this is
unsuitable for investigations dnto the ageing rate. At higher '
strains, the effect is more and
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4,3 VACUIM-MELTED PLAIN CARBON STERLS

4.3.1 Introduction

Bre to the emphasiz in the literature on the effect of nitrxogen,
especially at low teaperatures, on the rate of strain ageing, it
was felt y to 1 further. It was hoped
that by using 1ting the level
could be lowered to below that at which ageing of gteel is
affected, The effect of nitrogen might then become clear on

comparison with a similar steel containing rather more nitrogen.

It was also proposed that the dinterlamelldr spacing of the
pearlite might affect the mean diffusion distance which carbon
atoms wotld have to travel in order to age the steel. This
effect was also examined.

4,3,2 Material Preparation

The steels were manufactured as 5 kg ingots iu the vacuum
induction welting furnace at the University of the
Witvatersyand, using the techniques described in Section
3.2.1.2, Tvo ingots were manufactured with the desired analyses
heing comparable to the commercial plain carbon steels
investigated previously. A high nitxogen level in one alloy was
obtained by maintaining a partial pressure of about 13 kPa of
nitrogen above the melt for abont 20 minutes. The chemical
analyses of the ingots ave given in Table 4.12.

TABLE 4,12 : CHEMICAL ANALYSIS OF VACUUM-MBLTED PLAIN CARBON

STEELS
Sample 4 Mn 51 8 )4 N
Namher | £ | % | § L x| oz z
AL S ©,72 | 0,70 | 0,30,) 0,012 ] 0,005 } 0,034
VL 0,77 § 0,74 | 0,30 | 0,005 | 0,006 | 0,0014

5
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The ingots were rolled into round bars or rods of about 10 mm
diameter, and about 1 m in lemgth; the decarburised layer (of
about 1 mm thickness) '~ after the rolling operation was then
removed by dissolving th. trface layers in a dilute nitric acid
solution., This acid dissy ~iion wmethod was employed in an
attempt to overcome the practical difficulties dnherent in
machining long rods which are not perfectly straight,

The surface condition of the yods after this treatment was
rough, since the acid dissolution tended to fellow the rough
rolled surface features and exaggerate the profile. However, mo
pitting was apparent, The rods were smoothed by pulling
carefully *hrough a die at 8,06 mm, following which the rods
were baked in a tempering furnace at 200°C for 3 hours to
remove, or at least reduce, the mobile hydrogen probabiy
absorbed during the acid treatment.

Prior to further treatment, the rods were checked for guality by
selecting random samples and the surface in

tranverse sections, About 50% of the material showed signs of
laps and seams produced by the hot rolling process, and this was
discarded. The large amount of defective material was a vesult
of rolling the rod to 10 mm rather than the usual 14 mm. At the
smaller rod size, control of the rod section was yather mere
difficult, and £ins were formed very easily. These were easily
rolied-in to foxm defects,

Patenting of the rods was carried out in the laboratory muffie
furnace and the experimental lead bath described in Section
3.2.1.3, wusing nominally standard conditions. Since the desired
wire length after final processing was required ‘v be as high as
possihle, 1lomg ro¢ lengths were employed, which resulted in a
portion of the vod protruding from the surface of the lead bath
during quenching, This part of the rod was marked and used for
pointing the rod for the drawing and was 1y
removed after drawing was completed.

_ ul i ol e
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The patented rod was then carefully drawa into 4,05 mm wire in
five pagsses, at vhich size the wire was Yepatented prior to
further drawing to the fini*hed wire slze, Use of the Haggie Rand
Ltd production patenting facilities could not be considered
because adjusting the Jlead bath temperatures to give different
pearlite spacings would have been impractical,

To tacilitate the patenting of longer lengths of wixe (i.e.
greater than 1 m), the wire was bound loosely inte 200 mm coils.
This enabled the wire to £it into the lead bath and dlso reduced
the temperature variations acress the length of the wire in the
austenitising furnace. This requirement was unfortunate, since
nen-uniform cooling across the wire section oceurred in the lead
bath, at the cross-over points of the c¢oil. I addition, no
contyol over the furnace atmosphere during austenitising could be
achieved, since the leakage of the inert gas through the furnace
walls wouid have been too great,

An  austemitising treatwent of 3 minutes at 900°C was found to
satisfactorily homogenise the steel, without causing too much
seale formation. This was followed by a quench into lead at 550°C
for the nitrogen dnvestigation, and also at 530°C and 630°C for
the pearlite spacing investigation, The details of the heat
treatments are given in Table 4.13, and the typical micro-
structures are shown in Plates 4.1 to 4.4. It was appareni that
transforming at the highest temperature led to a coarser pearlite,
and also to a more broken, degenerate microstructure, This could
be due to the onset of spheroidisation at 630°C. In the steels
patented at 550°C and 590°C, the structures were more vniform.

TABLE 4.13 : PATENTED PROPRRTIES OF VACUUM-MELIED PLAIN CARBON

MATERTALS

sRec Lead | Immexsion Av, | Minimum | Drawa Work
o Temp Time urs Eear%ite @1“‘3“? Ha;ggning

ac. ]

"c 5 Mea pmn ns }'ﬂ’am MPa/€

Vi 5353 60 1097 80 1882 355

VL 551 60 1118 80 1369 386

Vi 592 60 1095 9% 1896 362

113 431 180 1048 100 1793 337




Plate 4.1 : High Nitrogen Vacuum Steel Trensformed at gggo

C.,
2% Nital Etch X,

Plate 4.2 5 Low Nitrogen Vacuum Steel Transformed at 550
2% Nital Etch 2501

The ~ariability im the tensile xesults was very high; for
inatance, 3in one test coil, a standard deviation of 26 MPa was
determined over twelve tests on samples taken along the coil
length. This scatier could not bde reduced using these heat
treating facilities. The lower strength and work hardening rate
of the steel patented at the higher temperatures was expected,
while the high aitrogen material exhibited lower tensile
properties due to its lower carbon content,




Plate 4,3 3 Low Nitrogen Vacuun Steel Transformed at 530°C.
2% Nital Etch 2500x%.

Plate 4.4 : Low Nitrogen Vacuum Steel Transformed at 630°C.

2% Nital Eteh 2500x.
In order to ensure consistency in the drawing conditions between
different sample coilx, selected coils were butt welded together
before drawing. Use was sgain made of the facilities at Haggie
Rand Ltd for this purpose. The weld positions were maxked by
plating copper onto the steel eurface from am acid copper
sulphate solution, The weld regions were cut ont and discarded
at the wire final size.
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The feed size after pickling was measured to be 4,02 mn
diameter, on average, Drawing to 1,33 mm diameter wes perfoxmed
using the die sat given by Table 4,14, at 1,8 m,min~*, and the
otherwise standard drawing conditions,

TABLE 4,14 : DIE SET FOR 4,07 wm PEED MATRRIAL

Die
Number Size

e Beduction ‘Tatal
2! in Area Strain
i %
% 1 3,405 28,3 0,332 .
; . 2 2,908 27,1 @,648 e
3 2,536 23,9 0,921
§ 2,209 24,1 10197 N
5 1,339 2.4 1,438
; S 4 1260 19,3 1653
7 1,578 19,9 1,874
. 8 1,441 18,3 2,052
e 9 17322 1578 2,224

!
!
4.3.3 The Effect of Nitrogen J
|
!

The wire samples which had been patented at 550°C prier to
drawing were subjected to varicus ageing treatments, in order to
determine the ageing behaviour. Tensile and shear tests were
performed on the aged wires, although the limited guantity of
samples restricted the numbex of replications of each test per
condition to just three,

- T The results for the dlmcrease in UTS with ageing are shownm in
Figuré 4.17. The typical scatter in the tensile results was
about 40 MP4, reflecting the varjation in the feed wire
properties. In spite of thia, an estimate of the activation o

F

energy was made for a 100 MPa increase in UTS (Figure 4.18), aud
for both the high and the low nitrogen steels, a similar value
of about 112 kimol~! was determined.

!
This value agrees with previous data {sey Section 4.2), and }
again implies that the Jlevel of nitxogen does not affect the )
ageing mechanism, in terms of the temsile properties. It is i
apparent, hawever, that the high nitrogen material does maintain
a higher ageing response, as evidenced by the offset in the :

|

[

tensile ageing curves.
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The variation in the shear properties with ageing is of greater
interest. Figure 4.19 shows clearly that the sgeing behaviour of
the high nitrogen alloy was far more severe than of the low
nitrogen alloy., The low nitrogen steel maintained a high and
satisfactory level of shear elongation for much longer ageing
times throughout the temperature range cousidered, while the
high nitrogen wmaterial became embrittled in a short time, This
behaviour is difficult to quantify, due to the inherent variance
in shear test results, but 3is reasonably consistent and
reproducible.

4.3.4 The Bffect of Pearlite Interlamellar Spacing

The difference in the minimum iaterlamellar spacing observed in
the feed wires was about 10 nm between wires patented at 550°C
and 5390°C, and also between wires patented at 590°C and 620°C.
The wires patented at 630°C also showed a wmore degenerate
microstructure.

Tensile tests were performed on the drawn wires aged at 80, 120
and 130°C, and the increase in temsile strength on ageing is
shown in Figure 4.20, Again, the slopes of the ageing curves
appeared to be similar, but the ageing rate was increased as the
strength of the materials increased (i.e. as the pearlite
spacing decreased). It therefore seems likely that the pearlite
interlamellar spacing does affect the ageing rate of the steel
after drawing, It is not, however, clear whether this is due to
differences in the drawn microstructure (e.g, the dislocation
density etc,) o»r due to the interlamellar spacing itself (which
influences not only the diffusion distance via the distance
between the pearlite lamellae, but also the arrangement of the
dislocations present and particularly in terms of e¢ell size).

4,3.5 Discussion
4.3,5.1 Experimental Proceduye
This early vork on vacuum melted steels highlighted a number of

practical difficuities with the ing of such
@teel into wire on a small-scale experimental basis.
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The biggest problem encountered centred around the requirement
to manufacture as much wire as possible for any ome test with
coasistent properties along its length, while usinz equipment
designed for short wire lengtha.

The heat treatment facilities available, for instance, wexe only
suitable for short lengths of material (less than about 400 wm),
although in fact, they still give inferior wire properties when
compared to factory processed wire under the same nominal

o conditions. The reasons for this are rot clear, but are possibly
linked to the "strike temperature" {the temperature at which the

* material enters the lead bath on quenching), or to the overall
quench rate from the sustenitising temperature.

For longer wire lengths the heat treatment had to be performed 3
on coils, because of the limited dimensions of the lead bath, -
and the problems were compounded by the additional errors due to L
nou-uniform heat ¢ During 4 for example,

the temperature variation messured acxoss the coil diameter
LT within the muffle furmace was found to be about 20°C. All of [
these factors contributed to the varying preperties along the Pl

wire length, and between wire coils,

The acid dissolution technique for removing the decarburised
zone on the rod surface was reasonably successful, but it was
. S considered that the dmproved surface quality attainable with a 8.
o : machined surface was i e 1
] : machining would be used for all future experiments of this type.

1 : 4,3.5.2 Experimental Resuits

This work on plain carbon steels has again shown again that
nitrogen inecreases the ageing rate of a high carbon steel wire, -
The mechanism of the reaction appears to be unchanged by the

§ ) level »of nitrogen, even when small amounts are present and this
: dmpiies that even 0,0015% nitrogen may be sufficient to cause
ageing in such steels. However, 1t is not necessary that the

o sple cause of ageing is nitrogen; if an alternative mechanism
R controls the rate of ageing, then nitrogen will not be seen to
have any effect on this,
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The dinteresting result from this work is the marked detrimental
effect that nitrogen has on the shear properties of the wire, :
while the tensile properties are little changed. Xt is therefore
apparent that the ageing pheromenon affects the transverse
properties in a different manner to the tensile properties.

On consideration of this effect, it might be proposed that this
implies an embrittlement of the grain boundary or pearlite
calony houndary regions, since these are the predominant
longitudinal discontinuities in & heavily drawn stxucture such
as wire, In addition, the dislocation density has been noted to

be very high at the {longitudinally aligned) ferrite/cementite
interfaces of peariite (Bee, 1986), and would also be high at
. - the low angle grain boundaries. Strain ageing by the diffusien
" . of interstitisl atoms to fres dislocation sites would be 3
’ o expected to progress most rapidly at such discontinuities, and
£ o thus, embrittlement by strain ageing might be considered to be
kY . directional in its effests on the wire properties.

. i It is wnot dinconceivable that two processes are oceunrring
By concurrently. Thus, for instance, nitrogen might embrittle the
i grain boundaries, while a different yate-controlling reaction 1

i proceeds as usual (e.z. strengthening the ferrite lattice),

R The nature of the rate-controlling wechanism is unclesr. Yamada,
! as described in detail in Section 2.4.2, fourd that the dominant
mechanisn during second stage ageing was the dissolution of

8 pinning. This might dimply that the pearlite interlamellar

spacing i4s impoxtant, since this will then define the diffusion =
L distance required for ageing to occur. The present study showed "
that an decreased pearlite spacing tended to increase the rate
0, - of increase of the VIS, as would ba oxpected,

carbon from cementite to furnish carbon atoms for dislocation 1
i

“ A However, the pearlite 1nterla.maum.~ spacing affects a number of
» properties, such as the temsile stremgth in the patented
a condition, and the woxrk hardening rate during drawing. It is
therefore possible that the dislocation sub-structure after
drawing will be affected by the pearlite spacing; generating»fnr

“ : instance e@maller cells to increase the yield strength and the
work hardening rate. : 4




138

Work dome by Waugh et al (1981) has shown that dislocation
wigration may occur during ageing, and it is therefore possible
that the increase in the temsile properties during ageing are

due  to ref in the disl tion sub-structure, rather than
to redistribution of the interstitial sclute, These authors
suggested that full of the dis e

occuxred during the cold drawing operation, due to the large
excess of carbon atoms present, and to the small diffusion
distances involved, and therefore carbon played littie or no
part in the ageing of steels after drawing.

The driving force fur the movement of the dislocations would be
the residual stresses in the wire rvemaining after drawing, and a
veduction of thy strain energy stored in the lattice. The energy
of activation required for the dis i is

on the driving forcej in the absence of any assistance by an
applied stress, an activation energy equivalent to that for
self-diffusion in ferrite may be assumed {(Reed-Hill, 1973), and
this is about 250 JJmol-*, This would be substantially reduced
if the dislocations moved in the direction of positive stress.

This work has not been able to differentiate between these two
ageing theories, but the possibility of the occurrence of
dislocation re-arrangement has not been eliminated.

4.4 VAQUUM-MELTED STERLS WETH VARYING SILICON GONTENTS

4.4,1 Introduction

Krishtal (1970) has shovm that silicon additions to steel tend
to depress the prx al tem in the for the
diffusion coefficient of carbon in alloyed austenite (Table 2,2,
Section 2,5.2). It has been suggested that silicon, on this
basis, might therefore slow the rate of ageing in steels by also
inkdibiting the diffusion of carbon in the ferrite to free
dislocations (Smith, 1985),

An wag  th e inta the effect of
silicon additions ou the rate of ageing in vacimum-nmelted steels,
aad this will be described helow.

&

»




4.4,2 Material Preparation

Silicon i1s normally added in small quantities (of about €,3%) to
steel wire rod, for deswidation purposes. For this experiment,
the desired silicon contents wers 0%; 0,5%; 1%; and 2%. These
compositions entompass the range of silicon contents found in
normal commercial plain carbon and low alloy steels for high
strength wire production. A 0,8% carbon, 0,6% manganese steel
base was used for the silicon additions, and no attempt was made
to compensate far the inereas¢ in the eutectoid carbon
conmposition of the steel due to silison additionms,

The steels were manufactured under vacuum as described in
Section 3.2.1.2, and the final analyses of the ingots are given

in Table 4.15.

TABLE 4,15 : CHEMICAI. ARALYSYS OF SILICON STERLS

Ingot No CArgon Hanagnese S:u%cnn Tatal lzur.rngen
2 0,83 0,60 0,51 0,0013
3 Q9,79 0,63 1,02 0,0016
4 0,81 0,65 2,04 0,0024
7 0,79 0,61 - 0,0010

Unfortunately, about 50% of the 2% silicon steel ingot had to be
discarded due to a large pipe in .ae ingot,

The 5 kg ingots were rolled to 14 mm yound bar, after which the
decarburised layer was removed by machining the rods on a lathe,
and centreless grinding, to 10,5 mm djameter. The rods were then
but! 1ded . and on the i
line at Haggie Rand Ltd using the normal conditions for a plain
carbon steel of this diameter (i.e, austenitise at 960°C for 5,5
minutes, and quench dinto lead at 540°C for about 75 s}, After
plekling and coating with phosphate and borax as usual, the rods
were them drawn to 4,05 mm diameter in seven passes on the
single hole drawing machine.

i
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It was decided to patent the 4 wm material in the Haggie Rand
Ltd works to ensure consistent heat treatment corditions alomg
the wire length, This was in the light of previous problems with
small-scale batch patenting as described in section 4.4,
However, it was apparent that the heat treatment was not ideal
metallurgically for the high silicon  teels, since silicon has
the effect of raising the temperatiue at the "nose" of the
isothermal transtormation curve. Figures 4,21 and 4,22 show that
the ideal patenting temperatures should be at about 600°C and
625°C for the 13X and 2% silican steels yespectivaly,

The patenting coneitions for the 4 um material are givem in
Table 4.16, while &> patented microstructures are showm in

Plates 4.7 to 4,10,

TABEE 4.16 : WORKS PATENTING CONDITIONS FOR SILICON STBELS

Furnace Number ER4

Average Temperature 3940°C
Immersion Time 3 min

Lead Bath

Temperature  560-565°C
Immersion Time 40 s

Plate 4.5 : Pagented stxuctnre of Steel Containming 0% Sllicun.
2% Nital Bto 2500x.

. ]
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Plate 4.6 : Patented Structure of Steel Containing 0,5% Silicon
23 Nital Etch 2500x.

Little basic difference in the patented microstructures was
cbserved in the steels containing 1% silicon and less. These
generally consisted of a fine, uniform pearlite with a small
volume fraction of ferrite, and some degenerate pearlite, &
larger volume fraction of ferrite was noted in the 1% silicon
alloy, due to dts slightly lower carbon content and the effect
of silietm din raising the eutectold carbon composition, while
some Widmanstatten ferrite side plates were also noted. Some of
the pearlite was close to bainite in morphelogy, indicating that
the transfsrmation temperature was close to the bainitic region.

Plate 4.7 : Patented Structure of Steel Coataining 1% Silicon
2% Nital Btch 2500x,
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The minimue observed pearlite interlamellar spacing f., each of
these alloys was about 80 nm, The mechamical prop-.tirs of these
works patented silicon steels are given in Table 4.17.

TABLE 4,17 : MECHANYCAL PROPERTIRS OF WORKS -RPATENTED
SILICON STERLS

Alloy Silican Tensile Reduction
Humber Content Strength ia Area
z MPa
2 8,51 1313 42,4
3 1,02 1322 34,5
7 1219 41,0

45 expected, the silicon additions increased the strength and
decreased the ductility of the steel, by solid solution
strengthening of the ferrite.

The 2% silicon alloy was found to be totally unsuitable for
drawing, since the structure consisted of a mixture of
Widmaostatten ferrite, bainite, pearlite and tempered martensite
(Plate 4.8), as would be expectsd after travsforming at 560°C
for only 40 seconds (see Pigure 4.22). This alloy could not
therefore be inelnded 3in the dinitial dinvestigation on
works-patented material,
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A Yy i ion was then on the of
the 1% and 2% silicon steels. Patenting trials were performed
using different l1éad quenching temperatures to find the idesl

patenting conditions, but the numbexr of tests was limited due
to a shortage of samples, The results of some of these tests on

the 2% sildcon alloy are summarised in Table 4,18; a compromise
heat treatment for both alloys at 610°C for two minutes wes e o)
selected for further iw don. The mi es of the 7

steels after this treatment are shown in Plates 4.9 and 4.10.

TABLE 4,18 : SUMMARY OF PATENTING TRIALS ON 3% SILICON STERLS

. fy Austenilise at 940°C for 3 minutes 2l
B Mechanical Props
9 a Lead | Immersion La
o . Tenp Time UTS |Redn of Area
N i c 8 MPa z Gomments N

559 40 1133 30,8 Macro-segregation ~ e
finer grain size + B
er errit

558 150 1248 33,2 Lover Vf ferrite

b 599 4 1341 35,2 Less Ws ferrite
% . bainite + snme dezen— .
Y erated pearlite .

A 607 120 1287 41,4 !¥ snall amount -
| errite pearlzta .

i VI bainite. lg .

1 pearlite spacing

M

i ™ ¥ = Volume fraction ¢

The 4 mm material from both experiments was drawn into 1,32 mm «
and 1,22 mn Jdiameter wire, wusing the die set given in Table
4.14, with drawing speeds ranging from 4,2 to 6,5 m.min-?,
Direct water cooling, as usual, was employed on each pass. The
work hardening rate of the works-putented wires was monitered by
sampling after each pass and tunsile testing, and these results
are shown in Figure 4,23, For the 1,22 mm wire, ageing i
treatments were carried out at 80 € to 130°C for various times,
bot for the 1,32 mm wire, sufficient sample was only available
for ageing at 100°C.
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5 A Plate 4,9 : 1% Silicon Steel Transformed at §10°C,
o 2% Nital Etch 2500%.

o
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00x.
The wire samples were tension tested using the HE-85 computer to \
record the stress/strain points and to calculate the 0,2% proof

styesa. Shear tests were alac performed,

4,4.3 Results and Discussion

Considering first the works-patented material, the resalts from
the ageing tests are given in Pigures 4.24 to 4.29. Pigures 4.24
and 4.25 show the increase in the 0,2% proof stress after ageing
at the two wire sizes. At 1,32 mm, the §,5% silicon alloy was
‘ obaerved to age more rapidly than either the 0% or the 1%

silicon material, and this effect was repeated at 1,22 mm.
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It was also appareyt thuat the slepe of the increase in proof
stress vs In(time) curves for the 0% silicon steel was lower
than those for the steels containing $alicon. This implies that
a higher emergy of activation was applicable for the ageing ;e
mechanism in this steel.

Activation energies were derived for ageing in the 1,22 mm wire
(Figure 4.26) wusing an increase in the 0,2% proof stxess of
150 MPa. The results from this analysis are given in Table 4.19.

I

|

|

,

H

¢

It is apparent that a difference does appear to exist between =
the steels containing silicom, and the steel without silicom. i :

i

|

|

H

|

1

TABLE 4,19 : ACTIVATION ENBRGIES FOR A 150 MPa INCREASE IN 0,23
PROJF STRESS FOR WORKS-PATENTED SILICON STEELS

Alloy Number $ilicon Content Activation Enexgy
% kJmpl~t

[
1

b

ot
[0S

2
1
2

obtained were of the same order as those obtained previously
o] (i.e. about 117 kJmol~!), dindicating that an increase in the
silicon content from 0,3% (in commercial steels) to 0,5% or 1%
" probably has no effect oh the ageing mechanism in drawn wire,

|
|

.. For the steels containing silicon, the activation energies lm‘
|

Small -mounts of silicon are apparently detrimental, and this is
reflected in the lower activation energy vai.2 obtained when
silicon was added. This trend in the results might be expected i
‘o from Table 2.2, which shows the variation im the diffusivity of ;
PR carbon in alloyed sustenite, with the concentration of alloying |
B addition, The addition of 0,93% silicon reduced the activation ;
energy for carbon diffusion by 13%; although in this instance l

" ‘}\‘4 the reduation was only about 6%. The rsason for this effect of 4

’ silicon on the diffusion rate is not clear. }
}

{
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If the dominant ageing mechanism is carbon dissolution and
diffusion from the cementite lamellae, then the effect of
silicon on the activity of carbon ia iron becomes important.
Silicon 18 known  to incresse this valve markedly (Geiger and
Poirier, 1873}, and thus would tend to encourage precipitation
of the carbon, By Le Chatelier's principle, cementite will tend
to dissolve ' to maintain t¥? equilibrivm concentration of carbon
in the ferrite, and this may have an effect on the measured
wzive of the binding energy for carbon to cementite (note that
fiticon is known to act as a graphitiser in cast irons). This
#suld  then account for the reduction in the measured activation
anergy for ageing withk silicon additions.

Foy the steels patented at 610°C, usfortunately, only a smal)
nuzber of wire samples was available after drawing for the
detevarlirtion of the ageing properties. A limited number of
Tension tests could therefore be performed, and these results

dre listed below im Table 4.20.

JABLE 4.20 ¢ THE AGETNG BEHAVIOUR OF HIGH SILIZON STRELS AS
P IN THE PROOF STRESS

Increase in 8,2% Proof Stress / MpPa

4
ngnnugpt 1% si (61D*C) | 1% s1 (550°C) | 2% si (610°C)

£0°C 3h 68 87 31

onh 103 148 24
100*C 5h 213 211 156
110%¢ 4,5k 141 152 123

It is apparent that the 2% silicon steel exhibited a markedly
redvced ageing offect when compared to the 1% siliconm steel,
whether the larter was transformed at 550°C or 610°C. The
behavionr of the 1% silicon steel patented at the two
temperatures was very similax,
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The ultimately beneficial effect of silicon (st levels greater
than about 1%) might be due to the increase in the ferrite
lattice strain due to solid solution of the silicon, which may
dohibit carbon diffusion. According to Smith (1986), the lattice
distortion around a sillicon atom in solution in the ferrite is
in the opposite sumse to thst around a carbon atom. Carbon atoms
in close proximity to a silicon atom will tend to relax the
strain fields, and thersby effecd‘}ﬂy trap the carbon atom.

The behaviour »f the aged wires in the shear test is chown by
Pigures 4.27 to 4.29. It is apparent that no consistent trend in
the effect of silicon onm the shear test ageing response could be
detexmined, possikly due to experimental errors, It is, however,
probable that din the ramge of silicu contents examined here,
silicon has little effect on the embrittlement of steel wire.

In summary, the results from this work seem to suggest that
silicon added in small guantities (up to 1% silicon) tends to
increase the rate of ageing as measured by the tensile
properties, while at higher levels (of about 2%), the effect is
reversed to some extent. However, this trend is not very
distinet, and i3 also not reflected in the shear test results,
More work vould therefore have to be done to confirm this
effect.

o
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CHAPTER FIVE : FACTORIAL ASSESSMENT OF FOUR PARAMETERS ON THE
BATE _OF STRAIN AGEING

5.1 MOTIVATION

&3 [ The concept of the factorial design of experiments is well
established, and is described in standard texts (see e.g, Yates,
- 1937; Natrella, 1979). Pactorisl experiments are those which
include all the possible combinations of several different sets
of treatments or factors. In a normal experiment, such as those

deseribed in some detail in Chapter Four, one fagior is varied
while the - other are held and the

. of interest (e.g. some wechanical property) is measuted. Very
3 often, however, it dis difficult or even impossible to maintain
N all the other due to i between

them, amd in a normal experiment these will not be detscted. o

Factorial experiments on the other hand, will detact these
d o interactions, and, in addition, reduce the required number of fee,
B experiments, due to more efficient c.gamisation, 4

& The simplest form of factorial design, whereby two levels only
# af each factor are investjgated, wag selected for this work in
i k order to ryestrict the number of experiments. Four factors were
) considered, namely the nitrogen content, the aluminium content, o,
the drawing speed and the total drawing strain. '

T.- detrimental effect of nitrogen on the ageing response of a i
steel wire has been demonstrated im Sections 4.2.5 and 4.3.3,
but it was hoped here that an dindication of the means of .
reducing 1ite influence mizht be obtained. In particular, it was -
. hoped that aluminium additions would combine with the nitrogea
in 80lid solution in the ferrite, and eliminate its influence on
the ageirg process,
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The possible benefiecial effect of & high strain rate during
drawing was proposed in Section 4.4.2, where it wes shown that a
small final reduction apparently reduced the embrittlement of
the wire during ageing. It is uot clear, however, whether these
benefits were due to an improved internal stress field in the
wire, to a reductiun in the amount of redundant deformatien, or
to a higher strain rate., Since the strain rate is directly
proportionsl to the wire exit speed from the die (Fquatdon 2.13)
it was decided to investigate the effect of the drawing speed in
an attempt to isplate the effects of the strain rate.

The total drawing strain has alresdy been shoun to have a
negative effect on the rate of ageing, but it was hoped that
methods of reducing the effect might become apparent in the
interaction of the drawing strain with other parameters,

5.2 THE VACTORIA{, DESIGN

Each factor in the design is evaluated at two levels and for
this design, these are specified in Table 5.1, Generally, the
levels were selected so as to give the maximum possible effect
while still retaining closs relevance to industrial conditions.

TABLE 5,1 : PACTORIAL EXPERIMENT DESIGN LEVELS

Factor i Low Level | Mean | High Level | Unit
awing Speed 4 32 64 momin—t
Totalnsraginz 2,22 2.30 2,38
Xi%athiu '9 0105 0,10 Wt %
Nitrogen 0,002 0,006 0,01 w %

Steel Composition Experimental Congtants

Boé carbon Drafting schadule
anese Heat treatme
0,30% s:u con Surfuce cund1 don

External cooling conditions

e il

o
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the low wnitrogen level of 0,002% is well below that which might
be expected din commercial steels which have not been specially
treated (e,g. Dby vacuum degassing). The upper level of 0,01% dis
approximately the maximum level which may be achieved in ateels
mamifactured in an electric arc furhace,

The aluminiwn addition of 0,1% is, stoichiometrically, some five
times more than would be reguired to combine with all the
available pitrogen as AIN. Some of the aluminium would be
expected to form compounds with oxygem or silicon to fowm non-
metallic inclusions, but the inclusion content of the steels was
found to be very Tnw,

The tuwo lo sawing strain are in the region relevant to
commercial ulfy. . . sStrength steel production, and would be
expected to correspond to fimished tensile stremgths of about
2150 MPa and 2250 MPa respectively. It has been sugsested that
strain ageing only becomes a significant probienm in roping wire
at drawing strains of greater than about 2,27 (Shipley, 1986), If
this is so0, ¥t is possible that some event occurs at about this
point which may alter the ageing mechanism, or the ageing rate.
The straing seleated hers fall on either side of this point.

The selected drawing speeds bear little resemblence to practical
conditions, siace the exit speed- vas malntained at a constant
level at each pass, unlike on a commercisl multi-pass machine.
The low level represents noxmal laboratory conditions, while the
high level 1s of the sams order of maruitude as normal production ;
finishing speeds for this type of wire. Higher speeds could sot g ¥
successfully be wused here bdecemse of wire pay-off and take-up i
problens on the eingle hole drawing rig.

4 total of 16 experiments weye reguired for the 2* design; and
the configuration of each experiment in the factorial design is |
specified in fuil in Table 5.2, vhere each factor is represented i
by a minus sign for the low level and & plus gign for the high

o
level. This ion follows & format (Yates, 1937) :
which enables the systematic analysis of the results by standard "\;
techniques, Q \
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Yates' analysis procedure is described in Appendix B, together
with & copy of a computer programme written to perform the

analysis for the four-factor desisn.
ABLE 5.2 : FACTORIAL DESIGN SRROIPICATION
TABLE 5.2 ¢ FACTORIAL DESIGN SPRCIFICATION
Expt Design Variables & Al | Total Speed
Strain | (5
Yo ¥ A E Sp 2 L3 (?)' " msmgl)l“’
1 - e - e o021 @ 2,22 4
3 v -2z 0,01 [ 2.2 4
3 -t - - 0.0?2 a1 2,25 4
4 .+ - - 0,0 0,1 2,22 4
o 5 - - - 0,002 Q 2,38 4
SR [ - - 4,01 3 2138 4
% 7 -+ - 0,002 | 0,1 2,38 4
8 EE - 0,02 a,1 2,348 4
- - - @,002 2 2,22 0
5 s o= -+ 9,01 0 2123 43
. i - - % 0,002 & 0,1 2,22 60
w7 i2 P 001" | 031 | 2322 60
- 13 - -k 0,002 | 0 2,38 60
lé + - o+ Q,01 0 2,38 60
S 1 -4 . 6,002 | 0,1 2,38 60
16 +* o+ + 4 0,01 0,1 2,38 60

5.3 EXPERIMENTAL FBOCEDURE

b To obtain the required nitrogen and aluminium combinations, four

steels cospositions wers required and thege were manmufactured in
\f the vacuum isduction furnace as § kg jingots, and rolled to 14 ms
. round bar, as described in Section 3.2.1,2. The steel analyses
\ are giveit in Table 5.3, The rods were then tursed to 11,5 mm and
ie finished by centreless grinding to 10,5 mm, to ensure a defect-

or ] free, unifoym, vndecarburised surface,

TADBLE 5.3 s CHEMYCAL ANALYSRS OF STERLS USED IH FACTORIAL DESIGN

o
. o Ingot | Carbon | Manganese | Silieon | Nityosen
To i3 2
B
o 1 9,79 9,70 0,3 06,0015
e, 2 0,82 Q,66 9,3y 0,0008
& 0,77 0,76 9,32 G,0082
6 ¢,81 0,63 0,28 0,0082
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Patentirg of the yods was carried out in the Haggie Rand Ltd
works after butt-welding the rods together, as before, using
standard conditions for this gize material:

furnace no. PGl : 950°C for 5,4 minj and
lead bath : 540°C for 75 s.

The patented rods were drawn to 4,05 mn, the feed size for the
final wire drawing, on the single hole drawing machine in seven
jasses,

The small diameter wire lengths were then re-patented in the
Haggie Rand Ltd works using identical conditions to ensure
equivalence of the microstriietures, and the conditions here are
given im Table 5.4, which includes the mechanical properties for
the as-patented material.

TABLE 5.4 ¢ PATENTING OF 4,05 ym FRED MATERTAL

Furnace No. BF4 : 830 - 940°C, 3 nia
Lead Bath : 560 - 565°C, approx 40 s
Steel No | Diameter | Av UTS cumtr%ctinn
Tm

MPa
1 4,010 1286 44,4
2 4,028 1293 40,4
4 41010 1283 500
3 4,030 1277 42,0

The typical microstrmictures were 8ll pearlitic, with a small
amount of pro-eutectofd ferrite, The austenite grain size was
similay for all the steels (whether aluminium was present or
xot) at about ASTM number 7,

Prier to drawing intp wire oecording to the experimental design,
the feed material was pickled and surface treated with phosphate
and borax coatings, as normal. The wire was draws to 1,32 and
1,22 ‘e diameter in & random ord.r, in line with statistical
principles. The work hardening rate during drawing of the wires
was monitored, where sufficlent sample naterial wes available,
and these data are represented in Figure 5.1,
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After drawing, the wire was divided into 84 equal lensths of
200 mm each, suitable for tensi. and shear testing. Seven
ercups of wires for ageing were then selected on a random basis,
and were loosely bound. Samples were stored, as befoye, at -22°C
in a domestic freezer.

Because of the reguirement to achieve statistically significant

results, the numbéx of ageing treatments was veduced in favour
v of a larger number of samples per treatrment. Thus twelve samples

“J per group allowed for six tensile tests and six shear tests., The
E ageing treatments decided upon were designed to represent light
and severe ageing tr at repri e es. The
5 ey wires were tested in the following conditioms:
, as~drawn;
) "v,u aged 50*C 1 2h, 500h, 1000h; : -
aged 80°C : A48h; and i
0 e aged 100°C : 2h, 24h. 9‘3
-,‘\ ¥, B

:“ Consideration was given to the need for even heating of the lo
3 . B wives within the bundles, and between bundles, so for this

reason, longer rather than shorter ageing times were selected.

Ageing was carried out, as before, in the silicon oil bath i
maintained to within 1°C of the required temperature, except for .

" the ageing at 50°C which was carried out in a labaratory N
) N convection oven maintained to within 3°C of the required
g . temperaturs, -

B Previous vork had shown (see section 4.3.3) thau when a wire has '
e g severely embrittled, dts greater tendency to break within the
. gripped length in the tensile test gave rather unreliable
results, especlally when vrelatively small wire diameters were i
used. In addition, problems were being experdenced with the set '
of grips in use, It was tharefore decided to measure the 0,2% ;
proof stress as well as the ULS, and the programmes in Appendix
A were used for this purpose.

v All shear tests were caxried out at the same test pressure, in
I

4 { spite of a difference in the wire sizes tested. The reasans for e
! this were two-fold.
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* The recommended test pressure for a 1,32 mm diameter wire was
3,0 MPa and for a 1,22 mn wire was 2,52 MPa, However, using
the recommended test pressure for each wire size would not

ily allow to be made between the different
wire gizes, since this has not been shown to be valid.

* Samples from each experiment were tested in a random avde , so
that additional ervors would have been !.txoduced if the Test
pressures had to be adjusted contimially (particularly since
the pressure gauge on the test apparatus was accurate to not
better than 0,1 MPa).

After testing, the resulte from each experiment were collated
and averaged, so that only one - replicate of each point was
entered for the analysis, Anelysis of the data was performed on
a Hewlett-Packard (HP) model 9845B mini-computer at Hagele Rand
Ltd, using appropriate proprietory HP softwave. This software
could accept a maximum of four factors (satisfactory for this
purpose), and the ‘output consisted of all the main effect and
jnteraction means, but did not provide the frctor contrasts
required for the error avalysis. These were thersfore caleulated
using a second specially created proaramme (Appendix B),

The method for testing the significance of the main effects and
interactions, where only a single replication is svailable, has
been described by Natreila (1979), and is given in Appendix B,
This procedure uses the contrasts of the three- and four-way
interaction effects (which would otherwise be discarded} to
calculate a contrast errory these were estimated at the 80% and
the 90% confidence limite for each ageing condition, The
measured main effects and two-wsy interactions conld then be
compayed against the contrast errors, to evaluate thedr
statistical siznificance,

5.4 BESULTS AND DISCUSSION

The results from the factorial analysis will be discussed below,
“n cerms of the effect on the ageing yate of the various factors
as measured by the shear elongatinn and the change in the
tensile properties,




164

It was found that all the recorded temsile properties (i.e. the
UTS, the 0,2% proof stress (PS), thz relative increase in the
0,2% PS etec) behaved in a similar mauner during ageing. The
absclute 0,22 PS was found to yield the largest effscts, and
therefore only these results are discussed here, for simpifcity.

The averaged cffects of each factor for each ageing treatment
{derived using the HP 9845B software) are given in full in
Appendix €, and the results from the Yates method of analysis
are given in Appendix D.

The overall nean wire properties at each condition are shown in

Table 5.5,
TABLE 5.5 : OVERALL, MEAN WIRE PROPERTIES AFTER AGEING o
wire 0,2% Proof Stress Shear Elongation -
Condition HPa om
&s Drawn 2002 0,47 -
50°C :_ 2h 2037 -
500h 2186 0,40
1000k 2229 0,37 -
80°¢C : 48h 2262 0,33 '
100°C : 2h 2206 0,37 ;
240 2336 0,18

It is dnteresting to note that ageing at 100°C for 2 hours

ar

appeared to give similar aged properties to a treatment at 50°C
for 1600 thours (equal to ahout six weeks). This was a useful @ .
result, since it allowed the comparison of the ageing behaviouxr

of wire at 100°C and at a temperature close to ambient, which is
umore relevant to practical conditions (i.e. during storage of

the rope). The activation energy represented by this observation
is ahbout 124 kJmol~?, which is similar to results previously P
obtained (see Chapter Four), .

The main effect of a factor describes the single effect of that
factor on the measured property, Thus the contrast, or main
effect, is defined to be the difference between the response
means for that factor at each of its two levels.
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The twe-way interaction contrssts can be described by the
following example. Consider the interaction between factor A and
factor B, each at two levels, 1 and 2. The combinations can be
expressed by 4x.By where i and j represent the levels of A
and B respectively and the contrast is then defined to be the
difference between the sum of all the responses where (i+j) is
even (comparison level 1) aund where (i+j} is odd (comparison
level 2;. !

The main effects of each factcr on the rate of ageing, measured
by the 0,2% proof stress and the sheer elongation, were derived.
These results will be discussed below, fellowing whieh the
significant two-way int will be a

5.4.1 Draying Speed

The recorded main effects (i.e. the response mean at each level)
of the drawing Speed on the properties of high strength steel
wire are 1listed in Table 5.6, and are also graphically
represented in Figures 5.2 and 5.3. The definming contrast is
then the difference between the two level means; the contrast
errors relevant to each ageing treatment, were estimated at two
confidence levels, 80% and 90%, and these values are alse given
in the table.

TABLE 5,6 ; MAIN EPFRCT OF DRAWING SBERD

Mean In. ‘w 0,25 PS /MPal Mean Shear Elongation/mm:

Draw Sy Error at Draw Speed Error at
Wire Leves Confidence Level Confidence
Treatment 1 2 802 90% 802 98
As-Drawn | (2002) (1983; 16 23 0,47 | 0,47 | ,019 ,025
(PS) (MPa)| (MPa
50°¢ _ 2h a8 33 12 16 -, - -
500h | 195 173 27 37 0,37 | 0,43 | 0,04 0,05
1000h | 235 218 24 33 0,35 1 0,39 | 0,05 0,06
80°c 48h | 265 256 7 23 0,31 § 0,35 | 0,04 0,06
106°¢ 2h | 211 196 21 29 0,35 | 0,32 1 0,04 0,05
24h | 324 338 19 2% 0,16 | 0,20 | 0,03 0,04
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The drawing speed was selected as a factor because of its direct
coptribution to the strain rate, but it should be noted that an
iuereased drawing speed will  also affect other drawing
parameteys. For example, a higher speed enables the tendency
towards hydrodynamic lubrication in drawing, leading to benmefits
in terms of reduced friction (and heace less heat generated) and
possibly lower internal stress fields. The hisher specd may also
limit the azount of ageing which occurs during drawing (i.e.
within or immediately beyond the die), assuming efficient water
cooling, since the residence time of the wire at temperature is
shortened, and the wire is quenched more vapidly from its peak
temperature,

Generally, therefore, we might expect an increased drawing speed
top yield batter wire pyoperties, both in the as~-drawn condition
and after ageing. An increased drawing speed was found to
reduce the as-drawn 0,2% proof stress significantly, but no
effect on the as-dravn shear elongation was measured.

Figure 5.3 clearly shows that, with regard to the shear
properties after each ageing treatment, the higher speed was
beneficial (measured by a higher shear elongation value)}; the
effect was generally found to be significant at the 90%
confidence level. The effect om the 0,2% proof stress (Figure
5.2) was, however, less clear.

5.4,2 Drawing Strain

The mzasured main effects of the total drawing strain are given
in Talle 5.7, and these results are also represented graphically
by Figures 5.4 and 5.5, As cxpected, the amount of strain
significantly increased the 0,2% proof stress in the as-drawn

but the sheay properties were found to be
unaffected {due regaxd being given to the diffioulties in
conparing two different wire sizes),
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TABLE 5.7 ¢ MAIN EFFECT OF TOTAL DRAWING STRAIN
Mean Inc ia 0,2% PS/MPa | Mean Shear Elongation/mm
Drawi i3 't i Exror at
Wire strgn Egvel Congicence stgﬁn Léver| Gonfidence
Treatment 1 2 803 90% 1 2 80% 90%
As~Drawm (1960; \1044; 16 22 0,47 | 0,48 | ,019 ,025
{pS) (MPa)| (MPa

50°c _2h 25 46 12 16
500n [ 179 288 27 3 0,4 8,3
1000h | 267 247 2% N 0,3 0,3
B0C 48h | 241 280 17 23 0,40 | 0,26 | 0,04 0,06
0,3 e,3
0,3 0,0t

100°C 2h | 184 223 21 29
24h | 317 350 19 26

The dncrease in the proof stress after ageing was found to ke
cousistently and significantly higher in the smalier wire, as
would be expected from previous results (see Section 4.2.2).

The detrimental effect of a higher strain on the ageing response
was more clearly evident in the shear properties, These showed a
marked decrease at the higher strain afteér ageing, while the
lesser wire T e shear properties for
a longexr ageing period. The difference between the two samples
increased Steadily as the ageing trestment became more severe,

The influence of the higher drawing strain om the rate of ageing
may be due to a more refined dislecation cell size, or to the
reduction in the pearlite interlamellar spacing after drawing,
Both of these factors may increase the kinetics of ageing by
reducing the mean ferrite free path. However, the apparently
sharp deterioration in the ageing properties may be a result of
some degradation im the wire microstxucture in the final pass
(.8, cementite fraguentation - see S~ £,3.3.2).

5.4.3 Aluminium

The wmotivation for the addition of aluminium was to tie up free
nitrogen and so to lessen its detrimental effect on ageins, Un
its owm, might be to harden the ferrite
considerably by solid sclution strengthening, while it should
8180 increase hardenability mildly,
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