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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
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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
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*  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.




17

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.

» L LR e dmadek el o



23

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.
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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



7n

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.




83

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,




8t

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.
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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.
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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.
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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,




137

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
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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,




144

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 \




159

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,
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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,

1

. ] T T w T



172

With pitrogen, aluminium should refine the austenite grain size,
bty the precipitation of aluminivm nitride particles at the grain
boundaries, Table 5.4, however, clearly indicates that the
addition of aluminium had no effect on the patented properties
of the steels, and no reasons for this were apparent from the
microstructures,

The influcnce of aluminiam alone on the rate of ageing in dravn

steg) wire is illustrated ip Table 5.8 and Figures 5.6 and 5.7,

Except for a small detrimental effect in the ghear test at

severe ageing treatments (i.e, 100° for 24 hours), alumivium had

no apparent observable effects on either of the mechanical

properties, in both the as-drawn condition and after ageirg,
TABLE 5.8 : MAIN EFFECT OF ALUMINIUM

Hean Inc in 0,2% P5/MPa | Mean Shear Hlongation/mp

Aluminiom BError at Aluminium Brror at
Wire Level Cantidence Level Contidence
Treatment 1 2 80%  90% 1 2 802 90%
As-Drawn {2002} (2002 16 23 0,47 1 0,47 013 ,025

(es) taa) | ‘el ' M

50°¢ 2k 32 39 17 16 - ~ - -
500h t 179 189 37 9,41 | 0,40 | 0,04 0,05
1000n ] 223 231 i 33 0,37 | 0,37 | 0,05 0,06
80%C 4Bh | 265 256 RS X 0,32 | 0,34 | 0,04 0,06
100°C  2h | 204 202 g1 29 0,38 1 0,36 | 0,04 0,05
24h | 336 333 19 26 0,22 | 0,14 | 0,03 6,04

5.4.4 Nityogen

Nitrogen has previously been shown to have & detrimental effect
on the yate of ageing of a cold-drawn plain carbon steel (see
Sections 4.2,5 and 4,3,3). The influence of nitrogen za the rate
of ageing of steel wire iu this atudy is shown in Table 5.9 and
Figures 5.8 and 5.9,

The hish nitrogen material wss consistently found to have a
lover strength tham the low nitregen material, although the
shear elongation values were identical. This is difficult to
rationalise on the basis of accepted theories of ageing, since
one might expect that nitrogen, if present in reasonable

PO SN
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quantities, might contribute to ageing during the drawing
process, which would serve to increase the yield stress in the
as~drawn condition. No obvicus differences in chemical
composition (see Table 5.4) could account for the phenomenon.

TABLE 5.9 : MAIN EFPECT OF NITROGEN

Mean Inc in 0,2% PS/MPa | Mean Shear Elongation/mm
Nitrogen Nitrogen
Level Level

. Errgr at Error at
Wire Contidence Confidence
Treatment 80% 307 80% 90%

As-Drawa  [(2020)1(3984)! 16 23 0,47 [ 0,48 | ,019 .025
(PS) (MPa)| (MPa)

50*C _ 2h 35 36 12 16 - - - -
00n | 170 187 27 37 0,42 | 8,39 | 0,04 0,05
1060h | 225 238 2 33 0,40 | 6,34 [ 6,05 0,06
80"C 48h | 263 257 17 23 0,37 | 0,29 | 0,04 0,06
100°C 2h | 200 207 21 29 0,39 | 0,35 | 9,04 0,05
24h ¢ 332 336 13 26 2,23 1 0,14 ) 0,03 0,04

The behaviour of the proof stress during ageing (Figure 5.8) did
not reveal any sigpnificant effect of am increase in the nitrogen
content, on the ageing rate. This result vwas unexpected in the
light of the i effect af r on the rate of

ageing at these temperatures in lower carboa steels. It also
appears to contradict the previous yesults from commercial
steels (Section 4.2.5), which showed that an inmereased nitxogen
content accelerated the resction kinetics vhen the reaction rate
was measured by the tensile properties.

The detrimental effict of nitrogen does emexge, however, when
the shear test results are examined (Figure 5.9). Thus it is

that  the of amounts of nitrogen is
1ikely to lead rapidly to embrittlement of the wire; and this
does support the results obtained previously.

5.4.5 Two-Way Interactions

As  previounly described, ¥ates' (1337) method of analysis
provides a convenient wmethod of iu - ifying the significant
interactions between the various factors in the design, in the
same way that the sisnificant main effects can be isolated,

o
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The significant interactions ‘identified by this method at the
80% confidence limit are given in Table 5.10. 4s an example,
Table 5,10 shows that the only significant interaction (with 80%
confidence) occurs between the aluminium content (b) and the
drawing strain (c), on the effect of an ageing trEaément of 1000
hours at 50°C on the 6,23 proof stress,

TABLE 5.10 : THE SIGNIFICANT TWO-WAY INTERACTIONS AT THE 80%
CONPIDENCE LIMIT

¥ire Condition 0,2% Proof Stress Shear Elongation
As-Drawn ab ac ad be bd cd
50°C _2h ab ac cd -
500 be cd atc be ed
10000 ac ad
80'C 48h be ac be ad cd
100°c  2h be be ad
24h None bd
a : Nitrogen Content
b : Aluninium Content
¢ 3 Drawing Strain
d : Drawing Speed

It is apparent that the two-way interactions are not clearly
defined, and tend to vary with the ageing treatment applied. The
mechanical property considered also has some influence on the
resulits. Thus, for dinstance, after 1000 hours at 350°C, an

between the a content and the drawing strain
is apparent from the proof stress results, hut not fxom the
shear test results,

The sigmificant interactions in Table 5.10 can probably he
summarised as follows.

Tensile Properties: sluminium and drawing strain (seneral);
drawing strain and drawing speed {(light ageing treatments only).

Shear Properties: aluminium and drawing strain (general);
nitrogen and drawing strain (light ageing treatments only);
nitrogen and drawing speed {(1ight ageing treatments only).
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5.4,5.1 Aluminium and Nitrogen

No consistent lmteraction between the aluminium and nitregen
contents on the ageing rate was ubserved; this was umexpected,
since the aluminium additions were made to tie up the free
nitrogen as aluwinium nitride and so remove the influence of

nitrogen, This result is evidenc from Table 5.11, which shows

the comprrison level meaws (i.e. at the “"even" level and at the
"odd" level - see Section 5.4) for the interaction at each
ageing trestment, and the estimated errors at the 80% confidence
1imit., As before, the defiming contrast is the difference
between the comparison level means.

TARLE 5.31 : DEFIRING CONTRASTS POR THE TWO-WAY INTERACTION -
ALUMINIUM VS leg .

Mean Inc in 0,22 2§ Hean She ‘.:;.:A, +fon
MPa i
Comparison Level Means Comparison . Abans
Wire Event Odd  |Contrast K] Contrast
Condition (1) 2) Error Qa (2} Error
As-Drawm (}994; (2010) 16 0,468 | 0,478 0,019
(P} MPa, (MPa)
50*C_2h 43 28 12 - -
5008 175 193 27 0,40 0,40 D] 04
1000k 226 228 24 0,36, 1 038 - 0,05
80*C 48k 261 260 17 6,33 9,33 0,04
100°C 2h 209 198 2 a,36 2,38 0,04
| 3% 338 # 815 | 0717 0,03

If no interaction exists then alumipium gdditions would probahly
not serve any useful purpose in restricting ageing in commercial
ateels, However, it has been pointed out by Langenscheid (1979)
(Section 2.2.5.2) that the precipitstion of aluminium mitride
from molution s most effective if the steel is held at about
750°C for a few minutes defore cooling to yuom temperature. The
precipitation rate at the noxmal pearlite transformation
temperatures of about 550°C would be exceptionally slow, due to
the restricted kinetics of the reaction. This factor would
effectively explain the lack of any beneficlal effect of
aluminium in the nitregen-chorged steel.

#
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Therefore, for aluminium to have any effect on ageing a separate
heat treatment might have to be interposed in the normal
production process: i.e. quenching to about 750°C from the
austenitising and ing this e for
a few minutes before the azeel is again quenched to the
isothermal transformation temperature.

5.4.5.2 Strain and Nitrogen

An  interaction was noted between the . awing strain and the
nitrogen content, althgugh statistically the interaction is only
significant for the shear test results at relatively light
ageing treatments. The two-way interaction means at the two
comparison levels are gives in Table 5,12 and Fisures 5,10 and
5.11, The interaction is readily apparent f£rom the figures,
where au interaction is identified by an inclined response line.

The results here imply that the nitrogen content and drawing
strain have some synergistic effect on the rate of ageing, such
that a combinaticn of the two factors is greater than the sum of
the individual effects. This would not be unexpected if some
strain-enhanced diffusion process is present, since an increase
in strain would therefore assist the diffusion of nitrogen.

TABLE 5,12 : DEPINING CONTRASTS FOR THE THO-WAY INTERACTION -
STRAIN VS BITROGEN

Mean Ingc in 0,2% PS Mean Shear Elangation
MPa nm

Comparison Level Means Comparigon Level Means

Wire Bven 0dd  |Contrast | Even Qdd  {Contrast
Conditien (1} {2) Eryor (1) (2) Error

Ag-Dravm (1991; (20147 16 0,474 | 0,472 0,019

(7S) {¥2a) | (MPa

50°C_ 2h 7 24 12 - - -
500h 231 186 27 0,38 0,43 0,04
1000h 233 223 24 4,34 0,40 0,05
80°C 48h 264 256 17 0,26 0,40 0,04
100°C _2h 213 198 21 0,36 0,37 06,04
254h 340 27 19 017 @20 0,03
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5.4,5.3 Strain snd Speed

An interascticn between the drawing speed and the drawing strain
was noted, although again the ion was only si

at relatively light ageing treatments. The interaction means are
shown in Table 5,13 and Fizures 5.12 and 5,13,

TABLE 5,13 : DEFINING CONTRASTS FOR THE TWO-WAY INTERACTION -

STRAIN VS _SPRED
Mean Ing in 0,2% BS Mean Shear Elongation
MPa I
Comparison Level Means Comparison Level Means
Wire Even 0dd  [Contrast | Evem 0dd  |Contrast
Condition {1) (2) Error {1 (2) Error
Ag~Dravn.{(2010) (1394, 16 0,486 ) 0,460 @¢,019
(ps) R ' ! '
50°C_ 2h 28 44 12 - - -
50bh 159 208 27 0,43 0,38 .04
1000h 219 235 24 0,39 9,35 0,05
80°C 48h 256 265 17 0,36 0,30 0,04
100°C _2h 195 213 21 a,38 3,36 0,04
on | 327 | 94 it} 217 {00 | 003

The higher drawing speed effectively veduces the detrimental
effect of the higher drawing strain, and the effect is quite

d¢ in certain {e.g. at 80*C for 48 bours). It is
net possible to say whether this is due to a bemeficial effect
of the higher strajn rate, or due to the presumeably improved
iubrication comditions within the die at the higher speed, If
there is some destructive event which occurs in the last drawing
stage to the hisher strain of 2,4 (Section 5.4.2), then this
might be vetarded by the higher drawing speed, leading
ul to an imp agedng

5.4.5.4 plupinium and Strain
A generally significant interaction between the aluminium

content and the drawing strain was determined, and the relevant
data is shown in Table 5,14.
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TABLE 5.14 : DEFINENG CONTRASTS FOR YHE THO-WAY INTERACTION -~
STRAIN VS AVUMINIDN

Mean Inc in E'A,f},: S Mean Shear Rlongation
HPa nm
Comparison Level Means Comparison Level Means
Wire Even 0dd !Contrast | Even 0dd  |Contrast
Condition | (1) (2} | Exror (1) {2) Zrror
As-Drawm (1959} (2015; 16 0,473 | 0,472 0,019
(es) (Hea, {MPa.
50°C_ 2h 30 28 bt - - -
500h 188 193 2% 0,38 0,43 0,04
100Ch 213 241 24 0,34 0,40 0,05
80°C 48h 250 2 17 0,35 9,31 0,04
100*C_2h 191 216 21 9,35 0,39 9,04
24h 326 342 19 0,19 0,18 0,03

It is evident from Table 5.14 that the "direction" of the

interactiun is neot constant, so that for some treatments a high

aluminivm content is beneficial to the rate of ageing, while in

others the converse is true. The interaction can therefore be

discounted, simce 4t d4s probably an artifact of the testing
and is e due to pl 1 errors,

5.5 SUMMARY

In sumnary, the factorial experiments have shown the following
significant effectn,

* An dincreased drawing speed (in the range considered) has a
beneficial effect on the shear properties af aged wire, but
np apparent effect on the as—-drawn values. Conversely, the
as-drawm proof stxess was lowered by a higher drawing speed,
bat the aged properties were only slightly affected.

* A hnigh level of drawing strain has a definite detrimental
effect on the agelng rate of steel wire, in terms of the
rate of increase of the 0,2% proof stress and the rate of
decrease of the shear properties,
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*  Aluminjum additions te high cerbun steel wire processed in H
the ususl way has no measurable effect on either the as— /
drawn or the ageing properties, whether or not nitrogen was :
present in large quantities (of about 0,01%). s A

% Nitrogen does not appear io have sny effect on the ageing

tendency of steel wire ' as ueasured by the tensile Y
properties, However, the properties d by [
the shear test were ad 1 by high [
contents, .

* A synergistic effect of strain and nitrogen has heen i
determined, such that the deleterious effect of & high
drawing strain is & by a high ni content.,

* A high drawing speed seems to lessen the detrimental effect
of high drawing straims. Thus, the beneficial effects of
speed are more significant at high strains. EPS

It is dmportant to be aware that the relationships derived from
this work cannot be described ag definitive simce only two
levels of each factor were investigated.
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CHAPTER SIX : SUMMARY AND CONCLUSIONS

6.1 INYRODUCTION

This chapter will attempt to summarise the work performed on
this preject, and to discuss the overall results obtained. Some
comments on the results at each stage of the investigation have
already been cffered, sg that the discussion presented here will
be brief; further details wiil be found in the relevant sections
of the text.

6,2 EXPERIMENTAL, PROCEDURE

In any project, the guality of the experimental procedure
determines the quality of the final results. With this work in
particular, the response of a steel wire to ugeing after drawing
was found to be very semsitive to the manner in which the sample
was prepared and tested, and, therefore, attention must be paid
to the starting material, the drawing procedure and the testing
procedure.

The work on the vacuum-melted steels (Sections 4.3 and 4.4)
emphasised the requirement for consistent materizl properties
along the lemgth of the wire sample. In this work, a marked
variance in the properties of the feed materials was evident
after heat treatimg in the spall-scale facilities available.
This was partly due to small variations in the heat treatment
conditions at different points iu the wirve length. This scatter
was exacerbated in the drawn wire, dve to different responses to
drawing strain (i.e. differemt work hardening rates along the
wire length, and across the wire cross-section),
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Consideration must &lso be given to macro-segregation effects,
especially in alley steels, &nd also to the surface quality
(i.e, rolling defects). Both of these factors accounted for the
discard of a substantial proportion of the vacuum-melted
materiai, and therefore restricted the mmber of fesus widch
could be performed on any one steel batch. The ultimate effect
of these factors om the scatter in the wire properties could not
be ascertained,

The method of wire sample preparation from the starting matexial
may have 2 significant effect on the as-drawn wire properties,
and on the ageins ics. For i the effect of a
small final reduction in the drafting schedule had 1little

apparent effect on the as-drawn properties measured (Section
4.2.2), but did have a significant effect on the ageing
properties (as measured by the shear test).

The slow drawinrg of wire on a tensile test machine, to comtrol
the temperatures in the wire during drawing, was investigated
(Section 3.Z.3), but no appsrent advantage over conventiomal
wire preparation was found in terms of the ageing behaviour. In

addition, the wire was ed to be at-
ive of production material, due to inferior lubrication.

A commercial, sirgle~hale drawing machine capable of a wide
range of drawing speeds was found to be adequate, as long as
efficient direct wire cooling was used. The drawing speeds used
here were generally about 2 to 4 m.min™t, which Were about two
orders of magnitude higher than those available on the tensile
machine, but were still Jow when compared tn production
macliines. The lubrication conditions, however, appeared to be
satisfactory on oxamination of the wire surface after draving.
Close control of the drawing conditions was maintained by
changing thr starting material size to 4 mm diameter.

Ageing treatments were carried out over a range of temperatires
in order to determine the temperature dependence of the ageing
process. However, the highest temperature used was just 150°C,
which is representative of the wire temperatures encountered in
the die during drawing,

) skl il .
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It had bsen proposed that ageing at high temperaturus might
initiate some ageing wechanism not sigpificant under normal
conditions (i.e. '“natural ageing" at awbient temperatures).
However, the validity of usisg elevated temperatures to
determine the rate of ageing after drawing was confirmed “hen
comparative tests on wire aged at temperatures close to ambient
showed no deviation from the tempervature dependence for the
reaction derived at higher temperatures.

The wethod of artificially ageinz the wires in a silicon oil
bath was found tv be entirely satisfactory, and close control of
the ageing temperatures was possible,

The method of detection of ageing proved to he a significant
problen. Initial attempts to monitor the progress of ageing by
measuring the change 4n the electrical resistivity had to be

due to i ies in the test which gave
unreliable results.

The in the i tensile was thus used for

the primary measure of ageing, and was found to be satisfactory
until problems arose with premature wire failures in the grips
of the testing machine. This effectively restricted the use of
the tensile strangth to reasonably ductile wire whkich had not
‘heen severely aged,

The 0,2% proof stress was therefore determined regularly, and
was found to give satisfactory results. The proof stress has a
larger response to ageing than the UTS, although this was
partially offset by the ineressed variability in this property.
The proof stress determination thersfore required more wire
sampie per "condition" to ensure reliable results,

The shear test was also used in later tests, after it was noted
that there was no apparent correlation between the tensile test
and the shear test. The teusile properties gemerally shoved a
pradual dincrease during ageing, up to the maximum level; the
shear test, on the other hand, was found to be mors markedly
affected, 4f the wire was ‘“susceptible" to ageing (i.e.
embrittloment).
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For instance, the effect of a Ilow final reduction in the
drafting schedule was only evident from the shear test results.
This led to the conclusion that the transverse properties are
affected in a different way to the tensile properties,

el SUMMARY OF RESULTS, AND DISCUSSION

6.3.1 Commercial Plain Carbon Steels

o The initial work on the commercial plain carbon steels (Section £
> 4.2) revealed the following results.

1. The temperature-dependence of the ageing rate, as measured .
o by the UTS, can be characterised by an Arrhenius-type '
SN relationship, indicating that the reaction is thermally
activated. This would be expected if the normal mechanism of
- k strain ageing in steels (i.e. the migration of carhon atoms
to dislocation sites) rolds for eutectoid steels drawn to ¥

high strains. The derived activation esergy for a small
amount of ageing did not correspond with that accepted for
conventional carbon diffusion in ferrite (i.e 84 kimol~1},
N aslthoug the results did correspond very well with Yamada's N
(1976) value for “second stage" ageing iu high carbon steel
wire, of 117 kJmwol™* (see Secticn 2,4.2). No "first stage"
ageing, attributed by Yamada to counventionmal “Cottrell" .
strain ageing, was apparent in any of the tests performed.

i

an empirical rate equation proposed by Johnson and Mehl
(Section 4,2,1) was found to charactexise the kineties of
the ageing reaction. The rate exponent in the Johnson-Mehl
equation was derived for certain instances and was found to
be between 0,25 and 0,30, depending on the temperature of

B

e

ageing (as expected since it represeants a frequency factor B
. for the process). Accoxding to the literature (Kemp, 1987), r"’
- this valune of the vrate exponent is equivalent to that for [

carbou diffusion in the ferrite to planar arrays of i
dislocations at the ferrite/cementite lamellar interface. |
This observation was based tn a model proposed for the early |
stages of tempering (Lement and Cohen, 1956}, for which an f
activation emergy of 113 kJmol~* has been derived. ‘]

- R '} _-Mm, B ao o Bl ikt ¥ o2
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This mechanism is not, however, likely, since the diffusion
behaviour of carbon in ferrite is kmown to be differeat to
that for diffusion in martemsite. Thus, the similarity
between the data characterising each of the reactions, is
probably coincidental.

The level of drawing strxain (Section 4.2,2) was found to
increase the RKinetics of the ageing process. Tensile tests
were performed at a variety of strains, from 1,17 to 2,16,
after ageing at 100°C. The slaopes of the response curves
were similayr, indicating that the rate constant was probably
not influenced by the drawing strain.

The effect of the drawing schedule was poted on the ghear
properties (as has already been described), such that a low
redoction in the final pass appeared to delay the onset of
embrittlement as measured by this test. The effect was not
obsexved in the temsile test results,

There are two possible explanatiouns for this effect: a iower
final reduction is equivalent to a higher strain rate in the
iast die (amd thence to an effective lower temperature of
deformation), and also may give a modified internal stress
field in the wire, It is possible that the wire behaviour in
the shear test is itself dependent on the internal stresa
field, but this may also Iead to a "differential sgeing
rate" across the wire sectiom, if the aueing rate is
strain-enhanced.

Tests on a steel wire containing 0,7% carbon showed rate
exponents of 0,28 and 0,31 at two levels of drawing strain,
results which were marginally higher than those obtained for
the 8,87 carbop steel, This may infer that the reaction
kinetics are increased by higher volume fractions of
ferrite, but this is uncertain,

It was congidered possible that the supersaturated carbon in
the fervite after heat treatment wmight be an important
factor in post-dravy ageing, and an attempt was made to
reduce this by warming the steel prior to drawiog, at 200°C
for several hours,

- . it bl ol o
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A4 small increase jn the feed material UTS was abserved, but
this was wnot reflected in the dravm wire, and no effect on
the ageing behaviour wos apparent. This result infers that

the carbon held in i probably to
dislocation sites and precipitated there during the
annealing  treatment, thus accounting for the observed
increase iun the feed UTS. On drawing, the dislecations would
be pulled away from these precipitates, and thus carbon
would again y be da Thus, 1o

beneficial effect on the rate of ageing would be apparent.

This observation was confirmed by the fact that at all times
an activation energy for agelvg was determined to be about
117 wlnol™), sud this does not correspond with that for
carbon  diffusion  in  ferrite (84 kimol™l). Thus,
conventional carbon diffusion is wunlikely to be the
controlling mechanism in the ageing veaction.

7. The effect of the nitrogen content on the rate of ageing was
investigated in two steels, one contaiming G,006% nitrogen,
and the other 0,01%. No difference in the measured energies
of activation was Japparent, indicating that nitrogen does
not  affect the rate-contrelling step inm the xeaction.
However, the of the ion were 1 d by an
incizsse in the nitrogen content.

6.3.2 Vacuun-Melted Plajn Carhon Steels

Some additional work was pexformed on specially preparsd vacuum—
welted steels, with controlled compositions, Here, the effect of
nitrogen was investigated further, while an attempt was also
made to establish the effect of the pearlite interlamellar
spacing on the rate of ageing. fThis work was described in
Section 4.3.

The two lavels of ni‘rogen investigated here were 0,0015% and
0,034%. The study clearly demonstrated that high levels of
nitregen are detrimeutal to the rate of ageing in drawn steel
wire, particularly in terms of the trausverse ductility; the
tensile properties were, however, little changed,

- i ol A .
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In Section 4.3,5.2, it was proposed that nitrogen affects the
transverse ductility particularly because of a possible
emprittling effect of the grain or colony boundaries or of the
interfacial regions of the pearlite lamellae, resulting in
"directional” embrittlement.

Kitrogen is noted for its genmeral detrimental effect on steel
ductility during strain ageing, especially in mild steels at -
temperatures below 100°C (Section 2.2.4), However, if the above y w
mechanism does occur, it is apparent that it is not the rate- ’,( .
controlling step in the ageing process since the activation :
energy was unaffected by the nitrogen content, and therefore,
another mechanism may be operating alongside "nitrogen ageing".

{
i
1
Leading or from this, the pearlite interlamellar spacing was g
found to have some influence on the rate of ageing: a finer }
interlamellar spacing prior to drawing was noted to yleld a ?
higher rate of increase in the UTS, The possible reasons for |
this are outlined below. L
J
3
|
i

The peariite dinterlamellar spacing sffects the stremgth of the
feed material, and of the drawn wire by affecting the work-
hardening rate during drawing, Thus, the dislocation
substructure generated during drawing dis probebly affected by

the pearlite spacing, in terms of the dislocation demsity, the ‘
cell wall thickiess and the mean cell size. If the ageing
mechanism ds controlled by carbon dissoluiion and migration from |
the cementite (as has been suggested by Yamada (1976) and
others) them the rate of ageing (i.e. the kinetics) might be
improved by shortening the mean ferrite free path for diffusion.

Alternatively, as proposed by Waugh et al (1981), the rate of I
increase in the temsile properties is due to refinement of the |
dislocation substructuve, This is likely to be dependent to gome {
extent on the pearlite spacing, and thexefore ageing would he
pearlite spacing dependent, It might be noted that Waugh et al
did not detect any evidence of carbon migration and .
precipitation during ageing, using atom-probe techniques.

|
|
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This mechanism might also account for the apparent marked effect
of the residusl stress level in the wire after drawing since the
of disl 4 i the tion of a

stress, such as can be supplied by internal stresses. The amount
of redundant work during drawing might also affect the
dislacation substructure,

This wmechanism is similar to that proposed for secoud-stage

creep (Reed-Hill, 1373). The activation emergy for the migration

of disl is a ion of the ivation enersy for self-

diffusion (about 250 Kkimol™* for ferrite) and of the level of

the applied stress, It is not kaown if the derived activation

enexgies obtained in this work (of about 117 KJmol~')} can be
for by this hand

According to Kemp (198%), the Johnson-Mehl rate exponent for ,
thermally activated disibcation movement is about 2, which is of
eourse very different to that derived im this study (about 0,3).

6.3.3 Yacuum-Melted Stuels i Silicon

The effect of limited additions of silicon to the ‘eel was
investigated by adding 0,5%, 1% and 2% silicon to a 0,8% carbon,
0,6% manganese steel base composition (Section 4.4). Initial
tests were performed on wire heat-treated under factory
copditions (i.e. isotheimally transformed at 560°C), while
subsequent tests were also performed on the 1% and 2% silicon
steels transfoxmed at 6i0°C,

It was apparent from the works-patented material that the
addition of 0,5% silicon dncreased the rate of ageing in the
drawn wire, when compared to the steel containing no silicon. A
small, but possibly aignificant, reduction in the activation
enexgy for ageing was measured with the addition of siliecon,
which nay account for the increased agedng rate.

Silicon dia known to increase the carbon activity in iron, so
that carbon precipitation is encouraged, By Le Chatelier's
principle, this will encourage cementite dissclution . and
thexefore ecarban atems will be supplied for ageing (silicon is
kiiown to assist graphitisation in cast irans).

e bl e
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This factor may also account for Yamada's (1976) observation
that the value of the binding energy of carbon to cememtite
which he derived was slightly lower than expected in plain
carbon steels (Yamada attributed this observation to cementite
fragmentation at high drawing strains), The noxmal level of
silicon additions to commercial steelas (of about 0,5.) is
apparently sufficient to affect the activation energy for ageing
in this vay.

Silicon additions of 1% and higher appeared to have a beneficial
effect on the asgeing rate, such that 2 1% addition showed
similar behavicur to the 0% silicon steel, aud a 2% addition
showed improved ageing behaviour, This vesult is not definitive,
since only a limited mumb¢r of tests could be performed due to a
shortage of sample.

It has been proposed (Smith, 1986) that the beneficial effect pf
silicon may be due to the lattice strain in the ferrite arouud &
silicon atom in solution effectively trapping carben atoms, and
therefore restricting ageing.

6.3.4 Fagtorial eriments

A series of experiments was designed to investizate the effects
of four factors on the yate of ageing, in an effort to confimm
the main effects and the interactions between the factors, These
factors werej the drawing speed, the total drawing strain, the
aluginium content and the nitrogen content, The factors were
investigated at two levels only for a total of 16 experiments.
These weye analysed statistically, and the following results
were obtained,

6.3.4.1 Drawine Speed

A high drawing speed was moted to be beneficlal to the ageing
properties, and in particular, to the wire behaviour in the
shear test, The as-drawn properties were, howevex, apparently
unaffected by the drawing speed.
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The observed behaviour could be likened to that noted in a
previous experiment, where a low final reduction of area in the
drafting schedule was found %o improve the ageing response,
especially in the shear test.

It should be noted here that the test conditions were not
representative of production conditiems. The drawing speeds used
were 4 mamin~? and 1 ms~*, and these were kept constant at
each pass. In addition, the wire temperature was reduced to
anbient between each die by efficient water cooling,

There are three possible reagons for the beneficial effects of a
high drawing speed on ageing. These are a higher strain ratej anm
improved dimternal stress field sfter drawing; and a reduced
amount of ageing during the drawing process.

A higher strain rate can be considered to he equivalent to
deformation at a lower temperature, and thus can be likened to
drawing with more efficient copling. This has been shown to be
beneficial to the ageing properties (Section 2.5,2), by
restricting ageing during drawins.

The dmproved lubrication conditions associated with a higher
drawing speed are 1likely to affect the internal stress field
rvemaining in the wire aftexr drawing. This may have some effect
oy carbon diffusion or cementite dissolution, and will also
affect dislocation migration, if this occurs during ageing.

The restriction of ageing during drawing has been proposed on
the basis that the wire will enter the cooling water more
rapidly at a higher drawing speed., This wechanism is perhaps the
least  likely, since this would he expected to show some
influence on the as~drawn properties, snd none was evident,

It 3s not certain which of the above mechanisms is valid, and,
indeed, they may operate simultaneocusly. Thus, it appears that
modifying the intermal stress field and 2 higher strain rate may
be beneficial, and both of these can alsc be achieved by
lowering the reduction in area per drawing pass, and also by
increasing the die angle.
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6.3.%.2 Draving Strain

The total strain applied to a wire, in combination with the
as-patented steel strength, and the amount of ageing which
occurs during drawing, effectively determines the strength of
the fiaished product. In the effort to increase the stremgths of
cold-gravn plain carbon steel wire, higher values of strain have
been utilised, and it dis with these high strains that the
problem of severe wire embrittlement due to ageing has become
zppavent (Shipley, 1985). A recommended maximum true stxain has
been set at about 2,27, based on experience at Haggie Rand Ltd.

The strain levels under ir this i vere
2,22 and 2,38, which fall on either side of this limit. These
strains correspond to temsile strengths of about 2150 MPa and

2250 MPa respectively, in the as-drawn wire.

Thne results of the investigation showed that a small difference
in the drawing strain at this level can have a substantial
effect on the ageing behaviour of plain carbon wire, especially
as regards the trangsverse properties. The shear test does not
generally show a gradual decrease in the transverse ductility of
wire drawn to low strains. However, in wire susceptible to
ageing, a gradual fall-off in th2 Shear elongation with ageing
oceurs, followed by a dramatic fall to zero elongation over a
shert time interval after a certain time has elapsed. Therefore
the higher atrain advances the ageing rate such that the rapid
deterioration in ductility occurs within a “reasonable" time
(i.e. within the storage life of the rope); and the maXimum
reconmended drawing strain of 2,27 may therefore be valid.

RBarlier work has demonstrated, however (see Seation 6.3.1 of
this chapter), that the wvominal total strain is not the only
factor to Dbe considered, since some interaction probably exists
between factors such as the total strain, the drawlng speed, the
reduction in area per pass and the die angle, especially where
the shear test ageinsz respomse is considered. It should also be
noted that the total strain applied to the wire depends on the
proportion of redundant work performed,
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6.3.4,3 Aluminium pdditions

Steels with aluminium additions of 0,1% were compared with
steels containing no aluminium, On a stoichiometric basis, 0,1%
additions were more than sufficlent to tie up all the available
nitrogen as aluminium nitride.

With no nitrogen present alumi would be to
strengthen the ferrite by solid solution strengthening, while
with nitrogen present, aluminium would be expected to combine
witk the npitrogen to form ALN, and precipitate on the grain

boundaries, where it would serve to restrict grain growth during
austenitising.

No beneficial effects of aluminium on the strength properties
could ibre obiserved, which was wunexpected. Aluminjum was also
showa to have no beneficial uffect on the ageing rate, whether
nitrogen was present nr not, It is likely, therefore, that
asiuminium mitrides were not formed, so the influence of nitrogen
was not removed f£xom the ageing process.

te L (1979), a ium is not precipitated
effectively at the normal isothermal transformation temperatures
applied to steel wire, and an additional intermediate heat
treatment at about 750°C for a few minutes would be required
before quenching to the isothen ! transformation tempexature.
This aspect was not investigated,

6.3.4.4 The Nitrogen fgnteat

The detrimental effect of nitrogen on the ductility of steel
wire was again shown by steels contaiming of 0,01% nitrogen,
when compared to steels containing only 0,0015% nitrogen. This
result generally confirmed earlier work on both vacuum-melted
and commercial steels, and these results have been discussed in
detail previously. A mechanism for the particular effect of
nitrogen on the transverse ductility has been proposed. ’
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6.3.4.5 Interactions Between Factors

Two possibly significant two-way interactions were jdentified by
this study; strain with nitrogen and drawing speed with strain.
All the higher oxder interactions were oo prone to error for
significance, and were not considered.

The drawing strain app to have a istic detrimental
: : effect with a high nitrogen content on the ageing rate. This was
o not uneXpected, since each factor has been previously shown to

. i have a negative effect on the ageing rate.

A high drawiag speed was found to reduce the detrimental effect

N of & high drawing strain, or, considered anwother way, the 3
3 i beneficial effects of a high drawing speed were wore significant 3
" -] at the higher strain, The reasons for this are unclear. .
N

6.4 CONCLUSTONS

iz The following conclusions regarding the ageing behaviour of
: cold~dravn pearlitic steel wire can be drawn from the results of 3
B 7 this study.
N {3 1. The temperature dependence of the rate of ageing as measured
N by the increase in the temsile properties can be represented
E by an Arrhenius-type relationship, with an activation energy ®
- =1 of about 117 kJmol~!. 7This values agrees very well with
! literature values for sirain ageing in high carbon steel N
- wire.

found to be in the range of 0,25 to 0,30, depending on the

!
1
|

X é] 2. A time exponent for the ageing Kinetics was derived, and was
|
| temperature of ageing under consideration.

w

Reducing the level of carbon supersaturation in the ferrite
N before drawing, wusing a low temperature anncal, had no
effect on the ageing rate after drawing. It is thought that

carbon atoms will precipitate om dislocations ° “ing the |
i anneal, snd will therefore not effectively be re..sved from I
solid solution is the feyrite, . 5

- . oI S o, me e
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4. The drafting schedule was noted to affect the ageing rate of
steel wire when measured by the shear test: a low final
reduction in area was found to imcrease the time required
for - embrittlement. This was thought to be due either to a
nmodified intermal stress field, or to the influence of the
strain Tate. This result alse illustrated the difference in

the behaviour of aged wire in the tensile and shear tests.

5. Nirrggen was found to dincrease the ageing rate of steel .
£ wire, "in particular if measured by the shear test. No
measurable effect on the ageing wechanism was apparent.

W i 6. The drawing satrain was found to gemerally increase the rate
ey R of ageing, With regard to the sheax properties, high styains N
can bring about embrittlemeni within the storage and service

. life of a rope. This appeared to occcur at seme strain
: ‘. between about 2,2 and 2,4, However, the drafting schedule
~ also influences this betiaviour (itew 4).

b 7. A high drawing speed in the range up to 1 ws~* was found
to reduce the rate of deterioration of the wire ductility
gurdag asgeing. This was due either to the less severe
= friction conditions within the die normally noted with high 3 N
drawing speeds, or to the higher rate of strain. 1 )

8, 4 fine pearlite interlamellar spacing was found to increase
the ageing rate. This could be attributed either to a

T

sborteped mean ferrite free path (for carbon diffusion), ox
to a mod’fied dislocation substructure as a result of the
effects of the pearlite spacing on the work hardening rate.

9. With small additions (of about 6,5%), silicrn appears to
! increase the rate of ageing of a plain carbon steel, 1.
possibly by assisting the dissolution of carbon from the
ol ;s somtite, At laxser silicon additions, from about 1% to 2%,

ageing rate was decreased, aund this was attributed %o
the trapping of the carbon atoms at strained regions of the

lattice where silicon atoms were present. L .
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10. Aluminium additions were found not to remove the influemce
of nitrogen om the ageing rate. This was attributed to the
heat treatment conditions used, which were not apparently
suitable for the precipitation of aluminium nitride.

11. The drawing strain and the nitrogen content appeared to have
a synergistic detrimental effect on the ageing rate. A high
drawing speed was found to reduce the detrimental effect of
a high drawing strain.

12, The statistical factorial design approach to experiments was
found to be very usefui for this application, where a large
nunber of parameters may affect the results.

From these copclusions it is not possible to defins the ageing
mechanism(s) operating., Yamada attributed the ratw vodtrolling
ageing step to carbon dissolution and migration from ~imentite,
and the results presented here generally do not conflict with
this thecry. However, the overall process(es) is probably more
complex, because of the particular effet*s of nitreogen and the
drafting schedule on the wire ductility, It was proposed that
these effects arg related in some way to the dislocation
substructure after drawing, and that ageing wight therefore be
influenced by the misration of dislocations.

An  alternative theory, that the increase in the tensile
propexties during ageing is due a refinement of the dislocation
substructure has been proposed in the literature, but not
proved, However, the activation energy derived here for the
ageing process may not conform to that for dislocation movement,
although this is difficult to determine.

6.5 RECOMMENDAYIONS FOR FUTURE WORK

This study has not been able to rvesolve the exact ageing
mechauism operating in stes) wire, and has left a number of
questions unanswered. Further work is therefore required to
develop & deeper insight into the ageing phenonmenon, and some of
these areas of investigation are outlined below.
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Of particular importance commercially is the effect of
ageing on the ductility of a wire in a roping applicatiom.
Thus the shear test, which attemrts te simulate these
conditions, is a more valid test tham the temsile test, This
study demonstrated that the tensile properties and the shear
properties are affected differently by ageing, and the
reasons for this are mot clear. The full characterisation of
the shear test (i.e. the exact failure mechanism of the
“shear" break}, and the parameters wiich affect it {e.g. the
vesidual stress level etc.) would therefore be wvery useful,
althoush difficelt to achieve.

4 detailed investigation of the effects of the various
drawing parameters (i.e, the drafting schedule, the strain
rate, the amount of vedundant work etc) would be beneficial.
A close investigation of the as-drawn structure, and in
particular the pearlite spacing and the dislocation
substructure should assist with ddentifying the ageing
mechanism, In particular, the affect of strains greater than
about 2,1 should be studied, Unfortunately, sufficient
resolution for n detgiled investigation may not he available
with present instruments,

The effect of a i should be

with a view to selecting the correct heat treatment to
precipitate the aluminium nitride, and hence to reduce the
influence of nitrogen on the ageing process,

Alternative nitride-foxming elements, such as vanadium,
niobiwa, and boron could alse be studied.

The small-scale heat treatment facilities which were
required for the processing of alloy steels, and of plain
carbon steels under special coaditions, should be examined
in an attempt to reduce the errors incuvrred by non-uniform
heat treatments on long sample lengths.

. DA W e g




APPENDIX A : COMPUTER PROGRAMME LISTINGS FOR THE ANALYSIS
OF STRESS STRAIN DATA FROM THE TENSILE TEST

(8p 85).
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SSTEST
TG LOG THE DRTH FROM R STRESS-
STRATH TEST ON THE INSTRON M/C

! SSTE‘?T ~ JULY 1986 NPWD
CLERR & DISP P
DISP ‘)S’RDGRHHI‘IE TO RERE LOAD

OXSP "BHTA FROM THE STRESS/8
TRAIN TEST* @ DIS
WAIT 2988 @ DIN P(xaaa)
DEFAULT OM
IF F$(1)=8 THEN DISP "LOAD R
ANGE NOT ERLI
IF F8(2)=8 T N DISP “ETRAIN
RANGE NOT CRLIBRR
DEFAULT O
GE_ #. B
SET _TIMEQUY 7:14
ON TIHEQUT ¢ GOTO 1378
HMASK -25928, 1
[

BISP "Enter Load-Cell Full-8
cale CkN)® € INPUT OLE Di=D3

*1908
DISP "USE THE S8mm GL EXTERS
DNETE;{" @ DISP "WITH 18%Z KAX

N
DlSPDE DISP “ENTER THE RANGE

INPYT RE D2=R/2

DISP "Enter Extensometer fau
ge Lenath” @ INPUT G

DISP "Enter Wire Diameter <m
m¥* ® INPUT D

A1=D~2%P1-4 | ARER
E1=Dl/IFE(10-ZR{1)
E2=02/(FS(2)-ZR(23)

F_Y$="Y* THEN GOTO 358

LEAR

DISR “TEST NUNBER 7 CN.B.MAX
DISP B BEEP

Dise "x**x*:xxxxxxxx*:*x**xx
EEXIEXXFE E

P RUST BE INOTALLED®

R i N
EEXEXTLEES

ON ERROR GOTO 4869

THPUT K3
CLEAR @ DISP “Preload samsle

BISP & DISP "Press 'CONT' to
read load"

D!SP

DISP " xx*x:x READIKG PRELOR
D Z**

GDS B

Pl‘—‘-ElX(L-ZR(D) | LOAD (N>
lﬂﬁGE ;:4X:'Prﬁload = ".2D.2

.3,
DISP USING 458 ; PisiBee
DISP "Malue agrees with char
t 7 {Ys/HI® R INPUT A%

COMMENTS

Check for calibration of load and strain
ranges on Instron machine.

Set device timeout for hanshake errars.

Enter relevant test data.

Enber Sest number.

Apply preload manually to sample (i.e.
net under computer sontrol}.

Tead value of preload for operator to
chack calibration of HPB5 against Instron
readout.
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IF fg=tye
IF RS
ELER R

DISP @ DISP

DISP YOK -~ fittach Extensomet
er and” €& DISP “zero strain”
0ISP ® DISP “Recommend 2 mn/
sin X-Head Seeed* B DISP

THEH 1188
THEN 478

DISP "Time interval between
readinss ?% & INPU

ON KEY#® iA“STHRT‘ GOTO 768
N=1 @ CLERR @ DISP

KEY LABEL

DISP “STARY TEST WHEW RERDY*
DISP @ DISP “Press ki to sta
rt takins LORD* @ DISP “and
STRAIN readines"

GOTQ 62¢

ON _KEY# 1,"STOP™* GOTO 1238
SETTIHF 2,1

CLE|

KEY LRBEL
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GOsSUB {118
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IF H/5<>INTCN/SY THEM GOTO 7
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H=H+1
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IF N{1808 THEN GOTO 738
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BEEP @ DISP 'BﬂTﬁ HAS BEEN S
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IF GH=“¥" THEN GOGTO 5188
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CLEAR

-

206

Go-ahead to attach extensometer.

Set time interval betwsen reading dabta
readings (in ms)

Start test - i.e. start crosshead.
Wnen ready (i.e. after grips have

bedded in) start recording data peints.

Convert load and strain signals from
my to KN and strain units.

Monitor end of test by fall~off in load.

Test results sumary.

Another test {yes or no)

QRS W PR Y




INPUT Y&
]

998 CPOS 2,6, “SAMPLING COMPLETE"

OISP & DISP "DO ‘f’OU HANT TO
ANALYSE DATR 2
ISP “Enter (Ydes OR (H)o"

]

INPUT HE

IF H¥="Y" THEN GOTO 1549
IFESSO'N‘ THEN GOTO 1828
CP!HS 3.6, "PROGRANME RABANDOH
WAIT 2688 @ CLERR

END

! SBR TO_READ L & §

CONTROL 7,16 ; 3.5,8.8
HASK 2~%,1

SAMP E,W8,L.8
LoCcH L k4

AT
RE\ URN

E3

£AR
DI5P *CHECK LORD-CELL RANGE
DISP “CHECK ZERQ* @ DISP

DISP “IF YOU WANT TO RESTAR
N"TER“I‘" OTHERWISE ENTE

IF Y$=1Y" THEN GOTO 28
YS()“N“ THEN GOTD 1220

DISP 15
" ABORTING TEST™

il E
! SBR T!;GSTOP IHSTRON

gUTPU'{ ?&9 USIHG 58 ; 0.8.6
LOCRL 7

BEEP @ ISP “STOP“

IF F3=1 THEN GOTO 7988

RETUI

I TIMEQUT S8R

CLEHR 2 BEEP
INTERFACE KERROR"

DIsP
“ TEST ARORTED"

BEEP & DISP “ENSURE SOFTMAR
E TRPE 1§ LORDED" € DI
DISP N WHEN READY PRESS *
col

PHUSE

CLERAR R
CPOS 5.6, *PLEASE WAIT WHILE
K

CPOS 5.8.“PROGRAM IS LOADED
H

Sommunication with A/D card to read
load and strain signals.

Error trapping subroutines,

Carry on to analyse data.

Mm AL




1618 WAIT 2088
1628 CHAIM “SSPLOT"
1638 CLERR

4088 BEEP

4802 IF ERRM#BE3 THEN GOTQ 4568
4865 CLEAR

4@i@ DISP " ERROR IN FILENﬁHE“
4629 DISP @ D%S; "FILE “;K$:* AL

4038 DISP @ DISP

4848 DISF " PURGE THIS FILE (P)
gr * ® DISP * ENTER HEW HAM
E (H) 2%

4858 INPUT K%

4868 IF NF="N" THEW GOTD 248
4978 IF H&="P“ THEN GOTO 41606
4820 GOTO 494@

4169 DISP “PURGING FILE *;Ks¢
4118 DISP @ DISP

4129 DIsP ‘PLEHSE HALT

4148 BEEF @ CLERR
4158 DIsSP "FZLEP";K$$" PURGED*

4168 DISP @ OIS
4178 DISP “RECREATING HEW FILE ¥
1888

ga12

PERROR HUMBER “;ERRMN
4585 0ISP “ERROR OH LINE™;ERRL
THEN DISP “TAPE

1S FULL |* @ GOTO 4688
4522 IF ERRN"SI THEN DISP

'TOO L
t Cile, > e
GOTD 4689

4525 D

4538 DISP “ENDIHG PROGRAMME™

4548 WAIT 2@8e

4545 COPY

4558 CLEAR

4568 END

4686 DISF "LOHD R _HEW TEPE - WHE
& DISP *PRESS ‘CO

RERD
NT"“ ® PHUSE
4619 GOTO 869
Se@e ! DRTA STORAGE SBR
5816 CLEAR & DISP 'STDR!NG TEST
DATA ~ PLEASI
5812 Ri= !P(M*S/§56+ 5)*1

5017 ASSIGN® 1 TO K&
5918 PRINT# 1 ; B,RL.G
5928 FOR 1=1 -1

-« 4

More error trapping subroutines.

Stare data from test onto tape.

B o . oty ]



}
1
I
5116 DIsP @ DISP ARE TEST CRRAN *
ETERS THE SaWE 7* @ 1NPUT ¥ b
5128 IF ve='v* THEM GOTO 235 ‘ F
5138 IF v4<>*N* THEN GOTD 5118 k
5148 GOTO 9
7980 DISP_“STOF - DO YQU WISH TO .
(SRE CURRENT DATA (¥ ) e
7@1@ INPUT A$ o
2828 1F Re=tve THEN GOSUB 5003 :

7825 DISP “HEW TEST ... € G
Sle8
7838 GOTO 5118

- i .M‘uﬁm«A



SS8EQ
TO CALCULATE THE @.3%PS FROM THE
DATAR COLLECTED BY SHTEST

§ CLEAR
2B DISP " AUTOPLOT STRESS-STRA
IN DATA"

48 OPVION Bf:

Sa OIM C!(lﬁ) CZ(lB)»CS(IG)

69 DISP @

7@ DISP “Please ensure that the
DATA " @ DISP “STORAGE TAPE
is installed*

89 DISP @ UISP "Press 'CONT' wh

en ready¥”

2¢ BEEP B PRUSE

21 CLEHR 2 BXSP “Default values

are A=5 and B=75"

22 QN ERROR GOTQ 8882

92 DISP “Enter lower bound for

E-mod calc* @ INPUT f
94 DH ERROR GOTO 8ele
935 DISP "Enter upeer bound for
E-mod calc® @ INPU

108 DIM ¥(988.2)

119 CLEARR B GOSUB 268e

115 FOR 8=8 T

128 OH B+1 GDSUB 5500,5519,5529,
5538, 5548, 5558, 8968, 5578, 538

)
1 FOR J=C1¢Q) TO C2(Rd

139 HSSII;N# 1 710 GS
i4@ REALE 1 ; D.A,G
158 $=G ® N=2 8 U1=8 & U= & U2=

160 I=1+1 # RERD® 1 s P
165 U=IP(P>/1D | ENG STRESS
178 R(I,1)=UXCFP(PI/18+1) | TRUE

STRESS
189 W<I,2)=LOGCFPCP/18+1) | TRU

STRI
192 Ui= NHX(X(IA) w1y
195 U2=HaXU
2088 IF FP(P)#B THEN GOTO 168

H=P
219 ASSIGHS 1
228 PRYINT "DRTH SUHHHR‘( FOR "iG#

233 PRINT "uxre Diameter {mm)“;D
248 PRINT "Gause Lenath <(mmd*iG
258 PRINT “U.T.S <{Eme) (MPad";I

255 PRINT "U.T.8§ (True) <(hPad";l

P
266 PRINT "Mo of Readings i
278 PRINT 8 BRI
275 IF N>1888 THEM PRINT “DATA
TORR\"E ERROR" & PRIH & PRI
RI T @ GOTO 2

288
378 GDSUB 2148

i,

Set start and end polnts for Young's 5
modulus calgblation in terms of the
data points recorded in the test. &

Select data file to be analysed.

Load data file. &

Print data summary for test.

ool aldh S0

PSR
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178 DISP “CORRECTING STRAIN VALY

498 FOR I=1 TO

508 KLI,2X=K(T, 2)~EB @ NERT 1
518 OFF ERROR

549 DISP "CALCULATING ELASTIC 87

RAIN

598 =180

568 IF H(I,2: ,.<1,13/H>.8@32 THE
N GOTC 58w

5?6 I?I;l & GOTY bHse

595 0N ERROR GOTO 7@9@
599 PRINT "PRQPDRTKDNHL LIWIT ¥
@ PRINT @ PF77 “Point No.";

11
[1:2-] IMﬁGE *STRALr, 28,00 éD." i
STRESS, 3K, 50, " WPa",
618 PRINT USING 688 5 xul‘z)*m

JHCLE,
612 ON ERRDR GDTG
615 PRINT 2 PRINT 'ELHSTIC SLOPE

828 IHHGE /;“E-—mcd v, 4%,4D, % GPa
Std Error®,2X,30,* #Pa“

6389 PRINT USING 528 : W/1688.E

635 OFF ERROR

640 DISP "CALCULATING PROOF STRE

!
£68 H-K(b 13—&1*4«%(1,2)— (-]

670 IF RABSCH><18 THEW GLTO 481
675 IF I=H~1 THEN F3=0 @ GOTO 68

6580 I I+1 @ GOTO &5%
681 IF F2=0 THEN PRLNT e FRINT “
C 8T 00 B i% P.5. -

GOTO 685
682 IHHGE saM@,1% PLS.= L4004 W

Pa

683 PRINT USING 682 s

€85 IF F3=8 THEN PRIHT l! PRIHT »
"BN T DO 0 2% P.8. RRY™

£oT0
690 IHRGE /:“6;27.. P.8.=

86 XZ WCI, 1> @ Y2=R(I, 254189
782 PRINT USING 699 ; X2

784 PRINT & PRIMT @ PRINT
785 GOSUB 196e

9922 NE§T 4

230 NH'T IBBB 2 DISP "HORE DATH-
FILI (82414

935 BEl EP 40,1008 @ BEEP 59,1989

"4, M

Corrects strain values to zero strain
ab zero load (by extrapolating back-
wards to zero load to find the offset).
Calculate elastic strain (point at which
curve deviates from the elastic slope

by more than 0.0002 strain)

Print estimated limit of proportionaiity

Print estimated elstic slope and assagw
iated error.

Calculate 0,1 and 0,2% prool stress.

“

il




IHPUT Yig

IF Y1$#°Y* AND Y1$3"N" THEN
GOTO §38

IF ;ls-"\" THEN GOTO 119
CLEAR

END

[ sraissterers ety o

! STRESS/STRAIN PLOT
ok edy

{1 € GCLEAR

& 35 2. 2,—159;2588

8
p, 425500

2 LABEL "TRUE STR
C LBy (‘lD\)E/ 9,56@ @ LABEL "Test M
;z,m ﬁovE 1.6,582 & LABEL &%

’izsta[‘novz .15 e"ae @ LABEL *TRUE

'an ar
HOVE —.3ﬁ.~36\ 2 LABEL * @

MOVE - /3%, 478 & LABEL " See
* WOVE 4.37.974 & LRBEL “1808
MOVE - 35,1476 @ LABEL "158@
gguE ~.39,1978 @ LABEL “z8@

r’mv: ®,-i5@ @ LABEL *9"
.45,-159 & LOpEL . 5"
.9,-158 @ LAEEL *1.0*
1.4,-150 e LABEL "1, 5'
1.9,-138 8 LAGE, "2,
8.8 € DRAM 25;\aae/n,25

“eovs 5.8 @ DRAM 252848/M+.
rlmvzeaz,a € DRAW ZHauda me,
?r F3BB§<2THEN MOUE §.%2 @ DR
éf F°~1 THEN HOVE B.X1 @ DR

CUP? E PRINT @ PRINT & PRIN
T 8 PRINT & PRINT

RETUR

b ORRERXKERRETRRRIRLRRLLIR
| STATS ON STRESS/STRAIN
1Rk ki ey

Plot stress/strain curve.

Superiupose the elastic slope, and
the proof stresses.




$a=

o €3
A

@
1 CRLCULRTIDNS
FOR T2 B
Yl—Y!+X(X;1) gy
3 1+8C1,2) ¢ SX
XQ“XZ S0 F-D L]

?2+X(1;1)“2 ¥
X3=xl"2 1 88§

C=CY1-MER1I /ML

E@=—(lM)

RETURKN
RETURN
RETURN
RETURN
RETURN
RETURM
RETURN

PAOORDDBEO RO

TS,
=]
m

.
0
*r
®
°
A
=
z
3

OFF Ei

b
N
o
[=h
@

it
Sas
DN
L

" 8 GOTO

L 2 1
o,,; 7825 OFF ER
3 j

L
©
»
®
®

€ G

B8=75 B GOTO 16@

GLEAR @ DISP * PLEASE WAIT
DIsP *  COMPUTING DATA. ..
=8 & %2=8 @ X3=0

88%
51=91+>\<Y 2)15:(1, l)

N +
M=CH1RS1-KI%YL) /7 (NLIEHE—X3>
SLOPE

E=( (Y2-CXY1-M¥81) /CHI~Z30A,
5 | STANDARD ERROR

SEF ERROR @ S07D Sz
\

RROR
7016 PRINT “ERROR IN PROP LINIT®
& GOTD 612
PRINT “ERFDR I E-MOL CALCN
13

i
A=5
a919 OFF ERROR & IF £RRN—43 THEN 5
0
L

3

¢ {g gee 'Iggagﬁgﬁlﬁ"@I%STNg T Datafile name loput (in this case based = |
i vale o A E N I
i BX 18Y2% @ INPUT § on a sequence of datafile names with :

9815 IF S316 THEN BEEP B GROTD 928 common roots) .

h e
@ 9617 FOR I=8 TO 5-1
5 5818 DISP 'Nu *31+1; "BATCH NHHE

H MAX § CHARS) 2% @
; 381 C 3(1)-LEN<L5) € IF CZ(I))S
THEN BEEP & GOTO 399

T L¥

Linear regression calculavions for
elastic slope.

Datafile vame &torage (temporary).

Error trapping subroutines.

OFF EEROR & ;F ERRN=43 THEN

wu-wm&‘ L MM;




DISP “START Mg, END Ho* @ I
HPUT C1(I>,C2(I)

OH I+]1 GOSUB 356G6.9518,9520
+ 9538, 9548, 9558, 9568, 957@. 9
58@.255¢

DISP @ DISP

HEXT I N
CLEAR & RETURN [ES
$8%=L.$ € RETURN

RETURN

RETURN

*
ARERORRUDOD

x
m
~
5
z
e

8 SOS=L& RETURN
RETURN

SR

c e R .M‘m*m,“kmﬂ
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YATES' METHOD OF ANALYSIS FOR A& 2t
FACTORIAL DESIGN.
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Bl_INTRODUCTION

The following is a description of the Yates method of analysis
for the estimation of the main effects and interactions from z
factorial experiment, and is due to Natrella (1979). The method
as given here applies to factorials, blocked factorials and
fractional factorials for which 2° observations have been
B made.

!

y A procedure for testing the sigmificance of the main effects and -
the interactions, using the upper order interactions, is also i

presented.

RR— 1 82 BSTIMATION OF THE MAIN EFFECTS AND INTERACTIONS

!

In the Yates method, each experiment is identified with a symbol
o |
; which the t far each i 1

2 Thus, the symbol "a” represents factor A at its level 2, and all
: the other factors at their level 1. Similarly, "bed" represents L
o the experiment where factors B, G, and D were at their level 2, :

and factor A was at its level 1.

L e The f£irst step in the analysis method is to arrange the data for I
the experiment (i.e. the responses) into a standard order. For a ‘\’ :
3 R 2% design, this order is as follows: (1), a, b, ab, ¢, ac, be, !
2 *«E abe, 4, ad, bd, abd, cod, acd, bed, abed. ;
i A table is then constructed with n+3 columns whers n is the
number of factors in the experiment (4 in this case), The e

treatment ...binations ave listed in colume 1, and the response

. . (e.g. the increase in the 0,2% proof stress) is listed in column -

\ two. As 4n example, see Table Bl, which shaws the as-drawn proof :

- ‘E stress results from the factorial experiment in this study, The .
" values in the rest of the table are calculated as follows,
i

In the top half of column K2, enter, in order, the sums of

consecutive pairs of eptries in column 2. In the bottom half of {
the column, enter, in order, the differences between the sam

cepsecutive pairs of entries, i.e, second entry minus firs!

entry, fourth entry minus third entry, ete.

. . v e
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PTABLE B] : YATES METHOD OF ANALYSIS USING ACTUAL DATA FROM THE
DESIGN (AS-DRAWN 0,2% PROOF STRESS RESULIS).

P Treatment Besponge &rror
conbination | (0,38 p8) | k2 | xa | x | o |8
) 1936 3992 | 7943 (16165 32033 | 4004.1 -
a 1396 3951 | 8222 [15868 | ~285 ~35.6 B
b 1978 4060 | 7733 =29 3 0.4 »
ab 1879 4162 | 8135 | -256 } -131 -16.4 -
03 w0z2 3897 -7 6l 681 85.1
ac 2038 3836 -22 -58 | -185 ~23.1 B
be 2100 4066 =43 -61 207 25.9 vl
abe 2062 4069 | -213 =70 -39 «12.4 -
d 1957 ] ~al 279 | =237 =-37.1 o
ad 1540 -1 102 2§ 227 =-28.4
bd 1931 16 ~&1 =12 | -119 ~14.9
abd 1803 38 3 1 =170 ~9 =11
cd 2071 —lg -7 123 123 15.4
bea I Bl e R
abed 1966 7 | -t 2| | %
T (esponey, o 3 003" 10
a -
E (Reznonze]s 222 932 o0s
Obtain the entries ia the next three columns (up to the colums
labelled G) dn the sawe mamer as for ocolumn K2, i.e, by .
”~
obtaining in each case the sums and diffevences of the pairs in N
the preceeding columa in the mamner described above. The final

column (labelled G/8), is obtained by dividing the entries in
colum ¢ by & {2°%), This final coirmn gives the estimates of
the main effects and interactions for each treatment .
cowhination, while the first entry gives twice the overall mean.

To check the computatinn, the foliowing $teps may be performed.

1. The sum of all the 2" jndividval responses (i.e. the proof N
stress data) shonld equal the first emtry in the “G" column,

2., The sum of squares of the individual responses should equal
the sum of squares of the antries in the “G" column, divided .
by 2. .

3. For any main effect, the entry in the “6" columm eyuals the
sum of the responses in which that factoex is at its firat
level, minus the sum of the vesponses at which that factor is

at its second level.

e B eebbdalelt o .




218

83_PROCEDURE FOR TESTING THE SIGNIFICANCE OF THE MAIN EFFECTS
AND INTERACTIONS

‘The following steps should be performed.

1. Select a level of sigmificance, a.
2. Piud the sum -7 squares of G's corresponding to interactions
af three or more factors.

3. To obtain s> (the variance), divide the sum of squares
obtained in step 2 Dby 2".v, vwhere v is the number of
dnteractions included.

b LooK D tesempar B divgrees of freedom in standard
t-tables,

5. Compute w = (2%}t s

6, For any main effest ©r ..feraction X, if the absolute value
of Gx 1s greater than w, conclude that X is different from
zera. Otherwise, there is no reason to believe that X is
different fxom zero.

Hxample
1. Let a=0,1.

2, From Table B1;
G aner + Peanas * T caoer + BPepaar + 8 eanoas = 40 173,

3.n o= 43 [v] = 55 27.v = 16.(5) = 80,
&% = 40 173/80 = 502,23 8 = 22,4,

4y teo,snr for 5 df = 2,015,

5, wm 6.(2,015).(22,4) = 180,6
Bstimated error = w/§ = 22,577 Mpa,

Comparing this value of w with the values of “G" in Table B,
the followins main effects and interactions are significant.

!

{Gals [Gali [Gals [Gmals [Guel; (Gaals

IR S .
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BA CONPUTER PROBRAMME FOR THE PROCESSING OF RESULTR OF FACTURIAL
DERIAN BY YATES® WETHDD

The following routine was writéan for the IBM PC, ia Microsoft

Basic,

10 ' Yates Analysis Programme

20 7 N P W Davies {987

30 DIN B4{16) KI(18),K2U14) KS116), KALIE),BI1A)

40 INPUT"Heading *jH$

50 PRINT"Enter data list "

60 FOR I=4 TO {6:PRINT Ij1INPUT Ki(D):NERT

20 FOR 21 TD BaR2IXy=KL(R¥T1+K1(287~1) sRA(BI)=K3 (241} -K1(23T-1) e NEXT 1

BO FOR I=f TR SeK3{1I=K(2¥D) +K2(2¥1~1 K242313~KECIXI-1) LNEXT 1

FOR (=1 TO BiKa{I=K3(2¥]) +K312%1~1 K3 (281 ~KI(251-1) s NEXT ]

100 FOR I=1 TO B16U1) =K {ZHT) 4KAC24T-1) tBIB+1)=KA (29 1) -Ke{22T-1) s NEXT [

110 Sung-0

120 V=8 'No of interactions included

130 H=4 "No of tactors

146 NY=YR2MN

150 SUNG=G{8) A R+GUA2I LB ULEIAR+BUIB) " 2HE (1642

140 S3R=5UNG/HY

170 190=2.015:780%),474 *t{{~alpha/2)

(B0 S3{1i= L7 (@8R 1GE{S) =D BB (4) = 3p"

191 B%(5) B8 (&)=L BRIV ey BE LB =" b

200 B#LTY “1B8(101aTad 1 @$ L1 hd 188129 k"

210 G5(1)="cd" 184 (14)="acd " tEA (15) = "ued s Bh (L4} =" abed"

220 LPRINT CHR${27);"1";CHR$ ({0}

230 LPRINT®
e PTLPRINY HEILPRINT

236 LRRIAT" 2 = Nitrogen b = Aluminius & = Strain d = Speed"sLPRINT

250 LPRINT Y Expt No Treatmeat Tesponse K2 Ks K

4

"

& 5

260 LBRINT®
,

275838837, 5

280 FOR Isi TO 4

290 LPRINT USINB* &4 N RERIL B BEHE0, Y DRBRE BEE BUGE ABE S0
Bo400 REREORERY L ED Kl(l)lk”(l) RILT), KACDT, a0, 6(00 /8
300 NEXT

340 LPRINT:LPRINY USING"Sum & Bquared (for three and four way interactions = ##8
4 #EE 2 5UNG

320 LPRINT USINBEIFEL) = o, 404 BL90%) = D.dud g = B EYTI0, TED, S
330 LPRINT USING *Estimated Errar st %04 Cenfidence Linslt » GiH, BHEY;TH0IR/2

B40 LPRINT USING "Estinated Error at 804 Gonfidence Limit « W, 84" TB038/2

350 LPRINT®

.
380 LFRINT I LRRINT

76 BN

380 DATA 42,300, 18,200, 3,9, 2By 46,5, 2,4,0,5.0,5.0,2. 5,4, 0, 2,8, 5.8,2,3

. e




APPENDIX C t+ MAIN EFFECT AND INTERACTION MEANS FROM THE
HP 9845 ANALYSIS OF DATA FROM THE FACTORIAL
EXPERIMENTS.




* ) FRCTORIAL F\NHLYSXé OF VYARTRNCE

EXPT #2423 - fs Drawn Hire - 2.2% Proof Stress

DESIGN

Humber of factors = 4

Ho. of levels of factor B = 2
No. of lavels of factor B & 2
Ho. of jevels of factor & = 2
Hao of levels of facvor b= 2
o nt Ho, of major peplicatvions (hlocksd =
® e No. of miner replications (samplesd
P i Subtiies will be ignered
> Response variabledsd are !
’ Yariable ne. 1
. Variable mo, 2 2
' Varfable ho. 3 3
B Variable no. 4 4
Y : Variabie no. $ 5
et HERNS
" % Overall mean = 2081,3
: X : * Hain Effect Heans

Facvor A ~ SPEED Levels ¢ 1 ~2 ) ¢
226, 3 1983.5
Factor B ~ sTRRlN Leut!s ( 1 R

Facior C ~ RLUMINIUI’I Leue\s ( 1 -2 v

M 20081.5 26R1.9

Facyoar D ~ NITROGER Levels ¢ & ~ 2 )t
2019.8 1984, 0

# Two Hay Interaction Heans t

; Factor fl ~ SPEED daun and Factor B - STRAIN eiress b
1 2 '

: 1985.8 2usd.o

2 1933.3 2038.6

? Factor f ~ SPEEY down and Factor © - RLUMINIUM across
3 3

1 2813.1 R@27.5 B
2 1999.7 1976.2 N

Facivor B ~ SPEED down and Factar D -~ NITROGEN acrosy
1 2

1 2024, 1 RBIG.S 2
2 2015.8 1951.4

o : Factor B ~ STRAIN down and Fattor C = ALUMINIUM across
1 2

1
!
E 3 1972.5 1546.6 i
z 2831.9 2087. 1 [
s .
4 HEENN Factor B ~ STRRIN douwn and Facter D - NITRDGEN across RN
B H o
1 1968.8 1953.3 N
2 2973.8 2814.6 |

Factor C ~ ALUNINIUM doun ahd Factor D~ NITROGEN across
1 2

e




2611.4
2928.2

# Three Way Interaction Means :

Factor
Factor

1
2

Facior
Factor

1
2

Factor
Fastor

1
2

Factor
Facter

1
2

Factor
Factar

i
2

Factor
Factor

1
2

Factor
Factar

1
2

Factor
Factor

i
2
% Four

Factor
Fadtor

i
2

Factor
Fathor

1
2

Faetor

R -
B -

wD
'

i

o®

Sw
'

ow
'

Hay

Ao~
¢ -

B -
c -

A -

$PEED,
STRAIN

SPEED,
STRAIN

SPEED,
STRAIN

SPEED,
STRAIH

SPEED,
ALUMENTUI

SPEED,
ALUMINIY

STRAIN,
ALUNINIY)

~ STRAIN,
ALUMIHIUI

Interact

$SPEED, L
RLUMINIUI

SPEED, Lav
ALUNIHIUI

SPEED, L

Level ¢
dowh and  Factor
1

1996.3
20R9.8

Lavel 2
down and Factor

1
1548, 7
o832.7

Level
douh und Factor
I

1987.4
2089,7

Level 2
down and Factor
1

1944.2
2086.8
Level 1
L] down and Fac
2488.38
2089,3
evel 2
M down and Far

2014.2
2017.9

Level 1
¥ down apd  Fac

i
1476.8
1984.8

Level 2
M down and Faz
1

2046.9
2181.5
on Heans

Quel 1
M down and Fac
1

1998.2
1978.6

1932.4
1975, 8

€ ~ RLUMINIUN acposs
2

1975,8

2979.7

C - ALUMINIUM across
2

1917.9

2034, %

T - NITROGEH across

2

1994.2

2846.8

B -~ NITROGEN acrozs

2

1822.4

1980, 4

tor T = NITROGEN across
2

®017.3

2815.7

wor D ~ NITROGEN across
2

1967, 4

1335.4
top D~ HITROGEN across
2

1968.2

1939.4
tor D = HITRGGEN across
2

2018,5
2pi2.7

Facvor B - STRRIN, Leve) {
tor D - HITROGEN = acrass

1996, 4
1972.9

vor B« STRAIN, Leusl 2
n “hon and Fachgn b - NITROGEN  siness
2
20214 2028.2
2120.6 2085, 4
aual 2 Factor B - STRAIN, Level t

i il Al @,

=




1
2

19574
1934

Facter A - SPEED, Level 2 Fa
Factor © - ALUMINIUN down and Factor I - NITROGEN acress
by

1948.9
1924.8

Factor C - ALUMINIUM doun and Factor D - NITROGEN across
1 2

wtor B - STRAIM, Level 2

xg
i
{

€4 23264
NOTE: F teats assume thae all factors ars fixed

1 2870.8 1994.8
2 2103.6 1365.9 ”

!

ANOVR TABLE i

Factorial Analysis of Yarianse |

Saurce (Named a8 Suns of Squarst Hean Squars F Ratin  F-Frob !
i

Total 133 286999.3 9631.6 1t

A SPEED 27121.§ 27121.6 73,780 ~,008D s

B STRAIN 143227, 8 143227.9 399,638 -.9098

©  RLUNINIUN @ @ o6 #

B NITROGEN 1 25668, 6 25668.6 69828 ;

REB 1 4914, 4 4914.1 13,368

AC 1 4198,8 4190,5 11,400

AD 1 15989, 8 15989.5 43,497

B 1 13359, 3 18390.3 36,426

BD i 10881, 1 18881.1 29,600

D 1 © sége.a 5626.8 18.84e

ABG i 1833.6 1833.6 4,988

RBD i 7201.9 7261.8 19,589

acy Iy 8.8 18,5 .09

BCY 1 3318.3 3315.8 5,819

RECD 1 i,a 1.9 223 . 9588

Sanpling Error 367.8

o BA



e

* T URRCTIRIAL RNALYSIS OF WARTANCE

A= Drawn Hire - Shear £longation Results

.

DESIGH l] )
Nunber of fastors = 4 .
levels of facyor ]
Nox of isvels of factor

Ho. of levsls of factor
Ho. of levels of factor
No., ef major replications {(blocks)
Ha. of miner replications (sanplesd

sawD
b
EETS

I

Subrites will be ignored k
Response variablels) are i i
Varlable no. 1 Shear E1 1
MEANS ‘

- e
% Querall mean = 473 § e

% Hain Effect Means !

Factor A - SPEED  Levelz ¢ 4 =~ 2 ) 1
o4 . .

Factor B - STRRIN  Levsis ¢ 1 -2 : F

.4 .477

Factor © - ALUNINIUW  Leuels © 1 - 20 ¢ . K
474 472

Factor D ~ NITROGEN  tevels ¢ § -.23 @
456 La88

% Two Hay Interaction Means :

Facsor A - SPEED down and Factor B - STRAIN across to
1 2 |-
! 451 483 [

2 1457 L4988 |

Factor R - SPEED down and Factor £ « BLUMINIUM across “
1 2

1 481 . 454
2 .457 498
Factor A - SPEED down and Factor D - NITROGEN across ( ' |
1 2 .
1 459 435 B 1 . :_‘1
2 473 L474 Jl

Factor B - STRAIN doun and Factor C =~ RLUMINIUM across
1 2

i 471 467 %
2 477 477 :
. )
Factor B ~ STRAIN down and Factor D - WITROGEN actross ¢ )
1 2
1 <463 475 f
2 469 485 ]

Factor © - ALUMINIUM down and Factor D - NITRGEEN across
1 2

1 L4681 486 :
2 <478 474 v

b




+ Three Hay Interaction Meams !

Factor R - SPEED, Level
Factor B ~ STRRIN doun and Factor C - ALUHINIUM acreoss
3 2

1 493 1469
2 L4899 438
Factor A ~ SPEED, Level
Factar B - STRAIN doun and Factor © - ALUMINIUM auross
1 2
1 449 465
2 465 .518
Factor A ~ SPEED, Level 1 .
Factor B » STRRIN down amd Fuctor I - MITROGEN across N
1 2 -
1 455 e
2 453 74 .
Factor A - SPEED, Level 2 %
Factor B - STRAIN down and Factor ¥ - NITRUGEN across h
1 2
1 458 1454
2 .485 .495
S
Factor A = SPEED, 1 : o
Factor C - RLUMINIUH dnwn and Factor D - NITROGER across
2 .
t 463 2519 I
2 455 .452 {4
Factor B - SPEED, Level 2 i
Factor C ~ ALUMINIUM doun and Factor D - NITROGEN acress R
1 2 -
1 468 454 !
2 .485 455 i
b
Factor B - STRAIN, Level t i
Factor € ~ ALUNINIUM doun asd Factor D - NITROGEN across 14
1 2 :
1 L4383 ©.489
2 473 462 L,
Factor B -~ STRAIN, Leve .
Factor € = aLummuM dawn And Facvor D - RITROGEN acress
2 :
1 A7 484 !
2 .468 488 .
# Four Hay Interacion Heans °
Factor f - SPEED, Level 1 Factor B - STRAIN, Level 1
Factor € - ALUKINIUN down and Factor B - KITROGEN across ‘
t 2
1 L4855 536 &
z 478 L4623, . ‘
Factor A - SPEED, Leva) 1 Factor B - STRAIN, Level 2 {
Factor © - ALUMINIUM doun and Factor B - HITROGEW across
1 2
3 478 587
2 L4385 L
Factor R - SPEED, Leugl 2 Fagtor B -~ STRAIN, Lsvel 1
Factor € - ALUKINIUM down and Factor D - NITRDGEN across
1 2
1 459 ST
2 478 .450




- A
Factor A - SFEED, Lelel 2 Factor * - STRAIN, Lewel 2
Factor C - ALUMINIUM down 2nd Facter B - HITROGEH across
2 .
1 479 468
2 1588 580

RNOWA TRBLE

Factorial Analysis of Variance

i
Source CHage)  df  Sums of Squares Mean Square I
|
Total 15 .93 1
A SPEED { 688
3 STRAIN 1 . 068
# [ ALUHINIUM t 800
H B HITROGEN 1 .01
b AB i 003
3 ac 1 805
B AD 1 L0081
BC 1 L2889
H 20 i 098
g o co s .ege
; ARC s o0l “
v RBD 3 «oee i
ACD 1 081
X BCD 1 RN [
L RBCD 1 8o B
N i !

b

1§
f
’\
|
|
|

T

1,
|
i
{«
,




¥ . ’ FACTORIAL ANALYSIS OF VHI‘?!HNDE

AGED WIRE - 50 C - 2 hours

DESIGN
Humber of facters = 4
No. of levels of factor A = 2 ;
No. of Tevels of fastor B = 2 - :
Wo. of jevels of factor € = 2
No. of isvels of factor D = 2
No. of major replications Chipeksd = 1
No. of minor replications (samplesy = 1 :
Subfiles will be fgnored .
Response varfable<s) are f
o Yar{able Ao, 1 detta .2PS
WERNS <
- : * Overall mean s 35.44
' N * Main Effect Neans :
. ! Factor A - SPEED  Levels € 1 - 2 :
: 37.58 .36 -
- Factor B - STRAIN  Levels ¢ 1 = 2 ) 1 I
PR 24.88 .
N 4 Factor C ~ ALUMINIUM Lavels ¢ 1 = 2) 3
Factor D - NITROGEN Levels < 1 ~ 2 )t A
“ 13 35.73 r
S ¥ Two Way Inveraction Means :
Factor R - SPEED down and Factar ¥ ~ STRAIN across i '
B 1 2
.. t 19,285 55.75
; 2 39,50 36,25
- Facter & - SPEED down and Factor C = ALUMINIUN across
1 2
L 4.8 41.80 i

3

; 2 29,56 37,28

i Factor A ~ SPEED doun and Factor D - HITROGEN across
! 1 2

t

1 41,09 84,80
2 29,25 47.58

Factor B ~ STRAIN down and Factor C « ALUMINIUM acréss
1 2

i
P 1 16,90 38,78
: 2 47.58 44.50
\l Facyor B - STRRIH down and Factor D - NITROGEN across
1 H
!’ 1 36. 0@ 18,75 H
) g 2 34.25 57,75 N
sl Factor © - ALUKINIUM down and Factor B - NITROGEN acress o
i 1 2
o 1 88,75 24.78
i 2 31,50 46.75
%
A .
e .
i
[

. e o J.‘M‘_ma__n-‘j



% Three Way Interagtion Meanz

Factor
Facsar

1
2

Fatyor
Fastor

1
2

Factor
Fagtor

1
2

Facyor
Fagtor

1
2

Factor
Fasvor
1
2
Factor
Facvor

1
2

Fagsor
Fagtor

1
2

Facuar
Facter

1
2
# Four

Factor
Factor

4
2

Factor
Facyor
1
z
Factor
Factor

1
2

A -
E -

wD

.

om

X3

pw
'

oo

Way

o
.

SPEED, Leuel

STRAIN down and Fashor C - RLUMINIUH acrozz
1 2

12,89
56,99

SPEED, Level 2

26,50
$5.58

STRAIN down and Factor C - ALUNINIUM across
1 2

28,80
39.00

SPEED, Level i

41,00
33.52

STRAIN down and Factor I - NITROGER across
1 2

29,58
52,39

SPEED, Level 2

9,88
59,88

STRAIN down and Factor D -~ NITROGEN acrosz
i 2

42,58
16,98

PEED, el 1
RLUMIN!UH “daun and

SR.BB
32,90

SPEED, Leve] 2
ALUNINIUK  down and
1

27,58
31,98

STRAIN, Level 1
ALUNINIUN  down and
1

29,50
42,56

BTRAIN, Leve)
ﬁLUMINlUM down and

aa 68
29,59

Interacion Heans @

~ SPEZD, Leve]

1
RLUMIHILM dowh and
1

29.90
39,98

BPEED, Laval |
ALUMINIUM  down and
1

71.99
54,80

- SPEED, Level 2

ALUMINIUM  down and
1

30,99
55,89

18,56
56.5@
Factor B = NITROGEN across
2
18,88
59.28
Factor B - NITROGEN across
2
31,58
43.58
Facter D -~ HITROGEN across
2
2,50
25,00
Factor D - NITROGEN acress
2

47.00
68,50

Factor B - STRAIN, Level 1
Fasvor D ~ NITROGEN across
2

~5.88
28,20

Factor B - STRAIN, Lsvel 2
Factor D ~ NITROGEN across
2

41,09
77,09

ctor B - STRAIN, Level 1
Flc&cr D - HITROGEN across

19 ]
27,89

i,
|
|

o
1




Facte A - SPERD, L

factor B - STRAIN, Level 2

Factar C - ALUMINIUM' down and Factor D - NITROGEN acress
1 2

1
z

RNUYA TRABLE

Source (Nane? df

evel 2
25.080 52.00
7.68 68,09

Factorial Analpsis of Variancwe

Sums of Squares

fean Square

STRAIN
ALUMINIUM
HITROGEN

-
1

528,86
68,96
1785, 86
217,56
1.86
945,56
56




* FRCTORIAL ANALYSIS OF YARIAWCE

RGED WIRE - 58 U - 58§ hours

DESIGH

Humber of faziors = &

Ne. of levels of factor B = 2

No. of Tevels of factor B = 2

Ne. of levels of factor C n 2

Ne. of levels of facter § = 2

No. of major replications <biocksd = 1
No. of siner replications (samples) = 1

Subfiles will be ignored
Response uarizbles) are !

Variable no. 1 delta 2PS
MERNS
# Overall pean = 183,89

% Main Effect Means !
Factor A - SPEED  tevels ¢ L - 2 )1
"+ 172,590
Factor B - STRAIN  Levels 31 - 2> 1
179.88 89,38
Factor £ - ALUMINIUM  Levels (1 ~ 231

. i48.68
Factor D ~ HITROGEM Levels ¢ § = 2 ) %
178.25 197

# Tuo Way Intaraction Heans : -

Factor R - SPEER down and Factor B -~ STRAIN across
1 2

i 163.50 224.28
2 192,58 152.808
Facior A - SPEED deun and Factor G = ALUMINIUN across
i 2
t 284,80 188,28
2 153.9 i92.00

Factor B ~ SPEED down and Factor D - HITROGEM acrass
1

1 1es.58 201,285
2 152,00 193,00

Factor B - STRAIN down and Factap C = HLUMINIUM across
1 2

i 1v8.25 179.7%
2 179,28 197.58

Factor B - STRAIN down and Factor D - NITROGEN acress
1 2

1 182,75 175,28
2 157.75 219.99

Factor C - ALUNINIUM down and Factor ¥ - HITROGEN across
1 2

i 155.78 281,75
2 184,75 192.50




# Theee Wap Interaction Means @

Factor
Factor

i
2

Factor
Factor
1
2
Factor
Factor

1
2

Factor
Factor

i
2

Factor
Factor
1
2
Factar
Factor

by
2

Facvor
Factor

1
2

Factar
Factor

1
2
% Four

Factor
Facter

1
2

Factor
Factor

1
2

Factor
Factor

1
2

R
B

f
B

A
B

A
B

A
i

a
c

B
[

)
c

~ SPEED,

Hay

A -

¢

a -

c

a
[

SPEED, Level
STRAIN down and Fac
1

165,99
244,08
SPEED, Level ¥
STRRIN doun and  Fac
191,50
114.59

SPEED, Leval i
STRAIN down and Fac
t

157,88
229,079

SPEED, Level 2
STRAIN down and Fac
1

298,50
95,58

EED, gv2) 1
ALUMINIUM doun and

204,080
173,08

Leve) 2
RLUMINIUM  dowb and
s

187,58
196,38

STRAIN, Level {
ALUMINIUM down and
1

183,58
182,60

STRAIN, Level 2
ALUMINIUM  doun and
1

128,88
187.59
Intaracion Means 3

SPEED, Level 1
ALUMINIUN  doun and
s

170,98
144,08

SPEED, Lewel 1
ALUMINIUN  down and
t
238,00
292,86

SPEED, Level 2
ALUNINIUM  down and

197,28
228,80

e wen L

tar © = ALUMIHIUM acress
2

166, 8¢
224,59

tor © - ALUMLIHIUM across

193.58
199,59

tor D ~ HITROGEM across
2

174,080
229,88
tor D ~ NITROGEN across
?
176.50
299,50
Factor B - NITRGGEN across
2
205, 48
197. 59

Factor D = NITROGEN across
2

188,56
187,59

Factor D - NITROGEN acruss
2
173,99
177.50

Factor D = -AITROGEN across
2

239,59
287.59

Factor B ~ STRAIN, Lavel

Factor D - NITROGEN across
2
160,88
188,00
Fac ©fy Level
Facior S acruss
2
250.9%
207,88

Factor B = STRRIN, Lavel
Factor I = HITROGEMN actoss
2

196,08
1§7.88




i)

Facror A - SPEED, Lwe\ 2 Fagvor B - STRAIN, Level 2
Factap C -~ RLUNIN)UM down and Factor D - NITROGEN across
2
1 lE ao 211,00
2 tre. 08 288,99

RANOVE THBLE

Facsorial Analysis of Varfance

Source (Named  of  Sums of Squares Hean Square
Total 15 41251 .44 275918

] SPEED t 2802, 56 2BO2, 56

B STRAIN i 351,56 351,36

€ ALUMINIUH i 290,06 395.9¢

D NITROGEN 1 2889, 86 2889, 86

AB 1 9751,56 9751.56

A Iy 3393, 06 3393, 86

RAD t 798,66 796,86 4
B¢ 1 260,56 288,56

5D s 4726.86 4725.56

©3 1 1463, 06 1463.%6

ABc 1 327756 3277.56

ABD ! 5967.56 5967.56

HCD 1 3813.96 3813, 06 P

BCD ' 1958, 06 1958.86

ABCD 1 189,06 183,96

NN, 3




* ~  FACTORIAL ANALYSIS OF VARIANCE

AGED WIRE - 5¢ © - 500 haurs

DESIGH
Humber of factors ¥ 4

. of jewveis of factor R
af levels of factor B
of levels of faisor ©
of tevels of factor D 2
of major peplications (blocks) = 1
of minon replications (samples) »° 1

2
2
2

Buue

Subfiles will ba fgnored
Response variablads) are !
Variablz no. 4 SHEAR EL,

* Ouerall pean = 482

= Main Effect Means 3
Facter A - SPEED Leveis ¢ f -~ 22 ¢
. 431
Factor B - STRAIN  Levels ¢ § = 2 3 1t
. +39
Factor C - ALUMINIUN Levels ¢t - 2 )1
399

496 .
Factor D - HITROGEN Levels ¢ 1 -2 ) 1
416 389

* Two Way Interact: .« Means |

Factor i - SPEED  ©n and Factor B ~ STRAIN across
: 2
§ 418 839
2 420 443

Factor B - SPEED down and Fachor C ~ RLUMINIUM across
i 2

1 .378 -373
2 .43 428

Fattor A - SPEFD and Factor D = NITROGE across
2

i 392 3885
2 ' 1448 423
Factor B - STRAIK down and Factor © ~ ALY oh acposs
1 2
i 292 Rl
2 423 «3%8

Factor B - STRAIN down and Fastor D = NITLONEW acrass
H 2

1 1403 1428
2 V438 +358

Factor § « ALUMINIUM «oown shd Factor B - NITROGEN across
1 2

1 428 « 398
2 Rt 998




% Three Hay Interaction Means &

Factor A - SPEED, Level |

Factor B ~ STRAIN down and Facter C = ALUMINIUM across
2

1 389
2 378

Factaor A - SPEED; ievel 2

44
1388

Factor B - S$TRAIH down and Factor © - ALURINIUM across
i 2

i A8
2 478

Factor R - SPEED, Level

440
419

\
Factor B - STRAIN down and Factor D - HITROGEH across
H H

1 488
? .388

Factor A - SPEED, Lavel 2

420
<290

Factor B - STRRIN doun and  Factor B - NITROGEN across
1 2

1 405
2 478

Factor A ~ SPEED, Level 1
Factor § - RLUMINIUM down and
1

] Lare
2 » 415

Factor Al - SPEED, Level 2
Factor ¢ ~ RLUMINIUM douwn and
1

t 475
2 1495

Factor B ~ STRAIN, Lavel
Factor © = ALUNIHIUM down and

1 4385
2 428

Fastor B ~ STRALIN, el
Factor € - HLUNINXUM dnun and

' -
2 L4ap
% Four Way Interacion Means t

Facton A - SPEED, Leve! !
Fecton C - ALUMINIUM doun and
i

1 . 380
] 448

Factor A - SPEED, Level 1
Factor © = RALUMINIUM down &nd
1

3 JaBe
2 399

Ficton A - SPEED, Level %
Factor € - ALUMINIUM down and
1

1 410
2 » 488

«435
2412

Factor B - HITROGEN across
2

~380
«9330

Fagcvor D - NITROGEN acr-.s
2

+400
1448
Fagtor & - NITROGEN
2
+395
460
Factor D -« NITROGEN
H

385
918

ctop B~ STRRIN,

Fa
Factor D - NITROGEH
2

.dag
440

Factar § - STRAIN,
Factor B - NITROGEN
z

.360
1228

Factor B - STRAIN,
Factor I - HITROGEN
?

.398
488

across

acrogs

Level
across

Level
across

Level
across




Factor A -~ BPEED, Level Fa
Factor © = uLUHINIUN dum\ and  Fagtor D~ HITROGEH across
b} 2

1
2

ANOYA TGBLE

Facyorial Analysis of Variance *

Source (Name) df

ctor B = STRAIM, (ave!l 2 %

B
418 °

Total i
SPEED
BYRRIN
c RLUNINIUM
3 NITRBGEN

=
E]
e e e e T

Sums of Squares Mzan Squars
066 8B4
el .913
,0p3 NTE] R
608 L1688
663 . 903 :
1009 889 fa
088 L9086
069 999
.a13 313 ' 1
.81t 811 g
008 R
1949 geR
880 .082 ¢
611 1% .
999 8RO i
8ot .oB1




% ) " "FRCTORIAL ANALYSIS OF YARIANCE

AGED MIRE - 96 C - 1808 haurs

DESIGH

Nunber of factors = 4

No. of levels of factor A
Ho. of levels of factor B
Mo. of [leyels of tacter £
Ho. of levels of factor B
: Na. of mejor replications (blacks) = 1
E Ne. of mihor replicatichs (samples) = 1 ‘.

neown

emEn

3 ¥ Subfiles will be ignored i
: Respanse uarisblels) are i
variable na. 1 delta .2P5

% Duerall mean = 226.88

# Maih Effect Heans :

ugyy

Factor § ~ SPEED Levels ¢ 1 - 2 ) 2
236. 3 7.38

Factor B - STRAIN Leusls { L -2 3 S

246 i

207,13 .E3

Factor © - ALUNINIUM Ltevels ¢ 1 - 2 3 ¢
223,88 238.75

Factor B - RITROGEM Levels (1 - 2> 1 N B
224,50 229, 2!

#* Two Way Interaction Means @

Factor A - SPEED doun &nd Factur B - STRAIN across
2

1 208,75 2¢4.80
2 205.59 229,25
¥ Factor  ~ SPEED doun and Factor C - ALUMINIUM across N
1 2 .
X ¢ 232,80 240.75 .
B 2 214,08 220,75 .
- Factor B - SPEED down and Factor D - NITROGEN across 1
1 2 .
1 222,78 259,00
: 2 226,25 208,89

Factor B - STRAIN down and Faticr © - ALUMINIUM  across
1 2

AN 1 183.00 225.28
- 2 257.88 236.23 1
NP Factor B - STRAIN doun and Factor D = NITROGEN across :
1 2
1 2a8.25 206,80
N 2 248.75 252.50
: =
- * Factor C - ALUMINIUM down and Factor P - NITROGEN across
1 2
1 219,735 226.20
2 229.25 232.28




# Three lay Interaction Means :

Factor A - SPEED, Levs] 1
Factor B - STRRIN down and Fachor C ~ ALUNINIUM across
2

t
1 187.5% 230.09
2 276.50 251,50

Factor 8 - $PEER, Level 2
Factor B - STRAIN down and Factor © = ALUNINIUH across
1 2

1 199,50 228,58
2 237,50 221,00
Factor R - GPEED, Level 1 :
i -7 Factor 8 - SYRAIN doun and Factor D = NITROGEN acrsss -
; : 1 2
B 1 186.50 231,00
? 2 259.0@ 269.80

e - Facter B - SPEED, Lewel 2
: N Factor B - STRAIN down and Factor D ~ HITROGEN across
2

i i i
AR 1 236.60 181,99 . (R
by 2 222,58 ) 236.08
\ i Factor R - SPRED, Leve
: Factor € - aLumNIun doun and  Factor B - NITROGEN across
' 5 2 .
. 1 233 58 238,50 ;

31 2 215,88 26£.50"

Factor A - SPEED, Level 2 B
Factor C - ALURINIUM doun and Factor D - NITROGEN across )
1 2

1 262,99 219,08
- 2 243,50 198,80
S Factor B - STRAIN, Leve
Sactor © - ﬂLuanlun doun and Factor D - NITROGEN avross L
‘ 2
: L 187 58 198,56 .
A 2 229,00 221,58 «
] -4 <
> i Factor B - STRAIN, teval 2 - F
4 Factor © = auummn-n doun and Factor D - NITROGEN across
s .
: § zsz o6 262,00 ..
. 5 2 229,58 243,08 i

. # Four Hay Inseracion Means :

i Facter R - SPEED, Level 1 Factor B - STRRIN, Level 1
: Factor C = ALUMIHIUM doun and Factor D - NITROSEN across ;
R E
i 180,09 195,00
1 : 2 193,08 267.08

b Factor A - SPEED, Leuel | Factor B ~ STRALN, Level 2
. Factor C - ALUMINIUM douwn and Factor B - NITROGEN across
1 2

1 281,909 272.08 .
T 2 R37,00 266,00
2 Factror - SPEED, Level 2 Factor B ~ STRAIN, Level § X
N Factor C - RLUMINIUM down and Facior D ~ RITROGEM across
1 2

s

1 185.8@ 186,68

2 265,00 176,90

- < ok _,_.a-iﬂﬁﬂhlﬂiiihaﬁgﬁﬁ?4 Wari e Blas



Factor i ~ SPEED, Level 2 Factor B - STRAIM, Level Z
Factor € ~ ALUMINIUM doun and Facior D - MITRUGEN across
2
3 223,96 252,80
2 229,86 206,990
AHOVA TABLE
Factorial Analysis of Variance
Source (Haned  dF  Sums of Squares Hean Square
Tatal 15 20615, 75 139438 i
B A SPEED 1 444,00
; B STRRIN 1 s241.00 :
¢ c ALUKINTUN 1 249,25 i
B B NITROGEN 1 9a,25 H
i RE 1 992,23 i
| AC i 4.00 i
RD 1 2825.00 b
36 1 3249.88 H
v 3D 1 195,08
cn 1 12.25
aBc 1 115,25 f
ABD 1 2352,25 A
o RCD i 2784, 08 i
“ 2CD 1 49,20 I
R RBED 1 386.25
n
1 {
! H
W
1 P
+




7 S

* " FACTCRIAL RMALYSIS OF VHR!ANCE

Nunber of factors = 4

No. of levels of facter
Ro. of levels of factor
No. of levels of facser
Ho. of levels af factor

Subiles will be ignared
Response variabla(s) are ©

# Qverall mzan =
i ¥* Main Effsct Meanms :

Factar 8 ~ SPEED  Leuels ¢

LR Factor R ~ GPEED  down and
1

1 483
2 .895

Factor B ~ STRAIN down and

1 L891
2 .353

4 Facter B ~ 3TRAIN down and
1

1 .393
. 2 + 485

1 395
2 L4803

AGED WIRE - 59 C - 1888 hours

2
2
2

HomD

2
Ho. of major repiications (blocks) a 1
No. of minor replications (sawpies) = 1

Yariable no. 4 SHEAR EL.

270

i-25:
389

.3 .
Factor B ~ STRAIN Levels ¢ 1 ~ 2 ) 1

.3938 348
Factor € ~ ALUMINIUW Levels ¢ 1 -2 3

Pactor B ~ STRAIN across
2

L2109
383

Factor © = RLUMINIUM across
2

355
338

I
B Factor B ~ NITROGEN Levels ¢ 1 ~ 2 ) 1
. 399 .348
I J % Twa Hay Interaction Means
v Facver B ~ SPEED down and
1
’ 5 I
2 L2398
. " Facter R ~ SPEED doun and
1
. Y 1 348
2 i 2 398

Fagyer D = NITROGEN scross
2

298
383

Factor G - ALUMINIUM across
2

Facvor D - NITROGEN across
2

£330
.88

Factor © ~ ALUMINIUN down and Factor D - NITROGEN across
1 2

L3489
4333

N

S




% Thees Wap Lnveraction Means :

factor B - SPEED, Level 1
Factor B ~ STRAIN down and Factor € = RLUMINIUM across
1 2

i . 406 278
2 288 +33% -
Faater A - SPEED, Level 2 :
Factor B - STRAIN down and Facter © - BLUMINIUN across
1 2 I
1 375 .415 L
2 . 420 L343 ?
Facver R - SPEED, Level .
Factor B - STRAIN doun and Factor D - NITROGEN across
1 2z 3
1 409 .38 :
2 . 483 L2185 3

Facter R ~ SPEED, Level 2
Factor B - STRAIN down and Factor D - HITROGEM across
1 2

1 335 485
2 +405 .360

Factor A - SPEED,
Factor © - nLumeIUn dnun and Factor D - NITROGEN acrozs
2

] .286
2 .@Bﬁ" 2319 .
Factor fl - SPEED, Level 2 . .
Factor € ~ ALUNINIUM doun and Factor B ~ NITROSEN acrass
1 2
1 388 .419 ‘
2 405 355 ¢

Factor B - STRAIN, Level 1
Factor C - ALUMIHIUM down any Factor D - NITROGEN across |
1 2

1 " .38 .491
2 + 485 + 385

Factor 3 - STRAIN, (evel 2
Facvor G - ALUMINIUN down and 'Factor B - NITROGEN across -
1 2

4 418 V295
2 .480 L2860 N

# Four Hay Interacion Neans :

Factor f - SPEED, Level Factur B - STRAIN, Leuel i &
Faztor C - ﬁLUMINlUM dnun and Fasior 3 NITROGEN across
1 400 412
2 L4880 .958
b
Factor A - SPEED, Level 1 Factor B - STRAIN, Level 2 °
Factor £ - ALUMINIUM down and Factor B - HITROGEN acrass
1 2
i 418 . 160
2 408 .a78 ‘
Factor A = SPEED, Level 2 Factor B - STRAIN, Levsl 1
Factar § - ALUNINIUN down and Factor D ~ HITROGEN  across .
1 2 .
1 868 390
2 419 428




§ e v .

R

2

7

Factor B - SPEED, Lede) actor B - STRAIN, Level 2
Factop C - ALUMINIUM down and Facwr D - HITROGEN across
1 2

1 .41 430
2 1400 -299

ANOYA TﬁBl 3

Fatverial Analysis of Yariance

Source (Named>  df  Sums of Squares Mean Square
Total 16 078 -80S

SPEED 1 026 @85
B STRAIR 1 803 803
€ ALUMININM 1 L woh e
D NITROGEN 1 814 814
AR 1 .08 +BOS
A i . 801 .8a1
AD 1 983 .28
BC t 609 209
3D 1 a1 L814
cp 1 681 901
ABC 1 818 .619
AED 1 .pag 1268
ACD 1 098 .a83
BCD i L008 <298
ABCD 1 N @85

L e ol il o o s
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* " FACTORLAL AHALYSIS OF VARIANCE

AGED WIRE - 97 C - 48 hours

DESIGH

Number of factors = 4

He. of levels of faitor R = 2

No. of lewels of facior B = 2

No. of lavels of facior § = 2

No. of levels of facter 3 = 2

Ho, of majer replications (blocks) =
Mo, of minor replications {(samplesd = |

Subfiles will be ignored
Response variablels) ars :

Yariable no. 1 deita 2PS
HERHS
% Ouerall mean = 268,19

# Main Effwect Means 1

Factor A = SPEED Levels ¢ 1 - 25 1
264,75 25%5.63

Factor B ~ STRAIN  Levels {1 - 2 ) 1
40.75 .63

Factor © -~ ALUMINIUN  Levels ¢ 1 - 2
268,23 25%.13

Facvor D - NITRODGEN Levels ¢t -2 )t
%63.25 287,13

# Two Ray Interaction Heans !

Factor R - SPEED down and Factor B - STRAIN acress

2

1 248,75 288,78
2 240.75 27a.58

Factor A - SPEED down and Facior £ - ALUMINIUM  across
1 2

1 272,28 257,28
2 298,28 259,80

Factor B - SPEED down and Faztor B - HITROGEN across
1 2

i 273,08 256,50
2 259.59 257.7%

Factor B ~ STRAIN doun and Factor © = ALUMINIUM across
1 2

i 238,25 245,28
H 295.29 264,08

Facyor B - STRAIM down and Facter D - NITROGEN across
1 2

1 248,25 233.2%
2 278,28 291,09

Facsor € - ALUMINIUM down wnd  Factor D ~ NITROGEN across
2

1 268,58 26%.88
2 258,00 252,28

!
I




# Theee Way Interaction Means ¢

Factor R - SPEED, Leve! {
Factor B = STRAIN down and Factor © - ALUMIHIUM across
i 2

!
!
‘:
239,00 242,50 i
]
i

i ]
2 308,59 272,00 L
Facter A - SPEED, Level 2 S
Factoe B - SYRAIR doun and Facter & - ALUMINIUN across {
1 2 i
1 231,58 259, 60 i
2 285,80 286,00 e
¢
Factor A - SPEED, Level 1
Factor 3 - STRAIN doun and Factor D - WITROGEN  asross .
t
1 242,060 Zs9.50
2 304.90 274,58 L

Factor A - SPEED, Level 2
B

|
p Factopr B ~ STRAIN down and Factor B - HITROGEN scross ‘)
; 1 2 L
: 1 254,50 227,06 I :
" 2 252,56 286,58 :
q Factor -

ALUMINIUM down and Factor D - NITROGEN acress
i 2

|
Factor A - SPEER, Leval {
¢ |

t

|

R 1 284,00 268,50
5 o 2 262,08 27,58
» Factee A - SPEED, Laevel 2 ;
~ Facsor © = ALUNLINIUN "doun and Facion D - HITROSEN across
. k 2
N 1 153 ae 263,58
H 2 284,88 252.80
: Factor B - STRAIN, Level 1
o Facter C - ALUMINIUY down and Factor D - HITROGEN across
3 2
. 1 242,50 228,80
2 254,09 238,50
8 Factor B ~ STRAIN, Level ’
Faeron & - BLOMINIUN “deun snd Factar D - NITROGEN across
o 1 2
¢ 294,50 296.99
: 2 262.00 266,80

B # Four Way Interacion Means |

Factor - GPEED, Level 1 Factor B ~ STRAIN, Level 1
3 Factor C ~ ALUMINIUN down and Factor D - NITROGEN across
1 2
1 248,80 230, 88
2 236,99 249,88
Factor A - SPEED, Leval 1 Facvor B =~ STRAIN, Level 2
Factor ¢ - ALUNINIUN doun and Factoe D - NITROGEN azross
1 2
. i 1 320, 69 291,00 ,
e 2 288,20 256,09 K
I Facton R - SPEED, Lavel 2 Factor B = STRAIN, Level 1
o Factor C - ALUMINIUM down and Factor D - HITROGEN across
] . t 2
. i 237. 09 226,80
? 272.08 228,50 .

. . N} bl at o  o



|
|
{

Factor B ~ GREER, L. ' 2 Facto
Facver C =~ ALUMINIUK ‘aws and  Facvor D ~ NITROGEN
1

B - STRAIN, Level 2

across
1 : 381,88
2 246,09 #ve6.98
RNOVA TABLE
Factorial Analysis of Variance

$ource (Hame) df Bums of Squares Mean Square
Total 15 12548, 44 836.56
R SPEED 1 338,06 333,86
3 STRAIN 1 £045, 06 345,96
© ALUMIHNTUN 1 410,86 418,86
D NITROGEN 1 150,06 150,86
a8 1 333,06 339,06
AC t 95,88 95.86
AD 1 439,86 438,56
BC 1 1785, 86 1765, 08
3L 1 315,08 315,96
cr 1 . .
ABC i 27.56 27,56
ABD i 2893, 66 2093.06
ACD H 175,56 175,56
BCD 1 3. 3,06
RBCD 1 351.56 351,86




FACTORIAL ANALYSIS OF YARIANCE

DESIGN

Mo
Mo,
Ha.
Hou
He.

Facvor

Factor
Factor

i Factor

B Factor

1
2

Factar

1
2

. ,‘.I Facvor

1
2

Factaor

1
' 2

Factor

1
2

Factar

1
2

A~
g -
e -

-

. ¥ Tua Hay

A -

A -

a-

g -

p -

c -

RGED WIRE - 88 C ~ 48 hours

Hunbgr of factops = 4
0. of

levels of factor A
levels of factor B
levela of factor ©
levels of factor D = 2
major replications ¢blocks) =
minor replications Csampiws) = 1

'R

2
2
2

b 3ubfiles wil) be ighuied
B Response varfableds) are !

g ; varisble no. 4 SHEAR EL
= ! HEANS

# Duerall mean = .329

# Main Effect Means ¢

SPEED  Llevels ¢ 1 - 2 ) 3

-3 388

STRAIK  Levels ¢ | = 2 )
1398 . 261
ALUMINIUM  Levels ¢ 4 = 2 ) :

MITROGEM  Levels ( & -2 > ¢
(365 +298

Interaction Means ;
SPEED down and Factor B - STRAIN acress
1 2

410 L2095
385 315

SPEER down and Fachor C - ALUMINIUN  across
1 2

.278 338
358 1248

SPRED doun and Factor D - NITROGEN acpross
1 E

. 378 1245
388 V348

STRAIN down and Factor § ~ BLUMINIUN  across
H 2

2418 ,388
.225% 4295

STRAIN doun and Fa:tor D - HITROGEN across
i -3

.888 428
+BE3 58

ALUMINIUM down and Faciep D - MITROGEN across
1 2z

L340 288
. 383 .298




% Three Hay Interaction Heans :

Fasctor R - SPEED, Level 1

Factor B - STRAIH down and Factor € - ALUMINIUM across 4
1 2
1 L4ag .420
2 158 285 :

Factor A - SPEED, Levsl
Factor B ~ STRRIN doun and  actor £ - RLUMINIUM across
i 2

1 <429 356
2 295 388

Factor A - SPEED, Level 1 .
Factor B ~ STRAIN down shd Factor D - MITROGEM across
1 2

1 $396 +430
2 358 @60

Factor R - SPEED, Level 2
Factor B — STRAIN doun and Factor D - HITROGEN across
1 2

1 845 428
. 2 .378 .255 -

; Factor A - SPEED, Level
Factor € - ALUMINIUN doun and Factor D - NITROGEN across
B

I
1
{
{
y
3
i
o

i L .350 L2058
1 ‘\ . 2 1390 L 28%
7
~ Facter A - SPEED, Level 2 3
Factor C - RLUMINIUM down and Facior D - NITROGEM across f7
2z i
1 848 .379 :
2 75 ie

Factop B - STRAIN, Level 1
Factar G - ALUMINIUM du\dn and Factor D = NITROGEN across
i 2

t 390 L 430
2 845 425 .
- Factor B - STRAIN, Level e
Factor © ~ ALUMINIUM doun and Facter D - NITROGEN across
. ! z
1 » 285 . 145
2 . 420 170

* Four Way Interazion Means :

1

; Factor A - SPEED, Level 1 Factor B = STRALN, Level i -
: Factor C = RLUMINIUN doun and Facyor D ~ NITROGEW across
! t
1 ,399 410 N
2 .390 .450 N
Factor A « SPEED, Level i Factor B ~ STRAIN, Lsvel 2 2

Factor 0 - ALUMINIUM down and Facbar‘ B ~ HITROGER across
1 2

|
1
|

g
t’ 2 . 390
|
{

s .ate i
P i
? Facter A = SPEED, Lavel 2 Fagtor B = STRAIN, Lavel 1 '
Factor ¢ - RLUMINIUN down and Factor B ~ RITROGEN actoss J
1 2
1 330 ,488
: 2 .38 . 488 s

. ol ‘._MML..‘ Phe et .



Facter R - SPEED, Leyel 2 Factor B - STRAIN, Level 2 m
Factor C - ALUMIHIUM dowh and Factor B - NITROGEH achoss i
1 2

1 o 290 |
2 458 .220 i
P
ANDYA TRELE q
Factorial Rnxlysis of Varisace
Source (Named  &f  Sums of Sguares Wsan Snuare .
Tatal 15 238 ‘815 .
A SPRED 1 .oa? , 287 |
B STRAL ¢ 976 976
C ALUNIRIUM  t 08z g2 [
D NITROGEN t .B21 621 i
AB 1 .aip 018 !
A 1 .88 . 908 { :
an 1 Lol .81t
3¢ 1 909 1903
2 1 676 .e78
) i 091 901
. REBC 1 . 880 .28 *
ABD 1 004 .oed
AED i . BB e8¢
BCD t B4 .gad
ABED 1 094 .e04
2
.. 5




M T ERCTORIAL ANALYSIE OF VARIANCE

AGED WIRE - 198 € - 2 hours : F
DESIGN -
Number of factors = 4 e o
No. of levels of factor § = 2 E
Ho. of levelr of Factor B = 2 L 4
No. of lsvels of factor € = 2
No. of levels of factor D = 2 )
No. of major replications (biocksd = 1 A
No. of minor repiications Csamplesd = 1 %
1
Subfiles will be ignored !
Responze variableds) are ! :
Varisblz ne. 1 delta .28
wEANS :
# Querall mean = 203,59 :
% Main Effect Weans : "
Factor R ~ SPEER  Levels ¢ 1 - 2 : I
211.15 195,88 :
Factor B - STRAIN Lewels'C 1 -2) ¢ ;
154.0 .8 :
Factor G ~ RLUMINIUM Levels ¢ 1 -2 ) ¢ Q
204,89 202,128
Factor B - NITROGEW Levals ¢ 1 -2 5 ¢ ;
208.13 295,85 i
b
% Tuo Hay lnteraction Neans
v i
Factor A = SPEED down and Factor ® - STRRIN across i
1 2 fa
1 182,75 239,58 : )
2 185.25 286,50 : A
-
Factor A - SPEED dewn snd Factor € - RLUNINIUM across i
1 2 9
o1 287,58 214.75 IS
2 202.25 185,50 :

Facter A - SPEED down and Factor I = HITROGEN across
1 2

1 211.56 210.75
2 188.75 203,68

Factor B - STRAIN down and Factor C = ALUMINIUM across
1

1 172.75 195,25
2 297,00 209,09

Factor B - @TRAIN down and Factor D - NITROGEN across
1 4

1 186,58 181.58
2 213,75 282,28 4

Factor G ~ RLUMINILUM down and Factor D ~ NITROGEN across -
i 2

1 205,75 203,80
2 198.59 216,75 ‘

B ‘




% Three Way Intsraction Heans

Factor fi = SPEED, Level 1
Factor B ~ STRAIN down and Facior C - ALUAIHIUM across
It 2
i 185.56 200,00
2 249.58 229,50
Facter A ~ SPEED, Level 2
Factor B ~ STRAIN doun and Factor © - ALUNINIUM across
i 2
1 189. 08 199,458
2 224,50 183.50
Factor A ~ SFEED, Level 1 N
Factor B ~ STRALN down and Factor D - NITROGEN across
1 z
1 188,59 185,66
2 242,50 236.50
Factor R ~ SPEED, Level 2
Factor B ~ STRAIN down and Facior B - NITROGEN across
1 2
1 192.56 178,08
2 185,88 228,99
Factor R ~ SPEED, Level 1
Factor € ~ m_ummun doun and Factor B - NITROGEN aceoss
2
1 225.55 189,50
2 197.56 232,08
Factor A ~ SPEED, Level 2
Factor © ~ ALUNINIUM down and Factor D ~ NITROGEN across
2
1 189.86 216,58
2 185,59 109,56
Factor B ~ STRAIN, Level
Factor € =~ aLummUn down and Factor B - HITROGEN across
2
1 1?5 20 170.58
2 198,99 192.56
Factor B ~ STRAIN, level 2
Factor € ~ aLunxmun doun and’ Factor D - NITROGEN across
2
1 hos. 52 295,50
2 189.88 229,00
# Four Way Interacion Means :
Factor R ~ SPEED, Level I Factor B - STRAIN, Level
Facter C ~ ALUMINIUM down and Facter D - NITROGEN across
1 2
1 175,08 156,99
2 186.09 214.00
Factor A ~ SPEED, Level i Factor B - STRAIN, Level
Factor C « ALUMINIUK down and Factor D ~ NITROGEN across
1 z
1 276.08 223,03
z 209.88 250. 66
Factar B ~ SFEED, Level 2 Factor B - STRAIN, Level
Factor C ~ BLUNINIUM down and Factor B - NITROGEN across
1 2
1 178,66 185. 60
2 218,80 171,90

e =g

I

wT

|




Factor A ~ SPEED, Leuvel Factor B - STRAIN, Level 2
Factor C =~ RLUMINIUM dnun and Facvor B ~ NITROGEH across
2
t 2\31 (4] 248,00
2 169,89 208, 080

ANOVA TABLE

Factorial fnalysis of Yariance

Source (Name)  ¢f  Sums of Sguares Hean Square
Toval 15 16764.00 117,68
SPEED 1 920,25 939.29
B STRAIN 1 £884. 99 5084, 8
€ RALUMINIUM 8 39.29
D NITROGEN i 182.25
AB 1 1266.,25
ac 1 488,88 i
AD 1 225,98
BC 1 2550.25
BD 1 552.28
3] ! 441,00 i
ABG 1 16,99 i
ABD 1 1156.00
AcD 1 2458.25
BED 1 484,00
RBCD 1 2.25 i

- %



M " FADTORIAL ANALYSIS OF VARIANCE

AGED WIRE -~ 188 C - 2 hours

DESIGH
Nunber of facters
Tevels of

No. of levels of

Ho. of levals of

Ho. of tevels of
Mo, of major replicanions Cblocks) = 1

Ho. of minor replications (samplesd = 1

2
2
2

Subfites wil) he ignored
Response variablets) are :

Variable ne. 4 SHERR EL
HMEANS
% Overall mesn = 389

# Wain Effzct Means
Factor A ~ SPEED  Levels § 1 ~ 2 )
. 385
Factor B - STRRIN  Leveis ¢ L ~ 2 )
.3 .
Factor C ~ ARLUMINIUM Levels ¢ 1 -2 ) ¢
Factor D - NITROGEM Levels ¢ 1 ~ 2 )
.384

% Two Way Interaction Means t

Factor A ~ SPEED down and Facter B STRRIN across
1 2

1 378 338
2 395 378

Factor A ~ SPEED down and Facter € - ALUMININM  across
t

1 +375 388
2 -380 .398

Factar @ - SPEER down and Factor B - NITROGEN acrass
1 2

1 393 318
2 .378 393

Factor B - STRRIN down and Facter G - ALUMINIUM across
1 2

i L3708 «Aea
2 388 928

Facvor B ~ STRRIN down and Factor D = NITROGEN across
1 2

1 $39% 380
2 .378 . 328

Factor © = ALUMINIUN down and Factor B ~ HITROGEN across
i 2
1 385 .978
2 +385 .338

X7

|
I
|
g
{




# Three Way Interaction Means

Factop R - SPEED, Level !

Factor B - STRAIH doun and Factor G - ALUMIHIUM across
1 2

1 .365

2 .385
Factor A - SPEED, Level 2
Facter B

s 380

2 389
Factor A - SPEED, Level
Factor B -

1 398

2 .396

Factor A - SPEED, Level 2

398
.275

~ STRAIN down and Factor © - PLUMINILM asposs
1 2

2419
370

STRAIL doun and Factor B ~ NITROGEN across
2

388
.278

Factor B - STRRIN down and Factoer B - NITROUGEN &across
1 2

1 397

2 365
Factor A - SPEED, Level 1
Factor © - RLUNINIUM doun and

1 .38

2 409
Factor R - SPEED, Level 2
Factor C - ALUMINIUM down and

1

1 385

2 376
Factor B - STRAIN, Leus
Factor C - ALUNINIUM doun and

1 378

2 310
Factor B =~ BTRAIN, Level
Facter C ~ nLuanxuM donn ahd

1 395

2 368

# Faur Way Interacion Heans

Factor A - SPEED, Level 1
Factor & = ALUNINIUM down and
1

1 378

2 420
Facter A - SPEED, Level !
Factor € = HLUM!NIUM dewn and

3 499

2 1388

Factor f = SPEED, Leyel 2
c

Factor = ALUMINIUM down and
i
1 +388
2 400

+ 400

»385
Factor B - NITROGEN across

368

264
Factor D - HITROGER across

2

37¢

L41e
Facter U -~ HITROGEN across

378
396

Factor D - MITROGEN aeross
2

.a7e
+285

Factor B ~ STRALN, Level 1
Factor D ~ HITROGEN across
2

368
+36%

Factor B ~ STRRIN, Lews! 2
Factor D ~ NITROGEN acposs
2

376
V170

r B ~ 8TRRIN, Leuel 1
Factpn 3 ~ NITROGEN ' acress
2

.388
L4290

' Phe v sl | 4




Factor B - SPEED, Leyzl % Factor B - STRAIN, Level 2
Factor G - ALUMIHIUM down and Factor D ~ HITRUGEN acress
1 2

1 +399 £979
2 . 340 + 408

Factorial Ansipsis of Yariance

Source (Nane) of Suns of Squares Mean Square
Teval 15 . 049 . 983
B SPEED 1 NI .864
B STRRIN i .85 2985
c ALUNINIUN 1 £861 L8p1
D HITROGEN 1 .004 .804
AB 1 +8B1 £8B1
ac 1 .e83 ,903
R 1 +803 -BB%
BC i +268 988
BB 1 RE-1} »asi
<B 1 LBt £091
ABC H «9H2 882
ABD i L0802 .aa2
RCD 1 .087 247
BCB t N:EL) N-CL)
ABCD i .902 262

) PP I S T




s ﬁ I
* FACTORIAL ANALYSIS OF YARIANCE * H

AGED WIRE - 188 C - 24 hours

DESIGN
Number of factors = 4
Ne. of levels of factor A
Ho. of levels of factor B
Ne. of Tevsls of factor ©

|

j

|

i

. |

2 i

: i
Ho. of levels of factor D = 2 1 "

i

|

{

Ho. of major rep)ications ¢blovks) = 1
Ho. of minor replications (sanples) =. 1

Subfiles will be ignored ;
Response variable(s) are : i
Yarfable no. 1 delta ,2P% : ,
HEANS I
% Overall mean = 253,63 o

* Hain Effect Means /

Factor R «~ SPEED Levels ¢ i - 2 )1

. . .80
Factor B - STRAIN  Levels ¢ 1 - 2 ) i
350. 5

316, 7! .58
Factor C ~ ALUMINIUM  Levels ¢ 1 -2 ) !

338, .
4 Factor I - HITROT .{  Levels ¢t =23 ¢
331,63 333.8%

* Tyo May Imveraction Means :

Factor R - SPEED down and Factor B - STRAIN acress
1 2

- 4 308,75 352,75 .
9 . 2 227.7% 348,29 !

f
i Factor B ~ SPEED  down and Factor € - ALUMINIUM across
: A 1 2

o ’ i 228, 60 330, 50
b & 2 344,56 331.89

Factor A - SPEED down and Factor B - NITROGER across !
1 2

1 326.25 332,25
2 287,80 339,00

Facter B ~ STRRIN down and Factor C = BLUMINIUN across i
1 2

4 311,28 322,25
2 361,08 339,75

Factor B -~ STRRIN dowh and Factor D - NITROGEN acrass i
i 2

1 g21.28 812,28 .
2 342,00 359,09 '

1 - - Factor € =~ ALUNMINIUM down and Fastor D =~ NITROGEN across
2

1 338,285 342,23
2 333.00 929,80

o

- b ettt o it



% Three lay Interaction Hzans

Facyor
Factor

1
2

Factor
Factor

3
2

Facsor
Factop

1
2

Factor
Factor

1
2

Factor
Factor

i
2

Factor
Factar

1
2

Factor
Facvor

1
2

Factor
Factor

1
2

# Four

Factor
Factop

1
4

Facror
Factor

1
2

Factor
Factar

1
2

o

v

hay

am

'

'

1

SPEED, Level 1

STRAIN down and Factor

1
292,50
363,59

SPEED, Leuel

2
STRAIN down and Factor
1

339,96
359,00

SPEED, Level 1

STRAIH down and Factor
1

299,00
953,58

$PEED, Level

STRAIN down and Factor
1

248,58
338,50

SPEED, Level 1
ALUMINIUH doun and

339,90
322,58

SPEED, Level 2
ALUNIRIUA  down and
i

389,56
343.59

STRAIN, Level
ALUMINIUM down and
1

818,808
3z2.00

STRAIN, Level
ALUKINIUY daun-and

35@ @9
334,88
Interacion Means }

SPEED, Level 1
ALUMIRIW  down end

286,00
218,00
SPEED, Level
ALUINIH, S and
372 20
305.99
SPEED, Leve!
ALUNINIUN  doun and
336,00
354,00

315,00
342,08

325.50
337.58

312.50
332,08

312.99
366.00
Factor D -
2
326,80
398.59
Factor D -
2
388,50
319,58
Factor D ~
312.99
312,68
Factor D -
2

872,50
345.50

D - HITROGEN
2

1 - NITROGEN
2

- ALUMINIUM
2

€ = ALUMINIGH
2

NITROGGEN

NITROGEN

NITROGEN

HITROGEN

acrozs

across

across

acruss

across

across

across

across

Factor B ~ 8TRAIN, Level
Fastor I ~ NITROGEN across
2

297,80
328,00

Facyor B - STRAIN, Level
Facter D ~ NITROGEN across
2

355,00
349,00

Factor B = STRAIN, Level
Factor D - HITROGEN across
2

92V 00
297,00

B e




i
{
It

Factop A - SPEED, Level 2 Factor B ~ STRAIN, Level 2 ,k’
Facter C - ALUMINIUH down and Factor D - MITROGEN across
1 2
L 329,00 358,008
H 323,09 342,90
AHOVA TABLE i &
Facvorial Analysis of Varianc :

e

Source (Nane) af Sums of Squanres Mean Square I
N

Total 15 11261.78 - 758,76 N

A BAEED ¢ 366.25 996,25 1

B STRAIN 4885, 25 4556, 25

G RLUMINDUM 1 119.25 118,25 K

» NITROGEN ] 64,00 64,00 b

RE 1 702,25 782,28 |

ac 1 249,25 240,28 i

RD 1 15, 8¢ 16.98 2

BC 1 $8586,25 1058, 25 N

BD i 676,08 676,08

2 i 256.04 255,98 b

ABG By 248,25 249,25 ;

ABD ! 1681,68 168{,80 R

ACH 1 1296.50 1296.90

BCD 1 25,80 25,08 ;

ABCD 1 35,00 26,00 i




#* FRCTORIAL ANALYSIS OF YARIAMCE

RGED NIRE = 100 C = 24 hours

BESIGN

Huaber of factors = 4

Ho. of levels of factar
Ho. of levals of factor
No, of leuaiz of factor
Ho. of Jewels of facuor
Ho. of major peplications fhlagks) = 1
No. of minor replications {sawplesd =,

wown
Gswn
[ESEYEES

subfites will be ignored
Respohse variableds) are :

Yariasble ho. 4 SHERR EL
MERNS
* Overall pean = 184

# Main Effect Means :
Facteor R - SPEED levslis ¢} -2 ) 3
. 2G4
Factor B ~ STRAIN lLewels ¢ L - 2 ) ¢
L3109 .85
Facter C - ALUMINIUM Levels < 1 - 2 ) ¢
144

Factor D - NITROGEN Leusle ¢ 1 - 25 &
J225 .i39

# Tus Hay Interaction Means 3
Facvor B - SPEED down and Factar B = STRAIN across
1 @

1 278 L858
2 .342 I

Factor A - SPEED down and Factor € - RLUNINIUM across
1 2

1 L2323 V1es
2 (225 183

Factor A - SPEED doun and Factor D - HITROGEN across
i 2

1 L1988 .130
2 268 . 148

Factor B ~ STRAIH down and Factor © - ALUMINIUN across
1 2

1 +388 » 263
2 898 825

Factor B = STRAIN down and Factor D ~ NITROGEM across
1 4

1 L343 «278
2 115 a.0ae

Fagtor © = BLUNINIUM down and Facter D - HITROGEN acruss
t 2

1 .283 .18%
2 .17 [R83:]

B i olitnn,

i

v alh _d



# Three Hay Interaction Means

Factor A - SPEED,

Factor

1
2

Factor
Factor

1
2

Factor
Factar

1
2

Factor
Fagtor

1
2

Factor
Facsor

1
2

Factor
Factor

i
2

Factor
Faztor

1
2

Factor
Facyor

1
2
* Four
Factor
Faztor
1
2
Factor
Factor

1
2

Facton
Factor

1
2

8

<

'

Hay

Level 1
STRAIN doun and Factor C = ALUMINIUM acrosz
1 2
345 218
108 0,908
SPEED, Level 2
STRAIN down and Factor C - ALUMINIUM across
1 2
.370 315
.08a 850
SPEED, Level 1 .
STRAIN dawn and Factor D = NITROGEH acrmss
1 2
895 ese
.180 . 898
SPEED, Level 2
STRAIN down &nd  Factor D - NITROGEN acrozs
t 2
.89 .295
1@ 8,099
PEED, evel {
ALUNINIUN doun and Factor D ~ NITROGEN ecross
s 2
.208 182
Lite . 198
SPEED, Level 2
ALUNINIUM down and Factor D - NITROGEN across
s 2
.280 478
,248 128
STRAIN, Lavel 1
ALUMINIUM down and Factor D - NITROGEM across
i 2
.385 .a28
1308 228
STRAIN, Level 2
ALUMINIUN doun and Fachor D ~ NITROGEN acress
1 2
L1980 8,000
L850 .09

Inveracion Means !

BPEED, Level 1
RALUMINIUM  down and
i

378
220

SPEED, Level 1
RLUMIKIUN down and
1

L2008
0. 008

SPEED, Level 2
RLUMINIUM down and
1

1480
V389

Facter B - STRAIN, Level
Factor B - NITROGEN across
2

. 329
209

Factor B = STRAIN, Level
Factor B - NITRDGEH across
H

2.080
9,808

Faztor B - STRAIN, Leve)
Factwr D ~ HITROGEN across
2

348
258

n Wh o i Yy



Factor R - SPEED, Lave] 2

RSN

cvor B - STRRIK, Level 2

Fa
Factor © = ALUMINIUM doun and Factor D - NITROGEW across
i 2

1
2

68 2,800
198 0,890

Facvorial Analysis of Yariance

Sourca (Name) df Sums of Squares Mean Square

Tetal 15 + 348 L0928
A SPEED 1 L8R - .988
B STRRIN 1 .255 RE5
c ALUMIHIUM B +B26 «926
B MITROGEN 1 L882 832
aB 1 L BR3 ~8a38
at 1 806 86
an 1 . B92 .802
BC 1 001 1883
BD 1 003 883
€n t 893 .803
ABC 1 900 .Bee
RED 3 . 909 ~BBe
ACD 1 994 804
BCD 1 996 2888
RBCD 1 ] » 900

§
i
i

i
|
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APPENDIX D : RESULTS QF YATES® ANALYSIS OF FACTORTAL EXPERIMENTS.
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G
#s-Drawp Wirs - 0.2% Proof Stress /WPa
= Nitrogen & = Aluminium ¢ = Strain = Spaed
Expt N  Treatment Rasponse k2 K3 K4 B B/8
i 1 175,000 3992,000 7943.000 1b185,000 32033.000 4004.128
2 N 1956.600 3951.000 222,000 138S8.000 -285.000  -35.625
3 b 1379.000 4040.000 7733000  -29,000 2,000 0,379
y ab 970,000 9142,000 B135,000 -256.000 -131.000 -18.373
v - ® 3 2022.00¢  38%7,800 =7.000 &1, 0u0 631,600 85,125
: & ar 2038,600 3B76.000  -22.600  ~S8.000 -i85.070 -23.125
7 b 200,300 40&e, wil ~45.000 ~61 L00 207,000 25,878
< H AL 2062000 A0BY.0LC ~213.000  ~TOLOD -9, oco -42.375
: s 1357, 800 000 81,000 279,000 ~297,000  -37.125
W At 1000 =500 492, 601
o ik =z 1531,050 16,000 ~14, 000
E abu 1908,006  -38.000 3,000 -170.000  -9.000 .12
i3 cdt 2071000 ~17.00¢ ~7,009 143,500 123.000 15,378
14 acd 1595000 26,006 54,000 64,000 155,600  -19.37%
o ig hed 2103,00¢ -76.000 ~%.000 47,840 <77, 4900 -9‘37’5
R is ased 766,000 I37,360  ~61.6DG  ~32.009  ~B.00)  -0.6%3
! Sur & Savared (+or three and fpur #ay ipie-actions = 30173.000 v
. 1554 = 2.01% LU9NR = 1,474 = 2.
= 1 § Egzimates Errcr st 904 Confidearne Limit 22.977
N Extinsted Error gt @07 Confidaece Limit = 15,538
@s-Drawn Wive - Sr0ac Elongation Jam
o k a = Nitroges t = Alumiaiup ¢ = Strain d = Speed
3 ; Eipt bo Treatment Response K2 Ks 3 [ /8
- B i i 0,455 0.988 1,823 X778 7,563 0,945
. 2 2 4,836 2.938 1.853 3,787 0113 0,014
3 b 2.475 0,977 1.827 2,106 -2.015  -0.002
; 4 ab 0,853 0.876 1,960 0.007  -0.0B5  -0.01
o - 4 0,470 0,897 0.063 -0.148 0.063 9,008
& ac 4,507 9,530 9,083 0,135 0,013 0,002
7 be 0,435 0,930 ~0.0(3  -0.118 0.013 2,002
i 8 abe 0,401 1,030 a.020 0,053 0,108 0,013
i 7 d 0,450 0,078 -0.047  -0.070 0,011 .00
i 10 ad 0857 ~0.012  -0.101 0,133 -0.09%  -0.0i2
| o bd 0,470 2,037 0,035 -0.u20 0.261 0,035
.2 abd 0. 450 0.00b 0,100 0,055 0,151 0,039
i i3 cd 0,470 -0,003  -0.087  -0.053 0,203 0,028
14 acd 0,450 -0.010  -0.G3% 0,047 0.053 0,407
; B bed 5,500 -0.010  -0.007 0.056 o.121 0.015
: abed 6,830 0,030 0,040 U, 047 -8.00% -0, 001
T Sum B Squared lfor three and four way lnteractknn= B 0,05
{ ti9EL) = 2,015 £(50%) = 1,474 =
' Estimated Error at 904 loafidencs Lxﬂut ® 0,025
Extimated Erroc at 80% Confidence Linit =  0.019

btk . | .

-




Wirs Aged at 30°C for 2h - Increase in 0,24 Proof Biress /WPa

= Nitrogen b = Aluminium ¢ = Strain d = Speed

Expt No  Trzalpent Response K2 ¥3 K4 5 G/8
1 1 29,000 24,000 77,9000 301,000 548,000 71,000
Z a -5.000 53,000 224,000 2467.000 £.000 0.750
3 [ 30,000 112,000 122,000 -27,000 &0, 000 7,500
4 ab 23,000 112,000 144,000 33,000 118,000 14,750
g c 71,0060 40,000 -41,600 29,000 (79,006 21,250
& ac 41,000 B2, G0 14,000 31.000 184,000 23,600
7 be 34,000 78,900 48,000  101.000  -B2.000  -10,280
3 abr 78,000 &7.900 81,000 17.000 80.000 10,000
k4 d .000  -34,000 29.000 147,000  -34,000 ~4.,250
1o ad 12,000 =008 06,060 23,030 80,004 7. 500
1t od 55,060 ~3u,000 42,000 $5.000 2,000 0.230
2 abd 27,608 44,060 -11.00¢ 129,000 -84.000  ~10,500
1S cd 5,006 20,000 22,000 -29,000 -124,000 -15,500
14 acd 53,000 -28,000 74,000 -53.000 75,0600 9,256
15 bed 7,000 28,000 -8, 000 47.000  ~23,000 ~3.006
. I ib ahed 40,000 $3.000 25,000 33000  ~14,000 ~1,786
Sun B Squarad lfor thrae and four way Anlerathm\s 19704, 200 f
t(95%) = 2,015 L{P0HY = 1,476 18,6 .
Estinated Error at %04 Coafidence Limlt 18.812 i
7‘\ n Estimated Ervor at BO% Contidence Limt = 11,982
8
j
]
7
1
b
i
- .
1
|
|
; \
‘
J'
‘
—_ ottt
- - : Sk

i
]
|
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Wira Agad ak 800C for S0Gh -

Increass in 0,24 Proof Biress

a = Nitrogen b = Aluminiup c© = Strain d = Speed
Expt No Treatment Responss K2 k3 K8 6 8/8
i i 175,500 3300000 T 442.750 1449.00D §199,000 339878
1 a 160,000 332.000  9A7.000 (550,000 -45.000  -5.628
3 b 144,000 578,000 770,000  ~39.000 -181,000  -22,625
4 at 188,400 409,000  780.00¢ 197,000 13,375
5 ¢ 320.000 383,000 34,000 335.000 41,875
5 ac 250,000  387.000  ~73.000 15,000 1,875
R be 202,000 39%,un0  ~64.000 ~193.000  ~24.125
& atc 3RL000 58,000 83,000 10,375
¢ 3 ~10,600 2,900 ~99.000  ~12.373
«© an Ba,60h ~169,000 19,000 35,000 4,125
i bi 278,000 €000 -167.000 155,000 17,175
I abi 167,000 S.060  ~16,060 122,000 -167.000 20,875
] 3 165,000 ~11.000 58,000 -171,000 ~315.000 39,375
13 a8 213,068 -53.000  3.000 ~22,000  229.000  28.62%
H 15 bed 173,600 28,000  ~42.000  59.000 149,000 18.473
[ ! 16 abd WE.000 I00G 12,000 SO0 20000 520
o
[ Sun G Gquared (for three and fsur wey linteractions = 4110043, 000
| . EFENY = 2088 £{90%) = 1,476 .s = 37,087
| Estimated Errar at 90U Confidence Limlt = 37,347
S\ Estimate¢ Errcr st 80% Contidence Limat = 27,371
i ki !
N |
Wire Aged at 56°C for 500k - Shear Elangation /ae
] a = Witrogen b = Alusiniue ¢ = Strain d = Specd
o Expt No Treatment Respanse K2 3 K4 [ sre
i 1 0,307 S R AT T W ¥ R N T
2 a 6,406 0,880 1,350  3.450  -0.220  -v.,028
: 3 ] 0.440 0,740 “0.150  -0,080  -0,008
L 4 ab 0,460 0.b10 -0.070  0.040  0.005
; 5 < 0,380 0.800 0,000 -0.200  ~0.02
] b ac 0.350 0,880 -0.080  -0,A20  -0.082
= 7 be 0,390 0.959 ~0.190 0,460 0,038
8 abe . 0220 0,820 0,250 -1.080  -0.010
i 9 d 0,810 0.080 -0.290 0,40 0,057
. 10 ag 0,390 0.000 5,090 0,086 D.0j0
1 bd 0,400 0,020 -0.230  -0.040 0,005
12 abd 0.480 0,170 -0.190 0420 0,053
13 cd 0.540 0,020 ~0.250  0.380 0,048
1 acd 0.410 0,080 -0,210 0,040 0,008
15 bed 0,410 -0.130 6,100 -0.1%0 0,080 5,005
14 abed 0,410 0,000 0,130 0.030 0,180  0.018
| Sum B 8quared (for three and four way ipteractiens = 0.204

t{9al) = 2,015 (90 =

1.474 =
Estimated Error at 904 Confidence Lieit = . 081
! Estinated Error at 86% Sonfidence Liait =

s = 0,051

0,037

:
b
i

e




Wire Aged at S0°C for 1000h - Increase in 0.24 Proof Stress

= Nitrogea b = Aluminium c = Strain 4 = Spead

Enpt No Treataent Response k2 K3 K4 8 &/8 H
1 i 180,000 375,000 B35.000  1891.000 3630.000  453.780 o
2 a 195.000 450,000 10S6.000 173,070 38,000 4,750 ;
3 b 193,000 533,000 822,000 10%. 08 42,000 7,750
4 ab 267,000 503,000  $17.000  -71,000 14,000  -1.750
5 c 281,000 381,000  89.000 35,600 516,000  39.500
& ac 272,060  #41,000 20,000 27,000 26,000 7.900
7 be 237,000 475,060 ~98,000 97,000 -228.000 -26.500
8 sbe 356,000 442,000 27.000 111,000 28,000 3,500
s 4 | 15,000 B3.000 221,000 ~-152,000 ~19.000
= i0 B 183,600 74,000 -50.000  95.000 ~1BD.000  -25.500
N 11 bd 265,000 -5.000  &0.000  -69.000  -8.060  -1,000
12 a0e 176,000 29,000  -35.G00 135,600 ~208.000  ~26.009
13 <G 2230900 -9,000 59,000 -135.000 -126,000 -15.750
14 acd 252,000  ~93,000 38,000 ~93.000 194,000  24.250
15 bed 222,000 29.000 -80.000 -2(,006 42,000  5.250
18 abze 220,000 ~2,600 -31.000 49,000  70.608  B.750
AEY i
Sun § Squared (for three and four' way lnteractions = 63343.000
£1954) = 2,018 £(905) = 1,47h 5 = 33,232 i
| Estinated Error sg 907 fontidencs Linit = 5,481 I
. J Estinated Error at 80% Contidence Limit = 24.525 ‘

4 . Wire #ged at SUOC for 10GOh ~ Bhear Eloagatien /am
= Nitrogen b = dlueimus «© = Strain d = Speed

1
‘. Expt No  Treaktment Response K2 K3 K4 B B/B
t
|

P (980 = 2,415 ook = 1,474 s 0.064
Estimated Error at 90% Confidence Limit = 0.045
Estimated Errar at BG% Confidence Linit = 0.047

'
4
i 3 bt 3,400 0,812 1.587 2,807 5.917 ki
f 2 a 0. 412 0,755 1.240 3,110 =0 473 i
* i 3 b 0,405 0.57¢ 1.58¢ ~0,423 ~0,027
L 4 ab 0,350 0,470 1.530 -0, 450 -0.097 o
E] c 0,410 0,750 -0.043 0,043 -0.377 1
' b ac 0,160 6, B30 -0.380 -8.070 -0, 467 |
i 7 ke 0.400 0.840 0. 040 0,083 ~0,073 i
i 8 ahe 0.270 0:6%0 «0,090 -0.150 0,077 :
b K a . 0,380 0.012 =D, 057 0,327 0,303 i
1 ad 0,390 -0,058 o.100 =0.059 0,373
it bd 0,410 =0, 250 0.0BO ~0.337 -0, 113 .
12 abd 0,420 ~0.130 ~0. 180 =0, 130 -0.20% &
13 cd 0,410 0.0%0 ~0,067 0,157 0.277 i .
14 acd 0,430 0,010 0.120 ~0.230 0.287 k !
15 bed 0,400 0.020 -0.020 0.187 -0,387 B ‘
is abed 5,290 =019 ~0. 130 =0.d40 -0, 297 ~0.037 I :
Sum 6 Squared (for three and four way interactions = 0,328 N s‘, !
i
|

it i
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Wire Rged at B0°C for A8h - Increass in 0,20 Proot Stress

s = Mitrogen b = Aluniniun ¢ = Strain d = Speed

Expt Ne Trestment Response K2 K K4 2
1 1 251,000 481,000 964,000 2{21,000 4146,000
2 2 2T0.000  ABE.GO0 L1HS.000 204,000 -82.000 ~5,500
3 b 236,060 611,000 763,006 49,000 -B4.000 ~10, 560
4 ak 249,000 544,006 1082,000 17,900 5,000 0,750
3 € 320,000 443,000 ~8,000  -53,000  308.000 38,500
& ac 293,000 506,006 -a.000  ~20.000 74,000 #.250
7 bz 282.00( 70,000 -E5, 000 31,000 -1b8.000  -20,730
B ahe 56,000 5i2. 000 72,000 ~28,000 4,000 G, 500
3 d 237,000 -21.060 4,000 182,260  -74.000 ~3.900
g ad 226,000 13,006 67,006 119,000 96,506 16,750
11 bd 272,000 =29, 950 37,000 =53, 060 42,900 §.250
i2 abn 228,000 -32,006  -BB.000 127,000  -E&.000 =7.000
3 d 267,000 -1i.000 34,000 ~71,000  -70.000 -8,750
14 acd S05,000  ~44,000 -3.000  -95.000 180,000 24,800
15 boa 236,000 32,080 -33.000 ~37,000 -24,000 -3.000
16 abed 275,000 40,400 #.000 41,000 78,000 9.75¢

Sum 6 Bguared {for three and four way interactions = 42212,000

LI9SR} = 2,015 IP0%) = 1,478 s = 22,

Estimated Error at 90% Coofidence Limit = 23,143

Estimated Error at 80% Confidenca Limit = 14,952

Wire Aged at BO°C for 48h - Shear Elongation /mm

a = Nitrogen b = Aluminium ¢ = Strain d = Spesd

Expt Ho  Treatment Response K2 K3 K4 B /8
1 1 0.3%90 0,806 1,640 2.460 5,280 0,638
2 a 0.410 0840 0.820 2,800 ~t. 580 -0,073
3 b 0,390 0,310 1.540 =0.508 0,180 0,028
4 ab 0,450 0.510 1,280 =0, 080 ~0.100 -0.012
5 c 4.310 6,840 0.080 0,230 1100 -0, 137
& ac 0,400 0.700 ~.980 ~4.04¢ -1, 040 ~0,132
7 be 6,350 0,590 0.140 0.080 0,380 0,047
8 abc 0,120 0,670 =0, 240 -0, 180 -0, 240 -0,032
? 3 0.390 0,020 D.040 ~0.820 0.340 0,043
10 ad 0,450 0,040 0.200 ~0.280 0,420 0,052
1! bd 0,300 ~0,310 ~0.140 0,640 ~0,300 -4,038
i2 abd 0,460 ~0.270 0,080 ~0,400 =0.240 -0, 033
i3 cd 0.300 0,060 0.040 0,160 0.4540 0,047
14 acd 2,290 0,100 4,040 0.220 0.260 0,032
15 bed 0.450 0,010 0,040 4,000 0,080 0,007
16 abed 0.220 ~0.230 -0.220 -0y 260 =0, 260 «0.033

Sum B Bquared {for three and four way irteractions = 0,274

L9854 = 2,015 (9041 = (,47¢ & = U.089

Estinated Evror at 904 Confidence Limit = 0,059
Estimated Error abt BUY% Confidence Limit = 0.043

il £k




Wire Aged at 100*L for 2h - Increase in 0.2% Proot Stress

= Mitragen b = Aluminium ¢ = Strain d = Bpaed

Expt No Treatment Response K2 K3 k4 B 6/8
1 1 175,000 331.00¢ 731,000 {892,000 325,000  407.373
2 & 156,000 AQ0.D0O0  9b1,DBD  1567.000 57,000 7.12%
3 b 1B6.000  499.000 V41,000 0.000  ~17.000 ~2, 378
4 ab 214,000 462,000 826.000 57,040 87,040 10,679
5 3 274,000  380.000 9.000 32,000 315,000 39,375
b ac 225,000 3BL.000 =%.006  -~8{,000 97.000 12,125
7 be 209,000 449,000  -~27.000 144,000 -155.000  -24.B75
B abc 253,000 377,000 86,000  -57.000 91,000 11,378
k2 3 175,008 ~19,00) 67,000 230,090 ~125.000 15,62
1 ag FLER 2000 -I7.000 85.000 57,000 7,425
i bd 210,008 ~B3,000 21,000 ~1B.d0y  -B3.0AC ~10.375
iz ) 171,000 44,000 ~72.000 115,000 -201,000  -25.125
i3 cd 204,060 10,00 47,006 -10&, 000 <~145,000  -13,125
14 acd 248,090 -39.000 97,000 -93.000 133,000 16,625
15 hed 189,060 47,000 -4%.009 50.000 13,000 1,625
is abcd 208,000 39,006 -8, 009 41,000 -9.000 -1,128
Bum & Squared {fgr three and four way lnteractlnns = b6621.000
£195%) = 2,01% t(90%) = L.474 5 2
Estinated Erro~ at 0% Confidence Limit 29.074
Estimsted Errer at 80K Copvidenze Linit = 21.297
Wire Aged at {00°C - Shear £longation /am
= Mitrogan b = Alumipiun ¢ = Btrain ¢ = Spesd
Expt Ne Treatnent Response K2 K3 %4 B G/8
1 i 6,370 2.730 1,810 2,830 5.910 4,737
2 4 0,360 0,780 1.320 3,080 «(, 250
3 b 0,420 0.770 1,580 ~0.310 ~0.13¢
4 ab 0,360 0,850 1,560 0,060 ~0.130
17 4 0.400 0760 -0.070 -0.170 -0.270
& ac 0.370 0.82¢ ~0.240 DAL 0,150
7 be 0,380 0.760 0,020 -0,230 -0,350
g abe 0.170 2,740 a4.040 0,100 -0.070
? d 0,380 ~0.010 0.050 “0.190 0,230
16 ad 0,380 =0, 060 =0, 220 -0,080 0,370
3] bd 0,400 =0,030 0. 060 ~0.170 0.210
12 &bd 0,520 =0,2L0 -0,020 0.020 £330
13 od 0.3%0 0,000 -0, 050 0,270 0,110
14 acd 0,370 0.020 -0, 180 -0,080 0.19¢
15 bed 2,340 ~0,020 0,020 -0.130 0,190
16 abed 9,400 G060 2.080 0,080 0. 190
Bum 8 Squared (for three and four way lntsra:txons = 0,222
£(98%) = 2,045 €(907) = 1,474 0.053

Estimated Error at 90% Confidence Lla)t 0.053
Estipated Error at 80% Confidence Lisit =  0.039

. 'Wa‘m
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Wire Aged at 100°C for 24h - Increase in 0.2% Froof Btress /HPa

a = Nitrogen b = Alusiniun ¢ = Strain ¢ = Gpaed ;

Bupt No Treatmant Respense K2 K3 K4 & 518 ¥
1 1 291,000 EBB. 090 1226, OO0 2644.000 5348,000  64B.500 i p
2 3 297.000 638,000 1418,000 2704.000 32,000 4,000 : h
3 & 310,000 729,000 1311,000 4,000 -32.000 -5.250
4 ab 328.000  6BY.000 1393.000 8,000 -54.000 ~5,750
5 z 374,000 460,000 24,000 10,000 274,000 34,250
& ac 359,000 651,000 0,500 ~52,000  1{0.00¢ 13,750 i
" 7 be 33W.000 718,000 -A3.000 59,000 ~124,000  ~i5,500 i“\
v 8 ake 354,000 &7d.000 71,006 ~{04,000 29, 004 2,000 i
N 5 d 333,000 4000 $0.000 192,000 &0, 000 7,500 H
¥ ' W0 ac P By ~20,300 82,000 ~18, 000 -2,006 T
1 ed 3E4.000  «§9,030 9,000  -24.000  ~62,000 =7.750 !
12 abd 2% gy 19,200 -AZ. 000 134,000 -154,006  ~19,258
13 cd 328,001 =4, 000 12,000 -%0.000 -110,000 13,750
' 14 ace 390,000 87,000 $8.0U0  -34,000 158,000 19.750 "
3 18 hed 333,000 82,000 ~§1.000 28,000 T, 003 7.060 H
i ls ehed 332,000 2,004 ~§3,900 2,000 ~28,000 ~3.500 .

Bum 6 Syuared (far theee and four way interactions = 33174,000

(884 = 2,045 (908} = 1,476 5 = 25.782 i
Estinated €rror at 90 Coafidenze Limit = 25,973 N
g b Estiasted Ecrar ac 80X Confidence Limit = 17,027 -

PR Wire Aged at 100°C for 24h - Shear Elongaticn /mm

& = Nitrogen B = Rlupinium t = Strain d = Speed I '

Expt No Treatment Response K2 K3 K4 B G/8
1 [} G.370 0,690 1,110 1,319 2,¥40 0,348
e 2 2 f432% 0,420 0,200 1,630 ~0.720 -0,090
p 3 b 0,220 0,200 ~0.270 -0, 640 ~0.080
] 4 ab L0200 0,000 -0, 480 0,220 v.028 H
| b 4 8,200 D740 ~0,470 ~2,020 ~0.253
< & ac 0,000 0,430 =0, 170 -0, 200 ~0.028
L2 .‘ 7 b 0,000 0,160 0.230 0,320 0,015 i
8 abo 0.000 04100 =0.010 1. 300 0,037
i 9 ) 0.400 ~0.080 -0.919 0,320 0.040
10 ad 00340 ~0.620 ~1. 110 -0, 180 “D. D22 ;
" bd 9.380 -0.200 ~0.130 2.300 0.037 :
| 12 abd 0.25¢ 4.000 ~0.070 =0, 240 -0,030 i
. i 13 cd 0. 160 ~0.060 0,070 0,200 ~0,028 it
H 14 acd 0,000 =0, 130 0.080 0,080 d.008 B
J‘ i5 bed 0,100 =0.140 00179 ~0,020 -0.002 N
i 1é aped 0,600 0,100 0,060 0,130 ~0.040 -0, 005 l(
. ‘[ Bup B Bguared {for three and four way interactions = 0.153 i
- i L195%) = 2,018 Li90%) = 1.476 8 = 0.041 "
.j Estipated Error at 901 fonfidence Limit = 0.044 !
ki Estipated Error at 80% Confidemce Limit =  0.032 &:
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