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ABSTRACT

Interrupted compression tests were used to study the static ",
softening of a 0.06% C low carbon steel, a 0.07% CiNb-bearing steel and -
tough pitch copper. The tests were carried out at temperatures from
450 to 1040°C and prior strains were applied at strain rates in the range
1073 to 107777, Quantitative metallography was carried out on samples
of the'tough pitch copper quenched to room temperature after increasing
amounts of prestrain and delay time. The grain size distributions
obtained in this way were used to follow the progress of static recyrstallization

The results indicate that a critical strain is required for
the initizcion of static, i.e. classical recrystallization after prior
hot deformation. For strains inferior to this critical amount, recrystail-
1ization does not occur at all, and softening takes place instead entirely
by'stat1c recovery. Evidence 1s presented for the existence of a second
critical strain, about twice as large as the first, w orreSponds
to a point just before the peak in the flow curve. /This is the critical
strain for the initiation of post-dynamié (metadyfamic) recrystalliization.

The results are interpreted in terms of a three-mechanism softening
model in which there is a recovery stage and two recrystallizatton stages.

The first recrystallization process, like recovery, is a 'no-delay' process,
while the second one involves a distinct incubation time. The dependence.
of the three softening mechanisms on prestrain, strain rate and temperature
is described and the kinetics of the processes are considered in some
detajl. Some attention is also given to the influence of alloying elements
on softening rates in austenite.

It {s shown that the progress of softening can be described
by simple empirical reiationsﬁips‘uh1ch can be used in the design of
industrial rol1fng schedules.
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tions empiriques simples qui peuvent Btre app{ﬁquees 2 la mise au point

11

RESUME

L'adoucissement statique d'un acier & bas carbone (0.06%C),
d'un acter au nfobium contenant/ 0.07%C et de cuivre de pureté commerciale
a 6té étudié par des essais de compression avec inferruptions. Les essais 2?
ont Eté réalisés dans un domaine de températures allant de 450°C & 1040°C, ¢
et dans une gamme de vitesses yraies de déformation s'&tendant de 10'3
a 10']s°]. La distribution des tailles de grains dans des &chantillons
de cuivre commercial tremp&s a été déterminée quantitativement par
métallographie. L'é&volution de cette distribution pour des déformations
avant interruption et des temps d'interruption croissants a permis de
suivre 1e progrds de 1a recristallisation statique.

Les résultats montrent que pour des déformations avant inter-
ruption inférieures & une valeur critique, 1'adoucissement se fait entidre-
ment par restauration statique. Par contre, au deld de la valeur critique,
1a recristallisation statique, c'est & dire classique, se produit. Les
résultats mettent en 8vidence 1'existence d'une seconde valeur critique
de 1a déformation, eAviron le double de la premilre, qui amorce une
recristallisation post-dynamique (métadynamique). Cette seconde valeur
critique correspond 3 une déformation 1égdrement inferieure d celle pour
laquelle la contrainte dans la courbe effort déformation est maximale.

Les résultats sont interprétés A 1'aide d'un modele faisant
agir trois mécanismes d'adoucissement: un de restauration et deux de
recristallisation. Le premier processus de recristallisation est, comme
la restauration, un processus "instantané", tandis que le second requiert
un temps d'incubation. Les effets de la déformation avant interruption,
de la vitesse de déformation et de 1a température sur la cinétique de
ces mécanismes sont présentés en détail. L'influence des 8léments d'alliage
sur Ta cingtique de 1'adoucissement dans 1'austénite est discutée.

L'évolution de 1'adoucissement peut &tre décrite par des rela-

des programmes de ‘laminage dans les conditions industrielles.
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KPATAK NPECJIE]

IHMAHHOPHYHH Y3ODUH OX NHCKO- YIVIEHHWHOr wuesMka ca 0.068%C,
HHCKO YINIGHHYHOTI Yenuka TpeTHpaHor ca 0.07% mAotnyma H Gakpa,
6HJIH CY H3JIOXKEHH HCNHTHBAHBLY Ha npnrucax ca Menxy pacTrTepeTeHbeM,
Yy remnepargpnou nogpyvby on 450 mo 1040° C u npH SpsuHama nedopma-
usa on 1072 no 10~

V3opuu Cy TaKODXEe GHIIH TOABDPIHYTH KBAHTHTATHBHO MeTamm -
rpaBCKOM uqnnrunanby, ca HAMepOM nla ce OnpenH INHCTPHOYLHA BenaH -
YHHe spHa.Pacnopen Benuumse spua, NOSHEH OBOM METOIOMS , KOPHCTHO
ce Ja npaTH CTATHYKY PEKPHCTANHSALMY NOChe RedopMALIMg HA BHCOKHUM
TeMneparypama.

PeaynTaTH Cy NOKA3AJIH Ha 3a CTATHUYKY OHHOCHO KJIACHUHY
pexpucranuMsauuny na ce OOHrpa, noclsie gedpopmMalrde HaAa BHMCOKHM memne-—
paTypaMa, noTtpeSHO je npeBasHTjH KPHTHYHH CTeneH nedopMauune sa
CTATHYKY PeKpPHCTaNM3alMy.3a CBa HanpesaHja HCnon KPHTHYHOT cTe-
neHa nedopmauna, PEeKpUCTANH3alLHA Ce He ONHIpaBa M jenHHH onepa-
THBHH mpouec je ornywmraHje.EBHReHuHa NOCTOH, Taxonje, OrersHCTeH-
o jomw jenHe KPHUTHUHe OpesMHe nedopmauxe,oTNPHIIMKE NBA NyTa BeTje
on npenxonHe, Xoja je noTpeGHO na ce npepasynje na Om ce meTa-
OHHAMHYKA pexpHcTanusalKa onmurpanax

PesynTaTH Cy MHTeDNpeTHpDAHH y BMNY MoHOeJla KOjH Ce CACTOHM
Ol TPH npolueca: npouec OTNymraHja K gpa npoueca PeXpPHCTAJIKSALHE,
[IpBX DEeXPHCTANHSALMOHM NpPOULEC KCTO KAO M .OTNYymMTaHje HeMa MHKY-
GARMOHM NMEPHOX, MOK APYLH HMA BEOMA OHMCTHHKTHB HHKYOGAUAOHH
nepron.yTHuaj O6p'sie m CTeneua nedopmManiia M TeMneparype Ha TpH
nponeca, Kac H HIUXOBA XHHeTHXa HeTanjHO je aHaNusMpaHa y
NPHJIOXEHOM pany .

lloxasano je na jenHocTasHa eMIHpHUKA jelHAVYHHA MOXe pga ce
npuMeNx sa onpenaunanje KMHO@THKE NOMEHYTHX NPOLECA M YNOTPEOH
sa npojexrTomanje-pacnopexa BajijaHja Yy MMRYCTPHCKXHM DASMEDAMAY
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INTRODUCTION

The development of inexpensive, strong, tough and easily
weldable steels for structural and line pipe applications has been
one of the most attractive areas of development in the steel industry
over the past ten years. All the advances associated with these dévelop-
ments have depended to some extent on the control of recovery and re-

crystallization rates in the metastable austenite. These are,unfortunately,

very difficult to study because of the breakdown of the unstable y-phase
on cooling. The processes are nevertheless important as the final
properties of the hot worked product are dependent on their detailed
interaction. The plastic properties, such as yield and ultimate strength,
elongation, reduction of area, and hardness are clearly in this category,
as are the fracture properties, such as impact strength and the ductile-
brittle transition temperature.

Recently a promising mechanical technique was developed which
permits study of the static softening processes in austenite following
high temperature deformation. The technique involves the use of a
“Gleeble" testing machine and is based on the principle of interrupted
mechanical testing. A sample is work hardened at a typical hot working
temperature; the deformation is interrupted for a series of increasing
delay times; the test is then resumed until fracture occurs. The process
of softening during the delay is followed in terms of the decrease in
load from that carried prior to interruption to that occurring on ulti-
mate failure, '

Although the Gleeble technique can be considered as a useful
one, 1t has a number of inherent limitations. These are largely attri-
butable to the use of "load" rather than "true stress" as an experimental
variable and to the difficulty of producing a éonstant true strain rate
with the equipment. .

The method employed in the present work is based on the Gleeble
method, but makes use of the technique of hot compression instead. The
latter lends itself to the production of constant true strain rates,
as well as to the determination of yield stresses, and to the calculation
of the true stresses 'm"lop«l during deformation. By eliminating the

.3




disadvaﬁtage;,;f the earlier technique, it has permitted a more detailed
uﬂderstanding of recrystallization kinetics to be attained. It has
alse led to the formulation of the three-stage softening model that is
described below.

The preliminary results obtained by this technigue were presented
by the author in her Master's thesis. The observations were restricted
to plain carbon steels, and the microstructural interpretations advanced
were open to the criticism that they were speculative and unverified. -
It was the main purpose of the present work to carry out tests on a
material which behaved like carbon steel, but which did not undergo a
change on|éooligg to room temperature. Tests an such a material would
therefore pe suitable for the detailed metallographic studies required
to verify or reject the earlier interpretations. The model material
selected was tough pitch copper, which has the required susceptibility
for dynamic recrystallization, while retaining a microstructural stability
appropriate to an industrial material. Some nine-hundred experiments
were carried out on these samples, which enabled the progress of the
softening mechanisms to be followed in detail. It will be for the reader
to judge the extent to which these results can be considered to apply
to carbon steels.

Before proceeding with an accoynt of the present work, some
of the literature associated with deformation and softening at high
temperatures will first be reviewed. The development of the present
technique to its current level of sophistication will then be outlined,
and 8 full description of the results obtained will be presented. Finally, -
the significance of the results will be considered in some detail, and
some conclusions will be drawn concerning the kinetics of softening under
diverse experimental conditions.
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CHAPTER 1

FUNDAMENTAL ASPECTS OF STATIC SOFTENING
AFTER HIGH TEMPERATURE DEFORMATION

1.1 INTRODUCTION

Hot working refers to that category of high temperature -
defomation chh takes place at relatively high strain rates (e.g.
1072 to 10 s ) and at temperatures above ~0.6 T (Here Ta is the
melting temperature in degrees Ke1v1n)( ) The flow stresses under
hot working condftions tend to be considerably lower than at room
temperatur:. Furthermore, as enhanced ductilities are usually observed
at high temperatures, hot working operations are generally carried out
to large strains.

In one type of hot working operation (e.g. extrusion or
planetary rolling) continuous, nearly isothermal deformation conditions
exist. That is, the total strain is applied in one step and at roughly
constant temperature. But large numbers of metals and alloys are hot
deformed under interrupted, non-isothermal conditions. In forging or
rolling, for example, the total strain is applied in increments at
generally decreasing temperatures. This involves a complficated inter-
action between the dynamic and static softening processes, which makes
it difficult to interpret the final microstructures produced by these
means. It {s the main purpose of the present chapter to consider the
micro-structural changes occurring both during and after hot working

. and to describe the influence of these changes on the mechanical properties
of the worked material. Although our attention ts primarily focussed
on softening processes at high teweratums. some aspects of flow
behaviour will also be covered because of the close 1ink between these

two types of phendmena.
1.2 RESTORATION PROCESSES DURING HIGH TEMPERATURE DEFORMATION

For a long time, the principal restoration process under hot
working condftions was considered to bé dynesic recrystailization'®),
™his was mfa& WWW& Mmﬁm at roow tqmmn,
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which almost always indicated the presence of recrystallized structures.
More recently, it was established, by Tegart‘G’y), Rossard(s) and
McQueen et al(g) that recrystallization does not generally take place
during deformation, but that it usually occurs statically, after
“complete forminq‘and before cooling down to room temperature. Their
results, obtained by means of rapid quenching after deformation, also
clarified the role of recovery and polygonization in the restoration
processes associated with hot working.

The principal factor that determines whether recovery or re-
crystallization will be the main restoration process during working
seems to be the stacking fault enerdy. If the common metals are now
Jisted ir the order of decreasing tendency to recrystallize during creep:

e.g. Pb, Ag, Ni, Cu, y-Fe, In, Mg, Cd, a-Fe, Al, Sn
it can be seen that the stacking fault energy increases from Pb to Sn.
Thus it appears that the Tower the stacking fault energy, the greater
is the tendency for dynamic recrystallization to occur in a material.

The evidence for the order of materials listed above was
gathered from creep experiments. It can be expected to apply to hot
working only to the extent that hot working is a valid equivalent of
creep deformation at considerably higher rates of strain. This has not
been generally accepted in recent years and, as conclusive evidence for
dynamic recrystallization was very difficult to produce under hot working
conditions, there has been considerable controversy about whether it
occurs at all at high strain rates(1°']]).

. In Table 1.1 are introduced the high temperature softening
processes operating under both hot working and creep conditions in a
number of metals and alloys. At high temperatures, most materials undergo
an initial stage of transient deformation which eventually leads to a
“steady state", in which work hardening is balanced by recovery. In
creep tests (constant stress), this appears as secondary or steady state
¢reep, whereas in constant strafh rate tests, it appears as a regime
of constant flow stress. It is now evident that the steady state mechanical
and structural. properties, whether determined under constant strain rate
or creep conditions, . are equivn1ent("lz’. However, the present study
was carried out under hot working conditions only, and further discussion
will therefurs ba largely r‘tﬂcu” to this mode of deformation.

)
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TABLE 1.1 High Temperature Softening Processes

Dynamic Softening Processes

Static Softening Processes

Metals At Small Strains | At Large Strains At Small Strains At Large Strains
AN R A . Recovery and Meta-
2R, NY base super Recovery dynamic Recrystal-
vz Laltays, Cu, YFe, followed by 1ization followed
 jsustenitic alloys, . Recovery and + Classical by Classical
brass Recovery Recrystallization Recrystallization Recrystallization
A3, » ferritic
aﬁws. bec Recovery Recovery
refractory metals, followed by followed by
Zr alloys, hcp Classical Classical
‘metals Recovery Recovery Recrystallization Recrystallization

t Under creep conditions, at very low strain rates (i.e. low stresses), dynamic recrystallization may

not occur at all.

{

AT AN N b ol Mo Yk (3 (s 7 v -

e g e A BN SRS




recovery during hot working is illustrated schematically in Figure 1.1.
The flow curve can be divided into three distinct regimes of behaviour:
a microstrain regime, a transient or work hardening regime, and a steady
state one. Buring the microstrain regime, the plastic strain rate in
the material increases from zero to approximately the applied rate of

the test. There are limited data available on the behaviégr ?f the material
13

1.3 DYNAMIC RECOVERY
The characteristic flow curve of a material undergoing dynamic
¥

in this interval. However, it has been reported recently that some

dislocation multiplication takes place during this interval, causing an ;
increase in dislocation density of about one order of magnitude by the
commencement of macroscopic flow.

The transient or work hardening region begins at. the macro-
scopic yield stress and is characterized by a gradual decrease in the
net work hardening rate. The net rate of work hardening is zero when
the deformation parameters of stress, temperature and strain rate remain
constant. (

At high strain rates and at temperatures below ~0.6 Tm‘ the
subgrains may become somewhat elongated, but are always equiaxed aboye
~0.6 T , even after very large strains,

Many workers have observed a correlation between the Steady ¥
state subgrain size and the applied stress(]"4’]5) and have established

that the mean subgrain size d is a function of the stress o, as represented
by:

d = koM (1.1)

Here k and M are constants which depend on the material, the
method of measurement andﬁthe”ﬁurity. Bird et a}(]4) have reported that,
for a large amount of Creep data, M = 1 and k = 2Qby, where b is the
Burgers vector and u is the shear modulus. '

A considerable amount of work has beengggrried out to determine
the density of dislocations within subgrains by using etch pitting
techniques and electron microscopy. Bird et al 4 have assembled most
of the available data and found that the Tamiliar relationship between

'3 '
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a’p]ied stress and dislocation density established for low temperature
deformation, is also followed at elevated temperatures; that is, that:

o = apbvp (1.2)
l
Here o is the dislocation density and a is a constqn‘t which takes a
value of about 1.2 at high temperatures, in con‘trast to. the Tow tempera-
ture value of ~1, e ) ‘-‘1

Several models have been proposed in receht y‘ears in attempts
to explain high temperature experimental data and these will now be
reviewed briefly. ?'he'first model, the jogged screw-dislocation model,
is open to some doubt since it cannot explain the effect of changes in
stacking fault energy“s) or the effect of alloying addit:ions(16 The
climb model suffers from the same limitations and {s- also unable to
account for theé effect.of instantaneous stress chzmges(16 ")

It is of interest that recent 1nvestigat:1ons(]8 ]9) have shown :
that most dislocations within the subgrains in deformed molybdenum and
copper single crystals are edge in character, an observation which favours
the climb mechanism as the rate controlling process. Such a mechanism
requires the p‘resence of pile-ups, but they have never been observed.

Dorn has argyed that the absence of piled-up arrays cannot be used to

refute the applicability of climb models since these arrays are inherently
unstable. Davies et 01(20) have also suggested that the rapid runback j;i
of dislocations may be responsible for the absence of the a'rrqys; ¥

The hypothesis that piled-up arrays are present during high ’
temperature deformation could be tested by quenching a sample under load, '
so as to preserye the deformation substructure, and then frradiating at
a low tmratu\we The gmje dislocatfons pinned by the radiation defects
that are produced w 'ld theﬁ‘ be mde available for examination by trans—

.~ missfon electron wiirdscopy. Suéh a technique, however, has not yet
been applied to metals deformed under or hot working conditions.

. The ncbmy\ ll(ide“l of ﬂél.ean(m’ ) and cmygnmmm’ is
<. more realistic the jciimb or cross-slip models, tnasmuch as 1t is
<3 \“based on" the @ “y o&tm three=difmensional network of dfs-
Mﬁom.. In h‘& '




the rate of network coarsening (recovery) to the rate of network refine-
ment (work hardening). According to various workers, the hardening rate
(h), as given by

h = (20/3€),, (1.4)

time

has been found to be largely independent of stress and temperature. By
contrast, the recovery rate (r), as given by A

ro- (a&/at)c (1.5)

is consta.t only during steady-state deformation and is highly stress
and temperature dependent. The con'b1ned effect of strain hardeni ng and
recovery during steady state deformation is given by:

e = r/h : ' | (1.6)

whereas the transient strain rate é,is given by:

e = ¢, exp{-v(he-rt)/KT} (1.7)
Here v 1s an activation volume, and-the term {he-rt}, was ’rntroduced by
Jonas et al(w) as a back stress that builds up durd ng primry deforma-

tion so as to decrease the strain rate to its steady state value. The
incorporation of a back stress term in the theory helped to remove some
of the difficulties inherent M the two earlier models, but the thepry
is sqn not completely satisfactory. ‘Particular problems arise in the
experlluentﬂ dhtamination of the parameters r and h. and of structural
factors such as the activattoﬁ volume, which ape’iffected by sudden changes
1n appuea stress and tmm'c

‘ Tbt Stiiwe theory“o'z‘) for fgh taperaturh flow under condi-
-t‘lons of Qmum: NW &{sb in recently, 15" q&mtctivﬂy
: umm m mmt qmm for. the observatfon tmé“ the subgrain

Gty #tiady state flow nor, can 12 eastly,be &m-

) Wm. !n bhis thaory dislocaiiops
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C ' are generated within the subgrains and glide to the sub-boundaries.
Here the screw dislocations cross-slip and the edge dislocations climb
into the boundaries to annihilate with dislocations from the adjacent
subgrains. The vacancies needed for the rate controlling climb process
are provided by the intersection of moving screw dislocations.

McQueen et a1(2) argue, on the other hand, thattﬁynamic recovery
occurs by a process whereby the sub-boundaries are continubusly breaking
up and reforming during steady state deformation. This dynamic process
of regeneration has been termed repolygonization. The balance between
the hardening and recovery rates exists, as in Stuwe's model, but the
regeneration process explains the absence of distorted subgrains even
after very large strains. There is evidence in the 11terature(2 25-27)
concerning the processes by which the sub-boundaries disintegrate; this

- has been attributed to a decrease in the stabi1ity of the sub boundaries
when they become heavily jogged through interaction with mobile disloca-
tions. The dislocations emanating from the disintegrited networks rear-
range themselves into new sub-boundaries. The recent observations of

(28), for example, lend support to these views.

- " 5 aa .
-, Bt ‘?‘?‘%’u‘;,

e e

Hasegawa et al

1.4 DYNAMIC RECRYSTALLIZATION

L - ' In the past, it has been common for investigators to consider
dynamic recrystallization as a process which occurs only at low strain
rates. However, the work in copper(s). nickel(s) and austenitic a'l]oys(z9
carried out at high temperatures and strain rates, in which the original
. grains were replaced by nearly equiaxed recrystallized grains, led Hardwick
- and Tegart(s) to conclude that dynamfc recrystallization is the operative
. softenfng process in these cases as well. This conclusion has been
o further substantiated by activation energy measurements('), as well as
¥=, " by the observation(“ 29) of regular oscillations in flow stress at low ?
: straip rates.. The latter are analogous to the periodic cycles in strain 7
. ‘ rate resulting from recrystallfzation during creep in these metals(3° 3])
] 1t 1s of interest that Stime’1022%) gisagreed with the suggestion
’ i that dynamic recrystallization was taking place under hot working condi-

tions and argued that similar flow behayiour could result when recovery 5
0 . alone n?c:t:ut'sﬁ nwmr. mmu worlms(” -37) in the past few mrs g
i
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have demonstrated that the original conclusions of Hardwick and Tegart
(6) and of Rossard(zg) were correct, so that there is 1ittle doubt today
concerning the existené;‘of dynamic recrystallization.

Some typical flow curves for a material which recrystallizes
dynamically during constant strain rate deformation are shown in Figure 1.2.
Two important features Of the stress-strain curves are: (i) the sharp
peak in flow stress at the higher strain rate and (i1) the oscillations
in flow stress at the lower strain rate. In addition, three points along
the flow curve that characterize the structural changes taking place
during flow should also be distinguished. These are: the critical strain
to initiate dynamic recrystallization € the strain to the peak Epr and
the minirum steady state strain e+ 1

The critical strain to initiate recrystallization was first ﬁ
observéd in studies of recrystallization during creep(30'38). which showed f
that €c is a function of stress, temperature and purity(30’382. Reports
based on hot working studies(34:36:39-41) L1 0 i it ated that new grafns 3
appear in the region of the grain boundaries in the neighbourhood of the )
peak stress. Thus, the strain to the peak flow stress can be expected ;
to be closely related to the critical strain for recrystallization. Although
the retation between the peak strain and the critical strain is not known ¢
exactly, Rossard(41) has suggested that the latter is aboug 5/6ths of the
strain to the peak.

The most detailed stody of the critical strain for the initiation
of dynamic recnystal]izﬁtion was that of Luton and Sellars(Qo). They
; found that the strain to the peak flow stress € varies with stress.

In the creep of ﬁicke1 the time (t ) for a large constant fraction of
recrystal]1z?tidn to occyr varfes with stress as t, = o 3. and since the

strain rate ¢ is proportional to the fifth power of the stress(ls). €

depends on stress acgording to € © 02. From Figure 1.3 1t can be se:n

that below the drossover of the two curves, recrystalli{zation will be
complete before the critical strain to initiate the next cycle of recrystal-
liaation is reach¢d. Above the crossover, which indicates a critical
stress, the succgssive cycles of recrystallization are fnitiated before

the previous recrystallization is complete. The model of Luton and

Sellars thes requires the stress ogc{iation to disapgesr with an incresse

e
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in stress. It should be noted that there have been earlier models(42’43)

concerned with'dynamic recrystallization. Gifkins(42) proposed a model
for recrystallization during creep which is based on the nucleation of
recrystallizing grains by subgrain growth. It shows qualitative agree-
ment with the refinement of the dynamically recrystallized grain size
with increasing stress. Richardson, Sellars and Tegart(43). also developed
a model for dynamic recrystallization based on experiments in creep.

Their results indicate that recrystallization during the creep of nickel
occurs by the localized migration of portions of the original grain
boundaries, rather than by the coalescence and growth of subgrains. They
therefore suggested that a mechanism similar to that prdposed by Bailey

and Hirsrn(44) for recrystallization after cold work applied in their
material. However, Luton and Sellars(40) concluded that, on the basis

of their data, 1t is difficult to distinguish between the two possible
nucleation mechanisms of recrystallization (i.e. between the coalescence
and growth of subgrains on the one hand, and localized migration of the
original grain boundaries on the other), since both mechanisms were shown
to lead to similar relationships between the dyplmical1y recrystallized
grain size and the high temperature flow stn:l‘.

1.4.1 Structural Features Associated with Dynamic Recrystallization
For dynamic recrystallization to occur, there are two basic
requirements that have to be satisfied:
1. Conditions that are conducive to the formation of nuclei,
such as well-defined subgrains and sub-boundaries, must
bg present.
2. Sufficient energy density must be built up to provide a
driving force for the growth of nuclei once germinated.
In addition, Sandstrom and Lagneborg(35) have suggested that
the diameter of the critical nucleus dn must be less than a characteristic
distance x... The length x.. is the width of a band of material behind
the moving boundary that is relatively free of dislocations. As straining
continues, the boundary advances, taking with 1t this zone of low disloca-
tion density. This effect arises because work hardening takes place in
the just recrysta}iized material until the dislocation demsity resches
the Tevel B, presumt fw front of the migriting boundary. Sesdstrim and
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’
Lagneborg have shown that Xep is a function of strain rate as follows:

bzd o 2

Xep =~ lpg} mt ‘ (1.2)

Here b is the burgers vector, e 1s the strain rate, m is the
mobility of the boundary, t is the dislocation energy per unit length
and L4 is the mean free path of the dislocation. It can be seen from
Equation 1.2 that at low strain rates Xep is likely to be large, so that
the condition Xep > dn is easily satisfied and recrystallization can take
place. By contrast, at very high strain rates, it may be possible to
suppress nucleation completely. )

The Sandstrom and Lagneborg model will be discussed in more

detail later in the 11ght of the present results.

1.4.2 Dynamic Recrystallization and Grain Size

When the mechanism for the nucleation of dynamic recrystallfza-
tion is the bulging of local regions(30’36’38'40’46) and is therefore
associated with the pinning of grain boundaries at their extremities hy
sub-boundaries, the number of potential sites for nucleation per unit
volume is proportional to 3/dgd2 Here dg is the mean grain size and d
is the mean subgrain size. The resulting recrystaliized grain size is
then expected to be related to the subgrain size through the re}ation(‘o)

3

. 1/dg

- /4 e (1.3)
where P {s the probabiiity of a site being activated. A similar relation-
ship 1s obtained if a model for nucleation by subgrain coalescence is
assumed.

Several workers(“"o'“) have reported that under most condf-
tions, the recrystaliized grain size is a unique function of the developed
stress (°s)' indepéndent of tesperature, and that a relatfomship of the
form

- b, ¢ kyd " (1.4)




B T

is obeyed. Here Tys k] and m are constizgi. The value of m w?gsfound
to be about 0.75 in Ni and Ni-Fe alloys and
Cu-Al a]lqys(46), one in Cu and N1(36 , and in these cases 0y = 0. An
equally good correlation is obtained with m = 1/2, but then a, * 0.

The most recent report(34) on the relation between flow stress
and recrystallized grain size shows that the relation is independent of
temperature, strain and strain rate, as reported previous]y(36’4o). The
interesting feature of this report(34) is that the steady state grain
sizes and stresses are the same for a particular strain rate and tempera-
ture, irrespective of the starting grain size and irrespective of how
many recrystallization cycles have occurred. This is interpreted as
signifyiny that recrystallization occurs by the continuous nucleation
of new grains, forming colonies. Growth of the new grains stops soon
after their formation, due to the concurrent work-hardening taking place
behind the migrating boundaries. The limiting size of the new grains
seems to depend only on the imposed strain rate and temperature ({.e.
on the work-hardening conditions) and not on the initial grain size.

Returning to Equation 1.4, it is of {nterest that the form of
this equation is similar to that used to relate subgrain size and stress
fn a number of materials which undergo dynamic recovery only(42"7'49).
In these cases, % = 0 again, but m=1 - 1.5. Because of the similarity
in the algebraic form of the stress dependences of recrystallized grain
size and subgrain size, we can express the flow stress in the steady
state as the following sum: '

, zone refined a-Fe

oy = o%4 abdpg+ kyd ' kydg ™! (1.5)

For /o 'é 3 and d_ <, Equation 1.5 becomes

I

g = av 4 kyd T4 kgd ot o (1.6)

where, o* is'lhiaieffective stress
po 13 e darutiy or {nternit sthess contrfbution of the -
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oy = kzd'] is the sub-boundary contribution to the internal
stress,

k3dg'i is the Hall-Petch strengthening contribution of the

grain boundaries, and

-1

k4dg is the component of substructure strengthening expressed

in terms of dg

»

The values of m = 0.75 and 1.0(36’40'46) obtained experimentally are
closer to 1 than to 172, indicating that the component of substructure
strengthe.aing k4dg -1 is likely to be greater than the Hall-Petch contri-
bution of the gr‘in boundaries k3dg -4 (50).

Returning to Equation 1.4, when‘oo = 0 we can write:

o = k,dg‘"‘ (1.7)

i In view of the above discussion, this empirical relation can
be regarded as evidence that under conditions of dynamic recrystalliza-
tion the flow stress is causally related, through the grain size and the
nucleus density, to thg subgrain size, rather than being directly linked
to the grain size itsétf. \ ' ‘ |

Although, in writing Equation 1.5, the Hall-Petch relation was

assumed to be valid at high tenperatures, this dependence has not been
established with any certainty. Some recent r‘eports(51 52) give quali-
tative support to the view that above grain sizes of 20 um, the high
temperature yield strength increases with decreasing grain size. This
1s an important quéstion to which we will return later when some experi-
mental results pertaining to the influence of grain size on the high
temperature yleld stress are presented dnd discussed.

1.4.3 Effact of Alloy Additi i ta

It has been observéd that the addition of solutes to alloys
affects the cowditions of ncmgammim 4n two ways. First, it reduces
_uﬁmnwﬂﬁmi tonmirmm tmw im«ﬂn driving




I
J

L
¥
£
|
1A
;

g * A 0
. o4 U shd
y 1. i 4 &,
- - o FXy -
ton M L Y g

e L it o

18.

force, and therefore the tendency.to dynamic recrystallization. This
may arise through the influence of solute concentration on the stacking
fault energy. Second, it may retard the migration rate of grain boun-
daries and consequently the rate of dynamic recrystallization. The
second effect {s exemplified by work on brass(s3 » plain carbon and
stainless steels(g), monel(“) and nickel-base supera]loys(ss). which
showed that the addition of alloying elements retards recrystallization
or even prevents it altogether.

In Ni-Fe aﬂoys(w), as the iron concentration is increased
to 20%, the stresses at the peak and in the steady state region gradually
increase. Increasing the iron content decreases the value of k] in
Equation 1.4, from 10 M?a/mno'75 for pure Ni to 5.65 Wa/nmo'?‘r’ for 20%
Fe. This indicates that, for a given flow stress, the grain size of the
alloy is finer as the Fe concentration is increased, because the dis-
salved iron increases the probability of nucleation and decreases the
rate of boundary migration, .

In alloys of copper in which the aluminum content varies between

"1 to 81(56),the flow stress at aconstant value of the temperature corrected

strain rate increases with the addition of up to 4% Al, but shows little
further change with 8% Al. These changes in flow stress arise as a result
of an increased work hardening rate and a decreased recovery rate caused
by the decrease in stacking fault energy with alloying.

When the solid solubﬂfty is exceeded and.a second phase 1is
present, the presence of such dispersed particles ténds to stabilize the
deformation subs tructure and to prevent or restrain grain boundary migra-
tion. Such inhibition or retardation of dynamic recrystallization has
been observed in austenite containing Nbc(57) and in Udimet 700 with y'
precipitate(se). This effect is of considergble importance in the com-
mercial process of controlled rolling.

1.4.4 Effect of Interruptions in Straining on the Microstructure

The 1nterruption of deformation during mechanical testing has
the same effect on the structure of the materfal as does the interval
between passes during rolling. As the steel passes through the rolls,
the deformation 15 applied 1n increwents (5-15%), with intervals of holding
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time between the successive increases in strain. On the second and
subsequent passes, the initial structure of the material is determined*
by the prior deformation schedule. In this respect, the interpass times
are as important as the deformation produced by each pass because they
determine the extent to which the grain structure can change between
passes. T

At high temperatures, and in relatively pure metals, the struc-
ture will bégi n to recrystallize dynamically during the second or third
pass. Aftgﬁr this pass, the material will recrystallize statically,
partially {br completely, depending on the length of the interruption
before restraining. The more severely strained regions can be expected
to recry<tallize first, so that the flow Stress in a subsequent pass
will be less than for uninterrupted rolling.

At lo;cer temperatures, or in the presence of particular alloying
elements, dynamic recrystallization does not occur during deformation,
although static recrystallization may still take place during subsequent
holding. In torsion testing, i1f partial recrystallization takes place
during the interruption, on restraining, the strain to the peak stress,
as well as the peak height are reduced. On the other hand, if recrystal-
1ization goes to completion during the interruption, then the flow curve
upon restraining resembles that of the previous cycle.

It !\s clear from the above that the effect of the holding interval
on the parameters of subsequent deformation are fairly complex. The
microstructurul\‘ changes taking place during the delay play an important
role in detemhﬂng the properties of the hot finished material. Because
of the importance of these changes, we will review in turn the various
processes taking place during the holding®terval, and their effects
on the structure and properties of hot worked materfals.

1.5 STATIC SOFTENING Pi : H1GH TEMPERATURE DEFORMATION

In the previous sections, attention was focussed on the softening
processes occurring during high Wlﬂm deformation. In the discussion
to come, the static softening processes that take place after high tempera-
ture deformation or between’ mmf hot working will be revigred
. and mmd i tmu Thise

*"&nh ﬁm o the following
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a) the recovery processes, which involve the annihilation
of dislocations in individual events,

b) the classical recrystallization process, in which dis-
locations are simultaneously eliminated in large numbers
as a result of the motion of high angle boundaries; this
generally takes place in regions which have been softened
previously by dynamic recovery and involves a distinct

'nucleation event,

c) the process of metadynamic recrystallization, which only
occurs after previous dynamic recrystallization and which
does not require any static nucleation.

1.6 THEORETICAL ASPECTS OF STATIC RECOVERY

The term recovery has been used to cover processes which do
not result in the replacement of'defprmed grains by new grains, but which
nevertheless lead to structural changes on a fine scale within the existing
grains. The mechanisms of recovery after high temperature deformation
are similar to those occurring after cold deformation and, as there are
few published data concerning the former, the factors affecting the latter
will be reviewed briefly. The driving force for both processes is the
reduction in strain energy achieved by the removal of excess point defects
and dislocations.

The progress of static recovery can be studied by structural
methods, such as the techniques of x-ray diffraction, and optical and
electron microscopy. It can also be followed mechanically by determining
the change in properties with time during recovery. An example of the
latter approach {s the classical work of Drouard et 11(59) in which the
recovery rate in deformed zinc single crystals was investigated using
flow stress measurements. In this study, the single crystals were first
deformed plastically in pure shear at -509C to some maximum shear stress,
oy Each crystal was then given an {sothermal recovery anneal at a parti-
cular elevated temperature T; after this it was returned to the shear
epparatus, brought back to -50°C and reloaded in plastic shear. The
value of the yteld stress in shear v on reloading was generally less

than o, and the miount of recovery X wié expressed és

.
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Here % is the value of the jnitial yield stress. Since X can
run from 0 to 100%, the amount of retained strain hardening is given by
(100-X). From these data, activation energies for the recovery process
can be obtained. It must first be assumed that Op=0 is proportional to
the number of unspecified defects which are causing the recovery. Then
an equation of the following type can be written:

d(o_-o)
——%—E—— = K(cm-o)ae_(%'r) (1.8)
Here a is an integer which represents the order of the reaction,.
Q is an activation energy, R is the gas constant, T is the absolute
temperature and K is the rate constant.
By rearranging Equation 1.8, the following expression is obtained:

d(o_-o "
[ i) ==j ol (1.9)

(om-O)d

If the left side 1s_now represented by some function
f of (c“rc). Equation 1.9 can be rewritten as:

flog-0) = che’(%‘f) (1.10) -

The value of Q can be found by plotting the residual strain
hardening (100~X) versus annealing time for a series of temperatures.
For this purpose, Equation 1.10 is rearranged to give:

t —1/Kfe(%-f) : (1.11)
or, in log form:

It ==In K+ In r+3h , (1.12)

el

Thus, from a series of values for t and T at constant (100-X),
Q can be calculated. ) )

™
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In this way Drouard defined the activati)on -energy for the
recovery of zinc to be 84 kJ/mol (20 kcal/mol), which is about equal to
the activation energy for self-diffusion in zinc. There are also
reports in the literature that the activation energy increases during
recovery(”'eo’m). Kuhlmann-wilsdorf(so) explained this by suggesting
that the most deformed regions, in which the stored energy is hWighest
and tr;e activation energy lowest, recover first. Similar findihgs uere
also reported by Michalak and Paxton(m) for zone-refined fron stminqd
5% in tensfon at 0°C. They found that the activation energy /ncreased
continuously during recovery. In zone-refined iron, the activation
energy Q was 92 kJ/mol (22 kcal/mol) at the start of recovery/ and increased
to 282 k'/mol (67.4 kcal/mol) at the end of{ recovery. H

They proposed that two mechanisms operate during #ecovery.

To begin with, there ’isg an excess of vacancies present and simple vacancy
migration is rate contrplling. As recovery proceeds, the excess vacancy
concentration decreases and the activation energy approaches that for
setf-diffusion. The results gbtained in fn plain carbon stee1(39) appear

to follow a similar pattern of behaviour, the activation enei*gy 1ngreasing
from 84 to 155 ki/mol Y20 to 37 kcal/ml). Higher values were not cbtained,
presumably because the other softening processes took over at longer delay
times. .

The increase in the activation energy for recovery with annealing
time can also be given an 1nterpretation fn terms of the theory of thermally
activated glide, A<;cordfn9 A0 this view, recovery is a stress dependent
process and thmfovt:h:ne in which the activation energy decreases with
increasing stress. stresses driving static recovery are, of course,
the internal stresses, and these decreise with annealing time. The decrease
in internal stress will, in terms of this theory, lead to an increase
in the experiments] activation energy. .

-
N

1.6.1 Recovery Kinetics - ,
‘ sum recovary is expstted to follow first order kimics(w' d
) &S given by:
i TR 4

62)

(1.13)
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c Here x is some property of the work hardened state and x =
On = O When x is a maximum. Furthermore k is a rate constant which
represents the probability that a given amount of softening occurs in b
unit time. The latter is in"turn given by: - %
k = K exp(-Q/RT) (1.14) B
so that - "
X = -k exp(-Q/RT)dt (1.15)
Equation 1.15 can be integratéd to give:
X . t
f dinx = -K exp(-Q/RTy dt (1.186)
X 0
where X = X, att = 0. d
Thus \
- 1n Xo/x = Kt exp(-Q/RT) = (1.17)
- .
. The above relation can also be expressed in terms of X, the
fractional softéufng. by, noting that X/x, = (1-X). Equation 1.17 can
B therefore be Wﬁtua afs | :
) . “ln('l t) - Kt éxp( Q/RT) 4 : - (1.18)
- ‘ 3.’
LT orast S 4
log(_m-x) - 0.4343 Kt exp(-Q/RT} , : (1.19)
: ° . ve way of amlyzing nemry behaviour 1s based on
N %ﬂ #6110ws WW mm:icc. that 1:, that:
;) "_s,; : L ‘ (1.2)
I[’:A'* i": ‘ )
o ‘%':j\?%' » ‘ :
b ',g’ff@' . g 3
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X
J dx = -rdt . (1.21)
- X (o] i '

4

or Xg-X = K t ‘exp{-Q/RT) ~ . (1.22)
. Equation 1.22 can again be expressed in terms of the fractional

softening X ,

1x = Kt expl-a/T) ' (1.23)

)

Accord}ng to Equation 1.23, the slopes of the curves should
depend onthe initial work hardened state, x., which is different for
each set of test conditions.
1,6.2 Effect of Experimental Variables on the Rate of Static Recovery

The most imqortant expérimental variables that effect the
recovery rate after high temperature deformation are the temgerature,
prior strain, strain rate and composition. In the report( concerned
with the first part of the present investigation, it was shown that the
recovery)%ate increases withdtémperature. strain and strain rate. The
effect of temperature on recovery raté i1s not as evident as it is on re-
crystallization rate, prob&bly because the amount of stored energy driving
the recovery process decreases as the deformatiop temperature is increased.
Because of the different driving forces at different deformation tempera-

tures, Ht is difficult to determine the activation energy of the process(39).

Increases in the prior strain lead to increases in the recovery
‘rate until steady state flow fs reached. This can be attributed to the
attendant increase tn dislocation density, and therefore driving force,
with strain until dynamic equilibrium is achieved.

The strain rate of prior working affects‘!he recovery rate in
a similar way. With an increase in strdin rate at a fixed temperature,
the recovery rate increases(”). ,The effect of solute or alloying additions

on the rate of static recovery is ong ‘of the subjects of the present thesis .

and wm be contidered 1n more éataﬁl’ be’lw‘

¥
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1.7 METADYNAMIC RECRYSTALLIZATION

In some of the studies concerned with dynamic recrystallization
(3]’33'40’63), it was reported that under certain conditions, deformed
materials can recrystallize statically very rapidly during the quenching
period. The rates of recrystallization were unusually high, but experi-
ments carried out by means of metallographic techniques did not lead to
a full explanation of the unusual behaviour. More recently, several
metallographic studies of hot deformed materials have produced further
evidence concerning some unusual features of the softening processes
occurring after high temperature deformation. These studies have included
investigations of the behaviour of hot-forged austenitic stee1(64'65),
(66), stainless stee1(67), HSLA stee1(67). pure copper(ﬁa) and

aluminum bronze(GB).

For example, the work of Pluhar, Zuna and associates

involved measurements of average grain size and dislocation density as

a function of delay time before quenching. Their measurements indicated

that two cycles of recrystallization were involved. The first one, which

occurred "very rapidly”, resulted in a dislocatfon density which was much

higher L.]Og/cmz) than that of annealed material and which was "very un-

evenly distributed". The second cycle of recrystallization occurred by

the "clear-cut nucleation and growth of new grains" and was followed by

a decrease in the dislocation density to a uniformly lower level, as

expected for the mechanism of classical recrystallizatfon.

The suggestion that three distinct softening processes took

place after high tempe}ature deformation was first introduced by Petkovic-

Djaic and Joﬁas(69’7°). They based their three-process concept on data

obtained from interrupted compréssion tests on various steels deformed

in the austenite phase. Accofding to their model, the very rapid recrystal-

lization cycle, christened metadynamic (or post-dynamic) recrystallization,

is a type of static softening process that can occur only after previous ‘

dynamic recrystallization (i.e. recrystallization concurrent with deforma-
o tion). According to this ”“(69.70 » the recrystallization centres

nucleated dyring deformation will, on interruption, continue to grow tnto

the surrounding deformed materizl. This process 1s only completed when

all the nuclei formed during' deforestion are exhausted, As this type

of recrystallization dous not require a nwcleation interval, 1t proceeds

a-1ron

(64,65)

[ “’\.11' .
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very rapidly upon the termination of deformation. Nevertheless, nuclea-
tion for static recrystallization can still take place in regions which
do not contain dynamic nuclei, thus accounting for the second cycle of
recrystallization observed by Pluhar and Zuna 64'65).

Although the model of Petkovic-Djaic -and Jonas » based
on mechanical tests, was in excellent circumstantial agreement with the
results of Pluhar and Zuna, which were obtained by metallographic means,
it was open to an important criticism. Because of the y-a transformation,
a metallographic investigation was not carried out in parallel with the
interrupted tests. Thus the agreement referred to above could have been

(69,70)

. fortuitous. In addition, whilst the model may have applied to the results

of Pluhar and Zuna, its applicability might have been limited to a few
special materials and so could have been of only limited utility. These
doubts concerning the model were among the principal motivating factors
for the present study and will be dealt with in detail later when the
results of this investigation are presented and discussed.

1.8 THEORETICAL ASPECTS OF STATIC RECRYSTALLIZATION

The literature shows that the mechanism of classical recrystal-
1ization after hot deformation is similar to that occurring after cold
deformation. We will therefore begin this section by reviewing some
theoretfcal aspects of annealing after cold working. The reason for the

similarity {s that both processes take place by nucleation and growth.
S

1.8.1 Recrystallization %}net1cs
1.8.1.1 Formal_theory

Recrystallization, 1ike many true phase changes, can be treated
as a nucleation and growth process. Thus the fundamental quantities of
interest are N, tﬁg rate of nucleatfon and G, the rate of growth of the
recrystallization nuclei. Many theoretical treatments of nucleation have
been reported in at ts to define a relationship for the fraction
recrystallized tn a given time in terws of N and G.

The forma] theory of recrystallization developed by Johnson
and Mem1 (71 wiis bised on four simplifying assumptions. Firstly, the
nucle! are assumd to fore randosly within the onrecrystallized material.

r t
4 T s :
" ' N ¥ e f . ' 3
I . . . o .
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Secondly, the nucleation rate N and thirdly, the growth rate G are in-
variant with time. The nucleation rate is defined as the number of’
nuclet that form in unit volume in the unrecrystallized material in unit
time. G is the increase in radius of the recrystallizing grain per unit
time. Finally, the nuclei are assumed to be spherical and this shape
is considered to be maintained until the growing spheres impinge on one
another,

The amount of deformed matrix absorbed as a function of time
can then be determined by a formal theoretical treatment(71'73). which
leads to the expression:

3.4
flt) — 1-e-(W/3NG"E (1.24)

where f(t) is the fraction transformed in a given time t. Equation (1.24),
when plotted on semi-logarithmic paper, leads to curves of the general

form shown in Figure 1.4, The shape of this curve changes somewhat with
different values of N and G, but remains fixed when the eiiression"kﬁ3

is constant. Thus, the amount of material transformed depends on the

value of this expression, rather than on the separate values of N and G.

Avrami LB took the formal theory of Johnson and Mehl a step
further by examining the effect of a possible change in the rate of
nudleation N with time. It was assumed that prior to transformation,
there are No'praferred sites for nucleation, each of which has a nuclea-
tion frequency y. These are gradually used up during recrystallfzation
so that the nucleation rate N decreases exponentially. Thus N = Noye'vt
in the Avrami analysis, whereas in the Johnson-Mehl treatment N = N v.
When this expression fs introduced into the theory, two expressions for
the fraction recrystallized are obtained, depending on the magnitude of
vt. L
When yt is Targe
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but when Yyt + 0, an equation similar to that of Johnson and Mehl is
obtained,

) - ]_e(—kG3Nt4)/4

Since the Avrami formulation has received general acceptance,
we will consider the derivation of the above expressions in more detail
below.

Avram1(74’75) assumed that, after an incubation period r,
nuclef of strain-free grains begin to grow from a number of sites in the
cold-worked matrix. If D is the diameter of such a growing grain, then
she considered that D varies with time t as described by

D = G(t-7) (1.25)

Here the nucleation time t is inversely proportional to the
nucleatfon rate N. To obtain the expression for fraction recrystallized

as a function of time, relatfon (1.25) can be extended in three directions

(x, y and z). Then the volume v of a particular recrystallized grain
at time t can be expressed as:

v - foGsz(t,--c)a (1.26)

Here f is a shape factor, and Gx' Qy and Gz are the linear
growth rates in the three directions x, y and z, which are assumed to
be independent of time.

In the earlier treatments of nucleation, the number of nuclei
orfiginating in the time interval dt was written as dn' = Ndt. However,
Avrami felt that this was incorrect, because it included the number of
"phantom® grains that would have appeared in the recrystallfzed volume
X had this particular volume not already been filled with recrystallized
grains. To correct for this quantity, Avrami redefined the number of
nuclei dn originating in the time interval dt as

‘dn = N(1-X)dt = dn'-NXdt (1.27)
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where NXdt is the number of these "phantom" grains.
The "extenddd" volume fraction Xe;. which includes the phantom
grains, was defined by Avram1(74) as

!
xex - _Z;dn (1.28)

Substitution of Equations 1.26 and 1.27 into 1.28 leads to the
expression:

oy = fsxeyezl(t—r)am | (1.29)

The ratio of the extended volume fractian to the real volume fraction
fs given by the relatfon '

dX/dXex - (1-X) ‘ . (1.30)

Thus
. o " = -
I’xex - z:t)(/(l-x) - xex = -In{1-X) (1.31)

and, using this equivalence in Equation 1.29, we obtain

In1-x) = fe&, ‘Zit-t)sﬂt‘lt‘ ~ (1.32)
or
X = l-exp(-f st’ezzit«)’mn ‘ (1.33)

In the Johnson and Mehl approach, where the nucleatfon and -
growth rates were taken to be constant, and the values of t were con-
sidered to be negligibly small, Equation 1.33 can be written as:

X = Toop(-f(5,6 6,0 4N . (1.34)

The time wxponent n derived in this manner has the value 4, which has
been observed to hold for the formation of peariite from mtonium’.,“*'
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0 for example, the process for which the equation was derived.

i In the more general category of isothermal reaction kinetics,
however, the exponent n has been observed to vary from 0.5 to 2.5 and
range as high as 6 occasionally(76). Thus the Johnson and Mehl equa-
tion does not apply to these data in 1ts original form. In the form of
Equation 1.33 proposed by Avrami, on the other hand, this discrepancy
has been overcome, as will be shown below. Avrami took N = N(t) and

T 4 0 in her analysis. The assumption that t ~ 0 is very useful because
it is very difficult to establish the reaction "start" time. In any
event, the assumption that t + 0 introduces negligible error(76). The
assumption that N = N(t) is a more useful one. When a value for N of
A/tv, for example, is substituted in Equation 1.33, the following rela-
tion is obtained:

X = Tl-exp(-f GxGsz]t‘?A/tvdt} {1.35)
; or (]
3-v

v X 1-exp(-f GxGszA,Zt dt } (1.36)
Feu
E‘ It can be seen that Equation 1.36 leads, on integration, to
e '
k. X = 1 k
L = -exp(-8t") (1.37)
‘g:,
F. where k = 4-v,

2

#
B

From the above it is evident that it is the relaxation of the
invariance of N which permits the time exponent k to adopt values which
differ from 4, and are therefore in better agreement with experimental
data.

R
L.

The above theory applies only if nucleation is taken to be a
random process. This is one of the weak points of the theory, because
nucleation during recrystallization is not completely random, as nuclei
do form at favoured sites such as grain boundaries, phase ‘interfaces,
twins, deformation-bands and the surface of the material. These sites
can often be characterized as regions of heavy distortion or of high
! . dislocation density, because they are generally located in the vicinity
% of marked changes in orientation.

-
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1.8.2 Recent Theoretical Developments Concerning Nucleation Mechanisms
Recent fnvestigators have distinguished three main nucleation
mechanisms: 4
A.  the bulge model of nucleation,
B. the subgrain growth model, and
C. the subgrain coalescence model.
These will now be discussed in turn.

1.8.2A Bulge nucleation model :

Bailey and Hirschrll) derived a thedry describing the progress
of recrystallization, not in terms of N and G, but in terms of the changes
in surface energy and strain energy which occur during the growth of
nuclef. They developed an expression for the rate of-growth of recrystal-
lized grains using a model where a length of boundary 2L bulges out to
form a spherical cap of radius R and then migrates, as shown in Figure 1.5.
The driving force is assumed to be the difference in strain energy (i.e.
dislocation density) across the boundary. Grain A (Figure 1.5) 1s taken
to have a larger dislocation density than grain B. This difference provides
the driving force for the grain boundary to bulge between pinning points
1 and 2, as shown in the illustration. If AE is the stored energy dif-
ference per unit volume across the migrating boundary, vy is the surface
energy and A is the surface area of the bulge, the rate of growth of the

bulge can he given as:

dv/dt = Abf{aE-y(dA/dV)} (1.38)
Here b3 is the volume occupied by one atom, and f is the jump '

For grovith to occur, dV/dt > 0 and thersfore {E-y(dA/dV)} must
be positive. If the rate of growth of the récrystallizing grain is
expressed in terms of o :

7
i

do/dt = (BF/L)GE-(2r/L)stna /m«) RGE )

.- . . . , g -
~“and 1t follows that the condition for growth to eccur fs:
. ‘ /

i
1
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¢ L > 2y/aE (1.40)

for all values of a. )
The model of Baﬂey\nd Hirsch(M) is compatible with the usual

kinetics of the recrystallization process and is in broad agreement with :

the Avrami equation.
It 1s of interest that in a recent study of the recrystalliza-

tion phenomenon in pure copper and aluminum bronze 68 » N0 evidence for

bulge nucleation was detected. ‘These experiments were conducted continy-

ously in a photoemission electron microscope, and the bulging out of an

existing grain boundary to initiate recrystallization was never observed

in any of the specimens studied. Nevertheless, there seems to be no doubt

that the bulge nucleation mechanism is an important one and commonly

occurs in moderately deformed metals(“). Even in heavily deformed

materials, in which the grain boundaries are difficult to observe and

therefore active bulges are difficult to detect, it 1s still possible

that the bulge mec'hanisnn operates(“).

¥

The concept that a recrystallized grain may be forwmed by gradual
subgrain growth was introduced by Cahn”a). According to his theory,
the highly curved regfons in a deformed crystal become relatively strain
free by polygomzqtion(sz"g). A given polygonized subgrain then grows
at the expensé of its neighbours, developing into a recrystallization
nucleus. p (80) |
Cottrell extended Cahn's theory by including another condi-
tion for nucleation, that of the presence of a high-angle boundarjy. since
only these boundaries have the necessary kinematic freedom for motion
in arbitrary directions. This conditfon immediately restricts nucleation
sites to regions of strong curvature. At first, while the angles between
Ppolygonized subgrains are still small, growth takes place rapidly, because
of the relatively high mobility of sub-boundaries of very small angle.
In the rapid phase, the dislocations within the cells are attracted into
| the cell walls #nd the vidandamt mﬂmﬁm fn the cell walls amnihilate
sch other, mmu b tixTocation mms sefariting the polygoms!
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crystall1tes(8]’82). The formatiop of a cellular substructure in cold

worked materials and of subgrains in hot worked materials is 11lustrated
schematically in Figure 1.6. ‘

Eventually, when the angles approach the range of a. few degrees,
growth becomes much slower. Finally, one of the subgrains reaches the
critical size necessary for rapid growth and then becomes recognizable
as a new unstrained grain separated from the nefghbouring subgrains by
a high-angle boundary(83’84).

1.8.2C Subgrain_coalescence model g
The coalescence of subgrains(es) may be explained by the move-
ment of cislocations from a disappearing boundary into the adjoining
boundaries around the subgrains. A schematic representation was given
by Li(BG) at about the time that Hu(83) reported his extensive electron ,
micrographic observations of recrystallization in silicon-iron single
crystals. The latter's thin-foil electron micrographs showed that some
subgrains grow preferentially in the microband regions by a coalescence
process, during which certain sub-boundaries disappear without migration.
It has been proposed that coalescence is achieved by the rotation of one
or more adjacent subgrains, until the disorientation is removed(ss)
Subsequently the large coalesced subgrains become recrystallization nuclei.
McQueen and Jonas(so) in their recent review have suggested
that the actual mechanism of nucleation depends on the SFE (and therefore
the metal) as well as on the strain, Figure 1.7. The subgrain coalescence
mechanism can be expected to occur easily in metals of high stacking
fault energy, leading to the establisment of regions of low internal
dislocation content surrounded by boundaries of high misorientation capable
of udgratiug(87), Figure 1.7(a). In metals of Tower stacking fault energy,
severe straining creates localized high densities of dislocations which
transform into mn angle boundaries upon amaling(“), Figure 1.7(b).
" When the amount of prior straining s reduced, then the mechanism of grain
boun&ary bulging takes place. This process entails the bulging out of .
" a short swt of an c;mm Mﬁ miu mm into a region of
| mm dem iy, ﬂm 1 m’) «
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1.9 STAIIC RECRYSTALLIZATION AFTER HOT WORKING ¢

The occurrence of static recrystallization after the hot working
of steelis very difficult to study quantitatively. This is because 1ts
progress is not readily followed by means of optical metallography and
also because the intervention of metadynamic recrystallization tends to
obscure such results as are obtained. For example, laboratory investi-
gations carrfed out by several workers have shown that low alloy steels
recrystallize rapidly after deformation in the austenite range( 90)

‘On this basis, 1t was concluded(gl) that complete recrystallization probab y

occurs between rolling passes at almost all hot working temperatures.

Such & simple picture does not, however, allow for the complex effect

of the va: fous experimental variables involved in hot working, such as

the prior strain, strain rate, temperature, holding time and concentra-
tion of alloying elements. It will be an aim of the present work td
consider the influence of these variables in some detail in selected
materials. Before turning to the results of this investigation, we will
first review some of the published information concerning static recrystal-
l1ization after hot working.

1.9.1 Recrystallization Kinetics

A general expression describing a nucleation and growth process
is the Avrami equation (1.37), already introduced in Section-1.8.1, 1n
which the parameter k is a constant governed by the time-dependence of
the nucleation and-growth rates. This equation was used to fit the
experimental data in a recent Study by Glover and Sel'lars(ss) dealing
with recrystallization kinetics after hot working. They found that, for
vacuum-melted and zone-refined iron, k varied from ~1 to ~2, depending
on the prior structure. After previous dynamic recovery (i.e. for clas-
sical recrystallization), k = A2, and -after previous dynamic recrystal-
Tization (i.e. for metadynamic recrystallization) k ~l. Similarly,
in an earlier study by the present n'rkor(a). the value of k in plain
carbon stee! was also observed to depend, albeit more weakly, on the
nature of the prior softening mechanism, vary}ng in the range 1.2 - 1.6.

By cemparison, Mchalak and Hibbard found that for OFHC

copper, k mnd !m 1.1 to 1.5, mm mx the annealing temperature.
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For the same material and similar conditions, Gordon(93) observed that %1
k ranged from 3,1 to 3.9, whereas Decker and Harker(gd) reported that ’
k fell between 2.1 and 3.2, depending on the recrystallization tempera- ;I
ture. Thus we see that values for k ranging from 1 to 2 have been
reported for recrystallization after high temperature deformation, whereas
the wider range of 1 to 4 has been quoted for annealing following cold
working.

Decker and Harker(94) have suggested that differences in the
exponent k following cold working also depend on the amount of concurrent
recovery, with small values of k indicating that considerable recovery
has taken place prior to or during recrystallization.

In a more recent investigation, Hayes and Shyne(gs) studied

the influence of ultrasound on the kinetics of recrystallization in cold |
rolled copper. It is of interest that, although concurrent irradiation

increased recrystallization rates by factors of 30 to 100, the values

of k for both irradiated and non-irradiated samples were in the range £
1.1 to 1.2. Since the value for k was not appreciably changed by the

action of ultrasound during recrystallization, they concluded that the
superposition of acoustic vibration did not alter the form of the time
dependence of the nucleatfon and growth rates for recrystallization.

Finally 1t should be noted that in the work on aluminum bronze
and pure copper described earlier, in which recrystallization was observed
by means of photoemission electron microscopy, the authors conc]uded(ﬁa)
that an equation of the Avrami type could not be used. They considered
that the kinetics of recrystallization after hot working were not amen-
able to analysis by the means described here because two different recrystal-
lization processes were interacting sinultaneousf& during the cooling
fnterval,

3
~

1.9.2 Experimental Variables Affecting Recrystallization

1.9.2A Effect of inclusions and _precipitates on recrystallization
Inclusfons and precipitates have similar effects on recrystal-
lization. Necleation can be retardad or acce?«ratad, depending on the

particle size and 1ntorpart1cle spacfng It the particles aré large and

\




the apacing is coarse, then nucleation is accelerated(ﬁz’gﬁ). Such

acceleration has been attributed to the high dislocation densities
produced in the neighbourhood of the particles by the previous deforma-
tion. But if the precipitates interfere with the growth of subgrains
during the nucleation stage, then they act as barriers, preventing many
of the cells from growing and in that way retarding nucleation.

It has been reported that Nb additions retard recrystallization
(90’97'98). For example, Cordea and Hook(go) have reported that the
recrystallization of austenite in the temperaéure range from 870°C to
1040°C was retarded when as little as 0.02% Nb was added to a 0.10%C steel.
A similar effect is observed in the case of V additions, but the effect
is weaker than for Nb(90‘97). Kozasu and Kubota(97) also found that Al
additions accelerated recrystallization, as did the presence of N. A
simiTar study was conducted on a 0.06% steel by Herrnstein et al(gg).
in which they observed that additions of 0.24% Ti retarded softening after
hot deformation at 870°C and 950°C.

The exact mechanisms by which the various additions retard
austenite recrystallization is not clear. There {5 some evidence to
indicate that deformation promotes precipitation in the austenite. The
precipitation can be expected to occur on sub-boundaries and in that way
to retard the subgrain growth mechanism(97"oo). Another possible explana-
tion(go) is that precipitated alloy carbides interact strongly with dis-
locations and stacking faults during deformation, thereby retarding recovery
and subsequent nucleation by one of the other mechanisms. However, the
higher stored energy of deformation in the structure would then be expected
to promote faster growth rates.

The retardation of grain boundary migration by solute {mpurities
has been discussed by several investigators. Licke and Detert(]OI , for
example, assumed that impurity atoms in solid solution tend to segregate
to grain boundaries because of an {nteraction between the solute atows
and the boundaries. When a grain boundary loaded with impurity atoms
is forced to move, the dra_m!ngmtion of the impurity atmosphere is the
source of a drag force on the boundu-y At 1ow boundary velocities,




R
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the impurities diffuse behind the boundary and consequently its velocity
is governed by the diffusion coefficient of the solute in the matrix.
At high boundary velocities, the boundary breaks away from its solute
atmosphere and boundary motion becomes solute independent. Thus at low
boundary velocities, QG is equal to the activation energy for the dif-
fusion of solute in the matrix. At high velocities, the activation energy
is equal to QB(§32§ activation energy f?yoggundary self diffusion).

Cahn and Lucke and Stuwe , have attempted a more rigorous
formulation of the effect of impurity drag on moving grain boundaries.
As in the theory of Lucke and Detert, two limiting conditions of motien
are found, impurity-controlled migration at low drag forces and large .,
solute co itents (QG > QB), and impurity-independent migration at high
driving forces and low solute contents (QG = QB).

e e e e R e L T T

found that, after previous cold workiﬁg,

nucleation and growth rates both increase with strain. But because the

nucleation rate increases faster than the growth rate, increasing strain

restricts the growth of recrystallized grains and leads to the production

of finer recrystallized grain sizes. This effect has been attributed

by Anderson and Meh1(72) to a decrease in the activation energies for

nucleation and growth with strain. The results of these workers(44’72)

lead to the conclusion that the rates of nucleation and growth should

decrease with the amount of prior recovery. The extent of retardation

due to recovery can be expected to depend on the materfal, its purity,

the temperature, the grain size, the orientation of the grains with respect

to the strain, and the amount and mode of deformation. The retardation

should be more pronounced at lower temperatures, since recovery processes

proceed with Tower activation energies than those for static recrystallization.
When it comés to, behaviour in the hot working range, several

recent investigations are of interest. These have been concerned with

the influence of the amount of prior strairi‘on the rate of recrystallization

and on the recrystallized grain size, and were carried out on bec silicon

iron‘“"m). fcc austenitic stainless steel 106, 106) and plain carbon

steel in the austanite r‘“y‘(69.107-109). '
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& Some of these data are collected(sg) and illustrated in

Figure 1.8. Here it can be seen that the time for 50% softening by
recrystallization decreases by as much as two orders of magnitude with .
1 increasing strain, finally levelling out when the steady state is reached. 7%
For deformation between the critical strains for static+ and dynamic ‘
recrystallization, the increase in rate can be attributed to the increased

driving force. When the strain is greater than the critical strain for

dynamic recrystallization, the increase in recrystallization rate with

strain is accompanied by a decrease in recrystallized grain size. The

grain size becomes independent of strain when steady state flow is reached.

.-

1.10 THF INTER-RELATION BETWEEN THE THREE PROCESSES OF STATIC SOFTENING

Detailed analyses of softening behaviour after hot working were
very difficult to achieve in the past, due in part to the limitations *fr
of the testing techniques employed. Furthermore, these restoration processes
occur very rapidly and are freqdent]y completed in one second, or in a
small fraction of a second. It is, therefore, readily understood why ;
only limited data can be found in the literature on this subject. Much
insight has, however, been gained through the use of a new experimental
method employing interrupted mechanical tests. This technique which will
be described in detail 1Fter,,has been employed successfully over the
past few years by a number of \r~escaa.'|r(:her's(39 57,67,69,70,89,90,104,107,
llo'l]l)who have been able to distinguish the time dependence of the
various restoration processes that take place after hot working.

The principal feature of the softening curves obtained by
1nterrupted testing that had not been observed during the annealing of
cold worked material was the presence of multiple softening plateaus or
arrests along the curves. Several workers(39 67,69,70,89,90 have
reported that the softening curves after hot working exhibit one or two
arrests along the curve, depending on the strain rate, temperature and *
interruption stratw. The first plateau was associated, by these workers,
with the completion of static recovery, and the associated delay in
softening until the rate of static recrystallization becomes apprecfable.

*The criticdl strain for static rtcnystlilization was found to be of the
order of 10%.
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The cause of the second arrest, when present, has not however
been attributed to a unique source. For example, Capeletti et al(67)
explained the first plateau as being due to the saturation of recovery,
but gave two different explanations for the presence of the second
plateau in the two materials. In the HSLA steel, they suggested that
NbC precipitation caused the second plateau to appear, whereas in 304
stainless steel, they concluded that thermal microtwinning was the rele-
vant softenfng mechanism. These explanations are not completely convincing,
however, as the appearance and duration of the plateaus vary in a similar
way with increases in strain in the two materials. It is at least pos-
sible, therefore, that the same softening mechanism is responsible for
the presence of the additional plateau in both materials.

Extensive investigation of the softening behaviour of low and
medium carbon steels by Petkovic (previously Djaic) and Jonas(39’69'7o)
has enabled an alterndtfve hypothesis concerning the static mechanisms
of softening to be formulated. This hypothesis is based on three distinct
softening mechanisms. The operating ranges and interrelationships between
the three softening mechanisms are delineated in Figure 1.9, in which
the effect of strain on the softening proportions attributable to each
of the processes is illustrated. The region identified as I on the diagram
represents softening by static recovery; similarly regions II and III
represent softening by metadynamic and by classical iecrystal]izaiion,
respectively. The region ABCD is a "forbidden zone", which cannot be
entered under normal experimental conditfions. The diagram indicates that
at strains below the critical strain for static recrystallization (an
arbitrary 8 pct was used in the construction of the diagram), the only
restoration process that operates is static recovery. When the strain
exceeds 8 pct, but s léss than 16 pct, static recovery is followed by
static recrystallization, the proportion of\sofienjng produced by the
two mechanisms being given by the vertical distances above and below
BF. When the interruption strain exceeds the strain required to reach
the peak of the flow curve (arbitrarily selected as 16 pct in the con-
struction of the diagram), the dynamic recrystallization nuclei formed
during straining are free to serve as nuclei for the ensuing restoration,
which his been termed metadynamic rncrystallizatiqn. As the prior strain
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Figure 1.9 Schematic representation of the interrelatfon between the
: three softening mechanisms [after R. Petkovic-Djaic and
J.J. Jonas, Ref. 69) | --




s increased from the peak (16 pct) to the steady-state strajn (32 pct),
the interruption flow stress drops as’ a result of the increasing contri-
bution of dynamic recrystallization té the dynamic softening processes.
It can be inferred from the above that the density of dynamic recrystal-
11zation nuclei increases with strain between 16 and 32 pct. 'The
j increasing nucleus density, in turn, leads to the decreasing importance
of classtcal recrystallization indicated by the 1fne FE in Figure 1.9.
) Unfortunately, a supporting metallographic investigation was
// not carried out on the samples produced by .the interrupted tests(sg’go).
l This was partly because of the difficulties introduced by the vy to a “
transformation, and also because of a lack of the time required. Thus
the conflict between the interpretation of Capeletti et a1(67) and the
. present author could not be resolved. This conflict provided one of -the
motivating factors for the study described below; it will be for the
reader to decide whether the results obtained are sufficient for a con-
sensus coqg:erni ng thé controversy to be attained. |
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CHAPTER 2

EXPERIMENTAL MATERIALS AND PROCEDURE

The purpose of the research described in this thesis was to
investigate the influence of various deformation and delay conditions
on the kinetics of static recovery and recrystallization following hot
deformation. This aim was achieved by the development of a quantitative
method for the investigation of softening behaviour based on mechanical
measurements at the deformation temperature<39). Although several
1nvest1gators(67’89’90"07’111) have tried to achieve this end using
other te.t methods, e.qg. tensiOn(67‘89“07), torsion(]12) and cam
plastometry(]]]), for a reason that will become apparent below, the
compression test was selected as being the most suitable for the purpose

of the investigation.

2.1 THE INTERRUPTED COMPRESSION TEST

The method developed in the present work to examine the
softening behaviour of a variety of materials is illustrated in Figure
2.1. The test method is based on the principle that the yield stress
at high temperatures is a sensitive measure of the structural state of
the material. Samples are loaded at a constant true strain rate to some
prescribed strain and then unloaded and held at zero load for {increasing
time intervals. The samples are subsequently reloaded at the same strain
rate as before. The magnitude of the yield stress on reloading is governed
by the degree of structural change that has occurred during the holding
fnterval, and can therefore be takeén as a measure of the progress of the
static softening processes. After a short hdlding time, t1 in Figure
2.1, the flow stress on reloading rises rapidly to a stress level compar-
able with the unloading stress. On the other hand, after a long delay,
tes the stress-strain behaviour on reloading approaches that observed
during initial loading of the annealed material. It is evident from the
foregoing description of the test that precise measurements of yield
stress are essentfal to this type of testing procedure.
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The earliest investigations of this type utilized the tension

test(67’89’90’]07). The tension test, however, has many inherent limi-

tations when used in the present context at high temperatures. For
example, the true strain rate is not, in general, held fixed, and constant
crosshead velocities ar% used instead(6’8’24’89’]13’]]4). This 1is,
unfortunately, particularly inappropriate at high temperatures, where

the rate sensitivity tends to be rather high. A constant true strain
rate tensfon test is difficult to achieve because of the onset of necking
(the necking strain is typically “0.2 - 0.3 for many steels). ‘Further-
more, the onset of necking precludes the metallographic examination of
material behaviour at high strains. The latter limitation also leads

to difficrulties where interrupted tests are concerned,since reloading

. may be carried out on previously necked samples, thus rendering the yield
“stress" on reloading ambiguous.

Although the torsion testing of solid bar specimens can elimi-
nate the problems associated with necking in tension, and high strains
can therefore be achieved, the strain, strain rate and stress gradients
along the radius of torsion samples again make yield stress measurements
rather dubious(7’3]’]]2’]15'1335.

Somewhat better results can be obtained with the aid of inter-
rupted compression tests using cam plastometers(]l1). The major advantage
of these machines is that strain rates comparable to those found in
industrial hot working practice can be readily produced. Here the-constant
true strain rate is achieved by driving the compression tooling with a
specially profiled cam. During an interrupted test, the strdin to inter-
ruption is determined by the design of the cam. Consequently, for each
interruption strain, a different cam is generally required. The technique
is therefore rather inflexible and expensive.

The present test method uses an Instron testing machine and
has the advantage gf flexibility in both the interruption strains as welu
as the delay times. A disadvantage is that the velocity limitations of
the Instron drive system constrain the testing range to strain rates
below 0.5 s (that is about one and a half orders of magnitude slower
than those typically found in plate mill practice). The technique {tself,
however, can be used in electro-hydraulic machines (e.g. an MTS system), »
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4 ‘ where this upper limit of strain rate can be raised to about 5 s .
L The details of the testing system and the control of the experimental
variables are described below, after the materials and sample geometﬁy :

are outlined. p

2.2 EXPERIMENTAL MATERIALS |
The stimulus for the present study arose from the results

obtained on the softening behaviour of a series of plain carbon austenites

(39’69'70). Interpretation of the previous results waé restricted,

however, because metallographic analysis of the developed austenitic

structures was prevented by the y to a transformation. It was proposed,

therefor:, that a model material should be selected in which no such

transformation occurs. The initial choice was type 304 stainless steel.

Unfortunately, this material did not exhibit dynamic recrystallization

at temperatures below 1100°C. Consequentiy. as an apparatus was not

available for testing and subsequently quenching at these.temperatures,

the type 304 could not be taken as & model for plain carbon austenite.

Subsequently, a series of tests was carried out on high purity copper,

but in this case dynamic and static recrystallization were so rapid,

that the progress of static softening could not be easily followed with

the present equipment. To assist with this problem, a series of copper-

based solid solution alloys were specially prepared by the Olin Cmr‘poraticm.Jr

Some of these alloys exhibited suitable stress-strain and static softening

behaviour, but the small experimental melts resulted in significant

segregation, which Ted to a lack of reproducibility in the\ test samples.
Finally, commercial tough pitch copper was selected as the

mode! mate'rial.% The test samples were all prepared from one G-meter

length of cold drawn, 9 mm diameter round bar. Such a large quantity

of the material was required because of the large number of tests .

envisioned (~700 tests). ' i
In addftion to the experiments on copper, two other series of A

tests were carried out to compare the softening behaytour of & HSLA
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(high strength Tow alloy) steel containing Nb(Cb) and that of a plain
carbon steel of similar chemistry. The HSLA steel was supplied by the
Steel Company of Canada Ltd. and the plain carbon steel by the

Sivaco Wire and Nail Company. The analyses of the three main experimental
materials are given in Table 2.1.

2.2.1 Specimen Preparation
The compression samples were machined from the avaflable rods.

into right cylinders 11.4 mm in height and 7.6 mm in diameter, as shown
in Figure 2.2. The dimensions selected were based on the load capacity
and crosshead speed range of the Instron and on previous experience with
the equi'ment(39 ]34']37). The end faces of the samples were grooved
(39,104,134,136,138) in order to retain the glass lubricants used in
high temperature deformation. The choice of groove geometry was based
on the work of Luton(]34). He found that the best results were pbtafned
with flat bottomed grooves, where the grooves are wider at their bases
than are the ridges between them. The modified 2 teeth/mm thread chaser
used to produce the required flat-bottomed grooves is shown in Figure 2.2.
In order to minimize differences in the inftial structure of
the samples to be tested at different temperatures, all tough pftch
copper specimens were strain-annealed as follows. The samples were first
prestrained in compression between two polished platens using an MTS
testing machine. The strai‘ned samples were then annealed for 16h at
900"c"39,). The resulting mean grain size was 0.6 mm. Prior to straining,
a layer of teflon tape was placed at the ends of each specimen to act
as a lubricant and to help prevent Aconapse of the grooves. In this way
no apparent barreling occurred. Pilot tests were used to determine the
prior strain required for a recrystallized grain size of 0.6 mm; this
was 0.02, which was found be insufficient to damage the sample grooves.
Prior to annealing,\the samples were\degreased carefully in
carbon tetrach'loride. us‘ln ultrasonic scrubbing. rinsed in methanol and
dried. The samples were then placed intp Sen-Pak! stainless steel

¥ Registered trade mark of Sentry

]

.s Foxborg, Mass..




TABLE 2.1 Chemical Composition in wtX of the Materials Tested

>

LB W 5 % W 5
D .09 <.05 0.015 <.005 .04 <3ppm
€W St F 3% tr_ W Mo _Cu AT Sn. W
.07 1.18 .57 .008 .002 .114 .073 .032 .064 .064 .005 .074
.06 .41 .10 .2 031 .02 <01 <0 .02 <0 <01 -
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annealing'enve]opes (10 specimens per pack) and the envelopes were
introduced into a fused quartz furnace tube heated by a Marshall three-
zone split furnace. The annealing envelopes were placed together in a

" zone where the temperature variation was less than t 19C from the set
point value. The quartz tube was sealed and connected to an argon
supply system. The chamber was evacuated and purged with argon five
times before argon was allowed to flow through the chamber at 0.6 1/min,
a positive pressure‘of 30 kN/m2 being maintained throughout. The
annealing temperature was monitored b& a chromel-alumel thermocouple
placed next to the sample packs. At the end of 16 hours, the envelopes
containing the specimens were removed from the furnace and quenched in
water. The samples treated in this way were bright with no trace of
surface oxide. -

2.3 EXPERIMENTAL EQUIPMENT ‘ :

The compression test assembly was designed for the 10,000 kg ¥
(20,000 1b) Instron testing frame shown in Figure 2.3. The Instron
frame was a model TT-D and was equipped with an extra decade speed Rt
reducer, which produced a crosshead speed range of 50 ¢m/min (20 in/min)
to 0.05 cm/min (0.002 in/min).

The basic design of the compression assembly used in these
experiments has been described fn detail elsewhere(39']34’136'140). Th
important features of the compression train are the loading members,
consisting of the upper and lower anvils and supports illustrated in
Figure 2.4, One of the features of the apparatus is the facility by
which the test samples can be quenched after each test. This was achieved
by using a hollow lower anvil support. '

' Before starting experimentation, the present author modified
the basic design described above to make it more sujtable for inter-
rupted tests. In addition, a completely new design of loading train was
prepared for tests at temperatures in excess of 1000°C. Details of the
modi fications to the original equipment as well as the new loading train
will now be described.
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2.3.1 Compression Tools for High Temperature Service

The essential features of a compression train are the upper
and lower anvils and their supports. The design of these components
depends critically on the service temperature and therefore on the
materials chosen for their fabrication. In the present work, the tests
carried out on copper were in the temperature range 400 - 600°C. In
this range of temperatures, the conventional equipment uti}izing nickel-
base superalloy tooling was considered adequate. However, experience
with earlier tests(39’70) indicated that there is a tendency for the
superalloy anvil faces to become indented after three or four test cycles.
The loss of smoothness of the anvil faces leads to imperfect flow of
material at the anvil/sample interface, in spite of the use of suitable
lubricants. .

To overcome this difficulty, it was decided to use high purity
alumina inserts in the anvil surfaces. Such ceramic inserts have to be
retained positively by the superalloy anvils because a substantial tensile
force is generated during unloading of the samples. This force is required
to break the adhesive glass film betwéen the sample and the anvils.which
is present by virtue of the glass lubricant. The solutfion to this problem
involved the preparation of flat discs of alumina with conical edges,
as shown in Figure 2.5. The semi-apex angle of the conical surface was
chosen so as to minimize looseness of the inserts when the difference in

‘thermal expansion coefficient between the two materials fs taken into

account.

The insert was attached to the upper anvil using a conical nut,
as shown in Figure 2.5. The same technique could not be used on the
lower anvil because of the presence of services such as the argon supply
tube, the quench lever and thermocouples. Here, a tapered circular recess
was machined into the center of the lowér anvil. The maximum diameter
of the recess was designed to be 120 ym less than maximum diameter of
the insert. To attach the insert to the lower anvil, the anvil was first
heated to ~800°C and the unheated ceramic facing was then inserted into
position. On cooling, the ceramic insert was held rigidly in place by
the contraction 'of the superalloy. At high temperatures, the insert was
still positively retained, as the difference in the amounts of thermal

+
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expansion in the two materials was insufficient to loosen it. Before
placing the anvils in service, the surfaces of the ceramic inserts were
ground flat.

2.3.1.1 Molybdenum Based Alloy Tools

The recommended maximum operating temperature for nickel- base
superalloys is 950 %. For temperatures in excess of 1000°C. the preci-
pitation hardening agents tend to redissolive, which leads to a consider~
able drop in the strength of the components. For the experiments on thé
Nb-bearing HSLA steels, however, the austenitizing treatment called for
heating the compression tools to 1200°C. In view of this, it was decided
to experinent with alternaiive tooling materials. To begin with, a set
of tools identical in design to the nickel base superalloy ones was made
from TZM'. This material retains its high strength characteristics up
to 1300°C. However, as it is a molybdenum-based alloy, it is very
susceptible to oxidation at elevated temperatu?es.' To overcome this
difficulty, the tools were plasma spray coated with magnesium-zirconate.
The coated tooling was found to behave well at elevated temperatures up
to 1200°C. Unfortunately, the rapid temperature cycling inherent in the
test procedure ultimately led to spalling of the protective coating, with
consequent oxidation of the tools. Furthermore, the thermal cycling
caused rapfd grain growth in the TZM alloy, which resulted in embrittle-
ment of the material, and ultimately led to cracking of the components
during re-machining and maintenance. Because of all these difficulties,
it was decided to abandon the use of TZM alloys.

2.3.1.2 Ceramic Tools

In consequence, the compression train was completely redesigned
to accomodate the use of solid bars of high‘purity alumina for the upper
and lower anvils. The alumina bar stock was especially prepared and
supplied by McDanel Refractories Inc. in the form of 3.8 cm (14") diameter

s1ip cast round bars.

¥ Trade mark of the Climax Molybdenum Company.
Composition: minimm 0.5% T1, 0.1% Zr, 0.01% C, balance Mo.

¢
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In high temperature compression testing, precise definition
of the initial yield stress requires that the anvil faces arg parallel
and perpendicular to the axis of loading. In the case of all the tooling
systems described above, the end faces were ground perpendicular to the
loading axis prior to the assembly of the equipment. This procedure
typically }esulted in the anvil faces being parallel to within 12 minutes
" of arc. This corresponds to a strain difference of less than 0.002 across
the present samples.

The lower anvil was mounted in a nickel-base superalloy compo-
neht which was press fitted into a water cooled stainless steel base
rigidly fixed to the Instron load cell. The upper tool was mounted in
a nickel-base superalloy fitting water cooled internally along half its
length. Adequate water cooling of the extreme ends of the tools was
\necessary to prevent damage to the "0" ring seals and the the load cell.
The entire loading assembly was contafned within a tubular, fuzed quartz
chamber, which itself was water cooled at its extreme ends. The compres-
sion chamber assembly was enclosed in a split furnace, which could be
raised or lowered on the crosshead.

The 1ifting of the furnace with the crosshead was part of the
new design and was necessary for two reasons. It was required primarily
to reduce the severe thermal gradient set up in the unmodified tooling
during the insertion of a specimen at thé start of each experiment. (In
the original design, this was done by opening the split furnace and theh
ratsing the crosshead). It also served to avoid a large drop. in tempera-
ture (~200°C)(39']34'136) during the same operation. In this way, by
raising the furnace and crosshead in unison, the sample could be placed
on the lower anvil and the drop in the chamber temperature could still
be maintained in the vicinity of 30°C. Once the system was closed again,
the temperature returned to its previous level within 2-5 minutes.

The primary difficulty associated with the use of the ceramic
tools, even with these precautions, was their suseptibility to thermal
shock. There appears to be little information available to enable the
experimentor to minimize failure due to this effect. The first set of
tooling was subjected.}o rapid heating and cooling rates in an attempt
to define the operating limits and finalize the design. It was found
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that, as long as the heating and cooling rates did not exéeed'7°C/min,
up to 40 tests could be carried out with a single set of tools before
replacement became necessary. For the full set of Nb steel tests, 8
sets of ceramic tools were used and the main features of this assembly
are i11lustrated in Figure 2.6.

2:3.1.3 Furpace Support Mechanism

In the design of the furnace 1ift mechanism, two functions
were of primary concern. To begin with, it was required that the furnacé
could be removed from around the test chamber, so that maintenance could
be carried out on the test chamber components. Secondly, it was neces-
sary to e.sure that the furnace could ride up and down with the crosshead
at all times, except when the anvils were within 3cm of being in contact.
In this way, the furnace and the hot,zone would remain stationary relative
to the tools during a test. u

These two requirements were satisfied by attaching the furnace
to a case hardened bearing shaft mounted at the rear of the Instron cross-
head. This shaft was rigidly fixed to the moving crosshead and was
supported by a linear ball bearing mounted on the lower part of the Instron
frame. The two halves of the furnace were connected together by means
of the standard Satec hinge mechanism. The extreme ends of the hinge
shaft were fixed to another linear ball bearing assembly placed on the
1ift bearing shaft above the first linear bearing assembly. The furnace
could thereby be removed from around the test~chamber by using the double
hinge mechanism. Furthermore, the furnace could be raised along with
the crosshéad by placing a fixed collar on the shaft immediately below

. the furnace bearing. The collar was located on the shaft so that once

the anvils were within 3 cm of contact, the furnace was supported via
the lower crosshead by the furnace table only. On the other hand, when
the crosshead was raised, the furnace was 11fted along with the crosshead
by the collar. ' . | «
2.3.2 Strain Rate Control

Ouring uniaxfal compression at a constant deformation rate,
the true strain rate continuodsly increases; for example, in a true strain
interval of one, the strain rate increases by a factor of 2.3 1

-
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\
‘ obtain a constant true strain rate, the crosshead ve'ldgi ty had to be
" made to vary in proportion to the instantaneous height \qf the specimen.
The relation between instantaneous height and crosshead \\(e1oc1ty can be
obtained as follows. ‘\ .
The true strain in compression is given by:

h0 :
e = -in= - {2.) ot
where h s the fnitial he¥ght of the cylinder and h is the 1nsuntaneous
height. Differentiation with respect to time leads to: ’

e = %—g—hf ' (2\.2)
Under constant strain rate conditions,

€ = € const

so0 that the crosshead velocity v, is given by:
v = dnh/dt = ech " (2.3)

Equation 2.3 shows that v must decrease linearly with h if e is to be
maintained constant. To achieve this condftion, a closed loop control
system was built. The basic fdea of the device was to take the cross-
head position during compression as representative of the instantaneous
specimen height. .

When the Instron is equipped with the variable speed accessory,
the crosshead velocity is linearly dependent on the angular position of
the 10-turn speed regulating potentiometer (b) in Figure 2.7. This
potentiometer can be replaced by another spded regulating potentiometer
(a) whose slidewire can be arranged to follow the crosshead position.
In this way, the motion of the crosshead will cause 1ts speed to vary
so that, with the appropriate mechanical 1ink between crosshead and
potentiometer, the strain is maintatned cgnsmt during testing. A

description of this Fatus has alpel ven 1n dmm elsewhere
O (®, nﬁm«m s Y W d
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In the use of the .apparatus, there are three main sources of
error(‘40). The first arises from drift in the gain of the variable
speed servo amplifier and is really inherent to the Instron. The drift
fs small and leads to deviations from the base speed of less than 1%.
The second source of error, which is actually very small (%0.2%), comes
from non-linearities in the position monitoring potentiometer.

A third and more serious source of error arises from the
elasticity of the compression train and the effect this has on the
specimen strain rate. Under most testing conditions, this leads to a
specimen strain rate which is lower than the nominal one, that is than
the strain rate based on the crosshead velocity. fk may be shoun(]‘o)
that the fifference between the nominal strain rate and the specimen
strain rate Ac is given by

pe = m/1{dL/dt) (2.4)

where m is the machine stiffness, 1 is .the sample length and dL/dt the
rate of increase of the developed load.

The load-time curves recorded in the present experiments indi-
cated that the rate of increase in developed load was a function of both
strain rate and temperature, larger values of dL/dt occurring at the
higher strain rates and lower temperatures, so that the greatest error
in strain rate occurs under these conditions. However, under the experi-
mental conditions used in the present experiments, the strain rate error
never exceeded 5%.

2.3.3 Temperature Control

The ‘constant temperatures used in the present investigation
were produced by means of a Satec three-zone platinum wound split furnace.
Temperature control was provided through a current proportioning Leeds
and Northrup Electromax II controller, which in turn drove 3 Magnetics Inc,
SCR controllers in a mester/slave configuration. The temperatures next
to the furnace heating elements were monftored by three Pt/Pt-13% Rh
thermocouples (one for each zone). Any one of the three zones could be
used as the master. In this work, only the central zone was controlled,
" The current to each zone could be adjusted independently, using 3 potentio-

-,
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meters mounted on the front panel of the temperature copﬁro'l console.
During the initial setting up of the apparatus, these potentiometers
were adjusted to give a uni form (12°C) temperature zone between the

anvil ends.

Temperature measurement within the test chamber was by means
of two Pt/Pt - 13% Rh thermocouples placed beside the sample. One out-
put was recorded continuously on a Leeds and Northrup Speedomax H ’
recorder and could be read directly on a Thermo-Electric digital
temperature display. The second output was a reference thermocouple
connected to a manual Leeds and Northrup millivolt potentiometer. The
latter was used to calibrate or check the temperature readings on the
other inctruments.

2.3.4 Atmosphére Control

A11 the compression tests in the present investigation were
carried out under a flowing argon atmosphere to prevent oxfidation of
the samples and tooling at high temperatures. Since the test procedure
(Section 2.5) involved placing the samples in the furnace with the latter
at high temperature, it was necessary to establish a pure argon atmosphere
in the shortest possible time. To this end, the gas supply system shown
in Figure 2.8 was buflt; 1t was designed so that the test chamber couTd
be evacuated rapidly and purged with argon after insertion of the test
pieces. The chamber was evacuated by means of a Precision Scientific Co.
75 1/min two-stage rotary pump. ‘A vacuum of 5 x 10'2 torr was usual ly
reached within approximately 40 seconds of pumping. Having evacuated
the furnace chamber, argon was admitted to the chamber once more. When
a positive pressure was atﬂiM, as indicated on the pressure gauge,
the argon was allowed to escape to atmosphere through an oil-filled
bubbler. The argon used was high purity grade 47* supplied by the
Canadian Liquid Afr Co., which was further purified. by beind passed
through an Engelhard Deoxo unft to catalytically remove traces of H,,
02 and CO,. The m was finally dried 1n two towers canuinim Driarite
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(] 2.3.5 High Temperature Lubrication £
One of the greatest experimental difficulties in hot compres- b

sion is to minimize friction between the sample and the anvils. Low i

friction is required to minimize barreling and thus to maintain the
condition of homogeneous deformation throughout the test. Interface
friction can be greatly reduced by using suitable 1ubr1cants(]42’]43).
such as tef]on(144) and liquid glass(39 134-138,145- ‘49). Furthermore,

if appreciable strains are to be imposed, it is advisable to cut circular
grooves into the end faces of the sampIes(]42’147'152). These act as
lubricant reservoirs, and by collapsing during testing, feed further
lubricant onto the expanding specimen/tool interface. Tool friction is
also decr-ased by use of hard, polished platens, which should be protected
from oxidation by testing in a controlled atmosphere.

Glasses have been used for some time as lubricants at elevated
temperatures. It has been suggested(]45) that glasses with a viscosity
of 104 poise at the testing temperature are requirved to give adequate
lubrication. Nevertheless, it has also been reported(]34) that there
does not seem to be a close correlation between viscosity and the coef-
ficient of friction at the sample-anvil interface, so that the 104 poise
value does not seem to be a critical one.

For tough pitch copper in the temperature range from 450-600°C,
the glass powder used in the present experiments had the composition
recommended by Uvira(3) for this temperature range. The t:omponemts'r were
finely ground to -200 mesh, mixed thoroughly, and melted at about 1000°C
in a ceramic crucible. The melt was then poured into water and the glass
granules wer® crushed and reground to a -200 mesh powder.

The high silica glass lubricants usgd successfully with our
superalloy too11ng(39 +134-137) were found to react with ;he alumina tooling.

The reaction produced a network of fine cracks on the anvil faces.

Alternative glass compositions were suggested by Dr. N. Leopold ,
(183) ¢ the tniversity of Kentucky, and supplied.by the Corning Glass 4
‘Works. For the temperature range between 900- 1200°C, the best Jubrication g

was achieved with Corning Glass Number 7050. The Tubricant was applied
as a suspension in acetone and was deposited on the end faces of the

Y B0y * 15 wtS, PHO = 75 wix, window glass 10 wtk
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‘ specimens, as well as along the sides of the specimens, to prevent
excessive axidation during the initial placement of the sample in the
hot furnace.

2.4 AUTOMATIC TEST CONTROL AND DATA ACQUISITION
As mentioned above, the primary aim in the present work was

to study the softening of materials between intervals of hot working.

To this end it was necessary to make precise measurements of the initial

flow stress (i.e. the 0.2% yield stress) during the first and second

loading cycles (see Figure 2.1). Furthermore, close control was required

over the strain at which the interruption was to take place and over the

delay time prior to reloading. Some difficulties had been experienced

in earlier tests(39) where all the operations of the Instron machine had
v been controlled by the operator. In these tests the unloading and re-

loading functions had been achieved by manually operating the Ingtron

control buttons. In addition, stress/strain curves were produced by the

laborious picking of load and displacement pairs from a chart record and

calculating the true stress and true strain. These procedures had neces-

sarily led to a certain lack of reproducibility with regard to the inter-

ruption strain and delay times of below two seconds duratfon. Furthermore,
v the initial flow stress during the first and second loading tended to
3 . be rather poorly defined because of the relatively few data points used
tdndefine the flow curve, and because of systematic errors incurred
du;ing manual digitization of the chart records. In view of the repeti-
tious nature of the tests, coupled with the large number of tests required
to define the softening behaviour, it was decided to automate the test
procedure.

LTI 7

A

2.4.1 Instron/Computer Interfacing
e .A large scale CGE 4020 process control computer was available

for use by our laboratory on a time sharing basis. The interface between
the Instron machine and the computer consists of two parts. The first,

the control interface, was desfgned and built by Luton to allow the Instron
test machine to be operated under software control. The interfacing
hardware was made up of six 3§ Vdc relays m:amed in a logic sequence
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so that the switching of two reed relays in the computer digital output
module could duplicate the primary control functions of the Instron
machine. The coded functions were down, stop, return and neutral. The
last function has the effect of resetting the test machine for manual
operation. This function was of particular importance, as it allowed
the operator to carry out the initial setting-up of the test manually,
in the normal way described below.

In addition to the control interface, a two-channel analogue
interface was also built. In early tests using computer control, load
signals from a 10,000 kg Instron load cell, and the output from an LVDT
mounted on the moving crosshead were amplified by means of the preaublifiers
contained in a Hewlett-Packard 7701A recorder (i.e. a&n HPBBO3A low level
preamplitier and an HP8805A carrier preamplifier, respectively). The
high level signals (range £3 Vdc) from these devices were transmitted
to the computer by 2 channels of an 18 channel cable of about 150 m.
length. Here the signals were digitized under program control, by means
of a Vidar Model 521 analogue/digital converter., Although this arrange-
ment proved adequate for tests of short duration and high load level,
it was not suitable for use with long term tests and low load levels.

The extremely stiff Instron load cell produced output signals at the uV
level, and was consequently prane to pick-up of electrical noise from
other apparatus in the laboratory. Furthermore, the LVDT-carrier pre-
amplifier combination was prone to drift over longer periods of time.
Such variations in the load and d1§p1acement signals severely 1imited
the development of optimum process control programs.

To overcome these difficulties, an analogue interface was built
that uti1fzed a Lebow Model 3116 load cell of 2000 kg capacity and a
Hewlett-Packard Model 7D0CDT-500 displacement transducer with a range of
+1 om as primary elaments. These devices were excited by two Hewlett-
Packard Series 62000 dc power supplies. The output of the DCOT 1s 2.7 V¥/cm
and is transmitted directly to the computer. The output of the load cell
is 15 mV/1000 kg. This signal is amplified by means of an Analog Devices
605 integrated amplifier with a gain factor of 100. The high level out-
put signal of the primary devices, coupled with the use of high stabil{ity
power sources, winimizes 1ine noise problems as well as imparting long
term stability to the measuring system.




As mentioned above, the analogue digital conversion was carried
‘ out by means of a Vidar 521 A/D converter. This is a multi-range instru-
ment with a maximum scan rate of 50/s at a conversion rate of 1.66 ms,

2.4.2 Test Control Programs

Control of the compression test and data acquisition are achieved
with the atd of two main program segments. The task of the first segment
s to allow the operator to enter test and machine parameters and to
calibrate the load and displacement transducers. The second program
segment is used to control the testing machine and acquire load and dis-
placement data. Some more important aspects of the operation of these
programs will now be discussed in turn.

The first function of the calibration program is to check whether
suffictent storage space is available to store the data of the current
test in the file area of the 4020 disk mass storage unit. The total file
area available for the test data is 12,288 words. A typical test requires
about 1024 locations to completely characterize the test; consequently
the data of about 12 complete tests can be stored before the file is full.
Once full, the test data in the scratch file area is transferred to
magnetic tape as a permanent record. ¢

If the scratch file area is not full, the calfbration program
permits the operator to enter the test {identification code and the test
parameters in conversational mode. The data required to define the test
set-up are the sample height and diameter, the initial crosshead speed
and return speed, the interruption and total strain, the delay time and
the load range. Once these data have been enterad, the program carries
out calibrnijon procedures on the load and displacement channels. Here,
the excitatfon voltage of the two transducers is measured and recorded

., for later use in the determination of loads and displacements. The current

reading of thie DCDT is. compared with that obtained during the initfal
set-up of the apparatus when the anvils are {n contact (see below) and the
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% distance between the top of the specimen and the upper anvil printed out
;g on the teletype. Tis procedure is important since, as will be shown
= below, the strain to interruption is determined by lapsed time from the
??" TN beginning of the test. erefore the precisfon with which the start

,- 0 . pogition of the anvil is'k will determine the accuracy of the unloading
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‘ strain. With this information i{n mind, the operator adjusts the cross-
: head position so that the upper anvil is 0.40 £0.02 wm above the top of
the specimen. The test program assumes this operation is complete when
the time marks of the test are calculated. The final operation of this
program is to compute the appropriate conversion ranges from the load o
and displacement signals based on the maximum load and maximum strain
data entered previously.

When these preliminary procedures are completed: the test control -
program {s turned on, and the test may be started by means of a system '
program interrupt accomplished by pressing the "break" button on the i
teletype. {

The first task of this program is to ensure that no other |
functional program can run during the test. This is achieved by modifi- l
cation of the system program which has the effect of suspending the time
sharing operations. With this accomplished, the computer operates as
1f it were dedicated to the control of the Instron alone. This function
was required because of the close control of time required to bring about
reproducible interruption strains.

The program then sets the Instron crosshead in motion and
digitizes the load and displacement signals. The rate of data acquisition
fs determined by the strain rate of the test so that about 200 load-

» displacement pairs are obtained for each loading cycle. Furthermore,

L during the earlier part of each loading cycle, the rate of scanning is
adjusted so that one pair is obtained for each strain increment of 0.001.
This high rate of scanning is continued up to a true strain of 0.1. At
higher strains, the scanning rate is reduced to give one data patr for
every 0.005 strain interval. Once the lapsed time from the beginning

of the test’is equal to the time required to reach the strain of inter-
ruption, the program switches the Instron to the return mode to unload
the sample. During the unloading sequence, the 1oad is monftored at a

5 rate of 50/s until zero load is detected; at this point the crosshead

; motion is stopped. The program then delays for the required holding time
Eé. - and then restarts the crosshead. With the second loading cycle, the data
Eﬁ‘ acquisition proceeds in the manner already described above. The lapsed
i
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;
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<:> time to the true strain to interruption and the delay at zero load are
both timed to the nearest 8.3 ms.
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At the completion of the test, the crosshead {s reversed in
the return mode to unload the sample and permit it to be ejected from
the compression chamber into a quench tank. The data acquired during
the test is stored in the disk file area for later use.

2.4.3 Automatic Data Handiing ,

The data accumulated during the test consist of the voltage
output from the load and displacement transducers. The true stress-
true strain curves were obtained from the data by the use of yet another
computer program. At any instant, the uniaxfal force Fi and the measured
crosshead displacement di were obtained from these data and the calibra-
tion factrrs present &s constants in the computer program. To obtain
the true specimen strain from the crosshead displacement, a correction
had to be made for the elastic compression of the compression tooling
and the elastic extension of the drive screw members of the Instron testing
frame. The distortion of the loading members was measured as a function
of load by recording the load and displacement vd!ﬂe the crosshead was
driven at constant speed with the anvils in contact. These tests were
carried out over a range of crosshead speeds and di fferent temperatures.
The results of all these tests are shown in Figure 2.9, It can be seor't
that, within experimental error, the machine distortion d fs independent
of temperature and crosshead speed. This result is nat unexpected as
most of the components that contribute to the elastic contraction and
extension lie outside the high temperature zone. The data in Figure 2.9
were fitted by an expression of the form: L >

d, = a(Fy+ b)d - ¢ (2.5)

where a, b, ¢ and d are cons tants.
The true instantaneous specimen height hy {3 then given by
\

hy = hg.--dy +a(Fy + )9 ¢ | e

A\

where h 15 the THtial sample Mtght,

| ] e 7Y
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‘ Once these corrections have been made, the trueé strain is
calculated from the familiar relatfon
& - ~-1n hi/ho (2.7)

where the minus sign is used to avoid the necessity of calling compres-
sive strain negative. The true stress oy is obtained from the expression

oy = Fyhy/Ach (2.8)

where Ao is the original area of cross-section of the sample. 4
The true stress and true strain values for each of the data |
pairs obtained during the test run were computed in the curve plotting ‘
program in the manner described above. The true stress-true strain
curves were plotted by the use of an on-line California Computers,
, Calcomp digital curve plotter. The program defined the curves by simply
- B plotting the discrete points rather than by fitting a smooth curve.
Three curves were drawn for each test, as shown in Figure 2.10. The
first s a complete stress-strain‘curve, Figure 2.10a, including both
loading cycles. The other two, Figure 2.10b and 2.10c, represent the
first 0.1 strain of each loading cycle. In these latter plots, the strain
scale is expanded by a factor of 10 to facilitate the determination of
the yield stress or proof stress. The yleld stress values were defined
by the use of an offset method“s‘). as {1lustrated schematically in
Figure 2.11. On the stress-strain diagram, the interval OM is the specified
value of offset (0.002). The Yine MN s drawn parallel to the loading
1ine in the microstrain region (OA). The value of the flow stress at
the intersection (R) {s taken as the yfeld stress.

2.5 TEST PROCEDURE
\ " Prior to starting a series of tests, the furnace and Instron
”~ controls were adjusted for the desired experimental conditions and
temperature. Once the test chamber had come to temperature, the anvils
were brought together so that they were just in contact and the various
@ crosshead position safety switches were adjusted to prevent self-
compression of the testing train. With the anvils in contact, calibrytion
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of the constant strain rate device was performed with the micrometer
screw being useéd to simulate crosshead motion. The constant true strain
rate device circuits were found to be very stable so that a complete
series of tests could be carried out at the given temperature without
recalibration. Only when the temperature was changed was a new calibra-
tion of the constant strain rate apparatus necessary. While the anvils
were in contact, a small program was initiated on the GE4020 computer
which measured the excitation and output voltages of the DCDT transducer.
The zero reading made in this way was stored in a table for subsequent
use in the calibration program described above. The gauge length and
the return dials on the Instron frame were then adjusted so that the
specimen would not be compressed beyond a strain of 0.9, even if computer
control of the test failed.

To start a test, the furnace was raised on the crosshead, and
a glass coated sample placed between the compression platens. The chamber
was lowered and closed while argon was introduced into the system. The
chamber was evacuated and purged with argon four times before a constant
flow of argon at 0.6 1/min was maintained. A relatively pure argon
atmosphere was fully established after three to four minutes. In the
case of the Nb-bearing steel, the specimens were preheated at the tempera-
ture of austenitization for 30 minutes and then cooled to the testing
temperature at a cooling rate depending on the testing temperature.
Samples were held at the testing temperature for 5 minutes, to allow the
temperature to stabilize prior to compression. The tough pitch coppér
specimens, on the other hand, were brought directly to the testing tempera-
ture and held for a period of 30 minutes prior to compression. During
this holding period, the calibration program described above was inftiated
a'nd the machine and test parameters entered in conversational mode. Once
the prior treatment of the test specimens was complete, the test was
begun as described previously.

On completion of a test cycle, the sample was removed from
between the anvils and, in the case of the tough pitch copper samples,
quenched to room temperature.

‘ Once a new sample was introduced into the test chamber and the
préeheating procedure begun, the plotting program was started so that the
stress-strain dats of the current test would be available before the
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commencement of the next one. In this way the softening behaviour
observed under one set of testing conditions could be used to decide

oh the testing conditions for,the next test. For example, if no
softening had been observed after a 10s delay in the previous test,

the delay time for the current test would be chosen to be longer than .
10s. '

Once the softening behav{bur ofwtough pitch copper was
established for a given prior hot working treatment, samples were pre-
pared for metallography. For these samples, only one defomat1on_ cycle
was used. The samples were strained to the given strain and unloaded 1‘
automatically; a stop watch was started as the sample was unloaded. N ;/—
When the desired delay period was complete, the quench mechanism was 4
activated and the watch stopped when the sample entered the water, These |
samples were sectioned, mounted and prepared for metallographic examina- «
tion. .

The data obtained in the present study represent the results ‘
of about 1000 compression tests. The complete stress-strain curves ~
obtained for the different testing temperatures, strain rates and inter- ,
ruption strains are preskented in Appendix 2.1.

The yield stress measurements made on the expanded stress-strain
diagrams of the initial portion of each strain cycle were used to characterize
the softening behaviour of the material. These data will be presented '
along with the metallographic results in the chapter that follows.
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. CHAPTER 3

&

EXPERTMENTAL RESULTS

The purpose bf the present research has already been stated
in.the previous chapter, along with a description of the development of
the experimental technique to its current level of sophistication. As
already described %n Section 2.2, special attention was given to the
choice of experimental materials, since one of the main aims of the
current study was to verify the hypothesis proposed earlier by the present

(39’69’70).- In this work, it was of interest to determine whether

author
the hypotiiesis was restricted to the behaviour of carbon steels, or
whether it apb]ies generally to FCC materials at high temperatures. For
ease of presentation, the experimental results are divided into the
following two groups: . ' .

1. effect of hot workiﬁg on ‘the progress of static softening

processes; and ¢ )
2. effect of grain size on the high temperature mechanical
“properties; )

but before they are introduced, the experimental conditions that were

used will be presented.

3.1 EXPERIMENTAL CONDITIONS
The tests were carried out on three main materials: tough pitch
copper, a 0.06% C low carbon steel and a Nb(Cb)-treated‘b.O7% C steel.
The tests were conducted at constant true strain rates from 8 «x 10'3 to
8 x 10'25_] and in the temperature range from 450 to 1040°C. '
The experim?ﬁts performed on tough pitch copper were of three
types{

a) The first series of experiments was carried out at three Y
temperatures: 450, 500 and 540°C and at three different strain rates.
The latter were chosen so that similar flow curves were obtained for
« the three temperatures (i.e. a peak stress of 103 MN/m2 and a steady state
stress of 84 MN/mz). Various interruption strains (see Table 3.1) were
tﬁen imposed so as to establish the effect of prior working on the
softening behaviour.

B - IR T RYC RPN 3
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b) The second series of experiments was carried out at the

sing]é temperature of 500°C at a fixed strain rate (1.8 x 10_25'1) and

.employed various interruption strains, Table 3.1. After d1f%erent delay

times, the specimens were quenched and used to determine the recrystal-
Th1zation behaviour, as well as the ﬁéan grain size and the grain size
distribution. SR

c) The third series‘S? experiments‘was designed to establish
the influence of grain size on the high temperature yield stress. The
experimental procedure for producing different .grain sizes was rather
involved and w111 be discussed in more detail in Section 3.3. It com~
ststed essentially of prestraining the strain-annealed samples to a strain
of 0.40 at 540° or 600°C and at strain rates of 8 x 1072, 1.8 x 1072,
3.7 x 107% and 7.5 x 107%™ 1. "After holding for sufficient times to allow
complete recrystallization to take place, the samples treated at 540°C
were quenched to room temperature to permit grain size measurements.
The second temperature of 600°C was selected so that larger grain sizes
than were obtained at 540°C could be produced. These samples were cooled
to 540°C and held to allow complete xrecrystallization before quenching
td‘}oom temperature. In this way, it ﬁgs possible to produce different
stable grain sizes in the range 0.056 to 0.8] mm. Another series of
samples was given an identical prestraining and recrystallization treat-
ment but instead of being quenched to room temperature, was reloaded at\
540°C to determine the yield stress as a function of grain size at the
various strain rates. The mechanical testing conditions for this series
of experiments are shown in Appendix 3.1.

A11 the low carbon steel experiments were carried out in the
austenite region at constant strain rates of 8 x 10'2 and 8 x 10'35']:
The temperatures selected were 815, 930 and 1040°%. A homogenization
time of 20 minutes at each temperature was employed. The mechanical
testing conditions for this material are shown in Table 3.2.

The experiments performed on the low carbon steel modified with
Nb were carried out at three temperatures in the austenite region at constant
strain rates of 8 x 10°° and 8 x 10;35']. The specimens were preheated
at 1150°C for 30 minutes to allow dissolution of the Nb(CN) precipitates
and then cooled at IOOC/min to one of the test temperatures of 815, 930
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TABLE 3.1

o

Mechanical Testing Conditions for Tough Pitch Copper

Test )
Test Temperature Strai?]Rate . .
Group o¢ s Interruption Strain
450 1.8 x 1073 0.05, 0.10, 0.15, 0.40
1 -2 0.05, 0.10, 0.15, 0.18,
500 1.8 x 10 0.30. 0.40, 0.52
540 8 x 1072 0.05, 0.10, 8.15, 0.40
2 500 1.8 x 10°° 0.05, 0.10, 0.15, 0.18,
. . 0.28. 0.40, 0.52. 0.64

g

K4:



TABLE 3.2

Mechanical Testing Conditions for the 0.06% C Steel

-

Strain Rate Interruption{ .

Test 1
Temperature S - Strain
, 815 8 x 1072 0.25
930 8x 105 0.25
8 x 10 , "
1040 8 x 1075 0.25
l 8 x 10
TABLE ‘3.3

« Mechanical Testing Conditions for the 0.07% C Nb-
. modified Steel

Strain Rate

- Test 1 Interruption
. Temperature 5 Strain
815 8 x 1072 0.30
930 8 x 107 0.25-  °
8 x 1 0.10, 0.25
1040 8 x 1075 0.10, 0.25
’ © 8 x 10 . 0.10, 0.25
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or 10840°C. Table 3.3 <hows-the mechamical testing data for the Kb-

mod1fied low carbon steel. ) ;////

/

" '3.2 EFFECT OF HOT WORKING ON THE PROGRESS OF STATIC SOFTENING

. : v .
) Bg;i; True Stress-True Strain Curves . ) (
‘ The true stress-true strain curves of Frgure 3.1 show the
oStrain rate dependence of the flow curves i1n the model material, tough

prtch copper, at 450°C. The.-effect of temperature on the flow curves
for the plamn carbon and Nb- mod1f1ed steels 15 shown 1n Fiqures 3 2 and
3.3 for a strain rate of 8 x 10 ]. )

\l ) © o Itas clean that the curves for all three materials exmbit

' similar features. They are typical for’the mater13?s that recrystallize

(40)

points. 1t can be seen that an increase 'n temperature or a decrease.

dynamically when deformed at temperatures above half their melting
1n strain rate leads to a lowering of the flow stress. As the temperature
1s decreased or the strain rate i1ncreased, the strain to reach the peak
stress ‘increases; also the peak n flow ‘stress becames much broader.
A1thodgh the~strain to the peak and the strain to steady state flow )
normally increase with‘decrease 1h temperature 1n plain carbgon austenite,
Figure 3.2, the broadening 1n the Nb- treated carbon steel appears to be
) much greater than'can be attributed to the temperature dependence of the
recrystallization process alone. This strong broadening suggests that
Co -Nb(CN) precipjtation is initiated during deformation at 930°¢, thereby
‘ retarding the dynamic recrystallization process. This retardation, in <
turn, has the effect of broaden1ng~the'floy stress peak. _

At the lpwest temperature, 815°C, Figure 3.3, no drop in flow
stress is observed. This may be attributed to the considerable volume
fraction of ‘ferrite present at 815°C, which does not exhibit the pheno-
menén-of dyngmic recrystallization. It is also possible that the preci-
pitation of Nb(CN) is sufficiently advanced at 815°C for dynamic
recrystallization to be retarded to such an extent that it is not

. | initiated even after a true strain of 0.8.

i
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127 Selecthor nf Interruptier Strair
The tough pitct copper was deformed at temperatures of 450,

500 and 4n°r Twe sets of i1nterrupt or stra'nc were chosen, in the

first set, the material was undergcing dyramic recovery Only, whereas
1nothe seconc set, dynamic recrystallization was tak'na rlace as well
“he stratr  Lelected were { 0F, (1€, 0I5, 7 17 for the 4/namic recover,
recron anet C W N 40 and © 57 tor the dvnaei: recryctallization region
This procedure could te followed at all three experimental temperatures
as the stra'r rates were adlusted so as tc saintain the congruence of
the flow curves over the terpérature tange

Tre true stra'ec tc urloading of © % employed 1r the 0.06% C

steel at ., « 1C°° 15 rrgicated 1n Figure 32 At the hfgher tefera-
tures, «3C ard 1°8°°C, tre unioading strarr 0f .25 15 well within the

v }
<te tate Teg =e Ar¢ therefore within the dynariC recrystallization

e

——T8qire A% tre lower temperature, 8129, 'mitration of dynamic recrystal-
11zat cn '« sr-fted tc higher strains, above “he unloacing strain of 0.25,
se :raE 'nterryptron toob place withth the dynamic ‘recovery region.

The true strains to unioading of 5} and C 25 employed 1n the
experi~erts on the Mb-treated low carbor steel are indicated 1n figure 3.3.
At 104C0C} the unloaO\ng,stréwn 0f C.25 15 close to the maximum 1n flow
stress and bs certairly r excess of the strain required to initiate’
dy namic recryst5111zat1on. At 93C and at 815°C, the strain to the nax | mum
15 shifted to higher strain values, so that the unloading strains are
below the critical strair for dynamic recrystallization.

13

3.2.3 Results of interrupted Compression Testing
In order to determine the softening behaviour in the present

materials, a sertes of interrupted stress-strain tests was perfo .
with 16creasing delay times before the resumption of deformation. The
effect of drfferent holding times on the subsequent stress-strain behaviour
was 11lustrated 1n Figure 2.1 and is reproduced here for convenience.

After a short holding time, t the flow stress on reloading
rises rapidly to a stress level comparable with the unloading stress,
“p- On the other hand, after a long delay, tg» the flow stress on re-

loading, ps approaches that observed dur}ng the initial loading, Oy

’
oy e
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a6 ay “ne read SORN referreg 'c fppend'x [ ° f‘or the remainder of
- U N
tre 43ta rr eqree Cf sc‘tér‘nc 1< ther rai-ulated from the equation
- - r} -, PEREY A (3.1
Tre amourts nf Sutterit, assuciated with the various exper:-
~erta’ cnndrt ond are Treserted 'r Arnenciz ! The proaress of softening

WP tire o tn gk Do gpier, T ow o carton tes’ | ard Nb-treadted stee!

- 4
wil' te row de,Ivaheg ot urr, Wit specla. orgrasts on the effect of
strarr, -emperature, stra'n rate ard the concentration of alloying elements

or the s0ftering benaviour ¢f <rese raterial, «

a) T€fect 0f Stra'r

Tre resuits ¢ a targe nurber ¥ "rterrypted tests i1ndicate

trat after met worsing static softering 'n FTT ~aterials proceeds by the

seguertral greratron ¢f up tc three distirct processes 39) The relative

y=gortance nf eacrh cf these processes depends :rttiCally or the prior

rot workirg strayn Thmis effect 15 v lustrated e Figure 3 5, where the

scfrening curves obtained or the cresent touar [itcn copper are displayed.
L, 25-1

Trhese tests were carried out at 50077 at a ~tvain rate of 1 € x 10°
anc the samples were keld at the test'na. temperature after seven different
amourts of prestrain The 1o§atxon 0f the 'nterruption strains was chosen
tc be before the peak flow stress for conditions a, b, ¢ and d and after
the opeak “low stress for conditions e, f and g. N

For small amounts of prior strain (curves a and b), that 15
at a strain cdnswderably less, tham that required to reach the maxlium
ir ‘low stress, only one stage of softening 1s observed. This first cycle
of softening has been attributed to static recovery(39'65'67'89'90)
1s cofpleted 1n about 1000s (curve a) or 500s (curve t). éy this time,

40 or 50 of the work hardening i1ntroduced during prestraining 1s removed.

, and,

The recovered structure 1s clearly very stable since no further softening

Fre

occurs even after 15 h&urs. This implies that a strain of 6.10 is less
than the critical strdin for static recrystallization. '
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Jastir€rec '~ more detar! fater  Topce all four strains were below that
required tc reach the peawr of the uyr nterrypted stress-strain curve, tt
's further asswumed trat dyrar ¢ recrgita'lization ¢id not tare place during
prestratriea According o tRYS view, $Tatic 50ftering was inytirated
Troa dyne ~'a":'[g£glg:gp structure

“ne rext three s%rains were se.ected 0 be, curve e, between
the pear art steads state strairs, and, curve ¢ and -, well 1nto the
Steady state reg'me [ rve e represents the saftening response of matertal
e owhicr dyramic recrystaiitzatior nas Jus® tegun and s not yet fully

develcped. Turve G, on the mther nand, "< representative of the progress
Cf tcfterir: ir materia’ tr wricr dynamic recrystallizatior s fully
developed !t smould he noted trat tn curves e, f and G, the amount of
softer r; rroduCed by stat'c recavery 's very crffecult to iﬂentify becalise
(39) " Ine 1atter

oCCurs oy tre continued growtr of dynamic recrystallizatiop nucler after

~etadyraric recrystallization 1s tak ng slace Iorcurrently

the deforma*lor 15 stopped, and does not, therefore, require an incubation
period )
” “ne addrtional softening arrest in tne upper nalf of the last three
curves e, f and g} can te attributed to tlassrcal recrystallization.
According tc this view, the incubation period required for the 1nitiation
of classical ;ecrystallwzataon takes placg during the continyed operation
of metadynamic recrystallization.

The association of the various microstructural processes outlined
above with particular feafures of the softening curves follows the-pattern
1nt;oduced 1n our earlier work and is consistent with the results of the
mechanical tests. It should, however, be considered as tentative untf)
the results of the metallographic investigation, which will be presented
fnaSection 3.2.5 ﬁelou. are introduced and evaluated. :




It should be noted that, once the critical stra1n for static
recrystallization has been exceeded, i.e. as the strain is increased
from 0.1% (éurve c) to 0.52 (curve g), the time for 50% softening
decreases by twororders of magnitude. This marked effect of strain has
(36,104,109) and can be attributed to the
displacement of classical recrystallization, which requires an‘incubation

been noted by other workers
time, by metadynamic recrystallization, which does not.

b)  Effect of Temperature ,

Experiments dealing with the effect of temperature on the rate
of‘softening were carrigl put on cppper samples having equivalent struc-
tures ar” internal stresses. This type of experiment can -be done by
selecting combinations of temperature and strain rate such that the
resulting flow stresses at i1nterruption ate approximately equal(]s)

The softening curves obtained in this manner are shown in Figures 3.6a
and b for 450 and 540°C, respectively. In the study on low carbon steel,
the testing strain rate was, for simplicity; held constant instead,
leadi1ng to the results shown in Figure 3.7.

The softening curves obtained with the tough pitch copper dis-
playec a generally sigm61da1 form, but with intermediate inflection
plateaus. [t can be seen that the rate of recrystallization is temperature
dependent, as is the length of the softening arrest or plateau. At inters
ruption strains of 0.05 and 0.10.at 850°C, or 0.05 at 540°C, softening
did not go to completion, but levélled out at about 42, 50 or 42%, respec-

"tively. Even after delay times of 100,000s, no further softening was
observed, evidently because the critical strain for static recrystallization
had not been reached. At an interruption strain of 0.15, at both tempera-
tures, the softening curves go to completion (100%), but with an inter-
mediate inflectton plateau. It is of interest to note that, the length
of the inflection plateau decreases with an increase in temperature,
presumably because of the higher activation energy associated with
recrystallization than with recovery.

The softening curves obtained %fger 0.40 strain relate to
material which was recrystallizing dynamically prior to interryption.
Because of the rapid progress of softenfng at 540°C under thesé'cond1t10ns,
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Figure 3.6 Effect of temperature on the softening rate,in

copper
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' the earlier part of the softening curve could not be determined. Never-
theless, in both of the ¢ - 0.40 curves, two inflection plateaus are
evident. )

The effect of temperature on the rate of softening in the 0.06%
C steel is shown in Figure 3.7, and can be seen to be qualitatively
) similar to that already described for the tough pitch copper. In inter-
‘ 1; preting the three soften1ng curves, it should be noted that interruption

did not occur at equ1valent po1nts along the stress-strain curves in the

three sets of tesfs (see F1gure 3.2). For example, a strain of 0.25 at
815°C lies before the peak of the flow curve, which is why the incubation
A%? < plateau is so clearly evident. The same strain at-93doand 104OOC, on

the othe: hand, corresponds to points after the peak, i.e. after dynamic
recrystallization has begun, so that only the arrest following metadynamic
recrystallization can be seen. It follows from this discussion that when
interruption strains below the steady state strain are used, part of the
increase in softening rate apparently associated with an increase in
temperature can be attributed instead to the influence of strain which =
has been discussed above, ) .

c) Effect of Strain Rate

_____________________

< The data shown in Figure§!3.8a and b were obtained on the 0.06%
:;';‘ o C steel at temperatures of 930 and 1040°C, respectively, and at strain
- rates of 8 x 1072 and 8 x 1073571, The results reported by Weiss et al
~ (107) for a steel containing 0.04% Nb and <0.005% Ti under similar condi-

tions of temperature and strain rate are also included for purposes of
cmmparisonxfn Figure 3.8a. Tt is evident that whqn‘the strain rate in
s the plain carbon steel is increased by one order of magnitude, the rate
of softening also increases by about an orde;"of magnitude. In the Nb-
modified steel, a two order of magnitude change iq\strain rate produces
/ less than a hundredfold change in the rate of softening. In both matarials,

rwy .

the increase in the rates of both recovery and recrystallization can be
attributed to the increase in retained dislocation density, and therefore

[y

in the driving force for softening, that accompanies the increase in
strain rate. v
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d) Effect of Alloying Elements
The effect of adding minor amounts of Nb and other elements
“on the softening rate of plain carbon steel is displayed in Figure 3.9.
This piot also includes the softening curve determined at the lower
strain rate (2.2 x 10'35_1) by Weiss et a1(]07), which was incorporated
in Figure 3.8, as well as the softening curves obtained by the present
(39,69, 70}_

curves for the low carbon steel shows that the addition of about 0.07%

author in her earlier work Comparison of the two softening
Nb decreases the softening rate by just over an order of magnitude.' A
somewhat larger difference in rate is observed when the 0.42% C steel
is compared with the Nb-modified C-Mn steel, although in this case the
effect of Nb addition is somewhat obscured by the differences in the prior
strain, strain rate and temperature which must also bé taken into account.
It is of interest in this context that the softening curve for‘fhe 0.68%
C steel is somewhat to the right of the 0.42% C steel curve, although
these were determined under nearly identical conditions.
3.2.4 Effect of Strain, Temperature and Stfain Rate on the Isofhermal
Softening -of the 0.07% C Nb-modified Steel

It is clear from the results obtained in the current investi- ,

gation that the softening behaviour of Nb-bearing steel is™far more complex

than that of plain carbon steel. This added complexity is thought to
arise not only from the i1nfluence of NbC precipitation on the recovery

and recnystal]izatioﬁ kinetics, but also from the effect of Nb and C
depletion on the basic strength of the matrix. The nature of the inter-
action between precipitation on the one hand, and the processes of recovery
and recrystallization on the other, makes the complete description of

the structural changes occurring during and after hot working véry
difficult. In view,of this added complexity, the softening behaviour

of the Nb-bearing steel will be presented, in this and subsequent chapters,
in separate sections.

The effect of strain, temperature and strain rate on the iso-
thermal softening of this material is shown in Figures 3.10a to c. The
general shape of the curves presented is broadly similar to that obtained

‘ with plain carbon austenite and with copper and copper alloys. It is
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clear thét a given temperature, the rate of softening is most strongly
affected by the stgaifi to unloading. At 1040°C and ¢ 8 x 1072
(Figure 3.10a), the time for 507 softening decreases from 250s to 5s as
the interruption strain 1s increased from 10 to 25%.

\\\~I;e shape of’ the softening curve also changes with strain. )
The softening curves obtained after 0.10 prestrain exhibit ap inflection
plateau at about 50% softening. This arrest 1n the softening process
probably.arises from a changeover ftom recovery to classical recrysEg]-
lization as the dominant softening mechanism. By contrast, the inflection
plateau obtained after 0.25 prestrain, which appeﬁrs at 907 softenming, 3
can probably be associated with the exhaustion of the metadynamic recrysté]»
lization srocess, which occurs only after dynamic recrxstal1ization has .
been 1nrtiated, After a further delay, softening tontinues, presumably

through the operation of classical” crxéta]]izét1on.

f“magaitude increase in strain rate
. bt 1040°C afd e == 0.25, the time
for 50% softening decreases from 13s to 5s when the strain rate is increased

from 8 x 10'35’] to 8 x 10'25-].

The effect of a one order
can also be deduced from Figure 3.1

At 930°C, a one order of magnitude

‘increase 1n strain rate also speeds ub restoration, but less markedly

(Figure 3.10b). A further feature of interest in Figure 3.10b is that
after 0.25 prestrain, the shapes of the isothermal softening curves differ
for the two experimental strain Eates. At 8 x 10'25'], dynamic recrystal-
lization did not occu# during prestrain (see Figure 3.3) and consequently
the inf]ection plateau may arise frém the recovery/classical recrystal-
lization changeover. However, at the &ower strain rate, all three
processes are likely to operate concurrently, but are probably exhausted
after d¥fferent times, which results 1n the multiple arrests observed.
Given thai, as observed above, the softening processes are somewhat more
complex in Nb-bearing steels than 1h/plain carbon steels, it is apparent
that a more detailed interpretation \the plateaus evident in Figure 3.10
will require further data and supporting.evidence. i

The softening behaviour after 0.10 prestrain was not examined
at 930°C because only 14% softening wag obtained after a 10-hour delay.
It was considered that longer delay times were of no practical value and

consequently beyond the scope of this {nvestigation. At the lowest
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4
temperature, ,815°C (Figure 3.10c), only one test condition was examined,

e B8 x 10 %V 1o 0.30. Since few points were obtarned, because
of the excessively long delays 1nvolved, no plateay’was detected. How-
ever, the possibility of the presence of such an ai}r“vest should not be
disregarded. It should also be notdd that at 815°C, the overall amount
of softening reaches a value of 120¢ after 8.5 hours, a point to which

we will return, below. J

e @

3.2.5 Results of the Metallographic Investigation

3.2.5.1 Introduction

{ In order to test the hypothesis prQ»DOSed as an explanation of
the sottening curves observed above, a second series of tests was carried
out. In this series, the progress of the structural chang;s that occur
following an interval of hot work was studied metallographically. In
the tests, samples of tough pitch copfper were subjected to the same
1nitial thermal-mechanical cycle as those used 1n the softening experi-
ments. In the present case, however, all the samples were water quenched
to room temperature after the appropriate delay times; i.e., the deforma-

tion was not resumed for the determination of the post-delay y‘1e1d strengths.

- The specimens produced in thts way were sectioned and prepared for metal-

lographic examination. The sample preparation procedure is given along
with the compositions of the electropolishing solutions in Appendix 3.3.
Initially it was decided that the progress of static j'ecrysta1-
T1zation would be followed by means of point counting, the unrecrystallized
grains being i1dentified by the presence of dislocation etch pits. This
technique, however, proved to be inadequate because of the rather uneven
pitting attack obtained 1n the polycrystalline samples. In view of this,
it was decided, instead, that the progress of recrystallization would
be followed Py analyzing the changes in the distribution of the grain
stzes determined an planar sections of the sample. It was found that
this technique, although very tedioys, was a highly sensitive measure
of the extent of recrystallization. The results of these experiments
will now be described in detail. ‘ .

N
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3.2.5‘? Grain Si1e Mistributions and therr Modification

- . - ™ T e e e e - =

e - -

The present method of grain size analysis was carried out on
tough pitch copper samples prestrained 0.05, 0.10, 0.15 and 0.40 at 500°C
and a strain rate of 1.8 «x 10'25-]. A1l the samples were sufficiently
“etched to provide a clear delineation of the grain boundaries. Inz
excess of 400 linear 1ntercept measurements were made on each sample on
two sections cut transversely to the compression axis. One section was
taken close to the midheight of the sample and the other near one of the
ends. This sectioning procedure was used to minimze the influence of
any localization of deformation on measurements of the grain structure.
The 1ndividual intercept lengths were equally subdivided 1nto 25 discrete
size groups 1n the si1ze range 0.2 to 2 mm. This size range was selectgd
as 1t 1ncluded 99% of the intercepts measured 1n undeformed samples.

For those samples which contained a significant fraction of .intercept
tengths of less than 0.2 mm, the size range between 0 and 0.2 nnxw;s
divided into a further 25 subgroups. The relative frequency of intercepts

within each si1ze class was defined as

n
fi - ~_1 / (3.2)

.

where n, 15 the number of intercepts within thé size class and N is the
total number of i1ntercepts. The discontinuous distribution curves obtained
1n this way aré shown in Figures 3.11 (a to d).

Figure 3.Ma represents the data obtained from samples quenched
after delays between 65.5 and 50,000s following prestraining to 0.05.
The softening curve obtained by interrupted mechanical testing after the
same pre%train (curve a, Figure 3.5), is shown in the top left corner.
The points indicated on the softening curve represent the experimental
conditions for which the corresponding intercept distribution was obtained.
It is evident from this figure that the intercept class corresponding
to the mode as well as the width of the distribution is unchanged by
1ncqu51ng the delay time. The mean linear intercept grain size obtained
from the {ndividua) measurements is constant to within 16 %. Further-
more, the mean linear intercept grain size of these samples is equal to
that of the undeformed sample, i.e. prior to prestraining.
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Similar conclusions can be drawn from the linear intercept -
distributions obtained after a prestrain of 0.10, shown in Figure 3.11b.
Here the prestraining conditions and the delay times cor?espond to those
used to develop curve b in Figure 3.5. These findings are in agreement
with the hypothesis that a hot working prestrain in excess of 0.10 is
required at 500°C and 1.8 x ]0'25'] to initiate static recrystallization.
The grain size and intercept distribution is then unchanged with delay
time, since softening occurs only by static recovery.

°o By contrast, .Figure 3.11c represents the grain §ize distribu’ A
tions obtained for samples after a prestrain of 0.15. The static softening
curve obtained for this condition (curve c of Figure 3.5) indicates that
two softenlng processes occur; these were tentatively identified as static
rehovery and stapic recrystallization. It is evident from the lowest
grain intercept distribution that no significant change took place within
the first second of holding in either the modal class *or the distribution
width; i.e. the distribution was similar to that of the undeformed material.
However, after 40s, a new 1nteréept size class has started to appear,
centred on a mean size of 0.09 mm. After longer delay times, this new
distribution grows at the expense of those grouped about the original
grain size. Finmally, after 120 to.600 s the entire popuiation of intercept
lengths is grouped about the new mean grain size of 0.09 nm. On delaying
for a further 3 hours, an additional 0.19 mm grduping begins to develop.
This latter effect is taken &s evidence for grain growth, and the associated
further softening can then be attributed, not to a reduction in distocation
density within the grains, but rather to the increase in grain size itself

(see Section 3.2 below). /
. Turning now to the ¢fta described by the distribution curves

shown in Figure 3.11d, these were obtained on samples which were strained
beyond the peak in the flow curve and had therefore undergone dynamic
recrystallization. The first intercept distribution was obtained on a
sample which had beén unloaded after a prestrain of 0.40 and quenched
after a.deléy of 1s. Here two groupings of intercept lengths are evident.
‘The longer lengths are grouped about a mean size pf 0.17 mm; this is
smal]é; than the original grain size of 0.56 mmujTTt‘is evident from the

- -distributions obtained after longer delay times that the number of these
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larger grains decreases with increasing time. This grouping of intercept
Tengths 1s therefore associated with the dynamically recrystallized grains
formed during prior straining. The number of grains within the second
intercept group, formed about a mean size of 0.04 mm, #ncreases as the
delay time increases. These latter grains are consequently associated
with the static recrystallization processes. Siﬁce 30% of all the inter-
cepts lie within this group after only 1s of delay, it can be concluded
that these grains "are formed by metadynamic recrystaliization. As the
delay time increases, the dynamically recrystaflizpd grains are gradually
replacéd by the metadynamically formed ones.

In the sample held for 6s prior to quenching, the short inter-
" cept distribution starts to be skewed towards longer lengths, and after
9 and ils, a third discrete distribution starts to appear, .grouped about
a mean size of 0.08 mm. Once this grouping of grains begins to appear,
the number of intercepts associated with the metadynaﬁical1y recrystallized
‘grains does not increase with further holding. Instead, the decrease in
the number of dynamically formed grain intercepts is compensated by the
increase in the number of intercepts associated with the third size
grouping. In terms of the present analysis, the grains with a mean size
of 0.08 mm are considered to be formed by classical static recrystalliza-
tion. The number of intercepts within this grouping continues to increase
at the expense of the dynamically recrystallized ones, until the latter
are almost completely consumed after a delay time of 90s, which corresponds
to full softening.

©

The grain size distributions introduced in the previous sectiqp
indicate fairly clearly that no change in grain size occurred during
holding at a temperature of 500°C after a prestrain of less than 0.15
at 1.8 x 107%7 ",
under these conditions (curves a and b in Figure 3.5) was produced by

It was concluded, therefore, that the softening obgg?ved

static recovery of the hot worked substructure. In an attempt to confirm
this contention, a study was carried out of the changes in the disloca-
tion substructure by means of etch pit techniques. In this work, the
dislocation etch pits.were produced using the §p}ution suggested by Gupta

omt
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(155) which is described in Appendix 3.3. _The etching condi-

and Strutt
tions were carefully controlled in an attempt to ensure that the etch
p1t density would be compatgb1e for all the samples. However, as pointed
out earlier, pitting attack was not uniform across the section of the
polycrystalline samples; in some grains no pits were observed, whereas
in others, numerous pits were clearly evident. This effect was judged
to arise from the orientation dependence of etch pikting. )

In view of this difficulty, as well as the problem of the under

(]56), the results

estimation of dislocation density inherent in the method
described below are taken as only a qualitative indication of the sub-
structural cHanges associated with static recovery. )

The change in etch pit densify that accompanies recovery is
indicated .in Figure 3.12, obtained from samples prestrained 0.05 at 500°C
and 1.8 x 107%™,

of the removal of the stress, a high concentration of dislocations is
2

It can be seen that in a sample quenched within 10s -

present. The aréa density is 4 «x 106/cm , but 1s unreliable in this

_micrograph, because many overlapping pits were observed, and not all dis-

Tocations led to pit formation. After holding for about 100s, the average

pit den$ity appears to decrease to some extent. This decrease is accompanied

by a tendency towards a more orderly arrangement of the pits, and a
coarsening of the dislocation substructure. It is evident that this
trend is continued as the holding time is increased to about 1000s and

. beyond. Furthermore, continued holding does not appear to significantly

change the dislocation density. These observations are in qualitative
agreement with the progress of softening observed after prestraining
0.05 at 1.8 x‘10'25_1,at 500°C, and support the notion that softening
by recovery saturates at a certain value well below that associated with

full restoration.

The grain size distributions described in Section 3.2.5.2 above
lend themselves to the determination of the volume fraction recrystallized.
To begin with, it is assumed that the size distribution of the unrecrystal-
lized grains is unchanged during prestraining up to the critical strain
required to initiate dynamic recrystallization. This size-distributjon
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1s the same as that of the undeformed material, as is evident in’
Figure 3.11(a) and (b), as well as in the lowest distribution in ’
Figure 3.11(c). It can then be assumed that the intercept lengths
which fall 1nto size classes greater than 0.2 mm are obtained from
the population of unrecrystallized grains only. With this assumption,
the 1ineaﬁ fraction LL recrystallized can be obtained from the indi-
vidual intercept measurements. The volume fraction VV recrystallized

is then known, since 1t may be shown that(]57)

v, - L : (3:3)

v L
This rel-tionshHip was originally proposed by the French geologist
De]esse‘]SB) and forms the basis of most metallographic methods of .

volume fraction determination.
The volume fraction of material recrystallized as a function
of delay time obtained in this way for samples prestrained to 0.05, 0.15
. and 0.4 at 500°C 1s tabulated in Appendix 3.4. These data are presented
as the solid curves in Figure 3.13. For comparison purposes, the cor-
responding softemng curves taken from Figure 3.5 are plotted on the
_same axes. The softening curve (a) obtained aﬁ}gr 0.05 prestrain shows
a maximum_softening of 40% after a delay timg-éf about 1000s. Under
such conditions, however, no change in grain distribution was observed
and consequently the volume fraction recrystallized remains zero at
all delay times. After 0.15 prestrain, recrystallization begins after
about 40s delay, by which tiﬁe the fraction recrystallized is 5%. At
this same period, the corresponding mechanical softening curve shows
40% softening (broken curve c). This observation is in agreement with
our hypothesis that, after relatively low prestrajns, the primary component
of softening is recovery based, and is of course not detectable by
quantitative metallography. )

The measurements of volume fraction recrystallized also indi-
cate that recrystallization has already begﬁn before the softening
attributable to recovery is complete. The inflection plateau in the
softening curve can then be seen to arise from the gradual diminution -

. 1 of softening by recovery as this process becomes saturated. Finally the
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softening curve approaches that obtained by quantif:{ive metallography
as recrystallization goes to completion.

In Ehe case of recrystallization data obtained on samples
which were prestrained to 0.40, two 1ntercept d{stributions were already
evident, even after a delay as short as ls. The distribution associated
with the larger intercepts, grouped about a mean size of 0.17, was attri-
buted above to, the dynamically recrystallized grains. The shorter distri-
bution, on the other hand, was considered to have been produced by the
metadynamic recrystallization which occurs in the interval between
unloading and quenching. It 1s evident from Figure 3.11(d) that the
dynamically recrystallized grains are gradually consumed as more meta-
dynamic crains are formed, Reference to Figure 3.13, however, shows that
more softening occurs than is indicated by the recrystallization data.
This difference is once more attributable to static recovery, which
appears to go to saturation in about 10s (i.e. at the second mechanical
arrest).” Here the recovery takes place in dynamically recrystallized -
grains which have not yet undergone metadynamic recrystallization.

In contrast to the data obtained after 0.15 prestrain, the 0.4
prestrain recrystallization data show an inflection plateau and the
interrupted mechanical testing data show two arrests. The second arrest
has already been attributed tp the saturation of static recovery. After
the first mechanical arrest (i.e. the metallographic arrest), a third
distinct intercept size grouping starts to appear in Figure 3.11d. This
group can be associated with the formation of classically recrystallized
grains within the dynamica]]y\reCfxstallized matrix (i.e. with grains
which required a nucleation or incubation time). Figure 3.11d also
indicates that the process of metadynamic recrystallization (i.e. the
"no-delay" process producing the finest new grains) goes to saturation
in the vicinity of the first arrest, and that continued recrystallization
after the arrest occurs primarily by the growth in the volume fraction
of the grains within the third, intermediate, group. Finally, the softening
and recrystallization curves approach one another as recrysté]lizétion“
goes to completion.

*The evidence for associating the saturation of the recovery process with
the second mechanical arrest will be: considered in detail in Section
4.3.3.2 below.
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3.3 'lfFLCT OF GRAIN SIZt ON Tt HIGH TEMPERATURL MECHANICAL PROPERTIES
OF COPPER
After the work described above was completed, a further study

was carried out on the effect of grain size on the high temperature
mechanical properties of copper. Attention was especially given to the
effect of grain s1ze on the high temperature yield strength, since only
Timted data are presently available on this subJect(]59'163).

At high temperatures, the strength-grain size relationship
s tn considerable doubt for a number of reasons. These are associated
with the nature of' grain boundaries; for example, with the manner in which
they can lead to strengthening by acting as obstacles to mobile disloca-
tions. Tie presence of boundaries, on the other hand, also makes grain
boundary sl1ding possible, which becomeés an additional mode of deforma-
tion, and can thus lead to softening: Because of these opposing tendencies,
most materials exhibit an "equicohesive temperature", 1.e. a temperature
above which fine-grained mater1al 1s weaker than coarse-grained material
(]64), rather than the reverse, which is normally observed at more moderate
temperatures,

: One of the difficulties involved in an 1nvestigation of the
Hall-Petch relation at high temperatures 1s the difficulty of maintaining
a stable grain size during the course of the experiments. lln the present
study, this problem was overcome by the choice of the material (tough

(165)

pitch copper) and by the use of a prior heat treatment which produced

both coherent and incoﬁ%rent precipitates of Bﬁgarticles on the grain

boundaries, making them somewhat more stable(] ]67).

3.3.1 Comparison of the Flow Curves of Three Cuprous Materials

As was mentioned earlier, the presence of small amounts of
impurities in tough pitch copper does exert a considerable influence on
the rate of softening. The effect on flow behaviour in three copper
alloys is presented in Figure 3.14. The'stress-strain curve obtained
for high purity copper is typical of a material undergoing dynamic re-
crystallization. The flow stress rises rapidly to a peak value, which
occurs at a strain of about 0.1, and thereafter dréps to a steady stress
level, in the neighbourhood of which regular oscillations in flow stress
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are observed. Wher toJ@r p1tch copper 15 deformed under the sare exper:-

b,

mental conditions, work hardering dominates to much larger strains, until

the 1nmitiation of dynamic recrystallization finally produces a single
peak 1n the flow curve, The rate of dynamic recrystallization, 1n this
case,'1s slower than 1n the high purity copper, leading to a broadening
of .the peak, and to a slower descert to the steady state level. The
retardation of dynamic recrystallization 1n tough pitch copper 1s probably
due to theé presence of cuprous oxide particles, which can be expected

to hinder both the nucleatron and the arowth of new grains. The £10w
curve for Cu-9.5% N1 1s typical of a material which softens during deform-

ation only by dynamic recovery.

3.3.2 Effect of Pre-Treatment on the High Temperature Yield Stress of

; Copper
One of the features of 1nterest 1n the 1nvestigation was the

effect of various prior heat treatments 'on the 1nmitral yreld strength
of the copper specimens. These were subsequenply deformed at 540°C and

25’] and the different flow curves obtained are

a strain ratevof 8 x 107
displayed p Figure 3.15, with a legend 1ndicating the pre-treatment
employed: - w3
To begin with, all the specimens were annealed for 16h at
- 900°C and then e ther slowly cooled or quenched to room temperature
The specimens were reheated to the testing temperature, 540°C, and held
for different holding times before deformation.
. When a combination of a slow cool to room temperature and 0.3h
of holding at the testing temperature was employed, a yield strength of
68 HN/m2 was obtained, curve 1, Figure 3.15. A longer holding time of
10h before testing {condition 2), markedly®¥duced the yield stress to
about two-thirds of the above value. [n cases 3 and 4, the specimens
were quenched to room temperature instead. The holding times at test
temperature of 0.3 and 10h, respectively did not pffect the yield value
appreciably (45 HN/mz).
Although no transmission electron microscopy has yet been
carried out on the present materials, the results can be given a tentaéfi ve

. interpretation in terms of the Cu-0-equilibrium diagram shown in Appendix 3.5.

-
]
3

“ \
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Lt 95070 the drnealing tercerature;, the < trycture consists of an a a

matr® s and particles, where 15 Cus dnd s an relatively coarse
forn: {’). iwring furnace cocling (condrtion 1}, the oxygen solubility
1s decreased, r 15 no longer stable, and fine particles of ", are pre-
‘cipitated out, probably or cislocations, where 1S LuO] Since the
phase 1< formed at lower terperatures than the . phase, and 15 more
finely di<tributed, the materral with the . precipitates should exhibit
a higher vield str;ngth. as 1ndeed shown in Fiqure 3.15. As far as
condrtion 2 g concerneajfghe long pre-heating timé at the testing
temperature may lead *o fgfarticle decohesion and coarsening, as well as
. to the reverse +-to-: trdnsformation. The lower yield values, 43 MN/m2
‘or th'c certition Wdy“t*uS te associated with a coarser particle c e

v

¢rstrinutron &1tn regard o condrtions 3 and §, rapird guenching can -

be concidered to arrest tre -to-. transformation, resulting in a_struc-
ture of coarse - and -Cu  This structure of course remains stable on
reheating, even for very long nolding times, and does not lead to

anprec-atle particle strengthening.

3.3 3 Dependence ¢ the Recyrstallized Grain S1}b on the Experimental

Parameters
“he present sthdy‘uas based on the assurption that the flow

stress 5‘ a,part1ally recrystallized material depends principally on
the degree 0f recrystallization, and secondarily on the amount of recovery
that has occurred 1n tre unrecrystallized material. However, the pos-
<1bilrzy that the flow stress car also te nfluenced by the recrystallized
arain size has not been rgnored. A separate project was therefore
carried out to determine the dependence of the recrystallized grain size
on the prior hot working conditions. The various grain si1zes produced
were then used to establish the effect of grain size on the reloading
‘low stress. Before considering the influence of grain size on the high
temperature flow stress, the effect of the hot working conditions on
the grair sizes produced will be considered briefly.




3.3.3.1 Grain Size and Strain- . .

Experiments dealing with the effect ¢t <train on-.the grain
1

s1ze were carried out at 500°C and 1.8 x 10'39' , leading to the results
shown 1n Fiqure 3.16. The grain s1ze was determined after prestrains
of 0.05, 0.10, 0 15, 0.18, 0.28, 0.40, C.52 and 0.64, as indicated on
the flow curve. \

The grain sizes of the samples subjected to strains of 0.05
and 0.10, which are below the critical strain for static recrystalliza-
tion, were the same as the 1nitial grain size, but contained subgrains
as revealed by etch-pitting. These data are not Shown on Figure 3.16.
When the prestrain exceeded the critical strain for static recrystal-
l1zation the grain si1ze decreased with i1ncreasing strain, At large

. strains, however, a steady state was reached where the grain size

remained constant with further strain.

P b

« The data shown 1n Figure 3.17 were obtained at two temperatures,
i 540° and GOGDC. and over a range of strain rates covering about two order

-1 to 210_35']). It 15 evident that when the strair

o ' of magnitude (10
rate 15 1ncreased, the grain size decreases. This effect 1s more pro-
nounced at the higher temperature (600°C), which can be expected, when
1t 1s recalled that both the dislocation density and the mechanical
properties in general are more rate sensitive at nigher temperatures.
The effect of temperature 1s also cisplayed 'n Figure 3.7 Y
The results 1nQJcate that the éra1n S1Z€ increases w'th temperatire and
that the qrain size difference 1s larger at lower strair rates, ' e
‘d  0.31 mm at Z.S x 10'45']. and decreases to :d -~ (.17 s q} R x(igéis'}

13.3.3. 3\Effsss-9f_§rem_§1zs_99-_tbe-t*zQ-Imre&ws-!zsl?.é&rs&é
" The experiments dealing with the effect 0f gratn si1ze on the
. . - high temperature yfeld stress were carried out at various combinations
’ cf s¥rain rate and temperature selected so as to produce }he largest
possible variation 1n recrystallized grain size. The results shown 1n
. ?1gure 3.18 represent four of the combinations of strain rate and tempera-

. ture at which prestraining was performed, resulting in recrystatlized
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An example of the flow curves obtained by interrupted
compression at four different e-s where, following a delay,
reloading was carried out at a new strain rate. Yhe grain
sizes produced are indicated under the appropriate flow ,
curve. On retesting at a single strain rate of 8 107251
the yield stress was observed to be grain size dependent as
was the shape of the flow curve o
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grain sizes of 0.2, 0.145, 0.10 and 0.056 mm, respectively. The re-

loading strain rate for this set of experiments was the same, 8 x 10

2571

The resulting yield stresses on reloading varied with the prestraining’

strain rate and therefore with the recrystallized grain size. The stress-
strain diagrams for other combinations of strain rates and temperatures

are given 1n Appendix 3.6.

From thﬁs type of data, the dependence of the yield stress
on grain size was BTQE;id in a Hall-Petch manner, as shown in Figure 3.19.
It is evident that under the present experimental conditions, the high
temperature yield stress increases linearly with the inverse square root
of the grain size. (Note that the data of Figure 3.18 are represented
by bpen >ymbols on curve a of Figure 3,19.)

The strain rate dependence of the grain boundary strengthening
coefficient k is shown in Figure 3.20. /Yf/;frof interest that the value
of k gradually decreases with decreé/ﬁhg rates of deformation. It is
therefore possibl hat in the cregp range of strain rates (<10” 4 1),

‘jye va]ue of ay become rather/gma11 (i.e. <0.8 MN/m nm%),rwh1ch would

e

explain the deductions concerning the invalidity of the Hall-Petch rela-

tion that are often made in high temperature creep studies(]ﬁg).

Similarly,
an increase in temperature may also lead to a decredse in k, because its

effect on thermal activation is analogous to that of a decrease in strain

rate.

According to F1gure 3.20, the Hall-Petch relation can be written
in the form:

o, = og(Toe) + 0.8 4" ¥4 g(T,e)d™? (3.4)
» &

Here the first cgmponent on the right hand side of the equation
represents the yield stress of a single crystal, and the second and third
terms arise from the contributions of grain size to the athermal -and
thermal flow stress components of the devaloped stress, respectively.

The presence of both athermq1~§nd thermal components of grain boundary
strengthening is worthy of note in that it suggests that the boundaries
can serve as both local and long range obstacles at elevated temperatures.
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CHAPTER 4

DISCUSSION
4.1 INTRODUCTION

In the previous chapter, two important sets of results were
introduced. The first set concerned the effect of hot working on the
softening behaviour of the three selected experimental materials; the
second, the effect of grain size on the high temperature mechanical
properties. Since th€ main aim of our study was to throw more light
on the softening mechanisms taking place after high temperature deforma-
tion, it 1s the purpose of the present chaptev to further analyze these
two sets of results. The more detai]ea analysis 6f the softening
behaviour w11l allow us to arrive at a better undenstand1ng of the
mechanisms of both dynamic and static restorat1on/ﬁn FCC metals at
elevated temperatures.

As pointed out earlier, the present results are in good quali-
tative agreement with our model for static softening following high
temperature deformation. We will, therefore, first review this model
briefly and then describe qualitatively the expected dependence of the
three main sbftening mechanisms on the experimental parameters. This
will be followed by a discussion of the kinetics of the individual
processes. Finally, we wE]l discuss the results obtained on plain carbon
and microaf]oyed austenit
data.

in the light of the analysis of the copper

°
\
[
1

4.2 HYPOTHESIS FOR THE STATIC RESTORATION PROCESSES
The results presented above have shown that the overall softening

rate is affected by prior strain, strain rate and temperature, as well
as by the addition of certain alloying elements. We have also seen that
up to four static restoration mechanisms are involved in producing full
softening, and that softening arrests can appear when individua] softening
processes go\to completion. It was this feature of the soften1ng behaviour

that was largely responsible for the elaboration of the 1nter-re]ationsh1ps

between the softening mechanisms that was'described above,
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3

In terms of the model, the data suggest that the following
combinations of static softening proEess can operate after high tempera-
ture deformation:

1. static recovery only,

2. static recovery and classical recrystallization,

3. static recovery, classicéﬁ recrystaltization and grain

growth, '

4. static recovery, classical recrystallization and meta-

dynamic recrysta]l{zation, and

5. static recovery, classical recrystallization, metadynamic

recrystallization and grain growth.

It should be mentioned that a further softening component w
observed 1n the microalloyed austenite which may be attributable to pre-
cipitation; however, for the sake of clarity, this effect will be discussed
separately in a later section of this chapter.

The inter-relation between the static restoration mechanisms
is considered in more detail in Figure 4.1, in which the proportions of
softening attributable to each process are shown schematically. The
steepest line on the left hand side of the diagram (Figure 4.1a) indicates
the occurrence of work hgrden1ng in the absence of any of the dynamic
softening mechanisms (taken here as linear with a slope of E/300). In
the high stacking fault energy metals, the concurrent operation of dynamic
recovery reduces the flow stress so that the flow curve is of the form
represented 1n Figure 4,1b. In metals of moderate or low stacking fault
energy, such as the present experimental materials, dynamic recrystalliza-
tion produces additional softening during deformation after a critical

“strain has been exceeded, leading to the flow curve represented by the
heavy line in Figure 4.1c.

If straining is interrupted in dynamically recovered materials,
softening takes place by static recovery and by static classical recrystal-
lization, as shown in Figure 4.1d. Below the critical strain for static
recrystal]fzation. softening takes place by static recovery only, whereas
at higher strains both mechanisms contribute to the softening. The
softening following hot work in materials which recrystallize dynamically
is quite complex, as shown in Figure 4.1d. This figure is reproduced
in Figure 4.2 for ease of interpretation.
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[f the deformation 1s rnterrdﬁted at a gmall strain, e.g.,
below the critical strain for static recrystallization e then
softening can only take place by static recovery, and the latter cannot,
as indicated by the dragram, completely reduce the flow stress to the
level of the undeformed material

If the 1nterrubtvon stratn exceeds “es but 1s less than the
critical strain required to 1mitiate dynamic recrystallization €cd’ then
the cycle of softening by recovery is followea, after a delay attributable
to the formation of recrystallization nuclei, by one of classical recrystal-
Tization and full softening can be achieved. Such a sequence of mechanisms
can lead to a single softening arrest. It 1s important to point out that
the forration of recrystallization nuclel requires prior recovery to take
p]ace(lﬁg).

[f the 1nterruption strain exceeds € but is less than the

strain required to reach steady state flow gss.dthen static recovery and
metadynamic recrystallization occur concurrently, followed eventually by
classical recrystallization. Immediately on 1nterruption, metadynamic
recrystallization takes place by the continued growth of the dyném1cally
formed\recrystall1zat1on nuclel. At the same time, .the material which
has not yet been critically strained for dynamic recrystallization, or
which has recrystallized dynamically and which has not been sufficiently
strained for the imtiation of a new cycle of dynamic recrystallization,
softens by static recovery. [t is in this latter material that the sub-
sequent classica) recrystallization takes place once Suf%ic1ent time has
elapsed for the formation of nuclei. In this 1nterval, the proportion
of softening attributable to metadynamic recrystallization increases with
strain, as indicated in the diagram, apparently because the density of
dynamic recrystallization nucle) also increases with strain. Under these
circums tances, two arrests or inflections are possible in the softening
curve, one associated with the saturation of the recovery process and

the other with the exhaustion of metadynamic recrystallization. Finally,
at interruption strains within the steady state region, the proportion

of softening attributpblg to classical recrystallization becomes very
small and all the proéesses occur with great rapidity. As a result, the
softening arrests or inflections can be entirely absent.

SR w
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[f the material s held long enough after straining and at a
high enowugh temperature, grain growth can occur, causing an additional
softening component. The softening due to grain growth 1s probably ~
attributable to the decrease 1n grain boundary density, as has been
discussed above. \&

Before the strain and, temperature dependences of the individual
processes are discussedy the kinetics of these processes will be considered

n turn, '

4 3 EMPIRICAL SOFTENING KINETICS \
The kinetics of the softening taking place after deformation

at high temperatures are difficult to evaluate. The sequential operation

of up to four distinct processes precludes the direct application of
(74,75) which are restricted to

equations of the form proposed by Avrami
a single rate process. - This observation 1s supported by the detailed
metallographic study of the recrysta]lizétion of copper due to Schweizer
and Form(és) as well as by the work described above.

In the present study, an attempt was therefore made to fit
empirical relationships which are abp11cab1e:to the individual softening
processes. These relationships are used to evaluate the temperature and
strain dependence of the processes. It is the interrelationship between
the kinetics of the individual processes that finally leads to the complex
form of the softening curves illustrated in Fiqures 3.5 and 3.6.

4

4.3.1 Basic Considerations
Before the individual softening processes n be separated and

their strain anq#temperature dependences evaluated, j& 15 necessary to
define an empirical rate equation for each sector of the softening curves.®
A rate equation expresses the functional dependence of the rate of a

prdéess on the fraction of the process, x, that has been completed at

given time t, that is;

3

dx/dt = k f(x) (4.7) )
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where f(x) 15 any function of x and ¥ 15 the rate constant. By separating
the variables and integrating Equation 4.1 we obtain,

i [ »

g{x) - kt (4.2)

1

where g(x) 1s another function of x. The analysis of experimental data

then involves the problem of finding a g{x) which adequately fits the
data and which alsc has a physically reasonable functional form,

The progress of softening,whether 1t occurs by recovery or by
recrystallization, must be considered as a heterogeneous process. Both
processes involve the, formation of recovered or recrystallized domains
within a work’ hardened matrix. The rate of such processes does not
depend only on the growth of such domains. In the case of recrystalli-
zation, the rate is influenced by the rate of nucleation and the effect
of the 'mpingement of newly recrystallized grains. As recovery proceeds,
on the other hand, the process 15 expected to become exhausted as a-.
stable dislocation substructure 1s formed and the dislocation density
within the subgrains is reduced to a stable level. )

l\\ Many solid state reactions, including the formation of new

(7‘). precipitation reactions(76), the formation of solute atmo-

(170) ‘ 74,75)

phases

sphere about dislocations » and recrystallizatio , are adequately

described when the function g(x) 1n Equation 4.2 above #s of the form
m
g{x) — (In(1/1-x)} (4.3)
I
Here m is a constant, so that Equation 4.2 becomes

n(/C1-x)) = (kt)" - : (4.4)

where n -~ 1/m. Rearranging Equation 4.4 we obtain

n
x = l-e'(kt) ’ (4.5a)
or, more usually, »
= ‘n i N ' .
x = 1-e ¥t . (4:5b)
o

LA e A
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This expression ts sirply the general form of the Johnson-Mel!
equativn {1.24), which was originally determined for the case of the
formation of pearlite from austenite. Drfferentiation of 4.5 with
respect to time gives a rate equation of the form

dx/dt k" (1) (4.6)

]

H
where k - nk" =~ nk . This type of rate equation yirelds a sigmoidal
(semi-Tlogarithmic) transformation curve which adequately describes re-

crystall1zatxon(74'75).

It 1s also of the form of the recovery égrves
of Figures 3.5 and 3.6 and represents first order kinetics when n 1n
*Equation 4.4 15 set to 1.0. .

We now turn to the problem of the separation of the components

of softening observed following the hot working of tough pitch copper.

. The empirical kinetics appropriate to each_softening process will be

described in turn.

4.3.2 Recovery Kinetics

The fractional softening, as we recall, is defined by the
equation

X (op=a /(- =~ ) (4.7)

where S the maximum stress on unloading, y the imtial yi1eld stress,

and ~ s the yield stress on reloading. If 1t is assumed that the
1ncrease 1n flow stress from the initial yield to the unloading stress
arises from an 1ncrease n 1nternal stress only, then the denominator
in Equation 4.7 15 equal to the internal stress at the beginning of the
holding period. This assumption presupposes‘that naesignificant change
1n the thermal component of the flow stress occurs on straining. After
interruption, the internal stress is decreased by recovery and by re-

crystallization. [f we consider the recovery stage only, then the internal

stress (or residual workhardening) after any holding interval is given by

0; = 0.-¢0 i (4.8)
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Data for copper deformed at 500°C and 1.8 x 10'25'] and inter—

rupted at strains of 0.05 and 0.10 are used to illustrate the progress
of recovery in Figure 4.3. Here the net work hardening part of, the flow
curve 1s 1ncluded for reference. It is evident from Figure 4.3 that

for a given interruption strain, the internal stress decreases to an
asymptotic level which depends on the priok strain or on the value of
1nternal stress at the beginning of the de]qy period. To describe the
recovery process, it is necessary to set up an expres;jon for the frac-
tional recovery. If the aSymptOtlg' value of the internal stress produced °
by full recovery is s_, the fractional softening at thé completion of
recovery XZ is given by the equation

. me (4.8)
m "y e

The superscript r is used here to denote the softening fraction
attributable to recovery only. The deqree of recovery X, is given by,

(4.9)

Given the form of the recovery curves obtained in the present experiments,
we can substitute for x,. in Equation 4.4 to obtain the integrated rate
equation 1n terms of the softening fraction Xr{‘viz.,

-

InoaTx" = kTP ‘ (4.10)

The superscript r on the rate constant is used here only to denote recovery.
Alternatively we may write Equation 4.10 in the more familiar
form

r,.n
x" = x" (1-e% b (4.11)

The value of the exponent n in Equation 4.10 above can be
obtained by plotting log ln{XI/(X:—X)J against log t.

.

|}
I

N



——d

. 135.
¥ \ 1
I 4
E
-‘\
50 —= T — a| -
g -»\_\\TOUGH PITCH COPPER
- 40} 800%C ——- -
[U] -
Z -2 -l 4
—z'- u 1.8 xI0" &
z \
— '\g X _ |-
e ” N
v 8 *\‘T e o,
Z @ A —— £
ab N : T
E - - - - 1
L0 g 20- .\. : ~0.10’ .
C)E% \‘o ) ) .
¥ T y ‘
a = Ch . . 0.08
= , y
- T . ‘j\
0 | ! |
) 1000 _ 2000 3000 4000

DELAY TIME ,s

[

Figure 4.3 The progress of stafic recovery in copper after straining
at 5000C and ¢ = 1.8 x 10-2s-1 to prestrains of 0.05 and 0.10



£

4 \

\

The data obtained for tough pitch copper at 450, 500 ana\540°C under
conditions where only static recovery was taking place aré represented

i

in this way in Figure 4.4.

° It should be noted that the slopes of the curves appear to be
independent of strain and temperature and exhibit a constant value of
1.33. Thus it is evident that the present recovery data do not follow
the first order reaction kinetics observed in experiments on the recovery

(62). The rate constant k" for each of the prior

of cbld worked metals
deformation conditions that exhibited recovery only was obtained from
plots of 1n{X:/X:—Xr}”ver§us t]’33
dent that kr'increases rapidly with both strain and temperature and

thereby reflects the displacement of the recovery curves in Figures 3.5

» as shown in Figure 4.5. It is evi-

and 3.6 and %?gqye 4.6 below to shorter times as’ the temperature and
strain are increased.. It is also of importance to note that the value
of XZ obtained from those experiments in which recovery was the only
static softening mechanism increases with strain, but is apparently
independent of temperature. The quality of the fit to the experimental
data, obtained by the use of Equation 4.10, is demonstrated in Figure 4.6,
where the softening curves generated by means of the equation using the
constants determined above, are plotted along with the data points.

The physical significance of the temperature and strain dependence
of the empirical constants will be discussed later, along with the
dependences obtained from the composite curves presented in Section 4.3.4

v be]'ow.r_’_

3.3 Kinetics of RéEovery and Recrystallization )
en shown in the previous section that an integrated .
ion 4.5(b) adequately fits the recovery

rate equation of the form o
cu}ves obtained under conditions where recovery is the only static
softening process. However, as pointed out earlier, Equation 4.5 is also
the general form of the Johnson-Mehl equation which is used to describe

the kinetics of recrystallization. In most earlier studies of recrystal-
Tization following either cold .or hot working, the progress of recrystal-
lization was followed by means of metallography and therefore it was un-
necessary to consider the influence of concurrent recovery. In the present

i
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study, where the structural changes were followed by mechanical means,
the recovery component of softening must be included in the r§te equa-
tion. Furthermore, when dynamic recrystallization occurs during prior
hot working, the softening component due to metadynamic recrjgtallization
must be included as well. Since the detailed mechanisms of these processes
differ, the empirical constants in the relevant rate equations are expected
to differ also.

The overall softening produced when the three softening processes
occur together will in general be given by the sum oﬁ the individual
softening components, i.e.

~

x oo xm 4 xRy M , (4.12)

i

where the superscripts R and M refer to classical recrystallization and
mgtadynamic recrystallization respectively. When the overail softening
has gone to completion, all the processes saturate, so that

x, = R = (4.13)

!

Having ‘established that static recovery. after hot working is

.described by an equation of the form of Equation 4.5 and assuming that

the recrystallization processes are described by equations of similar
form, we may define the components of softening as follows

r.n v . \
A= xpee ' (4.11)
‘ _ Rp
R xRk ' (4.14)
M, 3 .
and M= )(r:(l-e'k t ) (4.15)

Before these equations can be used, howevér, the values of X:, XE and

the

[

must be estimated from the experimental data:

w
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4.3.3.1 Recovery and Classical Recrystallization
« We first turn our attention to the softening curves obtained
under the conditions where recovery and classical recrystallization
operate together. The model and the metallographic results suggest
that after prestraining 0.15 and 0.18, only these two pﬁﬁcesses will

operate. Under such circumstances, Equation.4.12 above becomes

x - x4+ R (4.16)
and Equation 4.13 is reduced to .

r R _

R (4.17)

- 7 "1t is evident from the grain size distributions for a prestran
of 0.15 at 500°C that recrystallization bégins only after a delay time,
of 30s. Reference to the appropriate softening curve in Figure 3.5 shows
that one inflection plateau is apparent in the curve at these strains.
This observation suggests that the maximum softening due to recovery
alone does not increase beyond 50% once the critical strain for static
recrysta]]ization‘is exceedéd. I-t then follows from Equation 4.17 that
under these conq1tions

X = X, = 0.5 ~ (4.18)

Furthermore, since the processes act sequentially, and the recovery
process is complete or almost complete p;ior t6 'the commencement of
recrystallization, in the interval up to 50% softening, we can set
X=X The kinetics of recovery can ‘thus be again evaluated in the
manner described in Section 4.3.2 above. The curvés representing the
recoyery kinetics for presfrains of 0.10 at 540°C, 0.15 at 450, 500

and 540°C and 0.18 at 500°C are shown in Figure 4.7(a). It is evident
that«fhese data are well represented by a straight line with a slope

n of 1.33, at found for the lower prestrains for which recovery was the

L)

only operative softening process.
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S

Having established the constants k" and n in Equation 4.11'
above, the value of x' can be determined for all values of delay time
so that XR can be evaluated with the aid of Equation 4.16. The data
obtained by this means for the same experimental conditions are plotted
in the manner of Equation 4.10 in Figure 4.7(b). Here the slopes of
the curves p have a value of 2.2 which 1s apparently independent of
strain and temperature. The rate constant for the recrystallization,
on the other hand, is strongly dependent on strain and temperature. The
values of the rate constants are tabulated together with those relevant
to the other processes in Table 4.1, ' ‘

The quality of the fit of the two-component softening curves
based on Cquations 4.11, 4.14 and 4.16 to the_.experimental data is
demonstrated in Figure 4.8, where the data points were determined for
prestrains of 0.15 and 0.18 at 500°C.

e L T S e ]

We turn our attention now to the problem of separating the
components of softening in the case where all three processes, i.e.
recovery, classical and metadynamic recrystallization, operate together.
The principal problem in this case is the estimation of the maximum

roxR r thatﬁéan be produced by each
of the processes. The evaluation of these parameters was only possible
for the softening curve obtained after a prestrain of 0.40 at 500°C.
This was the only condition where all three processes Were operative
and for which metallographic as well as softening data were available.

Examination of the grain size distributions for this condition
(Figure 3.10(d)) shows that after 3.8s (which corresponds to the endvof
the first cycle of softening), 36% of the volume has recrystallized.

This is attributable solely to metadynamic recrystallization, so that
Xr may be taken as 0.36. After a delay time of 3.8s, 64% of the material
was still unrecrystallized sfh&ica]]y, although it had recrystallized
dynamically, as shown by the detrease in the grain size from that of the

undeformed material. .
\\ I'
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It was sthﬁ above that the relative amount of softening by
recaovery increases with strain to a value of 50f at a strain of (.18,
Althouyh the saturation level for recovery cannot be measured for strains
beyond the peak, because of the intervention of metadynamic recrystal-
11zation, 1t can be estimated by several means. On the assumption that
the §atuﬁat10n level can continue to 1nCrease with strain, estimates

of 60" or 70, for example, can be obtained (173).

In the present work,
the saturation level for recovery was determined by an iterative process,
using various estimated saturation levels for the three processes. Four
such i1terations are shown in Appendix 4.1, of which the fourth is repro-
duced below as Figure 8.12.

It 1s of interest that the saturation levels that gave the best

.

fit to the experimental data were the following:
¥

M 0.3
Y 0.40
R

X, - 0.2

N »
The latter two values correspond to the case where 63% of the softening

1n the material which recrystallizes classically is produced by static
recovery.

The various fits shown 1n Appendix 4.1 were only attempted
after values had been chosen for the rate constants kr and kR, which
depend strongly on strain and temperature. The time exponéﬁls for the
three processes, on the other hand, were assumed to remain constant, as
discussed above. In the present work, it was found that the strain‘
dependence of the rate constants could be represented by the equations:

- e \ ) (4.19)

and
R De

k - Ce "~ (4.20)

N
»

as shown 1n Figure 4.9. In a material that undergoes dynamic recrystal-
T1zation, the stored energy reaches a maximum at or near the peak of the

N

P
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flow curve. It is, therefore, redSonable to assume that thg rate constant
will reach a maximum value at this critical value of strain. In view of
,this, the horizontal curves n Figure. 4.9 were fitted to intersect the
inclined line at various strains in the vicinity of the peak strain.

The va]ﬁes of k" and kR obtained 1n this way were used, along with the

values of X:, XE

, hand p deter@ined above, to calculate alternative Eurves
for X" and X". The best fit to the experimental data after the saturation
of metadynamic recrystallization was obtained with k" and KR evaluated
at 0.9 ©p (i.e. 0.225).

The curves representing the data obtained in this way are plotted
in the manner of Figure 4.4 in Figure 4.10. Once the"Valuesof k" and KR

R calculated .as a function of delay time,

were established and X" and X
the function XM (i.e. the progress of metadynamic recrystallization) was

calculated by difference with the aid of the equation,

M= xR - (4.21)

The data thus obtained are 6lotted in the usual manner in Figure 4.11.
The slope q of the curve was found to be"approximately equal to 1 and
the rate constant kM took a value of 1.5. The individual softening v
curves are plotted in Figure 4.12 along with their sum which is seen to
represent the overall softening data very faithfully. The good fit depends,
of course, on the numerous assumptions already outlined above, and so
the values of the rate and other constants which correspond to the fit
and which are tabutated in Table 4.1, can only be regarded as qualitative.
They do, however, establish that the {hree-cqmﬁénent softening process
is a consistent one. ) .

We will now consider the physical significance of the rate
constants and time exponents determined in the foregoing section.

-
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Figure 4.9 _The strain dependence of the rate constants for recovery
and static recrystallization
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_ TABLE 4.1 / .
; Empirical Constants for Equation 4.12 ot;, ained from thga Softening Data
/ -
] Classical Metadynamic
_ Strain > Recovery Recrystallization Recrystallization
Rate - i

Tgmp _-1 Pre- r X" R xR M xM
-C} {s '} Strain k o k / p o k q o
T 7 3 ) 56 778 570 7] 12
0.05 9.6x10° 1.3 0.42 - ] ] - ]

450  1.800°°  0.10 1.8x10°® 1.3 o0.50. - - - - - -
0.15  3.1x10° 1.3 0.5 5.4x1071 2.2 0.50 _ - - -

0.05  3.2x107% ~ 1.3 o0.42 - - - - - -

.00 1o 1.3 0050 - - - -

500 1.8x107° 0.5  1.1x1072 1.3 0.50 2.7x107° 2.2 0.0 - - -

0.18  3.0x10°% 1.3 0.50 2.0x10°% 2.2 0.50 - - -
0.40 1.2x10"": 1.3 0.40 1.6x10°> 2.2 0.24 1.50 1.0 0.36

0.05 1.2x10°% 1.3 o0.42 - - - - - -

540 81072 0.10  2.4x10"° 1.3 - 0.50 5.4x10°8 2.2 o0.50 - - -
0.15  1.2x10°) 1.3 o0.50 3.0x10°% 2.2 0.50 - - -

*1§1
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4.3.4 Physical Significance of the Empirical Recovery Equation

‘

‘We now turn to consider the physical significance of a relation-
ship of the form of Equation 4.11. In the classical experiments on
recovery after cold work, the process has been shown to follow simple
first order kinetics. First order kinetics imply that the recovery
process begins 1mmediately at time equals zero. In the presént case,
however, it is evident that recovery does not start at the full rate
immediately after the cessation of deformation. Instead, it achieves
its maximum rate only after about 5% recovery. For a process of the
present type to be‘described by simb]e linear kinetics, it is necessary
to invok: an ‘incubation time' T, during which no change occurs. The
integrated first order rate equation in terms of degree of recovery
then becomes

~ k(1)
X, = 1-e | (4.22)

where k is a constant. Such a relation is shown fitted to the data in
Figure 4.13, which also includes a curve representing Equation 4.11.

It can be seen from Figure 4.13 that during the initial period
of holding, processes take place which do not markedly change the level
ardening or internal stress such processes could
islocations to the cell walls. The major

of the retained work

akes place after the 'incubation' interval,
could then be due to the andihilation of redundant dislocations within
the cell boundaries.

Although a relation of the form of Equation 4.22 can be used
to describe the present data in the mid-range of the process, softening
acfua]]y taﬁés place more rapidly at the end of this stage of recovery.
On the other hand, Equation 4.11 fits the data better but js less
amenable to physical interpretation. .

We have already noted above thif’;;;\recovery part of the
softening process saturates well below full softening. Thus Equation 4.22
is in the normalized form in which X. varies from zero initially to one
at saturation. It is convenient for direct comparison with standard treat-
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Figure 4.13 A graphical comparison of the empirical recovery relation ‘
(Equation 4.11) and the linear kinetics equation (Equation -
4.22) with the data for recovery of tough pitch copper
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ments of recovery to express the process in terms of flow stress components
such as o4 the internal stress. The differential form of Equation 4.22

is given by
_x |
=) o k(a-x) ‘ (4.23)
dt r
s It
By noting further that
. O].-Oim .
I-x = = — (4.24)
ci—oi .

where Uio is the initial value and oim the saturation value of the

internal stress, it may be shown that

do, : -
L = _k(o,-

dt‘ §7057) (4.25)
where (Oi’oim) is the excess internal stress (i.e. the excess over the
saturation level). It is of particular interest that the kinetics of
this type of softening are only approximately first order if expressed
in temms of th? excess internal stress. Furthermore, the internal stress
may be taken as being proportional to the square root of the dislocation
density. In the light of the foregoiqg arg&ments, it may therefore be
concluded that the rate of change of dislocation density during recovery

. follows first order kinetics.

It is evident from the experimental results that the rate of
recovery is not only dependent on the level of the excess stress, but
is also temperature sensitive. The temperature dependence of the recovery
" process is shown in Figure 4.14, where the' time for 50% recovery is plotted
against inverse temperature for different amounts of prestrain. Since
the prestraining in the present experiments was carried out at the same
temperature corrected strain rate, the starting structure and internal
stress are expected to be nominally the same for a given prestrain at
. the three temperatures. [t is evident from Figure 4.14 th;t in tough
pitch copper the activation energy for recovery increases as the tempera-

. ture decreases. This unusual behaviour suggests that at the lower

,temperatures some process is operative (for example oxide precipitation)
which inhibits static recovery.

. , S
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4.3.5 The Critical Strain for Recrystallization

It is evident from the description of the present research that
the role of the critical strain for static recrystallization - is an

ihportant one. It is the purpose of this section to summarize and
discuss our observations regarding this variable. )

If the critijcal strain for static recrystallization is exceeded,
softening by static recovery can only take place during the incubation ‘
period prior to recrystallization. Furthermore, if the critical strain
for recrystallization is not reached, the recovery processes do not
lead to full softening, but saturate at a softening level we]i below
100%; i.e., full softening cannot be produced by recovery processes alone.
The soft:ning curves of Figure 3.5 and 3.6 reveal that the maximum relative
softening that can be produced by static recovery alone before the peak
is about 50%. This compares with softening levels of about 40% produced
by recovery alone in aluminum{ 11" |

At 500°c, Figure 3.5, a pre-strain of 0.10 {curve b), was
followed by a recovery cycle 13sting some 10,000 seconds. As softening
did not go to completion, it can be conc]hded that the critical strain
exceeded 0.10. From curve c, it can be seen that, after an interruption
strain of 0.15, softening by recovery was complete after about 50 seconds,
and then recrystallization proceeded to completion. The critical strain
for this material, at SOOOC, is thus between 0.10 and 0.15 strain. The
above value is in reasonable agreement with those quoted in the literature,
which are of the order of 0.10 gtrain(so).

The critical strain for dynamic recrysta]li}ation is of special
importance for the present discussion since softening by metadynamic
recrystallization can only take place in a dynamically recrystallized

structure. It is strain rate and temperature dependent(40)

and is generally
assumed to be less than the peak strain. According to Rossard(4] the
cri\tica] strain for dynamic recrystallization i; of the order qf 0.,,,.

In the present study the critical strain in copper was estimated to be

about 0.9 ¢p at 500°C.

4.3.6 Metadynamic Recrystallization

It is well established by the present results that a softening
process called metadynamic recrystallization indeed takes place after
large prestrains in a dynamically recrystallized structure. It was con-

T T T . TRt el i 2 . .«
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firmed that the process does not require an 1incubation period after the
termination of deformation, that 1t proceeds very rapidly and that it
goes to completion when all the nuclei formed during deformatioﬁ are
exhausted. A new characteristic of this process was also observed,

which is that metadynamically recrystallized grains are smaller (at

least under the present conditions) than either dyqamica]ly or statically
recrystallized grains. lThis observation, 1f general, is & very valuable

one 1f we consider the importance of grain size refinement in the processing
of steel and other materials.

. The question that naturally comes to mind is the following one.
How can the nuclei formed during deformation lead to smaller grain sizes
when recrystallization follows straining than do the same nuclei when
the defornation is not intérrupted? Let us therefore consider this n
more detail. To begin with, we will assume, following Sandstrom and

(35), that a moving grain boundary leaves behind it a region

Lagneborg
which is relatively free of dislocations. With concurrent deformation,
the dislocation density begins to increase again once the boundary has
passed. This development 1s represented in Figure 4.15a by a plot of
dislocation density versus distance in the direction of grain boundary
motion. Here the grain boundary is moving to the right into unrecrystal-
lized material. The rate of increase in dislocation density behind the
moving boundary (and therefore the distance xcr) is determined by the
net rate of work hardening, which is in turn strain, strain rate and
temperature dependent, and is expected to vary locally within the material.
If an embryo, once formed, is to grow into a critical nucleus
(i.e. the smallest nucleus which is stable), then the strain difference
across the embryb boundary must be greater than the value required for
grain boﬁndary migration. Such embryos are continuously being formed,
but whether or not they achieve griticality depehds, not only on the
energy difference, but also on the width of the essentially dislocation-
free zone behind the moving boundary ep: If Xer is greater than dcr/2,
where dcr is the critical nucleus diameter, then embryo growth can
proceed. If, on the other hand, Xer is smaller than dcr/Z’ the embryonic
nucleus will cease to develop; it is destroyed by the concurrent straining.
Potential nucleation sites of this type, that never reach the critical
nucleus stage during defonnafion, can nevertheless grow easily after the
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. } interruption of deformation, as 11lustrated 1n Figure 4.15b. Once more,
the nucleus grows by bulging of the grain boundaries brought about by

the strain energy d1fference ’(“d'SR) The bulging leads again to the
formation of new grains, but these are smaller 1n stze than those formed
dynamically. This arises because of -the larger number of nuclei that
are free to grow once concurrent deformation 1s interrupted.
4.4 .STATIC RESTORATION IN THE HIGH STRENGTH LOW ALLOY Nb STEEL

It is clear from the results obtained on the three experimental

mater1als that the proposed softening model leads to a realistic inter-
pretation of the softening processes that take place after an interval '
of hot wrrk. An attempt will now be made to discuss the results on the
Nb-bearing steel 1n the 1i1ght of the restoration model. However, concur-
rent precipitation 1n this steel adds a new dimension to the probjem.
because of the 1nteraction between the kinetics of precipitation on the
one hand and those of recovery and recrystallization on the other.
Nevertﬁeless. 1t 1s possible to speculate about the 1nteraction
between precipitation and softening by assuming that the results of
Le Bon et a1(57) on a HSLA steel containing 0.035wt.% Nb apply to the
presert mater1a). This work compares the rate of NbC precipitatian after
t warking with that without prior working. Although their steel contained
half the Nb and twice the ( contained in‘the present material, and the
strain rate used for the study was one and a half orders of magnitude
higher than ours, the results will be considered to give an approximate
indication of the degree of precipitation that may prevarl ip the present
: - study. The times for 5, 50 and 1001 and maximum softening on holding
after 25% prior hot working are shown for the present material in Figure
4.16 The crosshatched regions on the diagram indicate the range over
which Mb( precipitation occurred in the work of Le Bon et al. [t is
evident that at 10406C. softening is likely to be complete before signi-
ficant precipitation has occurred. The occurrence of further softening
beyond 100% observed for delay times greater than 100s may then be
attributed to softening of the y matrix due to Wb and C deplétion. Although
this increment of softening could in principle be produced by a grain
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size effect, 1t 1s more ijgly that the grain si1ze s decreased during
recrystallization, and 7t would therefore be expected to produce a flow
stress increase (1.e. hardenming and not softering)

After only 10% prestrain at IOdOCC. the time to 1nmitiate
softening 1s 1n excess of 100s, so that the softening processes are
1ihely to operate concurrently with precipitation. This u;y cause some
retardation of the recrystallization process, however, at this nigh
' temperature, even after complete precipitatior, onrly half tne available

)“72) In view

Nb and ( are precipitated as carbide {see Figure 4 17
of this, the volume fraction of Nb( prectp-tated 15 expectec to be small
compared with that present at the lower tesperatures, sc that the
retardatrun effect 1% probably somewhat smaller thar 'n tne other teste

At the 1ntermediate temperature cf 93¢°C, the time for the
start of preciprtation 15 of the order of 10s and precipttatior could
therefore, ocgur concurrently with the prror deformation 1tself. This
could lead to the retardation of dynamic recrystallization by pinning
of the sub-boundartes anc grair boundaries. Such retarcation shauld not
only iedd %o a broadening of the flow stress peak, but s also ltkely
20 a‘fect all the static softening processes

At the lowest testing temperature, the 2ata of Le Bon et a!
suggest that the precipitatior of Nb( 1s well advancec be‘fore significant
softering dccurs. A% tris %emperature, the effect of concurrent M(
precrprtation appears 20 have 115 max'eur retardatior e‘fe(tlf Tris may
arise, on the one hand, from the high volume fraction of precipitate
present at tomplete precipitation {97% of the M and ( are present as
precipitates, see Figure 4 17}, and on the other, from the fine dispersion
of precipitate expected at tre lower temperature. It should be pointed
out that at 815%C with Wb and C 'r solution, the material would be expe;ted
to corsist of a mixture of austenite and ferrite. However, as NbO( is \
precipitated, both C and Nb are withdrawn from solution, which would tend
to 'ncrease the volume fraction of ferrite present. The large reduction
n tﬁe flow stress (see Figure 4 .18) which occurs after holding times
greater than 5000s may be attributed in part to this phase change effect.
Note that the data of Le Bon et al. guggest that Nb( precipitation {s
complete after about 1000s.

\
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4'4.1 The Effect of Precipitation on the Activation Enthalpy
An Arrhentus plot of the times for 50% softening after 0.25
prestrain is shown in Figure 4.19. It can be seen that the s]opelef

this plot is a function of holding temperatyre. The curvature shown
is equivalent to an increase in the activation enthalpy for softening
« “with increases in the likelihood of concurrent precipitation.

4.4.2 Recrystallization Rates in the Industrial Hot Rolling Range

The preéent experiments were conducted in the temperature

range 815 to 10409C. The range limitation was an experimenta] one,
arising from a) the necessity for using expensive and short-lived ceramic
tooting fur temperatures above 1000°C, and b) the minimum unloading and
reloading time of about a half second, during which a large fraction of
lsoftening takes place, again at temperatures above about 1000°C. WNever-
the1es§, it is of interest to consider the extent to which softening
. rates. in the breakdown range of temperatures can be predicted from test
r;msa1ts of the nature described above.

An example of the type of extrapo1at1on that can be made is
given in Figure 4.20. This construct1on is based on the Arrhenius relation-
ship and on the assumption that the overall "activation energy" associated
with sdftening does not change appreciably.over the experimental range.
The construction indicates that in the breakdown temperature range of 1100
to 1200°C, 50% softening occur$ in less than a second after a prior strain
of 0.25 in both the low carbon and Nb-modified steels. Thus, in these
materials, recrystal]izétion is essentially complete between mill stands.
By contrast, in the finishing temperature range, fu]Y recrystallization
may take from 10 to 100 secopds, and this can be 1ncreased to over 1000
seconds by the addition of n1ob1um\gq€ other elements.
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) CONCLUSIONS .
L\' The present investigation involved the softening behaviour of
a 0.06%C plain carbon steel, a 0.07%C Nb-bearing steel and tough pitch

copper. It was carried out by means of interrupted compression testing
in the temperature Fange from 450 to 1040°C and at strain rates between
8 x 107° and 8 x 107571,
out at the single temperature of 500%C at a fixed strain rate (1.8 x 10°

A second series of experiments was carried
25—])
and employed various interruption strains. After increasing delay times,
specimens were quenched to room temperature. These samples wére polished
and etched and examined metallographically. The distribytion of grain
sizes within each sample was used to determine the degree of recrystal- -~
Tization at a given delay time. The technique was sufficiently sensitive
to distinguish between the two recrystallization processes that occur
after prestraining.
' The results were interpreted in terms of a three-mechanism

... softening model and the kinetics of each process were examined. As a

result of the study, the following general conclusions were reached:

o 1. The flow stress ig;all three materials-is strongly strain

‘ rate and temperataae dependent, increasing with increasing
strain rate and decreasing temperature. A decrease in
temperature or an increase in strain rate also leads to
an increase in the peak strain and the peak in flow stress -
becomes much broader under these conditions. The broad- |,
ness of the flow curves in the Nb-treated carbon steel

: appears to be much greater than can be attributed to the
— temperature dependence of ths,recrysﬁa11ization process
alone. This broadening suggests that Nb(CN) precipitation '

T Panfan 1 &
¥

is initiated before or during deformation, thereby retarding
;o the dynaﬁic recrystallization process, which in turn has
- ‘ the effect of broadening the flow stress peak.
' 2. The results of a large number of inter?upted tests indicate
that, after hot working, static softening in FCC materials
N proceeds by the sequential operation of up to three distinct

i
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' processes. The three processes are static recovery,
classical recrystallization and :a distinct mechanism
identified as metadynamic recrystallization. The rela-
tive importance of each of these processes depends
critically on the prior hot working strain. A critical
strain of about 10% is required to tnitiate classical
recrystallization, whereas strains of 25% or more are
generally required to produce metadynamic recrystallization.

3. The three softening mechanisms can i1nteract to produce a
smooth softening curve, or a curve with either one or 'two
inflection plateaus. The following individual cases can

be distinguished, in order of increasing interruption .

strain. v ' ‘

a) For small amounts of prior strain, that is at a strain
considerably less than that required to reach the
maximum in flow stress, only one stage of softening
is observed. This first cycle of softening has been
attributed to static recovery alone.

b) When the amount of prestrain is increased beyond the
critical strain for static recrysfallization, softening
occurs by means of both static recovery and classical
recrystalfizat1on and a single plateau is observed.

c) When the flow curve is interrupted between the peak
stress and the steqdy-state.stress, dynamfc recrystal-
lization is followed by all three softening processes,

‘ and two inflection plateaus can be seen.

- d) When the flow curve is interrupted in the steady-state

! , region, the subsequent softening is attributable to .
static recovery, metadynami¢ and §tatic recrystalli-
| ‘ zation, but under certain conditions,nal1 three
’ processes operate concurrently and a single sigmoidal
“curve is produced.
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) 4. The rate of static recovery increases with temperature
as well as with the strain rate and interruption strain.
The latter effect can be attributed to the 1ncrease in
retained dislocation density that accompanies increases

in strain rate or prior strain. The rate of recovery
decreases somewhat with the addition of certain solutes
and when fine precipitates are present. The relative
amount of softening that can be produced by static
recovery increases with strain to aboit 50% of the work
hardening that is introduced. When the maximum degree
of softening brought about by recovery has been attained,
/ ~a softening arrest is generally seen.

5. The process of classical recrystallization after high
temperature deformation, like that of recrystallization
after low temperature deformation, 1nvolves an incubation
time during which recrystallization nuclei are formed.

In the present expefiments, this time ranged from 1 to
8000 seconds. The experimental activation energies associ-
ated with classical recrystallizatton are substantially
' higher than those associated with static recovery, thus
the length of the incubation plateau or softening arrest
depends on temperature, and is shorter at higher temperatures.
6. Metadynamic or post-dynamic recrystallizdtion can only
occur if dynamic recrystallization is initiated during
- prior straining. It takes place only when the interruption

strain exceeds the strain required to attain the peak in

the flow curve. __According to this mechanism, the recrystal-
lization nuclei formed during straining, and which grow

1 ﬁhring deformation, continue to grow when straining is
% interrupted. Thus no incubation time is 1nvo]ve&, and
d fhe overall softening rate can be up to two gqrders of
magnitude faster than when final softening takes place
by classical recrystallization,

Y
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) 7. When straininy 1s interrupted at equivalent regions along
" a flow curve, the rate of recrystallizatidn, by either

mechanism, is observed to be highly tempetature dependent.
When interruptions are performed at constant temperature
and nterruption strain, the rate of softening increases
with strain rate as a result of the higher dislocation
densities accumulated at higher deformation rates. The
marked effect of strain on the rate of softening involves
the changeover from recrystallization by a classical
mechanism involving an incubation time to post-dynamic
recrystallization, which utilizes nuclei formed during
deformation.

8. The addition of nichium (and of other alloying elements)
decreases the overall softening rate by one to two orders
of magnitude. The alloying elements reduce to some extent
the rates of dynamic recovery, static recovery, and both
classical and metadynamic recrystallization. However,
the major effect of Nb addition seems to be to prevent
the formation of dynamic recrystallization nuclei until
much larger strains are attained, and therefore, to
prevent the occurrence of post-dynamic (i.e., fapid) static
recrystallization at normal levels of prior strain.

9. . Experiments dealing with the effect of hot working condi-

tions on the recrystallized grain size lead to the conclu-

.sion that the latter is strain, temperature and strain

rate dependent. The dependencies observed are described

below. B

a)  The grain size of samples subjected to strains of

0.05 and 0.10, which are below the critical strain

for static recrystallization, were the same as the
initial grain size, but contained 'subgrains as revealed
by etch pitting. A qualitative study of the changes

in dislocation substructure carried out on these speci-
mens iné%?ated that softgning by recovery saturates

at a certain value well below (that associated with
full restoration. 7 T

\ T
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b) When the pregtrain exceeded the critical strain for -
static recrystallization, the grain size decreased
with 1ncreasing strain. At large strains, a steady
state was reached where the grain size remained
constant with further strain. ‘

c) The recrystalliied grain size decreased with an |
increase 1n strain rate. This effect was more pro-
nounced at the highest temperature (600°C), which
is reasonable when it is recalled that both the
retained dislocation density and the mechanical
properties in gepera] are more rate sensitive at {
higher' temperatures. The effect of temperature was
also marked and the results indicate that the re-
crystallized grain size of tough pitch coﬁper increases
with working temperature. ,

A plot of the high temperature yield stress vs. grain size

drawn up in the Hall-Petch manner shows that in tough pitch

copper the former increases linearly with the inverse '
square root of the grain size. The value of k gradually
decreases with decreasing rates of deformation and can

be written as: k =0.8 +-g(T,;){N/mm3/2}.

an increase in temperature also 1ead§‘to a decrease in

Similarly,

k, probably because its effect on thermal activation is
analogous ;o that of a decrease in strain rate. This
leads to a Hall-Petch relation of the form:

o, = op(Tecl+0.847 4 g(T,e)d™
Here the first component on the right-hand side of the
equation represents the yield stress of a single crystal,
and the second.and third terms arise from the contributions
of grain size to the athermal and thermal flow stress
components of the developed stress, respectively.
The -time dependence of the individual softeniﬁg processes
can be specified by means of experimental relationships
which can also be used to describe the -temperature and
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strain dependence of these processes. The data fitted
the following relationships.

a) when recovery is the only operating process.

'krtn

" x:(l—e )

X X
b) when two softening processés (i.e., static recovery
and static recrystallization) operate together, the ’

overall degree of‘ZQ{tening is given by:

x = x4+ xR .
where

R.P
Ro= xRkt

c) when the three softening processes operate together,
the overall softening produced is given byi/

X = X"+ xRe XM
where

M M,q

X' = Xf(l:e'k t ) b

The fractiona1‘§oftening at the completion of recovery

(X:) approaches 50% asymptotically and appears to saturate
under most conditions. In tough pitch copper, the time
exbonents n, p and q are strain and temperature indépendenﬁ
and exhibit constant values of 1.33, 2.2 and~1, resﬁectivé]y.
The rate constants k" (for recokéry), KR (for recrystal-
lization) and M (for metadynamic recrystallization are
strongly dependent on temperature and strain. With an
increase in temperature or strain, the rates of the indi-

vidual processes increase. -
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' ;trong]y dependent on the operating softening mechanism.

Grain size measurements suggest that grain refinement is

On the interruption of deformation at strains .inferior
to that required to initiate dynamic recrystallization,
the originalgrains are replaced by new grains formed by
classical recrystallization. The mean size of grains
formed in this way decreases as the prestrain increases

!
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and is 0.09 mm, (for example), at a prestrain of 0.15.

The dynamically recrystallized grains formed during
deforwmation, on the other hand, have a mean size of 0.17 mm;
i.e., they are somewhat larger at the strain rates used
than the classically recrystallized grains. These grains
are partially replaced by still smaller grains (e.q. 0.04 mm)
by metadynamic recrystallization when straining is inter-
rupted. The classical recrystallization which takes over
from metadynamic recrystallization at longer delay times
produces grains with a mean size similar to those produced
by the same mechanism at lower strains, i.e. 0.08 mm.
Prestraining into the steady state regime of flow there-

. fore produces mixed grain structures on complete recrystal-

lization. On continued holding after complete recrystalli-
zation, grain growth was observed in tough pitch copper
at 500°C and 15% prestfain, leading to an approximately
twofold 1ncreasg in grain size. This process also gave

- rise to a'component of softening. “This latter component

was attributed to a decrease in grain boundary density
rather than to a decrease in dislocation density.

&
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) STATEMENT OF ORIGINALITY AND CONTRIBUTION TO KNOWLEDGE

The present work includes the following original contributions
| 1. A quantitative method was developed for the investigation
of the softening behaviour of metals based on mechanical
“ measurements at the deformation temperature. The test

method 1s founded on the principle that the yield stress
at high temperatures i3 a sensitive measure of the structural
state of the materia}f Samples are loaded at a constant
true strain rate to some prescribed strain and then un-
loaded and held at zero load for increasing time intervals.
The samples are subsequently reloaded at the same strain
rate as before. The magnitude of the yield stress on
reloading is governed by the degree of structural change ,/7
that has occurred during the holding interval and can
therefore be taken as a measure of the progress of the
static softening process. Such measurements, based on
the yield $tress in comprgssion, have not been previously
made to the author's knowledge. '
2. For the experiments on the Nb-bearing HSLA steels, the
experimental treatment called for heating the compression
taols to 1200°CL In view of this, new tooling materials
were introduced. Solid bars of high purity alumina were
used for the upper and lower anvils. The entire loading
assembly was contained within a tubular, fused quartz
chamber which itself was water-cooled at its extreme ends.
" The compression chamber assembly was ‘enclosed in a platinum
‘ . spliiwfurnace+,ubich~couidmbe_naised_onglowepedgon—the———————-»——-
crosshead. This is probably the first time that highly
instrumented, isothermal, constant true strain rate compres-

sion experiments were carried-out 3t such high ‘temperatures.
3. The mechanical testing results have indicated, and the
metallographic results have confirmed, that an additional,
recrystallization process takes place after deformation
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. at high temperatures This very rapid recrystallization,
christened metadynaric (or pest-dynamic) recrystalitzation, -

15 a type of static softening process that can occur oniy
after previous dynamic recrystallization (i.e. recrystal-
11zaton concurrent with deformation). According to this
view X the recrystatlization centres nucleated during
deformation will, on 1nterruption, continue to grow 1nto
the surrounding deformed material. This process s only -
completed when all the nuclei formed during deformation
are exhausted. As this type of recrystallization does
nhot require a nucleation interval, it proceedé very rapidly
upon the termination of deformation. Although unusual
and rapid forms of recrystallization have been reported
’ by a number of workers, the special features of metadynamic
recrystallization were first distinguished and identified
X in the present study.
L 4. As a result of the clarification of the role of metadynamic
recrystallization in static restoration, a new and detailed
model of the inter-relationships between the four softening
mechanisms following h{gh temperature deformation has been
proposed. The model suggests that the following combinations
of static softening process can operate: ’
1. static recovery only,
2. static recovery and static recrystallization,
3. static recovery, static recrystallfzation and grain
_growth, )
4, static recovery, static and metadynamic recrystallization,

and — - -

L —7 -

5. static recovery, static and metadynamic recrystallization
and grain growth.

It should be added that some evidence for a fifth softening

mechanism was observed which may involve matrix depletion

~

and precipitation.
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5. The sequential operation of up to four distinct softening
processes precludes the meaningful application of a single
integrated rate equation to the softening data. Instead,
the present results were fitted by means of an equation
made up of three components of the form proposed by
Avrami_for-elassical recrystallization alone. These
relationships can be used to evaluate the temperature and
strain dependence of the individual processes. '

6. A gualitative study carried out of the changes in the )
dislocation substructure by means of an etch pit technique,
as well as the progress of softening observed by means
of mechanical testing, support the observation that softenin
by recovery saturates at a certain value well below that
associated with full restoration.

" 7. It is evident from the grain size distribution curves
obtained in tough pitch copper, that more than two groupings
of intercept lengths are present. The observations ingicate
that, under the present deformation conditions, the finest
grain size is produced by metadynamic rather than by '
dynamic or static recrystallization. This observation,
if general, is relevant to. the steel processing industry,
where the production of fine grained materials is of con-
siderable economic importance.

8. The presénce of both athermal and thermal components of

f.

A R TS s

v grain boundary strengthening was observed, suggesting that Dy
grain poundar1es can serve as both local and long range oy
obstacles\at elevated temperaturess. It is thus a conclu- -

———sion of the present work—that a-Hall-Petgh relationof
the following form applies at high temperatures: .
. W -i' . 'i - \(
oy = UO(T,e) + 0.8d7 % + g(T,e)d™ . "
Here oy and % have units of MPa and. the grain size is \
- in mm.

-~
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: APPENDIX 2.1
The Complete Flow Curves Obtained in

|

Tough Pitch Copper, 0.07%C + Nb Bearing Steel and . 3
0.06%C Low Carbon Steel for the Various Testing Conditions ‘
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APPENDIX 3.1
Experimental Conditions Employed to Evaluate the Influence
of Grain Size on the High Temperature Yield Stress of Copper
TOUGH PITCH COPPER, T = 540°C

Test flf cﬂ' tp ) M %y n d

No. (s '} {s '} (s} {MPa} {MPa} (MPa} (mm} X

T z ) T 5 8 T 3 k]
Cu 913 8x102 10 0.40 o4 49 36 |
Cu 905 1.8x10°2 12.20.41 93 50 3 ¥
Cu 906 1.8x10°2 12.20.41 92.9 48 34 .
Cu925 3x1072 3.7x10°3 15 0.40 94 48 32 0.056 ‘
Cu 926 3.7x107° 15 0.40 94.5 48 32
Cu 923 7.5¢07% 3 0.4 o4 48 30 ;
Cu 924 75007 36 0.41 9.6 48 30
Cu 929 8x10°° 20 0.39 75 43 35
Cu 930 8102 20 0.40 76 45 3
Cu 912 1.8x10°% 20.50.40 77 46 33
cu927 1.8x10°2 303 23 038 7 e 31 0.10
Cu 928 3.7000°° 23.10.40 76 43 3
Cu 920 7.5x0°% 98040 7 43 29.5
Cu 921 15007 7041 76 43 295
Cu 931 8107 60.30.39 61,6 40.5 34
Cu 932 81072 60.4 0.40 0.2 39 u
Cu 933 1.810°2 60.7040 62.8 38  32.5
Cu 934 3.7x1077 1.810°2 60.70.39 60 . 3 2.5 0.145
cu 9N 3.7x10°° 68 0.39 61 [y 2.5
Cu 918 1.5x10"" 7r60.40 62 409 2.5
ou 919 1.50°" 7 o040 .5




APPERDIX 3.1 {cont'd)

1 3 3 A S B )
Cu 914 axlo"f 3000 0.40 53 38.5 33.5
Cu 915 . 8x10°% 300 0.40 533 36 33.5 y
Cu 916 1.8107% 301 0.41 52 3.6 32
Cu 917 7.5x1074 1.8x1072 301 0.40 529 33 32 0.2
Cu 907 3.7x10°3 302 0.39 s52.8 43 30
Cu 908 3.7x073 302 0.39 53 38 30
Cu 910 7.5x10°% 314 0.40 54 38 28

TOUGH PITCH COPPER, T =~ 600°C

Cu 261 7.5x10° 63.5 M 34
Cu 260 1.9x10"2 63  40.8 32

Cu 259 7.5x10°2 3.8x10°3 1. 0.40 62.9 &1 30 0.16 J
Cu 258 7.8x107 63.1 40.5 28 |
Cu 257 7.5%102 54.5 31.5 33 |
Cu 256 1.9x10°2 5§  29.6 3

Cu 25 1.9x10°2 3.8x10°° 5  0.40 54.9 3.1 295 0.2

Cu 254 7.5x10°4 55.0 3.5 27.8 '

Cu 253 7601072 M. 95 03

Cu 252 1.9x10°2 0.5 280 3 ,
Cu 251 3.8x10°° 3.8x10°% 22 0.0 #1.2 295 29 0.32 ;
w20 - 7.0t fno 2 2 |
Cu 266 20T . 38 284 38 *
cwes - temg? | w2 ¥ 2.3
¢u 247 7.8010°" 380103 co\ ‘0.40 38.5 2 29 0.51 4

fu 245 1.0 - nt ous @
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APPENDIX 3.2

1

The Amounts of Softening
Occurring in each of the Materials

under the Experimental Conditions Emplayed




APPENDIX 3.2

The Amounts of Softening Occurring in each
of the Materials under the Experimental Conditions Employed

TOUGH PITCH COPPER

Testing Temperature 450°C, Unloading Strain 0.05,

Strain Rate 1.8x10" 35

De]aysﬁne (':y.} {z;na} {':Ba} ‘ Amount ofooftening
¢ 1 2 3. 4 5
5,000 I3 n 70 0
11,000 68.7 5.5
24,000 65.1 18
36,000 61.4 32 5
46,000 60.3 36 -
160,000 58.6 42

2,

Testing Temperature 450°C, Unloading Strain 0.10,

Strain Rate 1.8x10™3s"!

i Z 1 ! 3
500 13 14 92 0
1,000 92 0,
3,000 90.5 3
5,000 89.5 5
7,000 87.6 9

. 9,000 85 ' .
14,000 - 8] 22
17,000 77.3 30
~ 30,000 .t 898 '

55,000 . B 67.5 50 "’

100,000 6.8 50




APPENDIX 3.2 (cont'd)

220.

Testing Temperature 450°C, Unloading Strain 0.15,

Strain Rate 1.8x10"3s

-1

V§4~s Sy

um i‘r ' sty
x ﬁgt@‘“ﬁ%ﬁﬁgaf A R0

Y 7 3 1 5
10 5 % 9 0

30 9% 0

80 96 0
180 94.4 3
300 94 4
500 _ 92.8 6
1,000 88.6 14
1,400 86 19
2,000 82.2° 26
© 2,700 77.5 35
4,000 7.6 46
6,000 69.5 50
8,000 69.5 50

12,000 69.2 50.5
18,000 67.4 54
28,000 62.1 64
40,000 ' 55 78
70,000 45.1 96
200,000 30.8 123
Testing Tewperature 450°C, Unloading Strain 0.40,

Stratn Rate 1.8x1073s"

| 3 3 T 3

2 L4 55 92.9 4
4.4 ' 90.3 9
6.5 8.3 N
’ 81.7 "
10 & 15
® .2 ”
] 19
" 21

S

SE P R Y. T §

Wy A o e R



APPENDIX 3.2 (cont'd)

. T et AR e 1 2p s RS

] 3 3 3 5
32 R ] 9% 81.5 26
38 79.4 30 :
55 75.2 38 §
90 70.5 47 ‘
100 87.9° 52
110 66.9 54
120 64.8 58
150 64.3 59
200 64.8 58
240 64.8 58
300 64.8 58
400 63 62
500 60 68
600 56 75 g
700 54.4 78
900 53 '80
2,000 53 80
3,000 52.3 82
3,800 48 90
5,000 - 43 100 -
40,000 ‘ 43 ¢ 103 i
Testing Temperature 500°C, Unloading Strain 0.05, *
Strain Rate 1.8x10"%s™1 ' _
T 7 ] 1 3 (.
6. [k - 69 0
% 0
60 2
a0 3
00 4
'8
1
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1

¢ ’ ' APPENDIX 3.2 (cont'd) .

7 3 X 1 2 |
500 [ %] (1] 61.5 29
700 59.9 35

1.200 58.5 40.5
2,000 58.1 42
4,000 ~ 8.3 M
7,500 58.1 42
500,000 58.1 42

Testing Temperature 500°C, ‘Unloading Strain 0.10,
Strain Rate 1.8x10"%s”!
2 3 4
5 &) 0 90
10 90
15 80
20 88.6
24 88.1
30 87.2
40 87.2
45 , 85.3
60 ’ X

— .
N O NN WO OO 07

~4
o
8
[P
(34

85 81.5
130 : 78.7
60 ‘ 76.8
180 75.9
' .5
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APPENDIX 3.2 (cont'd)
Testing Temperature 500°C, Unloading Strain 0.15,
Straln Rate 1.8x10"%")
1 2 3 4 5
1 3 [ 96 0 .
2 9% 0
3 94.4 3
5 93.8 4
7 93.4 5
10 90.7 10 |
15 88.1 15 <
20 ” 85.4 20
3077 . 80.1 30 ‘
40 74.8 40
42 71.6 46 ‘.
50. ' 71.6 46 ‘ |
60 68.4 52
70 | 64.2 60 ]
100 . 55.2 77
106 51 85
150 48.3 90
260 45.1 96
460° o 43 100
1,500 43 100
. 21,000 : 34.5 116
Testing Temperature 500°C. Unloading Strain 0.18,
| ) Strain Rate 1.8x107%"
\ — 2 i{ﬁ T 3
0.7 , B8 108 108 0
: ‘ 104.8 5
3.4 N 102.8 8
5 ’ . 99.8 13
4 : 9.6 16
I . . ' 9. 26
&

T | s




APPENDIX 3.2 (cont'd)

T 7 T [} 5

16 [ &} 708 76.8 48

22 76.8 ag

28 72.9 54

32 68.4 61

36 62.4 70

<40 . 59.2 75

46 54.7 82

60 49.5 90

120 43 100

500 32 n7

Testing Temperature 500°C, Unloading Strain 0.30,
Strain Rate 1.8x10"%s” .

1 2 3 1 5

0.55 L &} 1085 93.8 18

- 0.8 - 89.5 25
1.35 . 83.3 3

1.5 82.1 9;\

1.7 N 80.2 0

2.4 76.5 46

3 74 50

4 ) n.s 54

4.6 70.3 56

5.1 70.3 . 56

6.5 67.2 61

7.8 61.6 70

8 60.4 72

10 56.6 78

' 10.1 56.6 - -78
10.3 6.6 78

05 ’ 55.4 80

[ 84,1 82

/ 2 . 50.4 88

L. St
X 80 B 100
™, . 800 % L ns
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APPENDIX 3.2 (cont'd)

Testing Temperature 500°C, Unloading Strain 0.40,

Strain Rate 1.8x107%”"

) Z 3 3 5
1 3 95 78.4 32
1.8 721 44
2.2 . 69 g0
2.8 - 68 52
3.6 66 56
a.4 64.9 58
5 63.8 60
6 61.2 65
8 55.5 76
10 53 81
12 52.4 82
17 51.3 84
24 46.6 93
30 A4 98
40 43 100
Testing Temperature 500°C, Unloading Stratn 0.52,

, Stratn Rate 1.8x10°%s”"
\ 7 T 1 3
0.9 [ &} 1 76 37
1.25 73.2 42
2 68 52
2.4 66 56
3.3 63.3 61
4.8 61.2 65
5 58.6 70
53.4 80
51.8 83
‘ 50.8 85
’ 4.4 87
.7 89
N 45,7 9%
43 100
' 3.8 108

. v
&,
Lt

g

o
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APPENDIX 3.2 (cont'd) L

/ Testing Temperature 540°C, Unloading %train 0.05,
Strain Rate 8x10™2%™ :
1 2 3 [} 5
12 13 i n 0
20 n 0
32 n 0
130 ' 68.5 9
280 65.4 20 }
400 ’ 62.6 30
550 60.4 .
900 . 60 :}
1,400 59.8 42
2,200 . 59.8 42
3,000 ) 59.8 a2
5,500 . 59.8 * 42
10,000 . 59.8 42
70,000 59.8 Q2
Testing Temperature 540°C, Unloading Strain 0.10,
Strain Rate 8x1072s")
) Z k] ¥ 5
1.8 13 (1] 90 0
2.8 90 0
10 , 88.6 3
20 . 8.2 6
a2 ' , , 8.5 16
65 . ;@\ 783 25
90 ‘ 75.9 30
10 “ | 74.0 34
150 : 72.1 38
N , N 67.9 47
- 80 - | 67.4 a8
: . &0 ' 88.5 50
® : 100 T 6.5 50 \
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‘ APPENDIX 3.2 (cont'd) --
. ] 2 3 7 5
900 LI &} 9% 64.6 54
1.300 61 62
1,600 57.1 70
2,100 ( ’ 51.5 82
- 3,600 - 45 96
5,500 43 100
S 8,000 43 100
| 11,000 43 100
Testing Temperature 540°c. Unloading Strain 0.15,
Strain Rate 8x10 2"
T i 3 1 5
0.8 13 98 93.8 4
1.3 . 93 6
1.7 91 10
2.4 88.1 15
3 86.5 18
, 3.4 84.3 22
\ 4.6 81.2 28
\ 6 78 34
7 75 40 -
8 72.1 45
9 7.1 47
1 69.5 50
) 1/‘ 15 69.5 50
| 18 66.9 55
| 22 65.3 58
/ 2% 63,1 62
- - 3 59.9 68
3% ) | 66.3 75
4% . 82 83
50 L4 ‘ ”"‘ “
] ®%.7 93
o 0 | M o7
-8 s 43 “100
; ’.m N :f;ﬁ-“ ’ ,* - X - %‘z “,,L ’*1“
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APPENDIX 3.2 (cont'd)
Testing Temperature 540°C, Unloading Strain 0.40,
\ Strain Rate 8x10"2s™ ¥
T 2 — 3 ) ~ 5
1 ra3 95 73.2 42
; 1.5 70 48
1.8 68 52
2.5 ) 63 62
2.8 : 60 68 i
3.2 57 73
3.8 53.4 80 ‘
3.5 50.3 86
- 4.6 = 50.3 86 .'
5.5 49 88 .
6.5 7 50.3 8
, 7.5 _ : 48.2 90
8 46.1 94
9 ) 44.6 97
12 43 100
17 g : 43 100
1,000 32.6 120

€ L

\_  0.06%C LOW CARBON STEEL
. Testing Temperature 815°C, Unloading Strain 0.25,

? ' ’ strain Rate 8x10™2s”!
1 2. 3 4 5
- 1. ® -1 27 ;
2.8 .
5.5 41

15 e §
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Testing Temperature 930°C. Unloading Strain 0.25,

Strain Rate 8x10™2s”
1 7 3 T =z
0.9 0 0 54.4 64
1.8 52.4 , 69
2 50 75
4 : 50 75
5.5 49.6 76
8 45.6 86
10 37.6 106
- 22 35.2 112

Testing Temperature 930°C, Unloading Strain 0.25,

Strain Rate 8x10™ s .
Y 2 3 [ 5
4.8 n 3 49.5 43

5.5 TR 48
6.5 44.6 60

. 4.0 62

. a5 22.6 67
65 . 9.4 78
100 - 35.0 93
300 3 - 100
1,000 ) 33 100

Testinc Temperature 1040°C, Unluding Strain 0.25,
Strain Rate 8x10° s -1

T Z. I 3
1.5 S W 38.2 /35
18 J | . 38.2 75
: L A 3.2 75

7€
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T 7 3 ) - 5
6.5 ki 57 29 12
s 20 29 n2
30 29 12
40 29 12
60 29 He

Testing Temperature 1040°C, Unloading Strain 0.25,

Strain Rate 8x10™3s”
) 7z 3 1 5
2 i [ ' 38.8 19
9.5 N.8 60
14 30.4 68
25 30.4 . 68
0.07%C + Nb STEEL .

Testing Temperature 815°C, Unloading Strain 0.30,

Strain Rate 8x1072s”! _

T 7 3 T '
10 62 ™ 165.6 5
60 154.6 15
600 136.1 32
1,500 . 105.6 60
5,400 57.6 104
30,000 40.2 120

Testing Temperature 930°C, Unloadigg Strain 0.25,
Stratn Rate 8x10"%s”

g | % a:.z 2:




APPENDIX 3.2 (cont'd)

1 7 3 7 3

140 i) 30 57.5 105
200 57.5 105
300 57.5 105
600 ’ 57.5 105
1,500 52.8 120

Testing Tesperature 930°C, Unloading Strain 0.10,
Strafn Rate 8x10™Js”!

T 7 3 3 5
30,000 '] 70. 66.7 15
Testing Temperature 930°¢C, Unloading Strain 0.26,

~ Strain Rate 8x10™3s”!

)| 2 3 ) —5
25 w - 78 75.7 7
40 720 + 18
60 ~ 66.1 36
10 64.8 40
200 59.8 55
300 53.6 74
500 53.6 74
800 46.7 95
1,100 43.7 104
1,500 , B T A 109

Testing Tewperature 1040°C, Unloading Strain 0.10,

- Strain fate B10"%7

X L T L
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APPENDIX 3.2 (cont'd) .
Testing Temperature 1040°C, Unloading Strain 0.25,
Strain Rate 8x10° 2 -1
7 A 3 3 5
1 @ 2] 82.4 4 (
4 72 30
) 5.4 58.4 64
10 48.8 88
15 R 48.8 88
26 M 100
40 44 100
60 42 105
200 e 40 10
800 40 110
1,200 _ 40 110
) Testing Temperature 1040°C, Unloading Strain 0.10,
i Strain Rate 8x10™ s
' 1 N ¥ 3 3 5
1,000 : i 1] 48.5 3
2,000 - 40 55
3,500 o 40 55
12,000 : 33 94
15.000 - ~— 31 10]
35,000 ‘ 30.9 106
56,000 | 30.9 106 .
mtmg t.mumn 1040°, umming Strain 0.25,
Strain Rate 8x10™5s"! ’
3 | A 3 1 .‘}7
. 2.5 ] ®I s %
‘ " 5.6 - o) B4 20
Y | : .2 50
M , ! .82 VW
25 P 7 87
, , ; 1 ;,, :

Wi;‘“ ""k
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APPENDIX 3.2 (cont'd)

]

e 50 k] 5.3 ‘3.2 9
60 ' .. 3.8 102
105 3.5 . w0l
350 30.3 107

1,200 - 30.3 107 :
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| . APPENDIX 3.3
Specimen Preparation for Optical Metallography
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APPENDIX 3.3
Specimen Preparation for Optical Metallography

The compression cylinders were sectioned and mounted in
Scandip]ast.f Mechanical polishing was performed on a series of emery
papers, with water as lubricant, starting with 220-grit, and followed
by 320, 400 and 600 grit papers. The polished slices were carefully
washed in acetone, rinsed in methanol and dried. They were then
electropolished in a solution containing:

" o133 m. glacial acetic acid

25 gm chromium trioxide

7 ml H,0
at 8.5V and 18°C in three-minute intervals. An alcoholic rinse was used
between polishing intervals. The specimens subjected to grain size
measurement were etched 1n"a potassium dichromate solution for 20s. The
solutfon contained

800 ml H20

65 ml H,50, (conc)

16 gm potassium dichromate

3 gm sodium chloride
and was used only once and discarded. It should be mentioned that a
chemical polish containing 20 ml nitric acid, 55 ml orthophosphoric acid
and 25 ml glacial acetic acid was also tried as a grain boundary etchant,
but was not found to give satisfactory results. '

Dislocation etch pits were produced with the aid of a solution
containing 1 ml bromine, 15 ml glacial acetic acid, 25 m1 HC1, 90 ml
water, and 130 ml mathanol(lss). The etching time was kept constant.
lndiviQull pits were resolved feadily.with a Reichert optical microscope
at -2000 magnification, using an oil-immersion 140x objective lens.

« \‘

* Olsen Scientific Instruments Inc., Long Island City, New York.
a
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‘ ‘ APPENDIX 3.4
Quantitative Evaluation of the Volume Fraction Recrystallized

Four sets of grain intercept measurements were used to determine "
the progress of static recrystallizatfon in tough pitch copper. The four
sets of data were obtained on samples prestrained 0.05, 0.10, 0.15 and
0.40 at a strain rate of l.8x10'25"]. As described in the text, indivi-
dual grain intercept measurements were made on samples held for various
delay times following deformation prior to quenching. The individual
intercept lengths were equally divided into 25 discrete size groups in
the size range 0 to 0.2 mm, and in the range 0.2 to 2.0 mm. The relative
frequency of intercepts within each size class is given by

"

fi—n—- <

where Ny {s the number of intercepts within the 1th group and N is the
total number of intercepts. When N is large, the total length of line X,
LTmeasured fs then given by

y T -
2 L NA 1=1a'1

N where Hi is the mean length of the intercepts within the ith class.

In the three sets of samples which had not undergone dynamic
recrystallization during prestraining it was assumed that intercept lengths
which fell in size classes greater than 0.2 mm were obtained from the
population of unrecrystallized grains. If the size groups are indexed
from the smallest to the largest, then the total length of line inter-

SRR

oA

'
~

. secting the recrystallized materfal is f
IR

26 g

R nEed :

similarly the unrecrystallized Tength LU 1s given by

v -

LY IR ‘ '

N AR




The l{near fraction recrystallized Lf is then
2?
NS = MR
L {T N

))
izify-4y

The discontinuous distribution curves in Figure 3.11 (a to d)
show that, for samples strained beyond the peak, the grain size at the
beginning of the delay is smaller than the original one. This arises
because the material had undergone at least one cycle of dynamic recry-
stallization prior to interruption. In view of this, intercept lengths
greater than 0.174 were considered to fall within the population of grains
which were unrecrystallized statically. In this case LR was defined as

R }?fa'NfE
Lm - d/Z
= 14 ol 179

The values of LR and LU as well as Lf are given in the following
tables for samples that were prestrained 0.15 and 0.40 at 500°C and 1.8x10
Values are not given for the samples prestrained 0.05 and 0.10 under the
same deformation condition as no static recrystallization took place (see
Figure 3.112 and 3.11b).

2s'].
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‘ APPENDIX 3.4
Quantitative Evaluation of the Recrystallization Parameters

TOUGH PITCH COPPER
T = 500°C, ¢ = haxl0 %)

s ', unloading strain 0.15
LK
Sample Time {Eg - i& L
) (s) 6714 1%5-94 {x)
!!% 2 3 7

- 5
. Cu 555 1 0.945 0.0036 0.4
Cu 556 30 0.411 0.0135 3.2
\ Cu 566 60 0.204 0.0267 11.5
Cu 565 120 0.134 0.0460 26
Cu 567 180 0.083 0.0759 48
Cu 557 480 0 0.0748 100
Cu 976 12,000 . 0 0.0749 100
/ T ~ 500°C, ¢ =~ 1.8x10"%", ynloading strain 0.40
7 2 3 ] 3
Cu 558 | 0.055 . . 0.018 24
Cu 564 3.8 0.055 0.032 36
Cu 563 4.8 0.051 0.039 a4
Cu 560 6 0.036 0.036 50
Cu 561 13 0.036 0.039 53
Cu 562 - 20 0.018 0.045 n
Cu 966 40 0 0.052 100
A Y
L3
® )
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APPENDIX 3.5
Cu~0 Equilibrium Diagram
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APPENDIX 3.6

. Flow Curves for Tough Pitch Copper used to
Datermine the Dependence of the High Temperature
Yield Stress on the Grain Size
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' APPENDIX 4.1 )

. Iterations used to Determine Saturation Levels ;
‘ for the Three Softening Mechanisms .
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