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ABSTRACT !

KinetiCS*of\Recovery and Recrystallizgtlon
of Hot Worked Copper under

Stress Relaxatiog/

P

FI L4

Lucio Vazquez-Briseno, Ph.D. L

Concordia University, 1985 ////
i p
, L ,
The kinetics of rgcovery and recrystallization of

ETP copper under. s;{éss relaxation is studied after high.‘

temperature compregsion and torsién. One group of specimgns
Was'(strained in. compression at 450°C,' 1.8x1073 s~1 and
s40°cC, 9.3)(10'\"2 g~1 (Z7); a Becond group in botﬁ‘éompression
and torsion at -450°C, 1.8x10"1 g1 (1ooil), and a third
group in torsion at 500°C, 1.8 g1 (1002i) or 450°C,“f.8 g1
(10002y). After straining to 0.15, thé samples of the first
two groups were stress relaxed or load-free annealed at the
deformation te@peraﬁure, while those of the.third group were
only stress—-free’annealed. The progress of restoration was
followed by 3mechan£c¥f\ and microscoﬁic methodsﬂ Recoyery

and recrystallization occurred under both relaxation and

£l

load-free annealing. The former followed an exponential law

and the latter the Mehl-Avrami relationship.

o
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The rates of recovery and recrystalli;ation under

‘relaxation were lower and higher, respectively, than for

' load-f;ee annealing. Plastic flow im stress relaxatfon, by

generating some degree of hardening, retards recovery which -
‘in turn enhances recrystallization. Theq reséoration
_Einetics in compression and in torsion atre similar but show
differences related tb the restoration gradient. The stress

relaxation cu;vé caa be used to determine app;bximately the

amount of softenikg " and k}he onset and end of

recrystallization.
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‘Fig. 4.7 Stress. relaxation curves _-after a

compression of 0. 15. The reloading yield stress

valu®s after different relaxation times .are shown on-

the -curves (IA), (IB) and (IIA) as the tips of the
vertical_bars. \ -

Fig. 4.8 Rel?tionship between o, and o /VQSRST‘
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Fig. 4.9 Evolution of fractional relaxation (FR)
under conditions IA,IB and IIA. Comparison with the
fractional softening (FS) curves.

Fig. 4. 10 -Evolution of" softening and recrystallized

volume fractions with load-free and stress relaxation .
annealing times after compression to the same stress '

level (2, = 1. ax1013 571, o = 80.8 MPa). _
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1 ”

Fig. 4.1} Evolution of softening and recrystallized.

volume fractions with load-fré® and stress relaxation

annealing times after compression (om = 100.5 MPa) -

and torsion Woﬁ = 91,2 MPa) at about the same “stress

level (z = 1.4x101°% 571 = 100 2

e

Fig. 4.12 Evolution of sofffening with UL annealing
time after torsion at the conditions: IV 1000 2

..l . _
- and III 100 Zl' om =

1’ m

%

= 100.5 MPa, for 450°C, 1.8 s

83.2 MPa, for 500°C, 1.8 s"1I.

Fig. 4.13 Softening (MECH) and recrystallization
(MICR) kinetics according to ‘Avrami relationship
(egqn. (2.27)) under conditions IA UL and SR, and 1B
UL and SR (Z,) (Table.4.4).

Fig. 4.14 Softening kinetics (MECH) according to
Avrami relationship (egqn. (2.27)). under conditions
IIAY UL and SR, and IIB UL and SR; recrystalization
kinetics (MICR) for IIA UL and SR (100 zl). (Table

4.4).

Fig. 4.15 Softening kinetics according to Avrami
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450°Cc, 1. gx10~3 71 (Z;). Points. 1 and 2 denote
changes in the-chart speed (32). )

Fig. 5. 3 stress relaxation curve after €¢ = 0.05 at
500°C, 1.8x1072 571 (z,) (32). ’
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CHAPTER 1

(=}

INTRODUCTION ‘

Understanding the behaviour of materials under stress
relaxation ' is important both from the ipdustrial/ and
scient{tic points of view. Processes, such as contihuous
anneeligg orbcertein rollieg operations with tension between
stands or coilers, result in materialé being, held at high
temperature under the influence .of strees. Inspiratipncfor
this research arose from some app;tently eontradictéyy
literature reports which are explained below. It has\been
shown that gently stressingzor straining, a cold-worked metai
incregses the rate and amount of recoveryﬁ As a further
effect, this usually retards or supresses recrystallization.
On 4§he other h;nd, Anealing of copper after a low strain

under stress relaxatxon decreased the rates of ‘recovery and

recrystallization and also the amount of recovery.

The primarg objective of the pioject was to determine
the effEct‘of stress relaxation compared to stress-free
annealing, oﬁ the recovery end‘recrystallizatipn_of worked
copper while holding it at constant temperature after hot
deformation. A secoed objective of this research was to

determine the correspondence between the restoration

el
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CHAPTER 2

y

DEFORMATION RESTORATION AND RELAXATION PROCESSES
AT HIGH TEMPERATURE '

<

2.1 Background on Stress Relaxation

~2.1.1 Definitions

The following terms are given brief, pfeliminary

'definttioqs to eliminate any confusion that might arise from

differences 1in usage. In many cases, more thorough

explanations are given later.

b

Plastic deformation is an essentially irreversible

shape change which occurs almost exclusively by the

generation and motion of d1slocations, whichﬂbre linear,

-*geomefric,.elastic”defects in crystals.

L]

Strain hardening is the increase of strength with

strain which arises from the auto-limitation that the

dislocation network, densifying with rising strain, imposes

-

on the motion of dislocations.

P

\ .
Dislocation substructure is the . strengthening

A

arrangement which dislocations adopt during deformation.v In
A

particular, during hot deformation, dislocations initially

become entangled, and at higher plastic strains form the

o

walls of subgrains, leaving thie interiors comparatively



empty. . N
. ' \ .

, !Elongated grains. or crystals are those extended

o

. - :
prefere;kially along some direction .in conformity with the

outward change in shape of the object.

Recovery includes all processes of rearrangement and

-

" annihilation of- dislocations which reduce the strength and

.

energy of the substructure without marked change of the

grain shape or orientation. Jpu—

-

Reéryééallization" is tﬁefformation of small, neariy
disloqation-frée crystals which grow into ‘the Y;urrounding
dgformgd ‘material to ultimately give rise to low strength,

L . equiaxed grains. .

- 5 o

Restoration is the bassage from a stfain hardened .

gstate to a lower strength, less dislocatea one through

recovery and/or recrystallization;- thamic restoration

takes place ‘during deformation at high tempefatuxe, while

Ed

static restora%i&n does 8o after deformation or during

.

‘annealing at sucg\Pemperatures.

e -

=

‘High temperatures 1lie in the range T > D.STm, where

oo

Steady state deformation is a straining regime 1in

S T is the absolute melting temperature of the metal. N

which stress, temperature and strain rate remain constant
. §
due to dynamic equilibrium between hardening and restoration

‘processes. ‘This is found in creep where' stress -is fixed,

v U
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-

.. or in hot working. where strain rate is fixed.

it

Thermal activation (of plastic deformation) is ﬁhe“

(assiéﬁance that thermal energy gives to the appiied stress

in causing dislocations tqQ: overcome internal barriers to

9,?’13 .
-

-

motion.

2.1.2 Stress Relaxation at Low and MeditffTemperatures,
Stable Microstructures

4

Although the stress relaxation phenoTengn is known
'since the 1last cenfiury (1), itiis only in the ‘last quaFter
of the present century that extepsiye stress relaxation gf
metals and alloys has been c;;riea out. Most qf“the
rela;ation studies have concentrated on situations whgre it
was important toakgép constant the structure of the metal}
i.e;'under testing conditions which' iﬁplied small plastic:
.deformations and negligible recovery. To this end, the .
"stress techhique coﬁsists of the elasti;~ defo;mation of a
sample followed by a constancy - of dimensions. If the

condition of fixed strain in one direction is expresséd7 by

the equation T
€ox = €ex * eﬁx = constant . T (2.1)
- where €ox 18 the initial elastic strain, € ox and €px are the

instantaneous values of elastic and plastic strains. To be

more precise, the only plastic deformation of the material

during relaxation is that related to the elastic strains in
! . " N

both the specimen and the loading machine or™ device which’
' _ . S ' v o
t@ ’ N . . q ’
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result from the load (2). In some cases, recovery of

‘,Bubstructufgp is prevented by testing at low temperatures.

e

! Some, phenomena sgudied by stress relaxation at low
temperathres are: rate contgolling mechanisms ., of plastic
deformation (3-6), wﬁrk-hardening mechanisms (7-10),
dislocatioﬂ dynamigs (11, 12), plastic flow prior to
yielding (13), internal stresses (9, 1l4) and thermal

activation parameters in plastic-deformation (4, 5, 15).

. Stress relaxation research at interﬁediate
temperatures was " carried out by Bystrov and Shak@maey (16)
examining dislocation mobility, and at high teﬁperatufes by
Gibbs -(17) to identify the rate-controlling procebseg in

secondary creep. :

7’
rd

»~

‘FOX (l%r/19) and Fox and  Fuchs ’(ib) accompliéhed
stress relaxation experiments in the range 0.22,-'0.37Tm on
-copper and copper alloys to simulate service conditions of

i

pressure-type electrical <connections _and springs 1in
electromechanical switching devices. Theé specimens reléxeé
after prelgading to a stress level equal to 50 or 100% of
the yield st;ess; The rate of stress relagation is 'ﬁigher
for }éold deformed metals than for annealed ones, and for
heavier degrees of deformation. The rate of relaxation
ipcreases with teﬁpérature andtinitial.lével of s?ress; In
cold rolled materials, transverse samples relaxed more

. F 4
slowly than longitudinal ones.

Vi



Oding et al. (21) made an extensive review of

. stress relaxation at both room and medium temperatures

reporting mainly the results obtained by Russian workers.
The gpecimehs, usually without substructure, were locaded to
an fnitial strese of less than 80% of the yield.strength at

T

the testing temperature Oye Oding and Tseitlin (22)

c6n51dered that relaxation of non-predeformed specimens is
the result of two groups of processes ptoceeding,.
simultaneously. The first takes place at the 'grain
boundaries of polycrystalline metale and the second within
the grains. When the relaxation results are élotted with
the stress on a log scale and the time on a linear scale,
two ‘we;li defined stageé are identified. The first is
characterized by a rapid fall in stress and the second by a
much slower decrease, as seen in Figure 2.1. 1In Ehis
figure, two imﬁortant parameters can be established to
characterize the resistance of metals to relaxation: The
coefficient of intergranular strength So and the coefficient
of intragranplar durability tg: In the first stage of
relaxation due to iniergranular processee,186 is the stress

reduction ratio S, = 0',/9, where 0 is the initial stress

o
and 0'0 the stress at the start of the second stage of

relaxation as extrapolated to zero time. The reciprocal of

the slope of the second stage line gives the value of t" (t“

- cot o = ac/ad). A thirad parameter characterizing é&

. l
stress relaxation resistance of a metal, known as the

service life, is defined as the time required for the
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Fig. 2.1 Relaxation curve in semi-logarithmic coordinates.
(after 0Oding and Tseitlin (22))
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initial stress torfall to some specified value. Oding and
Volbs;toya (23) studied the rélaxation criteria in tﬁree
austenitic stainléés“steels with different contents of Mo.
In  relaxation éxperiments at room temperature the second

relagation stage was eliminated, and_ the value of Sé

increased with rise in Mo content.

Tﬁe effect of prior relaxation .tests on the
relaxation rate was stu@ied by Qding ;ﬁd Volosatova (24) in
an investigation on annealed austenitic stainless steel and
Armco iron at 575 - 625°C and 400 -~ 450°C, respec;ively.
The experiments consisted of loading the samples to several
values of pre-stress and measuring the ‘fall in stress during
relaxation. @ The sequence of 1oading' and relaxing was
repeated four times and the relaxation curves plotted. The
stress ‘falls very rapidly in the first relaxation stage of
tpe first test whereas in the repeated relaxation tests this
first stage fall in stress diminishes. For constant
pre-stress, dimihishmeht becomes successivgly lgss. The
diminishment is. enﬂanced if the ﬁre—stress.iﬁ the sequence
of tests is successively reduced. The fall in stress during
the first stage of felagation is due to intergrgnular.
plastic flow. However, on repeéteé testing this diminishes.
as the grains become more "tightly wedged together.” The
) prﬁagjpalleffect of temperature increase in the relaﬂatfon,

.tests was to decrease the value of So: i.e. to increase the

. initial stréss drop. When experimenis wétg carried out with

v &
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temperature cycling between two values, the relaxation curve
was between the two isothermal relaxation curves.
Determination og the teqperatu:e \Eﬁgpndency of S, for
several FCC and BCC metals showed t;gt its activation energy

was about equal to that for boundary self-diffusion.

Experiments were ‘carried éﬁt by Oding et al. (21)
to’clarify the diffusion mechanisms which operate during low
and medium temperature stress relaxation and in load-free
reébverxbafter 'stress relaxation called by the authors
relaxation recovery. %hey lo;ded three grades of austenitic
stainless steels at 630°C in two successive tests at an
initial stress of 176 MPa (18 Kg/mmz). During the first 150
h relaxation test, there was a larée stress . drop in the
first stage. After relaxation for 150 h, a first group of
samples was ‘reloaded up to the same 'initial stress and
relS}ed for ' a further 150 h. fhe stress. drop in the first
stage was rather mild. A secpnd group was unloaded and
annealed for 150 h and then stress-relaxed for 150 h at the
initia; stress. The stress fall in the first 4stage was

again pronounced.

fhe authors; (21) explained that during stress
relaxation the transfei of atoms into vacant sites ,in*}ghe
srystal lattice occurj most rapidly in the direction of
maximum shear stress. During the first stage of relaxation,
;his. process occurs particularly rapidly .at the grain

bouqdaries, i.e. the areas with the maximum _number of

|
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vacancies and lattice disturbances. Thus, during -stress

relaxation the atoms diffuse into an ordered system

according to the variation in the solution potential of the
. ’ ~

elasticaily strained crystal lattice. During load-free

annealing after stress relaxation, on the 6ther hand, the

ordered system is restored to the disordered state by the

random migration of atoms.

~

In tensile experiments on Ti at 27°C to a series of
fixed stresses along the plastic flow curve (initial strains

0.02 to 0.12), Sargent' et al. (25) observed the stress

-relaxation in repeated 5 minute intervals following
re-straining to the original stress level. e decrease in

stress drop in successive intervals is sgmewhat similar to

Oding's results Qgscribed'above but does differ in that the
rgloading is right at the yield stress. The ratio of
decrease in stress drop between one interval and!;the
preceedr‘? one to the strain 1ncrement needed to restore the
stress level is defined.as the st??fn hardening rate and is
equafkto the slope of the flow stress curve at -the same

stress level. The strain hardening decreases with strain.

2.1.3 High Tempefature Relaxation

Wood and Suiter (26) by subjecting cold rolled Al to

.stress recovery caused 1 um cells to grow to 50 um at 250°C

. []
(e=8%) and to 100 um at 350°C (e=14%), both substructures

being resistant to recrystallizati6n. Wilms in 1954 (27)

P
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and later Auld et al. (28) annealed cold pre-strained

(2.5-75%) specimens of Al 99.99% under low stress (1-4.8
MPa) creep conditions which are somewhat similar to those
existing under high temperature (>0.6Tm) stress relaxation.
The 'progress of restoration at 0.56 and 0.67Tm'was followed
by x-ray examisation’ and metallographic monitoring. In

samples pre—strained 5% at room temperature before creep

testing, increases 1in stress progressively accelerated

, recove}y and substructure growth. Recrystallization was

observed at small values of creep stress (1.0 to 1.4 MPa),

but it was retarded both in onset and rate of progress in
. . >

comparison to stress-free annealing. Recrystallization was

prevented altogether at a stress level of 1.7 MPa.

Thornton and Cahn (29) studied the kiﬁetics of
recovery and recrystallization of Al and ogiﬁu (OFHC, 99,99%
and 99. 999%) in creep tests at high stress levels. The test
temperatures varied from 0.53 to 0.64'1‘m for both materials.
The pre—sﬁrains at room temperature were either 30 or 60%
for Al and either. 10 or 30% for Cu. Crejp stresses in the
range 5.9 to 30 MPa wgre applied to the aluminum samples and
from 50 to 170 MPa to the copper ones. Hardness changes
were used as the index ofirecovery and recrystallization.
For both pre—strq‘n levels, aluminum showed an increase in
the rate and amount of recovery with creep stress. After
30% pre-strain, recrystallization was not observed fn
aluminum for the annealing times used, qhi;e‘after 6CS

h " 4
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pre-strain it was congiderably\gyeduced or inhibited in
pomparison ;ith tﬁe,load-free anngaled samples. OFHC copper
;;EEEWent a small " amount of recovery without
r crystali}zation for all test conditions and likewise the
99.999% Cu at 10% pre-strain. After 30% pre-strain,
recr?stallization was accelerated in 99,999% copper, because
theiﬁigh creep stresses hardened Fhe old grains additionally
(and also- the new recrystakﬁized grains). ' Increased

< ~.
impurity content enhanced recovery over recrystallization.

kecently, Ucisik et al. (30) carried out multistage

hot ﬁorsion ‘tests on plain carbon and Nb-HSLA steels under
isothermal or continuous cooling regimes. They deformed the
samples 0.03, 0.06, or 0.12 at one of two strain rates 0.01
s~1 or 0.1’5"1 and re}axed, or load;free annealed them for
3, 5, 10 or 100s bet%een deformation steps. The softening
between passes was measured 1in terms of fractional
softening, i.e. the reduction in flow stress during the
oading or relaxation interval relative to the amount of
//§:§;<§ hardening since the yield stress of the initial
fully:annealed steel. They found tﬁat the extent of
fractional séftening was somewhat lower under . stress
relaxation thaéﬁfor unloading arrests. This was because,
.accoraing to ‘the'au;hors, relaxation diminishes the extent.
of isochronal softening by static recrystallization by
prolonging the action of dynamic recovery. The multistage

tests with rel&xation during the arrests compared to

&~

-
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unloading resulted vin less stréin hardening and lower flo@ )

curves upon reloading because of the retained substructure

as altered by relaxation. The degree of relaxation during

an inte:fuption,‘when compéred at the same stress level, is

greater for the carbon steel because it is not impeded by

the presence of Nb as in the HSLA steel. The amount of

14
softening. increases with the strea§ for both steels even

’
-

though the temperature is decreasing.

Wray (31) found in hot tensile experiments on
austenitic iron that dynamic recrystallization cén’happen
under stress r'¢laxation conditions when the sample wags
previously strained close to the peak strain ep. The time

which elapses between- the beginning of relaxation and’ the

onset of recrystallization, considered an incubation period,

[y

kY
is longer for a lower averade stress acting on"jhe sample

during that time. )

-

< This authof (32) previously carried out” experiments
to determine the effect of stress relaxation on the kinetiés
of reétoration of ET% copper. Samples were compresg%d to a
strain of 0.05 at i) 450°C, 1.8x1073 s™! or ii) s00°C,
1;ax10“i sfl and then stress relaxed or annealed under
load-free conditions\at the deformation temperature. ' The
progress of restorétion' was followed by reloading the
samples after increasing delay times. The mechanical

softening data were correlated with metallographic

observations. Important conclusions of that work were that

o
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a) recovery and recrystallization occur in sequenéé under
both types of annealing, b) stress relaxation decreases the
rate ahd amount of recovery, and c) relaxation decreases the

rate of recrystallization. . &

This retardation of recovery at a stress near the
« O

flow stress contrasts with the . previous eﬁhnn&ement of

- -~

recovery by a creep stress considerably lower than the flow

4
-

et al. (28) and Thornton and Cahn (29). The retardation of

*, static recrystallization agrees wiih. the previous

observations of’Wood and Suiter (26), Wilms (27), Auld et
al. . (28) and Thornton and Cahn (29) under creep conditions
. and Ucisik et al. (30) under stress relaxation. Howeve?,

the enhancemen§~ of recrystallization under hidh constant
)

stresses by Thornton and Cahn (29) and by Wray (31) indicate

.- a different effect. The present work was encouraged by the

apparently inconsistent results reported above. The limited
scope of the previous York by this,author (32) was a further
stimulu;cto extend the research to higher sgfesses,_ strains
and strain reﬁes, closer to those used in the industry.
Although during most periods betwsen stages 'of hot

deformation the material is permitted’toLstaticglly soften

under gtresé-free conditiohz, there are a few situations

where a stress i;\applied such as in a continugus annealing
furnace, or in a continuous strip mill by a neighboring

stand or by\the coiler.

stress as reported by Wood and Suiter (26), Wilms- (27), Auld,
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'«V.
2.2 Hardening ‘and Softening During High Temperature
‘ﬁﬁformati .

v - The stress relaxation experiments in this work
- A .

consisted of hot déforming the material to a given strain’
' - L] ‘ -

- within the plastic range at.a constant strain rate followed

immeBIately _ by stress relaxation (at the deformation

temperature). The samples were subjected to two ‘common'

daeformation modes, compression for low strain rates and
!

torsion for high strain rates. Sincde the substructure

ial Strain has an important.

, )
R the formation and

ipfluence* on th relaxatii

characteristies of the ocation structure are described.

-

- . ’

2.2.)2. Hardenind and Softening

!

> v
s {

. When .a metal 1is sufficiently loaded at high

N ¢

temperature, plastic straining occurs (33), and dislocation

T~

generation and motion take placé. The growing network of

dislocations progressively limit the motion of the. mobile

dislocations causing a rise in stress (34). This increase

-

of stress, called work or strain hardening, .is gradually

counteracted by intensifying softening meghanisms. Theg

restération processes 'occurring concurrently with
w - \

deformation are dynamic recovery ‘\gnd dynamic

recrystallization. Dynamic recovery refers to the

rearrangement and annihilation of 1néividual dislocations
without a marked changé‘in grain m1crostructure. In dynamic
recrystallizat&on, new crystal lattices and orientations are

hd v

-
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produced due to the migration of grain boundaries with the

simultaneous annihilation of lattice defects a&

_recrystallization proceeds (34).

\

It is very well> known that hardening, dynamic

recbvery and dynamic recrystallization occur during hot

deformation and creep_oﬂmeta-ls and alloys. Less well known

and accepted 1is that these phenomena take place during

stress relaxation. The occurrence of hardening has been.

shown by Thornton and Cahn (29) ahd by Sargent et al. (25).

A ] .
Solomon et al. (35) working with polycrystals of Fe-3%5i
and Mecking and Gottsteinn(36) with single crystals of Cu

proved that dynamic' recovery happ&ns during’ stress

relaxation. Wray (31) and Mecking (36) found that dynamic

‘recrystallization takes place during relaxation of y-Fe

polycrystals and Cu single crystq}s, respectively, if the

samples have been pre-strained near the peak stress before '

rd

relaxation. ! o

2.2.2 Hot Working ' | » -

During hot workgﬁg, some ﬁétals restore only by
dynamic recovery, while othe:s restore by dynamic
recrystallization as well. There is a general agreement
(36-40) that metals of high stacking fault energy (SFE)
restore only by dynamic recerry; puge‘Al is the only FCC

metal in this category. FCC metals of lower stacking fault
‘ . N

energy, on the other hand, restore at low strains by dynamic

- -
-
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recovery and at high strains also by = dynamic
recrystallization. BCC metals generally . dynamically
recover, however, high purity a-Fe recrystallizes

J

dynemically under certain conditions (4l1). Depending on the
resﬁfration mechanisms opératiﬁg in a mstal during higﬁ
temperature deformation, the flow curve can adopt one of two

shapes described below.
S -

*2.2.2.1 DYngmic Recovery Flow Curve

N

The flow curve for high SFE metals is shown in

Figure 2.2, (42). As deformation proceeds the stress rises

initially rather steeply but then at a slower rate, until
finally at large strains, remai?s constant. Since the
stress-strain curves consist of distinct regions where

different microscopic processes are dominant (43), several

authors have proposed to divide them in sections.

Lutdn and Jonas (44) divide the flow curve on a

first part

4 »

the

phenomenological basis in three parts. The

begins as soon as the material is loaded and extends to

vicinity of the yield stress,
strain offset'of 0.1 or 0.2%.
microstrain oecurs and the
zero to about the strain rate
slopes of ﬁhe curve vary from
low strain rates to E/5 at low
rates

(E, elasti® modulus)

(45) .

which is defined by a plastic
During this interval plastic
plastic strain rate goes from
of the test. The initial
E/50 at high temperatures and
temperatures and high strain
The second part starts.at
e
&
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Fig. 2.2 Influence of strain rate and temperature on the
shape of the flow curve of aluminum. Shape characteristic

of 'DRV. Dotted line: € = 1.7%10"2 s'l, Continuous line: ‘R
= 1.7x10"% g1, (from Kocks et.al.  (42)) :

\
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. the yield stress and goes up to the point where the

hardening and softening processes counterbalance, which also

indicates the beginning of the third bart. The init}al

slopes of the flow curve in the second part go from E/800 at

high temperatures and low strain rates to E/150 at low

temperaéures and high strain rates (45). /During the third

—

part, the temperature, strain rate and developed stress

remain constanct,# a condition which also prevails during’

steady state creep.

Mecking\(34) divides the flby curve on the basis of
’mechaﬁism" changes which occur duriqé deforffation. " In
polycrystals (where stage I is not found), stage II is the
regio?j,of pure hardening where dislocation storage follows
pure geometrical, rules (i}). ‘This stage is independent of
teméerhture and strain rate. Stage III is the region where

N

simultaneous hardening and softening processes are occurring

2

until the effectiveness of the latter rises to equalzthe
former, and the net_wogk‘ﬁardening rate gendu/de) becomes
zero. Stage.II is deétned (34) as fhe.segment of a (6 - o)
plot thch commences on yielding and rises to a common
(LB%ateau, The decrease of 6 marks the start of stége II; in
which the rate of decline depends strongly on tempsfature
and strain rate. Ultimately a saturation stress

characteristic of the conditions is attained.

4 This kind of flow curve is observed in aluminum

(38) , somé aluminum alloys (46), commercial purity ferritic

>

-
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iron (47, 48), ferritic alloys (49, 50) and a-zirconium

- by Luton and Jonas (44) can be applied; the first partfﬁeing N
M

(51). Figure %.2 shows that, as the temperature increases or.

/ ~ N
the strain rate decreases, dynamic recovery ' becomes
P
, Janant

increasingly important and by'contfast hardening declines in

importance.

-

2.2.2.2 Flow Curve§ for Dynamic Recovery and
Recrystallization

Examples of . flow éurves for metals undergoing
dynamic recrystallization are shown in Figure 2.3, the e

depends on the metallurgical. structure, temperature and

strain rate. Upon loading, the stress rises continuously to

a maximum at the peak strain €p- Agter ;\decliné related to
dynamic recrystallization,l thé flow curve :follows an
oscil}aging course to a plateau at either low strain rates
or high temperatures, but declines directly to a constant

plateau at either high strain rates or low temperatuies.

Hérdening and dynphic recovery are the only
mechanisms taking place until near the maximum stress .(34).

Thus, the initial two divisions of the flow curve pééposed

identified with microstrain_and the second with hardening

aﬂa dynamic fecovery. However, a new th%;d part begins with
the nucleation. of dynamic recrystallizatﬁon which leads to
the decline in 'the rate of hardening and which causes the
peaL, the fall after ghe peak and possibly an oscillating

portion. In a fourth region, the steady stress o g the
v ' T 8 )

Q

&
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Fig. 2.3 Effect of strain rate on the flow curves of
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kY
s,

g"iresult of equilibrium between hardening and recovery in the
deforming recrystall%;ed grains with aqg}tional softening

due to formation of new recrystailizéd grains.

‘ A critical strain €, jg necessary to initiate
dyq;ﬁqzr recrystallization. Rossard (50) determined that €
is related to the peak strain, € = 0.85%_. As the

c p
temperature increases, or the strain rate decreases (Figure-

2.3), €c decreases. Thus, this restoration mechanism is.
favoured by high temperatures and low strain rates. The
.principal difference from the metals undergoing dynamic
recovery is that the peak stress and the steady state stress
ére defined by thé rate of recrystailizatio;.

Some materials which displéy this type oﬁ flow curve
are copper (38, 52), copper alloys (535;’nicke1 (38) , nickel
alloys (52, 55, 56), high carbon steels (57), .zone refined
iron (58) and lead (59).

2.2.2.3 Creepléufdes

Metals undergoing ~ continuous deformation. under
constant load afe said to creep} - Under a wide range of
conditions, the creep rate declines to a constant value as a

‘result of attaining a balance betwéen hardening and dynamic
recovery. | However, 1low SFE metals tested agﬁhigh stresses
and temperatures above 0.7T_ (60) exhibit an oscillating

creep rate as a result of dynamic recrystallization. A

creep curve of strain vs time for constant 1load in Pigure
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2.4a 1illustrates the stages observed in a metal which
restores by dynamic recovery only. The strain €, is
obtained immediately upon loading and is equivalent to the

microstrain part of the flow curve. The first stage between

50 and el' yhich is characterized by a continuous decrease
of the creep rate, is called primary or transient creep.
This stage corresponds to the sécond part of the flow curve
proposed by Luton and Jonas (61). The portion between 81
and 52 where the creep rate remains constant, called
secondary or steady state creep, 1is identified with the
third part of the flow curve where stress, strain rate and
temperature stay constant. The stage betwen €, and €

r witp

creep rate 1increasing steadily is called tertiary. creep.

The equivalent section in the flow curve at constant strain

rate 1is not usually clearly defined, although the fracture
L)

mechanisms are similar.

When dynamic recrystallization takes place, the
creep curve exhibits alternating cycles ' of " normal énd~
accelerated creep. This 1is illustrated in Figure 2.4b.
After a normal stage of prima.ry' cree[ﬁ' the strain rate
accelerates, indicating that dynamic recrystallization is
occurring. At low stresses, there is insufficient build up

in dislocation density -

LN nucleate dynamic

tgcrystalliza;ion, s0 that ¢ eep proceeds due ‘only to

dynamic recoyery (60).
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Fig. 2.4a Schematic representation of a

creep-rupture
curve. (Garofalo (40)) Frrap
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Fig.'2.4b Dynamic recrystallization during creep at high
stress and temperature (upper curve) and dynamic recovery

during creep at 1low stresses (lower curve). (McQueen and
Jonas (37)) '
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2.2.2.4 Stress Relaxation Phenomenon at High Temperature

‘
Q

Figuré 2.1 shows a typical stress relaxation cufve.
It consists of tﬁo stages: The first is characterized by -a
rapid fall in .stress, while the second By‘ a slower fall.
‘The stress asymptotically approaches either zero or some
limiting value. The precisg shape of the relaxation curve
A ‘ " depends on the metallurgical structure, 'the level pf

-

pre-stress and the temperature. Co .

’ N
Stress relaxation has been considered as a proceés‘

of creep at a stress decreasing with timé, in proportion to
the iécrease in plastic strain, at the expense of the R
elastic strain (Egqn. 2.1) ;él, 62, 63). However, there is
no corrgspondence between the étages of the flow and breep
> curves with those of the stress relaxation on;. B;cause of
the small amount of plastic strain produceé, multiple steps
of stress relaxation are nécessary t6 reproduce in the
material a state of internal structure and stress similar to
that generated by a creep or a constant stréin rate test.
It has -been showp EEat creep curves (62, 64) can be plotted
from la multi-step relaxation test. Because flow curves can
be deriQed from creep curves (25, 34, 62), they caﬂ\Ehus be
obtained from stress relaxation data. Moreover, " under
suitable conditions of stress relaxation, there may occur
-~ the same mechanisms which take_ﬁiéce in the ;ourse of the
other deformation modes, namely, strain hardening, dynamic
recovery and dynamic reqrxstgllization.'

4 «?
P
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2.2.2.5 Stress, Strain ggﬁﬁafnd Temperature Relations

-

2.2.2.5.1 BEmpirical Relationships

. It has been shown experimentally that deformation

processes above 0.4T are thermally activated (65).

Therefore, the strain rate is given by an Arrhenius-type of

relation (40, 66, 67)

-

é=2a;(,sm1%5,9rE) exp (-0 (T,6)/RT) (2.2)

where the function A, includes the frequency of vibration V,
of the flow wunit, the entropy g, the temperature T

and the structure term E. O, is the stress function

dependent on T and &, and Q;, which may change with
temperature and microétructute, is the activation energy for

. the ith mechanism controlling defogmation. ¥

Several mechanisms may be operating simultaneously.
Fortunately, in most cases, one of the qEBOImation
meéhanisms prevails relative to the others over a broad

| géggérature range and the determination of Q; is a simple

task. If the different mechanisms operating depend on each

other, the one that is slowest and requiring the largest .

activation énergy will be controlling. If the mechanisms
are independent of each other, the one that is fastest and
" requiring; the - lowest 'activation energy will control (40).
When a single process is dominant and controls the flow,

~ Equation 2.2 becomes \

y
\
t
)
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€ = A(9)exp(-Q/RT) - (2.3)
A relationship which has been applied éuccessfully
to steady-state in both creep (68) and hot working (66) _48

v

€ = A'(sinh ab)" exp(-Q/RT) (2.4)

where A' and &' are constant at constant temperature. For
low .values of stress, such that oo < 0.8, Equation 2.4

becomes the power law which is very common in cfeep analysis

¢ = A"0" exp(-Q/RT) ' (2.5)

For high values of stress which lead to &b > 1.2, Equation

2.4 turns into the exponential law \

¢ = A'"exp(BO)exp(-Q/RT) | - (2.6)
[

One useful- derivative of Equation 2.3 is the so-called

Zene;§Hollomon parameter (69) ' .

7 = € exp (+Q/RT) (2.7)

In hot working of annealed samples of any stable metal
similar flow curves are obtained fog‘different conditions of
temperature and strain rate when Z remains constant. It |is

qually true that the substructure and microstructure are

also the same.

)
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2.2ﬂ2.5.2 Flow Stress Relétionships
N ‘ ’ v

The above similarit& of structure and mechanical'
propégki “foi’different tem;eqatures (at constant Z) can be
employed in certain‘studies’in which it is desired\té studx
the effects of only one variable. Some examples a?e
determination of strain-hardening exponents, of strain-rate
segsitivities, of thermal activation energies, kinetics of
recovery and recrystallization during stress relaxation og
annealing after deformation. Mathematical relationslwhich
link the externally measturable parameters are known as
mechani;al equations of state. If such a constitutivé
Felationsﬁip exists, the value of a.avarigble, say stress,
would be given uniquely for the instantanébus”vaiues of
strain, strain rate, and temperature independent of the
bafh, i.e. previoué values, of those variables. The
Zener-Hollomon (69) relationship was suggested by Hollomon
(70Yﬁ’to be such an equation. Further experiments showed
that it did not apply to all the materials or 1est

conditions (71). : )

]

s

-

Haft (72) suggested an alternative .equation. He
defined the disloca;ion structure generated duridd plast{c
deformation of a mgpal as its "hardness state”. Aécordiﬁg
to this app;oach, two specimens of a‘.ma%erial are in the
same mechanical state 1f they display the same hPrdness Yy
when they are deformed at constant temperature. Thus there

v

exists a state equation

B
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o = a(y,E) 94, (2.8)

where ¢ is thq/appl%rd (or developedi stress and € is the
develoﬁ%d (or applied) strain rate. The theory applies only
to a restricted class oﬁv mgterialé, namgly, single and
‘.polycgystal specimens &f relatively pure' FCC metals which
are metallurgicaily stable under the test conditions (73,
74). Despite the efforts expended to date, an acceptable

- 24
‘and . simple relationship among the mechanical variables has .

not yet'been found. )

2.2.2.6 Flow Stresses at High Temperatures

During plastic deformation the applied stress° T 1is

. Opposed by internal’ stresses, T, of two categories: i)

athermal stress Tu' derived from ldng—fange obstacles which
are too high and ‘too long to be overcome- by thermal

activation; ii) the thermal or effective stress? T*,
‘ ¢ o
resulting from short-range obstacles which can be surmounted

with thermalvassistance. The level of Ty 1s determined by
the dislgqatioh strggtuip of the material, incoherent
paftigles, etc. On the other . hand,, ™ is given by the

Peierls-Nabarro force, fields of coherent precipitates. and

/ e

solute atoms among others (2, 75, 76).

13
N
r

(; ., . The tokal internal stress ‘is the sum of its
L . v
components - -
' ' ’
‘T, Tt 4T -
i u - - . (2.9)



‘where M is the average Taylor factor (77, 78).
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S,

therefore the applied stress is equivalent to

T=T* + 1

f -_—

(2.;0&)

so plastic deformation occurs by the concurrence of the’

qpplied‘&t;@ss and thermal activation.

L

For polycrystalé Ldion and Jonas (44),6 postulated the
;elatignship ‘
“v
= * )
0"+ 9, : (2.10b)

where the normal stresses are reiated'to the shear stresses

by the expression X

~
-

04

2.2.2.7 ,Yield and Steady<State Stresses at
JHigh Temperatures g

G Thg/athetmal'stress is relateg to‘ the dislocation

M BN

dénsity*(p) by the classical equation

Uu = Gub(p)ls ' (2.12)

whereig-is a proportionality factor, the shear modulus and

b the Burgers vector (79).

?

The dislqcation density at yie&dfné is roughly three
6rders of magnitude below that duping steady-state flow,

T hus the athermal stress at yielding is negligible when

L

v a
[l . 0y
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compared with that under steady-state flow and Egn. (2.10b)

becomes (37) g ' “-)
P o~ | ' 2.13
c . .
,’y,} \ ( ?

N ’ //
1s tﬁe\x\eld stress. ; R
v :

and Jdonas (80) in a-Zr and Petkov1c f(81) in

where ©
Y
L —

Lut

FCC materlals reported that the yield stress (and therefore

A

* -
o ) is strongly dependent on GEmperature and strain rate.
The first authors also found a similar dependence for the

steady-state flow stress Cg.

\

From the similarity in temperafure and strain rate

dependences of Oy and 9, in many materials, for examble a-2r

and a series of 1Zr-Sn alloys (80), the glide processes

associated with Uy and the recovery ones gelated to O ate

& 4 /
thought to involve the same controlling @gghan%sm§/137)
~ /

o

. . e N =gl ,
was hypothesized that unpinning ©f dislocation nodes or

break-up of attractive Jjunctions may be such mechanisme

(82) . . ‘ A

2.3 Restoration After High Temperature Deformation

.

2.3.1 Microstructure After Deformation

-
"

Single crystals (oriented for multiple ’glide)

(84-91) and polycrystals of moderate and ‘pigh SFE (39,

92-94) distort during deformé%ion into regions of uniform

orientation (cells) bounded by walls of diﬁlocatidﬁ?. The
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cells are relatively free& from dislocations bu; are
sepa;ated'by walls of high d{EIocation density (95). A
small cell size is associated with more ragged cell walls
(95)., Frequently the cells are equiaxed, but in certain\
conditions ére narrow and elongated and lie parallel to low

~ index planes (39, 85). The size and perfection of cells -
decreasé as the SFE of the metal is lower (39, 87). With
increasing strain the cell wal%hmisorientation increases ana
=T .  the cell’ size deqreases, both parameters approaching
constant values (39, 52, 96). The minimum cell size depends

. on the deformation ﬁodg, e.g. for hl this value is larger il

tension (39,°97) than in rolling (39, 98). -~

" . ' As the deformation temperature increaqes_ghd/or the

strain rate decreases, the cell size increases and the cell

?ﬁk ‘walls sharpen as the constituting dislocations become tmore
orderly arranged (99, 102). Such changes transfofm cells(~

""\“ " into subgrains at high témperatures and low strain rates as

Qynamic reéovery takes place. At, large strains (ahd‘

thereforé ' large internal stréssgs) new dislocg}ion

rearrangements may take place leading to cell growth through

cell waﬂ\ logs (103). - -

B /" Single and polycrystal metals deformed in rolling s}

' compression may form microbands. These are arrangements of
parallel narrow cells elongated in the direction oé rollQ&g
or perpendicular to the cdmp;eégfaﬁ axis as applicable. The ’

microbands separate wider deformation bands calléd matrix

-




34
"bands. The misorientation from a matrix ,band to a

neighbouring ohe may range from 30 to 50 d%grees (104-106) .

——

2.3.2 Static Recovery ) ' 4

: L
In many industrial hot' working gperations

i
deformation is carried out in several steps. Between these,

the-?ateriil continues to be exposed to high temperatures so
that it softens. The restoration mechanisms of recovery and
recrystallization are called static when they take place in
the absence of strain, otherwisé they ére called dynamic.
From the observations of many workers,. McQueen and Jonas
(37) concluded that t&b kinds of structural changes take
pl;ce during recovery. The annihilatién and rearrangement
of dislocations in the cells andacell walls turn them into
sub—boundar}es in a process of polygoniza;ion. At longer
times subgrain coarsening or coalescence' through wall

disintegration takes place. . ' oo

Haségawa and Koqks (84) found that the: structural
changes described above correspond to well defined patterns
in the evolution of the strain, hardening rate 6. Compared

e,
—~

_tO/fthﬂg/bﬂéic -0 curve of as-recrystallized material,
/ s

—

recqvered specimens show higher 6 and‘;owef o0 on reloading.
If only Type I. polygonization has occurréd the curve
decreases rapidly tp ceincide with the unrecovered one.
When ‘Type II coélescence has occurred the 6-a plot falls.

below the original curve and only rejains it after high

L4

s A t e



strains.

Hasegawa et.al. (107) reported that the backward

(opposfte to‘épplied) internal stresses produce reverse flow.

of dislocations: in the interior of the cells during the
early pa;t of annealing. Forward internal stresses cause
forward flow with narrowing of, and dislocation ordefing
witgin the cell walls or sub-boundaries at later stages of
annealing. In ‘?ddition a small backward external stfess

slows down‘recoverx whereas a forward one promotes it,

causing more rapid ordering of the sub-boundaries.

Metals of high SFE, such as Al sinagle crystals
oriented for myltiple glide, unqgrgo'both ‘"Type [ recovery
(at low téhperatures and/or short annealing time) and Type
II recovery (at hiéhﬁ'tempe}atures and/or long annealing
times; (84). Metals of low SFE undergo Type I recovery
only; this is the case for multiple glide monocrystals of Cu
and Ni (85). Although Type II recoverg*has béen clearly
observed oﬂly in a high SFE metal such as Al, Cook ;t.al.
(85) pointed out that subgrain coarsening occurs in low SFE
meéals but is unstdble. Hu (105) working with silicon-iro;
(001)[110]‘ and (001)[100] single crystals observed that,
after annealing in the temperature range 0.24—0.34Tm, there
i; a general reduction ip dislocation density. When
annealing was carried out at 0.44"1‘m ce113| trapsformed Lntqyf¢:-
subgrains (Type I). Subgrain growth corresponding to ?ype
II took place only at 0.54T l '
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The rate of recovery  (under fixed annealing
conditions) is incr%ased by whatever has raised the'fnternal
stress, that is, by deétease in deformation temperaturé‘ and
increase in strain‘rate and strain. However, in hot working
the last is effective only- until steady-state flow is
attained (37). The rate of'recovery also increases with the
temperature of annealing or: hold?ng. The addition of
solutes in general tends t6 decrease the rate of static
recoJery (108) . It has geen suggested by several authors
"~ (57, 108) that this is ‘due to'a decrease in the stacking
fault energy. Secqnd‘ghase particles may reduce the rate of
recovery depending: on their strength, spacing.?and size

(109-113) .,

2.3.2.1 Static Recovery Mechanisms

Y ~ ,

Py

'Recévery arises - from the reaction between'
~dislocations whiéﬁ have moved to meet each other. An
individuél dislodation'is activated to overcome sﬁprt range
barriers by heat and stress arising from the lonq range
stress fields of the other dislocations possibly aided by an
external source. It -has been sugéestéd.fhat the thermally
activated mechan;sms important at_ high temperatures are’
climb, cross-slip and the unpinning of attractive junctions

(37, 85, 114).

~.

;;:ﬂ:ke subgrain growth stage of recovery Hu . (105)

proposed ‘the mechanism of 'subgrain coalescence, It is

p—
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explained as the gradual'unraveling‘of the common boundary

by the moving away of dislocations into the adjacent

sub-boundaries around the subgrains.

2.3.2.2 :Static Recovery Kinetics .

The several 'kinetic laws which have been found ¢to

~ govern recovery will be discussed in turn, If one assumes

th

that static recovery follows m order kinetics; it proceeds

according to

dy/dt = - K Y™ C(2.14)

where Y 1is a property which chaﬁges with the progress of

recovery, and K, known as the specific reaction rate:

con§tant (115), 1is a temperature dependent rate constant

given by

K = K' exp (-Qp/RT) - (2.15)

where Q. is an activation energy and K is a further
constant. According to the presenf method, the parameters
used to describe the recovery kinetics of a deformed
material are the following: i) the flow stress of the fully
annealed mgferial (o) i) the flow stress of the
strain-hardened material at a predetermined constant strain

(0,); and iii) the initial flow stress after a recovery

anneal (o). These three parameters define the fractional’

) o

softening X, according to the relation- (116)
/ , »

+
.« N
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X = (om - or)/(cm - oo) (2.16) -
as well as the fractional retained work-hardening

l -X = (or - oo)/(cm -

)

oor =Y _ - {(2.17)

Rearranging Egn. (2.14)

y" gy = -k dt o

The integration limits arise irom the conditions: for t=0,

o =0 and from Egn. (2.17) Y= 1; and for t=t, O =0  and

Y=sY. Integration leads to Q\v

y(i-m) i\t K(m-1) t - (2.18)

Li (ll?)ifound that recovery of LiF crystals obey a
second order kinetics, i.e. m = 2. Betteridge (118) and
Perryman (119) observed that recovery of Al at ~ high

temperature follows a third order kinetics.

1
“~
\.s__\ /

If recoveri‘”’obeys first order Kkinetics;, the

integration of Egn. (2.14) leads instead to !
1n ¥ = -Kt . C (2.19)

EgQn. (2.19) can also be expressed in terms of X by

substituting ¥ by (1 - X), thus,

X = 1 - exp(~Kt) " | (2.20)

Luton et.al. (120) found.that in'EEP copper recovery after
: - ¢
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hot working approximately follows linear kinetics (m=1.33).

’

In a third alternative, the rate of recovery obeys
an - exponential 1law. For simplicity (or - oo) instead of Y
will be considered the property which changes with recovery,
so ‘
g ,
d(0_~0.)/dt=-K"exp[(-8G, - f(or-oo)dv)(l/k&)]. (2.21)

<

where AGO is the éctiva;ion free energy for recovery, v is
the activation volume, K" is a proportionality constant
inéorporating ~ the dislocatipn density, the attempt
freéﬁency, and a geometric factor, and k' is “the Boltzmann
constant. Assuming that the stress dependency on the

activation volume is neglicible, Egn. (2.21) becomes

d(or-oo)/dt=-g"exp(-AGp/Hb) exp((0,-0,) V(1/KT))  (2.22)

9

Rélétion (2.22) can be inverted to give
exp (KT/ Vd (0 -0 _)/exp(0 ~ 0,) = -K"™at (2.23)

where K™ = K"exp(-AGo/k&). On integration, taking into

account that o, ='om at t=0, the latter leads to

o =0 - s log (l+t/t)) . . (2.24{ .

where t = KT/ Vkmexp(-(om-oo) V/KT) and s -;k&/2.303 V. An

-~

alternative equation to (2.24) is obtained in terms of Y,
the fractional retained work hardening - defined by Eqn.

<
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Y=1- (8 1oggl+t/to))/(omﬂoo) .
or
Y=1-v log (1+¢t/t)) . (2.242)

with v = 8/(0 -0

[y

. i

o)‘

Beveral workers in the literature for the description of
static recovery. For example, in 1949 Kuhlman et.al. (121)
reported thatftheir results were weil'represented by such an
expression. The relation (2.24) has been applied to static
recovery (116, 121, 122, 123) and to stress relaxation at
lqw temperatures as well (124). Kocks and Mecking (123)
showed that Egn. (2.24) abplies to static recovery at low

and medium temperatures.

e

The activation energy for recovery can be determined

from the well known expression

Id

1/t = K exp(-Q_/RT) ’ (2.25)

Q,, the activation energy for recovery is determined from

the slope of a 1ln(t) against (1/T) curve. .

2.3.3 Static Recrystallization

Static recrystallization ~§nvolves the growth of

small, nearly dislocation free crystals from hot (or cold)

worked metal; thereby donsuming the deformed structure,

\

_Equations similar to {2.24) have been propésed by .
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replacing it with Iow strength equiaxed grains (125).

The deformation _cqﬁditions influence ‘the
recrysiéllization rate.d Petkovic et.al. - (57) observed
tpat, ‘in carbon steels, the rate of recrystallizatiop
increased as the prior strain rate and- strain increased.

Rise ig the temperature of deformation decreases the rate of

static recrystallization (57, 126) and raises the incubation

time for recrystallization (57&5 Once the high temperature
pre—stfain exceeds the critical strain for static

recrystallization, the recrystallized grain size decreases

~—

with further str&in as it does for cold work (127) but “only

up to the attainment of steady state deformation.

The . chemical .composition affects the "

recrystallization kinetics. Elements in solution usually

1)
retard the rate of recrystallization, for example Fe in Ni

(60) and Nb in 1low carbon steels (57). Second phase '

particles may have opposite effects on the rate of
recrystaliizatién according to their dispersipn parameters -
particle shape, size, spacing (128) - and their strength as
well (129). When larger than 0.6 um, second phase particleg
enhance nucleation and thus accelerate recrystallization as
a result of 1locally- increasing thé dislocation denBit{.
produced by deformation (129, 93, 130, 131). If the
particles are smaller than 0.6 um, tﬁgy may produce a
dragging force on the moving grain boundaries Qnd thus slow

down recrystallizat&on (129, 132).'

t

&
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2.3.3.1 Static Recrystallization Mechanisms

Récrystallization is a process which usually takes

~—

place in two stages, nucleation and growth. The nuclei are
regions 6f nearly perfect crystalg capable of continued
growth into the surrounding deformed matrix. Several

" mechanisms have been proposed for the nucleation process,

» Al

the most (" important of which are grain boundary bulging,
- +

subgrain coalescence and high angle boundary formation from

high density cell walls. \ -

K4

The dgrain boundary' bulging mechanism applies éo
'polycrystalline metals of both high (58, 133) and .low (134)
SFE after low or modera@e deformation. During the process,
" segments of an existing high angle boundary bulge out and

-act as nuclei which are free to~Grow. . t —

The coalescence mechanism described in Section

2.3.2.1 may lead to the formation of a 'ndzleus with high

_ angle boundaries. Once the nucleus is larger than a

critical size it grows By migration of the boundaries - into

LSRN

the polygonized matrix (105). This mechanism is observed in
- = !

high SFE metals after large strains, (37). . o

In low SFE metals after large deformations, cell
walls may ‘reach such large misorientations that they are

capable of migrating directly upon annealing.

L

w
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2.3.3.2 Static Recrystallization Kinetics

1

Johnson and Mehl (136) and Avrami 6 (137, - 138)
developed separate kinetic "laws to describe metallurgical
reactions which proceed by nucleation and' growth. 'Thése'
inglude processes such as solidification and eutectic
regctibrs, as w;11 as recrystallization processes. Avr&ﬁi's

t can be considered the general kinetic law from which

the~g9g;;%n and Mehl laws are deﬂ@ggd as special cases. -
“ :

¥

AN

N\

®.3.3.2.7 Johnson and Mehl Theory . .

o

Johnson and Mehl (136) define general nucleatio& as
a process that occurs uniformly and atlrandom. For such a
type of nucleation the authors make the following
assumptions: a) the ‘ratesuof nucleation and growfh remain
‘constant throughdut\the reaction, b) the cold worked matrix
}is composed of spherical grains, and c) the rate of growth
is retarded by the impingement of growing nodules"on one
another. , Under these Yrestrictipqs the equation which

governs recrystallization is -

F(t) =1 - exp«—ﬂ/aﬂG')%“) (2.26).

» Y

where—FTtTﬁnrﬂﬂnrfractton recrystallized at the time tL N
"is the rate "ot nucleation‘\\hdwxq\.is the rate of linear
growth._ These authors, suggested that Egn. (2.26) .applieﬁ
to tbe ”recrgstallization‘Bf“heavgly deformed metals, where

the potential nucleation’ sites are distributed . uniformly

-~ ~ ' . \
S s
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within tﬁe matrix. % _ o 7

2,3.3.2.2 Avrami's Theory

T ’

'
- -

For the derivation of Avrami's equation, it is

assumed that a) N is the density of germ nuclei before the

' greins of the new.phase start to grow; it is a functlon of

r
time and temperature, and b) the rate of linear growth G' is

lconsidered constant for macroscopic crystals but is a

variable for extremely small c;ystals. The Avremi equation

o

adapted to recrystallization is o o e

= - - p' ’ -
R.‘ 1l exp(-kt ) < ,(2127)

where XR is the vplume fraction recrystallized; p is an

X

1}

exponent whfcb' depends on the geometrical shASé of the new

© dwains (lineéij plate~like or polyhed&al),' N anda @', it

defines  the flatness of the curve; k is a parametar which

depends on N, G' and a shape factor.

‘ 4 The Mehl-Avrami law -has been applied successfully to
recrystallization of both cold-worked (139) and hot-worked
(58, 120) materialg; However, it has beer shown that when

tecpvery and recrystallization occur simultaneously the

elope_of the 1log ' (1n(1l/1-x9) vs log t curve slightly
.decreases. - Vandermeer and Gordon (139)_;on£{fmed this in

Al-0. 6086%Cu where the driving force for recry%tall1zat10n

—

decreases continuously and so also the rate. /;//

o
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The activation energy for recrystallizition (QR) is

calgulated by substituting in Egn. (2.25) the fime:to,

obtain a given value of X., say 0.5. The siope of a 1ln(t)

vs ®W/T curve yields QR."
1
4

-
.

- '
2.4 —Restoration During Hot Working =
: ) P * ;. )
N -

2.4.1 Dynamic Recovery

Eﬁe characteristics and e&olution with temperature
and strain rate of the hot worked structure‘ were described
in Section -2.3.1. The efféct of alloying elements on the
dyﬁamic recovery rate is similar to tyat described for the

static process in Section 2.3.2 (37).

2.4.1.1 Dynamic Recovery Mechanisms ' "iﬁg

From deformation éctiéation .energy values, Jonas
et.al. ‘(142) concludeé that the control;ing mechanismg for
dynamic recovery are. véry likely the /climB' Q!b edée
dislocations and tpe Sross;slip og ‘ljogged. screw
dislocations. McQueeéen end Jonas (37) included node
.unsinning ;s’an alternate ‘meéhanism. .McQueen and Conrod
(110) reéently presented an explanation for the presence of
equiaxed subgrains ‘ during steady state deformation:
Dislocations are generafed bx},thé*bowing out of segments

~?from the,sub—boundariesfﬁﬁd from éhe network within th;

éubgraihs. These segments migrate until they accomodate

near a sub-boundary and remain there until they are able to
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knit . into it (143). Recovery occurs by annihilation of

,diqlopations‘of opposite sign “which  have knit ‘themselves’

fnto the sub—bounéary from opposite sides and by unravelling
of the sub-boundary-as dislocations are pushed out of it. .

Hardening apises from new dislocations knitting them;g}ve%?ﬂ

into sub-boundaries. Thus, the continuous .unravelling and

- ——— ! 4

kriitting of subgrain’ boundaries at an equilibrium spacing
‘ ’ ” ’

defined by the interna¥ stress fields . '~ produce

"repolygonization" of equiaxed subgrains (37).

It has been 'recoghizéd that a narroﬁ band along a
cell wall or " sub-botndary vis ;Faracterized\)by a high
dislocation density (hard region)’ where tﬁere are large
interﬁal stresses in the forw?rd ~direction (samel as the
agplied stress), whereas in the cell iﬂ£erior éhere is a low
é%sldcation density (soft region) and a small internal
stress in Fhe backward direction 6307, iSO).V Recent

measurements of forward and backward stresses by transient

creepi tdsts yielded val@éé’ of 50_ . and 0.59, {0, is the

. steady spatgl stress), respectively (151—153).“ The high

ratio between these stresses favors the bowing out of

” segments in the sub-boundaries over .those in the subgggin
. . .

‘!nterior' as described in the McQueen and Conrod explanation

(110). -

¢

hatl
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2.4.1.2 Dynamic Recovery Kineticé.

-»

Kocksvand Mecking (123) have shown that eéuation
(2.24) applies to dynamic recovery‘whic% takes place during
stress relaxation at low and interm?Eiate temperaﬁrres. The
parametersﬂ 5 and t, depend on the stress !reiaxation

//}emperature and t  also depends on the stress O
g ,

eformation but before stress relaxation. s

m after

The activation energy for.dynamic recovery (QDRV)

e . , h

can be estimated by applying equations (2.4, 2.5, 2.6) to
the results of hot working experiments at a fixed value of

steady state stress.

.4.2 Dynamic Recrystallization ' ©
\ B

It has been established that the onset of dynamic
.recrystallization (DRX) in:single crystals is governed by a

critical value of the resolved shear stress \TCDRX (140),

—_— £

. wdeer)

whereas in polycrystals it is by the attainment of a.
,critical strain €,,., (55). Moreover, the peak stress "p -
decreases as the 1initial grain size 90 increases when the
latter is larger than 100 Um but is independent in the case
of finer grains (144, 145). By contrast, Ep iﬁcre;ses with
g;ain size up to about 100 ¥m:and subsequently only a small
dependence is observed (145). . Both Up and Cp rige withv
decrease in temperature and increase in strain rate and 2
(55) . Throughout the steady state regime, the grain size' 4

remains constant and is inversely related to both Z and the

¥
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steady state stress 0g (102).

Jonas and Sakai (1%4/ reported that a siﬁgle‘peak
flow curve is associated with grain refinement, while a
multiple peak £flow Eurve is coupledt;ith grain coarsening.
When a material is tested under conditions of Z higher than

a.critical value Z., which increases as the imitial grain
becomes larger, grafn\/ refinement aiises, otherwise
coarsening takes place. They determined that the conditions

D°>ZDsor: D,2D; lead to single peak or multiple peak
behaviors, respectively. The model described above has been.

supported by results of pthgr workers (56, 102, 146, 147{:W

The éffe:t solute additions is not))simple. If
has 'been found that elements in solutio;h;etefd both the
'onset and:subsequent progress of DRX (148). Augmentation of
Cr and Ni in austenitic stainlesé steels greatly increase Ep
(112) . éy contrast, it has been reported that dynamic
recrystallization maf be ' induced in Al alloys by reducing
the SFE with Zn additions (149).

Dispersed second phase lﬁarticles may ‘also have
—opposing effects. It has beeiébointed out that carbonitride
precipitation retarded DRX in HSLA steels {148, 154). Theré
has been observed dynamic , tecrys;allizhtioh in an
Al-5Mg-0.8Mn even though 0.2 um MnAl6 stabilized . the
substructure in the alloy. Nucleation of tﬁe dynamic

e

récfystallized grains was apparently enhanced by large (>0.6
) .

. .
- ) ¢
. .

y
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""mechanism (105).

49 < ) 4 4

¥m) (Fe, Mn)Al. particles (155,156). c

2.4.2.1 Dynamic Recrystallization Mechanisms

‘ [
The dynamic recrystallization mechanisms for

nucleation are the same as for static recrystallization,
! 9

‘namely, grain boundary bulging, subgrain coalescence and
high angle boundary creation by deformation. Grain.bouﬁdary
»° , :
bulging is the mechanism which has been observed more

frequently especially at low and moderate strains and strain

_ rates, (55, 56, 102).

It Aas been proposed that DRX in single crystals 15
nucleated by migration Qof a boundary gen‘e‘r‘:ated \either by
coalescence of subgrains or by aggregation of dislocations
into a high angle bouniiry (85, 140). The latte?'.mechanism
was obseryep in the initiation of DRX in polycrystalline Cu
heavily deformed in torsion at high strain rates (in).
Nucleation at deformation bands was observed in Cu of large
grain size (>100 ¥m) by Blaz et.al. (145) jafter moderate
compresskon_ at . low and medium strain rates. Nucleation at
Héformation bands may be related to the subgrain coalesceﬁce

&

2.4.2.2 Dynamic Recrystaliiiation Kinetics .

Luton and Sellars (55) sudgested that DRX obeys the

same kinetic law as static recrystallization,. ie.  The

r

Mehl-Avrami law, Eqn. (2.27)

i
i

S
LT
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X = 1 - exp(~-ktP)

t

where the symbols have the same meanings as before. ep and

55 define the strains (and therefore the times) at which

recrystdriization 5starts (X = 0 and t = 0) and finishes
. , N

(%°0.98), respectively. X may be “talculated at any

intermediate strain (time) petween ep and € When DRX is

S.
périodic, the. plotting of the X wvs 8(57%* curve . is

straightforward. When DRX is continuous the curve has to be

of work hardening ‘and recrystallization.

The activation energy for dynamic recrystallization

(Qprx) is calculated by the same procedure follgwed for

dynamic recovery. It is usually different from the values

for "SRX since it shows the temperature dependence of

deformation in combination with that for boundary migration.

2.4.35’Metadynamic Recrystallization e e

A

Glover and Sellars ‘(58) and McQueen and Bergerson
w~_ ‘ (102) observed that recrystallization after deformation in
which there had been dynamic recrystallization was
rem&rkagly rapid, they proposed that it occugréd by
continued growth of nuclei formed dynamically. | Such
%i 'L continued migration of high angle boundaries reﬁuired no
% “. , incubation period and produced regions comﬁletel§ freé of

substructure (since they were not further deformedlas dur;ng

true . dynamic recrystallization). Because no new dynamic

e S T E

Sl
-

corrected to take into account the balance between the rates '
\

S
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M +

nuclei were formed after deformation ceased, the grain size

is larger than the dynamic size. In so far as the continued

growth does not consume all the deformed regions classical
static recrystallization' may take place. Subsequently,

Petkovic et.al. (54) examined this mechanism in greater

detail and coined the name "metadynamic", i.e. post-dynamic

P

recrystallization.

It has been .observed in zone refined iron that

R . |
' metadynamic recrystallization obeys the Mehl~Avrami

equation, hoﬁever, the time ekponent is smaller (v1) -—-than
that for static. recrystallization of the same material
tested under the same conditions to a strain less than the

peak strain (58).

3
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CHAPTER THREE '

EXPERIMENTAL EQUIPMENT, MATERIALS, Aim METHOD S
WITH PROCEDURES FOR ANALYSIS OF DATA

N -

3.1 Experimental Equipment it
LY

3,1.1 Compression Testing

3.1.1.1 Testing Assembly

—

\7—_
The tests were carried out on'a 10 000 kg Instron

testing frame, Model TT-D, modified for constant true strain

rate compreggjon. The crossheads speeds 'available in this

‘machine lie between 50 and .005 cm/min. The loads were

‘measured by a 25 kﬁ load cell. The crosshead displacements’

were measured _gy a  Hewlett-Packard Model DCDT-500
displacement transducer. The céﬁbﬂgﬁsion train consists of
two loading members, the upéér ram and lower anvil, and

their supports (Fig. 3.1). The anvil is désigned to aXlow

'éﬁp{ﬂes to be quenched in 1 to 5 seconds after the’

completion .of the test. The loading members are enclosed in’
an Inconel champet which permits eiberiments to be carried
out in a controlled atmosphere. The  required high-

temperatures were supplied by a SATEC three-zone platinum

" 8plit. furnace controlied by a current . proportioning Leeds
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-

Fig. 3.1 The \hot compression train. ;(aft:er Welss (154))
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and' Northrup Electromax III controller. The furnace is
supported by ahiikt mechanism designed lby Petkovic “(51),
which (a) permits the furnace to be removed from the fest
chamber and (b) ensures that the furnace riéeg up. and down

with_the crosshead.

«

3.1.1.2 Compression Tools for High Temperaturel ’ °

.The'compression tools consist of the uppef and lower
anvils %nd their supports kFig. 3.2). Excellent results
we}e obtaingd with alumina 1nsert§; earlier experience (81)
with superalloy inserts showed that the  faces of these

became indented after relatively short ﬁeriods of use. .

. A
3.1.1.3 q&ktrol of Test Variables
- C. / :
3.1.1.3.1 Temperature Control : o
T Y . S

-

The ,Eemperature of each zane of Ehe furnace was
moni tored by-éhree Pt/Pt-13% Rh thérmocouples. The épecimen
éeﬁpérature was measured by a chromel-élumel thermocouple
which.was attached to the lower anyil close to the sample.
The thermocouple putput was monitored by means of a digitgl

thermometer.

3.1.1.3.2 Atmosphere Control

The samples were tested under a flowing atmosphere -

of argon of high purity supplied by the Canadian Liquid Air

Co., and additionally purifieq,by being ngsed through a
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.

1 upper ram

2 upper rectaining nut

3 ceramic inSerts

4L lower rethining nut

S quench guidew__
© quench path

¢

7 lower support

lower anvil !
T T AY

\

Fig. 3.2. The hot compression tools. (after Weiss (154)) .

-
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deoxidizing train. Before the argon was introducedé the air
was evacuated from the furnace chamber down to 5X10~2 Torr

by a mechanical vacuum pump.

v

3.1.1.3.3 Strain Rate Control

In a wuniaxial compression test carried out at
constant c}osshead speed, the true st;EXp rate continuously
increases. To produce a constant true strain rate, it is
necesary to vary the crosshegd velocity' proportionally to

the "instantaneous height of the specimen, as shown below.

s
-

The true strain in compression is given by
, o
e == 1n (h_/h) \ (3.1)

where h, is the initial height of the sample and h its
instantaneous heighf. From (3.1), the true strain rate is

given by

¢ = 1/h (dh/dt)- \ K, (3.2)

In equation (3.2), dh/dt is the crosshead velocity V, and g

/the strain rate 'of the test,’is constant under the present

@

conditions, i.e. g = éc' By reqrrangement, Eqn. (3.2)

. becomes ©ot
V= ech | T (3.3)
Equation (3.3) implies that the crosshead speed must
~ - ' .

¢

x



decreafe linearly with the. sample height during)'a;ti'ue~
strain rate compress{on test. Luton et al. (157) -~designed
a device which varies the crosshead speed according.to Egn

(3.3) in conjunction with the Instron Variable Speed Unit.

3.1.1.4 Instron Monitoring, Data Acquisition and Handling

,The Instron controller is interfaced to a General
Electric GE/PAC 4020 process control) computeg. The
interface was desigﬁed‘to select the following modes of

" Instron operation at the will of the program: DOWN, STOP,
and UP. 1In aadition, the Instron could be Treturned to
manual operation by éelectrng\ "NORMAL". The computer is

also linked to /the outputs of the 1load and displacement

measuring devices. ! . //

d
2
!

The displacemeﬂt transducer and the load cell are,
excited by two Hewlett-Packard series 6200 DC‘ power
supplies. .. The low level output of the load cell, 15 mV/1000
kg, is amplified by a factor of one hundred.ﬁ -Since the
output of the displacement tramrsducer is 2.7 V/cm, it is
connected directly to the computer via a comﬁhﬁication cable

specially designed to minimize noise pickup. .

.

The data obtained wusing the aquisition programs
consist of the test parameters, i.e. the voltage outputs
.froﬁ the displacement®transducer and load éell, and the time

at which each reading is taken. These data are converteb

-

L

A
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- into stress—~strain form by means of a plotting program and

W_—-_—c—__'—_———-———"" s . B N L o o 'v B v .- ‘ o -
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plotfed by means of a digital plotter. In a separate

y]

Qperation,"’ the true stress/true strain curve can be-expanded

R N 'ixo.l straj.xn ‘full scale ‘fbr accurate ) determination Cx the

ield?stress. - . “

» i
; ? "% , . g
’ N 4 . - Curvds ' of 'rqlaxation stress vs time were obtained

R - . C . .

5. . during #ﬁa\ relaxatto{perioé by using/ a HEATHKIT Multispeed

; N g ' fﬂ?\i | s *

Servo Chart‘:\ Recgrder, which recéived the amplified output of
‘ * the load cell. ) . )
¢ 5’ P . N . 4 . . ” . AN

© ) * ' ' L. .

- 3.1.2 Torsion Testing *+ ‘ .

® J
3.1.2.1 Test&g Assemgly' . .

{

'
[ - -

W
v 4 : ) Y L N .
Fulop .et al. 7(158)  (Fig. 3.3). One end of the sample is

‘ol , . " ‘L '. i . -~
b S The hot torsipon machime was’ described in detail by

Yo

s . while ‘the other end is-held fjixed by a torque cell (Fig.

“ ¢ 3.5). The load t::'??‘sh'\itted by the test specimen ,is‘measuredy

/ ) ! ) -
C . by means .of a torque cell of I00 N.m%apacit‘y. The rotary

. > displacement of t;.phé« motor is controlded by a closed loop MTS
. “ . ; ( . , N " - \ !
. _ - control system - (Fig. 3.6) and measured with the aid of a

1

W . ] . .
. ; coq;rpiler. The test pietes’ are: heated by meank/ofya

¢ N ., - . FIRT
water-cooled radiant furnace ,which is supported by the frame
o ) ~ - . .
.. 'Of the machine. ~ '

'J N iy .
1[—/’% 'ﬁ,@’ N - < . )
- . * N -
S 2 S , ! ¢

. ‘ g@st“ed .a measured amount by a hydr\_aulic' mbtor‘-(Fig. 3.4),
. L ’ :

'dual Qau%e potentiometet which provides the feedback to . the.
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3.1.2.2 Torsion Tools for ﬁiéh Teﬁggr::ure ‘\

Thg ;ésﬁ)t pi}ces‘ are supported by means ‘of
nickel-based superalloy 1loading .bars which are. in turn
?onnected to thé-mo r and the torque cell by self-aligning
collet ’chucks (Fig. 3.5). Both ends of ' the chuck
assemblies are supported in éhrust bearings. The reaction
bar, bearing assembly a;d torque cell are mounted on the
la;he saddle, which can -be moved axially on Ehe lathe bed to

facilitate specimen insertion and removal.

14

3.1.2.3_Control of Test Va“fiables/ S o

4

3.1.2.3.1 Temperature Control

The temperature is controlled and programmed by an

external programming kdevice. The therchbuple which

supplies the feedback signal to the programmer  is of

chromel-alumel. It magé% coyiact with the test piece at the

\ i ~

center of its gauge lengEBI”’Thé temperatqse;<ofl the test
piece, which is displayed on the screen of the progr amming

device, can be controlled with an accuracy of +31.s°¢C,

o

3.1.2.3.2 Atmosphere Control . w -

-

3

An inert atmosphefe is produced during: testing by

-

the flow of argon through small holes ﬁnifoimly'diétribptad -
. [ = LN

along the surface of the furnace walls.

— a

3

.
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o ¢ .
3.1.2.3.3 ,Strain, Strain Rate and Stress Control '

¢

The twist rate, the twist direction and amount of

*

twist are controlled by the appropriate opening of the servo
valve. The electrical command signal for the servo valve is

produced by a minicbmputer through qhhuitable program. 3

Iﬁéﬂthe. solid torsion bars, which were used in this

. work, the strain, strain rate, and stress vary from zero at
‘the axis. to a maximum at the surface. The equivalent

. Burféce strain and strain rate were calculated by using von

AN '

Mises criterion, i.e.

L ‘ ‘
e >y /v3 . . ' (3.4a)

'

o

"
where ¢ and y ‘are the equivalent normal and shear straine;—

respectively. An equivalent form of Egn.(3.4a) is

-

e =2q N%\\:/ L'y3 ” , (3.4b)

where N ,is the number. of turns, and R and L are the radius:

2 -~
arild .gage 1length of the sample, respectively. The strain
rate is given by <

dm2g RR/LYVI 0 . a0 L (3.5)

where N is the twist rate. )

\

-~

The equivalent normal stress was calculated applying , .

v '‘'von Mises C;itéribn to the Fields Backoffen relatiochship

——

-\
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(159), i.e. ‘
o =v/3My/2 7 R (3 + m'+ n') | (3.6)

where -M; is the torque, m'the strain rate sensitivity and n'

is the étrainLhardening exponent. m'and n' are defined by

the expressions \

m=log (0 ,/0 1) / log (E/é,) Co | (3.7 e

and | | ’
n'=log (o,/04) / log (ey/e;q) * ' (3.8)

The values of m'and n' for the present test conditions are m'

= Q.047 and n' = 0.785.
X .
- . . \
3.1.2.4 Machine Monitoring, Data Acquisition and Handling

. ‘Control of the test is accomplished in the following
manner. The servo controller (Fig. 3.6) ' receives the
command signal from a PDP 11/04 minicomputer through the
span control. This sighal is summed with the s;atic
command, or off-set, determined by’ the set point control.
The composite command is compgred°w;lh the feedback signal
from the rotary displaqement transducer and an error signal ‘-
is generated that is proportional to the difference betweef

1 the programmed value and the current value of the controlled
variable. The error signal is amplified by the valve driver

. [

. module and sent.to the servo valve. .In this way the servo
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valve is positioned so as o cause the motor to turn.in such

a way that it cancels the position error.
| r :
‘ -

—

The minicomputer 1is also used to record .the twist

—

and the torque with the aid of the Data Achisition (PACQ)

statement, which picks up the values of these variables at

predefined time intervals. .The programming  language
employed fot this purpose_if MTS-BASIC whicﬁ is loaded from
v [ .

a disk by meaﬁs‘of a Tektronix 4010 terminal with a cathode

ray'digPlay. The curves plotted £rom the data are displayed-

) on a videdscreen., A Tektronix 4631 hard copy unit connected

——

to'thg@termiﬁg} provides permanent copies of the curves.

L3

3.2 EQperiﬁental Material

The, electrolytic tough pitch (ETP) copper used in
S - .
the present study was received as a- 6m long, 9mm diameter

rod, - cold drawn and annealed. 1Its chemical analysis showed

. ! ] . '
a purity of 99.98% with an oxygen content of 0.02%.

.t
o

3.2.1 Machining , LY

3.2.1.1 - Compression Samples )

e
¢ ' ’ I

Cylindrical specimens were chhined from'the rod iq

the as-received condition. Their dimensions, ingicated in’

Figure 3.7, provide a length tq.diameter ratio of i:$ which
has been shown adequate to promote homogeneous deformation

(45. Sk, 81)

B .
. ' =
~ o . i . /
-» . . - .
° . B

. -
A ‘ - &
<

The ends of the samples were grodied to -

-

-

& Ey T



65

i .
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: SPECIMEN DIMENSIONS (mm)
i - L LENGTH (L) DIAMETER {D)
| - .
. | 130 a7
v, i
—t GROOVE DIMENSIONS (mm)
DEPTH SPACING
0.18 0.4¢
. ﬁv._,
|
D~ 1 ToLERANCE 0.02

t

Fig. 3.7. Compression specimen dimensions and gt’oove
" geometry. T . Cot - "

-
’ N A S
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‘retain the graphite lubricant (Dry Graphite Spray, supplied
by ACHESON COLLOIDS (CANADA) LTD.).: The choice of groove
geometry wég based on the work by several authors (49, 82,
160) . The 4rooves are flat—bottomed and wider than - the

fidges between them.

3.2.1.2 Torsion Samples

Both ends of the torsion specimens were machined = -

. IS .
with  rectangular sections. The advantage of this geometry
;!!?

is that the ends can be slipped into slots in the grips
* without being accidentally strained (158), (Fig. 3.8).
- McQueen and Jonas (164) reported that when a solid bar

specimen is twisted with free ends, at high temperature, the

test piece may change length, jiving‘rise to changes i
torsional,strain and strain rate. However, Canova (161)

» determined in ETP, copper using specimens with ends of
- rectangular section (free ends) that the changes . in gage
length were very small. ‘Therefore, rectangular section ends

were adopted for this work. Shoulders of intermediate

diameter are provided between the gage length end the grip

“'“"_ﬁ—_-eection to reduce the’ heat flow and the temperature qradient
° in the gage length. TWhe dimensions of the. test piece are )
displayed in Figﬁre 3.8. '
| - , - )
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. A 84.0
; -] 2.7
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‘ € 9.5
y v F 3.2
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Fig, 3.8 Torsion .specimen’
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3.2.2 Heat Treatment

The samples were subjected to heat treatment with

the purpose oOf producing a full annealed material of lagyde

. grain size. There 48 a general agreanent’ thst grain

boundary sliding during hot deformation is minimized by

reducing the grain boundary surface (162,J163) The strain

-anneal procedure chosen is shown in Tahle 3.1. The samples

after compression at room temperature Were degreased using
ultrasonic scrubbing in acetone andfthen rinsed in ethanolj
and dried. A moveable Lindberg Hevi-Duty high temperature’
furnoce -set at.900°C was used for the annéaling treatment.
The samples were placed in Sen-Pak stainless steel envelopes
and put into a fused quartz fprnece ¢ibe. The envelopes
were tied to a stainless steel sheath whlch contains the
chromel-alumel thermocouple. The temperature was controlled
tg +1.0 degree. Once the vacuum in the quartz tube ‘reached'
1073 Torr, the furnace was placed(aver the quartz tube, to
begin the heating process. At the end of the’ requ;red 16
hours, the fornace was turned off, and room temperature was

N
reached in about-+eight hours. By.means of this procedure, a

mean grain -8lze of 300 um was produced, as well as copper

o
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Table 3.1. Strain-Anﬁealing Treatments

}; -

Initial Treatment for Compression
and Torsion Samples o .

l. Prestrain at room temperature
0.5%
2: Annealing
16 h at 900°C (in vacuum)
3. Cooling -
within the furnace
4. Material after annealing ¢

i

mean ‘grain size: 300 pm ) J

Treatment between Torsion Steps
1

A. Tests at 450°C, 1.8x10" g™ (1IA).

‘i.’Straining to 15%
. .
2. wﬁmh load-free annealing: 200 s .

with stress relaxatiop: 100 s

B. Tests at 450°C, or 500°C, 1.8 s+ (III,IV)

1. straining to 50% . ‘

2. load-free pﬂnggiing: 100. s

t

4%;
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3.3 Experimental Methods

3.3.1 Compression Tests

)

The interrupted compression technique developed by’

'Petkovté'"(ali'was used ‘to carry out the load-free annealing
experimenté after hot deformation (UL tests). The samples
were deformed in compression at constant temperatﬁre and
qtrainpfate to about 0.15 strain (point A) afuliy unloaded
and ghén annealed for increasing times at the deformation
temperature (point B). anally, they were reloaded at the
B;me gtrain rate and temperature as before to produce the
second pbrtion of the curve. Figure 3.9 is a schematic

¢

‘representation of the procedure

The techﬁique ‘developefl to carry out the ‘stress
relaxation experiments (Sk ests) in this work is ' now
described in"assocration with Ffgure 3.9. The temperature

-is kept constant'thropghout the test. Once point . A is
;eached, the samples are held ag constant total strain, .and

’the*stress relaxes by conversion of thé‘elastic‘str n iﬂto

. plastic Qt;gin. After incr?asing periods of relaxation, the

samples are uhlohdpd (point B) for 1 second and ~thén

-tgloaded at the inifial strain rate. From these two~k1nds:

of experiments the 'traptional softening ogéurring during

by Egqn. 2.16.
y t ' “

&

T



L T RIS e
RAPa o '
R B et
L, o
.
A .

n

61— T e S | r T

Y
\

g9

-!03
1
4
8
R
1

4

&
(e ]

" TRUE STRESS MN/m®
3%

N

12

T a4 Q06
v 7 TRUE STRAIN

()

Fig. 3.9 . Initial and teloading flow curves; 0 001 offset
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*The in1t1a1 high slope (a) is due to the elastic deformation

of the ridges between' the lubricant grooves. :The subseguent-
low slope (b) is due to the plastic deformation of ‘the ridges

-as the main portion of the specimen deforms elastigally,

The slope falls again upon, yielding of the specimen. The low

' slope (b) following ' (a) gives rise to the negative strain in-
tercdpt upon extrapolation, X
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3.3.2 Torsion Tests

The cycle: of deforming, loed-free annealing (or
eelaxiog), and feloading in torsion is similar to that .1n
compnessioq. However, since in torsion a sipgle sample'was
subjected to multiple cycles, the reloading was extended to
either 0.15 (IIA) or, 0.5 (III and IV, Table 3.1) and a
ioad-free annealing of 100-2005lwas inserted between cycles
to céuse~ the sample to recrystallize completely. By this
means it was possible to restore the sample to the same -
grain size and yield stress at the beéinning of every cycle
of the test sequence. In the torsion tests the fractional
softening was ca'lculated ‘as  in compression. Each cycle

renders a sed of Ior O and o©

partrcular&fractfbnal softening (X).

r Values and therefore a

3.3.3 Advanggges of Compression and Torsion Tests

The compression test was used for several,reesons:
(1) The stress system |is ‘similar to thosel found in
industrial defotmation processes -(164) ; (2) gerious
1nstab111t1es, such’as necking,‘do not arise (165), (3) the:

occurrence of barreling (due to friction between  platens and

sample) can be reduced to a reasonable level by suitable

‘ 1ubr1cation and by prog;r geomettical design of the sample.

Concentric grooves on the end faces of the specimen retain

the 1lubricant improving its ‘efficiency (51, 51). The
. ) . &'
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constraints due to friction decrease . as the 'ratfo
-height/diameter increasés, but when the spééimen.héight
"exceeds twice the diameter the sample may buckle. The fatjo
of 1.5 that has proved successful for zirconium (51), copper

(81) and HSLA steels (166), was used in this work.

The tprsion test is also extensively wused for hot
working studies because of 'seéveral features. It is capablé
of produéing high strains (,~50) wi thout instability and . at
high constant strain rates - (~100 s'l) 50 tha£ industéial
»processes such as extrusion can be simulated (164). Torsion
tests give flow curves which, up to moaerate strains, are
equivalent to those obtained by tension or coﬁpression when
'von Mises criterion is Qsed (159) .- Ab import&nt
disadvantage of the torsion test is that thereﬂis\gg strain
and strain rate gradient from zero at the axis to Zfﬁ;ximum
at the surface (161, 165). Thus, it is "more difficult’ to

correlate a specific structure with a particular flow

stress. ‘

The behavior of metals and alloys under different
deformation modes has been studied by different authors who
found the‘flowastresses developed  at equivalent sttain rates
in torsion,. tension and compression are comparable in the
high temperature regime (161). The microstructures generated
do not appear to be sensitive to the‘mode of stréining(BG).

At high strains the flow stresses for different modes of
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deformation often become quite different because of the

development of different textures (161).

"

3.3.4 Test Conditions

\&me test conditions used in this work can be grouped

as shown in ~Table 3.2. The temperature-corrected strain
"rates are related to a value 2, of 1.413 x.2013 sl 2z = ¢

~ exp((220 X 103) -/ 8.32T) —, where 220 kJ/mole is the
activation energy of deformation and'8.32 J/mole K 1is the

universal gas constant).

The temperatures were chosen in the high téﬁperature
range, i.e. T > 0.5T . The strain rates were adjusted to
yield the same Eemperature—corrected strain rate and thus
obtain the same level of stress and of stored energy at a
given ' ain. Thus, the rate of restoration should depend

only on Yhe temperature during the annealing interval. In

other—tases, the temperaéure was ﬁéld constant but the value

of 2 increased to provide a much larger stress and
consequently strain energf; The temperature and strain rate
cpmbinations were also selected to facilitate comparison
with results obtained in previous .research by this author

(32).

.

.

- The value of interruption strain ;m‘varied s;:ghtly

in dompress{on because of variations - in the initial gap

L om

" between the surfaces of thegsdgble and ram. In tbrsibn, .

varigfions in strain arose because of adjustments between

r
™ . 3

Y
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,Table 3.2. Testing Conditions

Set Temperature Strain 2 Inter- Peak em/c
Rate value ruption strain , P
. -1 -1 Strain
C (?/Tm) 8 8 €m b
Compression
1A 450 (0.53) 1.8x10'3 zI 0.150.01 0.21. 0.71
1B <= 540 (0.6) 9.3x10'2 zl © 0.15+£0.01 0.27 0.56
IIA 450 ' 1:8x10'llooz1 0.15¢0.01 0.52 0.29
Torsion = '’
IIB . 450 1.8x10‘1100z'1 0.15:0.01  0.49 0.33
III 500 (0.57) l.8 ,10021 3.15:0.01 0.51 00.29
v 450 1.8 1000z1 0.15+0,.01 0.63 0.24

13 -1

*2) = &, exp (220,000/8.32 T,) = 1.413x10" s



- sample and grips. The value of 0;15 includes ‘ both elastic

and plastic strain. The values

given in Table 3.2. The ratios e/ep are considerab5y below
the critical ratio of 0.83 for initiation of dynamic

recrystallization established by Rossard (50).

3.3.5 Preparation of Metallographic Samples

., For every compression épecimen reloaded, énofher
compression sample was quenched immediately after 0.15
strain and the given load- free annealing or relaxation time.
Longitudinal slices of about' 1 mm were cut, for botp
metallography and electronmicroscopy, with a diamond disk.
During the cutting operation, the sample was refrigerated
witﬁ water. The ﬁetallographic samples were mounted in
bakelite,. ground on abrasive paper and polished, first with
alumina and then chemically with an acid mixture developed
by Lovel andﬂ Wernick (170).  The reagent iéacomposed of
concentrated acidé as follows: 10 ml H3PO4, 20 ml HNO4, 4 toO
40 mg NaNO; 4 to 40 mg'NH,C1 and 10 ml HC,H0,. The
solution was held at 'a temperature of 80°C during polishing.

The samples were polished by immersion for intervals of 3 s.

A fresh solution was used for each sample.

The specimens for grain size measurement and £or

monitoring the piogress of recrystallizaton were etched with

L~ .

. the following solution: 4 g K,Cr,0,, 16 ml H,SO,, 200 ml H,0
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2 KO Y
2 8T

5‘
e

‘and a few drops of HCl.

——

. tap water and with« ethanol and dried.

13

The torsion samples were prepared(following the same

procedure as for the compression ones. - However, since the

‘torsion ‘sampleé were deformed several, times in one set.of

tests:they'were quenched and observed only after” ‘the last
one,when full recrystallizatiod had taken place. Because of

the radial variation in strain and sfirain rate, tangential

slices were prepared to obServe the material close to the

surface, - *

>

' u',3.3.6 Preparation of Specimens for Electronmicroscopy

Progress of '* recovery Q*g followed * by

electronmicroscopy in compression samples. The longitudinal

. slices were mounted in a jig and ground to a thickness .of
‘about. 0.5 mm. Chemical thinning Bp a thickness of about O 4
'mm was carried out with a hot solution (80°C of 80 ml nitric

acid and 20 ml.of acetic acid. The sllces were washed with‘

»

Disks of. 3 mm

diameter were cut from the slice‘s‘ witJatubul’ar pu-n_ch .

-

_'The symples were finally thinned by electropoli;iing with a
vauql 'iét Metathin machine made by Materials Science, U.K.
l‘The elect;glyte FOnsisted of 25 ml of phosphéric actd,¢25 ml
oﬁ..ethyl alcohol“&nd 50 ml of water. The polishing

o

conditions were 6 V, 120'mA and the ' temperature wés. 10°C.

‘ The"matetial around the holes was observed in transmission

- —
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*

at 200 kv in a JEOL, Model 2008 electron microscope.

°

3.3.7' Metallographic Measurements

3.3.7.1 Grain Size

The grain size was determined by the Thr Circle

Intercept Counting Method described in the ASTM Standard
E-112. The particular procedure used in this research based

on this Standard is as follows:

N_1) ;Nfisi? of the sample at a magni £ cﬁtion of'150&

" was projected on the g;ouﬁd glass of the migroscope.

. _ : ¢
29 A transparency .of the pattern for intercept

counting (Fig. - 3.10) was applied directly on the glass to

15 randomly selected fields. - N

5) Using the valie of “Ri-and the magnificétiop 

(150X), the mean intercepf distancé ( I) was determined “in’

.~ --6) - She . deviatio AN from the average were
calculated by pAN; =/N; - R!-

i
- .

>
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Fig. 3.11 Grain size worksheet (ASTM E-112).
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7) EacKiN value was squared and recorded..

o I
N~

? /

: ] : -
8)‘The variance of the observed counts relative to N'

was calculated as follows:
1

Vo = (BN + aBx% + i+ N P/ (-1 (3.9)

9) The apparent standard deviation of the counts was

calculated by

N - ; . . .
S =7V, , - (3.10)

¥

loprﬂe coefficient of variation of N-was ‘estimated(/

N—

-

c.v. =s_ /¥ L (3.11);

11) The 95% conf1dence 11m1t (C. L ) to be applied to

the mezh 1ntercept distance ( I) was read from Figure 3.13

by locating the C.V. value and the number of tests (fields).
__The C.L. is shown in this figure as a fraction of T.

Therefore the value of T was multipiied by'that_df C.L. and
the result was attached .to the valde of T already

determiqu.

An aveea e of 250 intercepts were measured in the 15
fields. The.u e of lower magnification (¢ 150X) would have
improved the precision since a higher population of counts
would have been obtained However, at lower maepﬁfication

the distinction between grain boundaries and twins became a
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difficult task. ¢

3.3.7.2 Volume Fraction Recrystallized

The point-counting method is the one most -usea for

volume fraction measurements. Hilliard énd Cahn (171)

other methods in terms of effi'ciency, in that it requires
the least amount of effort to obtain an estimate witb//a

- -

given sampling (172).
The procedure used in thié work is as follows:

1) A transparency of a 121 point-grid (with a

separation of 7 mm between neighbouring-parallel lines) was

' showed that a systematic point count is markedly superior to

placed ovér a ‘projected im&@e‘pn the ground glass of the _

microscope. Two magnifications were wused: 50X .for .low

values of volume fraction recrystallized and 150X 'for high.

2) The volume f£fraction recrystallized (XR) in a_

field was determined by dividing the number of intersections
which fell in a new grain by the total number of

intersections. XR was measured in 6'fields (n-Gj.

0
.

»

3) The apparent standard deviations 'pf .xhe

‘intersections was calculated as in the cas' of graiﬁfgfzq

determinations (steps 4 to 9).‘

4

Y
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' v 7 b » DT ¢ .
o , 4) The standard deviation of a sample mean was
\ ‘ ‘ \ - )
e ~$stimated by X ) o, -9
o a - ¢ . ' l )
' . ,.va -'SOA/n N (3.12)
BT ‘ . :
I@? - “)ffﬁe 95% confidence limits (C.L.) were calculated from
/'. .‘”' . e _" “ & .
1Y . . , . .
. AR S C.Lo = t ..va ’ Y ‘ '(3.13)
“@.b J Pl .

, T

‘where t ,is a >statistice1' factor for n-i = 5, t = 2.571. «
: ‘ 7 -
Finally, Xp is given by

. ’ . r A ) ‘
xR = xR #C‘.L. ) / -~ ) :, , ‘ . (3-U

: ‘0l4 grains have serrafed poundaries pnd their 2

¢ 9]

‘gurfaces appear 1ntensively etched These are
bharacteristics which make it possible to distinguish them
from the. pew more perfect grains which present a bright

2

surface in the microscope. . -,

A}

3.3.8 Eiectronmicroscopiﬂ Measusmente’ and Observations
" ’The progress of recove&’ . can be followed by
mease;ing the properties which change with the annealing
time such as - dislocation density,“ gubgrain . size,
sub;hqundary_ ;hickhese» and misorientation between
neighbouring subgrains. It should also be expected‘ that
qua}itetiven differenc;s arise between substructures of “hot

worked and annealed samples. ‘ . r

5 : | \
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( Sdbgrhin size was determined by counting the number

_~

86 e

4

.
Y

of subgrains in each of a series of electronmicrographs of

o W

.%  fixed slée and magnification. The subgrai

n size, however,

*~ did not show any trend of variation with annealing time. An ‘

explanation for'this observation is ' that

s .
the measurements

. were insufficient to reach a statistically valid conclusion.

o3

\ﬁﬁalitative analySis of micrographs taken after different

annealing times with respect to dislocation density and ¥

sub-boundary tl'igickness as wellg as some misorientation

<

determinatins w1ll be reported.

-

" 3.3.8.1 SuLgrain MisorieQAation Measurement

N

J

-

e

Precise measurements of subgrain mlsorientation were </

made by the Kikuchi method Q?kuchi lines are produced by

;iiffraction of the inelastic electrons whi
<

ch are incident on

//'the crystal planes at the Bragg angle. These are pairs of

bright and dark ,lines associated with

(173): Figure 3.14 shows a diagram of two Kikuchi patterns

corresponding to two nefghbouring

‘displacement x of the intersection points'

. allows one to determine the subgrain mis
— o -

equation

@

Y

e'= x/L
‘ <
where g' is given in radians and L is ‘the

the electronmicroscope (L=77.2 cm).

a diffraction spot

supgrains.  The
of the pattern

orientation by the

(3.15) >

camera length of
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Misoriéntation between two subgrains in the
microscope is equivalent to a fully—annéaled monocrystal
observed befo;e and after rotation around an.arbitrary axis.
Equation (3;15)vgives'the rotation of the lattice around an
axis perpendicular fo "‘the electron.bbegm axis. When the
lattice rotates around the electron beam axis, g must be
corrected for this. However, in many practical cases the
" latter rotatioﬁ is small and can be neglected. Such

?

assumption was made in this work.

3.4 Analysis of Data

"

3.4.1 Yield Stress Détermination Methods

-

v i
-Figure 3.9 illustrates the type of initial and

reloading stress vs strain curves obtained’ 1in the.

,compression tests of this work. Upon loading, the initial

il

curve shows a gradual curvature indicating the transition

from elastic to plastic deformation. When the speciﬁen was-

reloaded after load-free annealing or stress relaxation an
initial transition was also obsetved. After the fransients,
at iarger”strains, éhe material exhibited ""true" plaﬁfic
beha§ior. | The presence of transients repreéen;ed a problem

o

for getting preécise yield stress values.- = . -

3:4wl}l The Back Extrapolation Method

1)

N 4
»

The:yield stress in this method is determined by

back-exg}apolating the stress-strain curve to zero plastic
.



strain. The method uses a "master" curve that is the locus
of\ the flow stress as a funcéion of prestrain. This curve
is obtained by a series of frequent unloadings and
reloadings (allowing . enough strain ‘to take the mater}al

through the transient each time) (2).

Some advant%ges of thié method are~that the proﬁlem
of short transients is avoided, the yi;id streés so defined
is on the continuous flow curve, and thius corresponds to the
state of the material at a particular strain. Moreover, the .
valueswof yiéld stress are more reélistic, ‘in particular,
when they are used to estimate rolling loads: in
multiple-pass rolling when recovery is the oniy restoration
process between stages. " some disadvantages of this
proqedﬁre are th;t it is 1labourious and that, when .the
transients are long during .recrystallization, its
determinations are not accurate since. the reloading and

masteg flow curves do not coincide very well.

3.4.1.2 The Offset Yiéld Stress Method

The 0.1% offset (Fig. - 3.9) haskseveral advantages
of which impértant ones are its ease, simplicity and
reproducibility, especially at room temperature. It is able
to give a precise yield strength for ductile materials which
do not display either well defined elastic behaviour or a

sharp transition to plastic flow such as a yield drop. Some

N o
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disadvantages of  this - method are that, after pfiq&
" deformation at high temperatures with a short holding
interval, an qﬁrealistically low value of reloading yield

stress is obtained because of anelastic effects.

The 0.;% offset method was selected for this work
because 1its principal advan;agés, pointed out above, and
because it was shown in a previous work by this author (32)
that no importan? differences on the kinetics of recovery

" and recrystallization arise when either of these methods are

used. - , -
. 4

3.4.2. Fractional Softening

3

The ﬁechanical technique to monitor the progress of

softening is based on the equation

! - B

AN

i

X = FS =(0, = 00)/ (6, = o) | O 3.16)

wﬁere X is the ffactional softening, Om is the flow stress

for 0.15 strain,

fully-annealed material and Oy is the reloading yield stress

after the pre—strain of 0.15 and stress relaxation or

' /.
stress-free/annealing.

-

When "recovery and recrystallization occur
-sequentially' and separately, equation (3.16) can be used to
monitor the advance of each by defining a lower limit value

of o, (©',) for recovery alone. X gives the level of

b

0, 1s the yield stress of the initial

Y

o ——
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recovery when g is equal or higher than this 1limit; the
- A ¥ '
volume fraction recrystallized xR' can be estimated by

defining Op = o'y in Eqn. (3.16): ' ~

Xg = 'y =0.)/l0", = 0y) | 3.

When recovery and recryétallization occur simultanéous%

.

[

Ao = "“m - °‘_r , , : (3.19)

is the sum of the drops in reloading stress due to recovery

- (Ao, ,) .and recrystallization (Ao ,g):

Here the second sqbscripts (r and R) denote recovery and

tecrystallizatfon.

———

-~

. If there are procedures to determine the values of

LY. and Ao g (Snd therefore of a\}:—r/t‘he- reloading yield

stress 1f only recovery had occurred), Egn. (3.16) can be
usgd to determine the f;:action“aJ.' softening:due to reccw\éf’y
(X.) and Eqn. (3.17) that due to i‘ecryst‘:allizat'ion, (Xg) -
On - the other hand if X  and Xp can be determined by othet
methods ¢ .. can be calculated ‘by Ecin. (3.16).

l?‘or a given material 060 and Om depend 6n Z, and Om
additionally "on €qe O, Will depend moreover on the

annealing time (t) After long times, Oy will approach Oo°
If the reé:ystallized grain size is finer than the initial
: r

| b = 8., + A0 g o (3.19)

“y
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ain , 6: is higher than g, snd'becqﬁes equal only if grain
grbwth occurs. It is assumed that during annealing no aging

takes place. As Z and ¢, .are highér, the value of o,

_corresponding to full recrystallization differs more from

0,- However, since the moderate strains used here do not

2
result in much drain refinement, the present analysis
'defines the fully recrystallized state after deformation and’

- { * -
annealing as ¢, "= g, 8ince there is no bettér method of
specifying it. R

- , \ A
.3.4.3. Fractional Relaxation
» o
’Aﬁ equation similar to that for fractional soffgning _
was used to define fractional relaxation’ “ -
Xsgp = FR' = loy ~ogg) / b = ogper) , (3.200 .

Op 18 the stresslst_unloading and hence at'the‘beginning qf'

relaxation, ggp is the stress at the 'end of +the specified

’ period of relaxation .and °SRST is the relaxation stress when

Athe stress vs time curve bgcomes asymptotic. 2

3.4.4 Recrystalization Kinetic Curves

r

< ' o . . , .- @

., Several procedures have beey proposed to determine

. ' N ?
the recrystallization kinetics of/a metal. The choice of a
particular method depends on the

Be " measured and if the [measure ’6n1y belongs - to

_ recrystallization or if it repgesents both recovery 'and



.incubation time in which no new crystals were observed, X
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recrystallization. In this }esearch, the volum§~£5ahtion

recrystallized Xp and the fraqtional softéning X obeyed the
Mehl-Avrami iaw although éhg XR vs log time and X vs log
time curves followed different paths. This fact suggests
that recovery occurs and that it overlaps with

recrystallization. A new method was developed to separate

‘the recovery and recrysﬁalization softening components. -

Because this methéd is based on the Mehl-Avrami law it will
be described in what follows. The modification developed by
Petkovic (81) for sequem%iél recovery and recrystallization

will-be presented és well,

3.4.4.1 The Mehl-Avrami Law

The volume fraction recrystallized in isothermally

«
load-free annealed or stress-relaxed samples aﬁter 0.15 hot

straining was meafured metallographically. A plot of Xﬁ vs

log time" was hsed to describe the progress of.

——

recrystallization - (Fig.  3.15a).. After an  inftial

R
varied sigmoidally with time. The .experimental points

followed the Mehl-Avrami law h -

Xp= 1 - exp (~ktP) ., : ©(3.21)

X. is the volume fraction recrystallized and the exponential

term represents the non-recrystallized fraction at any time.

-

.-

v'.f‘(y;

' A log .1}:(1/(1—xn)) V\J.og time plot is a'straight line wifh ‘
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AW « 8lope p. The parameter k was directly éstimated froﬁ Egn.

A

o

(3.21) once p was known. | : -+

£
P

3.4.4.2 Modified Mehl-Avrami Law, Sequential Mechanisms

Petkovic (81) found that static recovery and

recrystallization occur sequentially in samples of ETP
copper hot worked for various amounts. A plateau in the

fractional softening vs log time curve clearly defined the

end of recovery a the beginning of recrysgallization (Fig. .

(&Y

3.15b) The fracttongl softenins~was defined in terms of flow

stress values as given by Eqnx™ (3,16).

The overall softening produced for both recovery and
recrystallization is given by the sum of the respective

components, X_ and .X'p -(softening of fully recovered

material due to recyrstéllization):

-

X =X + XLR_:~ ) - (3.22)

When softening has gone to completion, Egn. (3.22) becomes

xuo = xtcn + xtko

The volufie fraction recrystallized ét.any time t is

giyen by X'p = X'p, (l-exp}-ktp))l (3.24)

The terms of the equations above are defined in Fig. 3,15b.
The slope of a log ln((X'RD/(X'nn - X'p)) vs log time plog
gives the value of p and k calculated from Eqn. (3.24).

—

‘(3.23)

s e
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3.4.4.3 Modified Mehl-Avrami Law, Parallel Mechanisms

It is assumed that for short annealing times X = X,

because XR- . For intermediate annealing times, X is"given

-
A

by

X = Xr + Xp ) ‘ (3.25)

1

where xR is the recrystallization measured

metallographically, which differs from Petkovic's approach.

For long annealing times X approaches 1, X =0 and Xz X ‘X,é

X, and Xp are determined ﬁy the recrystallization and
softening curves as shown in Fig. 3.15c.

»

The X vs log time curve was plotted from the
) : 3

experimental data. The X, vs log time cufve was drawn from -

the experimental metallogfapbic poinks and. from " the point
detérmined by the time"ﬁt which Xp = X, = 1l. The
parameters p and k of the " latter curve weré‘ obtqined by
trial and. error such that the plot best fittéd the points
and obeyed the Mehl-Avrami law (Section 3.4.4.1). These are

thus the p and k for the volyme fraction recrystallized. A

w

second set of p and k values for each test condition was.

&

D ‘ ' : (
determined for the fractional softening Xi: The procedures

for gettind these parameﬁers were the same’ as!" those .

.described in Section 2.
. . : ,

~
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Fig. 3.15¢ Fractional softening (X MECH)  and volume
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recovery X, and recrystallization: present work.
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& “/\ . 3.4.5 Plotting of the Recovery Kinetic Curve
. In the& real ' situation as explained in Section

’ ' 3.’4.43, the material softens by recovery alone_ only during‘

o the first 'seconds of annealing but t,hen' by both recovery and
-t recrystallization. In this case, the amount of recovery’ X,

at ™ any time« is calculated from Egn. (3.25). = The
>

oo R éxperimental material followed recovery kinetics (EqQn.
- 2.2%):
' Opy & 0 = S log (1l+t/t)) , (3.26) -
a‘:‘ N | i | . .
‘The procedure to plot the kinetic curves is as follows. .
»w
p .
l. )An average g i.e. Umav' was calculated for all
. the %sts run* at a given test condition (same 2).
(": 1 : - a ' (: “
, e ¢ - 2 »This value was inserted in the expression
| /—T /*A X, = (c:\ml,V "0, )/ Opay = 0o) (3.27)
ey L0 * .
. QA“ N ) .
', from whichsg valugs werg determined. . //—-\
‘) . . ¢ ! 75‘ ‘o D . t\ . \”’.
w , , 3. A plot of g . vs log t was drawh. This curye
. intersects the vertical axis at a point ¢/ ., which
-1 \ , ) .
. corresponds to the intersection of the X vs log t-curve
{ T , . o " ¢
. (Fig. . 3.149%). .‘ . : ’
2\ ' ‘ v
Yo 4.- For t>> 1, Eqn. (3.26¢) becomes
M ” . ‘ * ! i ’ '
sy e , ] .
e Opr ™ Opay = & 109 (t/ty) ] (3.28)
] ~ -
) -
/ o
e . ‘ ~



[

Sw0

— ! 1.
100 |- - ] ‘
B 1 .
© u B
2 :
& - . =
W
5, 50 |- 7]
-l ' -
g o
<. B 7
& L _extrapolation —
ﬁ/_—-‘"""'
o : \ . 2 3 ’
16 10° 10 10 0"
time for o~int TIME, s ‘ S
Fig. 3.16a Procedure for the determination of intersection
stress to determine ty. ) e ‘
V. | ¥ |
: g .
, B,
' ‘3‘. ¢
) ( ° . ‘ < -
‘ .



»0

' Flgure 3.16b shows that

~Since s and O,

101 e s

Reatiranging this equation gives

‘

O, = (9., + 8"log t) - s log t . (3729),

r / ! » ! ! ) ' s -
oint = qmav ,+ s log' ts ) . 4 (3.30)'

int are determined from Fig. -3.16b, Egn.

(3.30) allows one to calculate t;.

AN

[ 3

sg The valyes of log(l + t/;g) were calculated and

a curve © vs log(l + t/tg) was’drawn (Fig. 3.16c).

rr

6. Because of inaccuracies in the extrapolation
- 32 5 A :
procedure, the-new intersection stress o, ,sometimes doesn’t

coincide. with O When these values do not coincide, the

mav*
curve and the experimental poinﬁs were horizontally shifted

until o, . =0 . By shifting the ordinate values 0__ and

mav rr

& remain co stgnt,'but log(l+t/tg) and therefore tg change.

7. fter shifting, é new value of t, was calculated

based on the new abscissa values 'log(lﬁt/to) of the

. experimental polnts; * \

4



I

102

Fig. 3.16b Preliminary recovery kinetic curve of'or vs log

t to determine E;.
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CHAPTER 4

EXPERIMENTAL RESULTS

P .
Lowt

4.1 Flow Curves for Initial Deformation and Reloading

4.1.1 General Description

Figures 4.1 through 4.6 show examples of the flow
curves obﬂ@ined in the hot compression and hot torsion of
‘the ETP copper samples. Each graph displays the initial
loading curve of the full annealed material and a set of
reioading curves. The continuous flow curves in figures 4.1
to 4.3 represent the continuation of the first defof;aﬁion

L} e~ )
pass. The relevant features indicated or represented in

‘thése figures are: a) initial .yield stfgss (6,); b) the
stress reached at a compression or torsion strain af Abogt
0.15 (am); c) the reloading yield stress kof); d) the peak
stress (ap) and peak strain (ep) for'the cohpression; tests;
e) the final stress relaxation levels, where applicable; f)
the wunloading or stress relaxation times, and g) the '

- fractional softening percent.

3

Figures 4.1 and 4.2 show .the compression curves

belongiﬁq to the test conditions 450°C, 1.8x1073) g~1

. 540°C, 9;3x1o‘2 s‘l respectively, i.e. to those experimenﬁs

and

—_— ) : . i , .

-
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car;ied out at the same temperature-corrected strain rate zZ

and to the same o . Figure 4.3 exhibits the compression
curves and Fig 4.4 the torsion ones for the test conditions

450°C, 1.8X10"1 g~1 and thus at lOOZlfFigures 4.5 and 4.6

represent the torsion curves for the conditions. 450°C, 1.8

g1 (1000z;) and s500°c, 1.8 s”1 (100z,).

There ‘are some features which are common to all the
gsets of reloéding curves. ' The ;eloading yield ‘'stress
decreases, and thetefore the fractional softeqing increases,
as the interfuption time increases.: After - short
interruption time—of either unloading or stress relaxation,
the reloading curve joins the continuous one. In each of
the above diagrams, a combination of initial and any
reloading curve represents two suaﬁ%;sivé passes of a
multi-pass series; moreover, the lowest reloading curve
representé"a sample which has fully softened after

deformation and hence is similar to the primary curve.

£y

4.1.2 Effect of Stress Relaxation

The reloading curves show that, after similar
unloading or stress‘re;;;ation times, o, is hiéher in the'
load-free éknealing tests. Contrast, for exampie, curve 2
of Fig. 4.la with curve 4 of Fig. 4.1b or curves 2 of Figqg.
4.2a or 4.2b. Similar observations can be made in Figures

"0”3 -ahd 4.4' - - . .h.__,_
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4.1.3 Influence of Temperature

The effect that temperature has on. the reloading
: ‘ SN

yield stress after similar pre-stress{ng, Cn Oor 2z and’

interruption times can be observed by ccmparinémcurve 1l of

Fig. 4.Ia with curve 3 of Fig. 4.2a for the unloaded testgf’

rd
or curves 1 of Fig. 4.1b and 4.2b for stress relaxation;

A=]

the  drop’ from ¢  to U, is greater as the temperature is

“. higher. : ' 'L

e

4.1.4 Effect of ‘strain Rate

The influence that the strain réte‘at constant*T has

on the two stage flow curves is perceived by coﬁparing Fig.
o ¢ -

4.1 and 4.3§ The 100 fold rise in strain rate raises the

initial and maximum stresses in the first pass by 25%. The

“reloading yield stress corresponding to 100% softening 1is

higher in samples deformed at 1.8x10™1 s™1 (about 40 MPa)
than in those strained -at 1.8x10°3 71 (roughly 30 MPa).
After similar unloading or stress relaxétion tiﬁes, the drop
from OmDES/UE is greater in the samples deformed at the

higher strain rate, e.g. curve 2 of F{g., 4.la with curve 3

of Fig. 4.3a, or curves 2 of Fig. 4.1b and 4.3b.

?
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4.1,5 Compression and Torsion Flow Curves

The level of the flow curve in compression is
\ ?

qxflightly higher than in torsion. For example, for the

¥.

'f ‘ - deformation conditions 450°C and 1.8x10"1 s~1, about 100 MPa

are necessary to strain the fully-annealed material to 0.15
S

i . ¥, ‘ .
in compmession and a little more than 91 MPa are required in-

toréion’for the same strain (Fig. 4.3 and 4.4). The likely

cause of this is difference in grain size.

2

In the early annealing stages, the reloading vyield

stress 1in torsion drops faster than in compression as shown

Gnloaded tests or by Figqg.

by Fig. 4.3a and-4.4a for the
4.3b and 4.4b for the stress relaxation ones. However} the
same figures show that the yield stress on reloadigg falls
to that of the fully annealed material in about- the same

L] ) .
time in compression and in torsion.

In torsion as in compression, the yield #tresSs on
.reloading after similar unloading or stress relaxation times
is higher in the load-free annealing experiments. Figures

4.4a and gf4bvconfirm this stafement.

4.1.6- Torsion Flow Curves at High Strain Rates

. d The initial and reloading flow curves after

- load-fgce annealing of samples deformed. at 450°C 1. 8 s~
) Co (lOOOZl)and 500°C, 1. 83'1 (10021) are shqgﬁ in Fig. 4.5 and
. ) ‘

b x



=
A)

Vd

180

165

S o &
o & o

o
o

) ° .
EQUIVALENT TRUE STRESS, MPa
o A O 4 0
o (4] o o o

o

0

Fig. 4.5

. condition 450°C, 1.8

116

‘A "

X 1 1 1 1 ' N’
SOFTEN"“!DUR"‘G|MNLOAQED|NTERV‘LS ,
BETWEEN DEFORMATIONS AT 450°C ANDY -

" TORSION

INITIAL PASS
E=0.15

_f=100.0/MPq

dvs.€ UL %
CURVE INTERVAL FS
! 10,08 42.8
2 20.0s. 67.8
3 30.0s 85.6 o

0 0l0 0I5 020 030 040
EQUIVALENT /TRUE- STRAIN

In{tigi and rgloading flow curves for the‘t0t9¥on

1 (1000 zl). UL annealing w
softenings for various intervals.



&

180 - .
; SOFTENING DURING UNLOADED INTERVALS

-BETWEEN DEFORMAT!olns AT S00°C AN
.88

165

150 TOR?ION
135

120 F

90

v
I3

UL %
CURVE INTERVAL FS

[ 2.0s 37.3
2  4.0s 50.
. 8.08 77.8
4 16,0 89.4.

4

. \ - |
EQUIVALENT TRUE STRESS, MPa
. A
»

I [ I I |
A .0 010 0I5 020 030 .40

'EQUIVALENT TRUE STRAIN

Fig. 4.6 Initial and reloadin§ flow curves for .the torsion
condition 500°C, 1.8 s~! (100 2z;). UL annealing with
fractional softenings for various intervals. !

>




AT

4y

118

‘o

Y ) '
v -

4.6, respectively.:

An increase in the strain rate by a factor of ten

<

raises the height of the curve 10% as shown by comparing the

stress at 0.15.strain of Fig. 4.5 with that of Figq. 4.4a.

‘The increase_in ¢ also produces a slight acceleration in the

.rate of drop of the reloading yield stress: after

deformation at-450°C, 1.8x1o‘1 s”1, the stress falls in 40 s
to the same level that is teached in 30s after deformation
at 450°C, 1.8 s'l aé shown by curves 3 of Fig. 4.4a an

b -

4.5.

N

W .'
A decrease in the time for the reloading yiedld

stress to reach the yield stress of the fully-annealed ‘

material (Fig. 4.6) by roughly a factor of 6 1is observed
when the temperature is increased 50°C and the strain frate

to

multiplied by a factor of ten with ‘respect the

deformation and annealing conditions représented‘in Fig.

4.4a. These two conditions have the same 2 but- the flow

curves differ probably because of grain size dgpferences,
which arose from the difference in the treatment between

steps (Table 3.1). ”

‘4.2 Stress Relaxation Curves ' . .

.

Figure 4,7 shows. the stress relaxation curves after

a compression to 0.15 at IB 540°C, 9.3%10"2 s~1; 1a  4s0°C, -

, 3
1.8x10’3; and 1IIA 450 C, 1.8x10'; s'l. The yield stresses

-

PP
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STRESS RELAXATION TIME, s

.'Flg. 4.7 Stress relaxation curves after a compression of

0.15. The reloading yield stress -values after different
relaxation times are shown on the curves (IA), (IB) and
(IIA) as the tips of the vertical bars.
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Table 4.1. Reloading and Relaxation Stresses

v

.‘ R y)

=

////;est tSR

-

oy OSR Fs,X
'Conditions s MPa MPa % %

1B 2.5 70..0 41.8  22.9 64.2 "
5 =33.4 4.5 53.6  38.6 57.4 69.5
_ Mpa 6.5 38.1  32.2 90.0 80.0

9 =80.8 ° 9.5 33.8  24.1 99.0 93.4 f
a2 78.6  76.5 4.8 4.3
5,=35.1 21 76.2  60.2 _10.0 36.3
‘ 31 73.7  52.1 15.5 506
' 5 =80.3 41 70.9  46.4 21.6 60.7
71 © 60.7  36.1 44.0 78.8
101 . 44.2  30.1 80.0 89.4
200 5.8 24.7 98.5 98.9
II1A 14 98.2  49.4 4.0 63.3
22 89.0  45.4 .  20.0 68.2
30-43.1 27 '83.6 42.4 29.5 72.0
37 67.8  35.2 57.0 80.9
,‘"Eﬁ=1oo.s 52 57.3  29.5 75.3 88.0
S 72 47.9  24.9 91.6 93,7
© 102 . 23.3  103.0 95.7

41.4
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Table 4.2 Stresses and Stress Ratios-

-

Set Test‘ Conditions O °S§ST O =~ Om 'tskér Stage 1
°C g1 MPa MPa .MPa °“BRST s )
IB. 540 9.3x1072 80.8 20.1 33.4 4.02 - Yes
IA 450 1.8x10°° 80.8 24.1  35.1 3.35 - 75 No
vV 450 4.4x1072 86.6 23.8 37.0 3.64 70 No
o -2
VI 450  B8.8x10" 90.0 22.6 39.1 3.98 65 No
_ VII 450 1.1xio'1. 92.9 21.5 40.0 4.32 50 Yes
TIA 450 1.8x10°% 100.5 "19.8  43.1 5.08 50 Yes |
v £
»
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_
on reloading 0 corresponding to some stress relaxation

times tcr are shown on these curves for comparison. Table
4.1 lists these values together with the relaxation stress
Ogr for the test conditions above. In Figure 4.7, V, VI and
VII are stress relaxation curves - for intermediate
deformation rates at 450 C: Tablewg;é-presents important
parameters for all t relaxation tests. The curves exhibit
three stages under the present test conditions; 1) linear,

2) gradually decreasiﬁg aﬁd 3) saturation relaxation.

The linear part describes a steep fall in the
relaxation stress which has a duration of about 3 seconds.

This stage is clearly observed only when the ratio 9 n/® SRST

is large. Figure 4.8 shows how om/,SRST varies with'0_ for

450°C. High ratios are obtained "by a high strain rate

giving a large value ff“’m or by a high relaxation

1

temperature giving a low value of 9SRsT*

fhe second stage isldifferené depending on whethef
stage 1 is absent or present. If s%age 1l is absent tﬁe
curve decreases at a decelerating rate to the satﬁration
level. If stage 1 is present it starts with a transition to
a plateau before decreasing into the same shape .as above.
In ‘the third stage the stress remains -almost constant at
USRST; however, the time to reach saturation is shorter as

the ratio Om/OSRST increases ('I:able 4.?) .
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Fig. 4.9 Evolution of fractional relaxation . (FR)
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4.2,1 Fractional Relaxation

Figure 4.9 represents- the fractiénal redgaxation

percent (as described in Section 3.4.3) vs log' time curves

1Y
derived from the SR curves (Fig. 4.7). The curves

(outlined b§ symbols) show that "the relaxation s%;ess
saturates at a time somewhat larger than the fractional

softening.

4.3 Fractional Softening From Mechanical Testing

il

"4.3.1 General Description

Figures 4.10 and 4.11 show the fractional softening

percent (MECH, as defined in Section 3.4.2) against loé time

~ curves derived ffom the mechanical tests. Eaéh graph
represents groups of tests carried -out at the same
temp@rature—corgected strain rate. In Fid. 4.11, -2, 1is a

hundred times that in Figqg. 4.10 and the stress is 25%

L higher (100 MPa vs 80 MPa). Figure 4.10 illustrates tp;
curves constructed from compression tests. Fiqure 4.11
contrasts the curves obtained by compression and totsion
under the same conditions but a higher O, in the former (100
MPa ve 91 MPa.Figure 4.12 shows the léofte'ning curves of
~togsion experiments accomplished at 450°C, 1.8 s~1 (100 MPa)
and 500°C, 1.8 s~1 (83.2 MPa), the curve for the torsion
condition 450°C, 1.8%1071.™1 (91.2 MPa) is also shown for

comparison. The relevant streéses to plot these curves are

i
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4.10 Evolution of softening and recry’sgallize& volume

The values of FS greater than 100% are due to experimental °
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given in‘Appendix A.

ey

In general the softening curves of samples
qupressed or subjected to tgfsion and annealed under both
loaé—free (UL) and rstress relaxation (SR) regimes show
different ;mohnts of softening at fabou; 1 second of
annegling (beginning of the curve) followed by a segment of
gradually increasing sofééning, chargcteristic of‘orecovery,
and then by an S~shape portion, distinctive of
recrystallization (Fig. 4¢10). The only exceptions were

the softening curves of the compression %experiments at

. ) * ,
450°c, 1,8x10"! 5”1 (Fig. ‘4.11). 1In these {tests, O©

r was’
higher than Um after the first 6-7 seconds of annealing in
the ¢ vs € curve. It was assumed that Q, = 0, 8o these,

.

. * P2
polﬁts were plotted at Zero fractibnal softening. None of

the: curves exhibits an intermediate plateau, indicative of
A

recovery saturation before the ‘resrystallization part. All
) A ,

g . )
the curves saturate at 100 percent of softening,

4.3.2 Stress Relaxation and Time for Full Softening

Examination of the softening curves of  the

fgompredSi\ experiments at 450°C, 1.8X1073 g~l (1) show

that the Aatio of the times to. reach full softening in

. : } .
unloaded Lné—~sttess relaxation tests tUL/tSR is about 5

(M This ratio in similar tests at 540°C, 9.3x10"2

=1 (IB) is around 4 (Fig. 4.10). Cqmpressign and torsion
— - .

J ‘\\“,,,“g .
..

AN
"ei_"
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tests'at 450°C, 1.8x10"1 sfl (IIA) show a ratio of 2 [Fig.
4.11). Thus, stress relaxation increases the rate of

, .
softening under all the experimental coqditions used in this

~work. Table 4.3 1lists the times for different levels of

" softening,

4.3.3 Effect of Temperatuge on the Time for Full Softening
L l \\
The. effect that temperature has on the time to reach

-’

/ ~
full softening can :g’assessed gor‘compression from curves\

which cgﬁrespond to samples deformed to the same ;§§ess
- level (same Om and /Z) as 1in the case of the curves

compressed at 450°C, 1.8X10~3 sl and 540°c, 9.3x1072 g1

(Fig. 4.10). Unloaded samples annealed at 540°C fully .

soften 25 times faster than those at 450°C. When stress
relaxationu sbgcimens .arg>gompared, those annealed at\§30PC
require a time only'1/20'£hat.of their analogues: at 450’&
(Fig. A.lb). Both unloadéé ~and stress' relaxation
experiments at 450°C render ; sofiening curve with; a well
defined recdvefy stage. Such evolution is not observed in
éhe'&yrvés of the UL and SR tests at 540°C, because static
réé}ystallization proceeded very quickly (Fig. 4.1q;,.vat

540°C, the time to 10% softening is the same for both the UL

and SR holding conditions; at shorter times ﬁhe SR softens

more slowly. This behavior at 540°C is linked to the
. /“\—.. ~ -

presence of noticeable fiﬁ’ﬁ and second stages in the stress

-

relaxation curves (Fié. 4.7).
ALY .

R E T
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/.,
Table 4.3. Times and Time Ratios for Different

Fractional Softenings‘(x)

) g \
)
tx 1 UL SR tUL . UL SR
t (s) t (s) ten t,/t £/t
om ° -3 _-1
IA =1, T, = 450°C, ¢ = 1.8x107° s
to 54 21 2.57
t, 135 43 2,93
tso 390 72 5,42
£100 1000 180 ' 5.55
IB=2, T§-540°c,c2=9.3x10'23'1z T, -T,=90, §z/el=5o, Z,/2,=1
v . tl/t2 tl/t2
ty0 3.0 2.15 1.4 45 20
tEo 7.8 4.2 1.6 50 17.1
t100 35.0 10.0 35 «28.5  18.0
I1a=3, T4=450°C, e5=1.ax19'1 s, T, -T4=0, &,/¢,=2,/2,=100
tl/t3 tl/t3
t0 20 17 }.2( ( 2.7 1.2
"ty 29 23 1.3 4.7 1.9
tso 63 3s 1.7 6.2 1.9
e } . ’
ti00 -’180 105 1.7 5.6 - 1.7
‘ ¢
The——T

(v
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Observations IA and IB (Section 4.3.2) that the-.

ratio t, /t.. decreases from 5 to 4 show that in samples

.compressed to the same level of stress (same 2), the stfeéa

relaxation accelerating effect on the rate of softening

-—-decreases as the annealing temperature increases.

“*4,3.4 Effect of Strain Rate on the Time for Full Softening -

L4
™

' . The effect that strain rate has on the time to

compléte softening is shown in ccmpressioﬁ//by the
experiments a 450°C; 1.8x1073 -1 (Fig. 4.10) and by those
-at 450°c, #.8x107! 7! (Fig. 4.11). The stress level 0
was 1005 Mgi;afdthe higher strain rate as compared to 80.8
MPa at the léwJF one. UL samples tested at 1.8)(10:'1 g~1
full soften 5 igiheé faster thah ‘the equivalent ones
'cqmpressed at 1.8x1073 sfl. On the other hand, the time for

full softening of SR specimens was shortened one half when

1.8x107! sl instead of 1.8){.].0-3 g~l was used. Samples

compressed at 1.8x10”1 g1 did not show evidence -of
softeniag éftér the first 6 to 7 seconds of UL or SR
annealingA(Fig} 4.11), but those compressed at 1.8x10”3 g~1
did after on1; 1 second of‘UL or SR annealing (Fig. ’4.10).

The change in behavior-in stress relaxation upon increasing

€ and hence the stress (Omﬂs'ns"r rises from 3.35 to 5.0;;/)6
efs

similar to what happens on raising éemperature which a

with the change in shape of the SR curve. A

4

“ b
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From cases IA and IIA (Section 4.3.2), the changes
in the ratio tyr/tgg from 5 to 2 illustrates that in
compression a strain rate increase diminishes the effect of

stress relaxation. .
r .

Y
E]

4.3.5 Compression and Torsion Softening Curves

o~

The fractional softening vs log time curves of

1 in torsion and

-

samples deformed at 450°C, 1.8X10™1 s~

~compression (Fig. 4.11) reveal two facts: i) after a rapid

beginning, the réke of softening in tﬁe former mode of test
slows‘down ".80 that the overall,‘restoration process is
completed af about the same time as in the latter m?de
(observagionliJA, Section 4.3.2); ii) the qnloaded and

stress rélaxation softening curves are similar for a given

L]

. mode of deformation but are of different form aftgr

compression and sorsioﬁ. This displacement of the torsion
softening curve to shor ter times takes place g&en thUQh the

maximum stress is lower On = 91.2 compared-to 100.5 Mpa).

4.3.6 Torsion Softenihg Curves at High Strain Rates

An increase in the stfain rate by a factor of ten
which raised o £rom :9f.2§ to, 100 'MPa accelerates the
comp{syion of full softeping by a factor of 2 as shown by
the softening curves for the deformation conditiohs 450°C,

1.6x10"1 &1 ana 450°c, 1.8 87! (Fig. 4.11 and 4.12). 1In

_accordancé with this effect a 100 fold increase would speed

o
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Table 4.4. softening ‘and Recrystallization Parameters

-

MECH: Softening Measured Mechanically

Set T 4

_ ealing P Pp.-P k' -k Fig. no.
¢ s cBnaition SR UL ksr~*uL
Compression
1A 450 1.8x107° WL .2 ' e.sx107 -5
. 3 0.4 _g-3.3x10
. 2 450 1.8x10 SR 1.6 6.2x10 4.13
© 1B 540 9.3x107° UL 1.5 3.9x1072 -3
-2 - 0.7 -2=7x10
N 540 9.3x10 SR 2.2 3.2x10
Compression
‘ IIA 450 1.8x107% oL 1.6 8.1x1074 5 414
‘ -1 0.5  _4—6x10
) 100z, 450 1.8x10 SR 2.1 7.5x10 '
\ ‘ N IIB  Torsion .
AN . : ‘ -l -2 .
Ny - 100z, 450 1.6x10 uL 0.8 8.3x10 IR
~ -1 : 0.2 _p=6x10
N 450 1.8x10"%® SR 1.0 7.7x10
C = mm—— = :
III Torsion
- v
100z, 500 1.8 ‘. 2.3x107%
w Torsion ' ’ ) 4.15
- .
1000z, 450 1.8 uL 1.0 . 6.0x1072
’ MICR: Recrystallization Measured Microscopically
1A 450 1.8x107° UL 3.2 . 1.7x107° -7
. . , 2oy . 6.3x10
IA 450 1.6x107> SR 3.2 6.3x10"’ 4.13
1B 540 9.3x107% wL 2.4 - 1.5x10"3
1B 540 9.3x1072 SR - -
1A 450 l.ex1io”}  uL 2.8 3.2x1078 -
L =0.7 7.5x10™4 4.14
IIA 450 1.8x1071 s8R 2.1 7.5x1074
»
o t
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up the rate by a factor of 4 'similar to that of 5 seen in
coﬁptession. When the temperagure is increased by 5b°C, in
comparison to .the same strain Tate the time reqﬁired to
c;mplete full softening is only one third and in comparison
to éne tenth the strain rate is only one sixth (Fig. 4.4a).

This latter result is roughly in agreement with. the factor

of one twenty fifth for an increase of 90°C in compression.

.The more rapid softening at 500°C takes place even theugh O
+83.2 -MPa) 1is. lower than at 450°C, 1.8 s 1 (100MPa) or at
450°c, .1.8x10" % 71 (91.2 Mpa). \

4.3.7 Softening Kinetics ‘ .

Table 4.4 and Pigures 4.13. to 4.15 show the .
"softening - kinetic parameters (MECH) for all the test

conditionq. The magnitude of p does not vary in any pattern

" %ith either temperature or strain rate, however, it is about
1}

2 in compression while only 1 in torsion. §Stress relaxation
'leads to a higher value of p (Egqn 2.27). lThe difference
between the p values for UL and SR is more, the higher is the
annealing temperature (IB:0.7 vs IA:0.4 (Zl)) 6: the strain
rate (IIA:0.5 ‘(16021) ve IA:0.4 (Z;)). In torsioﬁ, P
1difference is smaller than in, compression (I;B:O.z vé,

ITA:0.5 (100Z,)).

\ .
Stress relaxation rendered a slightly lower value of
t

k for low 2 values (IA SR vs 1A UL; IB SR w8 IB UL (Z9))

\

s v s st
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Y =) T 1 l T I T3 0
/ COMPRESSION
© & 540C s/ /
o5 fosmoy’ ¥ /
e 7 - 0-5
, ¢ ;/ 4s0°C / , T
— p=2.2/pm=L /'9-2‘.4‘ o’/’l.exlo*".-' €=015 .| O
- / s f
< o0 n 8 / : 01 L % 7540’6.9.3::!0"5"" 0.0 g
/ HSR —
1. MECH o / JWicR / ¢-—-SR-MECH -
< -—osh s u/ML'CR g “ﬁfULQ-——UL-MECH.. -05 X
= /us'éa/ . <>° / —— UL-MICR <
. -d /lo / - =J
/ ® -
Q Lo AR, / G, 450 C.I.Bxlogzs i
3 aecwx [P A —a.p &~ SR-MECH
~ : 0—-—SR-MICR
-“L.5F p= 15 =32 / O——UL-MECH ~1-!.5
! ] O——UL-MICR
/0
) d i 1 | | | 1 129
=24 - . 'zo'
02 0.5 o - iLS 20 2.5 3.0 3.5 4.0
‘ "LOG TIME '
T ¥Fig., 4.13 Softening (MECH) and recrystallization (MICR)
kinetics according to Avrami relationship (egn. (2.27))
under conditions IA UL and 'SR, and IB UL and SR (2;) (Table

4.4).
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Lo 1 T T 3 0
+
/ .
0.5 : ' . E=015 . d o5
/ 450°,1.8x107's”' &
= ' ' W
3 $——SR-MECH |/
<, o5t o—uL-MECH | o R
z p=! COMPRESSION .
© _ ok A----SR-MECH _| _ =
S "©-~=SR-MICR ’ -
B O——UL~MECH S
-5k L O—-—UL-MICR —{~-1.5
mecH / |
¢ 0w N $ | N R B b= 1

"o.z‘ 0.5 0 5 20 25 30 35 -
“ LOG TIME

- Fig, 4.14 sSoftening -“kinetics (MECH) according to Avrami

relationship (eqn. (2.27)) under conditions IIA UL and SR,
and IIB UL and SR;. recrystalization kinetics (MICR) for 1IA
UL and SR (100 Z,) (Table 4.4). '
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LOG LN [1701 - xg)]
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4
/ /o
P ,/ Ew=0.15 /.
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-0.2 |- UL- MECH -/
/ @&——500°, I.8¢"
-03} / ~O——as0, 184"
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>

'Pig. 4.15  Softening kinetics according to  Avrami
relationship (eqn. (2.27)) under conditions III (100 2y) !

and IV. (1000 Z,).
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and likeiwise £or high z (IIA SR vs IIA UL; IIB SR vs IIB UL

(10021)). However, k increased with either temperature (IIA v o

ve IB; IIB ws III (1002,)) or strain rate (IA (Z;) vs IIA
1 ‘¥
(100z,); IIB {100%Z,;) vs .IV (100021))' and was higher in

torsion than in compression (IIA vs IIB). . . i @?’

" ~

C:_Thb combined effect of%different p and k for SR MECH
and UL *MECH led to rather separated curves in condition IA

(Fig. 4.10). ®he reduced difference ih p with increases in

7

' temperature (IB) (Fig. .4.10) or strain rate (IIA) gFig..

4.11) diminished the separation between the pairs of curves..

s

. '
o~ —

4.4 Recrystallization

4.4.1. Volume Fraction Recrystallized

-

The volume fraction recrystallized data and their 95
confidence 1limits for vafious'annea%yhg times are given in
Table'4.§ and répresented in Figures 4.10 and 4.11 (MICR).I P
The volume fraction "recrystallized vs log time curves
copsisted of an inqubation, time segmentu fq{lowea by an

S-shape ‘pbrtfon (as in classic static recrystallization
- ]

. after cold working). The incubé:ion time was shorter for
n

both higher ,strain rate and‘higher temperature especially
for samples deformed in condition SR 'IB (Sqoig). The
effects of - stress relaxation, tempera%ure, strain rate and
deformation mode on the tecrystail;zati;n rate were similar

to 'thoee pointed out for the fractional softening rate in

-

— a
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Table 4.5. .Volume Fraction ﬁecryséallizeQ-

Valugé:and 95% Confidence Limits

)

_—

[ /
" Set Compression Annealing Time xRt 95¢ CL. Magnifi-
. " Conditions’ Condition-‘ s ) ' cation
o -3 -1 . + 0,000
IA 450°C. 1.8x10 ~ s UL <’“‘ 20 0.000_ 4y 490 ~=
- : + 0,007 o
- 3 100 ”ﬁjﬁl4i»o.ooo X50
+ 0.020 .
> 400 0.273" X150
: . =0.020
+ 0.000 i
. SR, 5 0.000_ , 5099 X50
+ 0.005
20 0.009 X50
. - 0.000
! y . + 0.030 }
ey 80 0.471 x}50
) - 01@0
. B “2 -1 + 0.018
IB 540°C, 9.3x10 “ s UL 5 0.044 X50
- 0.000
i 1 -1 + 0.000°
IIAY450°C, 1.8x10 "~ s UL 10 0.000 - :
’ » o - = 0,000 :
\ . + 0,006 '
AN 20 0.010 X50
\ ™~ . = 0.000
]} + 0.001
. 50 0.183 X150
- . - 0.000 :
: + 0.000™™ ]
SR 12 0.000 gn- ———
-t - - 0! 0“ et
™ N + 0,020 \‘~\~//“T/
20 0,121 X150
~ 0.026

L 2

X50 and X150 magnifications were used to measure low and high.

values of Xp respectively.

~

b
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SectiOﬂ 4- 3. : - “

4.4.2 Comparision gg\Softening and Recrystallization
. Kinetics, . R
- KRinetles — 7 ,

The microscopic reaction curves were always delayed

'compared to the mechanical ones. This was. greater at

shorter Fimes and became nggligible at longer times. Thé
delay was greatest for 450°C, '1.8X10"3 s~1 (1a) and
deqreased as temperature (IB,.Z constant) and strain rate
(IIA, T constant) increased.r In addition it was found that
the di fference between the MICR cahd@ MECH curves was. much
less . for SR than for the UL ones. At a higher strain rate
(IIA, T constant) the SR curves almost'completely coincided
(Fig. 4.14). While the very high rate %o;’softening and
recrystallization in the'condition"fh (540°C) prevented such
comparison, it is likely that both curves #ould have
‘ggigg{fed. Thus, stress relaxation brings together the MECH

and MICR_ curves, such effect being more pronounced with

incr€ases in apnealing temperature and strain rate.
. \ ‘
4.4.3 Recrystallyzation Kinetiecs

o Table 4.4 lnd Figuresqi;IB and 4.14 show the volume

fraction recr§stallized parameters' (MICR) for .various

%

comyression conditions. The values of p were generally
higher than for mechanical softening, particularly for
unloaded holaing, consistent with thé shorter time spaﬂ

‘
(Figures 4.10 and 4.11). The magnitude of k was also lower

~

’ |
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consistent with’ the greater delay for initiatien. . The
variation of P (MICR) with temperature‘éhd etrain rate was
{ J%ﬂllar to that -of p (MECH) but it was not smaller for UL
than for SR. On the other hand unlike softenﬁng, stress

~relaxation increased k“(IA UL vs IA SR‘%%l); IIA UL vs II SR

(100Z,)) as does temperature (IA vs IB (UL)) and strain rate

(IA vs IIA (UL)). On the whole ae for.fractional softening,

the separation between the. SR /MICR and‘ UL MICR lines

diminished either with.increases'in temperature (IA vs ‘IB)

or strain rate (IA vs I1a).

4.4.4 Metallography

4.4.4.1 Hot worked and Partially Recrystallized ’pﬁ
Le Mlcrostructures . ’

—

. . — LT

The deformation.experiments fog which‘metallograpﬂlc
specimens were prepared are shown 1in Figufe 4.16. 1In
addition the initial full recrystallized micr‘i.ructure
before testing appears in Figure 4.17. Figures 4.18 to 4.3l
éﬁoé hot worked and'éértiaiiy recrystall{Zed structures of

compressed specimens at a magnification of 75X.
. : !

" // Tests at 450°C, 1. 8x10~3 g1 (IA) - Figure 4.18

m\

’/shows the immedlately quenched structure, Figures 4.19 and
L,_\_,/' 4.20 those after SR for 5 and UL annealing for 20x,

e respectively. The crystalline grains have a rough. etched
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Fig. 4.16 Conditions and times Qt which

selegted for metallography.
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Fig. 4.17, Fu‘lly recrystallized microstructure before
testing. (300 um) (75X} T
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Fig. -4.20 Microstructure from IA UL annealed for 20s.

(75X) N r

D]
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Fig. 4.22 Microstructure from IA SR for 80s. (75X)

Fig. 4.23

(75%)

x

Microstructure ' from ' IA UL annealed for 100s.

-
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ones. No new grains are observed. 1In contrgst, new grains
appear 1in Figures 4.21, '4.22 and 4.23 for samples SR for 20
and‘ 80s or UL annealed for 100s '\respectively:
recrystallization iq_ the secondfspecimen is more advanced
than in the third one. Figure 4.24 after UL annealing for

-

400s shows a higher.population of new grains.
o i
Tests at 540°C, 9.3X10-2 (1B). Figure 4.25

illustrjyé; the immediately quenched microstructure. and

Figure 4.26 that of éampie' UL _anheéléﬁm for 5s. Both
micrographs sbow new grains although the density of new

grains is higher in the secondigampLe.

]

Tests at 450°C, 1.8x101 (IIA). Neither the

immediately quenched specimen (Fig. 4.27) or that agtet SR

- for 12s (Fig. 4.2B) or that UL annealed for 10s (Fig.
. : ; » -
4.29) show new grains. By contrast the microstructures SR

or UL annealed for 20s (Figures 4.30 and 4.31) exhib;t new .

grains, the density of new grains being more intense in the

SR sample. Figure 32 shows that after UL annealing for

508 many new grainéP are evident.."hs shown’ in the

microgréphs above, recrystallization generally took place at

existing boundaries. Howeéer, a few grains were obserﬁed

close to inclusions as shown by Figure 4.33.
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Fig. 4.24 Microstructure from IA UL annealed for 400s.

(75X)

.3

Pig. 4.25 ‘i'pli;:rost:ﬁctu:e from IB,

.
g .
vt .

_ 540°C, 9
immediately -quenched. (75Xx) ° - ’

—2 -l ‘
.?qu 8 - (zl),_ R
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Fig. 4.26 Microstructure from IB UL annealed for Se. (75X) -

°

Fig. 4.27 - Microstructure from IIA 450°C, 1.91{10‘.1 o1 (2,)
as deformed. (75X) B
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Fig. @28 Microstructure from IIA, SR for 12s. (75X)
L . .

T

l“;g. 4.29 Microstructure from IIA, UL annealed for 10s.
- (75%) - ~ .



Fig. 4.31
(75x) °

o 1s2

Microstructure from IIA UL arinéaled for 20s.
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Fig. 4.32 Microstructure from IIA UL annealed . for 50s. ; N\
(75X) , , ' _ :
- L
;o | : .
i ‘ r . ' . 0
¢, Fig. 4.33. New grains around inclusions, IIA UL annealed for"
. 208, '(2508)9 o . Co . -
s | .
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4.4.4.2 Fully Récryst&ilized Microstructures

Table .-4.6 and micrographs 4.34 to 4;é3 at 75X
present :the tiqgs and grain sizes “of the fully
gecr&stallized ‘material. Fully recrystailized samples
either SR or UL annealed after deformation at the sape
conditiéns show similar grain sizes, i.e. the grain sizes
for IA are 194 uym (SR) and 195 um‘WUL) and for IIA 157 uh
(SR) and 162 um (UL). ,Thus; although strgss relaxation
&ltered the kinetics, it did not have any effect on th§ '
recrystallized grain siz;. The grain size decreased
considerabiy w@th rise in strain rate (IA vs IIA; IA vs IIB)
andi slight}y'“with temperature (IA vs 1B). The deformation
mode did not afféct-the grain size appreciably (IIA vs IIB).
The grain size of the sample deformed at 500°C, 1.8 8-l
(III) is much smaller than at 450°C, 1.8x107! 5”1 (118B)

whereas they were expected to be siﬁila: since the two have

the same Z. An explanation for such a'result could be that

"the  starting grain sizes in III and IV4re much smaller

since they were given larger intermediate' strains than in
IIB (Section 3.3.2). The hiéher z in condition IV leads to

a finer grain size than in III (the initial étain s8ize

conditions.being similar). :
e T ,

A . (@
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Fig. 4%42  Fully recrystallized microstructure III; torsion
at 500°C, 1.8 s°1 UL annealed for 30s. (76 um) (75X)

~— B

W .

Pig. 4.43 Fully frdq;yltaliiied microstructure IV; torsion

at 450°C, 1.8 5”1 UL annealed for 80s. (62 um) (75X)
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Table 4.6. Fully Recrystallized Grain Size

4

Set Test Cg;ditions D
°c 8-1 um
IA 450 1.8x107° UL 195,
. SR 194
1B 540 9.3x107° wuL 179,
, SR - 185 -
TIA 450 - 1.8x16™! wuL 162
SR 157
1IB UL 157
SR 169
111 450 - 1.8% UL 62
v 500 1.8 . UL ‘76
D :
Table 4.7. Recovery Kinetic éarametErs
Set Test Condition 8 to'
°C ™1 MPa 8
IA \ 450 1.8x107° UL, 22.9  91.6
(zl) ’ ” \‘(’é{f_,
. ' -3 o
A . 450 1.8x10 SR- 120.4 39.4.
' : A
1B 540  9.3x10 © UL 34.3 A.3
(‘zl) ' ’ .
P _1 AN
IIA. A50  1.8x10 UL | 27.2 3.0
(100z;) . ,
'
g ~



@.é.l Recovery Kinetics - . *

,increase in strain “rate (and stress 0;) at th®

l6l o )

4.5 Recovery S

The . kinetic pafamétérs for recovery after

compression s and t, (section 2.3.2.2, Eqn. 2.24). are shown

in. Table 4.7 and Fig. 4;;4. The plots deéict the rate of

decline of the reloading yield stress with time . starting

]
When.'r -'?‘am' at t=0.

¢’

r —

For a  constant 2 1t is observed in Table 4.7 and
T

Fighl 4. 4% that stress .relaxation reduces the slope s

’ slightly (IA UL vs 1IA SR), but that a higher temperature

durihg annea}ing greatly increased it (IA vs 1IB). An

same

- deformation and annealing temperature increases the s value

noticeably. ' On the.othei hand, stress relaxation, and to a

greater degree increase’ .in ‘temperature' and strain rate

‘'decreases the par ameter to (fh‘UL vs IA SR, IQ}UL, IIA UL).

Thus, the net effect of these variations is that SR

moderately reduces the rate of recovery but augmentation in

temperature and strain rate accelerate it.
. . - . Fii
4.5.2 Analyéis of the Substructure ‘ . !

. D .
. The samples submitted to 1nspection by tegnsmission

elcctron microscopy are 1ndicated in ri}pre 4.45,

’
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Tests .at’ 450°c, 1.8x10"3 g-1 (2,). Samples

. ’ immediately quenghed after deformation exhibit a range of
» substructures. Figure 4.46a shows areas of dislocation

tanéleg_endxsmall cells, whereas Figure 4.46b exhibits some

«elongated cells with 1low interio:kdensity indicating some

~ s

_degree of‘dynami _recovery. After UL annealing for 20s,
cells with narrow tangled walls are common (Flg. 4.47&) an@
regi ns/wiﬁh ‘larger cells and sharper walls (Fig. 4.47b).
Aft;j\\UL anneallngx\for 100s subérains of larger size and

i more ordered walls were obseiveq (Fig. 4.48a). However, in
some cases dislobatien tanéles were still observedznext to
recovered subgrains (Fig. 4. 48b). The substruéﬁhre after
SR for Ss resembles that of the ihmediately quenched sample,
Itlconsists in some areas of cells with ragged walls (Flg.

} l 4.4%9a) and in other aress ‘of dislocation ti%gles.(Fig.
4.49b). Afterasr for" 208, the cells.ere'betier. formed but

‘areas with dislocation tangles (Fig. 4,50b).

. \ ~

Tests at 4503C, .- 1.8x10"1 . s"! (1002,),  The

substructure qﬁ specimens quenched immediately _::;;t
"‘deformation conteins both areas of dislocation tangles .

. | 4.51a) and cells with very ragged walls (Fig. 4.51b). Hjgh

f_f' Cn ldislocation densities and small cell dimensions required the

P

substructure after UL annealing for 10s is not much

L ' still with thick walls (fig. 4.50a) and thQFe are still

use of the high magnification indicated in Fig. 4.51¢ The

&4

(N
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different from that of the above specimen: poorly formed

cells (Fig. 4.52a) and tangles (Fig. 4.52b). Cleatrly.

.distinguishable ‘cells with thick dense walls characterize

the substructure after UL annealing for 20s (Fig. 4.53a,b).

The substructure after SR for 128 shows some regiéns‘of.l
poorly ;ormed cells (Fig. 4.54a) and others of -cells with -
Tagged walls (Fig. 4.54b). After SR for 20s (Fig. 4.55)

the substructure ié still similar to the above but with
‘ IS

noticeable decrease in dislocation density.

Comparison of the . substructures’ produced by

deformation IA after 20s of UL (Figq. 4.47) or . SR (Figq.
4450) annealing‘sbows that the flormer is in a more advanced
stage of static recovery in sofar as it has less regions of

tangles and more regions of. subgrains. Moreover, after

. 100s, the UL specimen exhibits considerable increase 1in

static recdvery whereas the SR specimen has largely'

recyrstallized (Fig. 44.45). After deformation at the
higher strain rate (condition f&Afi the substructure is much
less dynamically recovered than at the lower rate (IA). 1In

UL or SRlannealing up to 20s after 1IA (Figs. Q§§§—4.55),

static reéove:y clearly proceeds but still™doeg not reach a

.-

level much higher than the as-deformed material from IA.

-Moreover, the range of density and@ cellularity is 8o gieat‘

" after either SR or UL annéaling’that,it is not clear whicﬁ

-

A 4

is more advanced. oo ,

n
3

Mo
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4,5.3 Misorientations , “

The misorientations bé%ween cells in the preceeding
micrographs were measured; the nminimum and maximum
misorientation between cells for - the different test

conditions are 1listed 1in Table 4.8. Figure 4.45 is again

the key for these results. The misorientations: in-a sample .

]

' O
‘'range from a few minutes to about one degree which are in

agreement with the values reported in the literature :(135)y

r

There appears to be little variation with mode of anneaiing~‘

or strain rafe.

Ne—"h
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Table 4.8. ‘ Misorientation between (Cells

, .
s ‘
Test Condition .Annealing Misorientation Angle
. / time, s min, max,
i N . Al . . 3 _l , ', . —
| 450°C, 1.8x10\ s 0 9 40
| BN
i . IA UL \ 20 18" 1°7"
| _.\ ,
1 . \ 100 9" 20"
IA SR . \ . 5 . 20° 1°11"
l .20 70 1°11'
450°C, 1.8x10°% s'{l 0 Kk 38"
IA UL i 10 70 16"
‘ ¢ 20 4 49" .
IA SR " 12 4" 38"
20 4 18"
A "y,
~~ ~ a

— .-
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5.1 Effect of the Experimental Variables on the
Restoration Kinetics .

/'~..___~,J

5.1.1 The Unloaded Tests

©

1355; effect of tempeigtugé on - the feétoration
kinetices can be determined froﬁ»the data of samples deformed
to the same initial stress level and at the same Z, namely, .
tests IA, IB in compressibdbn and IIB,fII%n toréion. The
8specimens annéaled at the highef'temperature,‘ie iB and IIX
show a faster decrease in the level of the reldédfng curves

Fiés. 4.1a, 4.2a, 4.4a and 4.6) O‘%The' same trend was
'sterved in previsus hot working of Cu (32) and in other
reports from the literature (81, 174). The .annealing times
for full softening d;;pease by the factpzé 1/25Iand 1/6 for
. * changes—from 450°C (IA) to 5&%5 (IB)*and fi:oJ‘ 450°C (IIB)
t; 500°C (III) (Figs. .4.10 - 4.12). Théqg'obse?;ations

ag}ee well with those in the hot torsigg’ of zone reffned‘
1ron Qhere, after 'deformation to the same flow- stress, ah
increase of . 56AE-yie1ds a decrqaaed time for full
. . recrystallitation of 1/10 (58). Samples of gu éomprgssg§

: only to 0.05 (0,=64.1 MPa) showed a decrease in the time for
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complete softening of 1/15 for a 50°C ‘rise (32). ' Such high
2 R
enhancement factors are consistent with. thermally activ7ted,

static ‘recovery and recrystalllzation. The - aq;ivation
energies derived for recrystallization were 23‘\\5£;m¢1 for

UL MECH and 171 kJ/mol for SR MECH. These correé;ond to

values of 290 kJ/mol and 214 kJ/mol for UL//gnd SR
respectively after a. strain of 0.05 (32). //Théy are.

reasonably similar to values in the literature.//

o \\Because high temperature promotes an early start of

recrystallization, whereas a low tempef;ture favours

extensive recovery both at th% beginning /and throqghout
¥ - . : \
annealing, the softening curves are steep/{n:the.first case

a;d less steep in the second IFigél 4.; aq§~ 4.12). In
agreement with the S-shapéﬁ curQes,//a higgér annealing
temperature corresponds to a higher power p } tne Avrami
relation (Egn. (2, 27) , ie a steeper/MECH softening kinetic
line 'Q Figs. 4.13 to 4.15. The qﬁCH p's become close to 1
A

asfmt&g temperatg;e declines to 450°C. 1In previous work for
a prestrain of QLOS (32), a p value of 1.4'f6‘ 450°C and of
2,0 for 5 6$E/;as observed. f7/va1ue of p-l.isxﬁbr recovery
of ETP Gﬁ/geformed un@er‘simgiar conditions was determined
by Luton et.al. (120) ¢ging a modified Avrami equation.
The retarding effect of recovery on the softening kinetics
is” also obseﬂged in'/igwerii?aldes of the k parameter

associated with lower/;%mperaturus (Table 4.4) (120).
Y \
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The. accelerating effect of tempefateie * on
recrystallization does not affect the rate of ro;th:‘ one
but of nucleat1on too. Ani'increaSe' of 90°C caused a
reduction of the incubation timewby 1/100 (rig. 4.10) as
shown above. This cannot be confirmed . 1n the torsion tests
Iy, IV because fast ;ecrystallxé%tlon prevented observatlon“
oé incubation. « Although temperatdre rise ‘1ncreases the
rates ~of nucleation and recrystallization, it' does not
affect’the nuclei density, since the final recrystallized
grain sizes are about the same (194 um vs 170 um) as shown
by'fhe micrographs in Figs. 4.34 and 4. 36 (see also Table
4.6). The p from metallography (MICR) is slightly higher at
the lower teﬁperature for which there 1is no explanation

-

except ekgerimental error. The great temperature'dependence

of k (and of recrystallization) is shown by its 1ncreaéel

through 6 orders of magnitude with a rise of 90°C (Table

4.4). A similar dependence has been reported before (120).

-

_The effect of teméerature on the rate of recovery is
also shown by a rise in the slope of the recovery kinetic
lines (Fig.‘ 4.44). The rate s increased 1.5 times.\Sy
changing the temperature from 450°C (IA) to 546°C (IB). On
the other hand, t, decreased by a factor of i/2l for the
same change in tempeiaiure. Previously (32),:a change from
450°C to 500°C increased s by a factor 'of 3.5 and

diminished tol by a half. The activation energy determined
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for UL recovery was 222 kJ/mol, this compares well’ wtth 250
and 212 kJ)mol for UL and SR recovezy after a strain of 0. 05
(32). As one expects, for a mechanism depencent on
dislocation climb, it agrees' closely with' the Q for

diffusion 200-230 kJ/mol (40). Electronmicroscoby of

¢

‘éamples tested at 540°C- was not carried out, so that

campaiison with those examined at 450°C was not possible.

~ However optical micrographs of specimens IB immediately

quenched showed some new small grains .(Fig.  4.25), while(

! 4/ . R
samples IA only showed new grains after 100s (Fig. 4.23).

Thue, restoration to. form nucleiMoccurred at a 'bigher rate

at the higher temperatdre, "but there ‘was . mu¢h greater

oppor tunity for general fecover§ at the lower one, ,The area

between the MECH and MICR curves, which can be considered as

, 'a measure of the amount of recovery, is evidence that at low

temperature (IA) recovery takes place more: widely than at

high temperature (IB). Because the driving fqrce for both

recovery and recrystallization is the dislocatfziystored

energy, as  recovery proceeds - more extensiveiy,

fecrystallization occurs at a slower rate (Fig. 4.10).

The effect of strain rate on the restoration can be

assessed from the data of experiments carried out at- the

. ' -
same temperature, ie tests -at IA, IIA in compression and

. - ) .
IIB, IV in torsion. Sapples deformed at the higher strain

rate (IIA and - IV) exhibit a quicker decrease in the level
o x

»

— e —

Pl
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of the keloading curves (Figs. 4.la, 4.3a, 4.4a and 4.5) as
has been obsqéved before (52)‘81, 174). For ldO‘and 10 fold
increases in stfain rate (Figs. 4.10-4.12), the annealing
time for complete restoration diminishes 1/5 and 1/2
. respectively. High strain rate hastens both the start and
‘ the progress of recrystallization (}7). The higher rise in
strain rate jabove led to a reduction of 1/10 in incubation
- ‘time. Although recogery is also accelerated with ihc?eases
in strain rate, softening = due to recrystallization
R TN
overshadows. that due to recovery and a sﬁﬁgper X vs 1log t A

&N ’ .
Nérﬂ'as wi}h increasing strain rage (Figs. 4.11 and 4.12).

4 | | h

IncréaSes in strain‘fate raise slightly the valuég\v
/cf/ ECH p and k and iccelerate softening. It s a qenerél\xxzr”?i
Bobsgp ation that rai%ing the strain rate diminishes thé
\degrég of dynamic recovery so that fhe material start§
static restoration with a high dislocation density and-
therefore a hig&y driving force for recovery aﬁd’
Lﬁsgcryéq#llization_(37, 174). Because the latter process
\’provides a larger proportion of the softening, p and khare*

larger for tests at the higher strain rate {(Figs.

4.13-4.15).
}

AP
‘ -
Besides™ enhancing the rgtes. of -nucleation and

growth, strain rate increages the nuclei density. gAs a'

o

consequence’ the full recrystallized grains are finer (IA:

195 um vs IIA: 162 um) as shown in Figs. 4.34 and 4.38, and

L]
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in Table 4.6. The considerable difference ih size between
the regrystallized grains of samples IIB and 1V must be

primarily ascribed to different. thérfo-mechanical treatments

between torsion steps as explained in Section 3.3.2. The .

%
MICR p's do not change with strainfrate,’they are about 3 in

~

L
compressiony/ﬁS\Tnggipajion is avadldble in torsion (Figs.
=g \ -

-~

4.13, 4.12 and Tdble 4.4). MICR k was increased by 3 orders

of magnitude‘by(ag increase of the strain rate by a factor

’

of 100.

~For{ the rise in strain rate shown abowve, fhe
récovery rate s in Figq. 4.44 became 20% highgr(/and to
decreased 30 times (Table 4.7). The sample deformed at the

lower strain rate (IA) exhibits well formed cells before

oy -
, annealing (Fig. 4.46b) whereas that at the higher strain

rate is characterized mainly by -very thick tangies of
dislocatiégé (Fig. 4.51). of cour;e, substructure IA is
closer to the condition for dynamic recrystallization
(tgfo.zl) whereas IIA is quite .far from that condition
(ep=0.52). Both substructures underwent recovery during
holding but the differences at the end of hot working made

it difficul¥ to reach a conclusion about the influence of

strain rate on th progress of static recovery. The

appearance of”hew ecrystallized grains after only 20 8 of

annealing in the higher strain rate specimen compared to 100

s in the _lower rate one is indicative that// some

s

i s e e e
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non-homogeneous recovery processes are accelerated by the

strain rate increase. Howevef; the -smaller area between the '
'MECH and the MICR curves .for 1.8}(10'1 s~1 (Figs. 4.10 and

N ] !
4.11) -indicate that the total amount of recovery decreased

~

with increase of strain rate. ',

The difference 'in o, for the same 2z (}Iﬁ'vs I1IB)
(Figs. 4.32 and 4.4a) 1is the result of experimental
differences in sahple preparation and in testing procedures

which led to variations in grain size (Sections 3.2.2 and

L ]

o

3.3.2). | )

The faster yield stress drop (Fig. 4.1-4.6) and

earlier softening curves (Figs. 4.11 and 4.12) of the

torsion tests when compared with those of the compression .

ones can be attributed to a gradient of restoration rates in

bgeformed at a high rate

lose to the surface, recrystallizes. quieckly whereas the

the torsion specimens.  The material
=~

‘ipterior is still undergoing incubation. At the lower
train rate near the center, recovery‘extends over a ldﬁger‘

which explains why the torsion curves do not cross those €for

compression. Finally, the grain size is finer in torsion
which -explains why the torsion curves do not-cross the

compression but are shifted to shorter times. The lower

values of p (+1) in the torsion tests are attributed to the

gradient of deformation and softening as explained above.

If the experimental differencgs did not eiist one would



L SO T o181

]

expect torsion to yield similar recrystallizgd grain- sizes
‘as compression wheg the material is deformed under the same
conditions (IIA: 162 ym vs IIB: 157 um) (Figs. 4.38, 4.40— .
. ‘and Table 4.6). o ‘

~In the above discussion the.compressioh and torsioﬁ
;ésults .are in good agreemeﬁg.' However, there are a number
of differences which will be discugsed further belowiu
Regrettably, there are antitative differéﬁces- in the
’unldading stEess, _but sca;city of materiai prevented

repetition of ‘the experiments.

5.1.2 The Stress Relaxation Tests 0

Temperature affects ' the,b restoration kinetics of
stréssl relaxed specimens as it .dées thelkipetics of the
unloaded ones. For samples deformed ¢to the: same initial
stress level and at: the same 2 in tests IA and IB (Figs.

.4.1b and 4.2b), the drop of the reloading flow curve is
faster as the' téhnperatire 'is. higher. _Consequently the -
annealing time for full softening shortens by a factor. of
1720 fdr'an increase’ of temperature from 450°C (IA) to 540;C .
(IB) (Fig. 4.10) similar to the UL ratio. Moreover, the
softening curve becomes steeper witp increase in temperature.

(Fig. 4.10) so that the slope.p of the MECH kinetic line
(Fig. 4.13) inéggases from 1.6_1}A) to i.z‘(IB) and the k

i

value rises ‘'by two orders. In SR restoration of Cu-after a

-

s
~—

¢ - C

O ] . ’
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: 77 » " p
strain of 0.05 at the same Z, almost the same value of p is
T ' ‘ ' 9

P

e l q“found'for 450°C (1.4) and 500°C (1.3), but a k one order of

’ © m@gnftude higher for the latter température (32). The final .
o

¢ ~ ' ,;ggain sizes are about the same independent of “temperature
: s

'% 3"(IA, 195 ym and IB 185 um; F{gs; 4.35 and 4.37). In IA the
p - . ~ . .
. ‘MICR p (3.2) is much higher than the MECH p (as in the UL
. ) |y » ,

3 ® tests). The low value of ‘the latter is rel;ted-towthe
4 .
¥ i > ) . .
“lh o recovery ‘included in thé softening which %s shown by the

area between the MECH and MICR curves (Fié. 4.10).

’ ' ] Data from'tégts Ia, IIA in compression show that, as

/

if~the UL tests, a faster decrease in the level' of the
reloading curves accoqéaniesl Q; increase in’strain rate
(Figs. 4.1lb, 4.3b). The times fof both full softeging and
'incubation‘of recrystal&iza%}on reduce by half as_the strain
: rate -increises 100 times (Figgi 4.10 and, 4.11). As
corresponds g}th- more r;pid .softening kinetics in Figs.

4.10 and 4.11, higher valyes of MECH p,and k are obsegved

. . for inc;eesing compressién rateé iTablgr4:4), In tes# IIA,

‘ : : the ,fraction recrystallized aIﬁ?ﬁé coincides with the
| fractional softening so that there is litfle difference in p
ﬁ?ﬁ and k for MICR ana MECH. This results in-a l;rge difference
in MICR p and k with qzrain‘rate (Table 4.4). Because of

L A

thgtsimilarity of the MECH softening .curves at 540°C (IB)
/-4

—

and 450°C (IIA) one could hypothesize that there would only

,
- be a small difference between the MICR (recrystallization)

R Nl ® Vo)
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1ahd_!MECH' (softening) curves and p values at 540°C. The

nucle1JQen51ty increased with strain rate as in the UL case,

Y

SO the%?ize of the new recrystallized grains i{s 157 um (IIA)

v compared to 194 um"(IA) (Figs. 4.35, 4.39 and Table 4.6).

Néw recrystalllzed grains appear‘after SR for 208‘at both

. ) Ibw (IA) and high straln rate (IIA), "however, in the 1a§ter

7T NN
. case the subsequent progress is faster (Figs. 4.21, 4.30

and Table 4.5). g . E Y
;J » . f}". ' ' i . ¢ "

The récoveri kineéic parameter s and t were
(J/“determrned " from ~the, small difference in the SR MEQH and <SR N -

)~ MICR curves for 450°C, 148X10” 3 gl (Flg. a.107) At the
hlgher straln rate (IIA) the\amOUnt of recovery shown by ‘the </ \
'\ area between the MICR and MESH curves is- very small (Fig.

4.11) so that, it was not possible to determine the recovery

B .
kinétic - parameters. At  540°C (IB) the lack of - )

. . : N
recrystallization data prevents determination of the amounJ
~ of recovery; however,‘one expects it to be sﬁall\as in case
. | . .
IIAa. Thus in SR, increase in both temperature and strain
k ’

rate greatly reduce recovery.

From TEM on tests IA and IIA (IBfﬁot available), the
as-worked substructure shows a decrease in dynamic“recovery
with t;crease in strain rate (Figs. 4.46, 4.5}). The ;>
lprogress vof static recovery witi* time is apparent -in
micrographs from'5, 10, 12 and 20 s (?198. 4.49, 4.50,\4.54

and 4.55). However because of hetereogeneity of the samples

/

~
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L

) \
it is difficult to say whether it proceeds’f%ster in the low
P AL

or high strain rate material.

v

similar pafterns' of behaviour for the torsion and

conipression épecimens is observed for both( the 'SR and UL

’

tests. A faster yield stress fall (Figs. 4.3b and 4.4b),
.earlie:,softening’curvgs (Fig. 4;11) and lower MECH p
values . érl) ,(Fig. 4.1;) characterize“ the torsion
eiperiments as comﬁared‘with the compression ones. The - new
reggystallized grain sizes for the two'modeshof test are
about ;ﬁé saqe‘asuin the UL c¢#&se (IIA: 157 um \vs IIB: 169

o

um) (Figs. .4.39, 4.41 and Table 4.6).

5.1.3 Stress Relaxation and Structural Changes

W

.- The relaxation stress o, decreases gradually as

L]

substructure resistin§ flow undérgles SRV. However, as SRX
occurs the substructure’ is remov by the advancing grain

boundaries:so that the stress falls hore rapidly. is

o
SR
primaéilf suppor ted by the non-recrystallized regions and.by

\‘bﬁ .
some substructure arising from plastic deformation- of the

————

L4

new recrystallized grains. .When extensive recovery proceeds

“cog:erently with trecrystallization (IA, Fig. 4.10 and
4.50) no inflection point is evident. " Analysis of Fig. 4.7

shows that the initial fall of stress. (Stage _I) is very

a

pronounced either whentthe initial driving force foflstress

-

relaxation is -high (IIA, VII), as given by a large’

~
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difference om—aSRST‘or b} a la{ge ratio cm/oSRST (Fig. :4.8
and Table 4.2), or when the temperature 1is high (IB)
enhancing £hé thermal acéivation "of plastic Sigw;
Otherwise, stage I is very mild (V and VI) or is not
noticeable (IA). Tﬁe duration of the plateau following
stage I in IIA cofresponds noughiy with the incubation time
for recrystallization (l12s, Fig. 4.11) which glves rise to

-

a sharp inflection as observed by Gronostajski et al.

(i75). _ However, in IB an inflection appears at about ds

when recrystallization is already under way (F;g. 4.25 and

Table 4.5); thus the infléction may stfll indicate an

acceleration due to recrystallization  (175); without
° ;

precisely pinpointing its start. Stage III saturation is.

reached sooner and its level is lower as the initial stress -

5 1

o, or the temperature is higher (ie when the fractional

° - ° "

The difference between the reloading yield stress

and _ tﬁe Ogr value is higher at earlier timgs than at those
]

close to full .recrystallization, bigh the exception of

specimen IA' stress relaxed for 2s, where'dr and OsR are

about. the same , (Table 4.1). These observations are-

reflected in the higher values of FR (Egn. '3.20) when
compared with FS ones (Fig.4.9). When compared to Xp which

is below FS at short times, the differerice is even greater.

' However, bécause relaxation saturation 1is approached very
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slowly the FR curves -are lower than the QS ones as the
latter apﬁroach unity. The somewhat larger divergence
between. the FR and FS curves which are observed in the
conditions IIA and IB maf be related to the lower valﬁesu of
OSRST\ (Tablé 4.2). Thus while the SR curves gf@e some
indication of the start of rec:ystalllzatlon (inflection) or
the completion of restoration (saturatlon), they do not do

so precisely and at a given time FR is much greater than FS,

or X., for values less than 60%.

5.1.4 Comparison of Relaxation and Unloaded Tests

Stress relaxation increases the rate of fractional
softening over that of UL-annealing'(except at very short
times) under all the test conditions examined (Figq.
4.1-4.11). As the temperature increases the effect is
reduced as can be seen by contrasting the ratios tUL/tSR of
IB and IA for different degrees of softenihg (Tabie 4.3)f'or
by observing that the separation between the UL MECH and SR
MECH curves is less in IB than in IA (Fig. 4.i0). In a

like manner as the strain rate increases, the effect is

reduced for condition IIA compared to IA as indicated by the

lower ratios tUL/t‘s’R in Table 4.3 and the smaller spacing of
the UL and SR curves (Fig. 4.10 and 4.11); Furthermore the .
difference between SR and UL is reduced in torsion compar ed

to comprg?sion (Fig. 4.11). The results above ' may be

\ : ‘ ‘
~explained as due to the additional strain energy in
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comparison to stress-free, stréin—free annealing which is“‘;
introduced to the metal during stress relaxation‘by the
continued forward plastic flow in response to ‘the elastic
stréss. The greater stored energy available at incubation
hastens the onset of recrystallization (Fig.  4.107}.
Moreover, 1its further prﬁgress, as shown by micrographs at
similar SR and UL annealing times (Fig. 4.20-4.23), is
accelerated by .the energy diffgrential between the hew
recrystallized grains and their surroundings being higher in
the SR samples. In . agreement ’with this 'analyéis, the
acceleration of recrystallization by s}ress relaxation |is
as ociated with reduetién in the amount of recovery. 1In
evidence of this the area between the MICR and MECH curves
is smaller in SR than in UL tests (Fig. 4.10 and 4.1I).
This reduction of area between MICR and MECH progresses from
IA to IIA and presumably to 1IB wherL the difficulty in
procuring microscopic evidence leads hypothet{cally to an
approximate coincideﬁce betwe§n the SR MECH and MICR curves
(Fig. 4.105; This is confirmed by the fact that the p and
k values of MECH and MICR measurements of the SR tests Qré
notv;s far apart as those of the UL ones (IA and IIA in

Table 4.4).

The deformation conditions which give reduced
differences between SR and UL are clearly conditions whicﬁ

have r educed recovery prior to recrystallization as

< . Ay
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evidenced by the dimiﬂished diffezence_beéwéén.the MECH gnd
MICR,curves‘in Pig. 4.10 and 4.11.' As-discussed in Section
5.1.1 for UL and éection 5.1.2 for SR, the reduced recoverny
" at higher ¢ and T is indicated by the increased slope of the
softening’curves.and the higher p and the lower k de¥ivéa
-from 'thgm. The retarding influeqce of SR is thus more
‘effective when iF can operate over a longer period of
recovery as in IA. Theffeduced amount of recovery at higher

T and higher ¢ arise because the formation of nuclei due to
heterogeneous recovery is speeded up ;ither by the greater
thermal activation or by denseg substructure. The
imposition of‘;he elastic stress and the resulting continued
plastic flow in the same direction as the initial
deformation causes hardening events which would nog‘take
place in the absence of  such stress. The reduced recovery

rate due to SR is further confirmed by the lower value of s

“in Fig. 4.44. The redﬁced nggpvery continues even after

recrysfallization commences because the remaining regions of -

substructure continue to support a large fraction of the

load and hence a. higher stress (above the average value)

.than the recrystallized regions. The effect of SR does not

alter the final- grain size in si arity to the effect of
'raising the temperature but in distinction from increase in
strain rate which does increase the number of grains per

-

- unit volume.
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.5.1.5/ Comparison with Other Work
7

¢

5/1.5.1 Effect of Decreased Strain on Restoration Kinetics
P ;

In comparison to the present tests deformation at Zy
to a strain of only 0.05 (Section 2.1.3) leads to a much
slower softening and to a separation of recovery and
recrystallization as indicated by the occurrence of a

plateau as recovery slows dewn and as recrystallization

nucleates (32). SR decreases the rates of both recovery and

recrystallization and also the saturation level of recovery

(Fig. 5.1). The .differences between UL and SR are more
no*iceable at higher temperature which is the opposite of the

behaviour at the high strain., At 500°C the difference .in

the amount of softening between the UL and SR tests. at the

plateau is about 20% compared with 8% at 450°C (Fig. 35.1)

The recovery in UL is more rapid at 500°C as shown

by a higher rate constant s in Eqn. (2.24). It is also

more extensive reaching 35% at 500°C and 25% at 450°C.

Although the recovery is greater in UL and .the initial

force less, recrystallization proceeds more rapidly
in UL as idenced by the highei~valu s of p and Kk. In

detadil, valyes for p of 1.4 in botl the SR and UL tests at

w

450°C and of 1.3 in the SR one é; 00°C also sugéests an
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Fig. 5.1 Evolution of softening with load-free and stress
relaxation annealing after compression to e¢ = 0.05 (zl, Om ¥

60 MPa) (32). ‘
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that the influence of recovery is much reduced. This is the
opposite of the high strain results. It thus appears that
there is more recovery occurring in the SR during

.recrystallization than in the UL. One may argue that this

arises because the stress has fallen to a very 1low value

'S

less than half the ‘CSRST in the high strain tests (Figs.
5.2 and 5.3). After this low strain and high recovery the
sﬁbstfucture is much less dense so that tge driving force
and recrystallization rate are very much less, than -in

present tests.

5.1.5.2 Restoration under Creep or Constant Strain Rate

\Annealing under stress~free conditions allows
softening to téke place by dislocatiohs moving away from
obsticles under the influence of either the back stress
inside the -subgrains or the forward stress in the
sub-boundaries. . In the absence of applied stress these
dislocation rearrangements result in no hardening event .
In stre relaxation, the stress continues to be applied
wﬁféﬁ/zgj:;\to some forwi;g plastic strain replacing the
elastic one. Such 'dislocaﬁion movements in the forward
direction lead to hardening events. The applied stress |is
reduced by the small strain, so that some dislocations move
uﬁder the 'internal stresses to attain some softeﬁing events,
. After that little recovery, the applied stress moves

additional dislocations and causes additional hardening
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events. The heterogeneous nature of the dislocation .
substructure and stress fiel@g allows these opposing effects
to take place in different gqt:neighbouring regions. Wﬁile
the stress is high there areAégus less softening events and
more hardening per unit time than in the siress-f;ee case.
When the stress becomes much lower the/ rate of softening
could .become higher than in simple annealing because it is

then similar to 'stress annealing'. )

e
In the stress annealing experiments, the constant
stress, much 1less than the strength, éauses the metal to
creep—-soften as the substructure alfers towards the weéker,
more recovered, lower density, larger dimensioned subgrains
characteristic of the. applied stress. éhe increased
(\;ecovery leads to a retardation of recrystallization. This

is  similar to the present observations that
recrystallization is retarded by the lower dislocation
density géneratbd by UL holding over stress relaxation, by
low strain rate over high and by low strai; (0.05) over high
(0.15). Within the liﬁits of the stress anneallng
experiments, increasing the~stress'in Al always raised the
fecovery and pushed back the recrystallization, ultimately
inhibiting 'it. 1In the case of Cu, increasing the stress
within a limited raﬁge enhanced ‘recovery\ and retarded

recrystallization, but' beyond that 1limit, recovery was

reduced and recrystallization enhanced in a mann&®s gimilar
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to , that observed in stress relaxation. . Becaus’e of its low
atacking fault. energy, dynamic or static recovery in Cu is
never as easy ‘as in Al and hence reduces the possibility of
enhancing it bymtress applied during annealj.ni_b.
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CHAPTER 6 :
* CONCLUSIONS

1. 'Reéovery and recrystallization take place under

i e - < . « : -~ f )
both stress relaxation /and load-free annealing. Recovery

both precedes the recrystallization ~and. continues——in

par#llelfwith‘it until bampletiop of softening.

2. Total softening and recrystallization obey the
Mehl-Avrami relatibnship. ﬁbwever, the value of p’i lower .

for softéniﬂg than -for SRX ¢ because of ‘recd3e£< fn the

former. ‘ »

. . .

3. Recovery|{ obeys an expoﬁéhtidi kineﬁic aw,

Recovery was more *tensive at the lowest € and T even

v . 4
though it wag faster 4t Righer € and T.

4. Stress relaxation decreases :;e rate anL amount

e of recovery. The differénces in the amounts of softgning'

due to recovery of the SR and UL samples dgé?ZEBi\with rises
in temperature and strain rate. |

S
= o

5. Stress relaxation raises' the rate of
recrystallization (nucleation and growth) determined ‘
métallographically. The difference in the recrystallization™~

' rates of the SR and UL samples diminishes with increases in

3

- -
- L4
‘ - -
" .
v
' ‘
-
¥

L
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. for both SR and UL annealing independent of the deformation

\ ’ 196 . ‘ ,3

temperature and strain rate due ‘to the decreased influence

of recovery under ghose conditions. For similar conditions 3

(o the new recrystallized grains are about the same size

m) ¢

mode. ' -

’

- 6. Stress'?elaxation reduces the time to reach full

»

' soften&pg at akv//ihe deformation conditions in both

compression- and torsion. ‘The Avrami constant p 'is higher—"\

for SR than for UL because of the reduced recovery.

4

7. The stress relaxation curve is able to indicate

the completion of recrystalli;ation and in some cases the

’ \

onset dtfrecrystallizatidh. The fractional relaxation is

St only . &Bproximateiy related to either the Egactional

. one or the coiler, dr in continuous annealing, a low stress

Boftening or tHe fractjon recrystallized.

» ™

)

. 8. In ihdustrial processes where tension.is exerted

/
£
% on the, strig&as between one mill stand and either the next’

—

{s likely to retard ,;ecrystallizatﬁoﬁ whereas a high one

would enhanceuit. High stresses should be used with caution
& ) . )
since they could seriously diétprt_the_strip;after it has

L

softened.

—
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Table A-1l. Reloading Stresses and Frac':tional Soften~
i . ings for UL Annealing after Compression
. oo~
™ z .
Test tuL N g X
Conditions I - MPa N ]
1A 1.4 77.1 8.0 :
MPa 5.4 62.3 39.0
G, = 35.1 10.4 47.6  71.0
5 = 80.8 20.0 39,0 92.0
40.0 -32.1 .107.0
I8 ) 13 77.9 6.0
g, = 33.4 @16 77.6 6.6
o = 80.8 62 75.4 12,0
‘ 112 \ 73.0 16.7
140 70.5 . .  21.3
170 69.2 24.5
' 212 65.0  34.0
//TA\\if o412 . 58.6 49.5
‘ . 600 45.2 © 74.3
‘ 1000 33.6 102.0
I1IA 4.0 100.5 0.0
g & 10.0 98.7 3.0
T, = 43.1 20.0 95.1 9,6
25.0 92.6 14.4
G = 100.5 30,0 . .  87.9 22.7.
60.0 72.4 48.0
\ 100.0 : 57.4 . 73.0
- 200.0. 41.5 , . 102.9
.. |



Reloading Stresses and Fracéional SOffen-

>

Table A-2,
, ' ings for UL Annealing after Torsion
Sy (_/ ‘4
’.-\ ggggitions _ t%; ' ‘ ;ﬁ; §
1IB UL 10.0 62,0 40.0 °
. MPa 20.0- 47.8 59,0
5 = 17.7 40.0 31.6 81.0
_ 80.0 23.5 92.0
5. =91.2 120.0 20.0 . 97.0
‘ 11B. SR 2.0 80.8 14.0
—_ 10.0 53,1 ' 51.9’
n Lo = 17.7 20.0 35.5 /7§.7~
PR 80.0 - 24.1 91.3
5 = 91.2 100.0 20.0° 96.8
111 UL ¢ 2.0 64.4 37.3
g, = 32.8 4.0 .. 58.0 50.0
- o, = 83.2 0 "8.0 44.1 _.77.6
16.0 38.2 - 89,4
1v- UL 10.0 67.6 42.6
) o = 23.9 20.0 48.6 > 67.6
G, = 100.0 30.0 35.0 85.6
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