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CHAPITRE VII

RECOVERY AND RECRYSTALLIZATION DURING 
HIGH TEMPERATURE DEFORMATION

J.J. JOÑAS

D epartm ent o f  M ining and Metallurgical Engineering. M e Gilí University, M ontréal -  Cañada

and

H J.M c QUEEN

D epartm ent o f  Mechanical Engineering, Concordia University, M ontréal -  Cañada

Résumé

Restauration et recristallisation au cours de la déformation i  kaute température

Les différents types de sous-structures formées au cours de la restauration dynamique á hautes 
temperatures sont analysées en détail. Les effets de changements de vitesse de déformation, de tempé­
rature et de concentration de soluté sont discutés. L’influence de la formation de la sous-structure sur la 
contrainte d’écoulement á haute température est examinée et les caractéristiques de l’écoulement pías- 
tique á haute et moyenne températures sont comparées. Les courbes d ’écoulement obtenues au cours 
de la recrystallisation dynamique sont présentées et analysées par comparaison avec les courbes obtenues 
au cours de la restauration dynamique. Les facteurs qui affectent la déformation critique pour la recristal­
lisation dynamique sont présentés et les changements de microstructures qui suivent le début de la recris­
tallisation sont décrits. L’influence de la restauration dynamique et de la recristallisation dynamique sur 
la ductilité est discutée. Un intérét particulier est porté sur les trois causes principales d ’adoucissement qui 
apparaissent aprés la déformation á chaud ou durant les intervalles entre des déformations á chaud : restau­
ration statique, recristallisation statique and recristallisation metadynamique. Enfin, les effets des sous- 
structures de déformation resultante sur les propriétés mécaniques á la température ambiante sont présen­
tées et analysées.

Abstract

The substructures formed when dynamic recovery is occurring at high temperatures are considered in 
detail. The effects of changes in strain rate, temperature and solute concentration are discussed. The influence 
of substructure formation on the high temperature flow curve is examined and the characteristics o f room 
temperature and elevated temperature flow are compared. Flow curves obtained under conditions of 
dynamic recrystallization are presented and contrasted to recovery flow curves. The factors affecting the 
critical strain for dynamic recrystallization are introduced and the microstructural changes following the 
initiation of recrystallization are described. The influence of the processes o f  dynamic recovery and dynamic 
recrystallization on ductility is discussed. Some attention is given to the three principal softening processes 
occurring after hot working, or between intervals o f high temperature deformation : i.e. to static recovery, 
static recrystallization and metadynamic recrystallization. Finally, the effect o f retained deformation 
substructures on the mechanical properties at room temperature is presented and analyzed.

VII. 1. -  Introduction

A lm ost all m etáis, exclud ing  som e castings and s in tered  
parts . are ho t w orked du rin g  p rocessing  in to  a final p ro d u c t. 
M ost o f  these  h o t-w o rk ed  m ateria ls go in to  Service in  th e  
as-deform ed  sta te  in th e  fo rm  o f  p ro d u c ís  such  as steel

* "Treatise on Materials Science and Technology, Vol. 6 : Plástic 
Deformation of Materials” CEdited by R J . Arsenault) pp. 394490. 
Academic Press, New York, 1975.

p ía te  and  skelp  and  a lu m in u m  ex tru s io n s . T h e  rem a in d e r 
is co ld -w o rk ed  in  a fu r th e r  series o f  o p e ra tio n s . W h eth er 
as an  in te rm ed ía te  o r  as a final p ro d u c t, th e  p ro p e rtie s  o f  
such  h o t d e fo rm e d  m ate ria ls  are m ark ed ly  in flu en ced  by 
th e  c h arac te ris tic s  o f  th e  m ic ro s tru c tu re  th a t  is p ro d u ced  
by  th e  w o rk in g  process. I t  is th e  m ain  p u rp o se  o f  th e  
p re sen t a rtic le  to  co n sid e r th e  m ic ro s tru c tu ra l changes
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occurring both during and after hot working and to 
describe the influence o f these changes on the mecha- 
nical properties of the worked material.

VII. 1.1. — Static and Dynamic Restoration Processes

Recovery and recrystallization have traditionally been 
considered as mechanisms of restoration through which 
cold-worked metal returns partially or completely to 
its condition prior to  working. These mechanisms generally 
operate when a metal is annealed at a high temperature for 
a period of time. In this respect, the term “high tempe­
rature '’ is of course relative; it depends upon the individual 
metal being heated and is best expressed in terms of homo- 
logous temperature, that is as a fraction o f the absolute 
temperature of melting. A high homologous temperature 
in relation to  annealing is anything over about one-half.

Annealing is usually carried out in the absence o f stress 
or strain, in which case the recovery or recrystallization 
that occurs in termed static. However, recovery and 
recrystallization can also take place under stress and 
during concurrent straining, i.e. under conditions of 
high temperature deformation. In such an event, they

HOT EXTRUSION 
9 9 %  REOUCTION

HOT EXTRUSION
9 9 %  REOUCTION

DYNAMIC
R EC R Y ST A LLIZA T IO N

W
/  STATIC
¿-------R F C R YRECRYSTA LLIZA TIO N

Fig. VII. 1 - In a commercial hot-working operation in which the 
strain is low, as in rolling, the grains soften during deformation 
by dynamic recovery. In metáis of high stacking fault energy, 
static recovery takes place during cooling, whereas in metáis of 
low stacking fault energy. static recrystallization readily occurs 
as well. In operations producing high strains, such as extrusión, 
metáis of high stacking fault energy undergo dynamic recovery 
followed by static recovery and static recrystallization ; on the 
other hand, metáis of low stacking fault energy undergo both 
dynamic recovery and recrystallization followed by static reco­

very and recrystallization.

are distinguished from the respective static processes 
by the terms dynamic recovery and dynamic recrystalli­
zation. Schematic representations of some of the combi­
nations o f the dynamic and static softening processes 
occurring in hot working are shown in Fig. VII. J. Since 
dynamic recovery and dynamic recrystallization have 
been observed to  take place under both hot working and 
creep conditions, there often is considerable similarity 
between the microstructures produced by these two 
modes o f deformation. Consequently, it will be useful 
to take note of some of the observations made in creep 
studies where these are relevant to our examination of 
hot-worked structures. The similarities and differences 
between loading in the creep and hot-working modes will 
therefore be considered briefly before attention is given to 
the microstructural processes themselves.

VIL 1.2 — Comparison o f  Creep and Hot-Working Modes 
o f  Deformation

Under creep conditions, a sample of metal is deformed 
under a constant or nearly constant stress, and the strain 
rate is the dependent variable. The stresses are considerably 
lower than the yield stress in a standari tensile test at the 
temperature in question, and the strain rates accordingly 
lie in the range 10-10— 10~ 3 sec-1 . In practice, creep also 
occurs under conditions of stress relaxation; that is, in a 
sample of metal held at a constant valué of total (elastic 
plus plástic) strain. Here the stress gradually diminishes as 
the elastic strain is replaced by plástic flow ; however, 
the plástic deformation is limited to that required to 
relieve the elastic strain, and is therefore only of the 
order of 0 . 1  %.

The strain rate under creep conditions is largely con- 
trolled by dynamic recovery processes. Between intervals 
of creep deformation, static recovery also plays an impor- 
tant role if the temperature is maintained. By contrast, the 
possibility o f dynamic recrystallization, which can lead 
to strain rate increases of up to an order of magnitude, 
is generally prevented by the alloying elements present in 
commercial alloys. These alloy additions also prevent static 
recrystallisation from occurring between intervals of 
loading.

In hot-working practice, a sample of heated metal is 
deformed into the required shape at a rate defined by the 
process machinery. This usually involves a strain rate — 
time profile which is umque to the process. Although it 
also takes places at elevated temperatures, the hot-working 
operation can be distinguished from the process o f creep 
by three factors. First, in the case of hot working, the 
strain rate profile is an arbitrary one, and is therefore 
the independent variable, with the developed stress as 
the dependent variable (in creep, the converse applies). 
Furthermore, hot-working tests and operations are con- 
ducted in the much higher strain rate range of 1 0 “ 3 -  1 0 3 

sec- 1 , so that the developed stresses are considerably higher 
than the stresses which will produce creep at the same 
temperature. Finally it should be noted that, whereas 
softening under creep conditions is usually restricted to 
the static and dynamic recovery processes, all four of the 
principal softening processes operate under hot-working 
conditions.
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VII.2. — Static Recovery and Recrystallization after 
Coid Working

VII.2.1 — Static Recovery o f  Cold-Worked Substructures

Before turning to  a detailed examination of the four 
principal restoration processes associated with high tempe­
rature deformation, it will be useful to review briefly 
some of the relevant features of static recovery and static 
recrystallization as they occur after low temperature defor­
mation. When a cold-worked metal is held at any homolo- 
gous temperature TH above about 0.1, some recovery 
always occurs. The mechanisms of recovery operating in 
the región of 0.1 <  TH <  0.3, however, are restricted

to the motion of point defects and are not therefore of 
concern here, inasmuch as they lead to  changes in physical 
rather than mechanical properties (Cahn, 1965). Changes 
in mechanical properties, on the other hand, require the 
m otion and rearrangement of dislocations, and it is the 
latter process which we will be referring to  when the term 
static recovery is used.

In worked metáis of high stacking fault energy, a cell 
structure forms during deformation (Fig. VII.2) (Leslie 
et al. , 1963; Swann, 1963). When straining is interrupted, 
static recovery can gradually lead to  considerable softening 
(e.g. to a 40 % decrease in residual strain hardening), and, 
if the strain has not exceeded the so-called critical strain 
for recrystallization, mav even be the only restoration 
process that operates (Perryman, 1956). There is almost
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DISLOCATIONS
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Fig. VII.2 a) During coid deformation, a cellular substructure develops as the strain increases; by about 
0.5 the ce lis reach their limiting size and thereafter the cell walls become much more dense, b) Recovery 
during annealing commences with the annihilation o f dislocations in the cell walls which turn into subboun- 
daries. As recovery continúes, the subgrains grow in diameter and the overall dislocation density decreases. 
c) In hot working, subgrains develop in the strain hardening stage and reach an equilibrium size which is

maintained during steady state flow.

no motion of grain boundaries during recovery, so that 
there is little observable change in the microstructure of 
the elongated grains produced by working. In worked 
metáis of low stacking fault energy, the dislocations are 
present in planar arrays of high energy, which constitute 
a strong driving forcé for recrystallization, so that recrys­
tallization is likely to proceed before recovery progresses 
significantly (Chan, 1965;Byrne, 1965).

The process of static recovery involves the following 
sequential changes in the dislocation cell structure (Fig. 
VII.2). In the rapid phase, called polygonization. the 
dislocations within the cells are attracted into the cell 
walls and the redundant dislocations in the cell walls 
annihilate each other, leaving neat dislocation networks 
separating the polygonal crystallites (Leslie et al., 1963;

Vandermeer and Gordon, 1963). Eventually the subgrains 
grow larger as the shared subboundary between neigh- 
boring subgrains is unraveled, and the individual dislo­
cations move away, becoming incorporated in other 
boundaries or annihilated (Hu, 1963; Weissmann et al., 
1963). By such a mechanism of growth, a cluster of 
subgrains becomes a recrystallization nucleus, preparing 
the scene for the next stage of softening. These changes 
can be observed by optical techniques, such as polarized 
light microscopy and etch pitting, by X-ray diffraction 
methods involving the splitting o f Laue ares into discrete 
spots, and by transmission electrón microscopy through 
the direct observation of dislocations.

The softening associated with recovery can be attri- 
buted to the gradual loss o f the dislocations which were
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generated and became entanglcd during working. The 
^fnovement o f an individual dislocation occurs in responso 
to  the long range internal stress fields of the other dislo­
cations. However, the motion of the dislocations is also 
opposcd by various short range barriers, which are over­
eóme by thermal activation. The thermally activated 
mechanisms of importance at high temperatures are climb 
and cross-slip, as well as the unpinning of attractive junctions 
(Kivilahti et al., 1974; Sastry et al., 1974). Since the overall 
activation energy for recovery is in many cases lower than 
that for recrystallization, the observation of recovery as a 
separate process is favored by the use of lower tempe­
ratures, for which the incubation times for recrystallization 
can be fairly long.

From a practical point of view, the effect o f alloying on 
the operation o f the recovery mechanisms is o f considerable 
importance (Byrne, 1965; Cahn, 1965). Although many 
aspeets o f these mechanisms are still unclear, it appears 
that solute addition can hamper climb through the binding 
energies that tie vacancies to solute atoms. In a similar 
way, solute additions usually permit the dislocations to 
extend into partíais separated by a ribbon of stacking fault. 
The extensión of the dislocations makes climb and cross- 
slip more difficult and renders network nodes more 
resistant to unpinning, thus hindering the recovery or 
growth of the dislocation network. The presence of 
precipitates, in turn, can stabilize netw orksof subboundary 
dislocations and in this way retard recovery (Leslie et al.. 
1963; Humphreys and Martin, 1968). Because of their 
industrial interest, these are matters to  which we will 
return below, when we consider static recoverv after 
high temperature deformation.

VII.2.2 — Static Recrystallization after Coid Working

After static recovery has proceeded to some degree, a 
further and larger decrease in strength occurs, which is 
indicative of static recrystallization. It is attributable to 
the formation and growth of new grains which have much 
lower dislocation densities (~  1 0 10 m~2) than the worked 
grains they replace (~  1016 m-2 ) (Byrne, 1965; Cahn, 
1965). Several mechanisms of nucleation have been 
proposed based on observations of different metáis after 
various strains (Fig. VII.3). The subgrain coalescence 
mechanism has already been briefly described above. It 
occurs in metáis of high stacking fault energy, and leads 
to the establishment of regions of low internal dislocation 
content surrounded by boundaries of high misorientation 
capable of migrating (Bourelier and Montuelle, 1968). In 
metáis of low stacking fault energy, the concentration of 
dislocations in the tangles formed by straining is higher, 
and the cell walls appear to develop high misorientations. 
and therefore become capable of migrating directly upon 
annealing (Bailey, 1963).

The occurrence of the subgrain coalescence mechanism 
is favored by the application of relatively large prestrains. 
When the amount of prior straining is reduced (to less 
than about 0.4), an alternative mechanism, that o f grain 
boundary bulging, takes place in many metáis. This process 
entails the bulging out of a short segment of an existing 
high angle boundary to produce a roughly spherical volume, 
relatively free of dislocations, which then acts as a nucleus 
and is free to grow (Bailey, 1963).

GRAIN BOUNDARY B U LG E S  R EC R Y S T A LL IZ A T IO N  NU CLEU S
P!NNED AT A AND B

Fig. VII .3 -  The mechanism of nucleation o f recrystallized grains 
depends upon the metal and the strain. a) In metáis of high stacking 
fault energy, cells such as A, B, and C, coalesce into one crystallite 
to form a nucleus. This occurs as a result of the dislocations between 
the cells moving to surrounding subboundaries and increasing their 
misorientation until they can migrate freely. b) In metáis o f lower 
stacking fault energy, straining creates localized high densities of 
dislocations which transform into high angle boundaries upon annea­
ling. c) When the strain is low, so that the dislocation density varies 
from grain to grain, an existing boundary anchored by the substruc­

ture in one grain may bulge out into a región of higher density.

Once nuclei are formed, they grow into the deformed 
material by the migration of their boundaries. The driving 
forcé for migration is provided by the difference in dislo­
cation density between the interior of a nucleus and the 
surrounding worked metal. The driving forcé continuously 
decreases because of two factors. On the one hand, the 
dislocation density in the worked area diminishes with 
time as a result of recovery (Vandermeer and Gordon, 
1963). On the other hand, the most heavily deformed 
regions, containing the highest densities of dislocations, 
tend to undergo recrystallization first. The process of 
recrystallization is considered complete when all of the 
worked regions have become absorbed, and the growing 
nuclei impinge upon each other. As in the case of static 
recovery, the rate of static recrystallization is strongly 
affected by the presence of impurities, either in solution 
or as fine particles; however, here it is the result of their 
effect on the rate o f migration of the boundaries.

Both nucleation and growth are thermally activated 
processes and consequently their rates increase rapidly as 
the temperature is increased. Nevertheless, the grain size 
at the end of recrystallization depends primarily on the 
density of nuclei, and henee on the initial degree of defor 
mation within the crystals. The severity of deformation 
depends in turn on the amount, rate, and tem peralurt
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o f  p rio r stra in ing . T he ra te  o f  rec ry sta lliza tio n  also increases 
w ith  th e  severity  o f  stra in in g  b ecause  o f  th e  increasing  
den sity  o f  n u c lea tio n  sites and  th e  h igher d riv ing forcé.

VII.3 -  Dynamic Recovery at Elevated Temperatures

V il.3.1 -  The Flow Curve at High Temperatures

When a recrystallized metal is loaded at constant no­
minal strain rate, the flow curve that results can be divided 
into three distinct stages (Luton and Joñas, 1970). The 
first stage is that of microstrain deformation, which is the 
interval during which the plástic strain rate in the sample 
increases from zero to the approximate strain rate o f the 
test (Fig. VII.4). During this interval, the state o f stress in 
the material'rises rapidly, although not quite as steeply as 
it does at conventional temperatures. Typical loading 
slopes during initial loading range from E/50 at high 
temperatures and low strain rates to  E/5 at relatively 
low temperatures and high strain rates* (Immarigeon, 
1974). The loading slopes are not in general comparable 
with the modulus because of the plástic strain produced 
during the loading interval prior to  macroscopic flow.

TRUE STRAIN

Fig. VI1.4 - Three typical stress-strain curves determined at 775° C 
(0.5 Tm) for a Zr 0.7 % Sn alloy and plotted on an expanded strain 
scale. The transition from microstrain flow to generalized yielding 
can be seen, as well as the offset method used to establish the yield 

stress (Luton and Joñas, 1972a).

* E represents the valué of Young’s modulus at the temperatureof 
the test.

This strain arises from the operation of the thermally 
activated mechanisms that are rate controlling in this 
temperature range, and therelore increases with a high 
temperature and a low rate ol loading. When the rate ol 
loading is low and the temperature is high, the amount 
o f microstrain deformation is about 1 %; by contrast. 
at higher loading rates and lower temperatures, it is only 
a few tenths of a percent.

The end of the microstrain interval is signified by a de- 
crease in the slope o f the loading curve of about an order 
of magnitude. Yield drops are not, in general, observed, 
and the “yield” stress is defined instead in terms of a plástic 
strain offset of 0.1 or 0.2 %. The región of the yield stress 
marks the beginning of work hardening and, as before, the 
slopes are temperature and rate sensitive. Typical valúes 
range from E/500 at high temperatures and low strain rates 
to E/100 at low temperatures and high strain rates (Imma- 
rigeon, 1974).

During this second stage of deformation, the work 
hardening rate gradually decreases, until finally, in the 
third or steady state región, the net rate o f work hardening 
is zero (Fig. VII.5). The steady state regime in hot working 
is characterized, as is secondary creep, by the constancy of 
the three parameters: stress, temperature, and strain rate.

Fig. VI1.5 -  Typical true stress-true strain curves for Arinco iron, 
illustrating the strain rate dependence of the flow stress at 700 C 

(0.54 T J  (Immarigeon and Joñas, 1974).

It should be noted that the simple shape of flow curve 
illustrated in Fig. VII.5 pertains to the case where the flow 
rate is limited by dynamic recovery processes alone. In 
practice, the flow curve may drop as a result o f the operation 
of other mechanisms. Examples o f such processes are 
dynamic recrystallization, which will be considered below
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in more detail, adiabatic heating, precipítate coarsening, 
modification of “hard” textures, and superplastic flow 
(Joñas and Luton, 1976). More rarely, the flow stress may 
rise as a result of precipitation or of the elimination of 
“ soft” textures.

VII.3.2 — MicrostructuralDevelopment during Plástic Flow

It will now be of interest to consider the microstructural 
changes that accompany the three stages of flow depicted 
in Fig. VII.5. Although little electrón microscopy has 
been carried out to date on samples deformed to the 
vicinity of the yield strain, the limited evidence available 
(D.J. Abson and J.J. Joñas, unpublished work, McGill 
University, Montreal, Cañada, 1974) suggests that some 
dislocation multiplication takes place during the micro- 
strain interval, and that the dislocation density increases 
from about 1 0 10 —1 0 11 m ~ 2 in annealed, polycrystalline

samples to  1 0 11 — 1 0 n  m - í  at the commencement of 
macroscopic flow. The dislocation density continúes to 
increase with strain after “yielding” , albeit at a slower 
rate, and attains a valué in the neighborhood of 1 0 14 — 
1 0 15 m - 2  in the steady state región.

During the phase of positive strain hardening, the 
dislocations become entangled and begin to form a cellular 
structure. By the time the steady state regime is attained, 
the dislocations have arranged themselves into subgrains 
whose perfection, dimensions, and misorientation depend 
on the metal, and on the strain rate and temperature of 
deformation (Fig. VII.6 ) (Joñas et al., 1969). The main 
features o f the substructure, i.e. the dislocation density 
between dislocation walls, the average spacing between 
them, and the misorientation across them, do not change 
during the course of steady state deformation (Joñas et 
al., 1968a). This condition of essentially constant dislo­
cation density, which is necessary for the absence of strain 
hardening, results from the attainment of dynamic equi­
librium between the rates of dislocation generation and 
annihilation.

The generation rate is a function of the strain rate and 
the associated effective stress*, but is relatively independent

Fig. VII.7 -  a) Substructure o f commercial purity aluminum extru- 
ded at 445° C (0.76 Tm) and a strain rate o f 1.2 see"1. The subgrains 
are equiaxed despite extensión of the sample to a true strain of 
3.7 (3900 % elongation) x 2000 (McQueen et al., 1967). b) Some of 
the subboundaries produced by hot working are simple, low energy 
arrays like this twist boundary. Extrusión was carried out at 250° C 
(0.56 Tm) and a strain rate of 1.2 sec-1  x 40,000 (Joñas et al.. 
1968a). c) The fibrous appearance of the grains in a sample of 
commercial purity aluminum rolled to a reduction of 96 % (2400 % 
elongation) in 15 passes in the temperature range 525-300° C 
(0.85-0.62 Tm) x 10 (Vaughan, 1968). d) The formation of sub­
grains has resulted in an irregular or scalloped grain boundary 
in this sample o f aluminum extruded at 420° C (0.74 T,,,) and 
0,1 sec_I to a strain of 2.3 (900 % elongation) x 100 (Demianczuk, 

1967).

Fig. VII.6  -  Substructures produced in commercial purity alu­
minum by extrusión at a mean strain rate o f 1 sec-1  and an extru­
sión ratio of 40 : 1 (e =  3.7). a) 250° C (0.56 Tm). b) 350° C 
(0.67 Tm). c) 450° C (0.77 Tm) x 8000. Transmission electrón 

micrographs of longitudinal sections (Wong et al, 1967).

* The effective stress o* is the local valué o f the net stress acting 
at a dislocation. It is related to the applied or developed stress a by 
the relation a* = a — a¡, where ot is the local valué o f the intemal 
stress associated with the presence of other dislocations, or o f grain 
boundaries or precipitates.
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of strain. The rate of annihilation, on the other hand, 
depends on the dislocation density, and on the ease of 
operation of the recovery mechanisms, such a climb, 
cross-slip, and node unpinning. Thus the gradual elimi- 
nation o f strain hardening comes about through the 
increase in dislocation density with strain, which leads to 
continual increases in the annihilation rate until this 
matches the generation rate.

An additional interesting feature of steady state defor- 
mation is particularly worthy of note; the subgrains appear 
equiaxed even at large strains (Figs. VII 7a and b), whereas 
the grains deform in conformity with the outward change 
in shape of the object (Fig. VII 7c). This cannot be explained 
solely by migration of the subboundaries, since not all of 
them are capable of migration and since it has been shown 
that such migration contributes only 6 - 1 0  % of the strain

(Exell and Warrington, 1972). Another contributing process 
is repolygonization, that is the repeated unraveling of the 
subboundaries and the subsequent reformation of new 
subboundaries at locations which keep their average 
spacing and dislocation density constant (McQueen et 
al., 1967). The stable subgrain size depends in tum  on the 
equilibrium dislocation density (Holt, 1970), which is 
established by the balance between generation rate and 
annihilation rate. Holt demonstrated that a uniform 
distribution of dislocations, when allowed some mobility, 
will form “clusters” . The wavelength of clustering, which 
is in effect the cell wall spacing, will be proportional to 
the mean dislocation spacing, l =  p ~ yrí- This result is 
based on the condition that the stress level at a dislocation 
in a wall due to a dislocation in an adjacent wall is a small 
fixed fraction of the stress level due to a nearest-neighbor

Fig. VII.8 -  The effeets o f temperature and strain rate are shown in these electrón micrographs (all x 5000) 
of commercial purity aluminum which has been compressed to a strain of 0.7 (50 % reduction). The first 
series is compressed at a strain rate of about 11 sec ' 1 at temperatures of a) 20° C (0.36 T J ,  b) 200 C 
(0.50 Tm) c) 400° C (0.72 Tm), d) 500° C (0.82 Tm). The second series is compressed at 400° C (0.72 Tm) 
at rates o f approximately e) 200 sec-1 , f )  12 sec 1 ,g )1 .4 sec  1, and h) 0.1 sec (McQueen and Hockett,

1970)
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dislocation. in addition, wlicn the subboundary dislocation 
density is higher, tlic long range stress field o ía n  individual 
dislocation in the boundary is neutralized to a greater 
degree. As a result, the higher the subboundary density, the 
shorter the distance over which the stress field of the 
boundary as a whole has an influence, and the smaller is 
the equilibrium subgrain size.

In concluding this section, the reader is reminded that 
the process of dynamic recovery as it occurs during hot 
working cannot be considered as equivalent to the super- 
position of static recovery and coid working. The concur- 
rence of straining and recovery prevents the high dislo­
cations densities of coid working from ever developing. 
In fact, the small subgrains produced by hot working 
cannot be synthesized by coid working and annealing 
because o f the intervention o f recrystallization. The 
marked effectiveness of an applied stress in accelerating 
recovery at high temperatures was originally observed 
in a phenomenon called stress annealing (Wood and 
Suiter, 1951); this m atter will be considered later with 
the deformation of metal initially containing a worked 
substructure.

VII. 3.3 — E ffect o f  Strain Rate and Temperature on 
the Substructure

The higher the temperature of deformation and the 
lower the strain rate. the larger are the subgrains that 
are formed during high temperature deformation (Bird 
et al., 1969). As they increase in size, the subgrains contain 
fewer dislocations and have boundaries in which there 
are less dislocations arranged in more orderly arrays 
(Fig. VII.8 ), These substructural variations reflect the 
diminution in the equilibrium dislocation density arising 
from the increase in temperature and decrease in strain 
rate through their effects on the generation and annihi­
lation rates. The generation rate decreases because the 
effective stress decreases with strain rate decrease and 
with temperature increase. The annihilation rate, on the 
other hand, does not decrease as much with a decrease 
in strain rate because it is not as sensitive to a stress 
decrease as the generation rate. Furthermore, increases 
in temperature tend to increase the recovery rate, thereby 
offsetting in part the effect o f a decrease in stress.

The onset o f steady state deformation is also rate 
sensitive and occurs at strains varying from about 0 . 1  

at high temperatures and low strain rates to  0.5 or 
more at relatively low temperatures and high strain rates. 
This increase in strain arises because both the decrease 
in temperature as well as the increase in strain rate de- 
crease the number of recovery events per unit strain. 
The am ount of generation per unit strain, on the other 
hand. actually increases with strain rate and with tempe­
rature decrease.

The dependence of mean subgrain diameter d  on tempe­
rature T and strain rate é is illustrated in Fig. VII.9 and is 
described by the relation

d ' = a  + b logZ  ( 1 )

Here a and b are empirical constants and the temperature- 
corrected strain rate Z is given by

Z -  é exp(Q /R T ) (2)

where Q is the experimental activation energy associated 
with the temperature dependence of the flow stress and 
R is the universal gas constant.

log  z

Fig. VII.9 - The subgrain diameter increases as the temperature- 
compensated strain rate Z decreases (i.e. temperature increases). 
a) Commercial purity aluminum extruded to a strain o f 3.7 or 
compressed to a strain o f 0.7. Points 11 ,12  and 13 are not on the 
fitted line since they correspond to cold-worked materials (McQueen 
and Hockett, 1970). b) This dependence also holds for a-zirconium 
and zirconium-tin alloys. The experimental activation energy used 
to calcúlate Z for each alloy increases with tin content, yet the 
sizes fall in a single band, indicating that there are compensating 
decreases in diameter associated with the increases in activation 

energy (Abson and Joñas, 1972).

VII.3.4 — The Flow Stress a t High Temperatures

In the room temperature región, it is common to express
o as

a = a0 + a.nb\/~p (3)

Here o0 is a friction stress, which may or may not be rate 
dependent, a  is a geometrical constant, y. is the shear 
modulus, b the Burgers vector, and p the dislocation 
density. A similar relation appears to hold at high tempe­
ratures (Luton and Joñas, 1970), as given by

a = a* + a¡ (4)
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Here a*, known as the effective stress, is the reversible 
component o f the flow stress, ch.anges in which are con- 
current with changes in temperature or strain rate. The 
term o, refers to the “ irreversible” or structural component 
of the flow stress, also known as the internal stress. Changes 
in a,- do not follow immediately on changes in strain rate 
or temperature, but are associated with structural modi- 
fications, and therefore either with strain or with the 
effeets o f annealing.

VII. 3.4.1 — The Yield Stress at High Temperatures

It was pointed out earlier that at yielding, the disloca­
tion density is about three orders o f magnitude below 
that attained during steady state flow. Setting

a ,  =  a f i b V p  ( 5 )

it can be seen that the internal stress at yielding is in the 
neighborhood of 3 % of the internal stress present under 
steady State conditions. As a first approximation, we can 
therefore write that

oy ~  a* (6 )

where ay is the yield stress.

The yield stress o f alpha zirconium is shown as a function 
of strain rate and temperature in Fig. VII. 10. It is evident 
that oy (and therefore a*) is strongly temperature and 
rate sensitive, unlike the “ friction” stress commonly 
observed in the room temperature range. Qualitatively 
similar dependences on temperature and strain rate have 
been reported for yielding in bcc materials by Immarigeon 
(1974) and in fcc materials by Petkovic (1975).

The mechanism controlling yielding at high temperatures 
has not been established with certainty but has been 
suggested to  be the thermally activated unpinning of 
dislocation nodes (Sastry et al., 1974). This conclusión 
was supported by the following common features of 
high temperature yield data: (a) the relatively large experi­
mental activation volumes, (b) the stress dependent nature 
o f the experimental activation energies, (c) the rapid 
increase in certain alloys o f experimental activation 
energy with solute concentration, and (d) the absence, 
at yielding, o f a well-developed substructure or o f sub­
grains, and therefore the inapplicability of the secondary 
creep models based on the presence of a steady state 
substructure

The node unpinning model for yielding involves a zero- 
stress activation energy of about 0.4 ¡ib3 in high stacking
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Fig. V il.10 The strain rate dependence o f'a ) the yield stress and b) the steady state flow stress of 
a-zirconium plotted in the manner of creep data. The temperature range lies between 0.44 Tm and 0.63 Tm. 
The straight line fits at the higher temperatures and lower strain rates exhibit a power law exponent of 4.6 
for the yield stress and 4.4 for the steady state stress (Luton and Joñas, 1972b). 0, 625 C ; □, 675 C :

*, 725° C ; a. 7 7 5 ° C :« .8 2 5 °C .

fault energy metáis. This valué is somewhat higher than 
the activation energy for self-diffusión; it increases with 
decreasing stacking fault energy to  as much as 0.5 to 
0.7 (ib3.

VII.3.4.2 — The Steady State Stress

The steady state flow stresses as observed in alpha 
zirconium are also shown in Fig. VII. 10. It is clear from 
the diagram that the temperature and rate dependence

of as is closely similar to  that of oy . When a creep power 
law*, e.g.

é = A a" exp ( Q/RT) (1)

is fitted to these data, stress exponents of 4.6 and 4.4

* Here e is strain rate, A and n are empirical constants, 0  is an 
experimental activation energy, and R is the gas constant.
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and activation energies of 226 and 234 kJ/mol are obtained 
for ay and as, respectively. It is of interest that the ratio 
ay ¡as for alpha zirconium, as well as for a series of Z r-S n  
alloys (Luton and Joñas, 1972b), is in the range 0.7 to
0.85. For bcc alpha iron and Silicon iron, ay jas has been 
reported to vary from 0.5 to 0.9 (Immarigeon, 1974), 
and for fcc copper and gamma iron to  range from 0.4 
to  0.7 (Petkovic, 1975).

The broad similarity in the temperature and rate depen- 
dences of ay and as in many materials leads to  an interest- 
ing speculation. The activation parameters associated with 
oy , and therefore with a*, are characteristic of the rate 
controlling glide process, which may for example be 
node unpinning or the breakup of attractive junctions, 
as suggested above. The temperature and rate dependence 
of as , on the other hand, will depend on the combined 
dependences of the glide mechanism and of the internal 
stress a¡. The stable valué of a¡ is, however, determined by 
the detailed nature of the dynamic recovery processes that 
are operating at high temperatures. The conclusión can 
therefore be drawn that the similarity in the behavior of 
ay and as implies that the glide obstacles and the obstacles 
to recovery have similar features and may even involve the 
same rate controlling cvcnts.

It is of interest to note that, if the high temperature 
glide obstacle is the breakup of attractive junctions, and 
if these junctions remain stable, as expected, at inter­
medíate temperatures, then the considerable difference 
between the amount o f work hardening attainable at 
room temperature ( a , /E  «  b¡\fp  ~  3 x 10 2 ) and that 
attainable at high temperatures (a,/E  b f\fp  ~ 3  x 10 3 ) 
is readily explained.

VII.3.4.3  — The Transition to Athermal Flow

The similarities in the temperature and rate dependences 
of ay and as have already been noted above. When the 

- dissimilarities indicated in Fig. VII. 10 are also taken into

Fig. V II.11 The data of Fig. VII. 10 collected and plotted in terms 
of temperature-corrected strain rate Z. As the temperature is redu- 
ced (leftward motion on the diagram), the yield stress oy stops in­
creasing and reaches a limiting (athermal) valué. By contrast, the 
steady state flow stress os increases rapidly as the athermal flow 

regime is approached.

account, a clearer picture emerges of the differences 
between ambient and elevated temperature deformation. 
In Fig. VII. 11, the ay and as valúes of Fig. VII. 10 are 
collected and compared as functions of the temperature- 
corrected strain rate. The small difference in experimental 
activation energy for the two types of flow is neglected 
for this purpose. It can be seen from the figure that as 
the temperature is decreased or the strain rate is increased, 
the yield stress becomes progressively less sensitive to 
temperature and strain rate, until the deformation is 
virtually athermal. It can also be seen from Fig. VII. 11 
that at low temperatures and high strain rates, steady 
state flow becomes increasingly difficult to attain, because 
of the Progressive inhibition of the recovery processes 
that accompanies the transition to  athermal flow. At 
sufficiently low temperatures and high strain rates, i.e. 
well within the athermal range, steady state flow cannot 
be attained at all.

The transition to athermal flow is considered further 
in Fig. VII. 12 in which the three regimes of flow stress -

Fig. VII.12 Schematic representation of the athermal flow regime 
and its relation to the low and high temperature thermally activated 
regions. The transition between athermal and high temperature 
thermally activated flow is seen to be rate sensitive. The low yield 
stresses observed at high temperatures signify that the obstacles to 
athermal flow are bypassed or inoperative at elevated temperatures 

(Joñas, 1973).

temperature dependence are compared. The figure de- 
monstrates that, in each región, it is the lower of the 
two flow stresses, thermal or athermal, which is opera- 
tive, so that the transition under considération is likely to 
involve alternative mechanisms, which do not operate at 
all outside their respective temperature and strain rate 
ranges. Thus the athermal mechanism is unlikely to be 
controlled by obstacles such as solute or impurity atoms. 
which must also be present and active at high temperatures. 
It is more probable instead that the athermal stress corre- 
sponds to the stress required for the dislocations to bow 
out between the nodes by a Frank-Read or Orowan mecha­
nism (Heritier et al., 1974).
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V IH .5 — Substructure and Flow Stress

In many investigations carried out under both creep and 
hot-working conditions, it has been observed that there is 
a unique relationship between the scale o f the substructure 
and the flow stress once steady State flow is achieved. The 
relationship, which isillustrated in Fig. VII. 1 3, is as follows:

<7S =  K, d  1 (8 )

Here K, is an empirical constant. This relation can be 
given a physical interpretation in terms of Eq (4) above:

as — a* + (Jj (4)

First is must be recalled that, at yielding, a* ~  ay . If a* 
remains approximately constant with strain (Immarigeon, 
1974), and setting

a, =  K2 d ~ l (9)

where K2 is the subboundary strengthening coefficient*, 
we can write that

K2 d ~ l ( 10)

But oy in most materials is an approximately constant 
fraction/  <  1 of a , i.e. ay ü. fa s. Thus

K2 d ~ l K l f ) ( 11)

and we see that the empirical constant Kj ~  K2/ l  -  f ) .
In the above, it has been assumed that the internal 

stress Oj is uniquely related to  the subboundary density 
3Id, as suggested by Abson and Joñas (1970). This could 
arise through a causal relationship in which the subbound- 
aries are the principal source of internal stress at high 
temperatures. Alternatively, the dislocations within the 
subgrains ps could be directly responsible for the internal 
stress, as given by Eq.(5):

(12)
In this event, the empirical correlation (7) takes its physical 
base from Eq.(5) through a relation of the type introduced 
by Holt (1970) and discussed above. From the evidence 
available to  date (e.g., Cuddy, 1970), it has not yet been

* The term K2 d -1  will be considerad in more detail below in the 
section on the strengthening effect o f subboundaries at room tempe­
rature.

Fig. V il.13 -  The correlation hetween steady state flow stress 
and mean subgrain diameter for a variety of deformation condi­
tions and metáis, a) Commercial puritv aluminum (fcc) deformed 
to a variety of strains from 0.7 to 3.7 within the steady state regime 
(McQueen and Hockett, 1970). • ,  Compression ; Q, extrusión 
(McQueen, et al.. 1967) , A, creep (Wood and Rachinger, 1949) ; 
O ,h o t torsion (Farag. et al.. 1968). b) Subgrain size versus both 
flow stress and internal stress in a-zirconium and zirconium-tin 
alloys (hcp). The alloy data points are shifted toward decreasing 
subgrain size and increasing flow stress (Abson and Joñas, 1972). 
o, Zr ; Zr-0.7 % Sn : A, Z r-3  % Sn •  Z r-5  % Sn. c) The torque 
for steady state flow is related to the subgrain size for bcc iron and
its alloys with Ni and Cr (Redfem and Sellars. 1968). x ------o,
S102 iron, alloy 2, 0 .62%  Cr : + ------ A, alloy 7, 2 .29%  Ni,
alloy 9, 3.05 % Ni ;V -  . -  a. alloy 3, 12.9%  Cr, alloy 4, 
14.0 %Cr.

(a)
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possible to  determine whether the principal source ot the 
internal stress (i.e. o f work hardening at high temperatures) 
is the subboundary structure directly on the one hand or 
the dislocation network within the subgrains on the other.

VII. 3.6 -  Substructure Formation in Puré Metals

Since dynamic recovery involves the occurrence of 
climb, cross-slip, and node unpinning, it takes place more 
readily in metáis which have higher stacking fault energies. 
However, comparisons must be made at a common homo- 
logous temperature, so that the fluctuations which promote 
thermal activation will be of similar magnitude in each 
metal. Such a comparison is made in terms of the sub- 
structures produced by hot working in Figs. VII. 14a, b,

and c for the fcc metáis. It can be seen from the figure 
that aluminum in which dynamic recovery proceeds with 
ease, contains subgrains which are well formed, and in 
which the subboundaries are simple arrays (Joñas et al., 
1969). Nickel and copper, on the other hand, with their 
much lower stacking fault energies, have very tangled 
substructures (Drube and Stüwe, 1967). It will be seen 
later that, at higher strains, these high dislocation densities 
lead to dynamic recrystallization.

In the bcc metáis, stacking fault energies are relatively 
high, so that crossglide, climb, and node unpinning are not 
unduly difficult, and the facility for dynamic recovery 
approaches that of aluminum (Rossard, 1960; Joñas 
et al., 1968b; Glover and Sellars, 1973). Not unexpectedly 
then, the deformation microstructures of the ferritic 
irons (Fig. VII.14e) and of aluminum are more closely

Fig VII 14 -  Transmission electrón m iaographs o f substructures resulting from hot working . a)through 
d) are for fcc metáis rolled to 90 % reduction (e = 2.3) in one pass, at an average strain rate of 20 sec , 
and an exit temperature of 0.65 Tm. a) Aluminum, 340 C. x 10.000. b) Nickel, 840 C. x 10.000. c) Copper, 
600. C. x 10.000. d) 70/30 brass, 600 C. x 20.000 (McQueen, 1968). e) The substructure of Armco iron 
deformed at 675 C (0.52 Tm) and 10 ' 1 sec-1 closely resembles that o f aluminum,x 9000 (Immangeon

and Joñas, 19 /1).

similar than those of aluminum and of fcc metáis and 
alloys with low stacking fault energies.

Subgrains also form in hexagonal cióse packed metáis 
during high temperature deformation and have been

observed in zinc (Hardwick and Tegart, 1961), beryllium 
(Webster et al., 1973), and zirconium. The subgrains in 
zirconium are similar to those in aluminum in size and 
perfection (Fig. VII. 15a).
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Fig. VII.15 -  Electron micrographs of commercial purity a- 
zirconium and zirconium-tin alloys deformed into the steady 
State regime at 675° C (0.44 Tm) at a strain rate o f 3 x l 0 -2  
sec 1 x 11,000. a) Zr. b) Zr 0.7 % Sn. c) Z r-3  % Sn. d) Zr -5 % 
Sn. The subgrains become smaller and the density of dislocations 
becomes greater as the tin content increases (Abson and Joñas, 

1972).

VII. 3.7  — E ffect o f  Solute Addition

When solute elements are present in the range 1-20% 
by weight, both the flow stress and the resistance to  creep 
increase by up to an order of magnitude (Fig. VII. 16). 
The increase in yield and steady state stress with concen- 
tration diminishes as the temperature is raised, although 
the increases relative to those of the puré metal remain 
approximately constant. This is illustrated in Fig. VII. 17, 
from which it can be seen that the yield and steady state 
flow strengths of binary solid solutions are temperature 
and rate sensitive, as are those of a puré metal (Luton and 
Joñas, 1972b). The increase in flow stress of solid solution 
alloys is sufficiently great that considerably more forcé 
and energy is required to deform these materials in industrial 
hot working (Sabroff et al., 1968; Sellars and Tegart,
1972). For the same reason, alloys developed specifically 
for creep resistant Service are based on solid solutions 
which are further strengthened by means o f precipitation.

The effect o f solid solution alloying on the micro- 
structures produced by working are rather diverse and 
require the individual discussion of each alloy system. 
In general, solute addition lowers the stacking fault energy, 
which makes dynamic recovery more difficult. This is

TRU E STRAIN

Fig. VII.16 -  The strengthening effect o f solute addition is shown 
in this group of stress-strain curves for Zr and three o f its alloys 
with tin. The temperature is 775° C (0.5 and the strain rate 

10-J sec^ 1 (Luton and Joñas, 1972b).

observed in brass, which does not form a well-defined 
subgrain structure under conditions of temperature and 
strain rate for which it is found in copper (Fig. VII. 14d). 
Similarly, in Zr-Sn alloys, the addition of up to  5 % tin 
reduces the stacking fault energy from 240 to 60 mJ/m 2 

and also increases the fault width from about 2.5 to 106 
(Sastry et al., 1974). Consequently, the equilibrium sub­
grain size produced in these alloys at the same tempe­
rature and strain rate decreases from about 3.5 to  0.7 ¡im 
as the tin concentration in increased (Fig. VII. 15).

In the Al-Mg system, on the other hand, while the 
strength increases with greater concentration of Mg, the 
size o f the subgrains also increases for tests at the same 
temperature and strain rate (Fig. VII. 18). The latter 
observation can be reconciled with the increased amount 
of work hardening in the alloys if the internal stress does 
not depend directly on subboundary density, as has been 
suggested above, but increases with V p  instead. A further 
alternative, that the internal stress contribution of the 
subboundaries is strongly dependent on the dislocation 
structure of the boundary itself, and that this changes 
with alloying, is also possible. In the austenitic stainless 
steels, a well developed substructure forms, one which 
is more “recovered” than that of copper under equivalent 
conditions, suggesting that the stacking fault energy is 
higher than in copper at these temperatures (Garofalo 
et al., 1963; Buhler et al., 1970). It is not possible to 
compare the stainless substructures with those formed 
in unalloyed austenite, since the substructures in the 
latter material are lost during the phase transformation 
produced by cooling. When the nickel-base superalloys

i
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are worked in the single phase condition, a recovered 
substructure is produced which is apparently as well 
defined and orderly as that observed in nickel (Fulop 
and McQueen, 1972).

TEM PERATURE ( *C )

TEM PERATURE ( * C )

Fig. VII.17 The temperature dependence of the flow stress for 
alpha zirconium and three of its alloys with tin. For deformation 
at 3 x 10 2 sec \  the yield stresses appear in a) and the steady 
state stress data in b) (Luton and Joñas, 1972b) • ,  Zr ; Z r-0 .7Sn ;

T, Zr-3.0Sn ;« ,Z r-5 .0 S n .

In bcc alloys, additions of chromium or nickel increase 
the flow stress of the alloy (Redfern and Sellars, 1968). 
In iron-silicon alloys, the addition o f Silicon produces 
strengthening from about 600 to  800°C (Immarigeon and 
Joñas, 1974). Above 800°C, however, the addition of 
Silicon leads to weakening, a phenomenon known as solute 
softening in the low temperature range. This has been 
attributed to the increase in the density of mobile disloca­
tions associated with Silicon addition, which overrides the 
increase in node stability. The solution of the above 
elements in iron does not markedly affect the scale of the 
substructure under given conditions of temperature and 
strain rate (Joñas et al., 1968b). The steady state flow

stress for a given subgrain size is greater for the alloys than 
for puré iron (Fig. VII 13c). As in the case of the Al-Mg 
alloys, these observations suggest that the subboundaries 
are not the primary source of internal stress in these 
materials. Finally, it should be noted that the addition of 
Si or particularly of Cr stabilizes the a  phase and extends 
the working range to higher temperatures.

A special application of alloying and hot working is the 
ausforming process in which the objective is the transfor­
mation of austenite to martensite immediately after hot 
working so that the dislocation structure is carried into 
the martensite. Alloying of the austenite creates a bay in 
the isothermal transformation curves in which the working 
can be carried out and rapid quenching achieved (Schmatz 
e t al., 1963; Irani and Taylor, 1968).

Fig. VII. 18 The effect of magnesium concentration and subgrain 
size on the steady state flow stress o f Al -Mg alloys. Samples were 
deformed in torsion between 400° C and 550° C at a strain rate 
of 2 sec-1 . Since the data points for each alloy follow the same 
sequence of temperatures, it can be seen that for a given tempe­
rature the subgrain size increases with Mg concentration (Cotner 
and Tegart, 1969). o, S.P. Al ; A, Al—1/3 % Mg ;V , A l-1 % Mg ; 

o, Al -2 %Mg ; + ,  A l-5  % Mg.

VII. 3.8 — Dynamic Recovery in Two-Phase Alloys

The simplest two-phase materials are those in which the 
second phase is present as roughly spherical particles which 
are relatively hard at the temperature of deformation. In 
situations where the particles are not cut by the dislo­
cations and are relatively stable, they serve as obstacles 
which help initially to  build up the substructure and 
finally to  stabiiize it. This effect has been observed at 
strains not exceeding two in many systems: e.g. Al with



A12 0 3 particles. Ni with T h 0 2 particles (Clauer and 
Wilcox, 1967), Ni-base supej-alloy with 7 ' precipítate 
(Oblak and Owczarski, 1972), ferrite with Carbide preci­
pitates, and austenite with NbC particles (Le Bon et al., 
1973) or other carbides (Garofalo et al., 1961). Under 
these conditions, the subgrain diameter may be reduced 
to the order of the interparticle spacing, which leads to 
an increase in flow stress. The presence of precipitates can 
prevent the formation of a subgrain structure altogether 
if the spacing is small enough, or if, as a result of their 
shearing, they induce the formation of matrix superdis- 
locations, which cannot leave their slip planes. Furthermore, 
by preventing grain boundary migration, the particles can 
shift the initiation of dynamic recrystallization to higher 
strains, which can be useful in controlled rolling (Irvinc 
et al., 1970; Tegart, 1971). It appears that the presence 
of NbC in austenite can completely inhibit dynamic 
recrystallization at moderate temperatures, although this 
may actually be caused by the inhibiting effect of the 
particles on subgrain formation, and therefore on the 
nucleation of new grains (Petkovic, 1975).

If the elements comprising the second phase are soluble 
in the matrix, even to a very limited degree, it can coalesce 
during deformation into fewer and larger particles. In hot 
working this can cause a significant decrease in flow 
stress over a strain increment o f 1 or 2 (Fig. VII. 19).

Coalescence proceeds more rapidly at higher temperatures 
and higher strain rates. At higher temperatures and lower 
strain rates, the second phase particles are coarser when 
steady state flow is finally achieved. This phenomenon has 
been observed in pearlitic-ferritic steels (Sherby et al., 
1969) and in eutectoid Steel; for example, at 700°C 
(1292°F), a degree of spheroidization which would take 
660 hr of annealing takes place in 2 1 0  sec of deformation 
at 0.016 sec ' 1 (Chojnowski and Tegart, 1968). The 
diffusional process producing the spheroidization is 
considered to be accelerated by the hot-work subboun- 
daries which provide paths for pipe diffusion, which is 
considerably more rapid than lattice diffusion under the 
same conditions. Another example of this effect is found 
in the warm working of bainite. Here spheroidization of 
the acicular particles increases the ductility considerably 
without loss in overall strength because of the strengthening 
contribution of the substructure introduced. In Waspalloy, 
the Ni3 (TiAl) particles appear to coalesce during straining, 
giving rise to stress-strain curves similar to those for 
eutectoid steel.

If precipitation occurs during high temperature defor­
mation, it causes the flow stress to increase or the creep rate 
to decrease. The presence of a dislocation substructure 
during precipitation assures a uniform distribution of 
precipítate in most cases. For example, when the thermo-

Fig. VII.19 -  Torsional stress-strain curves for an alloy of puré iron and 0.8 % carbón. At 502°C 
(0.43 Tm) and 715 C (0.56 Tm), the microstructure at the beginning of the test is completely pearlitic. 
In the course of deformation, the carbide spheroidizes, giving rise to a continuous decrease in flow stress. 
The figures in parentheses indícate the number of twists to failure (Robbins etal., 1967). 7  =  4.1 % sec_ I.

mechanical working of a nickel-base superalloy is designed 
to permit precipitation during working, the resultant 
properties are better than those obtained when precipitation 
precedes or follows working (Oblak and Owczarski, 1972). 
This phenomenon is also exploited in the isoforming 
process, in which austenite is deformed as it is transform- 
ing to ferrite and carbide (Iraní and Taylor, 1968). In this 
case, the precipitated carbides are nucleated on dislocations 
in the ferrite and the particles grow as spheres. Ultimately 
the carbide particles serve to stabilize and strengthen the 
substructure.

VII. 3.9 — The Ease o f  Dynamic Recovery and Its E ffect 
on Ductility

In hot working as well as in creep. the most common 
cause of fracture is the formation of grain boundary cracks 
(Tegart, 1968). The cracks are nucleated as a result o f grain 
boundary sliding and are propagated by the tensile stresses 
generated during the working operation. In creep studies, 
it has been observed that as the stress and the strain rate 
are increased, the sites for crack initiation change from 
grain boundary ledges to  the triple junctions. In hot work-



ing, because the flow stress is much higher than in creep, 
and because less time is available for grain boundary 
sliding and the diffusional growth of pores, the nucleation 
sites are almost entirely limited to grain boundary junctions.

The formation o f subgrains in metáis displaying a 
susceptibility to dynamic recovery results in the scalloping 
of the grain boundaries, which diminishes intergranular 
sliding (Fig. VII 7d). Furthermore, such materials have 
fairly low flow stresses and flow readily at triple junctions 
to relieve stress concentrations and thus diminish the 
initiation of W cracks. Both of these effects contribute to 
the high ductility observed in aluminum, a-iron, and 
a-iron-chromium alloys. In such metáis, the ductility 
usually increases with temperature because the accommo- 
dation processes are more sensitive to temperature than 
those promoting crack nucleation (Gittins, 1970). However, 
in metáis such as nickel and the nickel-base superalloys, 
in which the rate o f recovery is relatively low, the ductility 
decreases with temperature in the lower part of the high 
temperature range (where dynamic recrystallization does 
not intervene) because of increases in the amount o f grain 
boundary sliding (Shapiro and Dieter, 1971; White and 
Rossard, 1968).

A reduction in ductility with increasing temperature can 
also arise as a result of phase changes. For example, fcc 
austenitic iron above the transformation temperature is 
less ductile than bcc ferritic iron below the transformation 
temperature because of the higher yield stress of the 
austenite, as well as its lower capacity for recovery (Reynolds 
and Tegart, 1962). Similarly, at a given temperature in 
the range 900-1200°C, the ductility of the Fe-Cr-Ni alloys 
is higher for the high recovery rate 6 -ferrite structure

400 500 600
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Fig. VII.20 -  Increasing the amount o f magnesium in solid solution 
decreases the ductility of Al-Mg alloys; at 5 % Mg. the ductility is 
severely reduced over the entire temperature range. The deformation 
rate employed in these hot torsion tests was 2.3 sec-1 (after Cotner 

and Tegart, 1969).

(bcc) than for the low recovery rate -y-austenite structure 
(fcc).

In general, solid solution alloying tends to reduce 
ductility (Luton and Tegart, 1969) and the effect becomes 
more pronounced with increasing concentration (Fig. 
VII.20). This is partly because the smaller subgrains 
formed in these materials are not as effective in producing 
scalloping of the grain boundaries, so that grain boundary 
sliding is not impeded to  the same extent. The scalloping 
is also reduced by the retarding effect solutes exert on grain 
boundary migration. In addition, the decreased ease of 
dynamic recovery raises the flow stress considerably, which 
is instrumental in nucleating and opening up the cracks.

The presence of precipitate particles, e.g. carbides in 
ferritic steel, usually reduces the ductility (Fig. VII.21).

Fe3C content at 650°C ( vol %)

Fig. VII.21 -  The influence o f carbón on the ductility of bcc iron 
tested in torsion at 0.03 sec-1  and 650°C (0.5 Tm). The ductility 
initially increases as a result of the decrease in concentration of 
oxide inclusions. At higher carbón content, the ductility decreases 
as the volume fraction of Carbide increases (Robbins et al., 1967).

TEMPERATURE (»C)

Fig. V11J22 -  The ductility of a nickel-base superalloy (Inconel 
718) increases with temperature on heating from room temperature 
as a result of enhanced dynamic recrystallization. The ductility 
drops rapidly at high temperatures as the solvus temperature is 
approached. The ductility decrease resulting from cooling from a 
high preheating temperature, such as 1150 or 1180°C, is due to 
the increase in size o f precipitate particles. The yield stress diminishes 
with temperature and is unaffected by the preheating temperature. 
The tests were carried out in tensión and a crosshead speed of 5 in./sec 

was used (Bailey, 1969).



However, the size and distribution of the particles are very 
important. Fine discrete precipitates uniformly distributed 
on the grain boundaries improve the ductility by impeding 
sliding (Cremisio et a i, 1969). Particles larger than 10/i or 
semicontinuous films of precipitate that are harder or 
more brittle than the matrix are very damaging, since they 
lielp to initiatc wedge cracks and prevent boundary migra- 
tion (Gittins et al., 1972). The overheating of certain 
alloys before hot working can also give rise to poor ductility 
because of the increase in size of the precipitate particles 
which form on the grain boundaries (Fig. VII.22).

A ductility reduction is also observed when the second 
phase is a metallic one and is present in much larger 
volume fractions. Examples are y  in a-iron (Robbins et 
al., 1967) or in 5-iron and 0-phase in Ti alloys (Reynolds,
1968). The magnitude of this effect depends upon the 
volume fractions of the two phases, on their relative 
ductilities, and on the softening mechanisms operating 
within the phases. The effect is typified by the Fe-Ni-Cr 
alloys, in which the fcc y  and bcc Sphases coexist at high 
temperatures. If the 5 phase is taken as the referenee 
matrix, then, as the proportion of the harder 7 -phase is 
gradually increased, the ductility understandably decreases 
(Fig. VII.23). The effect is more marked, however, if the 
proportion of 5 (which softens by dynamic recovery) is 
increased in a 7  matrix (which softens by dynamic recrys­
tallization). In this case the addition of a ductile phase to a 
less ductile one decreases the ductility ! A possible expla­
naron of this phenomenon is that the presence of the 
second phase inhibits dynamic recrystallization in the y  
by restricting grain boundary mobility. It is interesting 
to note that, despite the presence of a ductility minimum, 
the strength follows approximately the law of mixtures, 
with the alloy gradually softening as the volume of the 
softer phase is increased.

/  -  FERRITE (% )

Fig. VII.23 -  The effect on ductility of the relative volume fractions 
of bcc 5-ferrite (which undergoes dynamic recovery) and of fcc 
austenite (which softens by dynamic recrystallization). The torsion 
tests were conducted at a strain rate o f 0.02 sec-1  (Müller. 1967). 

x, 1200°C: A. 1 100°C; o, 1000°C; +. 900°C.

Similarly. in Cu-Ni-Zn-Mn alloys at 800°C, the dúplex 
alloy of 72 % bcc a-phase is more ductile than that of 
71 % fcc a-phase (Ward and Helliwell, 1970). One can 
therefore conelude that the ductile bcc phases (which 
soften by dynamic n-covery, and in which grain boundary 
migration is not essential) have their ductility reduced less 
than the harder fcc phases which soflcn by dynamic 
recrystallization. An exception to this generalization occurs 
when the two phases are uniformly distributed as fine 
grains of diameter 3 ti or less. In this case, the material 
becomes superplastic, but only at strain rates that span 
the división between creep and hot working, as discussed 
in more detail by T.H. Alden (1975).

In commercial alloys which contain inclusions, the 
fracture mechanism involves the linking up of voids 
nucleated at the inclusions. In such cases the ductility 
decreases with inclusión content, and this effect completely 
overshadows the alloying effects already described (Sellars 
and Tegart, 1972).

VIL 3.10  — E ffec t o f  Prior Substructure on Subgrain 
Formation

In the previous sections, it was assumed that the starting 
material for a particular cycle of working was fully_annealed. 
However, in many hot-working operations, such as rolling 
or forging, successive operations are performed on materials 
containing substructures inherited from previous cycles of 
deformation. The only common exceptions are extrusión 
and planetary hot rolling. It will therefore be of interest to 
consider the effect on the processes of dynamic recovery, 
and in particular on that o f subgrain formation, of the 
presence of the substructures produced in earlier treatments.

This subject is, unfortunately, rather complex because 
o f ( l)  the variety of substructures from which a given test 
may start, (2 ) differences in behavior associated with the 
relative strength o f the initial substructure and the final 
equilibrium substructure at steady state, and (3) the diver- 
sity o f experimental procedures employed in such tests. 
For simplicity, consideration will first be given to  cases 
where deformation is initiated with a softer substructure 
than the stable one. In a later section, we will consider 
commencement with a stronger substructure. One pheno­
menon is common to the two types of experiment; the 
final equilibrium substructure is dependent only on the 
deformation condjtions, regardless o f the initial sub­
structure, provided recrystallization or failure does not 
intervene (Bird et al., 1969; Joñas and McQueen, 1973). 
However, when the starting structure is a denser one than 
the final equilibrium substructure, the probability of 
recrystallization intervening during deformation under 
given conditions is much greater than for a nondeformed 
starting material.

VII.3.10.1 — Initial Substructure Weaker Than the Stable 
Substructure

In this case, the starting material contains relatively 
large subgrains with low wall densities. As straining proceeds, 
the wall density increases and intermediate subboundaries 
begin to form. Since the final subgrains must be equiaxed 
and an integral number is unlikely to  fit into an initial 
subgrain, considerable adjustment is required to reach
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the final structurc. In constant strain rate tests, the initial 
yield stress is higher than that o f a recrystallized specimen, 
and in constant stress creep, the creep rate is initially less 
than that of recrystallized material. Considerable strain is 
required to  produce the equilibrium substructure and 
the flow stress (or strain rate) may reach its steady State 
valué before the gross features of the substructure do. The 
strain required for such evolution may be greater than that 
for recrystallized metal to attain steady State flow for the 
given conditions of deformation. The following results for 
a-iron may be taken as an example: when the strain rate 
is increased by a factor of 1 0 0 , the initial flow stress is 
less than that of annealed material deformed to the same 
total strain entirely at the higher strain rate (Fig. VII.24). 
A strain of about 0.2 to 0.3 is required at the new strain 
rate for the flow stress and the substructure to reach their 
normal steady State valúes (Fig. VII. 25).

Fig. VII.24 - Probable range of flow stresses developed in industrial 
processes in which marked strain rate variations occur. The broken 
line represents the steady state flow stresses measured in tests on 
Armco iron at 675°C (0.54 Tm). The upper arrow indicates the 
decrease in flow stress from 10-1  to 1CT3 sec- 1 . The lower arrow 
indicates the increase in flow stress when the strain rate is rapidly 
increased from 10- 3  to 10 ' 1 sec- 1 . The final flow stress is less 
than that in a continuous test at the higher strain rate. The actual 
increase is only 63 % of the increase expected on the basis o f conti­

nuous tests at constant strain rate (Immarigeon and Joñas 1971).

C hanges o f  th e  above n a tu re  can arise in c reep  service 
w hen th e  stress is raised  e ith e r as a singular even t o r  as a 
cyclic  v a ria tio n . R apid  changes in tem p e ra tu re  o r stra in  
ra te  are also used in e x p erim en ts  to  d e te rm in e  th e  activa- 
t io n  energy  o r activ a tio n  vo lum e a t c o n s ta n t s tru c tu re . 
In in d u stria l h o t w ork ing , in h erited  su b s tru c tu re s  can 
p lay  a ro le in a v a rie ty  o f  Processing schedu les, som e 
ex am p les o f  w hich  w ill now  be co nsidered .

a) Multipass Deformation at Constant Temperature and 
Strain Rate. H ere th e  m eta l is held a t a c o n s ta n t te m p e ­
ra tu re  fo r  som e in te rval b e tw een  passes in  th e  sam e mili. 
D uring  th e  in te rval. th e  m eta l can e ith e r be  held  in  a 
fu rn ace  o r  can sim ply be coo ling  back to  th e  tem p e ra tu re  
th ro u g h  th e  loss o f  heat o f  th e  p rev ious p a rtia lly  adia- 
b a tic  d e fo rm a tio n . D uring th e  in te rval. the  m eta l undergoes 
s ta tic  recovery . so th a t its y ield stress is low er th an  a t the  
end o f  th e  p revious pass. If  th e  in te rval is n o t to o  long. 
th ere  is little  change in subgrain  size, a lth o u g h  th e  den sity  
o f  d is lo ca tio n s in the  su b b o u n d a ries  has decreased . If  th e  
stra in  o f  a p a rticu la r  pass is in su ffic ien t fo r th e  a tta in m e n t 
o f  stead y  sta te  flow . th en  th e  cu m ula tive  s tra in  o f  several 
passes m ay p ro d u ce  th e  eq u ilib riu m  s tru c tu re .

Fig. VII.25 -  Variation in subgrain size during transient deformation 
in Armco iron at 675°C (0.54 Tm). The substructural changes were 
initiated by a rapid change in strain rate at the strains indicated. 
Upper figure: strain rate decrease from 10-1 to 10-3  sec- 1 . Lower 
figure: Strain rate increase from 10~ 3 to 10-1  sec- 1 . It can be 
seen that the substructural modifications associated with hardening 
take place over greater strains than those associated with softening 

between the same limits (Immarigeon and Joñas, 1971).

b) Interrupted Deformation at Falling Temperatures or 
Increasing Strain Rates. Here the metal is cooler at each 
stage of deformation in either rolling or forging. Alterna- 
tively, each pass isat a higher strain rate, as in a continuous 
mili, where the sheet or shape is speeded up by the defor­
mation it undergoes in each stand. In this case, neglecting 
the effect o f static recovery, each eyele of deformation 
is performed on metal with a softer (more highly recovered) 
substructure than would normally develop under the 
conditions of that working operation. If the strain in each 
pass is less than the strain required to transform the initial 
structure into the steady state one, the final flow stress in 
that pass may be considerably less than that o f initially 
recrystallized metal (Vaughan, 1968). In aluminum, for 
example. a controlled series o f 14deformations was carried 
out, each of e =  0.8. separated by 30 sec intervals,with 
temperatures decreasing from 600 to 400°C (Farag et al..
1968). This treatment resulted in a final flow stress that 
was 25 7c lower than that pertaining to metal deformed 
continuously at 400 °C. Increasing the number of stages 
and reducing the strain per pass had little effect. However. 
doubling the time interval, which allowed more static reco­
very to take place, gave a final flow stress only 15 % less 
than that for isothermal deformation at 400°C. A similar 
but simpler schedule is shown in Fig. VII.26.
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Fig. VII.26 - The upper portion of the diagram shows the tempe- 
rature-time schedule of a series of torsion tests on superpurity alu- 
minum conducted at a strain rate o f 2.3 sec- 1 . On the temperature 
curve, a horizontal segment indicates the temperature of a stage 
of deformation and a vertical segment the cooling between stages. 
On the time graph, an almost horizontal segment indicates the 
short time elapsed during a stage of deformation, and a vertical 
segment indicates the delay between stages. In the lower graph, 
the solid lines indícate the flow stresses recorded, whereas the 
broken lines are for continuous isothermal tests at the tempera- 
tures noted. The slight decrease in steady state flow stress results 

from adiabatic heating (Farag et ai, 1968).

c) Continuous Deformation at Continuously Fa.ling 
Temperatures or Rising Strain Rates. This case arises in 
certain forming operations, such as extrusión or rolling. 
in which the strain rate rises rapidly as the metal passes 
into and partially through the deformation zone, and 
then rapidly falls to zero as the metal moves out of the 
zone (Joñas and McQueen, 1973). In forging, the strain 
rates vary in a more complex manner as the hammer is 
decelerated and as different portions of the billet come 
into contact with the die. Although the temperature 
can increase due to adiabatic heating, in many forming 
operations it decreases as heat is lost to the tooling and 
to the atmosphere. When the temperature is continuously 
dropping or the strain rate rising, the flow curve is lower 
than that calculated from isothermal isostrain rate data 
(Fig. VII.27). This is because, at each strain, the metal 
contains a softer substructure, inherited from the prior 
strain increment. than the stable one pertaining to the 
current temperature and strain rate. For example, in iron 
(Fig. VII.28). deformation under continuous cooling 
requjred a stress up to 30 % less than that expected from 
isothermal testing. Similarly, a 50 % upset at a constant 
velocity, which involves a doubling of the true strain rate. 
required an average flow stress 6  % lower than that for
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Fig. V1I.27 -  (a) Strain rate profile as a function of strain for a 
100: 1 extrusión die and a ram speed of 6  x 10-3  in/sec. (b) Flow 
stress profíles for material flowing through the strain rate profile 
of (a). The full line is the ideal profile based on constant strain 
rate steady state data for a-Zr at 850°C. The broken line is the 
expected profile after the deformation history is taken into account. 
The area under the broken curve is the actual work done and is 
greater or less than the ideal area depending on whether the peak 
strain rate is attained early or late along the profile (Joñas and 

McQueen, 1973).

TEM PERATU RE <”C )

Fig. VII.28 The flow stresses measured during continuous heating 
or continuous cooling are compared to the flow stresses measured in 
a series of isothermal tests. The material was vacuum melted bcc 
iron, the strain rate in the torsion tests was 1.5 x 10- 3  sec- 1 . 
and the rate of heating or cooling was about 50 0 C/sec. (Glover,

1969).

reduction at the mean of the true strain rate* (Loizou and 
Sims, 1953).

VII.3.10.2 — Initial Structure Stronger Than Stable 
Substructure

In this case, the initial structure has a finer cell size with 
more tangled boundaries than the equilibrium substructure. 
Thus as deformation progresses, the dislocation density 
diminishes. some subboundaries disappear, and equiaxed 
subgrains of the stable size and wall density form. During 
the transition, there is an increase in creep rate in a 
constant stress test and a decrease in flow stress in a 
constant strain rate test. The latter is often referred to as 
work softening. Substructural softening in a-iron has

* When the strain rate during a hot-working operation varies by 
a substantial factor, the appropriate mean strain rate to use for 
flow stress correlations is [ém }l !m , where m  is the rate sensitivity 
of the flow stress (Joñas and Chandra, 1971).



been observed to requirc a greater strain, 0.45 compared 
to 0.25, than the substructural hardening dcscribed earlier 
(Fig. VII-25).

Industrially, the conversión of fine to coarser sub- 
structures occurs when multipass deformations are carried 
out at increasing temperatures or decreasing strain rates. 
This situation can arise when, with rapid forming, adiabatic 
déformation heats up the metal. This gives rise to higher 
flow curves if the strains applied are small (less than 30 %), 
so that the stable configuration is not reached. Such a 
result is in opposition to the lower flow curves observed 
when the initial structure is softer than the stable one. 
When straining is continuous, with increasing temperature 
or decreasing strain rate, an augmented flow stress is again 
observed, which is in contrast to the effect o f continuously 
dropping the temperature or increasing the strain rate 
(Fig. VII.27). Since most forming processes have a strain- 
time profile with a rising rate followed by a falling rate, 
such operations can be expected to lead to finer sub- 
structures than indicated by the final strain rate. Similar 
effeets arise when adiabatic heating raises the finishing 
temperature above the entrance temperature.

The introduction of a fine substructure has been tried 
as a means of increasing creep resistance. Coid work, while 
giving a great initial improvement, almost always results 
in dynamic or static recrystallization, with a resulting 
diminution of creep resistance. Success has been attained 
by using substructures produced by static recovery after 
coid straining to the order of 1 0  %, or by prior creep at a 
higher stress. Such treatments are mainly of scientific 
interest since they are difficult to carry out industrially 
and do not offer as much benefit as raising the creep 
resistance through alloying. A more practical alternative 
is the production of a suitable substructure by hot working 
and, when possible, its stabilization by precipitation. 
This method, which will be described later, is a means of 
further increasing the rupture life o f creep-resistant alloys.

Stress Recovery. When a cold-worked metal isan annealed 
under stress, the rate of recovery increases considerably, 
and recrystallization can be delayed or even prevented 
(Auld et al.. 1957; Thornton and Cahn, 1961). This can 
arise in industrial processes such as continuous annealing, 
in which the traveling strip is under tensión because o f its 
weight and for purposes of materials handling. The appli- 
cation of external stress, which produces a form of creep, 
assists the dislocations to move through the crystal and 
increases the opportunity for annihilation to occur. It is 
most effective in metáis such as aluminum which nor- 
mally recover, but has been observed to occur in copper 
as well.

VII.3.11 -  High Temperature Dynamic Recovery and 
Stage III Déformation

Before concluding this section, we consider it advisable 
to distinguish between the sense of dynamic recovery as 
we have discussed it above and the more common meaning 
o f the term associated with ambient temperature defor- 
mation. The latter is concerned with the declining rate of 
strain hardening in the stage III déformation of fcc single 
crystals at homologous temperatures below one-half. In 
both cases, the softening process involves the rearrangement

of dislocations in the course of déformation. Furthermore. 
in both types, the facility o f different metáis for recovery 
increases with their stacking fault energy. On the other 
liand, true steady State flow, with an equilibrium sub­
structure of constant dislocation density, does not occur 
in stage III déformation. Instead, although the cell size 
usually remains constant, the wall dislocation density 
increases, leading to an increase in flow stress (Kuhlmann- 
Wilsdorf, 1966). The reason for this difference stems from 
the limitation of the stage III recovery mechanisms to 
cross-slip. By contrast, at elevated temperatures, other 
mechanisms are activated, such as dislocation climb and 
node unpinning. As a result of the availability of these 
additional processes at high temperatures, the accumulation 
of dislocations to the high concentrations associated with 
coid working does not occur. The dislocation density 
levels out instead at much reduced valúes, leading to the 
relatively low flow stresses normally associated with high 
temperature déformation.

As the temperature of working is raised, stage III dyna­
mic recovery merges into the type of dynamic recovery 
found in hot working. Concurrently, at a given strain, the 
subgrain size and perfection gradually increase and the 
flow stress decreases. This continuous decline in flow 
stress and increase in ductility is emphjved in the warm 
working of steels at temperatures betwee;i 100°C and the 
lower end of the hot-working range. In this range, the sur- 
face does not become oxidized, and lubricated polished 
dies can be used (Reynolds and Tegart, 1962; Keegan, 
1967).

VII.4 — Dynamic Recrystallization

VII.4.1 — The Flow Curve

The flow cujve under conditions of dynamic recovery 
has already been described. In that case, all the softening 
processes involved single dislocations, which are annihilated 
in individual events. We now turn to the contrasting 
situation where dislocations are annihilated in large numbers 
through the migration of a high angle boundary. By this 
means, the lattice in which they reside is destroyed and 
replaced by a new and substantially perfect one in one 
integral operation.

The occurrence of dynamic recrystallization modifies 
the appearance of the flow curves produced at constant 
strain rate so that they no longer have the simple shape 
shown in Fig. VII.5 above. At high strain rates in the 
hot-working range, the flow stress rises to a máximum at 
the peak strain ep . Thereupon, as a result of dynamic 
recrystallization, it diminishes to a valué intermedíate 
between the yield stress and the máximum or peak stress 
(Fig. VII.29a). At lower strain rates in the hot-working 
range, the softening produced by dynamic recrystallization 
is followed by renewed hardening and a cyclic flow curve 
of approximately constant period but declining amplitude 
is traced out instead (Fig. VII.29a) (Sellars and Tegart, 
1966a). The effect of decreasing the strain rate on the 
shape of torsional flow curves is shown in more detail in 
Fig. VII.30a. Here it can be seen that. at strain rates of 
more than 1 0 _1 see ' 1 in 7 -iron, softening by reerys-
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Fig. VII.29 -  Dynamic recrystallization during creep and hot 
working is common in metáis such as lead and copper in which 
the rate of dynamic recovery is limited. (a) Hot working at a slow 
rate leads to a cyclic stress-strain curve caused by waves of recrystal­
lization. At high strain rates, recrystallization starts at higher strains, 
causing the drop in stress after the peak. However, before recrystal­
lization is complete, the oldest o f the new grains deform enough to 
start recrystallizing again. In this way, new nuclei are continually 
forming throughout the material. Since these nuclei are soft, they 
keep the average flow stress low. Up to the peak, softening occurs 
by means of dynamic recovery processes. Nevertheless, after the 
initiation of dynamic recrystallization, dynamic recovery continúes 
to take place in each new grain until it once again recrystallizes. (b) 
At low creep stresses, the amount of dynamic recovery is sufficient 
to keep the dislocation density below critical levels. At high stresses, 
the substructure becomes so dense that recrystallization nuclei forri 
and grow rapidly to engulf the whole specimen. The specimen then 

begins to creep at high rates as it did initially.

tallization, once initiated. is continuous. By contrast 
when strain rates o f less than 1 0 " 1 sec- 1  are used, the 
softening is periodic. with intervening cycles o f harden- 
ing.

In a constant stress or creep test, the advent o f dynamic 
recrystallization appears as a rapid increase in strain rate, 
which terminates the otherwise normal stage of primary 
creep, usually before steady State deformation has been 
attained (Fig. VII.29b). After the acceleration, a new 
stage of primary creep commences, which is also likely 
to termínate in dynamic recrystallization. This pheno- 
menological cycle may be repeated several times (Fig. 
VII.30b). In general, it occurs only at high stresses in 
the creep range, when these are present at temperatures 
above 0.7 Tm (Richardson et al., 1966).
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Fig. VI1.30 -  (a) Flow curves of a plain 0.25%  C Steel in the 
austenitic state (fcc) at 1100° C (0.76 Tm), illustrating the strong 
influence of strain rate. At the higher strain rates, they exhibit the 
typical shape for dynamic recrystallization: strain hardening to a 
peak stress followed by work softening to a steady state level. The 
work softening is caused by the start of dynamic recrystallization 
and the stable flow results from continuous dynamic recrystallization. 
At low strain rates, the flow curve is periodic due to  xecurrent cycles 
of recrystallization (Rossard, 1960). (b) Creep curves for nickel 
under constant stress in compression at 860° C(0.65 T m) and 
900°C (0.72 Tm). The sudden increases in strain rate mark the 
initiation of cycles of dynamic recrystallization (Hardwick et al..

1961).

VII.4.2 — Microstructural Changes Associated with Dyna­
m ic Recrystallisation

In the metáis which undergo dynamic recrystallization, 
a dislocation substructure develops in the initial stage of 
deformation which is rather poorly recovered; i.e. the 
cells have relatively smaller size and more tangled walls 
compared to the metáis described previously, which 
undergo a high degree of recovery. A t lower strain rates, 
the evidence indicates that nucleation occurs by bulging
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of an existing grain boundary (Luton and Sellare, 1969). 
Although scalloped boundaries are also observed in the 
high dynamic recovery metáis, nucleation does not occur. 
The structural features peculiar to low recovery metáis 
that account for the nucleation of dynamic recrystalli- 
zation are: ( 1 ) the greater effectiveness with which a grain 
boundary is pinned by the highly tangled cell walls, and 
(2 ) the greater difference in strain energy between the 
región within the bulge and that in front of it. It should 
be noted that dynamic recrystallization has also been 
observed in lead single crystals undergoing creep, spe­
cimens to which the grain boundary bulge mechanism 
of nucleation clearly does not apply (Hirst, 1940). In 
this case, the nuclei were observed to form in slip bands, 
presumably by a nucleation mechanism similar to that 
described below for high strain rates.

At high strain rates, on the other hand, a fine tangled 
cellular structure is developed throughout all the grains, 
which does not leave grain boundary segments long enough 
to bulge. There is evidence that, with increasing strain, 
some tangles build up to  high misorientations, giving 
rise to  nuclei throughout each grain (McQueen and Ber- 
gerson, 1972). The density of nuclei is probably higher 
near grain boundaries because the strain is higher there 
as a result of aceommadation to plástic anisotropy. By 
the time steady State flow is attained, new small equiaxed 
grains have replaced the original grains (Fig. VII.31). 
Throughout the steady State región, the grains remain 
constant in size and equiaxed in shape (Rossard, 1960).

Since straining of the material continúes during nu­
cleation and growth, the new grains are deformed as they 
grow. When the strain rate is low, the gradient o f strain 
energy from the center of the recrystailized grain to  the 
rapidly advancing boundary is low, and the región behind 
the boundary is relatively free of dislocations. As a result, 
the driving forcé due to  the difference in dislocation density 
on opposite sides of the boundary, and henee the rate of 
migration, is not reduced appreciably by the continuing 
deformation. In this way, recrystallization proceeds to 
completion, with the center o f each grain in a deformed 
state, so that the material is not as soft as statically re- 
crystallized metal of the same grain size. Once recrystalli­
zation is complete, the dislocation density builds up again, 
raising the flow stress (or decreasing the strain rate in creep) 
until recrystallization is again nucleated.

In the case of high strain rate deformation, the gradient 
of deformation from center to  boundary of a recrystailized 
grain is high, and so there is a considerable dislocation 
density just behind the advancing boundary. By diminishing 
the driving forcé, the rate of migration is reduced relative 
to that in static recrystallization. Before recrystallization is 
complete, the dislocation densities at the centers of the 
recrystallizing grains have increased sufficiently that 
another eyele o f nucleation occurs and new grains begin to 
grow again (Fig. VII.32a). Thus, at any instant, there is a 
distribution of regions with different degrees of defor­
mation, from zero to a valué just higher than the peak 
strain (Fig. VII 32b and c). It is this distribution of 
dislocation substructures which maintains the average 
flow stress at a valué intermediate between the yield 
stress of statically annealed material and the peak stress.

A

X 3 0

B

X 4 0 0

C

X 120

Fig. VII.31 -  Micrographs of selected copper torsion specimens: 
(a) The initial large grains. x 30. (b) The very small dynamically 
recrystailized grains present after deformation into the steady State 
flow región at 800°C (0.8 Tm) and 5.6 sec- 1 . rapidly quenched. 
x 400. (c) The small statically recrystailized grains in metal deformed 
as in (b) but cooled less rapidly, x 120 (McQueen and Bergerson, 

1972).

VII.4.3  — Critical Strains for Nucleation and Completion 
o f  Recrystallization

As already illustrated above, the start o f recrystallization 
is quite marked on stress-stra in  curves, as it is on strain 
ra te - tim e  curves. The critical strain ec for the start of 
recrystallization is actually slightly less than the peak strain 
ep because, while the first nuclei are softening the material 
locally, the remaining material continúes to  get stronger. 
The difference between the two strains is even greater at 
higher strain rates. According to  Rossard (1973), who has
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of reasons. For example, the material could continué to 
strain harden, developing higher and higher flow stresses, 
until failure occurs. In such an instance it can be concluded 
that true hot-working conditions do not apply. If, on the 
other hand, the operation o f dynamic recovery processes 
alone leads to a high enough dislocation annihilation rate, 
the nucleation of recrystallization can be avoided entirely. 
This is the description that applies to  bcc iron at low tem­
peratures and high strain rates (Glover and Sellars, 1973), 
to aluminum over the entire hot-working range, and to 
most alloys in creep Service.

By means of metallographic examination, it has been 
established that the progress of recrystallization follows 
the normal S-curve of volume recrystallized-versus-log 
time which, in constant strain rate tests, is the same as 
volume recrystallized-versus-log strain. For explaining 
some features of dynamic recrystallization, ex has been 
defined as the strain from the point of nucleation to 
that where the volume percent of material recrystallized 
is x . For convenience, the strain for “complete” recrys­
tallization, er, has been defined as the strain for 95% 
recrystallization.

VII. 4.4 -  E ffect o f  Strain Rate and Temperature on ec 
and er

In general, the critical strain ec for recrystallization 
increases with increasing strain rate and decreasing tempe­
rature (Luton and Sellars, 1969). [This does not, however, 
apply at very low strain rates, where the critical strain 
seems to increase with decreasing strain rate (Fig. VII.33)].

Fig. VII .32 -  Substructures in specimens of copper that have 
dynamically recrystallized during high temperature deformation 
to a strain of about 30: (a) Two recrystallization nuclei A and B, 
surrounded by a heavily deformed región, 800°C (0.8 T m), 11.6 
s e c 1 (b) Región of high dislocation density. (c) Región of low 
dislocation density in material deformed at 950° C (0.9 Tm) and 

3.7 sec " 1. x 5000 (McQueen and Bergerson, 1972)

carried out extensive studies of this phenomenon, ec is 
given by the approximate relation:

ec ~  5 ep / 6  — 0.83 ep (13)

It should be noted that the critical strain for dynamic 
recrystallization may not in fact be attained for a variety
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Fig. VII.33 -  Stress dependence of ec , the critical strain for the 
onset of recrystallization, and of ex , the strain occurring durijig 
the time for a large fraction of the volume to  recrystallize. The 
strain scale is that for puré Ni at 935°C (0.7 Tm). At low stresses, 
where ec is greater than ex , the flow curve is periodic. However, 
at high stresses, where ec is less than ex , dynamic recrystallization 

is continuous (Sellars, 1971).



The increase in ec with temperature-corrected strain rate 
Z (Fig. VII.34a) signifies that, at higher Z, the subboundary 
density is higher before recrystallization is nucleated. The 
increase in ec with decrease in temperature is attributable 
to the decreased rate of recovery, and therefore of nuclea- 
tion, at lower temperatures. When the strain rate is increased 
at constant temperature, there is actually a decrease in 
the time required for recrystallization to begin, although 
the decrease is insufficient to offset the increase in strain 
rate, leading to the net increase in critical strain (Sah et 
al., 1969).

The strain for completion of recrystallization er also 
increases with temperature-corrected strain rate Z for

reasons similar to those described for ec above (Fig. 
VII.34b). In addition, there is a reduction in driving 
forcé with increased strain rate resulting from deforma­
tion behind the advancing boundary. This reduction is 
more marked at higher strain rates than at low, so that 
the rate o f increase of er with strain rate is much greater 
than that o f ec .

Periodic and Continuous Recrystallization

In the first detailed paper on dynamic recrystallization, 
Luton and Sellars (1969) showed that the different depen- 
dencesofec ande, on strain rate and temperature described 
above lead to  the periodic cycles o f recrystallization at low

2 (sec '} 
( o )

(b)

Fig. VII.34 - (a) Dependence on Z of em , the strain to the initial peak in flow stress or to the onset of 
steady state flow when no initial peak is observed. The insert shows a schematic interpretation o f the data 
in terms of emr. the strain to the onset o f steady state flow if recovery is the only softening process, and of 
ec, the critical strain for the onset o f dynamic recrystallization. It is seen that dynamic recrystallization is 
favored by low Z, i.e. low é and high T. The materials here and in (b) are vacuum melted and zone refined 
iron for which Q is 281 kJ/m ol.(b) Dependence on Z of the strain e* for the completion of recrystallization. 

The manner of measuring ex is indicated in the insert (Clover and Sellars, 1973).
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(a) (»>)
Fig. VII .35 Predicted stress-strain curves for dynamic recrystallization. (a) A cyclic stress-strain curve when 
the critical strain to initiate recrystallization ec >  ex , the strain occurring in the time for a large fraction 
of recrystallization. (b ) A steady state curve for the condition when ec < ex . The strain for completion of 

the first cycle es equals the sum, ec + ex (Luton and Sellars, 1969).

strain rates, and to the overlapping and continuous cycles 
o f recrystallization at high strain rates illustrated in Figs. 
VII.29a and VII.30a.

The periodicity arises because, at low strain rates, er is 
much less than ec (Fig. VII.35). Thus, once recrystallization 
starts, it is completed long before the regions which first 
recrystallized can work harden and nucleate a second time. 
At high strain rates, er is much greater than ec , so that 
before recrystallization is complete, the regions which first 
recrystallized reach the critical strain for a second nucleation 
(Fig. VII.35). In this way, more than one cycle of re­
crystallization may be taking place in the metal at the 
same time, each cycle of which is at a different stage of 
the recrystallization process.f The result is an equilibrium 
distribution of regions ha^ing different strains between 
zero and ec , giving rise to a constant average flow stress.

The size of the dynamically recrystallized grains de- 
creases as the temperature-corrected strain rate Z increases, 
because the associated increase in subgrain density gives 
rise to a higher density of nuclei (Fig. VII.36). There are 
also more cycles of recrystallization present simultaneously 
at higher valúes of Z. It follows from this that there is also 
a relationship of grain size to steady state flow stress which 
will be presented in the next section.

VII.4.5 — Relationship o f  Flow Stress to  Structure

The grain structure o f dynamically recrystallized material 
affects the high temperature flow stress in two distinct 
ways. In the first place, the volume fraction that has 
recently recrystallized determines the degree to which 
the flow stress approaches that o f statically recrystallized 
material on the one hand or that o f fully work-hardened
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Fig. VII.36 -  Recrystallized grain sizes for Cu and Ni are larger for 
higher temperatures and lower rates o f deformation (McQueen and 
Bergerson, 1972; W.J. McG. Tegart and H. Ormerod, unpublished 
work, University of Sheffield, England, 1971; Luton and Sellars, 
1969). The statically recrystallized grains, which form during cooling, 
are larger than the dynamically recrystallized grains, even though 
cooling occurs within seconds. In the calculation of Z, the valúes of 

activation energy Q used for Cu and Ni were 302 and 234 kJ/mole.
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material on the other. Sccondly, the grain size itself can 
influence the high temperature flow stress when the grain 
boundaries act so as to impede the propagation of slip 
throughout the material.

The relationship between volume fraction recrystallized 
per increment of strain and the flow stress was first ana- 
lyzed in detail by Luton and Sellars (1969). They showed 
that the volume recrystallized during each strain increment 
after the critical can be calculated from a knowledge of 
ec and er (Fig. VII.35). Thus at any strain, the distribution 
of progressively deformed volumes and henee of progressi- 
vely increased strengths can be summed to give the average 
flow stress. This assumes of course that all regions are 
undergoing the same strain, which is not unreasonable 
since they are quite small and are uniformly dispersed.

By this technique of calculation, it is possible to simú­
late, for low strain rates, cyclic stress-stra in  curves with 
the correct period, amplitude, and shape. At high sírain 
rates. by taking into consideration the presence of more 
than one eyele of recrystallization, it is possible to  derive a 
stress-strain  curve with the same work-softening characte- 
ristics and approximately the same steady State flow stress 
as observed experimentally. Furthermore, according to the 
analysis, the calculated curves change from the cyclic to 
the steady state shape as er becomes greater than ec at 
approximately the valué of Z at which the experimental 
curves change character (Sah et al., 1969; Glover and 
Sellars. 1973).

It should be noted that the steady state flow stress 
which results from dynamic recrystallization is consi- 
derably less than that which would result if only dyna­
mic recovery operated in these metáis. This reduction 
in flow stress can only be exploited industrially if the 
strain exceeds the peak strain for the conditions of de- 
formation in effect; this can be fairly high at industrial 
forming rates. Nevertheless, dynamic recrystallization 
generally takes place in the low recovery metáis, as long. 
as the déformation is continuous, as in extrusión, or if it 
accumulates, as in a hot strip mili when there is no static 
recrystallization between stands.

With regard to the effect of grain size on the high 
temperature flow stress, the situation is not quite as clear. 
As was stated earlier, the dynamically recrystallized grain 
size does not vary with strain during steady state defor­
m aron. Under most conditions, a relationship between 
steady state flow stress os and grain size dg of the follow­
ing form is observed (Fig. VII.37).

o¡ =  U d - ” (14)

Here M ¡s an empirical constant and q has been observed 
to be 0.71 in zone refined a-iron (Glover and Sellars.
1973). 0.75 in Ni atui Ni-Fe alloys (Luton and Sellars,
1969). and 0.75. 1.0. and 1.0 in Cu-Al alloys. Cu, and Ni. 
respectively (Tegart. 1968).

Despite the form of Lq. (14), however, the flow stress 
a„ is unlikely to be causally related to the grain size dg : 
rather dg is probably linked to the magnitude of the 
induced stress os. This arises because the subgrain size 
d  formed by the dynamic recovery processes that are 
taking place (see Sections VII.3.3 and V il.3.5) is causally 
related to the strain rate and temperature. and therefore 
to the flow stress as and the amount of work hardening

o¡ by Eqs. (8 ) and (9):

a, = KJ t/ - 1  (8 )

o¡ = K2 d  2 (9)

G R A IN  S IZ E  (mm)

Fig. VII-37 Correlation between the steady state flow stress andthe 
recrystallized grain size for the copper-aluminum alloys of Fig.Vil.40. 
The data for all alloys fall on the same curve. This indicates that the 
puré metal and the alloy have the same grain size when the steady 
state flow stresses are the same; for the latter to be in effect, the 
alloys must be deformed at a higher temperature or a lower strain 
rate. In a similar way, when the puré metal and the alloy are deformed 
at the same temperature and rate, the alloy has a higher stress and 

a finer grain size (Bromley and Sellars, 1973).

Now the dynamically recrystallized grain size will in 
general be related to the nucleus density and therefore 
to the volume density of subgrains present within the 
material. Under these conditions, the recrystallized grain 
size dg is approximately proportional to  the subgrain 
size d  (Luton and Sellars, 1969), so that as can be corre- 
lated with dg as well as with d ; i.e

a —. K c? " 1 (15)* 3 s
a¡ =  K4 dg 1 (16)

It should be noted that Eqs.(15) and (16) are corre- 
lations rather than causal relationships in view of the addi- 
tional hardening contributions of both the subboundaries 
and the dislocations contained within the subgrains. This 
point can be seen more clearly if the steady State flow 
stress is written as

a s =  a *  t  a i x b \ / p ^  r  K 2 d ~ *  +  K s d g 1^2 ( 1 7 )

Here a* is the effective stress, Eqs.(4) and (6 ), the term 
aiibsT p l represents the hardening contribution of the 
dislocations, Eq.(12), K ,í / _ 1  that of the subboundaries, 
Eq.(9), and Ks í / J 1/2 the Hall-Petch strengthening contri-
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bution of the grain boundaries*. Bearing in mind that 
s /p l  a  \ /d  (Section VII.3.5), we can write

+ K. d ~ l + K,6 5 g (18)

and, given the dependence referred to above that de d , 
a is given by

(19)

The experimental valúes of q in Eq. (14), which are closer 
to 1 than to 1 /2 , thus indícate that the component of 
substructure strengthening (K7 d “ *) is generally greater 
than the Hall-Petch contribution of the grain boundaries 
(Ksd ~ 1¡2), and that Eq.(14) is therefore more likely to 
reflect the link between flow stress and nucleus density 
than that between grain size and resistance to  flow.

VII.4.6 — Characteristics o f  D ifferent Metals and Alloys

The metáis which exhibit dynamic recrystallization are 
generally those that undergo a relatively low degree of 
dynamic recovery during high temperature deformation. 
This is because separation of the partial dislocations make 
climb, crossglide, and node detachment difficult. The low 
rate o f dynamic recovery gives rise in turn to  a dense 
dislocation substructure which promotes nucleation. This 
effect is found in fcc metáis of low and moderate stacking 
fault energy, notably nickel (Shapiro and Dieter, 1971), 
cobalt (Jacquerie and Habraken, 1968), copper, and 
austenitic Fe (Keane et al. , 1968).

The capacity for dynamic recrystallization also depends 
on the ease of migration of the grain boundaries, which 
increases as the purity o f the metal is improved. Thus 
dynamic recrystallization has been observed in vacuum 
melted and zone refined a-iron, but not in iron of standard 
purity or in steels (Glover and Sellars, 1973). Even in the 
former materials, dynamic recrystallization occurs only 
when the temperature-corrected strain rate remains below 
a certain valué, which is higher for the more purified metal.

E ffect o f  Alloying,

In solid solution alloys, the addition o f solute tends to 
diminish the ability o f the metal to  recover, thus increasing 
the tendency to  dynamic recrystallization; however, the 
solute may also hinder the migration of boundaries, slowing 
the rate o f dynamic recrystallization. Some typical flow 
curves in copper alloys, which soften by dynamic re­
crystallization, are shown in Fig. VII.39. It can be seen 
that the rate o f work hardening diminishes with strain, 
through the operation of dynamic recovery processes, 
until strains o f 0.15 to  0.20 are reached. In relatively puré

* The validity of the Hall-Petch relation at high temperatures 
has not been conclusively established. However, aside from the 
fine grain sizes associated with superplastic behavior and with 
the appreciable weakening attributable to grain boundary sliding, 
there is clear evidence that, for grain sizes above about 2 0  fi, the 
high temperature yield strength increases with decreasing grain 
size (Fink et al., 195S; P.J. Wray, prívate communication, 1974). 
Although the exact form of the dependence was not determined 
in these investigations, in copper at 600°C, the strengthening compo­
nent has been reported to follow the Hall-Petch relation (Fig. 38), 
and this is the view that is adopted here.
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Fig. VII.38 -  Effect o f grain size on the high temperature yield 
stress o f tough pitch copper. Testing was done in compression and 
the different grain sizes were produced by prestraining to a constant 
strain of 0.4 at various strain rates and temperatures. The yield 
stress can be seen to be rate sensitive; the slopes o f the fitted lines 
increase perceptibly with strain rate, indicating a slight dependence 
of the Hall-Petch boundary strength coefficient on strain rate 

(Petkovic, 1975).

T R U E  STRAIN

Fig. VII.39 -  Compression flow curves in three cuprous materials. 
Strain rate 1.8 x 10~ 2 sec- 1 . In puré copper at 500°C, dynamic 
recrystallization begins after a strain o f about 0.1  and is complete 
in strains of about 0.05 or less. In tough pitch copper (0.05 % O), 
the peak strain doubles to about 0.2  and the recrystallization strain 
increases even more sharply to about 0 3 .  This can be attributed to 
the effect of a dispersión o f Cu20  particles. In the Cu-Ni alloy, the 
net rate of work hardening is increased appreciably by the addition 
of Ni, and the critical strain for recrystallization is greater than the 

strain limit imposed by the testing method (Petkovic, 1975).



copper, when recrystallization is initiated, the flow stress 
drops rapidly and then levels out after a further strain of 
about 0.05. In copper containing 0.05 % oxygen, numerous 
particles o f Cu2 O are present, which impede the motion 
of grain boundaries, with the result that the softening 
associated with dynamic recrystallization is retarded, and 
an increased strain of 0.3 is required to attain stable flow. 
An even greater difference can be discerned in the flow 
curve for the Cu-Ni alloy. Here the addition of 9.5 % Ni 
has considerably diminished the rate o f dynamic recovery, 
and the rate of work hardening is higher than in the other 
two materials. The addition of Ni has also affected the 
processes of nucleus formation and of grain boundary 
migration so that, by the time the end of the test and a 
strain of 0.7 have been attained, softening by dynamic 
recrystallization has still not become fully developed.

Dynamic recrystallization has been observed in brass 
(Sunter and Burman, 1972), monel (Rhines and Wray, 
1961), nickel-base superalloys (Fulop and McQueen,
1972), and austenites o f plain carbón, low alloy, stainless, 
and tool steels (Rossard, 1960). In these metáis, the 
general effect o f alloying is an augmentation of strength 
and a retardation of dynamic recrystallization so that, at 
temperatures low in the hot-working range, it does not 
occur, giving rise to a severe ductility minimum. On the 
other hand, in alloys of copper in which the aluminum 
content varies between 1 and 8  %, there is little reduction 
in ductility in the range 0.55-0.9 Tm . While the steady 
state flow stress does increase with aluminum content up 
to 4  %A1, it is almost unchanged if the concentration is 
increased further to 8  % Al (Fig. VII.40). In these alloys,

I 2(>

Fig. VII.40 The peak stress in Cu alloys increases with increase in 
strain rate and decrease in temperature. The peak stress also increases 
with the concentration of aluminum, which is known to lower the 
stacking fault energy at room temperature. However, the peak 
stresses for the 4 % and 8 % Al alloys are almost the same (note 
difference in vertical scales). The same activation energy (Q =  200 
kJ/mole) was used for all the alloys (Bromley and Sellars, 1973).

the presence of solute appears to have little effect on the 
relationship between the high temperature flow stress and 
the dynamically recrystallized grain size (Fig. VII.37). 
However, information is lacking in regard to differences

in substructure in the puré metal and the alloy at the 
same grain size.

In Ni-Fe alloys, as the iron concentration is increased to 
2 0  %. the stresses at the peak and in the steady state 
región gradually increase (Fig. VII-41). Although the

Fig. VII .41 -  The influence of the addition of Fe to  Ni on the peak 
flow stress (open points) and steady state flow stress (filled points) 
at constant strain rate, é =  7.7 x 10-2  sec- 1  (Luton and Sellars, 

1969).

absolute magnitude of the solute strengthening component 
decreases with increasing temperature, the degree of 
strengthening relative. to  unalloyed material remains 
approximately constant. The activation energy of defor­
mation increases with iron content from 234 kJ/mole 
for puré Ni to  298 for 5 % Fe, 330 for 10 % Fe, and 
393 for 20 % Fe. In Eq. (14), the constant M decreases 
from 1.45 to  0.82 ksi/mm 3/4  for 20 % Fe, indicating that, 
for a given flow stress, the grain size of the alloy is lower 
as the Fe concentration in increased, because the dissolved 
iron increases the probability o f nucleation and decreases 
the rate o f boundary migration. The lack of increase in 
flow stress with decrease in grain size supports the view 
described earlier that the internal stress component o f the 
flow stress is associated mainly with the dislocation sub­
structure.

In Fe-C alloys, an increase in carbón concentration and 
associated alloying elements raises the activation energy 
from 322 to  460 kJ/m ole (Rossard, 1960). The flow 
stress, however, can increase or decrease somewhat with 
the concentration of additional elements, perhaps for 
reasons similar to  those mentioned above (Section VII.3.7) 
with respect to the effect o f Silicon addition to  a-iron. The 
flow stress for F e—18 % O - - 8  % Ni has been reported 
to be 50 % higher than for a plain carbón steel and again 
the activation energy is higher in the alloyed material
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(450 kJ/mole). The addition of Cr, Mo, or W increases 
the flow stress still further (Gueussier and Castro, 1958).

The presence o f dispersed second phase particles tends 
to  stabilize the substructure and prevent or restrain grain 
boundary migration. Such inhibition or retardation of 
dynamic recrystallization lias been observed in austenite 
containing NbC (Le Bon et al., 1973) and in Udimot 
700 with y ' precipítate (Oblak and Owczarski, 1972). 
The coalescence of second phases during high tempe­
rature deformation has already been described in Section 
VII.3.8 above ; at present there is insufficient evidence to 
say whether or not dynamic recrystallization occurs in 
alloys which exhibit this behavior and in which the matrix 
recovers poorly.

VII.4.7  — Dynamic Recrystallization and Ductility

In constant strain rate tests, the metáis which undergo 
limited dynamic recovery have a mínimum in ductility 
in a temperature zone near the lower limit o f the hot- 
working range. This effect has been observed principally 
in nickel and its alloys (Figs. VII.42 and VII.43). The 
cause o f the phenomenon has been clarified from an 
examination o f the mode of fracture.

%  NICKEL

Fig. VII.42 — The effect of solid solution alloying on the ductility 
of copper-nickel alloys. It can be seen that increasing the temperature 
greatly improves the ductility in dilute alloys, but only marginally 
improves the concentrated alloys, in which dynamic recrystallization 
does not take place before fracture (Sellars and Tegart, 1966b).

---- , 0,6 Tm ; - —  . 0 .7 T m ; - - - , 0 . 8 T m .

At temperatures below the decline, the fracture mode 
is similar to  that at room temperature and the ductility is 
somewhat higher. As the test temperature is increased to 
that o f the minimum, more and more grain boundary crack­
ing is observed and the fracture becomes entirely inter-

TEMPERATURE ( ° C )

Fig. Vil.43 — The effect of temperature and strain rate on the 
ductility and peak stress for Inconel 600. The minimum in ductility 
results from the widespread occurrence of grain boundary cracking; 
the rapid rise in ductility at higher temperatures for a strain rate of 
2.52 sec-1  is the result o f dynamic recrystallization. At a strain rate 
of 70 sec- 1 , dynamic recrystallization is delayed to greater critical 
strains and thus does not have an opportunity to improve the 
ductility in the temperature range of the tests (Dieter et al., 1968).

crystalline (White and Rossard, 1968). This arises because 
metáis which undergo little dynamic recovery have high 
yield stresses and high work-hardening rates. The resultant 
high flow sfresses at finite strains prevent the accommo- 
dation, by lattice deformation, of the stress concentra- 
tions developed at triple points by grain boundary sliding. 
As the temperature is increased beyond that of the mini­
mum, more and more dynamic recrystallization is observed 
(Bailey, 1969). The introduction of new grains isolates the 
cracks already formed from the grain boundaries, thus 
inhibiting their propagation (Fig. VII.44). Thus, in hot 
working, the initiation of dynamic recrystallization leads 
to  a considerable increase in ductility. It is also valuable to 
point out that in multipass operations, static recrystalli­
zation between passes has a similar effect in increasing 
ductility (White and Rossard, 1968).

As the strain rate is increased, the minimum in ductility 
tends to move to  higher deformation temperatures (Rhines 
and Wray, 1961). However, the increase in strain rate also 
reduces the fraction of the strain attributable to  grain 
boundary sliding relative to the overall lattice strain, so 
that the minimum becomes less noticeable (Fig. VII.43).

The metáis which exhibit a ductility minimum in hot 
working usually exhibit severe grain boundary cracking 
in creep. Dynamic recrystallization, if it occurred, would 
increase their ductility, but the improvement would 
not be as great as at hot-workjng strain rates. In part this 
is because, at creep strain rates, where dynamic recrystal-
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Fig VII 44 -  Grain boundary cracking in Ni-5 % Fe deformed at a 
strain rate o f 2 x 1(T3 s e e '1' (a) At 760°C (0.6 Tm), which is near 
the ductility minimum, the cracks have propagated extensively by 
the time a strain o f 0.35 is reached. x 125. (b) At 934°C (0.7 Tm), 
dynamic recrystallization (as evidenced by the finer grain size) has 
prevented propagation even at a strain of 1.6 x 625 (Luton and 

Tegart, 1969).

lization tends to  occur in distinct eyeles, there is consi­
derable opportunity for the cracks to  grow in the part 
of the eyele in which recrystallization is not taking place. 
To some extent, the improvement in ductility that can be 
brought about by the operation of dynamic recrystalli­
zation is only of academic interest in creep Service be- 
cause the desirable increase in ductility would be out- 
weighed by the undesirable increase in the average creep 
rate.

VII.4.8 -  E ffect o f  Interruption or o f  Continuous 
Variation in the Conditions o f  Deformation

As discussed in Section V il.3.10, many industrial ope- 
rations consists of a series of passes with intervening delays. 
Furthermore, in thecourse of any single forming operation, 
there is usually a continuous change in strain rate and 
temperature (Figs. VII.26, VII.27, and VII.28). While 
Section VII.3.10 dealt with the structures produced by 
prior dynamic or static recovery, this section will discuss the 
effect arising from prior dynamic or static recrystallization. 
To be of interest, the latter must not be complete, for it 
is only in the partially recrystailized condition that the 
effect of further deformation differs from that described 
so far in this section. A more complete description of

static recovery and recrystallization following dynamic 
recrystallization will be presented in Section VII.5.

Since a dynamically recrystallizing material contains a 
substructure, interruption o f a test or operation generally 
leads to  partial static recrystallization. On interruption, the 
most severely strained regions recrystallize First, so that 
the flow stress in a subsequent limited strain eyele is less 
than for steady state flow (Bromley and Sellars, 1973). As 
some worked grains are retained, which recrystallize with 
little strain upon resumption o f deformation, the strain to 
the peak stress, as well as the height o f the peak, is reduced. 
If complete recrystallization takes place during an inter­
ruption, then the flow curve in (be next strain eyele 
resembles that o f the previous eyele.

In tests at continuously increasing strain Tates or decreas- 
ing temperatures, the flow stress is lower than that observed 
in isothermal, isostrain-rate tests. This is similar to the 
situation described earlier under conditions of dynamic 
recovery, and for essentially the same reasons. The dyna­
mically recrystallizing material contains a substructure 
characteristic o f the temperature and strain rate o f defor­
mation. If the former is augmented and the latter reduced, 
further deformation is imposed on an inherited substructure 
which is softer than the equilibrium structure for the new 
conditions of deformation (Fig. VII.45).

LOl/>
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EQUIVALENT STRAIN RATE (see* ’ )
Fig. VII.45 -  The flow stresses measured during two series of 
deformations, one with decreasing strain rate and the other with 
increasing strain rate, are compared to the flow stresses measured 
in individual isostrain rate tests. The points plotted represent the 
flow stress attained after a strain of 0.9 in each stage. Since the 
specimens were maintained at 750°C throughout all experiments, 
the delays of 10 sec between stages permitted some static recovery 
and recrystallization to occur. The flow stress upon inheritance of 
a softer microstructure is less than the normal steady state stress, 
which in tum  is less than that upon inheritance of a stronger structure 

(Bromley, 1969).

VII.5 -  Static Recovery and Recrystallization after Hot 
Working

Vn.5.1 -  Static Recovery

In Sections VII.3 and VII.4 above, we were primarily 
concemed with the softening processes occurring during
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high temperature deformation, i.e. with dynamic recovery 
and recrystallization. We turn our attention now to the 
static softening processes, i.e. those taking place after

(a)

Fig. VII-46 -  Interrupted stress-strain curves for a material undergoing 
(a) dynamic recovery and (b) dynamic recrystallization. (a) Commer- 
cial purity aluminum tested at 410°C (0.74 Tm) and 2.7 sec- 1 . The 
delay time on interruption ranged from 1 .8 to 4100 sec. For compa- 
rison, the broken curve k is a trace o f the initial loading curve 
(Evans and Dunstan, 1971). Curve and delay time (sec): b, 1.8; 
c, 2.5; d, 3.95; e, 8.5; f, 405; g, 490; h. 1314; i, 4100. a, Single 
deformation test; k, initial portion of curve a. (b) The upper curves,

which are for a 0.42 % C steel, have an interruption strain of 0.14 
in the dynamic recovery región. Both tests were conducted at 
870°C.(0.65 Tm) and the delay time was 0.5 sec for the left-hand 
curve and 17 sec for the right-hand curve. The lower curves, for 
a 0.68 % C steel deformed at 915°C (0.78 Tm), were strained to
0.33 in the dynamic recrystallization región. The test on the left 
was for a delay time of 0.5 sec, and that on the right for a delay 
time of 10.5 sec. All samples were austenitized at 960°C (Djaic 

and Joñas, 1972).

deformation is complete or between intervals o f hot work- 
ing. As before, these processes can be conveniently divided 
into two distinct categories: (a) the recovery processes, 
which involve the annihilation o f dislocations in individual 
events, and (b) the recrystallization processes, in which 
dislocations are simultaneously eliminated in large numbers 
as a result o f the motion of high angle boundaries. Each 
of these topics can be further subdivided according to 
whether the prior dynamic softening occurred solely 
by recovery or whether dynamic recrystallization was 
involved as well. This further distinction is particularly 
relevant to  our discussion of recrystallization below, 
which will therefore be separated into two parts.

VII 5.1.1 — The Critical Strain For Static Recrystallization

The critical strain for static recrystallization is generally 
of the order of 1 0  %. If the critical strain is exceeded, an 
incubation period must elapse before recrystallization 
proceeds. The length of this incubation period depends 
on temperature and on the amount and nature of the 
prior strain, as will be described in more detail below. 
Of interest in the present context is that, if the critical 
strain is exceeded, softening by static recovery can only 
take place during the incubation period prior to  recrystal­
lization. Furthermore, if the critical strain for recrystalli­
zation is not reached, the recovery process does not lead 
to  full softening, but saturates at a softening level well 
below 1 0 0  %; i.e. fu ll softening cannot be produced by  
recovery processes alone.

The existence o f a critical strain for full softening, and 
of a saturation limit to the effect o f recovery, are readily

revealcd by the technique o f interrupted compression 
testing. According to  this method, individual samples are 
deformed at a constant strain rate, and then, at a selected 
strain, they are unloaded and held for increasing delay 
times before they are reloaded at the original strain rate. 
Kxamples of such interrupted tests are given in Fig. VII.46. 
In this type of work, the fractional softening that takes 
place can be evaluated in terms of the quotient:

flow stress on interruption -  reloading yield stress
flow stress on interruption -  original yield stress

Four such tests, executed on samples of low carbón steel, 
are shown in Fig. V il.47. Here it can be seen that at 
746°C, which is in the a  + y  región, strains o f 2.5 % and 
9 % do not lead to recrystallization within 104 sec (Fig. 
VII.47b). When accumulated strains o f l5 % ( 1 0 %  + 5%) 
and 30 % (15 % + 15 %) are imposed at a temperature 
o f 677°C, on the other hand, recrystallization begins in 
less than 1 0 0  sec and is virtually complete at the end 
of the test (Fig. VII.47a).

The existence of a critical strain is shown more clearly 
in Fig. VII.48. In these experiments, conducted on a
0.68 % C plain carbón steel, a prestrain of 5.5 % (curve a) 
was followed by a recovery cycle lasting some 100 sec. As 
softening did not go to  completion, it can be concluded 
that the critical strain exceeded 5.5 %. From curve b it 
can be seen that, after an interruption strain of 9.8 %, 
softening by recovery was complete after about 1 0 0  sec ; 
after a further delay of about 6000 sec, recrystallization 
began and proceeded to  completion in a further 1 0 6 sec. 
The critical strain for this material, at 780° C, is thus 
between 5.5 and 9.8 %.

9
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Fig. VII-47 -  Effect o f temperature and interruption strain on the 
rate o f softening of a 0.14 % C steel. Tests in (a) were conducted 
at 677°C (0.54 Tm) on a-phase material, o, e =  0.15 + 0.15, 
é =  0.1 sec-1  ; V , e = 0.10 + 0.05, é =  0.05 sec"1. (b) Tests 
were conducted at 746°C (0.57 Tm) on a misture o f a +  7  phases. 
o, e =  0.025, é = 0.03 sec- 1 ; ° ,  e =  0.09, é =  0.075 sec- 1 . 
The upper curves exhibit recrystallization after an incubation 
period, whereas the lower curves are for strains which have not 
exceeded the critical (Djaic and Joñas, 1972).

The softening curves of Fig. VII.48 reveal that, for 
the particular steel chosen, the máximum relative softe­
ning that can be produced by static recovery alone is 
about 40 %. This compares with softening levels of about 
40 %, 50 %, and 50 % produced by recovery alone in- 
aluminum (Evans and Dunstan, 1971), tough pitch copper 
(Petkovic, 1975), and in niobium-modified steels (Petkovic 
etal., 1975).

Fig. V il.48 -  Effect o f  strain on the static softening of a 0 .68%  C 
steel at 780°C (0.58 Tm). é =  1.3 x 1CT3 sec- 1 . The following 
interruption strains were used. Curve a, 0.055; curve b, 0.098; 
curve c, 0.24; curve d, 0.41. The final point in curve b was obtained 
by heating the sample to 915°C during the interruption. The first 
plateau in each curve indicates the completion o f static recovery. 
The second plateau in c indicates the termination of metadynamic 

recrystallization (Djaic and Joñas, 1973).

VII.5.1.2 -  The E ffect o f  Temperature. Strain Rate, and 
Strain on the Rate o f  Recovery.

The main experimental variables affecting the reco­
very rate are the temperature, strain, strain rate, and 
composition. The influence of temperature is illustrated 
in Fig. VII.49a for a medium-carbon steel. The recovery

t i m e  (sec)

Fig. VII.49 — (a) Effect o f temperature (0.61 -  0.67 Tm) on the 
rate o f static recovery in a 0.42 % C plain carbón steel. The results 
were obtained by interrupted compression testing afteran interruption 
strain o f 0.14, é =  1 x 10_I sec- 1 . X represents the fractional 
softening, i.e. relative reduction in yield stress with time, and 1 -  X 
is the residual strain hardening. (b) Effect o f interruption strain on 
the rate o f static recovery in a 0 .68%  C plain carbón steel at 780°C 
(0.58 Tm). é =  1.3 x 10- 3  sec- 1 . The increases in softening 
rate at strains o f 0.24 and 0.41 include a component o f concurrent 

softening by metadynamic recrystallization (Petkovic et al., 1975).

curves all represent softening cycles occurring after a 
prestrain of 14%  ; i.e. following interruption strains 
below the criticar. The effect o f temperature on the 
recovery rate is evident, but is not particularly marked, 
in part because the amount o f stored energy driving the 
recovery process decreases as the deformation tempera- 
ture is increased. It is less than the effect of temperature 
on the recrystallization rate, as will be shown in more 
detail below. It is also apparent that the rate of recovery 
decreases with time, indicating that the stored energy or 
driving forcé is progressively reduced by the operation of 
the recovery process. Because the driving forcé for reco­
very is generally different at different deformation tempe­
ratures, it is difficult to determine the activation energy 
associated with static recovery after high temperature 
deformation.

In general, increases in strain lead to increases in the 
recovery rate until steady state flow is achieved. This 
can be attributed to the attendant increase in dislocation 
density, and therefore driving forcé, with strain until 
equilibrium is reached. The effect upon the recovery 
rate o f increasing the driving forcé is shown in Fig. VII 49b. 
These curves were constructed from the recovery or initial 
restoration portions of the softening curves of Fig. VII.48. 
It can be seen that the recovery rate increases continuously
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with the amount of interruption strain, up to a prestrain 
of 41 %. These prestrains were selectcd to be : curve 
íi) below the critical strain ; curve b) above the critical 
strain for static recrystallization, but below that for 
dynamic recrystallization ; curve c) just beyond the peak 
of the flow curve, and therefore just beyond the critical 
strain for dynamic recrystallization ; curve d) cióse to 
the steady state región, i.e. that of continuous dynamic 
recrystallization. It appears that when a strain cycle is 
interrupted in the dynamic recrystallization range, the 
grain boundaries continué to move. i.e. recrystallization 
continúes, w ithout requiring an incubation period. This 
special kind of softening has been termed metadynamic 
or post-dynamic recrystallization (Djaic and Joñas, 1972,
1973) and will be discussed again later. For the moment, 
it is sufficient to note that part o f the increase in apparent 
recovery rate from curve c to curve d  can be attributed to 
the simultaneous occurrence o f metadynamic recrys­
tallization.

A further effect o f driving forcé is shown in Fig. 
VII.50a. Here two different strain rates, differing by an

Fig. VI1-50 - (a) Effect o f strain rate on the rate o f static recovery 
in a 0.42 % C plain carbón steel at 825°C (0.61 Tm), e =  14 %. 
The increased rate o f recovery that follows the higher testing strain 
rate is attributable to the higher dislocation density and therefore 
the higher stored energy that is produced under these conditions.
1 -  X represents the residual strain hardening as determined by 
yield stress measurements made by interrupted compression testing. 
This steel and thesamples referred to in  Fig. VII .49 were austenitized 
at 960°C. (b) Effect of Nb addition on the rate o f static recovery in 
a low carbón steel at 930°C (0.68 Tm), é — 8  x 10“ 2 sec 1 , 
e =  25 %. The plain carbón steel was austenitized at 960 C and 
the Nb-modified steel at 1150°C. The very large decrease in recovery 
rate that follows on the addition of Nb appears to play a large part 
in the retardation of recrystallization in such steels. It is not clear 
whether the reduction in rate is due to the effect of Nb in solution 

or as a precipítate (Petkovic et al., 1975).

order o f magnitude, were employed to  produce the pres­
train. As in the previous case, it can be seen that, at a 
fixed temperature, the recovery rate increases with sto­
red energy. i.e. with the prior déformation rate.

VII.5.1.3 -  E ffect o f  Alloying.

It is evident from the discussion above that after high 
temperature déformation, static recovery begins as soon 
as the forcé is removed. That is, no delay period is requi- 
red for softening to be initiated. In general, the factors 
that increase the rate of static recovery (e.g. increases in 
temperature, prestrain, and strain rate), decrease the incu­
bation time, i.e. the time available for recovery before 
recrystallization begins. However, when comparing diffe­
rent metáis, an increase in stacking fault energy increases 
the rate o f static recovery and can also increase the incu­
bation time. The latter can be attributed to the decrease 
in worked dislocation density that is associated with stack­
ing fault energy increase, or to changes in the nucleation 
mechanism (McQueen, 1968).

The addition of some solutes, as has already been noted 
above, decreases the stacking fault energy and therefore 
decreases the rate of dynamic recovery and increases the 
net work hardening rate. In a similar way, solute addition 
can decrease the rate o f static recovery and concurrently 
increase the incubation time. From a practical point of 
view, because solute addition makes dynamic recovery 
more difficult, and therefore increases the flow stress at 
a fixed temperature, higher temperatures are frequently 
used to work alloys (and low stacking fault energy metáis). 
It is the higher working temperature and the attendant 
diminished incubation time that makes the observation 
of static recovery rare or difficult in these materials.

An example of the effect o f alloy addition is illustra- 
ted in Fig. VII.50b. Here we see that the presence of
0.07 % Nb has an enormous effect on the rate of static 
recovery in plain carbón steel. It is not yet clear whether 
the retardation of recovery is due to a solute effect (i.e. to 
large decreases in stacking fault energy) or to  the effect o f 
the precipitation of NbC particles on the dislocation 
network. Whatever the cause, it is clear that the retar­
dation of static recrystallization in carbón steels is attri­
butable, in a large measure, to the retardation of recovery 
caused by niobium addition.

VII. 5.2 - Static Recrystallization.

The occurrence of static recovery, which certainly 
always takes place, is difficult to observe and to  study 
because its progress is not readily followed by means 
o f optical metallography. More dramatic, from the mi- 
crostructural point of view, is the occurrence of static 
recrystallization, and as a result, it has been reported 
and described more frequently in the literature (Fig. 
VII.51). A good example of the results obtained by 
metallographic means is displayed in Fig. VII.52. 
From Fig. VII.52a, the effect of temperature on the 
incubation time can clearly be seen. In these experiments, 
the interruption flow stress, and therefore the driving 
forcé, was maintained approximately constant by suitably 
varying the strain rate o f each series o f test. Had the 
strain rate been held constant, the softening curves would 
have been closer together in time. The effect o f tempe­
rature on the rate o f recrystallization cannot be seen as 
readily because of the use of the log scale for time ; it 
is, however, apparent that an increase in temperature
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Fig. VII.51 -  Static recrystallization is usually clearly followed using 
optical microscopy by measuring the volume fraction of equiaxed 
grains and elongated deformed grains. (a) Aluminum extruded to 
a strain o f 3.7 at 450°C (0.77 Tm) and slowly cooled, x 25 (Joñas 
etal., 1968a).(b)Copper rolledto a strain o f 2.3 at 600°C (0.65 Tm) 
and quenched in 3 sec. x 35.(c) Copper rolled as in (b). x 1300. 
Electron microscopy reveáis that the statically recrystallized grains 
contain no dislocation substructure. This microstructure should be 
compared with that o f the dynamically recrystallized metal in 

Fig. VI1.32 (McQueen, 1968)

of 50° C leads to a decrease in recrystallization time 
of about an order of magnitude and therefore to  an 
approximate order of magnitude increase in recrystallization 
rate.

The effect o f temperature at constant strain rate is 
evident from the results reproduced in Fig. VII.53. Here 
the interruption flow stress was not held constant and 
so the softening curves are closer together. In addition, 
it should be noted that Fig. VII.53 was determined on

T IM E (sec )

Fig. VII-52 -  Effect o f temperature of deformation on the iso­
thermal static recrystallization o f zone refined iron. (a) The fraction 
recrystallized after dynamic recovery for specimens deformed to the 
same flow stress at three different combinations o f temperature and 
strain rate. (b) The fraction metadynamic'!’’ ' recrystallized after 
deformation to the same steady state flow str. ss at three different 
combinations o f temperature and strain rate. The dashed curve is for 
static recrystallization after deformation to same stress level before 
the peak; it should be compared with the middle solid curve. The 
homologous temperatures o f deformation are 0.51 (650 C), 0.49 
(600°C), 0.46 (550°C), and 0.43 (500°C) (Glover and Sellars, 1972).

Fig. VII-53 -  The effect of temperatura o f deformation on the 
isothermal recrystallization rate for specimens deformed at the same 
strain rate. (a) The strain o f interruption, 0.14 lies within the dynamic 
recovery región, (b) The strain of interruption, 0.35, lies within 

the dynamic recrystallization región (Djaic and Joñas, 1972).

fc c  7 -iron  and  th a t  th e  sam ples w ere d e fo rm ed  in co m p res­
sion. By c o n tra s t, Fig. V II.5 2  rep re sen ts  resu lts  on  bcc 
a-iro n  w h ich  w ere p ro d u ced  b y  to rsio n  tes tin g , a d e fo r­
m atio n  m o d e  leading to  a d iffe re n t flow  p a tte m , and  a 
less h o m o g en eo u s o n e  th a n  com pression  tes tin g .

1
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The accelerating effect on the recrystallization rate 
of raising the temperature while holding the strain rate 
constant has been reported by numerous workers (Sellars 
and Tegart, 1966b ; Buhler et al., 1970) (see Fig. VII.36). 
In a modification of this type of test, Schey (1957) heated 
or cooletl a series of speciincns to a single holding tempera- 
ture after deformation. He observed that the time (or 
complete recrystallization increased with the deformation 
temperature (i.e. the recrystallization rate decreased with 
increasing temperature). The recrystallized grain size also 
increased with deformation temperature, confirming the 
strong influence o f subgrain size and driving forcé on the 
processes of nucleation and growth.

VII. 5.2.1 -  E ffect o f  Strain Rate and Strain on Recrys­
tallization.

Increasing the strain rate o f deformation decreases the 
incubation time and increases the rate of subsequent 
recrystallization for the reasons described above. An 
example is given in Fig. VII.54, for the caseof aniobium-

Fig. VII-54 -  The effect o f strain rate and interruption strain on 
the isothermal recrystallization of a C 1010 steel containing0j07%Nb. 
The low strain interruption was in the dynamic recovery región, 
whereas the high strain interruption was in the dynamic recrystal- 
lization región. The softening exceeded 100 %as a result o f changes 
in the nature o f the NbC precipítate. The samples were austenitized 
at 1150°C and tested at 1040°C (0.73 Tm) (Petkovic, 1975). Strain 
and strain rate (sec-1 ) : A, 0.25, 8 x 10- 2 ; A, 0.25, 8 x 1 0 '3; 

o ,0 .1 ,8  x 1 0 - 2 ; • , 0 .1 ,8  x 1 0 ' 3 .

modified steel. It should be noted, however, that in mate­
rials like the niobium steels, in which particle precipitation 
takes place, decreasing the strain rate can permit more pre­
cipitation to  take place during deformation. T h u sp arto f 
the retardation associated with the strain rate decrease 
may be attributed to the retarding effect of the increased 
particle density on the softening processes. Finer grains 
are produced by deformation at higher strain rates (and 
lower temperatures) because of the reduced subgrain sizes 
formed by dynamic recovery at lower valúes of tempe- 
rature-corrected strain rate, Z. An example of this effect 
is given in Fig. VII.55, in which the correlation is plotted 
against stress instead of Z.

The influence of the amount o f prior strain on the 
rate of recrystallization and on the recrystallized grain 
size has also been noted by num erous investigators. The 
work of English and Backofen (1964), for  example, 
was carried o u t on bcc Silicon iron, whereas that of 
Wusatowski (1966) and Buhler et al. (1970) was conduc-

RECRYSTALUZEO GRAIN SIZE tfj.)

Fig. VII-55 Correlation between steady state flow stress and 
statically recrystallized grain size in vacuum melted and zone refined 
iron (Glover and Sellars, 1972). Solid lines, dynamic recovery; 

dashed lines, dynamic recrystallization.

ted on fcc austenitic stainless steel. Similar results were 
also obtained on plain carbón steels in the austenite range 
by Gueussier and Castro (1958) and by Weiss et al. (1972).

Some of the data reported recently by four groups of 
workers are collected and illustrated in Fig. VII.56. Here 
it can be seen that the time for 50 % softening by recrys­
tallization decreases by as much as two orders o f magni- 
tude with increasing strain, finally leveling out when the 
steady state regime of flow is attained. For deformations 
between the critical strains for static and dynamic recrys­
tallization, the increase in rate is attributable directly to 
the increased driving forcé. At larger strains, however, 
part of the increase in rate is attributable to  the displa- 
cement of classical static recrystallization, which requires 
an incubation time, by metadynamic or post-dynamic 
recrystallization, which does not (Djaic and Joñas, 1972).

The increase in recrystallization rate with strain is 
accompanied by a decrease in recrystallized grain size. 
Once again the grain size becomes independent o f strain 
when steady state flow has been reached (Fig. VII.57). 
The preferred sites for nucleation of static recrystalliza­
tion are heavily deformed regions near grain and twin 
boundaries.

VII.5.2.2 — E ffect o f  A lloying Elements on Recrystal­
lization.

In many metáis, the rate of recrystallization can be 
reduced by the addition of suitable solutes (e.g. Fe in 
Ni ; Luton and Sellars, 1969). An increase in solute 
concentration can also lead to  finer recrystallized grain 
sizes. There are several reasons why this trend is obser­
ved. One is the drag effect o f impurity atoms on moving 
grain boundaries ; another is the increase in the density 
of possible nucleation sites caused by impurity addition. 
An increase in solute concentration can also affect recrys­
tallization indirectly through its influence on the prece- 
ding recovery processes.
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Fig. VII.56 The effect o f strain on the time for 50 % softening 
for several ferrous alloys in both the ferritic and austenitic conditions. 
The driving forcé for recrystallization increases with strain up to the 
steady state región in which the substructure remains dynamically 
stable. The symbols and references from top to bottom  are: □, 
Vacuum melted iron at 650°C (Glover and Sellars, 1972); O, Fe-4% 
Si at 812°C (English and Backofen, 1964); o, 0.68 % C  steel at 
780°C (Djaic and Joñas, 1973); V, 0.68%  C steel at 915°C (Djaic 
and Joñas, 1973);O>0.055 % C, 0.46 % Mn steel at 900°C (Morrison, 

1972).

E F F E C T I  VE S T R A IN

Fig. VII.57 -  Effect of strain upon the statically recrystallized grain 
size in vacuum melted iron after deformation at 650°C (0.53 Tm) 
and a strain rate o f 3 .8 x 10- 2  sec- 1 . Once the equilibrium dynamic 
recovery structure for steady state flow, emr, is well established, 
the recrystallized grain size becomes independent o f strain (Glover 

and Sellars. 1972).

The latter effect is illustrated in Fig. VII.58, in which 
two low carbón steels containing Nb are compared with 
tliree unmodified plain carbón steels. It can be seen that

ISO
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Fig. VII.58 — Effect to Nb addition on the recovery and recrystal­
lization rates o f plain carbón steels at about 0.68 Tm . These results 
were obtained by interrupted compression testing and show that 
the addition of Nb decreases the softening rate of such steels by 
more than an order of magnitude in time (Petkovic, et al., 1975). 
The data for the final alloy (0.17%  C, 1.25 % Mn) in the diagram 

are from Weiss et al. (19 '2 ).

substantial softening by recrystallization takes at least 
an order o f magnitude longer in the niobium steels than 
in the unmodified steels. However, it should be noted 
that the presence of niobium leads to a similar retarda­
tion in the rate o f static recovery (see also Fig. VII.54), 
suggesting that the effect o f solute addition on the reco­
very rate, and particularly on the nucleation rate or incu­
bation time, is the rate limiting one. In solid solution 
alloys such as stainless Steel (Sokolkov and Surkov, 1963 ; 
Irvine et al., 1969), the rate of static recrystallization is 
retarded to such a degree that it is possible to retain the 
hot-worked substructures by rapid cooling.

VII.5.3  — Metadynamic Recrystallization

It is not generally recognized that there are three dis- 
tinct softening processes taking place after high tempe­
rature deformation. "The two that we have already dis- 
cussed are closely related to their counterparts occurring 
after room temperature deformation, and are therefore 
familiar processes. We turn now to a type of static recrys­
tallization which does not have a parallel in the annealing 
of cold-worked materials, i.e. to metadynamic or post- 
dynamic recrystallization.

When high temperature deformation is halted during 
dynamic recrystallization, many nuclei are already present 
within the material, and some of the grain boundaries are 
migrating and sweeping regions free of dislocations. These 
boundaries can continué to migrate and the nuclei to grow 
without any classical incubation period being required. 
The softening process which results from the continued 
growth of these nuclei is known as metadynamic recrys­
tallization. As this type of recrystallization does not 
require a nucleation interval, it proceeds very rapidly 
upon the termination of deformation. Nevertheless, 
nucleation for static recrystallization can still take place 
in regions which do not contain dynamic nuclei.

------------- 1—
Motarla!
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The interrelation between the three static softening 
processes depends on the prior or interruption strain and 
is depicted schematically in Fig. VII.59. Here we see

P R E S T R A I N - < % )

Fig. VII.59 Schematic representation of the interrelation between 
the three static softening mechanisms and of their dependence on 
strain for a material which dynamically recrystallizes. The propor- 
tions o f softening attributable to each mechanism are also shown. 
The sequence of static restoration processes at each strain is read 
vertically upwards. B represents the critical strain for static recrystal­
lization, F the peak strain, and G the strain for the onset o f steady 

state flow (Djaic and Joñas, 1973).

that for deformations below the critical strain for static 
recrystallization, the only possible restoration process 
is static recovery. For strains which are larger, but still 
below the peak strain, ep , static recovery is followed, after 
a suitable interval, by static recrystallization. For strains 
greater than the peak but less than the steady State strain, 
there is a period of concurrent static recovery and meta­
dynamic recrystallization, followed by a diminished cycle 
of static recrystallization similar to that prior to the peak, 
but with a shorter completion time (Fig. VII.48). Finally, 
once within the steady State range, static recrystallization 
is superceded entirely, and only metadynamic recrystalliza­
tion takes place, with some concurrent static recovery.

Metadynamically recrystallized grains are shown in 
Fig. VII.31, where they may be compared with the dyna­
mically recrystallized grains from which they formed 
during cooling. At these relatively high temperatures of 
deformation, the dynamic grains are smaller (Fig. VII.36) 
because the continuing deformation generates further 
nuclei. At relatively low temperatures, on the other hand, 
the metadynamic grains are finer because potential nuclei 
are rendered ineffective by continued deformation (Sand- 
strom and Lagneborg, 1975).

The data in Fig. VII.55 indicate that the relationship 
between the statically recrystallized grain size and the 
high temperature flow stress is little affected by the dyna­
mic softening process that precedes recrystallization. 
This is somewhat surprising since the dynamically reco- 
vered substructure is uniform, whereas the substructure 
in the dynamically recrystallized material is highly non- 
uniform, containing regions of both high and low dis­
location density. The explanation may lie in the oppo- 
sing effects o f the low density regions on the one hand, 
which should promote a coarse grain size, and the small 
size of the dynamically recrystallized grains on the other, 
which would tend to favor a fine grain size. Furthermore,

as has been shown for the case of dynamic recovery 
(Fig. VII.56), metáis which undergo dynamic recrys­
tallization exhibit a decrease in the statically recrystallized 
grain size with increase in strain, but only until steady 
state flow is reached (Petkovic, 1975).

The practical importance of metadynamic recrystalli­
zation arises from the absence of any prior incubation 
time, with the result that it is about an order o f magnitude 
more rapid than classical recrystallization. Allowances 
must therefore be made for the structural and mecha­
nical changes associated with metadynamic recrystalli­
zation if dynamic recrystallization is taking place within 
a material prior to  the cessation of deformation.

VII.6 -  The Effect o f High Temperature Deformation 
on the Room Temperature Mechanical Properties.

VII. 6.1 — The E ffect o f  Deformation Substructure 
on Mechanical Properties.

We have been considering above the two main categories 
of dynamic softening process and the three types of static 
softening process. We turn now to the substructures pro­
duced by dynamic recovery (with or w ithout concurrent 
dynamic recrystallization) and to  the effect these can 
have on the mechanical properties of the materials in 
which they are found. In order to have an effect, the 
dynamic recovery substructures must of course be retain- 
ed after deformation, which requires a suitable rate of 
cooling. The rate of cooling, in turn, must be high enough 
to prevent the occurrence of both  classical and metadyna­
mic recrystallization. From our earlier discussions o f these 
mechanisms, it is therefore clear that the prospects for 
substructure strengthening are greater in the dynamic 
recovery than in the dynamic recrystallization metáis.

It has been observed by numerous workers that, in the 
presence of a hot-work substructure, the room tempera- 
ture yield strength, a RT, is given by a relationship of the 
form :

O r t  =  ° a  +  N d ~P ( 2 0 )

Here aA is the yield strength of coarse grained material 
in the absence of subboundaries, N is a constant, and d  
is the mean subgrain size. The exponent p  has been repor­
ted to be about 1 in Al (Hockett and McQueen, 1970), 
Armco iron, Fe—3 % Si, Zr, and Zr—Sn alloys (Fig. 
VII.60). An equation of similar form, but with different 
valúes of p, has been reported for strength correlations 
carried out by means of hardness testing (e.g., Redfern 
and Sellars, 1968). It should be noted, however, that 
the conversión factor for hardness to  yield strength is 
not a linear one (Abson and Joñas, 1970), so that it is 
more difficult to give a physical interpretation to  hardness/ 
subgrain size correlations. The relation between some 
of the subgrain sizes in Fig. VII.60 and the conditions 
of working required to  produce them is illustrated in 
Fig.VII.61.

VII.6.2  — A M odified Hall-Petch Relation fo r  Substruc­
ture Strengthening.

Equation (20) above differs from the conventional
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Hall-Petch relation for grain boundaries : 

Ort =  °o ^ (21)

01 0 2  0 3 ,  0  4
d‘V  >

0 5  0 6

INVERSE SUBGRAIN SIZE ( / i ' 1)

Fig. VII.60 The increase in yield stress attributable to the presence 
of a deformation substructure plotted against inverse subgrain size 
or subboundary density. The annealed yield strength of substructure 
free material is represented by oA. It can be seen that subgrains in 
the size range 1 - 10/¿ lead to strength increases o f about (a) 30,000 
psi in Armco iron and Silicon steel (o, Uvira, 1967; A, Warrington, 
1963; □, Kosik, 1970), (b) 7000 psi in commercial purity aluminum 
(□, Cotner and Tegart, 1969; o, McQueen etal., 1967;A, after Ball, 
1957) (Kosik et al., 1971), and (c) 20,000 psi in a series o f Zr-Sn 

alloys (Abson and Joñas, 1972).
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Fig. VII.61 -  The room temperature strength a and strength 
increment o oA and the high temperature steady state flow stress 
Oj plotted against the logarithm of the temperature-compensated 
strain rate Z (=  éexp  Q/RT) for the Silicon steel of Fig. VII 60a. 
An activation energy of Q = 335 kJ/mole was used to prepare 
the diagram, which also indicates the combinations of working 
temperature and strain rate required to produce the substructure 
strengtheningcomponent o -  a A, o, Uvira, 1967 ; a, Kosik, 1970 

(Kosik et al., 1971).

principally in that p  is equal to 1 instead of 1/2. Here 
a 0 is the yield strength of a single crystal o f similar pu­
rity and k  is the grain boundary strength coefficient. 
The difference between the two equations is largely 
attributable to  the decrease in subboundary strength 
and increase in subgrain size that are both associated with 
deformation at lower valúes o f temperature-corrected 
strain rate.

The effect of the variation in subboundary strength 
with the conditions of deformation is shown in Fig. 
VII.62. For reference purposes, Eq. (21) for grains is 
plotted on the top left-hand side of Fig. VII.62b. Below 
this line are plotted similar relations for subgrains having 
boundary strengths 10, 30, 50 and 70 % as high as the 
grain boundary strength. Recalling now that subbound­
ary thickness and strength increase as subgrain size de- 
creases (Section VII.3.3), it can be seen that the scatter 
band of strength data can be expected to pass from the 
región of low subboundary strength ksb =“ 0 . 1  k, at large 
subgrain sizes, to  that o f high subboundary strength, 
ksb =* 0.7 k, at small subgrain sizes (Fig. VII 62.a). The 
resultant curvature in the a RT vs d ~ '12 plot is equivalent 
to  a straight line fit on a a RT vs d~ ‘ plot.

The variation in subboundary strength coefficient ksb 
with subgrain size d  takes the form (Abson and Joñas, 
1970) ;

ks b = N d ~ m (22)

where m  -  1/2, so that the Hall-Petch relation for sub­
grains can be expressed as
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° rt = ° o + k s b d - ' 12 (23)

=  a0 + N d - (m+im  

“  oA + N d ~p (20)

CREEP TENSION HOT WORKING

(b)

Fig. VII.62 a) Schematic diagram showing the available room 
temperature data for Al and Fe containing subgrain boundaries. A 
negative intercept can be seen to result from the fitting o f a straight 
line to part o f the scatter band ; the similarity in the valúes o f  k j , 
the grain boundary strength coefficient, and fdl , the apparent sub- 
boundary strength coefficient, can also be seen. b) The data in a) 
are represented as the locus of points with a varying true Hall- 
Petch slope k ¡ and a constant friction stress a0. (After Abson and 

Joñas, 1970).

austenite is retained during the martensite transforma- 
tion to strengthen the tempered martensite by improving 
the dispersión o f the temper carbides (Johari and Thomas, 
1965 ; Schmatz etal., 1963).

Retained hot-work substructures can also impart im- 
proved creep resistancc. For example, by quenching in 
the substructure, creep life can be extended by a factor 
o f 5 in simple metáis, stainless steels, and nickel-base 
superalloys. This must be followed by a low temperature 
anneal to  permit precipitation on the dislocation net- 
work and its subsequent stabilization (Ivanova and Gor- 
dienko, 1968). After this treatment, the service tempe­
rature must be limited so as to prevent recrystallization, 
which causes the loss of the improved properties. In a 
similar way, Udimet 700 can be given a thermomecha- 
nical treatm ent by means of which working is carried 
out in steps, with the precipitation of y  occurring both 
between and during the deformation. This results in 
a strong stable substructure, which leads to much greater 
creep resistance at lower temperatures. If the temperature 
is raised to 760° C, however, the creep resistance is redu­
ced to  that of the normal heat treated material (Kear 
etal., 1972).

VII. 6.4 — Dynamic Recrystallization and Substructure 
Strengthening.

If a hot-worked material which is recrystallizing dyna­
mically is rapidly quenched, it is possible to  retain the 
dislocation substructure on cooling to room temperature. 
Furthermore, by preventing metadynamic recrystal­
lization, the dynamic grain size is also preserved. This can 
be coarser or finer depending on the deformation and 
holding conditions. The room temperature hardness in- 
creases with increase in the temperature compensated strain 
rate of hot forming (Fig. VII.63) since that yields a finer 
substructure and grain size. Moreover, it can be seen that 
the hardness of dynamically recrystailized metal is in­
termedíate between the hardness of hot-rolled dynami­
cally recovered metal (points identified as hot rolled 
and unrecrystallized in Fig. VII.63) and that o f sta­
tically recrystailized metal. Furtherm ore, it can be seen

VII. 6.3 — Industrial Significance o f  Substructure Streng­
thening.

The strengthening due to a hot-work substructure is of 
industrial importance in the production of nonheat- 
treatable aluminum and Al-Mg alloy sheet and extruded 
shapes. In the press heat treatment of alloys 6061, 6063. 
7005, and 7039, the preheating and working serve as the 
solution treatm ent, and the quenched-in dislocations 
lead to substructure strengthening on the one hand, and 
to increases in precipitation strengthening on the other 
(Ashton, 1969). In steels, the partially recovered substruc­
tures produced during warm working cióse to the lower 
limit of the hot-working range are responsible for increases 
in the final strength of such forgings. This process is ap- 
plied particularly to  low carbón steels, and also to austen- 
itic stainless steels and to superalloys (Reynolds and 
Tegart, 1962 ;Keegan, 1967). In ausforming, the substruc­
ture developed during the deformation of metastable
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Fig. VI1.63 -  The effect o f temperature compensated strain rate 
during hot torsion on the room temperature properties o f dynami­
cally and metadynamically recrystailized copper. For comparison 
the hardnesses pertaining to the following treatments are included : 
dynamically recovered aluminum (Wong et al, 1967), hot rolled 
copper, both dynamically recovered and statically recrystailized, 

and coid rolled copper (McQueen and Bergerson, 1972).
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that the hot-worked material has a hardness similar to 
that found in material cold-worked 10 to  50 %. Structures 
such as these are, unfortunately, unstable at elevated Ser­
vice temperatures.

In copper-aluminum alloys, the room temperature 
hardness has been observed to vary invcrsely with the 
square root of the dynamically recrystallized grain size 
(Fig. VII.64). The broken line in the diagram shows the

Fig. VII.64 The dependence of the room temperature hardness on 
the dynamically recrystallized grain size follows a Hall-Petch type of 
relationship. The increase in substructure density with decrease in 
grain size is responsible for the slope for the dynamically recrys­
tallized copper being higher than that for statically recrystallized 

copper (Bromley and Sellars, 1973).

Hall-Petch relation applicable to substructure-free copper. 
Comparison of the first full plot, for Cu and Cu-1 % Al, 
with that for the statically recrystallized material, shows 
that. for the same grain size, the dynamically recrys­
tallized samples are stronger. This is to  be expected from 
the presence of the subgrains in the latter material. It 
is also of interest to note that the slope or boundary 
strength coefficient is about 1 1 / 2  times higher for the 
dynamically than for the statically recrystallized samples. 
This can be attributed to the higher exponent applicable 
to subgrains [Eq. (20)] than to grains, and to  the consequent 
more rapid increase in subboundary density than grain 
boundary density that accompanies a decrease in grain 
size.

VII. 6.5 — Static Recrystallization and Controlled Rolling

In many hot-working operations, recrystallization takes 
place before the product can be cooled to room tempe­
rature. Such recrystallization eliminates the substructure

and removes that source of strengthening. While this would 
not be beneficial if the product were to  be put into Service 
without further processing, it is useful if the metal is to 
undergo coid déformation. Thus, even if the substructure 
is not to be retained, the cooling rate following working 
is iinportant in controlling grain size for both strength 
and uniformity of coid déformation.

The effeets o f hot working and of the rate of cooling 
on the characteristics of recrystallization are utilized in 
the process known as controlled rolling, which is applied 
mainly to  steels (Irvine et al., 1970; Tegart, 1971). The 
objective is a fine, uniform ferrite grain size which has 
a high yield strength and a low transition temperature, and 
which is produced by rapid transformation from fine 
grained austenite (Fig. VII.65). The latter is produced

Y IE LD  STREN GTH  ( fon / In 2 )

Fig, VII.65 -  The effect of niobium addition on the room tempe­
rature yield strength and impact transition temperature o f a 
0.04 % C, 6.5 % Mn steel. The improvement resulting from a lower

rolling temperature is also shown (Jones and Rothwell, 1968).

by static recrystallization from austenite which has been 
deformed up to 50 % at a finishing temperature low 
enough so that there is very little grain growth during 
run-out from the rolling mili. If the total strain in the 
relevant passes is much greater than 50 %, there is a 
strong possibility that the austenite will recrystallize 
dynamically during déformation. However, there is 
also the possibility that the slab or billet will recrystallize 
statically while cooling to the proper finishing tempe­
rature before undergoing the final passes. Such a softening 
eyele can coarsen the final grain size or lead to undesirable 
mixed grain sizes. To slow down the recrystallization of 
the austenite so that the process is easier to control, small 
amounts of Nb are added to the steel. This has the further 
advantage that higher strains can be attained without 
dynamic recrystallization, thus increasing the number of 
nuclei (Jones and Rothwell, 1968). In the case where 
NbC inhibits static recrystallization, the elongated austenite 
grains give rise to ferrite grains approximately equal to 
their shortest dimensión since nucleation is mainly at the 
boundaries.

A detailed review of the principies of controlled rolling 
is clearly beyond the limits o f the present chapter. It
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should, however. be apparent that an understanding o f the 
factors affecting controlled rolling requires some insight 
into the dynamic and static softening processes which have 
been described above.

V il.7 — Summary

When metáis are deformed under both hot working 
and creep conditions, strain hardening is counterbalanced 
by the concurrent softening processes of dynamic recovery 
and recrystallization. During dynamic recovery, mechan­
isms such as cross-slip, climb, and node unpinning permit 
the dislocations to unravel from hardening networks and 
annihilate each other. During dynamic recrystallization, 
new grains nucleate and grow; they deform as they grow, 
however, with the result that recrystallization takes place 
again and again. During dynamic recrystallization, dynamic 
recovery is occurring in both the oíd and the new grains. 
The characteristics o f the two dynamic softening mechan­
isms are summar.ized and compared below.

A. The capacity of a metal for dynamic recovery di- 
minishes with decrease in stacking fault energy as the 
dislocations become more extended. Dynamic recrystalli­
zation occurs in a metal if the degree of dynamic recovery 
is insufficient to maintain the substructure density below 
the critical level for nucleation. The characteristics of 
different metáis and alloys are summarized in Table I.

t a b l e  i

R estoration Processes in  D eform ed M etals

High tem perature softening process

Metals
Cold-worked

structure
During

annealing
During

deform ation
During
holding

Static Dynamic Static

Al 
a-Fe 
Ferritic 

alloys 
Bcc refrac- 
tory 
metáis 

Zr alloys 
Hcp metáis

Well
developed
cell
structure

Recovery 
followed by 
recrystal­
lization 
(nucleation 
by coalescence 
at high strains)

Recovery 
even to 
high strains

Recovery 
Recrystal­
lization 
relatively 
slow, 
easily 
prevented 
by cooling 
after 
working

Ni
Ni-base

super-
alloys

7-Fe
Austenitic

alloys

Cell 
structure 
alters 
gradually 
to uniform 
distribution 
o f  dislo­
cations 
with 
decrease 
in stacking 
fault energy

Limited 
recovery 
followed by 
recrystal­
lization 
(nucleation by 
g.b. bulging or 
from high local 
concentration 
of dislocations

Hot working at small strains 
Creep at norm al strain rates

Recovery: Recovery; 
followed 
by rapid 
static 
recrystal­
lization

Cu Hot working at large strains

Brass

Recovery
and

Recrystal­
lization:

Recovery 
and 

Meta- 
dynamic 
recrystal­
lization 
followed 
by static 
recrystal­
lization i

B. Both dynamic processes lead to flow curves with 
steady State regions. With dynamic recrystallization, 
however, the steady State flow stress is reached only after 
passing through a máximum ¡recrystallization is initiated at 
this point, producing softening with further strain. At 
low valúes o f temperaturc-corrected strain rate, dynamic 
recrystallization leads to periodic flow curves.

C. When dynamic recovery is taking place, the grains 
become elongated in the direction of flow; meanwhile, 
the substructure undergoes a process called repolygo- 
nization,which keeps it dimensionally stable and equiaxed. 
Under conditions of dynamic recrystallization, new 
grains continually replace the most work-hardened ones, 
nnfintaining a fine equiaxed grain structure, with a dis­
tribution o f degrees of deformation.

D. Increases in the temperature and decreases in the 
strain rate of deformation result in larger, more perfect, 
subgrains or grains during dynamic recovery or recrystal­
lization, respectively.

E. Decreases in temperature and increases in strain rate 
increase the strains for the nucleation and for the complet- 
ion of recrystallization. As the latter becomes greater than 
the former, the periodic cycles o f softening begin to 
overlap, and recrystallization becomes continuous.

F. The yield stress under hot-working conditions is 
highly sensitive to  strain rate and temperature. In this 
respect, it differs from the essentially athermal yields 
observed at intermediate temperatures. The strain rate 
and temperature dependence of the steady State stress 
is similar to that of the yield stress, indicating that similar 
mechanisms are rate controlling.

G. The steady state stresses observed at high tempe­
ratures are about twice the yield stresses. The increase 
in flow stress after yielding can be attributed to  an increase 
in internal stress, which is in turn proportional to both the 
subboundary density and the square root o f the dislocation 
density.

H. The subgrain size developed under conditions o f both 
dynamic recovery and recrystallization is inversely related 
to the steady State stress. The similar correlation between 
dynamically recrystallized grain size and flow stress arises 
from the dependence of nucleus density on subgrain 
density.

I. The ductility is increased many times over that at 
room temperature by the occurrence of either high tempe­
rature dynamic recovery or recrystallization. A high level 
o f dynamic recovery reduces intergranular cracking through 
the formation of bulges in the grain boundaries which 
restrict sliding. The lower flow stresses brought about by 
enhanced dynamic recovery also permit easier accomoda- 
tion at triple points, reducing crack nucleation. When 
dynamic recrystallization occurs, it prevenís the propa­
garon o f intergranular cracks by continually displacing 
the grain boundaries from the ends o f the cracks.

J. Solute additions usually retard dynamic recovery, 
especially if they cause further extensión of the dislo­
cations. This is turn tends to increase the stored energy, 
and therefore to  promote dynamic recrystallization. 
However solute atoms also retard nucleation and slow 
down grain boundary migration; as a result, higher de­
formation temperatures are required for the attainment 
o f steady state flow. In many alloys, ths occurrence of
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grain boundary sliding without concurrent dynamic 
recrystallization, at intermedíate temperatures, leads to 
unimpeded grain boundary cracking with consequent 
reduction in ductility.

K. The presence of fine second phase particles usually 
stabilizes the substructure, thus raising the steady state 
flow stress and delaying dynamic recrystallization. Larger 
second phase particles frequently cause a considerable 
decrease in ductility in metáis that recrystallize dynamically 
in so far as they pin the grain boundaries, permitting the 
propagation of intergranular cracks.

L. The presence of a dynamically recovered or dy­
namically recrystallized structure at the commencement of 
a further stage of deformation can have a considerable 
effect on further flow. The inherited structure may lead to 
initially higher or lower flow stresses depending on whether 
it is harder or softer than the equilibrium structure for the 
new stage of deformation. Nevertheless, at high strains, the 
equilibrium structure and flow stress are independent of 
the initial structure.

M. As soon as deformation is completed or interrupted, 
static recovery and recrystallization take place, followirtg 
the dynamic softening processes. A high degree of dynamic 
recovery delays and may prevent static recrystallization. 
Dynamic recrystallization provides nuclei for metadynamic 
(post-dynamic) recrystallization, which as a result does not 
have an incubation period and takes place concurrently 
with static recovery. The rates of all three static softening 
processes increase with the temperature, strain rate, and 
strain of the prior deformation.

N. The substructures produced by dynamic recovery 
and recrystallization, when retained to room temperature, 
lead to  yield stresses higher than those of annealed materials. 
The yield strength of worked metáis is proportional to  the 
inverse subgrain size and to the inverse square root o f the 
grain size.

While a general description o f the dynamic softening 
processes has been presented in this chapter, for brevity, 
many details have been omitted. For those who wish to 
examine the experimental evidence in greater depth, the 
following reviews are recommended: Stüwe and Drube 
(1967), Tegart (1968), Joñas et al. (1969), Sellars and 
Tegart (1972), Fulop and McQueen (1972) (Ni-base 
superalloys), McElroy and Szkopiak (1972), Joñas and 
McQueen (1973), and Rossard (1973).

Those intérested in experimental techniques should 
refer to the following pubücations: Rossard and Blain 
(1962), Henning and Boulger (1964), Nicholson (1964), 
Rossard (1968). Young and Sherby (1969), Weiss et al. 
(1970), and McQueen and Joñas (1971).
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STRENGTHENING EFFECT OF HOT-WORK 
SUBGRAINS AT ROOM TEMPERATURE
O. KOSlK, D. J. ABSON. and J. J. JOÑAS

Most hot-worked materials are produced for Service at am- 
bient temperatures and more than 50% of these, in the case of 
the ferrous metáis, are fabricated or used in the hot-finished 
condition. It is therefore of interest to examine the room- 
temperature strength of hot-deformed metáis and to correlate 
this with the scale of the hot-work substructure, and with the 
hot-working parameters. M ost metáis soften by dynamic 
recovery when deformed at homologous temperatures greater 
than 0-5. In these, in contrast to  room-temperature behaviour, 
a  more or less equiaxed substructure is present at large 
strains. After working, the deformation-induced substructure 
can be preserved by rapid cooling, or by suitable alloy addi- 
tions to  retard recrystallization, and the room-temperature 
strength of the metal can then be measured. In the laboratory 
investigations carried out to date, due to the limited size of 
the experimental samples, such strength measurements have 
taken the form of hardness determinations. The data obtained 
have usually been fitted to an equation of the Hall-Petch type, 
viz.,

H = H o + k 'd - 1 ...................................................................... (1)
where H  and d  are the measured strength and subgrain size 
respectively, and Ha and k ' are empirical constants. By con- 
sidering data over a wide range of subgrain sizes and convert- 
ing the available hardness data to equivalent flow stresses, 
Abson and Joñas1 showed that a relationship of the form

a = a o + k d m ...........................................................................(2 )
applied. Here a is the yield strength, ero is the Hall-Petch 
friction stress and is —M  times t o ,  the critical resolved shear

stress for múltiple slip, (Ai is the Taylor orientation factor), 
and k  and m are constants. From available hardness data, the 
approximate valué given for m  was 3/4. It is the purpose of 
the present paper to evalúate more accurately, by means of 
compression rather than hardness testing, the extent of room- 
temperature strengthening that can be attributed to a defor­
mation-induced substructure. It is also proposed to extend the 
equation to include the influence of grain size, and to evalúate 
m  more precisely for Armco iron, Silicon steel, and aluminium. 
Correlations between the room-temperature strength and 
high-temperature deformation parameters will also be exam- 
ined.

E X P E R I M E N T A L  P R O C E D U R E  
Room-temperature compression testing
The availability of samples of known subgrain size which 
were relatively small imposed limitations on the geometry 
of the samples used for room-temperature testing. Cylindrical 
specimens, 2-5 -  5-0 mm in diameter were machined from 
h o t - c o m p r e s s e d  Armco iron and S il ic o n  steel w h ic h  h a d  been 
used in a previous investigation . 2 A height to diameter ratio 
of 1-5 was chosen as a compromise between the large valué 
required to minimize the effects of friction and the small valué 
required for mechanical stability. The same geometry, and a 
diameter of 5-0 mm, was used for aluminium samples machined 
from the 6-3 mm diameter extruded bar produced in an earlier 
investigation . 3 Compositions of the materials are given in 
Table I. The guide lines laid down in ASTM specification 
E-9-67 were followed in preparing the specimens. 5 An aerosol

©  1970 The Iron and Steel Institute. Manuscript received 23 October 1970. Mr Ko§ík is at VUMA,
Research Institute for Mechanization and Automation, Nové Mesto Nad Váhom, Czechoslovakia.
Dr Abson is with Westinghouse Electric Corporation, Wright-Patterson AFB, Dayton, Ohio, USA.
Dr Joñas is with the Department of Metallurgical Engineering, McGill University, Montreal,
Cañada.

Room-temperature compression tests were carried out on samples of Armco iron, 669.12-175.4:
Silicon steel, and aluminium containing subgrains in the size range 2 -10,t¿m. Hot- 539.4/,5
compression tests were also performed in order to extend the subgrain size range 
of the available materials. The yield data were analysed according to the modified 
Hall-Petch relation: a=<j0+KD-i+kd-m.
Here, and KD-* are the usual Hall-Petch terms and kd-m is the strength 
increment due to the presence of a hot-work substructure. The exponent m was 
observed to be ~1 for the three materials. The strength increment attributable to 
the presence of the subgrains was observed to be proportional to a power of the 
temperature-compensated strain rate of their formation. Thus a simple correlation 
exists between the high-temperature deformation conditions and the room- 
temperature strength. Máximum strengths observed were 35, 39, and 9-7 kg/mm2 
(50000,84000, and 13800 Ib/in2) for the three materials, respectively, at subgrain 
sizes of ~ 2  ¿un. The significance of these results to industrial hot-working practice 
is considered briefly. Comparison of the flow stress at 7-4% strain with the hardness 
valúes permitted evaluation of the Tabor hardness: flow-stress ratio. The hardness: 
yield strength ratio was also determined, anomalously high valúes being found, in 
each case, for the annealed material. 3757

624 Journal of The Iron and Steel Institute August 1971



KoSík et a!. Strengthening effect of hot-work subgrains at room temperature 625

T A B L E  I Chemical composition wt-%  of the material 
tested

Element Armco Iron4 Silicon steel4 Aluminium8
Fe balance balance 0*21C 0 0 3 0 0 3
P 0005 0008
S 001 00 2
Mn 0-26 0-39
Si 0 15 2-70 0-06Cu 0-13 00 7
Cr 001 0 0 2
Ni 00 5 00 5
Al 0 0 6 balanceN 0007 001

form o f teflon spray lubricant* was applied to the ends of the 
specimens to  reduce friction.

Room-temperature compression testing was carried out on 
an Instron testing machine; the variable-speei control was 
used so that, for the different specimen heights, an initial 
strain rate of 1 x 10-3  S' 1 was obtained. Deformation was 
continued to —8 % strain, and the specimen contraction was 
measured by means of a  linear variable tíifferential transfor- 
mer (LVDT) mounted within the compression head and 
adjacent to  the specimen. The Instron chart was driven by the 
output from the LVDT, with a sensitivity of lin/10 ftra in of 
specimen contraction. The output from the load cell was con- 
nected to  the recorder pen so that load-contraction curves 
were plotted directly. From the chart, the 0-2% proof stress 
and the flow stress at 7-4f engineering strain were evaluated. 
In addition to the tests carried out on hot-deformed material, 
annealed samples, i.e. samples free of substructure, were 
tested in compression. These tests provided a datum  from 
which the influence of substructure on strength could be 
evaluated.

High-temperature compression testing
In order to extend the available range of subgrain sizes for 
the Armco iron and Silicon steel, further samples were pre- 
pared at the extremes of strain rate and temperature. Substruc- 
ture-free cylinders were first prepared by strain annealing 
which produced grain sizes o f ~ 0 1  mm and 0 - 5  mm in the 
Armco iron and Silicon steel respectively. The specimen 
geometry and preparation are described in Table II. The 
specimens were annealed in an argón atmosphere. The 
straining, by compression, was carried out in the room- 
temperature Instron, barrelling being prevented by using a 
piece o f 0 05 mm thick teflon tape at each end of the specimen. 
Substructure-free aluminium was produced by annealing the 
extruded material for 4 h at 600°C followed by cooling at 
S O ^ h - 1

The high-temperature compression tests were carried out 
in another Instron modified to produce constant true strain

*‘FIuoroglide’ manufacturad by Chemplast Inc., Wayne, N.J., USA 
fa  contraclion of 7 4%  is equivalent to a true strain in compression of 
- 0  0769; the equivalent engineering strain, in tensión, is 8 %, and this is 
the valué used by Tabor in relating hardness and flow stress, as discussed 
later

T A B L E  II Specimen preparation procedure
Operetion Armco iron Silicon steet
Turning Diameter, in 0-294
Facing Length, in 0*468
Grooving of the Spacing between
faces grooves, in 

Depth of 
grooves, in

0 0 2

0003
Preannealing Temperature, °C 950 1100

Time, h 7 2
Cooling air quench air quench

Straining é 0038
Strain annealing Temperature, °C 850 1020

Time, h 100 10
Cooling 50°C/h air quench

rates .6 A Hewlett-Packard high-speed, two-pen recorder was 
used to m onitor the load and contraction at the highest 
strain rate. The specimens were compressed in an argón 
atmosphere and were quenched within ~ 2  s o f the removal o f 
the load. Samples of both the Armco iron and the Silicon steel 
were deformed at 600° and 850°C. The glass lubricants for 
use at these two temperatures had the following composi­
tions4: 20% B20 3 and 80% PbO; and 5 %SiC>2, 10%B203, 
50%PbO, and 25% window glass, respectively. The para- 
meters relating to the hot deformation are given in Table III, 
together with the resulting subgrain sizes.

Specimen preparation for subgrain size measurement
Both optical and electrón microscopy were used for the 
determination of subgrain size for Armco iron and Silicon 
steel. In  preparation for optical microscopy, electrolytic 
polishing was carried out in a stainless-steel dish, which 
acted as the cathode. The electrolyte consisted of 7 mi water, 
133 mi glacial acetic acid and 25 g chromium trioxide, and 
was cooled to 18°-20°C. The specimen was rotated at 100 rev/ 
min, 6  mm above the bottom  o f the dish . 24 A voltage of 30-50 
V gave a current density of 1-5-2-0 A cm - 2 for Armco iron, 
while a voltage o f 20-25 V gave a current density of 0-2-0-3 A 
cm - 2  for Silicon steel. After 5 min, the Armco iron was 
already etched and was removed, washed, and dried. After
1 - 2  min, the voltage applied to the silicon-steel specimen was 
decreased to 10 V and etching continued for 1/2-1 min. 
Optical examination was carried out in a Vickers 55 metallo- 
graph.

In preparing specimens for electrón microscopy, slices 
0 -6 - 0 - 8  mm thick were cut, by spark machining, parallel to 
the compression axis. The thickness was reduced to  0-2-0-3 
mm by grinding. Final thinning was carried out in a solution 
devised by Packwood7 consisting of 5% of H F  (46%), 80% 
of H 2O 2 (30%), and 15% H 2O by volume. Slices were held in 
platinum-tipped tweezers and were moved continuously in 
the solution. When a hole appeared, a piece of adjacent metal 
was carefuily cut out with a scalpel, rinsed in ethanol and 
dried between filter paper. Specimens were examined and 
photographed in a Philips EM300 electrón microscope oper- 
a tinga t 100 kV.

The subgrain size was determined as the square root of the 
average subgrain area by counting the number of subgrains,

T A B L E  III Experimental conditions of hot compression and the mean subgrain sizes produced

Activation energy,4 Measured valúes oftf
Temperature, °C c________  i, s -1 Delay, s log Z cal/mole a, ksi TEM optical/im

Armco iron 600 0-4 1*11 2 18-2 66000 49*5850 0-2 1-8*10-3 2 11-0 5*1850 0-15 7-4x10-* 2 10-1 4-6Silicon steel 600 0-4 1-11 2 19-4 80000 36-5850 0-2 3 -7 * l0 -3 2 12-7 5-4*850 0-15 7-4x10-5 2 110 4-0
*interpolated from data of Uvira4
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a A rm c o iro n  *  3 0 0 ; b Silicon steel *4 5 0

1 Optical micrographs of material deformed at 850°C at a 
constant true strain of 7-4* 10 5 s _1; strain=0.15

(a) lying wholly, and those (b) lying partly, within a reetangle 
of known area, A. A correction factor of unity was added to 
the formula given by Jeffries, 8 as recommended by Saltykov . 9 
The subgrain size, d, is then given as a function of magnifica- 
tion X b y  the formula

1 /  A
~  X \ J  a+ 0-5b+ \ ............................................................. (3)

R E S U L T S
Microstructural observations and subgrain-size 
measurements
The subgrain sizes of a large number of the specimens had 
previously been determined in studies of Armco iron and 
Silicon steel, 2 and aluminium . 3 Henee, measurements were 
made only on those samples which were hot deformed in the 
present study. The subgrain sizes determined in the present 
work are listed in Table III. Typical optical microstructures 
are shown in F ig .la and b for Armco iron and Silicon steel, 
respectively. Figure 2 shows, in a typical electrón micrograph, 
the more or less equiaxed substructure observed in Armco iron; 
the microstructure of the Silicon steel appeared to be almost 
identical.

Room-temperature strength/subgrain sizecorrelations
The measurement of the yield strength, cta , of all three mater-
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2 Electron micrograph of Armco iron deformed at 600°C 
at a constant true strain rate of 1-11 s_1; strain=0-4

X18500

ials in the annealed condition simplified the correlation of 
strength and subgrain size considerably. The influence of the 
deformation-induced substructure was measured by subtract- 
ing cta from the measured room-temperature yield stress, o. 
The empirical relationship employed was 

0 —0A—kd~m ..........................................................................(4)
where k  and m are constants. This form permitted the deter- 
mination of m  as the slope of log-log graphs, Fig.3. The valúes 
of m, and the standard errors, determined by regression 
analysis of the data obtained in the present study are 1 03 ±  
0-05 for Armco iron, 0-98±0 03 for S il ic o n  steel, and 1-12±

lines representing the true Hall-Petch equation for grains are also shown
3 Room-temperature strength increment due to sub­

structure formation as a function of subgrain size for 
Armco iron and Silicon steel
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O A l , k g / m m 2

01 02
1 0 3 -i 

d  ,p ,m
0 4  0 5  0 6

Microhardness v. 0.2% yield 
Silicon steel, and aluminium

stress for Armco iron.

a Armco ¡ron and Silicon steel; b alum inium
4 Room-temperature strength ¡ncrement as a function of 

subgrain size

0 1 6  for aluminium. The data for the three materials are 
shown in Fig.4, plotted against d~x. Data obtained in high- 
temperature tensile tests by Warrington12 have been added to 
Figs.3 and 4a; the valué of cta was estimated from the Hall- 
Petch terms cto(~MtoH-A7>-*. Estimates of these terms were 
also made for the aluminium used by other investigators; 
these data have been incorporated into Fig.4¿>. The estimated 
components of cta, together with the valúes measured on the 
materials used in the present investigation, are shown in 
Table IV.

Hardness/f low-stress correlations
Although not a major part o f the investigation, it is o f interest 
to compare the present yield-stress and flow-stress results with 
the microhardness results obtained in the earlier investiga- 
tions.4’17 The yield strength and hardness results are presented 
in Fig.5. From this graph, the ratios of microhardness to yield 
strength were found to be 5-9,4-8, and 3-6 for the Armco iron, 
Silicon steel, and aluminium, respectively. The latter valué was

used to convert the hardness data of Cotner and Tegart15 to 
equivalent yield stress for inclusión in Fig.4¿>. Anomalously 
high valúes o f 10, 5-2, and 3-9 were obtained for the annealed 
materials; the anomaly is attributable to the initially high rate 
of work hardening of an annealed material.1 Ratios of the 
microhardness to flow stress at 7-4% strain were also evalua- 
ted, Fig.6, for comparison with the valúes obtained by 
Tabor18 of 2-9-3 0. Valúes obtained in the present study were
3-5, 3 1 , and 2-5 for Armco iron, S il ic o n  steel, and aluminium, 
respectively.

074  A l , k g / m m 2

Microhardness v. flow  stress at 7*4% engineering strain 
for Armco ¡ron, Silicon steel. and aluminium

T A B L E  IV Mechanical property data for Silicon steel, Armco ¡ron, and aluminium

Material Purity Reference oo. kg/mm* Grain size D, um K. kg/mm*'* KD-«*. kg/mm* a c t" ,  kg/mm*

Fe-Si Fe-2-7%S¡ 2 30-6 500 34-6
003% C
001 %N

Armco Fe-0 03%C 2 6-4 100 10-0
iron 0-007%N

99-97 12 5-4 1000 1-67»° 1-67

99-7 3 1-1 150 4-5
99-994 14 0-31 200 Ó-361* Ó-75
99-86 15 1-1 15-30 0-36“ 2-8
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D I S C U S S I O N
Practica! implications of the present results
The linear relationship established between a -  a a and d  m in 
the log-log graphs, Fig.3, confirms the strong dependence of 
the flow stress on subgrain size, as proposed in an earlier 
paper . 1 The valué of m ~  1 is substantially larger than pre- 
viously suggested*. For all three materials, m is somewhat 
greater than i  so that the validity of equation (4), or the 
alternative formulation

a = a o + K D -> + k d ......................................................... (5)
is established. N ote that, particularly as d  approaches D, care 
should be exercised in the experimental determination of the 
sub-boundary density so as to distinguish it from the total 
boundary density, as discussed elsewhere. 19

The determination of the valué of m  allows the data to be 
plotted on standard graph paper as a -  <xA v. d~m. On either 
this type of graph, or on a log-log plot, extrapolation outside 
the experimental range is permissible only to a limited degree. 
Such an extrapolation would suggest that the introduction of 
1 /xm subgrains into the materials used in this investigation 
should give yield strengths. of 56, 83, and 21 -5 kg/mm2 
(80000, 118000, and 31000 lb/in2) respectively for Armco 
iron, Silicon steel and aluminium. The highest strengths found 
in the present study were 35, 59, and 9-7 kg/mm2 (50000, 
84000, and 13800 lb/in2), corresponding to subgrain sizes of
1 -9, 2-0, and 2-5 /xm respectively for the three materials. The 
contribution of the deformation-induced substructure amount- 
ed to —71, 41, and 54% of the yield stress, respectively. The 
use of fine-grained starting material instead of the coarse- 
grained metal used in the present study would decrease the 
proportion  of strength contributed by the substructure, but 
could give rise to a substantial increase in the total yield 
stress, due to a true Hall-Petch effect, as implied in equation 
(5). Still higher room-temperature strengths could be pro­
duced by hot deforming at higher valúes of Z, the temperature- 
compensated strain rate. This could be achieved, for the 
ferrous materials, by warm working (at ~600°C) at strain 
rates greater than —1/s-1. The resulting elongation of the 
grains would be equivalent to grain refinement, and the 
strength increment attributable to this may be significant. It is 
appreciated also that adiabatic heating may lead to appreci- 
able temperature increases in material being deformed at 
high strain rates, making the attainment of very high Z  con­
ditions more difficult.

It is of interest to note that the relationship between a -  aA 
and d, referred to above, is similar to that between the high- 
temperature flow-stress aT and d, viz., K 'd  q, where q 
~  1-5 for most metáis . 20 This suggests that a simple correla- 
tion of the room-temperature strength and the high-tempera- 
ture deformation conditions may be possible. From the 
equations

o - o A =  k d - m , O T  = K 'd l b, é = A ' o -t"  exp(-  Q¡RT) 
and

Z = éexp (Q ¡R T ) 
both a -  a a and aT can be shown to be related to powers of Z. 
(Here k, m, K \  A ', Q , and R  are constants.) This indicates 
that the logarithms of (a - a a )  and Z  on the one hand and o - t  

and Z  on the other are linearly related. In Fig.7, straight lines 
are fitted to these two linear relationships. It should be noted

• I t  should be noted that, in the graphs presented previously, m =  f  was 
used. The difference in the exponent is attributable to two causes. First, 
in the present work a a is used as a datum from which the substructure 
strengthening is measured, not o„ as in the previous treatment. Second, 
the ratio of hardness to yield stress for the annealed material was pre­
viously assumed to be twice the equivalent ratio for substructure 
strengthened material; from the present experiments, it is found that the 
v a lu é  ofthis factor is not 2, but 1-8,1-1, and 1-1 for Armco iron, S ilicon  
Steel, and aluminium, re sp e c tiv e ly .

T 1 - 2
o
'o

1-1

i
OOOt 1 0

STRAIN R A TE, S

_ 6 0 0 °C_____ 1?  4 1?
6 5 0  °C

2 10°  102 104

__ I—"icr4 io-2 10° io2 104
7 0 0 °C 10-4 1p*~ 10° v ¿ 10*

X  )— o 
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2  
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a Armco ¡ron, Q = 66 kcal mole-1 (ref.4); b Silicon  steel, Q=80 kcal m o le  
(ref.4)
The room-temperature strength, o. and strength 
increment, c t - c ta ,13 and the high-temperature steady- 
state flow stress, en?.4 plotted against the logarithm of 
the temperature-compensated strain rate, Z(¡=¿ exp 
(Q /R T )); typical warm working temperatures, T.  and 
a range of strain rates, é. are also shown

that, on the basis o f the above relations, log o and log Z  are 
not linearly related, although the departure from linearity is 
not significant over the present experimental range. In view 
of the greater utility for predictive purposes of a linear 
relationship, a straight line is drawn through the ct/Z data 
points in Fig.7. The incorporation of the high-temperature 
flow stress ctt on the same graph permits the estimation of 
the forcé required for hot deformation. The beneficial effects 
of warm rolling on room-temperature strength have already 
been investigated on a laboratory scale for some low- and 
medium-carbon steels. It is found, however, that an increase
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in strength is accompanied by some loss of ductility in the 
low-carbon steels.21

The present findings support the view advanced by Robbins 
and co-workers22 that the final reductions of ferrous materials 
should be in the high-temperature ferritic región, i.e. below 
the y -a  transition temperature. It should be recalled that the 
strength and ductility of a-iron worked at 760° -  860°C is 
similar to that of y-iron in the rango 950°-1050°C.22 Thus, 
delaying the final pass in a hot-rolling sequence to allow 
cooling by about 200°C results in only minor changes in the 
hot-rolling load. However, the expected increase in room- 
temperature strength in Armco iron is ~15 0 0 0  lb/in2 (log 
2 =  13, Fig.7a) if recrystallization during cooling is prevented. 
Similar considerations should apply to steels and other fer­
rous materials warm rolled below the A 3 temperature.

Comparison with the true Hall-Petch relationship and 
withtheory
In the previously proposed modified Hall-Petch relationship 
it was suggested that an increase in sub-boundary strength 
with decrease in subgrain size was responsible for the negative 
exponent of d  having a valué greater than The increase in 
strength was attributed to an increase in the sub-boundary 
misorientation, and in the redundant dislocation content of 
the sub-boundaries.1 It was also suggested that the range of 
the local or true Hall-Petch slopes applicable to data in the 
hot-working range obtainable from a a v. d  1 plot, was 
from 0-3 to 0-7 of that of the grain-boundary data. In the 
present study, the ranges o f the true Hall-Petch slopes * 
expressed as fractions of the grain-boundary valúes were 
0-4 -0 -7 ; 0 -2 -0 -4 ; and 0-5 -0 -7  for Armco iron, Silicon steel, 
and aluminium, respectively. According to a theory of Li,23 
the local valué of the true Hall-Petch slope K  should be 
proportional to the square root o f the sub-boundary mis­
orientation, 6'. Thus, the misorientation would be expected 
to change by factors o f 2-9,4-4, and 2-3 for the three materials 
respectively, according to the ranges of valúes for K  given 
above. These ranges are probably greater than the actual 
changes in misorientation through the range of subgrain sizes 
studied. Thus, it is reasonable to ascribe at least a part of the 
increase in K  to an increase in redundant dislocation content 
as d  decreases.

It is o f interest to note that, on the log-log graphs of Fig, 3, 
a line representing Hall-Petch data for grain boundaries has 
a slope of — Such a line mustintersect the lines drawn through 
the present experimental data. It is found that the intersection 
occurs at subgrain sizes <  1 ftm. Thus, the introduction of hot- 
work substructures by warm rolling at high strain rates may 
be expected to give strength increments comparable with those 
obtained by grain refinement in the submicron range.

C O N C L U S I O N S
1. The preservation, by rapid cooling, o f a substructure 

produced at high temperatures has been found to give 
appreciable room-temperature strengthening in Armco iron, 
Silicon steel, and aluminium. The strength, o, varíes linearly

•The true Hall-Petch slope K appropriate to materials containing sub­
grains o f size d can be determined from a log (ct- cta)  v . log d plot of 
slope m—1 as follows. A line o f slope —i  is drawn through the data 
points at the chosen valué of d and is extrapolated to d equals unity in 
the appropriate units. The ordinate at that point is equal to K.

with the inverse subgrain size, 1 /rf, and can be represented by 
the equation

a -  oo+ K D -*+ kd~ l 
where K  and k  are constants. Here ero is the Hall-Petch 
‘friction stress’ and D  is the grain size. The above equation, 
which has been substantiated for D > > d, permits the cor- 
relation of data over a wide range of subgrain sizes. Further- 
more, an approximately linear relation between log a and log 
Z  permits the correlation of room-temperature strength with 
the high-temperature deformation conditions.

2. A t least part o f the increase in sub-boundary strength, as 
the subgrain size decreases, is attributable to  an increase in 
the redundant dislocation content o f the sub-boundaries.

3. The máximum strengths observed were 35, 59, and 9-7 
kg/mm 2 (50000, 84000, and 13800 lb/in2) in Armco iron, 
Silicon steel, and aluminium, at subgrain sizes o f 1 -9, 2-0, and
2-5 /xm respectively. The strength increments attributable to 
the substructure were —25 kg/mm 2 (35000 lb/in2) for the 
ferrous materials and — 6  kg/mm 2 (8500 lb/in2) for the alu­
minium.

4. Ratios o f hardness to yield strength were evaluated. For 
Armco iron, Silicon steel, and aluminium the valúes were 5-5,
4-8, and 3-6 respectively. Higher valúes (10-0, 5-2, and 3-9) 
were observed for the annealed material, due to the higher 
initial rate o f work hardening. Ratios determined from the 
hardness and the flow stress at 7-4% strain in compression 
were 3-5, 3 1 , and 2-5 respectively. These valúes differ some- 
what from those quoted by Tabor of 2 -9 -  3 0.
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THE TRANSITION FROM MULTIPLE TO SINGLE PEAK RECRYSTALLIZATION 
DURING HIGH TEMPERATURE DEFORMATION

J . J .  JOÑAS and T. SAKAI*

D epartm ent o f  M e t a l l u r g i c a l  E n g in e e r in g  
M cG il l  U n i v e r s i t y ,  3450  U n i v e r s i t y  S t . ,  
M o n t r e a l ,  Cañada, H3Á 2A7

Résumé: Les m o d e le s  de S te in e m a n n ,  de Luton  e t  S e l l a r s ,  e t  de S ah ,  R ic h a r d so n  e t  S e l l a r s ,  
d é c r i v a n t  l a  t r a n s i t i o n  de l a  r e c r i s t a l l i s a t i o n  p é r i o d i q u e  á l a  r e c r i s t a l l i s a t i o n  c o n t i n u é ,  
s o n t  p a s s é s  en r e v u e  e t  c r i t i q u e s .  I I  e s t  a i n s i  m ontré  que l e  c r i t é r e  fo n d é  s u r  l ' é g a l i t é  
e n t r e  l a  d e f o r m a t io n  au máximum d e c o n t r a i n t e  e t  l a  d é f o r m a t io n  p en dan t l a  r e c r i s t a l l i s a t i o n  
(e  = e ) n e  s ' a p p l i q u e  p as d ans l e  c a s  de d e f o r m a t io n  homogene comme l a  t r a c t i o n  e t  l a  
c o m p r e s s io n .  En e f f e t ,  c e  c r i t e r e  s ' a p p u y a i t  su r  d e s  d o n n ée s  e x p é r i m e n t a l e s  de t o r s i o n ,  
c e  q u i  c o n d u i s a i t  a d e s  c o u r b e s  c o n t r a i n t e  -  d e f o r m a t io n  d é fo r m é e s  e t  e r r o n é e s  §  c a u s e  d e s  
g r a d i e n t s  de d é f o r m a t io n  e t  de v i t e s s e  de d é f o r m a t io n  e x i s t a n t  dans l e s  é c h a n t i l l o n s . Les  
r é c e n t s  r é s u l t a t s  de Sakaii e t  s e s  c o - a u t e u r s  au Japón s o n t  é g a le m e n t  d é c r i t s  i c i .  C e u x - c i  
o n t  m ontré que l ' e x i s t e n c e  d 'u n  s e u l  ou de p l u s i e u r s  maxima de c o n t r a i n t e  e s t  l i é e  r e s p e c -  
t iv e m e n t  a 1 ' a f f i n a g e  e t  au g r o s s i a s e m e n t  d e s  g r a i n s .  Pen dan t  l e  g r o s s i s s e m e n t , l e s  o s c i l -  
l a t i o n s  s ' a r r e t e n t  quand l a  t a i l l e  de g r a i n  s t a b l e  e s t  o b t e n u e .  A pres un s e u l  p i e  de  
c o n t r a i n t e ,  1 'a d o u c i s s e m e n t  p rend  f i n  quand 1 ' a f f i n a g e  d e s  g r a i n s  a b o u t i t  I  un é q u i l i b r e  ou  
une s t r u c t u r e  s t a b l e .

La r e l a t i o n  e n t r e  l a  t a i l l e  de g r a i n  á l ' é t a t  s t a b l e  D e t  l a  v i t e s s e  de d é f o r m a t io n  
c o r r i g é e  par l a  t e m p é r a tu r e  Z e s t  d é c r i t e ,  a i n s i  que l a  r e l a t i o n  e n t r e  l a  v i t e s s e  c o r r i g é e  
c r i t i q u e  Zc d 'u n e  p a r t  e t  l a  t a i l l e  de  g r a i n  i n i t i a l e  D0 d ' a u t r e  p a r t .  Nous av o n s  dém ontré  
que l a  c o r r e s p o n d a n c e  e n t r e  c e s  deux r e l a t i o n s  a b o u t i t  1 un c r i t e r e  s i m p l e ,  fo n d é  s u r  l a  
c o n s i d é r a t i o n  d e s  t a i l l e s  de g r a i n ,  p e r m e t t a n t  l a  d i s t i n c t i o n  e n t r e  l e s  com p ortem en ts  a  un  
s e u l  ou a p l u s i e u r s  p i e s .  Le com portem ent H un p i e  s e  r e n c o n t r e  quand D0 > 2DS , a l o r s  que  
l a  c o n d i t i o n  i n v e r s e  D0 < 2Dg c o n d u i t  a p l u s i e u r s  maxima. La c o n t r e  e x p é r i e n c e  q u i  a p erm is  
de v é r i f i e r  c e  c r i t e r e  e s t  d é c r i t e  é g a le m e n t .

E n f i n ,  un m odele  s i m p l e ,  r e p o s a n t  s u r  l a  c o n s i d é r a t i o n  de d e n s i t é  de germ es de r e ­
c r i s t a l l i s a t i o n ,  perm et d ' e x p l i q u e r  l e s  d eu x  t y p e s  de com p ortem en t.  D 'a p r é s  c e  mod&le, l a  
r e c r i s t a l l i s a t i o n  e s t  s y n c h r o n i s é e  1 t r a v e r s  l e  m a té r ia u  ( e t  l a  co u r b e  e s t  a l o r s  e y e l i q u e )  
s ' i l  y a une gran d e d e n s i t é  de germ es p o t e n t i e l s  dans chaq ué n ouveau  g r a i n .  C e c i  e s t  
v a l a b l e  pour l e s  m a té r ia u x  a y a n t  au d é p a r t  une s t r u c t u r e  1 g r a i n s  f i n s  e t  a b o u t i t  i  une  
f a i b l e  v a r i a t i o n  A e c  de l a  d é f o r m a t io n  n é c e s s a i r e  1 l a  g e r m in a t io n .  Dans l e s  m a té r ia u x  
a y a n t  une s t r u c t u r e  i n i t i a l e  a g r o s  g r a i n s ,  i l  y  a ,  par o p p o s i t i o n ,  t r é s  peu de germ es  
p o t e n t i e l s .  Une t r e s  gran d e v a r i a t i o n  de 1 ’o r i e n t a t i o n  d e s  g r a i n s  e t  de l a  d é s o r i e n t a t i o n  
d e s  j o i n t s  de g r a i n  provoque un é t a l e m e n t  d e s  v a l e u r s  de l a  d é f o r m a t io n  n é c e s s a i r e  á  l a  
g e r m in a t io n .  De c e  f a i t ,  l a  r e c r i s t a l l i s a t i o n  n ' e s t  n i  s y n c h r o n i s é e  n i  homogene dans  
l ' e s p a c e ,  e t  l ' o n  o b t i e n t  q u 'u n e  v a l e u r  moyenne de l a  c o n t r a i n t e ,  c e  que empéche l ' é t u d e  du 
phénoméne l o c a l .  La c o n d i t i o n  l i m i t e  de l ' o b t e n t i o n  d 'u n  é t a l e m e n t  d ans l e s  v a l e u r s  d e  l a  
d é f o r m a t io n  e s t  Aec = e c , oü e c e s t  l a  d é f o r m a t io n  n é c e s s a i r e  á l a  g e r m in a t io n  d ans l e s  
p a r t i e s  l e s  p l u s  f a v o r i s é e s  du m a t é r ia u .

Summary: The m od e ls  o f  S te in e m a n n ,  o f  L uton  and S e l l a r s ,  and o f  S ah ,  R ic h a r d so n  and S e l l a r s  
f o r  t h e  t r a n s i t i o n  from  p e r i o d i c  t o  ' c o n t i n u o u s '  r e c r y s t a l l i z a t i o n  a r e  r e v ie w e d  c r i t i c a l l y .
I t  i s  shown t h a t  t h e  t r a n s i t i o n  c r i t e r i o n  fou n d ed  on t h e  e q u i v a l e n c e  o f  t h e  peak  and r e ­
c r y s t a l l i z a t i o n  s t r a i n s  (ep  = ex ) d o e s  n o t  a p p ly  t o  hom ogeneous modes o f  d e f o r m a t io n  su ch  a s  
t e n s i ó n  o r  c o m p r e s s io n .  T n is  i s  b e c a u s e  t h e  p r e v i o u s  c o n d i t i o n  was b a s e d  on t o r s i o n  t e s t  
d a t a ,  and t h e s e  l e a d  t o  d i s t o r t e d  (and m i s l e a d i n g )  d e r i v e d  f l o w  c u r v e s  b e c a u s e  o f  t h e  s t r a i n  
and s t r a i n  r a t e  g r a d i e n t s  p r e s e n t  in  s o l i d  b a r s .  The r e c e n t  r e s u l t s  o f  S a k a i  and c o -w o r k e r s  
in  Japan a r e  a l s o  r e v ie w e d .  T h ese  a u t h o r s  showed t h a t  s i n g l e  and m ú l t i p l e  peak  b e h a v io u r  
a r e  a s s o c i a t e d  w i t h  g r a i n  r e f in e m e n t  and g r a i n  c o a r s e n i n g ,  r e s p e c t i v e l y .  D u r in g  g r a i n  
c o a r s e n i n g ,  th e  o s c i l l a t i o n s  c e a s e  when t h e  f i n a l ,  s t a b l e  g r a i n  s i z e  i s  a t t a i n e d ;  f o l l o w i n g  
a s i n g l e  f l o w  s t r e s s  máximum, f l o w  s o f t e n i n g  comes t o  an end when g r a i n  r e f in e m e n t  f i n a l l y  
l e a d s  t o  t h e  e q u i l i b r i u m  o r  s t e a d y  s t a t e  g r a i n  s t r u c t u r e .

The d ep en d e n c e  o f  t w i c e  t h e  s t a b l e  g r a i n  s i z e  (2DS) on t h e  t e m p e r a t u r e - c o r r e c t e d  s t r a i n  
r a t e  Z i s  d e s c r i b e d ,  a s  i s  t h a t  o f  th e  t r a n s i t i o n  v a l u é  o f  Z, Zc , on th e  i n i t i a l  g r a i n  s i z e

*0n l e a v e  from th e  U n i v e r s i t y  o f  E le c t r o - C o m m u n ic a t io n s , T ok yo , Jap an .



D0 . I t  i s  shown t h a t  th e  c o r r e s p o n d e n c e  b e tw e en  t h e s e  two r e l a t i o n s ,  f i r s t  p o in t e d  o u t  by 
S a k a i  and c o - w o r k e r s ,  p e r m ite  t h e  u s e  o f  a s im p le  c r i t e r i o n  b a se d  on g r a i n  s i z e  c o n s i d e r a -  
t i o n s  f o r  d i s t i n g u i s h i n g  b e tw e en  s i n g l e  and m ú l t i p l e  peak  b e h a v io u r .  The form er o c c u r s  when 
D0 > 2DS , w h ereas  th e  l a t t e r  i s  o b s e r v e d  u n d er  t h e  c o n v e r s e  c o n d i t i o n ,  DQ< 2DS . A c r i t i c a l  
e x p e r im e n t  i s  d e s c r i b e d  w hich  was c a r r i e d  o u t  t o  t e s t  t h i s  c r i t e r i o n .

F i n a l l y ,  a s im p le  model i s  p r o p o s e d ,  e x p r e s s e d  in  term s o f  t h e  r e l a t i v e  n u c l e u s  d e n s i t y ,  
t o  p r o v id e  a r a t i o n a l  b a s i s  f o r  th e  two t y p e s  o f  f l o w .  A c c o r d in g  t o  t h i s  v i e w ,  t h e  o c c u r r e n c e  
o f  r e c r y s t a l l i z a t i o n  i s  s y n c h r o n iz e d  th r o u g h o u t  th e  m a t e r i a l  (and t h e  f l o w  c u r v e  i s  t h e r e f o r e  
c y c l i c ) ,  when t h e r e  i s  a h ig h  d e n s i t y  o f  p o t e n t i a l  n u c l e i  w i t h i n  a g i v e n  new g r a i n .  T h is  
c o n d i t i o n  i s  met in  i n i t i a l l y  f i n e - g r a i n e d  m a t e r i a l s  and l e a d s  t o  a l i m i t e d  sp r e a d  Aec in  th e  
n u c l e a t i o n  s t r a i n .  In i n i t i a l l y  c o a r s e - g r a i n e d  m a t e r i a l s ,  t h e r e  i s  by c o n t r a s t  a s c a r c i t y  
o f  p o t e n t i a l  n u c l e i  w i t h i n  a g iv e n  new g r a i n .  As a r e s u l t  o f  t h e  w id e  v a r i a t i o n  i n  g r a i n  
o r i e n t a t i o n s  and boundary m i s o r i e n t a t i o n s , th e  n u c l e a t i o n  s t r a i n  a l s o  h a s  a w id e  s p r e a d ;  th u s  
t h e  p r o g r e s s  o f  r e c r y s t a l l i z a t i o n  i s  h i g h l y  u n s y n c h r o n iz e d  and s p a t i a l l y  in h o m o g e n e o u s , and  
o n ly  an a v e r a g e  f l o w  c u r v e ,  w hich  o b s c u r e s  th e  l o c a l  b e h a v io u r ,  i s  o b s e r v e d .  The c r i t i c a l  
c o n d i t i o n  f o r  t h e  sp re a d  in  t h e  n u c l e a t i o n  s t r a i n  i s  Aec = e c , where e c i s  t h e  n u c l e a t i o n  
s t r a i n  in  t h e  m ost fa v o u r e d  r e g i o n s  o f  t h e  m a t e r i a l .

1 .  INTRODUCTION

The s u b j e c t  o f  dynamic r e c r y s t a l l i z a t i o n  h a s  a c o n s i d e r a b l e  h i s t o r y ,  r e a c h in g  b ack  t o  
1 9 3 9 ,  when i t s  o c c u r r e n c e  was f i r s t  r e p o r t e d  d u r in g  t h e  c r e e p  o f  Pb ( 1 ) .  D ur in g  t h e  tw e n ty  
y e a r s  t h a t  f o l l o w e d ,  m ost o f  t h e  o b s e r v a t i o n s  w ere made on m e t á i s  und er  c r e e p  c o n d i t i o n s  
( 2 - 9 ) ,  a l t h o u g h  a p a r t i c u l a r l y  d e t a i l e d  s t u d y  was a l s o  c a r r i e d  o u t  on i c e  (1 0 )  und er  c o n ­
d i t i o n s  o f  c o m p r e s s iv e  l o a d i n g .  More r e c e n t l y ,  s e v e r a l  g e o l o g i c  m a t e r i a l s  h ave  b een  exam-  
in e d  ( 1 1 - 1 4 ) ,  w i t h  a v ie w  t o  e x p l a i n i n g  t h e  b e h a v io u r  o f  ' g a l l o p i n g  g l a c i e r s '  (1 1 )  and o f  
some o f  t h e  m in e r a l s  in  t h e  e a r t h ' s  c r u s t  ( 1 2 - 1 4 ) .  The f i r s t  d e t a i l e d  i n v e s t i g a t i o n  o f  
m e t a l l i e  b e h a v io u r  und er  c o n s t a n t  s t r a i n  r a t e  c o n d i t i o n s  was p u b l i s h e d  by R ossard  and B l a in  
in  1959 ( 1 5 ) ,  and l e d  t o  a much c l o s e r  e x a m in a t io n  o f  t h e  phenomena a s s o c i a t e d  w i t h  dynamic  
r e c r y s t a l l i z a t i o n .

R ossard  and B l a i n  showed c l e a r l y  t h a t ,  a s  t h e  s t r a i n  r a t e  o f  t e s t i n g  i s  i n c r e a s e d ,  or  
th e  e x p e r im e n t a l  te m p e r a tu r e  i s  d e c r e a s e d  ( s e e  F i g .  1 ) ,  t h e  f l o w  c u r v e s  ch an ge  t h e i r  c h a r -  
a c t e r  from th e  ' p e r i o d i c '  form a s s o c i a t e d  w i t h  c y c l i c  r e c r y s t a l l i z a t i o n  t o  t h e  ' s i n g l e  p ea k '  
ty p e  o f  c u r v e  a t t r i b u t e d  t o  ' c o n t in u o u s *  r e c r y s t a l l i z a t i o n ' .  In  an e l e g a n t  and now c l a s s i c a l  
paper  ( 1 7 ) ,  Luton  and S e l l a r s  s u g g e s t e d  t h a t  t h e  t r a n s i t i o n  from ' p e r i o d i c '  t o  ' c o n t i n u o u s '  
b e h a v io u r  i s  a s s o c i a t e d  w i t h  t h e  d i f f e r e n t  s t r a i n  r a t e  and t e m p e r a tu r e  d e p e n d e n c e s  o f  th e  
c r i t i c a l  s t r a i n  t o  i n i t i a t e  r e c r y s t a l l i z a t i o n  e and t h e  s t r a i n  f o r  t h e  c o m p le t io n  o f  r e ­
c r y s t a l l i z a t i o n  e x ( s e e  F i g .  2 ) .  On t h e  b a s i s  o f  t h e i r  r e s u l t s  c o n c e m i n g  t h e  t o r s i o n  
t e s t i n g  o f  N i ,  t h e y  showed t h a t  when > ex , i . e .  a t  low  s t r a i n  r a t e s  and h ig h  t e m p e r a t u r e s ,  
r e c r y s t a l l i z a t i o n  i s  c y c l i c ,  and c o n v e r s e l y  when e p < ex , i . e .  a t  r e l a t i v e l y  h ig h  s t r a i n  
r a t e s  and low  t e m p e r a t u r e s ,  r e c r y s t a l l i z a t i o n  i s  c o n t i n u o u s .  The Luton  and S e l l a r s  m odel o f  
1969 was s u b s e q u e n t ly  im proved by S ah , R ic h a r d so n  and S e l l a r s  i n  1973 ( 1 8 ) .  S in c e  t h e  p i o -  
n e e r i n g  work o f  R ossard  and B l a i n  and o f  S e l l a r s  and c o - w o r k e r s „ s e v e r a l  t h e o r e t i c a l  p a p e r s  
h ave  b een  p u b l i s h e d  d e a l i n g ,  from a more m ic r o s c o p i c  p o i n t  o f  v i e w ,  w i t h  t h e  n u c l e a t i o n  and 
grow th  o f  new dynamic g r a i n s  ( 2 2 - 2 5 ) .

Durin g  t h e  p e r io d  t h a t  t h e  'European s c h o o l '  o f  dynam ic r e c r y s t a l l i z a t i o n  was b e in g  
e s t a b l i s h e d ,  an in d e p e n d e n t  (and i n  some ways o p p o s in g )  i n t e r p r e t a t i o n  o f  t h e  phenomenon  
was b e in g  d e v e lo p e d  in  Ja p a n .  T h is  was b a se d  on some p a i n s t a k i n g  e x p e r im e n t s  c a r r i e d  o u t  by  
S a k a i  and c o - w o r k e r s  ( 2 6 - 2 9 ) ,  and le d  t o  t h e  n o t i o n  t h a t  t h e  t r a n s i t i o n  from p e r i o d i c  t o  
s i n g l e  peak r e c r y s t a l l i z a t i o n  depended s e n s i t i v e l y  on g r a i n  s i z e  c o n s i d e r a t i o n s  and c o u ld  
be e f f e c t e d  a t  a f i x e d  te m p e r a tu r e  and s t r a i n  r a t e  s im p ly  by v a r y i n g  t h e  i n i t i a l  g r a i n  s i z e  
( 2 6 - 2 8 ) .  A c c o r d in g  t o  t h i s  v i e w ,  when t h e  i n i t i a l  g r a i n  s i z e  i s  f i n e r  th an  t h e  e q u i l i b r i u m  
dynamic g r a i n  s i z e ,  r e c r y s t a l l i z a t i o n  w i l l  b e  p e r i o d i c ;  c o n v e r s e l y ,  when t h e  s t a r t i n g  g r a i n  
s t r u c t u r e  i s  a o a r s e r  than  t h e  e q u i l i b r i u m  o n e ,  o n ly  a s i n g l e  f l o w  s t r e s s  peak w i l l  be ob­
s e r v e d  ( 2 7 , 2 8 ) .

* A lth ou gh  th e  e x p r e s s i o n  ' c o n t in u o u s  r e c r y s t a l l i z a t i o n '  h a s  b e e n  u s e d  in  e a c h  o f  
r e f e r e n c e s  1 0 ,  1 5 ,  17 and 18 ( a s  w e l l  a s  by l a t e r  w o r k e r s ) , i t  can  l e a d  t o  c o n f u s i o n  w ith  
r e s p e c t  t o  t h e  ty p e  o f  ' c o n t in u o u s  r e c r y s t a l l i z a t i o n '  w hich  i s  a l s o  known a s  ' r e c r y s t a l l i z a ­
t i o n  i n  s i t u '  ( 1 9 , 2 0 ) .  In  t h e  b a la n c e  o f  t h i s  r e v i e w ,  we w i l l  t h e r e f o r e  e m p lo y ,  where  
p o s s i b l e ,  a l t e r n a t i v e  term s t o  r e f e r  t o  t h i s  phenomenon.



F i g .  l a  I n f l u e n c e  o f  s t r a i n  r a t e  on t h e  f l o w  
c u r v e s  d e r i v e d  from h o t  t o r s i o n  d a ta  
a t  1100°C f o r  0.25% C s t e e l  ( a f t e r  
R ossard  and B l a i n  ( 1 5 ) ) .

F i g .  Ib E f f e c t  o f  t e m p e r a tu r e  on t h e  
f l o w  c u r v e s  d e te r m in e d  i n  
a x is y m m e t r ic  c o m p r e s s io n  on a 
0.68% C s t e e l  a t  a s t r a i n  r a t e  
o f  1 . 3  x  10“3 s _1 ( a f t e r  
P e t k o v i c  e t  a l  ( 1 6 ) ) .

sn tss o -  (Kj.cm**)

F i g .  3

F i g .  2 S t r e s s  d ep en d e n c e  o f  t h e  s t r a i n  
t o  peak  f lo w  s t r e s s  ( e p s  e c ) 
and o f  t h e  a d d i t i o n a l  s t r a i n  t o  
t h e  s t a r t  o f  s t e a d y  s t a t e  f l o w  
( £x  s e s “ e p) f ° r puré n i c k e l  
a t  934°C . V a lú e s  o f  ex  a l s o  
c a l c u l a t e d  from d a ta  f o r  t im e  o f  
r e c r y s t a l l i z a t i o n  d u r in g  c r e e p  
o f  h ig h  p u r i t y  n i c k e l  (2 1 )
( a f t e r  Luton and S e l l a r s  ( 1 7 ) ) .

A c r i t i c a l  s t r e s s  s e p a r a t e s  t h e  r e g i o n s  
o f  p e r i o d i c  and c o n t in u o u s  r e c r y s t a l ­
l i z a t i o n  when i c e  i s  d eform ed  in  
c o m p r e s s io n  c r e e p .  Both t h e  c r i t i c a l  
s t r a i n  f o r  t h e  i n i t i a t i o n  o f  dynamic  
r e c r y s t a l l i z a t i o n  er and t h e  s t r a i n  
r e q u ir e d  f o r  t h e  c o m p le t io n  o f  r e ­
c r y s t a l l i z a t i o n  e x  i n c r e a s e  a lm o s t  
l i n e a r l y  w i t h  s t r e s s  ( a f t e r  S te inem ann  
( 1 0 ) ) .



As th e  i n v e s t i g a t i o n s  o f  S a k a i  and c o - w o r k e r s  h a v e  b e e n  p u b l i s h e d  e x c l u s i v e l y  in  t h e  
J a p a n e se  l i t e r a t u r e ,  th e y  a r e  n o t  w e l l -k n o w n  t o  w e s t e r n  r e s e a r c h e r s .  One o f  th e  o b j e c t i v e s  
o f  t h i s  r e v ie w  w i l l  t h e r e f o r e  be t o  o u t l i n e  th e  p r i n c i p a l  f e a t u r e s  o f  t h e  S a k a i  i n t e r p r e t a -  
t i o n  and t o  make some m o d i f i c a t i o n s  t o  i t  on t h e  b a s i s  o f  t h e  m ost u p - t o - d a t e  d a t a  a v a i l a b l e .  
l n  a d d i t i o n ,  t h e  model o f  S e l l a r s  and c o - w o r k e r s  w i l l  be  r e a s s e s s e d  in  t h e  l i g h t  o f  t h e  
e x t e n s i v e  e x p e r im e n t a l  r e s u l t s  prod uced  r e c e n t l y  b o th  i n  Japan ( 2 6 - 3 2 )  and i n  Cañada ( 1 6 ,  
3 3 - 3 9 ) .  F i n a l l y ,  a s  t h e r e  i s  an e le m e n t  o f  c o n f l i c t  b e tw e e n  t h e  ' J a p a n e s e '  and ' B r i t i s h '  
m odels  f o r  t h e  t r a n s i t i o n  b e tw e en  th e  two t y p e s  o f  f l o w ,  an a t t e m p t  w i l l  b e  made t o  r e c o n c i l e  
t h e s e  two a p p r o a ch es  t o  th e  s u b j e c t .

2 .  THE TRANSITION RESULTS OF STEINEMANN

From a h i s t o r i c a l  p o i n t  o f  v i e w ,  i t  i s  r e l e v a n t  t o  r e c o r d  t h a t  S te inem an n  (1 0 )  was t h e  
f i r s t  t o  p o i n t  o u t  ( i n  1958) t h a t  p e r i o d i c  r e c r y s t a l l i z a t i o n  o c c u r r e d  a t  lo w ,  and ' c o n t i n u o u s '  
or  ’ s u s t a i n e d '  r e c r y s t a l l i z a t i o n  a t  h ig h  s t r e s s  l e v e l s  ( s e e  F i g .  3 ) .  He a l s o  d e f i n e d  c l e a r l y  
t h e  ' i n c u b a t i o n '  s t r a i n  f o r  t h e  i n i t i a t i o n  o f  r e c r y s t a l l i z a t i o n  ( e R i n  F i g .  3 )  a s  w e l l  a s  th e  
'g r o w th '  s t r a i n  ex . S te in e m a n n 's  e x p e r im e n ts  w ere c a r r i e d  o u t  on p o l y c r y s t a l l i n e  i c e  com-  
p r e s s e d  b e tw e en  two h ea v y  g l a s s  o r  m e t a l  p l a t e s  and a n a ly z e d  m i c r o s t r u c t u r a l l y  by means o f  
c r o s s e d  p o l a r i z e r s .  With th e  a id  o f  t h i s  t e c h n i q u e ,  he was a b l e  t o  f o l l o w  t h e  p r o g r e s s  o f  
dynamic r e c r y s t a l l i z a t i o n  v e r y  c l o s e l y ,  and t h e  method h a s  s i n c e  b een  a p p l i e d  t o  t h e  s tu d y  
o f  r e c r y s t a l l i z a t i o n  d u r in g  i n d i r e c t  e x t r u s i ó n  ( 4 0 ) .

The r e s u l t s  o f  h i s  e x t e n s i v e  t e s t s ,  c a r r i e d  o u t  a t  - 1 . 9 ,  - 4 . 8  and - 1 1 . 5 ° C ,  showed t h a t  
eg  and ex b o th  d e c r e a s e d  a s  t h e  te m p e r a tu r e  was in c r e a s e d  ( a s  d id  t h e  c r i t i c a l  s t r a i n  f o r  
s t a t i c  r e c r y s t a l l i z a t i o n ) .  H is  o b s e r v a t i o n s  a l s o  i n d i c a t e d  t h a t  e x  was g e n e r a l l y  ab out
1 . 2 5  f o r  p e r i o d i c  r e c r y s t a l l i z a t i o n ,  and t h a t  t h e  £x / e r  r a t i o  i n c r e a s e d  w i t h  s t r e s s  t o  
c o n s i d e r a b l y  h i g h e r  v a l ú e s  d u r in g  ' s u s t a i n e d '  r e c r y s t a l l i z a t i o n .  (N o te  t h a t  was d e ­
ter m in ed  from m ia r o s t v u o t u r a l  o b s e r v a t i o n s  and i s  t h e r e f o r e  a lw a y s  l e s s  th a n  e p . )  When 
f u r t h e r  c y c l e s  o f  r e c r y s t a l l i z a t i o n  o c c u r r e d ,  t h e  s u b s e q u e n t  n u c l e a t i o n  s t r a i n  (m easured  
from t h e  b e g in n i n g  o f  growth  e c , i . e .  from e x  = 0 )  was u s u a l l y  l e s s  th a n  t h e  grow th  s t r a i n  
e x . S te inem an n  a l s o  s t u d i e d  t h e  m eta -d ynam ic  r e c r y s t a l l i z a t i o n  p r o c e s s  c l o s e l y  (he  c a l l e d  
t h e  l a t t e r  ' p o s t k i n e m a t i c '  and t h e  form er ’p a r a k i n e m a t i c ' ) . For b o th  t y p e s  o f  b e h a v io u r  
he r e p o r t e d  t h a t  t h e  r e s u l t i n g  g r a i n  s i z e  d e c r e a s e d  a s  t h e  a p p l i e d  s t r e s s  was in c r e a s e d  
( t h e  dynamic s i z e  was a lw a y s  f i n e r ) ,  and t h a t  t h e  t im e  e x p o n e n t  i n  t h e  u s u a l  e q u a t io n s  
d e s c r i b i n g  t h e  p r o g r e s s  o f  r e c r y s t a l l i z a t i o n  f e l l  in  t h e  ra n g e  1 t o  2 .

I t  i s  o f  i n t e r e s t  t h a t  g l a c i e r s  a r e  form ed from com pacted  snow c r y s t a l s  and th u s  have  
a r e l a t i v e l y  f i n e  i n i t i a l  g r a i n  s i z e .  As a r e s u l t  o f  g r a d u a l  g r a i n  grow th  on t h e  one hand 
and o f  dynamic r e c r y s t a l l i z a t i o n  on t h e  o t h e r ,  g r a i n  c o a r s e n i n g  g e n e r a l l y  t a k e s  p l a c e ,  
u s u a l l y  o v e r  a p e r io d  o f  y e a r s .  T h is  can  l e a d ,  a s  e x p l a i n e d  a t  g r e a t e r  l e n g t h  b e lo w ,  t o  a 
t r a n s i t i o n  from f lo w  i n v o l v i n g  p e r i o d i c  i n c r e a s e s  i n  s t r a i n  r a t e  ( ’ g a l l o p i n g  g l a c i e r s ' )  t o  
one in  w hich  t h e  v e l o c i t y  rem ain s  f a i r l y  c o n s t a n t .

3 .  THE MODEL OF LUTON AND SELLARS

The results o f  t h e  Computer s i m u l a t i o n  o f  dynamic r e c r y s t a l l i z a t i o n  c a r r i e d  o u t  by  
Luton and S e l l a r s  (1 7 )  a r e  r e p r o d u ce d  f o r  re a d y  r e f e r e n c e  i n  F i g .  4 .  Two o b s e r v a t i o n s  a r e  
o f  p a r t i c u l a r  r e l e v a n c e  t o  t h e  d i s c u s s i o n  t h a t  w i l l  f o l l o w .

(a )  B ecau se  e c > ex , a l l  o f  t h e  m a t e r i a l  in  F i g .  4a  o b e y s  a s i n g l e  s o f t e n i n g  law ;
i . e .  th e  n u c l e a t i o n  o f  a l l  new g r a i n s  o c c u r s  a t  e c = e , and t h e  grow th  o f  t h e s e  
g r a i n s  i s  r e s t r i c t e d  t o  t h e  i n t e r v a l  e x . No f u r t h e r  n u c l e a t i o n  e v e n t s  t a k e  p l a c e  
d u r in g  e x  and grow th  i s  s u b s t a n t i a l l y  o v e r  b e f o r e  r e c r y s t a l l i z a t i o n  can  on ce  more  
be i n i t i a t e d .

(b )  B e ca u se  e c < e x , t h e  m a t e r i a l  in  F i g .  4b can  be d i v i d e d  i n t o  s e v e r a l  'volum e  
f r a c t i o n s ' .  S u p p o s in g  h e r e  f o r  s i m p l i c i t y  t h a t  dynamic r e c r y s t a l l i z a t i o n  i s  
i n i t i a t e d  a t  e c in  a l l  t h e  g r a i n s , *  i t  i s  a p p a r e n t  t h a t ,  b e f o r e  r e c r y s t a l l i z a t i o n  
i s  c o m p le t e ,  th e  r e g i o n s  w hich  f i r s t  r e c r y s t a l l i z e d  r e a c h  t h e  c r i t i c a l  s t r a i n  f o r  
a seco n d  n u c l e a t i o n .  In t h i s  way, more th an  one c y c l e  o f  r e c r y s t a l l i z a t i o n  i s  
t a k i n g  p l a c e  in  th e  m e t a l  a t  t h e  same t im e ,  e a c h  c y c l e  o f  w hich  i s  a t  a d i f f e r e n t  
s t a g e  o f  t h e  r e c r y s t a l l i z a t i o n  p r o c e s s .  D ur in g  s t e a d y  s t a t e  f l o w ,  t h e r e  i s  an

*The c a s e  where th e  n u c l e a t i o n  s t r a i n  e c i s  d i f f e r e n t  in  d i f f e r e n t  vo lum e f r a c t i o n s  
o f  t h e  m a t e r i a l  w i l l  be c o n s id e r e d  l a t e r .



( a )  ( b )

F i g .  4 P r e d i c t e d  s t r e s s - s t r a i n  c u r v e s  f o r  dynamic r e c r y s t a l l i z a t i o n .  ( a )  A c y c l i c  f l o w  
cu r v e  when th e  c r i t i c a l  s t r a i n  t o  i n i t i a t e  r e c r y s t a l l i z a t i o n  ec  > ex , t h e  s t r a i n  
o c c u r r i n g  in  t h e  t im e  f o r  a l a r g e  f r a c t i o n  o f  r e c r y s t a l l i z a t i o n .  (b )  A s t e a d y  
s t a t e  c u r v e  f o r  t h e  c o n d i t i o n  when ec < ex . (L u ton  and S e l l a r s  ( 1 7 ) ) .

e q u i l i b r i u m  d i s t r i b u t i o n  o f  r e g i o n s  h a v in g  d i f f e r e n t  s t r a i n s  b e tw e en  z e r o  and e c , g i v i n g  
r i s e  t o  a c o n s t a n t  a v e r a g e  f l o w  s t r e s s  ( t h r e e  su ch  c o n c u r r e n t  c y c l e s  a r e  d e p i c t e d  i n  F i g .  
4 b ) .  T h is  ' in h o m o g en eo u s ' s i t u a t i o n  i s  i n  sh a rp  c o n t r a s t  t o  t h e  'hom ogeneous '  b e h a v io u r  
o f  F i g .  4 a .

A lth o u g h  i t  r e p r e s e n t e d  a s i g n i f i c a n t  a d van ce  when p u b l i s h e d  i n  1 9 6 9 ,  t h e  Luton and 
S e l l a r s  model was ack n ow led ged  t o  h ave  a number o f  l i m i t a t i o n s .  Forem ost  was t h e  f a c t  t h a t ,  
c o n s i s t e n t  w i t h  o b s e r v a t i o n  ( a )  a b o v e ,  t h e  a l t e r n a t e  c y c l e s  o f  work h a r d e n in g  and r e c r y s t a l ­
l i z a t i o n  s u c c e e d  ea c h  o t h e r  i n d e f i n i t e l y , w h e re a s  e x p e r i m e n t a l l y , t h e y  g e n e r a l l y  d i e  o u t  
a f t e r  from ab ou t  two t o  e i g h t  c y c l e s .  Three f u r t h e r  l i m i t a t i o n s  t h a t  have  b een  m en tio n ed  
in  t h e  l i t e r a t u r e  a r e  t h a t :  ( i )  t h e  s t e a d y  s t a t e  f l o w  s t r e s s  p r e d i c t e d  by t h e  model d epends  
o n ly  on e c (and n o t ,  a s  c o u ld  be e x p e c t e d ,  on e x  a s  w e l l )  ( 1 8 ) ;  ( i i )  t h e  p r e d i c t e d  peak and  
st'eady s t a t e  s t r a i n s  a r e  ab ou t a f a c t o r  o f  two t o o  h ig h  ( 1 8 ) ;  and ( i i i )  t h e  p r e d i c t e d  s t e a d y  
s t a t e  f l o w  s t r e s s e s  a r e  lo w e r  th a n  t h e  e x p e r im e n t a l  o n e s  ( 4 1 ) . *  Some f u r t h e r  p rob lem s a r e  
d i s c u s s e d  by S e l l a r s  in  R e f .  4 2 .

4 .  THE MODEL OF SAH, RICHARDSON AND SELLARS

In o r d e r  t o  overcom e some o f  t h e  ab ove  p r o b le m s ,  a more com p lex  model was p ro p o sed  by  
Sah e t  a l .  (1 8 )  in  1 9 7 3 .  T h e ir  c o n c e p t s  a r e  i l l u s t r a t e d  i n  s c h e m a t ic  form i n  F i g .  5 .  The 
f l o w  c u r v e s  r e s u l t i n g  from t h e  a p p l i c a t i o n  o f  t h i s  m odel a r e  p r e s e n t e d  i n  F i g .  6 .  The 
im p o r ta n t  f e a t u r e s  o f  th e  m o d i f i e d  model a r e  t h e  f o l l o w i n g .

(a )  The c r i t i c a l  s t r a i n  e ¿  f o r  t h e  se c o n d  and s u b s e q u e n t  c y c l e s  o f  r e c r y s t a l l i z a t i o n  
can  be s i g n i f i c a n t l y  s m a l l e r  th a n  t h e  i n i t i a l  c r i t i c a l  s t r a i n  e c ( F i g .  5 a ) .

(b)  The r e c r y s t a l l i z a t i o n  s t r a i n  e x a s s o c i a t e d  w i t h  a p a r t i c u l a r  volum e f r a c t i o n  o f  
t h e  m a t e r i a l  i s  c o n s i d e r a b l y  s m a l l e r  ( s e e  F i g .  6 )  th a n  t h e  m a c r o s c o p ic  ' r e c r y s t a l l i z a t i o n  
s t r a i n 1 e x  ( d e f i n e d  a s  t h e  s t e a d y  s t a t e  s t r a i n  e s m inus t h e  peak  s t r a i n  e p ) . The n o r m a l iz e d  
r e c r y s t a l l i z a t i o n  b e h a v io u r  o f  th e  volum e f r a c t i o n  AXj when i t  u n d e r g o e s  í t s  se co n d  c y c l e
o f  r e c r y s t a l l i z a t i o n ,  i s  shown a s  a brok en  c u r v e  in  F i g .  5b .

( c )  Each volum e f r a c t i o n  u n d e r g o in g  a se co n d  c y c l e  o f  r e c r y s t a l l i z a t i o n  i n  F i g .  5b 
( e . g .  AXj, AX2 , AX3 ,  e t c . )  i s  d i v i d e d  i n t o  tw o  s e p a r a t e  vo lum e f r a c t i o n s  d u r in g  th e  t h i r d  
c y c l e  o f  r e c r y s t a l l i z a t i o n  (a  s i m i l a r  s u b d i v i s i ó n  o c c u r s  i n  g o in g  from th e  t h i r d  t o  t h e  
f o u r t h ,  t h e  f o u r t h  t o  th e  f i f t h  c y c l e s ,  e t c . )



F i g .  5 S ch em a tic  d iagram  sh ow in g  t h e  dynamic r e c r y s t a l l i z a t i o n  k i n e t i c s  assumed (a )  by 
t h e  model o f  Luton and S e l l a r s  (1 7 )  and (b )  by t h e  m o d i f i e d  model f o r  t h e  e f f e c t  
o f  r e c r y s t a l l i z a t i o n  on f lo w  s t r e s s  (S a h ,  R ic h a r d so n  and S e l l a r s  ( 1 8 ) ) .  The form  
o f  t h e  f l o w  c u r v e  e x p e c t e d  in  t h e  a b s e n c e  o f  r e c r y s t a l l i z a t i o n  i s  shown in  ( a ) .

F e a tu r e  (b )  i s  r e s p o n s i b l e  f o r  t h e  s i n g l e  peak  b e h a v io u r  o f  t h e  f l o w  c u r v e s  d / f ,  c / e ,  
b / f  and a / e  o f  F i g .  6 .  ( I t  was n o t  em ployed  f o r  t h e  p e r i o d i c  f l o w  c u r v e s  f / f  and e / e . )  
F e a t u r e  ( c )  i s  r e s p o n s i b l e  f o r  th e  g r a d u a l  damping o u t  o f  t h e  o s c i l l a t i o n s  i n  c u r v e s  f / f  
and e / e .  T h ese  two f e a t u r e s  w ere n o t  g i v e n  a p h y s i c a l  b a s i s  i n  r e f e r e n c e s  18 and 4 2 ,  b u t  
can  be g iv e n  th e  f o l l o w i n g  i n t e r p r e t a t i o n :

( i )  The s u b d i v i s i ó n  o f  t h e  m a c r o s c o p ic  r e c r y s t a l l i z a t i o n  s t r a i n  e x i n t o  numerous  
s m a l l e r  e n t i t i e s e x  ̂ c o r r e s p o n d s  t o  t h e  r e c o g n i t i o n  t h a t ,  i n  a s i n g l e  peak e x p e r i -  
m en t,  d i f f e r e n t  volum e f r a c t i o n s  o f  t h e  m a t e r i a l  a r e  a t  d i f f e r e n t  s t a g e s  o f  t h e  
r e c r y s t a l l i z a t i o n  p r o c e s s  a t  a g iv e n  i n s t a n t  o f  t im e .

( i i )  The c o n t in u o u s  s u b d i v i s i ó n  o f  t h e  i n d i v i d u a l  volum e f r a c t i o n s  a f t e r  ea c h  
c y c l e  i s  a r e c o g n i t i o n  o f  t h e  P r o g r e s s i v e  ’d e s y n c h r o n i z a t i o n ' o f  t h e  r e c r y s t a l ­
l i z a t i o n  p r o c e s s  t h a t  t a k e s  p l a c e  d u r in g  a g iv e n  t o r s i o n  e x p e r im e n t .

T h ese  two a s p e c t s  o f  dynamic r e c r y s t a l l i z a t i o n  b e h a v io u r  w i l l  be  exam ined i n  g r e a t e r  
d e t a i l  l a t e r  in  t h e  p r e s e n t  r e v i e w  a f t e r  some new e x p e r im e n t a l  e v i d e n c e  h a s  b een  p r e s e n t e d  
and a n a l y s e d .

5 .  DOES THE TORSION-BASED LUTON AND SELLARS MODEL 
APPLY TO TENSION AND COMPRESSION?

The model o f  Luton and S e l l a r s  was ded uced  from t h e  r e s u l t s  o f  t o r s i o n  e x p e r im e n ts  
c a r r i e d  o u t  on com m ercia l  p u r i t y  n i c k e l  and t h r e e  n i c k e l - i r o n  a l l o y s .  I t  i s  a l s o  c o n s i s t e n t  
w it h  th e  t o r s i o n  d a ta  o f  R ossard  and B l a i n  (1 5 )  p r e s e n t e d  in  F i g .  l a ,  w hich  w ere o b ta in e d  
on a 0.25% C s t e e l  deform ed in  th e  a u s t e n i t e  p h a se  ( s e e  F i g .  7 a ) .  H owever, i t  i s  o f  i n t e r -  
e s t  t h a t  t h e  model may n o t  be a p p l i c a b l e  ( w i t h o u t  f u r t h e r  m o d i f i c a t i o n )  t o  o t h e r  modes o f
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F i g .  6 C a l c u l a t e d  form  o f  t h e  f l o w  c u r v e s  
f o r  dynam ic r e c r y s t a l l i z a t i o n  when 
e c f o r  th e  f i r s t  and e c j f o r  th e  
s u b s e q u e n t  c y c l e s  a r e  e q u a l ,  b u t  
t h e  r a t e s  o f  r e c r y s t a l l i z a t i o n  
d i f f e r  ( a s  r e p r e s e n t e d  by e x  f o r  
t h e  f i r s t  and e x i  f o r  t h e  s u b s e ­
q u en t  c y c l e s ) . Here t h e  l e t t e r s  
a / e ,  e t c .  i n d í c a t e  t h e  v a l ú e s  o f  
ex  and e x l ,  r e s p e c t i v e l y ,  and a r e  
a s  f o l l o w s :  (a )  1 6 e c ; (b )  8 e c ;
( c )  4 e c ; ( d )  2 e c ; ( e )  e c ; ( f )  e ^ / 2 .
The d o t t e d  c u r v e s  a r e  e x p e c t e d  in  
t h e  a b s e n c e  o f  r e c r y s t a l l i z a t i o n .  
emr i s  t h e  s t r a i n  r e q u ir e d  t o  a t t a i n
0 . 9 9  o f  t h e  s a t u r a t i o n  s t r e s s  amr in  
t h e  a b s e n c e  o f  r e c r y s t a l l i z a t i o n  
( S e l l a r s  ( 4 2 ) ) .

t e s t i n g  o r  o f  d e f o r m a t io n  su ch  a s  t e n s i ó n  
o r  c o m p r e s s io n .  An exam ple i s  g i v e n  i n  
F i g .  7b , i n  w h ich  a r e  p r e s e n t e d  t h e  peak  
and r e c r y s t a l l i z a t i o n  s t r a i n s ,  e p and e x  
r e s p e c t i v e l y ,  d e te r m in e d  by S a k u i ,  S a k a i  
and T a k e i s h i  ( 2 6 , 2 8 )  on a 0.16% C s t e e l .
I t  ca n  b e  s e e n  t h a t ,  u n l i k e  t h e  b e h a v io u r  
d i s p l a y e d  by t h e  t o r s i o n  r e s u l t s ,  t h e  e p 
and ex  c u r v e s  do n o t  i n t e r s e c t  i n  t h i s  c a s e .
A s i m i l a r  l a c k  o f  i n t e r s e c t i o n  i s  o b s e r v e d  in  
t h e  £p and ex  d a t a  o f  P e t k o v i c  ( 1 6 , 4 3 ) ,  w hich  
w ere d e te r m in e d  in  c o m p r e s s io n  on a 0.68% C 
s t e e l  ( F i g .  7 c ) .  I t  sh o u ld  be n o t e d  t h a t  wher 
e_  and e x  a r e  m easured  i n  t e n s i ó n  o r  com­
p r e s s i o n ,  t h e y  a r e  l e s s  th an  t h e  c o r r e s -  
p o n d in g  t o r s i o n  v a l ú e s  a s s o c i a t e d  w i t h  t h e  
same peak s t r e s s .  I t  i s  p a r t i c u l a r l y  r e l e -  
v a n t  t o  t h e  p r e s e n t  d i s c u s s i o n  t h a t  t h e  
r a t i o  £p ( t o r s i o n ) / E p ( t e n s i ó n  o r  com p res­
s i o n )  i s  c o n s i d e r a b l y  s m a l l e r  th a n  th e  
r a t i o  £x  ( t o r s i o n ) / e x  ( t e n s i ó n  o r  com p res­
s i o n )  .

As t h e s e  d i f f e r e n c e s  b e tw e en  t h e  c h a r a c t e r i s t i c s  o f  t o r s i o n  and a x isy m m e tr ic  f l o w  
c u r v e s  a r e  o f  c o n s i d e r a b l e  im p o r ta n ce  w i t h  r e g a r d  t o  t h e  c o n c l u s i o n s  o f  t h e  p r e s e n t  r e v i e w ,  
some o f  t h e  p o s s i b l e  f a c t o r s  r e s p o n s i b l e  f o r  t h e  e p and e x  d i s c r e p a n c i e s  w i l l  b e  in tr o d u c e d  
a t  t h i s  p o i n t .  Then , a f t e r  t h e  p r e s e n t a t i o n  o f  some m e t a l l o g r a p h i c  e v i d e n c e  c o n c e r n in g  
g r a i n  s i z e  c h a n g e s  d u r in g  dynamic r e c r y s t a l l i z a t i o n ,  an a l t e r n a t i v e  model w i l l  b e  in t r o d u c e d  
and d i s c u s s e d .

6 .  WHY DO THE PEAK AND RECRYSTALLIZATION STRAINS 
DETERMINED IN TORSION DIFFER FROM THOSE DERIVED 
FROM TENSION OR COMPRESSION DATA?

In t h i s  s e c t i o n ,  we p r e s e n t  two d i f f e r e n t  f e a t u r e s  o f  t o r s i o n  t e s t i n g  w h ich  a f f e c t  th e  
f l o w  c u r v e s  ded uced  from t o r q u e / t w i s t  d a t a ,  and w h ich  ca n  t h e r e f o r e  l e a d  t o  d i s c r e p a n c i e s  
when t o r s i o n - b a s e d  f l o w  c u r v e s  a r e  compared w i t h  t h o s e  d e te r m in e d  by more c o n v e n t i o n a l  
t e c h n i q u e s .  The f i r s t  f e a t u r e  i n v o l v e s  t h e  r a d i a l  g r a d i e n t  i n  s t r a i n  and s t r a i n  r a t e  w hich  
i s  in h e r e n t  in  th e  t e s t i n g  o f  s o l i d  b a r s ,  a s  a r e s u l t  o f  w hich  Ep and ex a r e  d i f f e r e n t  i n  
e a c h  c o n c e n t r i c  c y l i n d r i c a l  l a y e r  in  t h e  t o r s i o n  b a r .  The e f f e c t  o f  t h e  sp r e a d  in  t h e s e  two  
c h a r a c t e r i s t i c  s t r a i n s  i s  i l l u s t r a t e d  i n  F i g .  8 a .  For t h i s  d ia g r a m , t h e  s im u la t e d  t o r s i o n  
c u r v e s  w ere c a l c u l a t e d  on t h e  a s s u m p t io n s  t h a t ,  ( i )  a t  a g iv e n  e q u i v a l e n t  s t r a i n  r a t e ,  th e  
r a t e s  o f  work h a r d e n in g  a r e  e q u a l  in  t e n s i ó n  and t o r s i o n ,  and ( i i )  t h a t  t h e  d i f f e r e n c e s  in  
t h e  t e x t u r e s  d e v e lo p e d  a r e  n o t  s i g n i f i c a n t .  (T h ese  a s s u m p t io n s  a r e  n o t ,  s t r i c t l y  s p e a k in g ,  
a c c u r a t e ,  a s  w i l l  be d e m o n s tr a te d  b e lo w  when F i g .  8b i s  d i s c u s s e d . )

I t  i s  e v i d e n t  from F i g .  8a  t h a t  Ep i n  t o r s i o n  i s  g r e a t e r  th a n  t h e  c o r r e s p o n d in g  t e n s i ó n  
v a l u é ,  e v e n  und er  t h e  a r t i f i c i a l  c o n d i t i o n  t h a t  t h e  same b a s i c  f l o w  c u r v e s  a p p ly  t o  t h e  two
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F i g .  7 D ependence o f  e p and ex  on t h e  peak  s t r e s s  op . ( a )  D eterm in ed  from t h e  t o r s i o n
D eterm in ed  from t h e  t e n s i ó n  d a ta  
n o t  i n t e r s e c t  in  t h i s  c a s e .

f l o w  c u r v e s  o f  F i g .  l a  ( n o t e  i n t e r s e c t i o n ) . (b)  
o f  Saku i e t  a l .  ( 2 6 , 2 8 ) .  N ote  t h a t  e p and e x do
( c )  D eterm ined  from th e  a x is y m m e tr ic  c o m p r e s s io n  d a ta  o f  P e t k o v i c  ( 1 6 , 4 3 ) .  A gain  
th e  and ex c u r v e s  do n o t  i n t e r s e c t .

0.16*/.C-Fe 
D. = 37.8>um 
T =940 °C-

-------  Torsion test
(Caluculated)

-------Tensión test
(Eiperimental)

0.2 03 0.4 
True stra in

(a )

EQUIVALENT S T R A IN

(b)

E-O I

F i g .  8 (a )  Comparison o f  a c t u a l  t r u e  s t r e s s - t r u e  s t r a i n  c u r v e s  d e te r m in e d  in  t e n s i ó n  w it h  
c a l c u l a t e d  t o r s i o n  c u r v e s .  The l a t t e r  were d e r i v e d  from t e n s i l e  d a ta  d e ter m in ed  a t  
t h e  s t r a i n  r a t e  a p p r o p r ia t e  t o  ea c h  c y l i n d r i c a l  ' s h e l l '  in  t h e  s im u la t e d  t o r s i o n  b a r .  
The to r q u e  c o n t r i b u t i o n s  o f  th e  i n d i v i d u a l  s h e l l s  w ere th e n  summed and t h e  e f f e c t i v e  
s t r e s s - e f f e c t i v e  s t r a i n  c u r v e s  were ded uced  by t h e  method o f  F i e l d s  and B ackofen  
( 3 8 , 4 4 ) .  (b )  Comparison o f  t h e  a c t u a l  f l o w  c u r v e s  d e te r m in e d  in  t e n s i ó n  and in  
t o r s i o n  a t  th e  same e f f e c t i v e  s t r a i n  r a t e  ( 3 8 ) .  The t o r s i o n  f lo w  cu r v e  was d e r i v e d  
by th e  d i f f e r e n t i a l  method o f  Canova e t  a l .  (3 8 )  from e x p e r im e n ts  on t e n  s o l i d  bar  
sa m p les  o f  i n c r e a s i n g  r a d i u s .



t e s t i n g  m odes .  T h is  a r i s e s  from t h e  n o n - l i n e a r  d ep en d en ce  o f  e p on é ,  w h ic h ,  when com bined  
w i t h  t h e  l i n e a r  d ep en d en ce  o f  e and é on r a d iu s  i n  th e  c o n c e n t n c  s h e l l s  o f  t h e  t o r s i o n  b a r ,  
means t h a t  e a c h  l a y e r  a t t a i n s  t h e  peak  s t r e s s  c o n d i t i o n  a t  a d i f f e r e n t  t i m e .  B e a r in g  in  
mind t h a t  t h e  s t r a i n  r a t e  and peak  s t r e s s  a r e  r e l a t e d  by t h e  a p p r o x im a te  r e l a t i o n

e ** A a n (1 )
P

w here n £ 6 ,  and t h a t ,  from F i g s .  7b and 7 c ,

e o c  o 
P P

( 2)

o v e r  much o f  t h e  d ia g ra m , i t  can  b e  s e e n  t h a t :

e © C  e 1/,n (3 )
P

where 1 /n  s 1 / 6  < 1 .  I t  i s  a c o n s e q u e n c e  o f  r e l a t i o n  (3 )  (and o f  t h e  l i n e a r  e and é d i s ­
t r i b u t i o n )  t h a t ,  when t h e  o u te r m o s t  s h e l l  a t t a i n s  e , t h e  u n d e r l y i n g  l a y e r s  w i l l  n o t  y e t  
h ave r e a c h e d  t h e i r  peak  s t r a i n s ,  p a s s i n g  th r o u g h  t h ? s  c o n d i t i o n  s u c c e s s i v e l y  i n  an inw ards  
d i r e c t i o n .  As a r e s u l t ,  t h e  t o r q u e  p a s s e s  th r o u g h  i t s  máximum l a t e r  ( i n  t im e )  th a n  d o e s  
t h e  s t r e s s  in  t h e  o u te r m o s t  l a y e r .  When t h e  to r q u e  i s  c o n v e r t e d  i n t o  e q u i v a l e n t  s t r e s s  
( e . g .  by t h e  method o f  F i e l d s  and B a c k o fen  ( 4 4 ) ) ,  t h e  r e t a r d a t i o n  o f  e p ( w i t h  r e s p e c t  t o  
t e n s i ó n )  i l l u s t r a t e d  in  F i g .  8a  i s  p ro d u c ed .

A s i m i l a r  argum ent a p p l i e s  t o  e x , w i t h  a f u r t h e r  c o m p l i c a t i o n  ( 3 7 ) .  In  t h e  a n a l y s i s  
d e s c r i b e d  a b o v e ,  a l l  t h e  l a y e r s  b egan  t h e  e x p e r im e n t  i n  t h e  f u l l y  a n n e a le d  o r  r e c r y s t a l l i z e d  
c o n d i t i o n ,  i . e .  t h e i r  m e t a l l u r g i c a l  s t r u c t u r e s  w ere ’ s y n c h r o n i z e d ' a t  t h e  b e g in n i n g  o f  th e  
t e s t .  T h is  s im p le  p i c t u r e  d o e s  n o t  a p p ly  t o  e x , h o w e v e r ,  b e c a u s e  t h e  z e r o  t im e  b a s e  o r  datum  
f o r  ex  i s  € p ,  and t h i s  i s  d i f f e r e n t  i n  e a c h  l a y e r ,  a s  i n d i c a t e d  by E q u a t io n  ( 3 ) .  As e x -  
p l a i n e d  in  more d e t a i l  i n  r e f e r e n c e  ( 3 7 ) ,  t h e  n e t  r e s u l t  i s  t h a t  t h e r e  a r e  ttio com p onents  
o f  r e t a r d a t i o n  in  t h e  t o r s i o n - b a s e d  v a l ú e s  o f  e x :

( i )  one i s  b e c a u s e ,  g iv e n  a d ep en d e n c e  o f  t h e  form

e x o C  (4 )

where q < 1 ,  e a c h  l a y e r  in  t h e  t o r s i o n  b a r  b e lo w  t h e  o u te r m o s t  one t a k e s  a
p r o g r e s s i v e l y  l o n g e r  t im e  in  g o in g  from t h e  e p t o  t h e  e s  * e p +  ex  c o n d i t i o n ;

( i i )  t h e  se co n d  a r i s e s  from t h e  ' d e s y n c h r o n i z a t i o n '  o f  t h e  t im e  b a s e  f o r  e x .

I t  i s  o f  i n t e r e s t  t h a t  t h e  d e s y n c h r o n i z a t i o n  o f  e p and ex  i n  t h e  v a r i o u s  l a y e r s  i n ­
c r e a s e s  w i t h  e a c h  c y c l e  o f  r e c r y s t a l l i z a t i o n  ( 3 7 ) .  As a r e s u l t ,  a t  t h e  same l e v e l  o f  f l o w  
s t r e s s ,  t h e  o s c i l l a t i o n s  d i e  o u t  f a i r l y  r a p i d l y  in  t o r s i o n  ( e . g .  a t  7000 p s i  i n  F i g .  l a ) ,  
b u t  n o t  in  c o m p r e s s io n  ( e . g .  a t  50 MPa in  F i g .  I b ) .  A se c o n d  e f f e c t  o f  t h e  i n c r e a s i n g  
d e s y n c h r o n i z a t i o n  i s  t h a t  th e  r a t i o  e p ( t o r s i o n ) / e p ( t e n s i ó n  o r  c o m p r e s s io n )  i n c r e a s e s  w i t h  
ea c h  s u c c e s s i v e  c y c l e  ( s e e  F i g .  8 a ) ,  a s  d o e s  t h e  r a t i o  e x  ( t o r s i o n ) / e x  ( t e n s i ó n  o r  com p res­
s i o n )  .

7 .  EFFECT OF TESTING MODE ON THE RATE OF WORK HARDENING 
AND ON THE NATURE OF THE TEXTURE DEVELOPED

The s i m u l a t e d  t o r s i o n  f l o w  c u r v e s  o f  F i g .  8a  w ere  b a se d  on t h e  p r e m is e  t h a t  t h e  b a s i c  
s h e a r  s t r e s s / s h e a r  s t r a i n  c u r v e s  a p p l i c a b l e  t o  t h e  a c t i v e  s l i p  p l a n e s  a r e  i d e n t i c a l  in  
t o r s i o n  and in  t e n s i ó n ,  and on t h e  f u r t h e r  a s su m p t io n  t h a t  t h e  d i f f e r e n c e s  i n  t h e  t e x t u r e s  
d e v e lo p e d  can  be n e g l e c t e d .  B oth  o f  t h e s e  a p p r o x im a t io n s  ca n  a f f e c t  t h e  r e l a t i v e  e a s e  o f  
n u c l e a t i o n  o f  r e c r y s t a l l i z a t i o n  a s  w e l l  a s  t h e  grow th  r a t e  o f  t h e  r e c r y s t a l l i z i n g  g r a i n s .  
The e x t e n t  t o  w hich  t h e  a p p a r e n t  r a t e  o f  work h a r d e n in g  i s  d i f f e r e n t  i n  t e n s i ó n  and t o r s i o n  
i s  i l l u s t r a t e d  i n  F i g .  8 b .  In  t h i s  c a s e  t h e  method o f  F i e l d s  and B a c k o fen  (w h ich  i s  n o t  
r i g o r o u s l y  v a l i d  f o r  m a t e r i a l s  in  w hich  dynam ic r e c o v e r y  i s  o c c u r r i n g  ( 3 8 ) ) ,  was n o t  u s e d ,  
and t h e  t o r q u e / t w i s t  d a ta  w ere decom posed i n s t e a d  by t h e  more g e n e r a l  method o f  Canova e t  
a l .  ( 3 8 ) .

I t  can be s e e n  t h a t  t h e  f l o w  s t r e s s  a t  s m a l l  s t r a i n s  ( e . g .  up t o  0 . 1 6 )  i s  ab o u t  7-10% 
h ig h e r  in  t e n s i ó n  than  i n  t o r s i o n .  T h is  can  b e  a t t r i b u t e d  t o  t h e  d i f f e r e n c e  in  t h e  mean 
T a y lo r  f a c t o r s  a p p l i c a b l e  t o  randomly o r i e n t e d  g r a i n s  in  t h e s e  two modes o f  t e s t i n g  ( 3 8 ) ,  
a s  a r e s u l t  o f  w hich  t h e  e q u i v a l e n t  s t r e s s  i n  t o r s i o n  i s  6.5% lo w er  th a n  in  t e n s i ó n  when  
t h e  c r i t i c a l  r e s o l v e d  s h e a r  s t r e s s e s  a r e  t h e  sam e a lo n g  b o th  s e t s  o f  s l i p  p l a n e s .



At l a r g e r  s t r a i n s  ( i . e .  beyond 0 . 1 6 ) ,  t h e  d i s c r é p a n c y  i n c r e a s e s ,  a s  b o th  work h a rd en ­
in g  and t e x t u r e  d i f f e r e n c e s  d e v e lo p  and make t h e i r  i n d i v i d u a l  c o n t r i b u t i o n s .  T h is  i s  b e -  
c a u s e ,  on t h e  one h an d ,  t h e  FCC t o r s i o n  t e x t u r e  l e a d s  t o  a d e c r e a s e  i n  t h e  mean T a y lo r  
f a c t o r ,  w h ereas  t h e  FCC t e n s i ó n  t e x t u r e  l e a d s  t o  an i n c r e a s e  ( 3 8 ) .  In  a d d i t i o n ,  t h e  com-  
b i n a t i o n s  o f  s l i p  systeras  w hich  a r e  a c t i v e  in  a x is y m m e tr ic  t e n s i ó n  and t o r s i o n  (and in  
a x is y m m e tr ic  c o m p r e s s io n  and t o r s i o n )  a r e  d i f f e r e n t  ( 3 8 , 4 5 , 4 6 ) ,  s o  t h a t  t h e  d i s l o c a t i o n  
d i s t r i b u t i o n s  and m i s o r i e n t a t i o n s  d e v e lo p e d  can  be e x p e c t e d  t o  be d i f f e r e n t i a t e d  a s  w e l l .
The d e t a i l e d  i n f l u e n c e  o f  t h e s e  work h a r d e n in g  and t e x t u r e  d i s c r e p a n c i e s  h a s  n o t  b een  e v a l u -  
a t e d  a s  y e t ,  b u t  i a  l i k e l y  t o  c a u s e  t h e  d i v e r g e n c e  b e tw e en  t h e  h ig h  t e m p e r a tu r e  f l o w  c u r v e s  
i n  t o r s i o n  and t e n s i ó n  t o  be g r e a t e r  th an  d e p i c t e d  in  t h e  i d e a l i z e d  c a s e  o f  F i g .  8a  a b o v e .

I t  i s  in h e r e n t  in  t h e  argum ents  r e v ie w e d  above  t h a t  t h e  c r i t i c a l  c o n d i t i o n  e p -  e x  
p r o p o se d  on t h e  b a s i s  o f  t o r s i o n  e x p e r im e n ts  i s  u n l i k e l y  t o  a p p ly  t o  t e n s i l e  and c o m p r e s s iv e  
d e f o r m a t io n  in  g e n e r a l  ( o r ,  by e x t e n s i ó n ,  t o  r o l l i n g  and e x t r u s i ó n ) .  N e v e r t h e l e s s , a s  th e  
p r o c e s s  o f  dynamic r e c r y s t a l l i z a t i o n  can  p la y  an im p o r ta n t  r o l e  in  b o th  g r a i n  r e f in e m e n t  
d u r in g  c o n t r o l  r o l l i n g  ( 4 7 ) ,  and t e x t u r e  d ev e lo p m en t  ( 4 8 ) ,  an a t te m p t  w i l l  now b e  made to  
p r e s e n t  an a l t e m a t i v e  model f o r  t h e  t r a n s i t i o n  from m ú l t i p l e  t o  s i n g l e  peak b e h a v io u r .

8 .  THE CRITICAL ZENER-HOLLOMON PARAMETER ASSOCIATED WITH 
THE TRANSITION FROM PERIODIC TO SINGLE PEAK BEHAVIOUR

The m e t a l l o g r a p h i c  e v i d e n c e  r e l a t i n g  t o  g r a i n  s i z e  c h a n g e s  d u r in g  dynamic r e c r y s t a l ­
l i z a t i o n  produced  by S a k a i  and c o - w o r k e r s  in  Japan ( 2 6 - 2 9 , 3 2 )  h a s  l e d  t o  t h e  p r o p o s a l  o f  a 
new t r a n s i t i o n  model b a sed  p r i m a r i l y  on g r a i n  s i z e  c o n s i d e r a t i o n s . B e fo r e  d e s c r i b i n g  t h e i r  
r e s u l t s ,  h o w e v er ,  i t  w i l l  be  u s e f u l  t o  d e f i n e  t h e  c r i t i c a l  v a l u é  o f  t h e  t e m p e r a t u r e - c o r r e c t e d  
s t r a i n  r a t e  Zc a s s o c i a t e d  w i t h  t h e  t r a n s i t i o n .  The d e f i n i t i o n  i s  b a sed  on t h e  d ep en d en ce  
( s e e  F i g .  9 )  o f  t h e  f l o w  s t r e s s  in c r e m e n t  Aa^ a s s o c i a t e d  w i t h  t h e  se co n d  c y c l e  o f  work h ard ­
e n in g  on t e m p e r a tu r e  and s t r a i n  r a t e .  From t h i s  d iagram  i t  i s  a p p a r e n t  t h a t ,  a s  l o n g  a s  
dynamic r e c r y s t a l l i z a t i o n  i s  o c c u r r i n g ,  t h e  s t r e s s  drop  Aas prod uced  by t h e  a n n i h i l a t i o n  o f  
d i s l o c a t i o n s  i n c r e a s e s  c o n t i n u o u s l y  w i t h  Z and d o e s  n o t  a t t a i n  a c r i t i c a l  v a l u é .  By c o n t r a s t ,

F i g .  9 D ependence o f  t h e  s t r e s s  drop
Aas , se c o n d  c y c l e  work h a r d e n in g  
in c r e m e n t  Ao^ and t h i r d  c y c l e  
work h a r d e n in g  in c r e m e n t  Aojj 
on te m p e r a tu r e  c o r r e c t e d  s t r a i n  
r a t e  Z. The c r i t i c a l  v a l u é  Zc 
i s  d e f i n e d  a s  t h e  t e m p e r a t u r e -  
c o r r e c t e d  s t r a i n  r a t e  a t  w hich  
Aau g o e s  t o  z e r o .  (T h is  f i g u r e  
i s  a m o d i f i e d  v e r s i ó n  o f  th e  
one p r e s e n t e d  e a r l i e r  in  r e f s .
27 and 2 8 . )  In t h e  c o n s t r u c t i o n  
o f  F i g .  9 ,  a s  w e l l  a s  o f  F i g .  14 
b e lo w ,  a v a l u é  o f  Q = 286 k J /m o le  
was u s e d .  N ote  a l s o  t h a t  cjm °n  
t h e  upp er  a x i s  r e f e r s  to  th e  
máximum o r  peak s t r e s s .

when s i n g l e  peak  b e h a v io u r  i s  o b s e r v e d ,  
t h e  h a r d e n in g  in c r e m e n ts  a s s o c i a t e d  w i t h  
t h e  se c o n d  and l a t e r  c y c l e s  o f  r e c r y s t a l ­
l i z a t i o n  v a n i s h  by d e f i n i t i o n .  ( In  
p r a c t i c e ,  t h e r e  can  be a s u g g e a t io n  o f  
a se c o n d  peak in  ' s i n g l e  p eak '  f l o w  
c u r v e s  ( s e e  F i g .  16 b e l o w ) ,  so  t h a t  
Aoh may n o t  v a n i s h  c o m p l e t e l y .  N ev er­
t h e l e s s ,  t h e r e  i s  a sh arp  b reak  in  th e  
d ep en d e n c e  o f  Aajj on Z w hich  p e r m it s  th e  
d e f i n i t i o n  o f  Zc a t  l e a s t  by e x t r a p o l a -  
t i o n ,  a s  shown in  F i g .  9 . )



9 .  EVOLUTION OF AUSTENITE GRAIN STRUCTURE DURING 
HIGH STRAIN RATE TENSILE TESTING

In m ost m ethods o f  h ig h  te m p e r a tu r e  t e s t i n g ,  i t  i s  d i f f i c u l t  t o  f o l l o w  t h e  c h a n g e s  in  
a u s t e n i t e  g r a i n  s t r u c t u r e  b e c a u s e  o f  th e  h ig h  quench r a t e  r e q u ir e d  in  low  c a r b ó n ,  p l a i n  carbón  
s t e e l s .  Even when no p hase  chan ge o c c u r s ,  a s  i n  n i c k e l  (3 2 )  o r  c o p p e r  ( 3 3 ) ,  a f a s t  quench  
i s  e s s e n t i a l  b e c a u s e  o f  t h e  r a p id  p r o g r e s s  o f  metadynamic r e c r y s t a l l i z a t i o n  (3 3 )  a f t e r  s t r a i n ­
in g  i s  i n t e r r u p t e d .  In o r d e r  t o  re d u ce  t h e  quench t im e  t o  a minimum, S a k a i  and c o - w o r k e r s
( 2 6 ,2 8 )  c o n s t r u c t e d  two s p e c i a l i z e d  v a r i a b l e  s t r a i n  r a t e  t e n s i l e  m ach in es  w hich  o p e r a t e  in  
a vácuum and w hich  a r e  r e s i s t a n c e  h e a t e d .  At t h e  end o f  e a c h  e x p e r im e n t ,  a H£ g a s  quench i s  
i n i t i a t e d ,  w hich  e n a b l e s  a c o o l i n g  r a t e  o f  ab out  2500 C /s  t o  be a t t a i n e d  ( 2 8 ) .

The r e s u l t s  o b t a in e d  w i t h  t h i s  equ ipm ent a t  940°C on a 0.16% C s t e e l  t e s t e d  i n  t e n s i ó n  
a t  1 .4 8  x  10“ 1 s - !  a r e  p r e s e n t e d  in  F i g .  1 0 .  The o r i g i n a l  ( e = 0 )  a u s t e n i t e  g r a i n  s i z e  i n  t h i s  
e x p e r im e n t  was 32 pm. S e p a r a t e  sa m p les  w ere quenched a t  s t r a i n s  o f  0 . 1 8 ,  0 . 2 5 ,  0 . 4 4  and 0 . 5 9  
( i n d i c a t e d  a s  a ,  b ,  c and d ,  r e s p e c t i v e l y  on t h e  f l o w  c u r v e ) .  I t  i s  e v i d e n t  from t h e  m ic r o -  
s t r u c t u r e s  o b s e r v e d  t h a t  g r a i n  r e f i n e m e n t  t o o k  p l a c e .  Once s t e a d y  s t a t e  f l o w  was e s t a b l i s h e d ,  
an e q u i l i b r i u m  g r a i n  s i z e  was p ro d u c ed ,  w hich  w i l l  be c o n s id e r e d  in  more d e t a i l  b e lo w .

Tensile direction
■*-

E = 0 .44
T = 9 4 0  °C  

6 = 1.48x10_1 sec1

F i g .  10 E v o l u t io n  o f  t h e  a u s t e n i t e  g r a i n  s t r u c t u r e  w i t h  s t r a i n  in  a 0.16% C s t e e l  t e s t e d  in  
t e n s i ó n  a t  1 .4 8  x 10“ 1 s “ l .  Sam ples w ere r a p id  quenched u s i n g  H2  g a s .  N ote  t h e  
P r o g r e s s i v e  g r a i n  r e f i n e m e n t  w i t h  s t r a i n  ( 2 6 , 2 8 ) .

1 0 .  EVOLUTION OF AUSTENITE GRAIN STRUCTURE DURING 
LOW STRAIN RATE TENSILE TESTING

The e v o l u t i o n  o f  t h e  a u s t e n i t e  g r a i n  s i z e  a t  a r e l a t i v e l y  low  s t r a i n  r a t e  o f  t e s t i n g  
( 2 . 6  x 10- 4 s " 1 ) c o n t r a s t s  s h a r p ly  w i t h  t h a t  shown in  F i g .  10 ab ove  f o r  t h e  ' h i g h '  s t r a i n  
r a t e  c a s e ,  and i s  d i s p l a y e d  in  F i g .  1 1 .  In t h i s  e x p e r im e n t ,  t h e  i n i t i a l  g r a i n  s i z e  was a l s o  
32 ym ( i l l u s t r a t e d  a t  e=0 in  F i g .  1 0 ) ,  and th e  m ic r o g r a p h s  p e r t a i n i n g  t o  t h e  f o l l o w i n g  
s t r a i n s :  a 0 . 0 6 ;  b 0 . 0 9 ;  c  0 . 1 5 ;  d 0 . 2 2  and e 0 . 4 2 ,  a r e  re p r o d u ce d  i n  F i g .  1 1 .  I t  i s  
a p p a r e n t  from t h i s  d iagram  t h a t  c o n s i d e r a b l e  g r a i n  o o a r s e n in g  t o o k  p l a c e  d u r in g  t h e  e x p e r i ­
m en t,  w hich  c o n t in u e d  o v e r  t h r e e  p e r i o d s  o f  r e c r y s t a l l i z a t i o n .



Tensile direction 100/Am
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e = 0-42 ¿  = 2.6*10* se¿1

Fig. 11 Evolution of the austenite grain structure with strain in a 0.16% C Steel tested in 
tensión at 2.6 x 10_¿t s"l. Samples were rapid quenched with H2 gas. Note the Pro­
gressive grain aoarsening with strain (26,28).

The grain size changes established from the micrographs of Figs. 10 and 11 are pre- 
sented in graphical form in Fig. 12, in which the strains at which the peak stresses were 
observed are also indicated. The results of two further experiments, conducted at 2.0 x 
10“3 and 2.0 x 10“2 s”l, are included for completeness. It is clear from these data that, 
when grain coarsening takes place, múltiple peak behaviour can be expected. The data also 
suggest that when grain refinement leads to at least a halving of the initial grain size, 
only a single peak is observed. It is of particular interest that a single ’cycle' of re- 
crystallization (i.e. a total strain of es = ep + ex) is sufficient to produce the final 
equilibrium grain size at the highest strain rate (1.48 x 10~1 s-^). By contrast, at the 
lower strain rates, two or more cycles of recrystallization (i.e. two or more sets of €p + 
ex) are required before a stable grain structure is introduced, and the cycles continué 
until the equilibrium microstructure is attained. The physical processes likely to be 
responsible for such divergent behaviour will be described below, but first, consideration 
must be given to the dependence of the equilibrium dynamic recrystallization grain size on 
Z, i.e. on temperature and strain rate.

11. DEPENDENCE OF THE DYNAMIC STEADY STATE GRAIN 
SIZE ON TEMPERATURE AND STRAIN RATE

In order to verify that a single peak curve is associated with grain refinement, a 
further experiment was carried out at 940°C (26,28), but at a strain rate of 18 s-1 (see 
Fig. 13). In this case, because of the high rate, it was not possible to deform the samples 
into the fully developed steady state región. The steady State data displayed in Fig. 13 
confirmed that single peak behaviour resulted from grain refinement, and also enabled the 
authors to determine the dependence of the equilibrium grain size Ds on Z (see Fig. 14a).
In this diagram, the critical valué of Zc established in Fig. 9 for an initial grain size 
of 38 ym is also identified. As can be seen, the original grain size D0 is about 1.8 times 
the equilibrium grain size Dg at the critical strain rate/temperature combination. Thus it



True s t r a i n

F i g .  12 E f f e c t  o f  s t r a i n  and s t r a i n  r a t e  on 
t h e  mean g r a i n  s i z e  o f  a 0.16% C 
s t e e l  deform ed  in  t e n s i ó n  a t  940°C .

i d e n t i f i e s  t h e  s t r a i n  a t  t h e  i t h  
f l o w  s t r e s s  p eak .  N ote  t h a t  
m ú l t i p l e  p e a k s  a r e  o b s e r v e d  d u r in g  
g r a i n  c o a r s e n in g  (and when g r a i n  
r e f in e m e n t  p ro d u c es  l e s s  than  a 
2 :1  r e d u c t i o n  in  g r a i n  s i z e ) .  
C o n v e r s e ly ,  a s i n g l e  p e a k  i s  
o b s e r v e d  when t h e  g r a i n  r e f i n e m e n t  
r a t i o  i s  ab ou t  2 :1  ( 2 6 , 2 8 ) .

T = 9 4 0  °C  Tensile d irec tio n

£ = 2 6 * 10* s e c 1

F i g .  13 D ependence o f  t h e  s t e a d y - s t a t e  
a u s t e n i t e  g r a i n  s i z e  on t e s t i n g  
s t r a i n  r a t e  i n  a 0.16% C s t e e l  
d eform ed  in  t e n s i ó n  a t  940°C and  
H2  q u e n ch ed .  The o r i g i n a l  mean 
g r a i n  s i z e  was ab ou t 32 pm; g r a i n  
r e f i n e m e n t  t o o k  p l a c e  a t  th e  t h r e e  
h i g h e s t  and g r a i n  c o a r s e n in g  a t  
t h e  two lo w e s t  s t r a i n  r a t e s
( 2 6 , 2 8 ) .

a p p e a rs  t h a t  s i n g l e  peak b e h a v io u r  o c c u r s  when g r a i n  r e f in e m e n t  p r o d u c e s  a t  l e a s t  a 2 :1  
r e d u c t i o n  in  g r a i n  s i z e  (w h ich  c o r r e s p o n d s  t o  n e a r l y  an o r d e r  o f  m agn itu d e r e d u c t i o n  in  
g r a i n  v o l u m e ) .

The Z-Dg r e l a t i o n s h i p  o f  F i g .  14a i s  r e p r o d u ce d  a s  a b rok en  l i n e  in  F i g .  14b f o r  
com p arison  w i t h  th e  Zc v s .  D0 d a ta  d e te r m in e d  by S a k a i  and c o - w o r k e r s  ( 2 6 - 2 8 ) .  Th ese  
r e s e a r c h e r s  showed t h a t  Zc depended on D0 , an o b s e r v a t i o n  t h a t  had n o t  b een  r e p o r t e d  by 
e a r l i e r  i n v e s t i g a t o r s . I t  can  be s e e n  t h a t  t h e  two d e p e n d e n c e s  a r e  n e a r l y  p a r a l l e l ,  a l ­
though t h e y  do n o t  o v e r l a p .  A ls o  d i s p l a y e d  i s  th e  Z v s .  2DS r e l a t i o n  s u g g e s t e d  by th e  
remark ab ove  t h a t  th e  t r a n s i t i o n  from m ú l t i p l e  t o  s i n g l e  peak b e h a v io u r  c o r r e s p o n d s  a p p r o x i  
m a te ly  to  a 2 :1  r e d u c t i o n  in  g r a i n  d ia m e t e r .  The l a t t e r  two c u r v e s  n e a r l y  o v e r l a p  ( f u l l  
co n g r u e n c e  o c c u r s  f o r  th e  Z v s .  1 .8 D S c u r v e ,  b u t  t h e  Z-2DS r e l a t i o n  i s  s e l e c t e d  h e r e  f o r  
s i m p l i c i t y ) , a c o i n c i d e n c e  w hich  p e r m it s  t h e  two f lo w  dom ains t o  be d i s t i n g u i s h e d  a s  shown 
in  F i g .  15 .

12 .  A GRAIN-SIZE-BASED CRITICAL CONDITION FOR 
DYNAMIC RECRYSTALLIZATION

In F i g .  15 ,  th e  Zc -D0 and Z-2DS r e l a t i o n s  a r e  p l o t t e d  a s  a s i n g l e  c u r v e  f o r  s i m p l i c i t y .  
A c c o r d in g  t o  t h i s  i l l u s t r a t i o n ,  a t  a g iv e n  i n i t i a l  g r a i n  s i z e  ( e . g .  D0 i ) ,  s t r e s s  o s c i l l a t i o n s
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F i g .  14a D ependence o f  th e  s t e a d y - s t a t e
a u s t e n i t e  g r a i n  s i z e  Ds on t e s t i n g  
s t r a i n  r a t e  ( d e p i c t e d  in  th e  
m icr o g ra p h s  o f  F i g .  13) and on 
t e m p e r a t u r e .  N ote  t h a t  th e  
c r i t i c a l  Zc a s s o c i a t e d  w i t h  an 
i n i t i a l  g r a i n  s i z e  Dc  = 38 pm 
( e s t a b l i s h e d  in  F i g .  9 )  i s  l o c a t e d  
b etw een  t h e  Z v a l ú e s  c o r r e s p o n d in g  
t o  Ds = D0 and Ds = D0 / 2 ,  and 
more p r e c i s e l y ,  a t  a v a l u é  D0 =
1 . 8  D- ( a f t e r  Saku i e t  a l .
( 2 6 , 2 8 ) ) .

I n i t i a l  g r a i n  s i z e  (/Am)

F i g .  14b D ependence o f  t h e  c r i t i c a l  Zc 
on i n i t i a l  a u s t e n i t e  g r a i n  
s i z e  D0 in  0.16% C s t e e l  (from  
d a ta  o f  S a k u i  e t  a l .  ( 2 7 , 2 8 ) ) .  
The b rok en  l i n e  i s  th e  Z-Ds 
r e l a t i o n s h i p  d e te r m in e d  in  
F i g s .  13 and 1 4 a .  N ote  t h a t  
t h e  Z-2DS ( c o n t in u o u s  l i n e )  
and Zc -D0 r e l a t i o n s  a r e  n e a r l y  
c o i n c i d e n t .

o c c u r  when a c o m b in a t io n  o f  a r e l a t i v e l y  low  t e s t i n g  s t r a i n  r a t e  and h ig h  t e m p e r a tu r e  ( e . g .  
Z i )  i s  u s e d .  Each c y c l e  o f  r e c r y s t a l l i z a t i o n  th e n  p r o d u c e s  g r a i n  c o a r s e n i n g ,  u n t i l  the  
s t a b l e  g r a i n  s i z e  Ds p e r t a i n i n g  t o  Z  ̂ i s  a t t a i n e d .  C o n v e r s e ly ,  i f  a c o m b in a t io n  o f  a r e l a -  
t i v e l y  h ig h  t e s t i n g  s t r a i n  r a t e  and low  te m p e r a tu r e  ( a s  r e p r e s e n t e d  by Z2 ) i s  u s e d ,  a s i n g l e  
peak i s  o b s e r v e d  and g r a in  r e f i n e m e n t  o c c u r s .  In  t h i s  r e g i ó n  ( c r o s s h a t c h e d  in  F i g .  1 5 ) ,  
f l o w  s o f t e n i n g  c o n t i n ú e s  t o  ta k e  p l a c e  u n t i l  th e  g r a i n  s i z e  d e c l i n e s  t o  t h e  v a l u é  Ds a p p r o -  
r i a t e  t o  Z£.

When t e s t i n g  i s  c a r r i e d  o u t  a t  a f i x e d  te m p e r a tu r e  and s t r a i n  r a t e  ( e . g .  a t  Z j ) ,  t h i s  
model p r e d i e t s  t h a t  b o th  t y p e s  o f  b e h a v io u r  can  be o b s e r v e d .  Thus when t h e  i n i t i a l  g r a i n  
s i z e  D0  ̂ i s  f i n e r  than  th e  Ds c o r r e s p o n d in g  t o  Z \ ,  m ú l t i p l e  p ea k s  and g r a i n  c o a r s e n i n g  a r e  
c a l l e d  f o r ,  p e r s i s t i n g  u n t i l  Dg i s  a t t a i n e d .  A l t e r n a t i v e l y , when t h e  i n i t i a l  g r a i n  s i z e  
DQ 2  i s  g r e a t e r  than  th e  Ds a p p r o p r ia t e  t o  Z^, a s i n g l e  f l o w  s t r e s s  peak  and g r a i n  r e f in e m e n t  
a r e  p r e d i c t e d ,  th e  l a t t e r  c o n t i n u i n g  u n t i l  Ds and a s t e a d y  s t a t e  o f  f l o w  a r e  a c h i e v e d .

1 3 .  A CRITICAL TEST OF THE GRAIN-SIZE-BASED CRITERION

The d i s c u s s i o n  c o n c e r n in g  th e  h o r i z o n t a l  l i n e  a t  Z  ̂ in  F i g .  15 s u g g e s t s  th e  p o s s i b i l i t y  
o f  c a r r y i n g  ou t  a c r i t i c a l  e x p e r im e n t  t o  t e s t  th e  p r e d i c t i o n s  o f  t h e  a n a l y s i s  d e s c r i b e d  a b o v e .  
Such a t e s t  was p erform ed  by Dr. M.G. Akben o f  M cG il l  U n i v e r s i t y  and h e r  r e s u l t s  a r e  p r e -  
s e n t e d  in  F i g .  16 f o r  e x a m in a t io n .  Th ese  e x p e r im e n t s  w ere c a r r i e d  o u t  in  a x isy m m e tr ic  
c o m p r e s s io n  a t  900°C a t  a s t r a i n  r a t e  o f  1 . 4  x 10"3 s ~ l  ( i . e .  a t  a f i x e d  v a l u é  o f  Z) on a
0.06% C -  1.43% Mn s t e e l .  For t h i s  m a t e r i a l  and t e s t i n g  c o n d i t i o n ,  Ds and 2Dg a r e  a p p r o x i ­
m a te ly  75 and 150 ym r e s p e c t i v e l y  ( 2 6 - 2 8 , 4 3 ) .  In  o r d e r  t o  p rod u ce  a ran ge  o f  s t a r t i n g  g r a i n  
s i z e s ,  a u s t e n i t i z a t i o n  was p erform ed  a t  a s e r i e s  o f  f i v e  t e m p e r a t u r e s  up t o  1260°C , l e a d i n g  
t o  gamma g r a i n  s i z e s  o f  ab out  6 0 ,  9 0 ,  1 5 0 ,  270 and 375 um. I t  i s  a p p a r e n t  from F i g .  16 t h a t
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In i t ia l  grain s i z e
F i g .  15 The c u r v e  d e s c r i b i n g  t h e  Z-2DS and Zc -D0 r e l a t i o n s  d i s -  

t i n g u i s h e s  t h e  s i n g l e  peak  from t h e  m ú l t i p l e  peak  
r e g i ó n .  When t e s t i n g  i s  c a r r i e d  o u t  a t  a f i x e d  t em p e ra -  
t u r e  and s t r a i n  r a t e  ( f i x e d  Z ) , g r a i n  c o a r s e n i n g  and 
r e p e a t e d  s t r e s s  o s c i l l a t i o n s  o c c u r  a s  lo n g  a s  ea c h  
s u c c e s s i v e  D0 < 2DS ( e . g .  a t  D0 j  and Z ^ ) . C o n v e r s e ly ,  
when D0 > 2Dg , t h e r e  i s  g r a i n  r e f in e m e n t  and a s i n g l e  
s t r e s s  peak ( e . g .  a t  D0 2  and Z ^ ) . When a f i x e d  i n i t i a l  
g r a i n  s i z e  i s  u se d  ( e . g .  D0 ^ ) ,  s t r e s s  o s c i l l a t i o n s  and  
g r a i n  c o a r s e n i n g  a r e  a s s o c i a t e d  w i t h  Z < Zc ( e . g .  Z  ̂ <
Zc ) ,  and a s i n g l e  s t r e s s  peak  and g r a i n  r e f in e m e n t  w i t h  
Z > Zc ( e . g .  Z2  > Zc ) .

when Dq < 2DS , i . e .  f o r  t h e  60 and 90 ym m a t e r i a l ,  m ú l t i p l e  s t r e s s  p ea k s  a r e  in d u c e d ,  a 
t o t a l  o f  f o u r  s t r e s s  maxiraa b e in g  o b s e r v e d  a t  t h e  s t r a i n  l i m i t  o f  1 . 0  p e r t a i n i n g  t o  t h e  
e x p e r im e n t .  The a m p l i tu d e  o f  t h e  o s c i l l a t i o n s  i s  a l s o  s e e n  t o  d e c r e a s e  w i t h  s t r a i n ,  a s  each  
s u c c e s s i v e  wave o f  g r a i n  c o a r s e n i n g  b r i n g s  t h e  mean g r a i n  s i z e  c l o s e r  t o  Ds . ( U n l ik e  t h e  
e x p e r im e n ts  o f  F i g .  1 1 ,  th e  e v o l u t i o n  o f  g r a i n  s i z e  was n o t  v e r i f i e d  in  t h i s  c a s e . )

For t h e  1 5 0 ,  270  and 375 pm m a t e r i a l s ,  a s i n g l e  marked f l o w  s t r e s s  peak i s  o b s e r v e d ,  
a f t e r  w hich  g r a i n  r e f in e m e n t  o c c u r r e d .  T h is  ty p e  o f  b e h a v io u r  c o r r e s p o n d s  t o  t h e  i n d u s t r i a l  
s i t u a t i o n  where r e l a t i v e l y  h ig h  r e h e a t i n g  t e m p e r a t u r e s  a r e  u s e d ,  l e a d i n g  t o  h ig h  v a l ú e s  o f  
D0 , and th e n  r o l l i n g  i s  p erform ed  a t  lo w e r  t e m p e r a t u r e s  and f a i r l y  h ig h  s t r a i n  r a t e s ,  a 
c o m b in a t io n  w hich  c o r r e s p o n d s  t o  a much s m a l l e r  s t a b l e  g r a i n  s i z e  Ds . The p r e s e n t  a n a l y s i s  
s u g g e s t s  t h a t ,  i f  th e  p e r i o d i c  t y p e  o f  b e h a v io u r  i s  r e q u ir e d  f o r  a p a r t i c u l a r  a p p l i c a t i o n ,  
i t  c o u ld  be prod uced  by a r r a n g in g  f o r  t h e  r e h e a t e d  g r a i n  s i z e  t o  be f i n e ,  and f o r  th e  
d e f o r m a t io n  c o n d i t i o n s  t o  c o r r e sp o n d  t o  a s i m i l a r  v a l u é  o f  Dg .

A lth o u g h  t h e r e  i s  a r e l a t i v e l y  c l e a r  d i f f e r e n c e  b e tw e en  t h e  s o - c a l l e d  ' p e r i o d i c '  
b e h a v io u r  o f  t h e  f i n e - g r a i n e d  m a t e r i a l s  and t h e  n e a r  a b s e n c e  o f  o s c i l l a t i o n s  in  th e
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F i g .  16 C r i t i c a l  e x p e r im e n t  d e s ig n e d  t o  t e s t  t h e  model o f  F i g .  1 5 .
A 0.06% C -  1.43% Mn s t e e l  was a u s t e n i t i z e d  a t  a s e r i e s  o f  
t e m p e r a tu r e s  r a n g in g  from 900  t o  1260°C s e l e c t e d  t o  p ro ­
d uce  i n i t i a l  a u s t e n i t e  g r a i n  s i z e s  o f  60  t o  375 pm, r e s p e c ­
t i v e l y  ( s e e  i n s e t ) . T e s t i n g  was c a r r i e d  o u t  in  a x isy m m e tr ic

f o r  w h ich  2Dg sco m p r e s s io n  a t  900°C and 1 . 4  x 10-  ̂ s - ^
150 ym. C y c l i c  a / e  b e h a v io u r  was o b s e r v e d  when D0 < 2DS ¿ 
by c o n t r a s t ,  s i n g l e  peak b e h a v io u r  was o b t a in e d  when Dc  > 
2DS (Akben ( 4 9 ) ) .

c o a r s e - g r a i n e d  s p e c im e n s ,  a s l i g h t  se co n d  peak can  b e  d e t e c t e d  in  t h e  f l o w  c u r v e s  o f  th e  
l a t t e r  m a t e r i a l s .  The m agn itu d e  o f  t h e  s t r e s s  i n c r e a s e  (Aojj in  F i g .  9 )  in  t h i s  c a s e  d e -  
c r e a s e s  w i t h  an i n c r e a s e  in  t h e  i n i t i a l  g r a i n  s i z e .  A p o s s i b l e  e x p l a n a t i o n  o f  t h i s  
phenomenon w i l l  be in tr o d u c e d  b e lo w .  I t  i s  a l s o  a p p a r e n t  t h a t  t h e  peak s t r a i n  i n c r e a s e s  
w it h  g r a i n  s i z e ,  a s  r e p o r t e d  by Sah e t  a l .  ( 5 0 ) ,  a s  w e l l  a s  by o t h e r  a u th o r s  ( 2 7 , 2 8 , 5 1 ) .

14 .  EXTENT OF SUPPORT FOR THE PR0P0SED GRAIN-SIZE-BASED
CRITERION FROM THE RESULTS 0F OTHER W0PKERS

The e f f e c t  o f  i n i t i a l  g r a i n  s i z e  on th e  peak  s t r a i n  Ep was r e p o r t e d  f a i r l y  e a r l y  on 
in  th e  s tu d y  o f  dynamic r e c r y s t a l l i z a t i o n  ( 5 0 ) .  H owever, Sah e t  a l .  (5 0 )  d id  n o t  c o n s i d e r  
in  d e t a i l  th e  e f f e c t  o f  s t a r t i n g  g r a i n  s i z e  on e x and d id  n o t  c a r r y  o u t  a s y s t e m a t i c  i n -  
v e s t i g a t i o n  o f  th e  e f f e c t  o f  D0 on th e  t r a n s i t i o n  b e tw e en  t h e  two t y p e s  o f  f l o w  b e h a v io u r .
In t h e i r  1974 paper  on the  r e c r y s t a l l i z a t i o n  o f  n i c k e l  ( 5 0 ) ,  th e y  d e s c r i b e  t h e  s t r e s s / s t r a i n



p r o p e r t i e s  o f  m a t e r i a l  o f  1 4 0 ,  350 and 400  ym i n i t i a l  g r a i n  s i z e  when d eform ed  in  t o r s i o n .
I t  i s  o f  i n t e r e s t  t h a t  a t  1000°C and a r o t a t i o n  r a t e  o f  0 . 0 5  rpm, th e  140 vim sam ple d i s ­
p la y e d  a m ú l t i p l e  p e a k  f l o w  c u r v e ,  w h ereas  d e f o r m a t io n  o f  th e  350 and 490  ym sp e c im e n s  l e d  
t o  s i n g l e  p e a k  c u r v e s  ( s e e  F i g .  Ib o f  t h e i r  p a p e r ) .  From F i g .  10 o f  t h e i r  w ork , in  w hich  
t h e  Ds v s .  a s r e l a t i o n  i s  g i v e n ,  where o s i s  t h e  s t e a d y  s t a t e  s t r e s s ,  an e s t í m a t e  can  be  
made o f  Ds und er  th e  e x p e r im e n t a l  c o n d i t i o n s  o f  F i g .  I b .  T h is  l e a d s  t o  a v a l u é  o f  120 pm, 
so  t h a t  2DS = 240 um, and t h e  c r i t i c a l  c o n d i t i o n  p ro p o sed  in  t h i s  r e v i e w  i s  r e s p e c t e d  ( e v e n  
when s t r a i n i n g  i s  perform ed  by t o r s i o n ! ) .

F u r th e r  su p p o r t  f o r  t h e  p r e s e n t  c r i t e r i o n  i s  o b t a in e d  from t h e  r e s e a r c h  o f  Ouchi and  
O k ita  ( 3 0 ) .  They i n v e s t i g a t e d  t h e  r e c r y s t a l l i z a t i o n  b e h a v io u r  o f  s i x  s t e e l s ,  i n c l u d i n g  a
0.10% C -  1.50% Mn and a 0.12% C -  1.32% Mn -  0.13% Mo -  0.017% T i s t e e l ,  w h ich  w ere  d e ­
formed in  c o m p r e s s io n  a t  1000°C and 1100°C . Three mean s t r a i n  r a t e s  w ere a p p l i e d ,  5 . 0  x  
1 0" 4 ,  2 . 1  x  10"3 and 1 0 .3  s - * . They p r e p a r e d  sa m p les  w i t h  f i v e  i n i t i a l  g r a i n  s i z e s  r a n g in g  
from 29 t o  350 ym, and a l s o  d e te r m in e d  t h e  r e l a t i o n  b e tw e en  Ds and a s , t h e  s t e a d y  s t a t e  f l o w  
s t r e s s .  I t  i s  e v i d e n t  from t h e i r  d a ta  t h a t  t h e  D0 = 2DS c o n d i t i o n  g i v e s  a good f i t  t o  t h e  
t r a n s i t i o n  in  t h e  f l o w  b e h a v io u r ,  a l t h o u g h  two o f  t h e  e i g h t e e n  c a s e s  t h e y  lo o k e d  a t  c l o s e l y  
a r e  b o r d e r l i n e  in  t h a t  th e  Z c o n d i t i o n  f o r  t h e  f i r s t  c a s e ,  w h ich  was ju d g ed  t o  e v i d e n c e  
s i n g l e  peak  b e h a v io u r ,  f e l l  j u s t  o v e r  th e  boundary in  t h e  m ú l t i p l e  peak z o n e ,  and th e  Z 
c o n d i t i o n  f o r  t h e  se co n d  c a s e  f e l l  j u s t  w i t h i n  ttye s i n g l e  peak  z o n e ,  a l t h o u g h  m ú l t i p l e  p eak s  
w ere d i s p l a y e d .

More r e c e n t l y ,  in  an i n v e s t i g a t i o n  o f  th e  dynamic r e c r y s t a l l i z a t i o n  b e h a v io u r  o f  e i g h t  
s t e e l s ,  Akasaka e t  a l .  (3 1 )  a l s o  found t h a t  t h e  t r a n s i t i o n  from a p e r i o d i c  t o  a s i n g l e  peak  
c u r v e  was a s s o c i a t e d  w i t h  t h e  i n i t i a l  g r a i n  s i z e  o f  t h e  m a t e r i a l .  A lth o u g h  an e x a c t  d e -  
t e r m i n a t i o n  o f  th e  c r i t i c a l  c o n d i t i o n  was n o t  made, t h e i r  d a t a  a r e  c o n s i s t e n t  w i t h  a 
t r a n s i t i o n  in  t h e  i n i t i a l  g r a i n  s i z e  ran ge  Ds S D0 á 2DS .

1 5 .  A POSSIBLE RATIONALIZATION FOR THE GRAIN SIZE
CRITERION BASED 0N NUCLEUS DENSITY CONSIDERATIONS

I t  was d e m o n s tr a te d  ab ove  t h a t  s i n g l e  peak  f l o w  b e h a v io u r  i s  a s s o c i a t e d  w i t h  g r a i n  
r e f in e m e n t  and m ú l t i p l e  peak  b e h a v io u r  w i t h  g r a i n  c o a r s e n i n g .  On th e  b a s i s  o f  t h e  r e s u l t s  
o f  S a k a i  and c o - w o r k e r s  ( 2 6 - 2 9 , 3 2 ) ,  i t  was shown t h a t  t h e  c r i t i c a l  c o n d i t i o n  c o r r e s p o n d s  t o  
a g r a i n  r e f in e m e n t  r a t i o  o f  ab o u t  2 : 1 ,  i . e .  where t h e  i n i t i a l  g r a i n  s i z e  i s  t w i c e  t h e  s t a b l e  
dynamic g r a i n  s i z e .  T h is  c o n c l u s i ó n  i s  w e l l  s u p p o r te d  by t h e  l i t e r a t u r e  r e s u l t s  j u s t  c i t e d .  
I t  now rem ains  t o  c o n s i d e r  a p o s s i b l e  p h y s i c a l  b a s i s  f o r  t h e s e  c h a r a c t e r i s t i c s , and f o r  t h i s  
p u r p o s e ,  th e  r e a d e r  i s  r e f e r r e d  t o  T a b le  I .  In  t h i s  c o m p a r is o n ,  we w i l l  c o n s i d e r  how t h e  
f l o w  c u r v e s  can ch an ge  w i t h  i n i t i a l  g r a i n  s i z e  ( s e e  F i g .  1 6 ) .  At c o n s t a n t  Z, t h e  f l o w  
s t r e s s e s ,  and t h e r e f o r e  th e  s t o r e d  e n e r g i e s  p ro m o tin g  r e c r y s t a l l i z a t i o n ,  a r e  a p p r o x im a t e ly  
e q u a l .  The a n a l y s i s  i s  b a sed  on t h r e e  h y p o t h e s e s .  The f i r s t  and se c o n d  a r e  t h a t  n u c l e a t i o n  
i s  r e s t r i c t e d  t o  t h e  o r i g i n a l  g r a i n  b o u n d a ir ie s ,  and t h a t  t h e  n u c l e u s  d e n s i t y  i s  t h e r e f o r e  
i n v e r s e l y  p r o p o r t i o n a l  t o  th e  s p e c i f i c  g r a i n  boundary a r e a ,  1 /D 0 . T h i r d l y ,  f o r  s i m p l i c i t y ,  
i t  i s  assumed t h a t  a n u c l e u s ,  o n ce  form ed , grow s a t  a r a t e  w h ich  i s  in d e p e n d e n t  o f  i t s  
l o c a t i o n  w i t h i n  t h e  m a t e r i a l ,  i . e .  o f  t h e  o r i e n t a t i o n  o f  t h e  g r a i n  b e i n g  consum ed.

On t h i s  b a s i s ,  in  a f i n e - g r a i n e d  m a t e r i a l  (on e  i n  w h ich  D0 < 2DS) ,  t h e  n u c l e u s  d e n s i t y  
N0 w i l l  be  g r e a t e r  than  h a l f  t h e  s t e a d y  s t a t e  o r  e q u i l i b r i u m  d e n s i t y  Ns ( s e e  T a b le  I ) . By 
c o n t r a s t ,  t h e  n u c le u s  d e n s i t y  i n  a c o a r s e - g r a i n e d  m a t e r i a l  (D0 > 2DS) w i l l  b e  l e a s  th an  h a l f  
th e  s t e a d y  s t a t e  d e n s i t y  Ns . T h is  d i f f e r e n c e  in  n u c l e u s  d e n s i t y  can  have  a l a r g e  e f f e c t  on  
t h e  l o c a l  v a l u é  o f  th e  n u c l e a t i o n  s t r a i n  e c , a s  shown s c h e m a t i c a l l y  in  T a b le  I .  The two 
d iagram s in  th e  t a b l e  i l l u s t r a t e  t h e  d i f f e r e n c e  i n  t h e  number o f  D0 g r a i n  b o u n d a r ie s  a s s o ­
c i a t e d  w i t h  an i n d i v i d u a l  Ds ( i . e .  e v e n t u a l )  g r a i n  i n  t h e  two c a s e s  o f  i n t e r e s t .  In  t h e  
i n i t i a l l y  f i n e - g r a i n e d  m a t e r i a l ,  t h e r e  a r e  m any  DQ b o u n d a r i e s ,  and t h e r e f o r e  many p o t e n t i a l  
n u c l e a t i o n  s i t e s  w i t h i n  e v e r y  f u t u r e  g r a i n .  As a r e s u l t ,  i t  can  be h y p o t h e s i z e d  t h a t  by  
t h e  t im e  th e  n u c l e a t i o n  s t r a i n  e c i s  a t t a i n e d  i n  t h e  m ost fa v o u r e d  r e g i o n s ,  e v e n  in  t h e  l e s s  
fa v o u r e d  r e g i o n s  t h e r e  w i l l  n o t  b e  a s c a r c i t y  o f  p o t e n t i a l  s i t e s ,  so  t h a t  t h e  sp re a d  i n  t h e  
n u c l e a t i o n  s t r a i n ,  Aec , w i l l  be s m a l l  in  t h i s  c a s e .  T h is  c o n d i t i o n  can  b e  e x p r e s s e d  q u an -  
t i t a t i v e l y  a s  Aec < e c . Q u a l i t a t i v e l y  i t  s i g n i f i e s  t h a t  t h e  w h o le  o f  th e  m a t e r i a l  i s  a t  
ab ou t th e  sam e  s t a g e  o f  t h e  r e c r y s t a l l i z a t i o n  p r o c e s s ,  i . e .  i t  i s  i n  s y n c h r o n is m ,  a t  a g iv e n  
t im e .  A c c o r d in g  t o  t h i s  m o d e l ,  s e v e r a l  r e c r y s t a l l i z a t i o n  c y c l e s  a r e  n eed ed  t o  a t t a i n  Ds 
b e c a u s e ,  a t  f i n e  D0 , t h e  n u c le u s  d e n s i t y  i s  a c t u a l l y  t o o  h i g h ,  s o  t h a t  t o o  f i n e  an i n t e r ­
m e d ía te  g r a i n  s i z e ,  Ds ' ,  i s  p ro d u c ed .  The number o f  c y c l e s  th u s  d ep en d s  on th e  d i s p a r i t y  
b etw een  D0 and Ds .

The c o n d i t i o n s  in  t h e  c o a r s e - g r a i n e d  m a t e r i a l  s t a n d  in  sh arp  c o n t r a s t  t o  t h e  a b o v e ,  
p a r t i c u l a r l y  w it h  re g a rd  t o  th e  n u c le u s  d e n s i t y .  Here t h e r e  i s  o n ly  o n e  p a r t  o f  a s i n g l e



T a b le  I

Comparison o f  N u c le u s  D e n s i t i e s  f o r  Dynamic 
R e c r y s t a l l i z a t i o n  in  I n i t i a l l y  F in e - G r a in e d  

and I n i t i a l l y  C o a r se -G r a in e d  M a t e r i a l s

M a t e r ia l F in e  i n i t i a l  g r a i n C o a rse  i n i t i a l  g r a i n

G rain  s i z e D < 2D o s
D > 2D o s

E x p e r i ­
m en ta l
R e s u l t

< Dc
R e c r y s t a i l i z e d  g r a i n  s i z e  
i n c r e a s e s  w i t h  s t r a i n

N e c k la c e  l i k e  n u c l e a t i o n  
New g r a i n s  c o n s t a n t  in  s i z e

N u c leu s
d e n s i t y N0 > 1 /2  Ns Nq < 1 / 2  N,

Ae , S m all Large

C r i t i c a l
C o n d it io n

A ssu m p tion s

Ae ( i )  < e ( i + 1 )  
c c

Ae ( i )  > e ( i + 1 )  
c c

1 .  N u c l e a t i o n  s i t e s  a r e  g e n e r a l l y  a t  t h e  g r a i n  b o u n d a r ie s .
2 .  N u c le u s  d e n s i t y  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  th e  g r a i n  

boundary a r e a  p er  u n i t  volum e (N O c l / D 0 ) .
3 .  Growth r a t e  u n ifo rm  th r o u g h o u t  t h e  m a t e r i a l .

D e f i n i -  
t i o n s

No : 
e c ( i + l ) : 

Aec ( í ) :

I n i t i a l  g r a i n  s i z e ;  Dg : E q u i l ib r iu m  dynamic r e c r y s t a l l i z a t i o n
g r a i n  s i z e .

I n i t i a l  n u c le u s  d e n s i t y ;  Ns : E q u i l ib r iu m  n u c le u s  d e n s i t y .  
N u c l e a t i o n  s t r a i n  o f  ( i + l ) - s t  c y c l e  o f  r e c r y s t a l l i z a t i o n .
Spread  o f  n u c l e a t i o n  s t r a i n  o f  i - t h  c y c l e  o f  r e c r y s t a l l i z a t i o n .



D0 boundary (and t h e r e f o r e  a r e a l  s c a r c i t y  o f  p o t e n t i a l  n u c l e a t i o n  s i t e s )  a s s o c i a t e d  w i t h  a 
p a r t i c u l a r  f u t u r e  g r a i n .  Efecause o f  th e  w id e  ra n g e  o f  g r a i n  o r i e n t a t i o n s  and g r a i n  boundary  
m i s o r i e n t a t i o n s  p r e s e n t  in  t y p i c a l  m a t e r i a l s ,  t h e  n u c l e a t i o n  s t r a i n  e c p e r t a i n i n g  t o  a 
group o f  new g r a i n s  can  be e x p e c t e d  t o  v a ry  w i d e l y .  A w id e  sp re a d  in  e c i s  a l s o  a s s o c i a t e d  
w it h  t h e  n u c l e a t i o n  o f  s u c c e s s i v e  g e n e r a t i o n s  o f  ' n e c k l a c e '  g r a i n s .  Thus Aec w i l l  be  la r g e  
and can  e v e n  e x c e e d  e c , th e  n u c l e a t i o n  s t r a i n  a s s o c i a t e d  w i t h  t h e  m ost f a v o u r e d  r e g i ó n  (o r  
f i r s t  g e n e r a t i o n ) .  In t h i s  c a s e ,  Aec > e c , and t h e  d i f f e r e n t  volum e f r a c t i o n s  o f  t h e  sam ple  
w i l l  be a t  d i f f e r e n t  s t a g e s  o f  th e  r e c r y s t a l l i z a t i o n  p r o c e s s ,  i . e .  r e c r y s t a l l i z a t i o n  w i l l  be  
v e r y  h e t e r o g e n e o u s  ( a s  in  n e c k l a c e  f o r m a t io n  ( 5 0 , 5 1 ) ) ,  and a s y n c h r o n iz e d  a t  a p a r t i c u l a r  
moment. A c c o r d in g  t o  t h i s  v i e w ,  f l o w  s o f t e n i n g  w i l l  o c c u r  u n t i l  b o th  t h e  l e a s t  f a v o u r a b ly  
o r i e n t e d  r e g i o n s ,  a s  w e l l  a s  t h e  g r a i n  i n t e r i o r s ,  have  p a r t i c i p a t e d  in  t h e  r e c r y s t a l l i z a t i o n  
p r o c e s s .  B e ca u se  o f  th e  g r e a t  s c a r c i t y  o f  p o t e n t i a l  n u c l e u s  s i t e s ,  o n ce  a g a in  Ds may n o t  
be a t t a i n e d  in  one c o m p le te  c y c l e  o f  r e c r y s t a l l i z a t i o n  ( i . e .  where t h e  e n t i r e  volum e f r a c t i o n  
has  b een  i n v o l v e d ) , and a f a i n t  seco n d  c y c l e  w i l l  som et im es  be o b s e r v e d .

16 .  EFFECT OF THE RELATIVE SPREAD IN THE NUCLEATION 
STRAIN ON THE SHAPE OF THE FLOW CURVE

The d e g r e e  o f  ' sy n c h r o n ism '  o r  ’ a s y n c h r o n ism '  d u r in g  dynamic r e c r y s t a l l i z a t i o n  u n -  
d o u b te d ly  h a s  an e f f e c t  on t h e  sh ap e  o f  th e  f l o w  c u r v e .  T h is  i s  i l l u s t r a t e d  s c h e m a t i c a l l y  
in  F i g .  1 7 ,  in  w hich  t h e  u s u a l  S - c u r v e s  a s s o c i a t e d  w i t h  t h e  p r o g r e s s  o f  r e c r y s t a l l i z a t i o n  
a r e  r e p r e s e n t e d ,  f o r  s i m p l i c i t y ,  by t h e  l i n e s  t a n g e n t  t o  t h e i r  s t e e p e s t  p o r t i o n s .  T h us ,  
when Aec i s  s m a l l  and th e  m a t e r i a l  i s  in  sy n c h r o n ism ,  b o th  f lo w  s o f t e n i n g  and work h a r d e n in g  
w i l l  be  o c c u r r i n g  c o n c u r r e n t l y  th r o u g h o u t  t h e  m a t e r i a l ,  l e a d i n g  t o  c l e a r l y  d i s c e r n i b l e  s t r e s s  
o s c i l l a t i o n s .  With ea c h  c y c l e  o f  r e c r y s t a l l i z a t i o n  and o f  g r a i n  c o a r s e n i n g ,  Aec w i l l  i n ­
c r e a s e  f o r  t h e  r e a s o n s  o u t l i n e d  a b o v e ,  u n t i l  Aec = e c and r e c r y s t a l l i z a t i o n  i s  c o m p le t e l y  
a s y n c h r o n o u s .

F i g .  17 E x p ec te d  e f f e c t  o f  t h e  r e l a t i v e  sp re a d  in  t h e  n u c l e a t i o n  s t r a i n  Aec / e c on t h e  shape  
o f  t h e  f l o w  c u r v e .  (a )  When Aec / e c i s  s m a l l  ( i . e .  when r e c r y s t a l l i z a t i o n  i s  n u -  
c l e a t e d  a p p r o x im a t e ly  c o n c u r r e n t l y  th r o u g h o u t  t h e  m a t e r i a l ,  a s  in  f i n e - g r a i n e d  
s p e c i m e n s ) ,  d i s t i n c t  c y c l e s  o f  s o f t e n i n g  and h a r d e n in g  can  be s e e n .  Th ese  a r e  
g r a d u a l l y  damped o u t  b e c a u s e  Aec i n c r e a s e s  a s  g r a i n  c o a r s e n i n g  t a k e s  p l a c e  ( s e e  
T ab le  I ) .  (b )  When Aec / e c i s  l a r g e  ( i . e .  when t h e r e  i s  a c o n s i d e r a b l e  sp rea d  in  
t h e  n u c l e a t i o n  s t r a i n  in  d i f f e r e n t  volum e f r a c t i o n s  o f  t h e  m a t e r i a l ,  a s  in  c o a r s e -  
g r a in e d  s p e c i m e n s ) ,  o n ly  a s i n g l e  c y c l e  o f  f l o w  s o f t e n i n g  o c c u r s ,  w h ich  p e r s i s t s  
u n t i l  th e  e q u i l i b r i u m  g r a i n  s i z e  Ds i s  e s t a b l i s h e d .



The a sy o c h r o n is m  a t t a i n e d  a t  l a r g e  s t r a i n s  in  t h e  i n i t i a l l y  f i n e - g r a i n e d  m a t e r i a l  i s  
p r e s e n t  in  t h e  c o a r s e - g r a i n e d  m a t e r i a l  ab i n i t i o .  As ea c h  volum e f r a c t i o n  o f  t h e  sp ec im en  
i s  a t  a d i f f e r e n t  s t a g e  o f  r e c r y s t a l l i z a t i o n ,  t h e  l o c a l  s o f t e n i n g  and h a r d e n in g  p r o c e s s e s  
o v e r l a p  and o n ly  a s i n g l e  m a c r o s c o p ic  f l o w  s t r e s s  peak i s  o b s e r v e d .

I t  sh o u ld  be remarked p a r e n t h e t i c a l l y  t h a t  t h e  more r a p id  damping o f  t h e  t o r s i o n  
r a t h e r  than  th e  c o m p r e s s io n  f lo w  c u r v e s  in  F i g s .  l a  and b ,  r e s p e c t i v e l y  ( e . g .  a t  a peak  
s t r e s s  l e v e l  o f  ab ou t  50 MPa s  7000 p s i ) , can  be a t t r i b u t e d  d i r e c t l y  t o  t h e  h i g h e r  d e g r e e  o f  
a s y n c h r o n i z a t i o n  in h e r e n t  in  t h e  t o r s i o n  t e s t ,  w hich  h a s  a l r e a d y  b een  d i s c u s s e d  ab ove  in  
c o n n e c t io n  w i t h  t h e  c o n t r i b u í i o n s  o f  th e  i n d i v i d u a l  c y l i n d r i c a l  s h e l l s  t o  t h e  o v e r a l l  t o r q u e .

F i n a l l y ,  i t  sh o u ld  be added t h a t ,  a l t h o u g h  t h e  p r e s e n t  a n a l y s i s  seem s t o  be w e l l -  
founded  from a m e t a l l o g r a p h i c  p o i n t  o f  v i e w ,  i t s  a p p l i c a b i l i t y  t o  a w id e  ra n g e  o f  FCC 
m a t e r i a l s ,  i n c l u d i n g  s y s t e m s  i n v o l v i n g  s t a t i c  and dynamic p r e c i p i t a t i o n ,  rem ain s  t o  b e  dem- 
o n s t r a t e d .  E x p er im en ts  sh o u ld  a l s o  be c a r r i e d  o u t  t o  d e t e r m in e  t h e  d e t a i l e d  i n f l u e n c e  o f  
t h e  d i s l o c a t i o n  s u b s t r u c t u r e  on th e  sp re a d  in  t h e  n u c l e a t i o n  s t r a i n  Aec , and Computer 
s i m u l a t i o n s  s h o u ld  be perform ed  u s i n g  t h e  n u c l e u s  d e n s i t y  c r i t e r i o n  t o  a s s e s s  t h e  p r e d i c t i v e  
a c c u r a c y  o f  th e  p r e s e n t  t r a n s i t i o n  m od e l .

1 7 .  THE RELATION BETWEEN THE CRITICAL STRAIN 
AND CRITICAL GRAIN SIZE CRITERIA

I t  rem ain s  t o  c o n s i d e r  t h e  p o s s i b l e  r e l a t i o n  b e tw e en  a t r a n s i t i o n  c r i t e r i o n  b a se d  on  
c r i t i c a l  s t r a i n s ,  and t h e  p r e s e n t  one e x p r e s s e d  in  term s o f  t h e  d i f f e r e n c e  b e tw e en  th e  
i n i t i a l  and s t a b l e  g r a i n  s i z e s  (and b e tw e en  t h e  i n i t i a l  and s t a b l e  n u c le u s  d e n s i t i e s ) . The 
form er a r e  u s e f u l  b e c a u s e  £p and e x , f o r  e x a m p le ,  a r e  r e a d i l y  d e te r m in e d  from t h e  s t r a i n s  
a t  máximum s t r e s s  and a t  t h e  a t t a in m e n t  o f  s t e a d y  s t a t e  f l o w  e s  ( o r  a t  t h e  mean s t r e s s  under  
c y c l i c  c o n d i t i o n s ,  s e e  F i g .  4 ) .  A lth o u g h  i t  was shown ab o v e  i n  F i g .  7 t h a t  t h e  £p = ex  co n ­
d i t i o n  i s  n o t  s a t i s f i e d  in  t e n s i ó n  o r  c o m p r e s s io n  (and a p h y s i c a l  e x p l a n a t i o n  was g iv e n  in  
F i g .  8 f o r  t h e  e f f e c t  o f  t h e  s t r a i n  and s t r a i n  r a t e  g r a d i e n t s  p r e s e n t  i n  t o r s i o n  on t h e  
apparent v a l ú e s  o f  £p and e x ) , i t  n e v e r t h e l e s s  rem ain s  p o s s i b l e  t h a t  some modif-ied form o f  
th e  c r i t i c a l  s t r a i n  model c o u ld  a p p ly  in  hom ogeneous d e f o r m a t i o n .  T h is  p o s s i b i l i t y  w i l l  now 
be exam ined b r i e f l y .

For t h i s  p u r p o s e ,  we make t h e  s i m p l i f y i n g  a s su m p t io n  t h a t ,  und er  sin g le  peak c o n d i t i o n s ,  
th e  minimum s t r a i n  a t  w hich  new n u c l e i  a p p e a r ,  e c , i s  ab ou t  one h a l f  t h e  m a c r o s c o p ic  peak  
s t r a i n  E p ,  so  t h a t  £p = 2 e c . (The exaat v a l u é  o f  th e  m u l t i p l i e r  i s  n o t  c r i t i c a l . )  We a l s o  
d i s t i n g u i s h  b etw een  th e  macroscopic ' r e c r y s t a l l i z a t i o n  s t r a i n 1 e x  g iv e n  by £x = e 8 -  £p , and 
t h e  local  ' r e c r y s t a l l i z a t i o n  s t r a i n '  e x * .  The l a t t e r  i s  t h e  s t r a i n  d u r in g  w hich  new g r a i n s  
form in  any p a r t i c u l a r  volum e f r a c t i o n  o f  t h e  m a t e r i a l ;  e . g .  i n  t h e  f i r s t  ' s t r i n g '  o f  th e  
n e c k l a c e .  I f  we now s t a t e  t h a t  s t e a d y  s t a t e  f l o w  b e g i n s  when t h e  in n e rm o st  s t r i n g  in  t h e  
n e c k l a c e  i s  f u l l y  r e c r y s t a l l i z e d ,  i . e .  when t h e  e n tire  volume o f  t h e  m a t e r i a l  h a s  u nd ergone  
a t  l e a s t  one c y c l e  o f  r e c r y s t a l l i z a t i o n ,  we can  w r i t e  t h a t

e = e  -  e  = ( e  +  Ae +  e * )  -  2 e  = Ae +  ( e  * -  e  ) ( 5 )  x s p c c x  c c x c

Here th e  s t e a d y  s t a t e  s t r a i n  e s  = e c  +  Ae c  +  e x *  ( s e e  F i g .  1 7 ) ,  and E p = 2 e c ,  a s  s u g g e s t e d  
a b o v e .  I f  we r e t u r n  t o  t h e  i n e q u a l i t y  b e tw e en  t h e  minimum n u c l e a t i o n  s t r a i n  e c  and th e  
sp re a d  in  t h e  n u c l e a t i o n  s t r a i n  Ae c  s u g g e s t e d  e a r l i e r  ( T a b le  I  and F i g .  1 7 ) ,  i . e .  t o  
e c  < Ae c , t h i s  i s  e q u i v a l e n t ,  from r e l a t i o n  ( 5 )  a b o v e ,  t o  ex* < ( A e c  +  e x *  -  e c )  o r  t o  
e x *  < £x- Now s e t t i n g  £c = Ex*, t h e  above c o n d i t i o n  can  be w r i t t e n  a s

Gc < ex (6 )

N ote  t h a t  th e  e s s e n t i a l  d i f f e r e n c e  b e tw e en  r e l a t i o n  (6 )  and t h a t  o f  F i g .  17 i s  t h e  r e p l a c e -  
ment o f  th e  sp re a d  in  th e  n u c l e a t i o n  s t r a i n  A e c  by t h e  m a c r o s c o p ic  ' r e c r y s t a l l i z a t i o n  s t r a i n '
Gx*

T u rn in g  now to  t h e  c a s e  o f  m ú ltip le  peak f l o w ,  und er  t h e s e  c o n d i t i o n s ,  £p = e c ,  s o  t h a t  
t h e  c o n d i t i o n  E p > e x  can  be w r i t t e n  a s

ec > £x (7 )

i n s t e a d .  Thus i t  a p p e a r s  from th e  p r e s e n t  c o n s i d e r a t i o n s  t h a t  t h e  c r i t e r i o n

(8 )



m ight be a v a l i d  one f o r  d i s t i n g u i s h i n g  b e tw e en  p e r i o d i c  and s i n g l e  peak r e c r y s t a l l i z a t i o n  in  
homogeneous f l o w .  I t  i s ,  h o w e v er ,  a ty p e  o f  ' h y b r i d 1 c r i t e r i o n  ( u n l i k e  t h e  S e l l a r s  r e l a t i o n )  
in  t h a t  th e  m e c h a n ic a l  q u a n t i t y  ex i s  m easured  d i r e c t l y  from t h e  f l o w  c u r v e ,  w h e re a s  t h e  
m i c r o s t r u c t u r a l  term  can o n ly  be d e te r m in e d  m e t a l l o g r a p h i c a l l y . I t  re m a in s  t o  b e  added  
t h a t  th e  q u a n t i t y  e x m easured in  t h e  m ú l t i p l e  p e a k  ran ge  o f  b e h a v io u r  i s  in d e e d  e q u i v a l e n t  t o  
ex * ,  th e  l o c a l  r e c r y s t a l l i z a t i o n  s t r a i n ,  b e c a u s e  o f  t h e  s y n c h r o n i z a t i o n  o f  r e c r y s t a l l i z a t i o n  
th r o u g h o u t  th e  m a t e r i a l  t h a t  a p p l i e s  in  t h i s  r a n g e .  By c o n t r a s t ,  t h e  q u a n t i t y  ex  m easured  in  
t h e  s i n g l e  p e a k  d om ain , p r e c i s e l y  b e c a u s e  o f  th e  a s y n c h r o n i z a t i o n  t h a t  p r e v a i l s ,  c o r r e s p o n d s  
t o  s e v e r a l  o v e r la p p in g  growth  p e r i o d s ,  and i s  t h e r e f o r e  more c l o s e l y  r e l a t e d  t o  t h e  term  Aec , 
a s  can  be s e e n  from E q u a t io n  ( 5 ) .

1 8 .  CONCLUSIONS

1. The c r i t e r i o n  f o r  t h e  t r a n s i t i o n  from m ú l t i p l e  t o  s i n g l e  peak  b e h a v io u r  d u r in g  
dynamic r e c r y s t a l l i z a t i o n  b a sed  on th e  e q u i v a l e n c e  o f  t h e  peak and r e c r y s t a l l i z a t i o n  s t r a i n s

= Ex) d ° e s n o t  a p p ly  t o  hom ogeneous modes o f  d e f o r m a t io n  su ch  a s  t e n s i ó n  o r  c o m p r e s s io n .  
T h is  i s  b e c a u s e  t h e  c o n d i t i o n  £ p = e x was d e r i v e d  from t o r s i o n  t e s t  d a t a  on s o l i d  b a r s , and  
su ch  d a ta  l e a d  t o  d i s t o r t e d  (and p h y s i c a l l y  m i s l e a d i n g )  f l o w  c u r v e s  b e c a u s e  o f  th e  manner  
in  w hich  th e  e l e m e n t a l  c y l i n d r i c a l  s h e l l s  c o n t r i b u t e  t o  t h e  m a c r o s c o p ic  c o u p l e .  In  p a r ­
t i c u l a r ,  b e c a u s e  o f  t h e  s p e c i f i c  n o n - l i n e a r  d ep en d en ce  o f  peak  s t r a i n  on s t r a i n  r a t e ,  t h e  
peak s t r a i n  i s  a t t a i n e d  f i r s t  in  t h e  o u t e r  r e g i ó n  o f  a t o r s i o n  b a r ,  s o  t h a t  t h e  ' o v e r a l l '  
or  m a c r o s c o p ic  peak  s t r a i n  n p r m a lly  d e te r m in e d  in  t o r s i o n  i s  a lw a y s  l a r g e r  th a n  t h a t  ob ­
t a i n e d  from c o m p r e s s io n  or  t e n s i ó n  e x p e r im e n t s .  T h is  e f f e c t  i s  compounded f o r  t h e  r e ­
c r y s t a l l i z a t i o n  s t r a i n  e x , b e c a u s e  t h e  l a t t e r  i s  b a sed  on t h e  s t e a d y  s t a t e  s t r a i n  e s , w hich  
i n c l u d e s  a r e t a r d i n g  com ponent from b o th  e p and e x . As a r e s u l t ,  t h e  r e c r y s t a l l i z a t i o n  
s t r a i n  ex d e te r m in e d  in  t o r s i o n  d i f f e r s  from t h a t  m easured  i n  t e n s i ó n  o r  c o m p r e s s io n  by a 
g r e a t e r  amount th an  d o e s  e p . The n e t  e f f e c t  i s  t h a t  t h e  e p and ex c u r v e s  do n o t  in  g e n e r a l  
i n t e r s e c t  in  t e n s i ó n  o r  c o m p r e s s io n  t e s t i n g .

2 .  S i n g l e  p e a k  b e h a v io u r  i s  a s s o c i a t e d  w i t h  g r a i n  r e f i n e m e n t , and t h e  f l o w  s o f t e n i n g  
t h a t  f o l l o w s  t h e  s t r e s s  máximum comes t o  an end when r e f in e m e n t  h a s  a f f e c t e d  t h e  e n t i r e  volum e  
o f  t h e  m a t e r i a l ,  l e a d i n g  t o  th e  s t a b l e  g r a i n  s i z e  Ds . C o n v e r s e l y ,  o s c i l l a t i o n s  i n  t h e  f l o w  
cu r v e  a r e  r e l a t e d  t o  g r a in  c o a r s e n i n g ; t h e  o s c i l l a t i o n s  c e a s e  when t h e  s u c c e s s i v e  w aves  o f  
c o a r s e n i n g  f i n a l l y  p rod u ce  t h e  e q u i l i b r i u m  g r a i n  s i z e .

3 .  The d ep en d en ce  o f  t w i c e  t h e  s t a b l e  g r a i n  s i z e  (2DS) fc>n t e m p e r a t u r e - c o r r e c t e d  s t r a i n  
r a t e  Z p a r a l l e l s  t h a t  o f  t h e  t r a n s i t i o n  p a ra m eter  Zc on i n i t i a l  g r a i n  s i z e  D0 . T h is  c o r r e s ­
pondence i s  r e s p o n s i b l e  f o r  th e  t r a n s i t i o n  c r i t e r i o n  D0 = 2DS , a c c o r d in g  t o  w h ich  s i n g l e  peak  
b e h a v io u r  i s  o b s e r v e d  when D0 > 2DS , and s t r e s s  o s c i l l a t i o n s  when D0 < 2DS .

4 .  M ú l t i p l e  s t r e s s  p eak s a r e  o b s e r v e d  a s  l o n g  a s  r e c r y s t a l l i z a t i o n  i s  t a k i n g  p l a c e  
s y n c h r o n o u s ly  th r o u g h o u t  th e  m a t e r i a l .  T h is  o c c u r s  when t h e r e  i s  a h ig h  d e n s i t y  o f  p o t e n t i a l  
n u c l e i  w i t h i n  a f u t u r e  new g r a i n ,  a c o n d i t i o n  w h ich  i s  r e s p e c t e d  i n  i n i t i a l l y  f i n e - g r a i n e d  
m a t e r i a l s ,  a s  a r e s u l t  o f  w hich  t h e r e  i s  o n ly  a l i m i t e d  sp r e a d  Aec  in  t h e  n u c l e a t i o n  s t r a i n .  
With e a c h  wave o f  g r a i n  c o a r s e n i n g ,  th e  sp r e a d  i n  t h e  n u c l e a t i o n  s t r a i n  i n c r e a s e s ,  u n t i l ,  
when Aec = e c ( t h e  n u c l e a t i o n  s t r a i n  in  th e  m ost fa v o u r e d  r e g i o n s ) ,  t h e  o s c i l l a t i o n s  c e a s e .

5 .  S i n g l e  s t r e s s  p eak s a r e  o b s e r v e d  in  i n i t i a l l y  c o a r s e - g r a i n e d  m a t e r i a l s  b e c a u s e  o f  
th e  r e l a t i v e  s c a r c i t y  o f  p o t e n t i a l  n u c l e i  w i t h i n  a g iv e n  new g r a i n .  The w id e  v a r i a t i o n  in  
g r a i n  o r i e n t a t i o n s  and in  g r a i n  boundary m i s o r i e n t a t i o n s , a s  w e l l  a s  t h e  o c c u r r e n c e  o f  
n e c k l a c e  n u c l e a t i o n ,  l e a d  t o  a l a r g e  sp r e a d  Aec in  t h e  n u c l e a t i o n  s t r a i n ,  l e a d i n g  t o  t h e  
c o n d i t i o n  Aec > e c . As a r e s u l t ,  t h e  p r o g r e s s  o f  r e c r y s t a l l i z a t i o n  i s  s p a t i a l l y  inhom o-  
g e n e o u s  and h i g h l y  u n s y n c h r o n iz e d , and t h e  mean f lo w  s t r e s s  o b s c u r e s  t h e  l o c a l  c y c l e s  o f  
work h a r d e n in g  and r e c r y s t a l l i z a t i o n .
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Abstract—The restoration processes that take place during the isothermal annealing of hot worked 
copper, in the temperature range 450-540°C, have been studied in detail. The annealing response 
was monitored by means of an interrupted compression technique and by quantitative metallography. 
The study firmly establishes the existence of three distinct mechanisms of static restoration, namely 
recovery, classical recrystallization and metadynamic recrystallization. The presence of the third process 
requires the occurrence of dynamic recrystallization during the prior hot working strain. The relative 
importance of the contribution of each of the three mechanisms to static annealing is shown to be 
highly sensitive to the degree of prestrain. There exists a critical strain ( -  12%) below which no recrystal­
lization occurs during the anneal, and recovery is the only restoration process. At higher strains, 
both recovery and recrystallization take place, and operate sequentially, because the latter mechanism 
requires a high degree of substructural rearrangement before it can be initiated. Once the material 
is worked beyond the critical strain for dynamic recrystallization ( -  2 2%) static restoration proceeds 
by the operation of metadynamic recrystallization as well as recovery and classical recrystallization. 
The former process is shown to commence immediately on the cessation of straining, as it requires 
no induction period for the formation of new grain nuclei. Instead, the nuclei are formed during 
the prior deformation so that recrystallization proceeds by growth from these centers, until all such 
sites are exhausted. For all conditions considered in the present work, it was found that the grains 
produced by both types of static recrystallization were smaller than those produced by dynamic recrys­
tallization. It is argued that potential nuclei that are destroyed by work hardening on continued defor­
mation, become critical when straining ceases, thereby increasing the nucleus density and producing 
a finer grain size.
Résumé—Nous avons étudié en détail la restauration isotherme du cuivre entre 450 et 540°C, aprés une 
déformation á chaud. Nous suivions la réponse au recuit par interruption de la compression et métallo- 
graphie quantitative. Cette étude établit fermement l'existence de trois mécanismes distincts de restau­
ration statique, á savoir la restauration proprement dite et les recristallisations classique et métadynami- 
que. La présence du troisiéme phénoméne nécessite une recristallisation dynamique au cours de la 
déformation á chaud préalable. Nous montrons que l’importance relative de la contribution de chacun 
de ces trois mécanismes au recuit statique est trés sensible au taux de prédéformation. II existe un 
écrouissage critique (~ 12%) au-dessous duquel il ne se produit pas de recristallisation au cours du 
recuit, mais seulement une restauration. Pour des déformations plus fortes, restauration et recristallisa­
tion agissent l’une aprés l’autre, car ce dernier mécanisme ne peut débuter qu’aprés un réarrangement 
important de la sous-structure. Lorsque le matériau est déformé au-delá de la déformation critique pour 
la recristallisation dynamique (~ 2 2%) la restauration statique se produit et met en jeu la recristallisation 
métadynamique, ainsi que la restauration et la recristallisation classique. La restauration, qui ne néces­
site pas de période d’induction pour la formation de nouveaux germes de grains, commence dis que cesse 
la déformation. Les germes étant formés au cours de la prédéformation, la recristallisation se produit par 
croissance á partir de ces germes, jusqu’á épuisement de ceux-ci. Pour les conditions étudiées dans ce 
travail, les grains produits par les deux types de recristallisation statique étaient plus petits que ceux 
produits par recristallisation dynamique. Nous montrons que les germes potentiels, qui sont détruits par 
l’écrouissage au cours de la déformation continué, deviennent critiques lorsqu’on arréte la déformation; 
il acroissent ainsi la densité de germes, ce qui conduit á une plus petite taille des grains.

Zusammenfassung—Die wáhrend des isothermen Ausheilens von warmverformtem Kupfer im Tempera- 
turbereich von 450-540°C ablaufenden Ausheilprozesse wurden ausführlich untersucht. Das Ausheilver- 
halten wurde mit einem diskontinuierlichen Kompressionsverfahren und mit quantitativer Metallografie 
verfolgt. Die Untersuchung zeigt klar, daB drei unterschiedliche Mechanismen statischen Ausheilens 
auftreten, námlich Erholung, klassische Rekristallisation und metadynamische Rekristallisation. Vorbed- 
ingung für das Auftreten des dritten Prozesses ist dynamische Rekristallisation wáhrend der vorherge-
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henden Warmverformung. Der Beitrag jedes der drei Mechanismen zum statischen Ausheilen hangt sehr 
empfindlich vom Grad der Vorverformung ab. Es existiert eine kritische Dehnung (~ 12%), unterhalb 
der keine Rekristallisation wahrend des Ausheilens auftritt; es tritt dann nur Erholung auf. Bei hóheren 
Dehnungen laufen sowohl Erholung ais auch Rekristallisation ab, und zwar sequentiell, da Rekristallisa­
tion vor dem Einsetzen ein hohes MaB an substruktureller Umordnung erfordert. Ist das Material bis 
über die kritische Dehnung für dynamische Rekristallisation ( -  22%) verformt, dann verláuft das sta- 
tische Ausheilen über metadynamische Rekristallisation, wie auch über Erholung und klassische Rekris­
tallisation. Es wird gezeigt, daB metadynamische Rekristallisation sofort nach Beendigung der Verfor- 
mung einsetzt, da hierfür keine Wartezeit fúr die Bildung neuer Kornkeime erforderlich ist. Stattdessen 
werden Keime wahrend der vorhergehenden Verformung gebildet, so daB die Rekristallisation durch 
Wachstum aus diesen Zentren heraus abláuft, bis alie solche Zentren aufgebraucht sind. Bei alien in 
dieser Arbeit betrachteten Bedingungen waren die durch beide Arten statischer Rekristallisation 
erzeugten Kórner kleiner ais die durch dynamische Rekristallisation erzeugten Kórner. Dieses Ergebnis 
láBt sich damit erkláren, daB potentielle Keime, die durch die Verfestigung bei kontinuierlicher Verfor­
mung zerstórt wurden, kritisch werden bei Beendigung der Verformung. Dadurch wird die Anzahldichte 
der Keime vergróflert, welches zu kleineren Kórnern luhrt.

1. INTRODUCTION

The stimulus for the present study aróse from results 
obtained concerning the softening behavior of a series 
of plain carbón steels [1-3]. These results were inter- 
preted in terms of a model in which the interaction 
of the recovery and recrystallization processes was 
deduced entirely on the basis of mechanical observa- 
tions. A microstructural confirmation of this model 
was not possible, unfortunately, because a detailed 
metallographic analysis of the austenite sfructures de- 
veloped was prevented by the products of y/a trans­
formaron.

The aim of the present work was, consequently, 
to investígate the interaction of recovery and recrys­
tallization in a material in which no phase change 
is involved, and therefore to judge the validity, or 
the extent of validity, of the previous model. For this 
purpose, electrolytic tough pitch (ETP) coppert was 
selected as the model material, and various methods 
of etch pitting and quantitative metallography were 
developed and employed which enabled the inter-rela- 
tion between the various softening mechanisms to be 
analyzed in detail. A further feature of the method 
was that it permitted the kinetics of the individual 
restoration processes to be determined as well; these 
will be described in a separate publication.

2. EXPERIMENTAL PROCEDURE

The method of intermedíate unloading employed 
in the present study, in which the softening taking 
place during the unloading interval is measured, has 
been described in detail elsewhere [1-3], and will 
therefore be reviewed only briefly here. The method 
is based on the principie that the initial flow stress at 
high temperatures is a sensitive measure of the micro­
structural state of the material. Samples are loaded 
at a constant true strain rate, in compression, to some 
prescribed strain and unloaded. After a given time 
interval the samples are reloaded at the same strain 
rate as before. The initial flow stress measured on

t  Chemical composition in wt°„: Pb, 0.09; Ni, <0.05;
0 2, 0.015; Ag. 0.005; As. <0.0003.

reloading is taken as an indication of the amount 
of isothermal softening that has occurred during the 
annealing period. The degree of softening, X , is given 
by the expression

X  = (om -  ar)/(am -  ff0)

where am is the flow stress immediately before unload­
ing and a0 and ar are the initial flow stresses recorded 
during prestraining and reloading, respectively.

2.1 Specimen preparation

Compression samples were machined from coid 
drawn bar into right cylinders 11.4 min in height and 
7.6 mm in diameter. The end faces of the specimens 
were grooved [4, 5], in order to retain the glass lubri- 
cants used to obtain uniform axisymmetric compres­
sion at elevated temperatures [5-11], In order to 
minimize differences in the initial microstructure, all 
specimens were strained 2 % in compression, annealed 
for 16 h at 900°C and then quenched. The resulting 
mean linear intercept grain size was 0.56 mm.

2.2 Mechanical testing procedures

The mechanical tests were carried out on an In- 
stron testing machine modified for constant true 
strain rate compression at elevated temperatures, in- 
corporating an automated test control and data ac- 
quisition system [12]. All tests were conducted in an 
atmosphere of high purity argón.

Two series of tests were performed in the present 
study. The first series consisted of intermedíate un­
loading tests conducted at the following combi- 
nations of temperature and strain rate: 450°C and
1.8 x 10- 3 s ~ ';  500°C and 1.8 x 10_2 s _1; and 
540°C and 8  x 10~2 s~ '. By this means the flow 
stresses developed were comparable at all strains for 
the three temperatures. Seven levels of prestrain were 
chosen, namely 0.05, 0.10, 0.15, 0.18, 0.30, 0.40, 0.52; 
in this way static softening could be studied in dyna­
mically recovered or in dynamically recovered and 
recrystallized microstructures. The second series of 
experiments was carried out for a single test tempera- 
ture and strain rate, 500°C at 1.8 x 10~2 s~ ‘. Speci­
mens were prestrained 0.05, 0.10, 0.15 and 0.40 and
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TRUE STRAIN

Fig. 1. Strain rate dependence of the flow curves of polycrystalline copper at 450“C.

quenched after different delay times. Two sections 
were cut transversely to the compression axis on each 
of these samples. One section was taken cióse to the 
mid-height and the other near one of the ends. This 
procedure was adopted in order to minimize the effect 
of strain localization on measurements of the grain 
structures.

The sections were ground and electropolished and 
etched sufficiently to clearly delineate the grain boun- 
daries.f In excess of 400 individual grain intercept 
measurements were made on each sample to deter­
mine the distribution of grain intercept lengths.

3. EXPERIMENTAL RESULTS

A typical set of stress-strain curves obtained in 
compression at 450°C is shown in Fig. 1. Polycrystal­
line copper strained in the present temperature range 
exhibits stress-strain curves of this character, indicat- 
ing that recrystallization occurs during deforma­
tion [13,14], Hot compression tests performed on 
samples at 540 and 500°C at 8  x 10 2 and

t  Electropolishing: 133 mi glacial acetic acid, 25 g chro- 
mium trioxide, 7 mi H20  at 8.5 V and 18°C. Etching: 65 mi 
concentrated H2S04, 16 g potassium dichromate, 3g 
sodium chloride, 800mi H ,0 .

1 .8  x 1 0 ' 2 s“ respectively, produced curves identi- 
cal in shape and stress level to that established at
1.8 x 10~3 s ' ’ and 450°C. Under these three sets of 
testing conditions the flow stresses are comparable 
at any given strain. Consequently, the microstructures 
developed under each of the test conditions can be 
considered to be a function of strain only [15,16].

A set of stress-strain curves determined, at
1 .8  x 10~2 s ~ 1 and 500°C, using the technique of 
intermedíate unloading, is shown in Fig. 2. Several 
samples were prestrained to a strain of 0.3 and rapidly 
and completely unloaded. After a short delay, the flow 
stress on restraining rises rapidly to a level compar­
able to the stress developed just prior to unloading. 
Long delay times, on the other hand, produce a pro- 
found drop in the initial flow stress on reloading and 
the stress-strain behavior approaches that of the 
material during prestraining. In all cases, the initial 
flow stresses during the prestrain and reload cycles 
were defined by expanding the strain scales and tak- 
ing the 0 .0 0 1  offset stresses.

3.1 Effect o f strain
The results of earlier studies on plain carbón and 

microalloyed austenite have indicated that, after hot 
working, static softening proceeds by the sequential
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Fig. 2. Effect of increasing delay time on the interrupted flow curves of polycrystalline copper at
500°C.

operation of up to three distinct processes [1-3]. The 
relative importance of each of these processes depends 
critically on the prior hot working strain. This effect 
is illustrated in Fig. 3, where softening curves are dis- 
played. These tests were carried out at 500°C at a 
strain rate of 1 .8  x 1 0 ” 2 s “ 1 and the samples were 
held at the testing temperature after se ven different 
amounts of prestrain. The location of the interruption 
strains was chosen to be before the peak flow stress 
for conditions (a-d), and after the peak flow stress 
for conditions (e—g).

For small amounts of prior strain [curves (a and 
b)], that is at a strain considerably less than that 
required to reach the máximum in flow stress, only 
one stage of softening is observed. This first cycle of 
softening has been attributed to static recovery [1-3], 
and is completed in about 1000 s [curve (a)] or 500 s 
[curve (b)]. By this time, 40-50% of the work harden­
ing introduced during prestraining is removed. The 
statically recovered structure is clearly very stable, 
since recovery saturates at these levels, no further 
softening occurring even after 15 h. These results also 
imply that a strain of 0 .1 0  is less than the critical 
strain for static recrystallization.

When the amount of prestrain is increased to 0.15 
[curve (c)] or 0.18 [curve (d)], the first cycle of soften­

ing is completed after 50 and 20 s, respectively, as 
indicated by the inflection in the softening curves. 
Evidently, the rate of recovery increases with the 
amount of prestrain. This arises because of the higher 
driving forces associated with the greater dislocation 
densities present at interruption. The second stage of 
softening, observed in curves (c and d), is associated 
with static recrystallization [1-3]; this conclusión will 
be fully justified below. Furthermore, since all four 
strains were below that required to reach the peak 
of the uninterrupted stress-strain curve, we may con- 
clude that dynamic recrystallization did not take 
place during prestraining. Consequently, the behavior 
exhibited by the material [curves (a-d)] is character- 
istic of static softening that is initiated in a dynami- 
cally recovered structure.

The next three curves represent strains selected to 
be: between the peak and steady state strains, curve 
(e) and well into the steady state regime, curves (f 
and g). Curve (e) typifies the softening response of 
material in which dynamic recrystallization has just 
begun and is not yet fully developed. Curve (g), on 
the other hand, is representative of the progress of 
softening in material in which dynamic recrystalliza­
tion is fully developed. It should be noted that in 
curves (e-g), the amount of softening produced by
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Fig. 3. Effect of strain on the static softening of polycrystalline copper at 500CC. Open symbols: less 
than peak strain (dynamic recovery). Closed symbols: greater than peak strain (dynamic

recrystallization).

static recovery is difficult to identify because meta­
dynamic recrystallization occurs concurrently [1-3]. 
The latter process consists of the continued growth 
of dynamic recrystallization nuclei after the deforma­
tion is stopped.

The first softening arrest can be attributed in the 
present case to the completion of metadynamic re­
crystallization and the second to the saturation of sta­
tic recovery.t The length of the second arrest (see also 
Figs. 4 and 5) can in turn be associated with the incu- 
bation period required for the initiation of classical 
recrystallization. This is considered to take place dur­
ing the continued operation of metadynamic recrys­
tallization and static recovery, but in regions of the 
sample that are not swept clear of dislocation sub­
structure by the metadynamic process.

3.2 Effect o f temperature

As stated earlier, interrupted tests were also con­
ducted at 450 and 540°C. The strain rates were 
selected so that the flow stresses developed at inter­
ruption, for all three temperatures, were approxi- 
mately equal. The softening curves obtained at 450 
and 540°C are shown in Figs. 4 and 5 respectively.

t  This will be demonstrated in Fig. 11 and is also sup- 
ported by the detailed analysis of the kinetics of the three 
processes [17],

The curves exhibit the same generally sigmoidal form, 
with intermedíate inflection plateaus, as the curves 
determined at 500°C. For prestrains of 0.05 and 0.10 
at 450°C and 0.05 at 540°C, softening does not go 
to completion, but saturates at 42, 50 and 42% re­
spectively. No further softening is observed under 
these conditions, even after delays of up to 1 0 5 s, indi- 
cating that the critical strain for static recrystalliza­
tion was not reached during prestraining. A prestrain 
of 0.15, at both temperatures, leads to two cycles of 
softening, separated by an intermedíate plateau. It can 
be seen that the rates of recovery and recrystallization 
are both strongly temperature dependent. The 
duration of the softening arrest decreases with in- 
creasing temperature, indicating that the activation 
energy for static recrystallization is higher than the 
one for static recovery.

The softening curves determined for a prestrain of 
0.40, at 450 and 540°C, relate to material which is 
recrystallizing dynamically at the point at which the 
deformation is stopped. Because of the rapid progress 
of softening at 540°C under these conditions, the 
earliest part of the curve could not be established. 
Nevertheless, in both curves obtained after 0.40 pre­
strain, two softening arrests are evident.

3.3 Metallography

A metallographic examination of the grain struc- 
tures developed during the isothermal annealing, at
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Fig. 4. Effect of strain on static softening at 450°C. (Symbols as in Fig. 3.)

Fig. 5. Effect of strain on the static softening at 540°C. (Symbols as in Fig. 3.)
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Fig. 6 . Discontinuous frequency distribution of grain size in copper held at 500 C after 0.05 prestrain.

500°C, of the hot compressed copper was carried out. 
The softening curves suggested that grains derived 
from two distinct types of recrystallization should be 
present in the samples that had undergone high 
degrees of prestrain. In view of this, it was decided 
that simple point counting techniques would not yield 
sufñcient information to allow the grains produced 
by the two processes to be distinguished. Instead, up 
to 500 individual grain intercepts were measured at 
random over the prepared surfaces. The intercept 
lengths were then subdivided into 8  ¡im size intervals 
between 0  and 2 0 0  fim, and 80 ¿im intervals between 
2 0 0  and 2 0 0 0  /an; and the relative frequency of the 
intercepts within each interval was also computed. 
The separation of the population into two size groups 
with a cut-off at 2 0 0  /im was based on the observation 
that 99% of the intercepts measured in undeformed 
samples fell in the upper group.

The data obtained, from samples quenched after 
delays between 65.5 and 50,000 s following prestrain-

ing to 0.05, are shown in Fig. 6 . The softening curve 
determined bv interruDted mechanical testins for the 
same prestrain [curve (a), Fig. 3], is displayed at the 
top of the figure. The points indicated on the soften­
ing curve represent the experimental conditions to 
which the corresponding intercept distribution 
applies. It is evident from this figure that the intercept 
class corresponding to the mode as well as the width 
of the distribution is relatively unchanged by increas­
ing the delay time. The mean linear intercept grain 
size established from the individual measurements is 
constant to within ± 6 %. Furthermore, the mean 
linear intercept grain size of these samples is equal 
to that of the undeformed samples, i.e. prior to 
prestraining.

Similar conclusions can be drawn from the linear 
intercept distribution established for a prestrain of
0.10, illustrated in Fig. 7. Here the prestraining condi­
tions and the delay times correspond to those used 
to develop curve (b) in Fig. 3. These findings are in
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LINEAR INTERCEPT GRAIN SIZE f im

Fig. 7. Grain size distribution at 500°C after prestrain of 0.10.

agreement with the hypothesis that a hot working 
strain in excess of 0.10 is required at 500°C and
1.8 x 10~ 2 s ~ 1 to initiate static recrystallization. The 
grain size and intercept distribution is then un- 
changed with delay time, since softening occurs only 
by static recovery.

By contrast, Fig. 8  represents the distribution of 
grain sizes obtained in samples given a prestrain of 
0.15. The static softening curve determined for this 
condition [curve (c), Fig. 3] indicates that two soften­
ing processes occur; these were tentatively identified 
as static recovery and static recrystallization. It is evi­
dent from the lowest grain intercept distribution that 
no significant change took place within the first 
second of annealing in either the modal class or the 
distribution width, i.e. the distribution is similar to 
that of the undeformed material. However, after 36 s, 
a new intercept distribution starts to appear centered 
on a mean size of 90 /jm. After longer delay times,

this new distribution grows at the expense of those 
grouped about the original grain size. Finally, after 
500 s, the entire population of intercept lengths is 
grouped about a new mean grain size of 90 ^m. It 
is of interest to note that, on delaying for a further 
3 h, an additional 190 /¿m grouping begins to develop. 
This latter effect is taken as evidence for grain growth, 
and the associated further softening can be attributed, 
not to a reduction in dislocation density within the 
grains, but rather to the increase in grain size [18].

From Fig. 8 , it can be seen that the newly recrystal­
lized grains increase in number but do not grow, so 
that their mean size does not change appreciably with 
time. This result suggests that nucleation is occurring 
inhomogeneously, i.e. that different regions of the 
material have similar nucleation densities, but very 
different incubation times. An example of this type 
of inhomogeneous distribution of new grains is pre­
sented in Fig. 9(a), from which it can be seen that
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LINEAR INTERCEPT GRAIN SIZE ftm

Fig. 8 . Grain size distribution at 500°C after prestrain of 0.15.

the new grains are clustered together, and that other 
regions remain unrecrystallized. Such an observation 
is typical for materials deformed lightly at high tem­
peratures [19-21] and may be related simply to the 
significantly lower dislocation denskies present after 
such prestrains than are produced at ambient tem­
peratures. It should be added that the bimodal distri­
bution observed after annealing for 1 0 4 s suggests that 
abnormal grain growth is occurring. The micrograph 
taken from sample Cu 976 and shown in Fig. 9(b), 
clearly indicates the occurrence of secondary recrys­
tallization.

The distribution curves determined for samples 
strained beyond the peak in the flow curve to a strain 
of 0.4 are illustrated in Fig. 10. All these samples had 
undergone dynamic recrystallization during the pre- 
straining interval. In the sample that was quenched 
after the shortest delay interval of 0.9 s two groupings 
of intercept lengths are apparent. The longer lengths 
are gathered about a mean size of 170 ¿im; this is 
smaller than the original size of 560 fim. It is evident

from the distributions observed after longer delay 
times, that the number of these larger grains decreases 
with increasing time. This grouping of intercept 
lengths is therefore associated with the dynamically 
recrystallized grains formed during prior straining. 
The number of grains within the second group, 
formed about a mean size of 40 ¿un, increases as the 
delay time increases. These latter grains are conse- 
quently associated with the static recrystallization 
process. Since 30% of the intercepts lie within this 
group after only 1 s of delay, it can be concluded 
that these grains are formed by metadynamic recrys­
tallization.

As the delay time is increased, the dynamically re­
crystallized grains are gradually replaced by the meta­
dynamic ones. However, after 6 s the short intercept 
distribution starts to be skewed towards longer 
lengths, and after 6 - 1 2  s, a third discrete distribution 
starts to appear, grouped about a mean of 80 jan. 
Once this group appears the number of intercepts 
associated with the metadynamically recrystallized
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(c)

Fig. 9. Optical microstructures observed in samples prestrained at 500°C and 1.8 x 10 2 s *. (a) Iso- 
thermally annealed for 62 s after a prestrain of 0.15 (Cu 566) x 75. Note the packets of new fine grains in 
a matrix of large unrecrystallized material, (b) Isothermally annealed for 104 s after a prestrain of 0.15 
(Cu 976) x 50. The micrograph shows evidence of abnormal grain growth where the large grains 
consume the fine recrystailized material, (c) Isothermally annealed for 3.6 s after a prestrain of 0.40 (Cu 
564) x 150. The metadynamic grains, the fine material, form preferentially at the boundaries of thp

dynamically formed grains.

grains does not increase with further holding. Instead, 
the decrease in the number of dynamically formed 
grain intercepts is compensated by the increase in the 
number of intercepts associated with the third group- 
ing. In terms of the present analysis, the grains with 
a mean size of 80 ¿im are considered to be formed

by classical static recrystallization. The number of in­
tercepts within this grouping continúes to increase at 
the expense of the dynamically recrystailized ones, 
until the latter are almost completely consumed after 
a delay of 90 s, which corresponds to full softening.

The grain size distributions, illustrated in Fig. 10,
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Fig. 10. Grain size distribution at 500°C after prestrain of 0.4.

show no growth in the mean size of grains associated 
with the two populations present at short times. Fur- 
thermore, it is evident that the metadynamic process 
does not go to completion. Instead, the balance of 
the structure recrystallizes independently at s larger 
size. It is evident from Fig. 9(c) that the metadynamic 
grains tend to develop in a few clusters that are scat- 
tered throughout the dynamically formed population. 
This observation suggests that, like the classical re­
crystallization nuclei, the metadynamic ones are dis- 
persed inhomogeneously. Once the nuclei have all 
grown, impingement occurs within the clusters, so 
that the process of metadynamic recrystallization can 
only continué at the surface of the cluster at á much 
reduced rate. Ultimately, classical recrystallization 
takes place in the unrecrystallized material so that

metadynamic recrystallization is prevented from con- 
suming the unrecrystallized material.

3.4 Calculation o f volume fraction recrystallized

The grain size distributions described in Figs. 6 - 8  

and 1 0  lend themselves to the determination of the 
volume fraction recrystallized. For this purpose it is 
assumed that the size distribution of the unrecrystal­
lized material is unchanged during prestraining up 
to the strain eCD required to initiate dynamic recrystal­
lization. The intercept length range corresponding to 
the unrecrystallized material is apparent from the 
short time distributions of Figs. 6  and 7. It can be 
assumed, for the present purposes, that grains falling 
into size classes greater than 2 0 0  ¡im belong to the 
unrecrystallized population, while smaller intercepts
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Fig. 11. Comparison of the softening curves obtained mechanically (broken lines) and the *rystalliza- 
tion curves obtained by quantitative metallography (full lines) at 500'C after prestning at

1.8 x 10"2 s" ’.

are derived from the new grains. The volume fra«,tion 
recrystallized is then calculated lYom the linear frac­
tion L l ( =  K„) of the latter group.

The dependence of the volume fraction of recrystal­
lized material on delay time for samples prestrained
0.05, 0.15 and 0.40 at 500°C is presented in Fig. 11 
(solid curves). For comparison purposes, the corre- 
sponding softening curves taken from Fig. 3 are 
plotted on the same axes. The softening curve (a) 
corresponding to 0.05 prestrain shows a máximum 
softening of 40% after a delay time of 1000 s. Under 
such conditions, however, no change in grain distribu- 
tion was observed and consequently the volume frac­
tion recrystallized remains zero for all delay times. 
After 0.15 prestrain, recrystallization is first observed 
after about a 40 s delay by which time the fraction 
recrystallized is 5%. At the same time, the correspond­
ing mechanical softening curve shows 40% softening 
[broken curve (c)]. This observation indicates that re­
crystallization has already begun before the softening 
attributable to recovery is complete. The inflection 
plateau in the softening curve can be seen to arise 
from the gradual diminution of softening by recovery 
as this process becomes saturated. Finally the 
mechanical softening curve approaches that obtained 
by quantitative metallography, as recrystallization 
goes to completion.

In the case of the recrystallization data obtained

on samples that were prestrained to 0.40, two inter- 
cept distributions were already evident, even after a 
delay as short as 1 s. The distribution associated with 
the larger intercepts, grouped about a mean size of 
170/jm has been attributed to dynamic recrystalliza­
tion. In this case 130//m was selected as the cut-off; 
shorter lengths were considered to arise from the 
static recrystallization processes.

It is evident from Fig. 10 that the dynamically re­
crystallized grains are gradually consumed as more 
metadynamic grains are formed. Reference to Fig. 11, 
however, shows that more softening occurs than is 
indicated by the recrystallization data. This difference 
is once more attributable to static recovery, which 
goes to completion in about 10 s. Here the recovery 
is considered to take place in dynamically recrystal­
lized grains which have not yet undergone either 
metadynamic or classical recrystallization.

In contrast to the data obtained after 0.15 prestrain, 
the 0.4 prestrain recrystallization data show an inflec­
tion plateau and the mechanical tests show two 
arrests. The second mechanical arrest has already 
been attributed to the saturation of recovery. After 
the first mechanical arrest (i.e. the metallographic 
arrest), a third distinct intercept size grouping starts 
to appear in Fig. 10. This group can be associated 
with the formation of classically recrystallized grains 
within the dynamically recrystallized matrix. Figure 11
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Fig. 12. Dislocation structure as revealed by etch-pitting after 0.05 prestrain at 500 C. x 900.

indicates that the process of metadynamic recrystal­
lization goes to saturation in the vicinity of the first 
arrest, and that continued recrystallization after the 
arrest occurs primarily by growth in the volume frac- 
tion of the grains within the third, intermedíate, 
group.

4. DISCUSSION

The results of the present investigation clearly 
establish that up to three distinct cycles of softening 
can take place after an interval of hot working. The 
processes responsible for such static restoration are 
recovery, recrystallization and metadynamic recrystal­
lization, which can occur sequentially or concurrently. 
The metadynamic (or post-dynamic) recrystallization 
process was first introduced to explain the presence 
of three softening cycles after the prior dynamic re­
crystallization of austenite [1-3]. The present data 
confirm the existence of this distinctly separate type 
of recrystallization. The process is envisioned as aris- 
ing from the continued growth of recrystallization nu- 
clei that were formed dynamically, and can, therefore, 
only take place in materials that are undergoing 
dynamic recrystallization during the prior straining 
intervals.

t  Specimens were electropolished using the same tech- 
niques as for general metallography and then etched with 
a solution containing: 1 mi bromine, 15 mi glacial acetic 
acid, 25 mi HC1, 90 mi water and 130 mi methanol.

An interesting feature of the present work is the 
result that after prestrains less than some critica! 
valué, softening takes place by recovery alone. Fur- 
thermore, the fractional softening attributable to re­
covery saturates at some 40-50%; that is, as much 
as half the flow stress increase introduced during 
working is removed. Similar results were obtained by 
Evans and Dunston [22] in high purity aluminum, 
although they measured the degree of restoration in 
a somewhat different manner.

The valué of the critical strain eCR, below which 
no recrystallization ensues, appears to be relatively 
independent of temperature; that is, 0.10 < eCR <0.15 
for all three temperatures. Since the experiments were 
designed to ensure that the flow stress at a given pre­
strain is the same for all temperatures, the result is 
similar to that observed after coid working; that is, 
that a minimum dislocation density and lattice curva- 
ture are required before the material is able to recrys- 
tallize on subsequent annealing.

At strains in excess of eCR recovery goes almost 
to completion before the onset of recrystallization, so 
that the two processes always appear to operate 
sequentially. A question that arises is why recrystal­
lization only takes place after a certain amount of 
strain energy is removed by recovery.

The events that accompany recovery can be moni- 
tored by observation of the changes in etch pit den­
sity. Representative micrographs obtained using the 
technique of Gupta and Strutt [23] on samples 
strained 0.05 at 500°C are shown in Fig. 12.t It can

A.M. 27/10—F
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be seen that, in samples quenched within 1 0  s of the 
removal of the stress, a high concentration of disloca- 
tions is present. The area density, of 4 x 10lo m -2 , is 
likely to be unreliable because many overlapping pits 
were observed, and not all of the dislocations present 
are expected to produce pits [24], After holding for 
lOOs, the average pit density appears to decrease to 
some extent. This decrease is accompanied by a tend- 
ency towards a more orderly arrangement of the pits 
and therefore a decrease in the stored energy of the 
configuraron. It is evident that this trend is continued 
as the holding time is increased to 1 0 0 0  s and beyond. 
The observations, although qualitative in nature, sug- 
gest that the recovery of stress is accompanied at first 
by changes in network density and then, later, by 
changes in the thickness of the sub-boundaries arising 
from a reduction in the redundant dislocation con­
tení [25]. These two stages of the recovery process 
are discussed in more detail in reference [17].

4.1 Effect o f concurrent déformation on nucleus forma- 
tion

As a contrast to the static recrystallization that 
occurs after working to low strains {eCR < e  < eCD), 
metadynamic recrystallization requires no induction 
period after the cessation of déformation. The rapid 
inception of this type of recrystallization is indicative 
of the postúlate that the nuclei are formed during 
prior déformation. Furthermore, the process becomes 
exhausted when all the nuclei thus formed have 
become new grains.

The question that naturally comes to mind is the 
following: how can the nuclei formed during deforma- 
tion lead to smaller grain sizes when recrystallization 
follows straining than do the same nuclei when the 
déformation is not interrupted? There seems to be 
two possible explanations for the observation that a 
higher nucleus density is produced by interrupted 
straining than by the continuation of straining. One 
is the hypothesis that, under continued déformation, 
the mean strain energy difference across an embryo 
(sub-critical nucleus) boundary is less (because of con­
current work hardening on both sides of the moving 
boundary) than when the déformation is interrupted. 
In the latter case, a completely dislocation-free región 
is formed behind the moving boundary, and this 
región can be expected to have a lower internal stress 
level due to the action of long range stress fields. This 
concept is in keeping with the model for dynamic 
recrystallization nucleus formation proposed by 
Sandstrom and Lagneborg [26]. An alternative 
explanation is that the act o f unloading, which leads 
to the reverse motion of dislocations, gives the latter 
a greater degree of freedom for nucleus formation 
than continued forward straining. Clearly further 
work is required to clarify this ¡mportant point.

4.2 Comparison o f the present results with observations 
regarding the hot working o f steels

One of the motivations for the present work was

the aim of interpreting the various softening plateaus 
observed during the static annealing of hot worked 
carbón [1-3] and HSLA [27-29] steels. It is of inter- 
est in this connection that Rossard determined the 
dependence of austenite grain size on holding time 
after hot working in some of these materials [30], He 
deformed his samples in the temperature range 
900-1000°C and applied prestrains of 1.0 at 4 s~ ’. 
According to his observations, based on a quench 
time of about 0 .0 1  s, the austenite grain size was 
about 5 ¡im in the HSLA steel and in the range
10-15 ^m in the plain carbón steel. These levels in­
creased rapidly with holding time to about 10-15 fim 
for the HSLA steel and 30-50 fim  for the plain carbón 
steel after about 100 s of holding. On the basis of 
the rapid quench, Rossard assumed that the 5 fim 
HSLA grain sizes were produced by dynamic recrys­
tallization (10—15 fim in the plain carbón steel), and 
the 10-15 fim HSLA grain sizes by metadynamic re­
crystallization (20-50 um  in the plain carbón steel). 
Thus he concluded that metadynamic recrystalliza­
tion leads to a coarser grain structure than does dyna­
mic recrystallization.

By contrast, the present results indícate that 
metadynamic recrystallization leads to finer grain 
structures than do either of the other two types of 
recrystallization. The resolution of this discrepancy 
affects, not only the applicability of the model pro­
posed abo ve, but also has practical implications in metal 
Processing. A possible explanation of the conflict 
between the two sets of results is the following. The 
steel results [30] were carried out at significantly 
higher homologous temperatures, strains and strain 
rates than the current work. Thus the kinetics of both 
metadynamic and classical recrystallization are likely 
to be much more rapid that observed here [27], 
Accordingly, the HSLA grain size of 5 fim determined 
after the rapid quench may not be the result of the 
dynamic, but rather of the metadynamic process. In 
a similar way, the HSLA grain size of 10-15 pm after 
1 0 0  s, may represent the influence of classical rather 
than that of metadynamic recrystallization.

The rapidity of metadynamic recrystallization in 
austenite under processing conditions may indeed 
make the determination of the dynamic grain size a 
difficult task. In order to prove or disprove the 
rationalization advanced above, and to shed more 
light generally on the applicability of the current 
results to the processing of micro-alloyed steels, the 
necessity for studies involving the frequency distribu- 
tion of austenite grain size and its dependence on 
time, strain and temperature is clearly evident.

5. SUMMARY

Interrupted hot compression experiments were car­
ried out on polycrystalline copper at temperatures and 
strain rates of 450°C and 1.8 x 10” 3 s - 1 ; 500°C and
1.8 x 10~ 2 s _1; and 540°C and 8  x 10“ 2 s" The 
response of the material to isothermal annealing was
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studied by this means at seven levels of prestrain 
between 0.05 and 0.4. These were selected so as to 
distinguish between the annealing behavior of dyna- 
mically recovered and of dynamically recovered and 
recrystallized matrices. In addition, the progress of 
static recrystallization was followed by the quantita- 
tive metallography of samples quenched following 
isothermal annealing and the same strain intervals at 
500°C.

The results obtained clearly establish the existence 
of three distinct mechanisms of static restoration fol­
lowing hot working. These are recovery, classical re­
crystallization, and metadynamic recrystallization. 
The second type of recrystallization was postulated 
earlier [1-3] to explain the softening behavior of hot 
worked plain carbón and microalloyed austenite. The 
present metallographic results confirm the occurrence 
of the postulated process of metadynamic recrystal­
lization in a material that has undergone dynamic 
recrystallization.

In the temperature and strain rate regime studied, 
there is a critical strain (=: 1 2 %) below which no static 
recrystallization ensues during subsequent annealing. 
At strains inferior to this amount, softening occurs 
by recovery alone, and 40-50% of the flow stress in­
crease due to work hardening can be removed in this 
way. At higher strains, a period of static recovery is 
followed by complete recrystallization. It is of interest 
that the recovery cycle is likely to be associated with 
the anelastic, i.e. recoverable, portion of the non- 
elastic strain. Thus, on reloading, the flow curve 
rejoins the interrupted flow curve after a brief tran- 
sient during which the anelastic strain is reintroduced.

When working is carried out to strains that are 
large enough to induce dynamic recrystallization dur­
ing the prestrain (>  20-30%), metadynamic recrystal­
lization occurs in addition to recovery and classical 
recrystallization. Metadynamic recrystallization only 
takes place in a material that is conditioned by dyna­
mic recrystallization. The occurrence of this process 
is distinguished from classical recrystallization by the 
fact that no induction period for nucleation is 
required. The nuclei are formed during the prestrain 
and, as a result, metadynamic recrystallization pro- 
ceeds immediately after (and even during) the unload- 
ing of the specimen. Metadynamic recrystallization is, 
therefore, viewed as occurring by the continued 
growth of a fixed number of nuclei and continúes 
until all such centers are exhausted. It was found that, 
for the deformation conditions under consideration, 
the mean size of grains formed by both types of static 
recrystallization are smaller than those due to dyna­
mic recrystallization. The metadynamic ones were the 
smallest; being about one third the size of those 
generated during the deformation (i.e. 70 /xm com­
pared with 170 ftm). The production of these different 
grain sizes, which result from the growth of nuclei 
from the same population, can be attributed to the 
selective destruction of potential nuclei during defor­
mation. According to this view, a larger number of

potential nuclei reach criticality when the straining 
is stopped, so that the resulting recrystallized grain 
size is smaller.
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Abstract—The kinetics of the restoration processes that take place during the isothermal annealing of 
polycrystalline copper have been analyzed with the aid of a three component model for softening. The 
data describing the overall softening were obtained by the method of interrupted hot compression and 
these were supplemented by a quantitative metallographic study of the recrystallized structures. Pre- 
straining was performed at rates between 1.8 x 10"3 and 8 x 10"2 s " i n  the temperature range 450 to 
540°C, and to true strains between 0.05 and 0.4. The temperature-corrected strain rate was the same for 
all temperatures.

The three components of softening are identified as static recovery, classical recrystallization and 
metadynamic recrystallization. The paper describes the procedures used to separate the individual 
components of softening from the total restoration curve. It is shown that the softening due to the two 
recrystallization processes is faithfully described by an expression of the form

x =  1 — exp( —fcí”)

where x is the fraction of the process complete at a given time f, k is a rate constant and n a constant 
characteristic of the process. The time exponents for classical and metadynamic recrystallization are 
independent of the amount of prestrain and temperature, and are equal to 2.2 and 1.0 respectively. The 
static recovery process is shown to be comprised of two sequential mechanisms, the first of which leads 
to a considerably smaller degree of dislocation annihilation than the second. The first mechanism 
appears to be primarily anelastic and probably involves the reverse motion of network dislocations from 
the forward (dynamic recovery) to the backward (static recovery) obstacles. The second mechanism leads 
to a  decrease in the sub-boundary dislocation density as well as in infernal stress, but does not reduce 
the “hardness state” as much as it effects the yield stress.

Résumé—Nous avons analysé la cinétique de la restauration au cours du revenu isotherme de polycris- 
taux de cuivre, á l’aide d’un modéle de l’adoucissement á trois composantes. Nous avons obtenu les 
données concemant l’adoucissement par la méthode de la compression á chaud interrompue et par une 
étude métallographique complémentaire des structures recristallisées. La prédéformation était effectuée á 
une vitesse comprise entre 1,8 x 10“ 3 et 8 x 10"2 s " 1, á une temperature comprise entre 450 et 540°C, 
les déformations vraies étant comprises entre 0,05 et 0,4. Les vitesses de deformation corrigées en 
température étaient les mémes pour toutes Ies températures.

Les trois composantes de l’adoucissement sont constituées par la restauration statique, et les recristal- 
lisations classique et dynamique. Nous présentons dans cet article les méthodes qui permettent de 
séparer les composantes individuelles de l’adcucissement á partir des courbes de globales restauration. 
Nous montrons qu l'adoucissement provenant des deux processus de recristallisation est bien representé 
par une expression de la forme

x =  1 -  exp(-fcf”)

oü x est le taux d’avancement du processus á un instant t donné, k est une constante de vitesse et n une 
constante caractéristique du phénoméne. Les exposants du temps pour les recristallisations classique et 
métadynamique sont indépendants du taux de prédéformation et de la tem pérature; ils sont égaux 
respectivement á 2,2 et 1,0. La restauration statique est constituée de deux mécanismes séquentiels, le 
premier conduisant beaucoup moins que le second á une annihilation des dislocations. Le premier 
mécanisme est essentiellement anélastique; il met probablement en jeu le mouvement in verse de réseaux 
de dislocations, depuis les obstacles á  l’avancement (restauration dynamique) jusqu’aux obstacles au 
recul (restauration statique). Le second mécanisme produit une diminution de la densité de dislocations 
dans les sous-joints et une diminution des contraintes internes; il n'abaisse pas P 'é tat de dureté” autant 
qu’il affecte la limite élastique.

Zusammenfassung—Die Kinetik des wáhrend des isothermen Ausheilens von polykristallinem Kupfers 
ablaufenden Ausheilprozesses wurde mit einem dreikomponentigen Entfestigungsmodell analysiert. Die 
Daten des Entfestigungsverhaltens wurden mittels der unterbrochenen HeiBpressung erhalten; diese 
wurden ergánzt mit quantitativen metallografischen Studien der rekristallisierten Struktur. Die Vorver- 
formung wurde ausgeführt mit Geschwindigkeiten zwischen 1,8* 10"3 und 8 - 10"2 s " 1 im Temperatur-
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bereich 450 bis 540°C bis zu wahren Dehnungen von 0,05 bis 0,4. Die temperaturkorrigierte Verfor- 
mungsgeschwindigkeit war dieselbe für alie Temperaturen.

Die drei Komponenten der Entfestigung sind statischt Erholung, klassische und metadynamische 
Rekristallisation. In dieser Arbeit werden die Verfahren beschrieben, mit denen die einzelnen Erholungs- 
komponenten aus der Summenerholungskurve isoliert wurden. Es wird gezeigt, daB die von den beiden 
Rekristallisationsporzessen herrührende Entfestigung mit einem Ausdruck der Form

x = 1 — exp( — kt")
genau beschrieben werden kann;x ist der Bruchteil des abgelaufenen Prozesses bei gegebener Zeit f, k ist 
die Ratenkonstante und n ist eine den Prozess charakterisierende (Constante. Die Zeitkonstanten der 
klassischen ( = 2,2) und metadynamischen (= 1,0) Rekristallisation hangen von dem Vorverformungsgrad 
und von der Temperatur nicht ab. Es wird gezeigt, daB der klassische Erholungsprozess aus zwei 
sequentiellen Mechanismen besteht. Der erste führt zu einer betrachtlich geringeren Versetzungsanni- 
hilation ais der zweite. Der erste Mechanismus scheint vorwiegend anelastisch zu sein und besteht 
wahrscheinlich in der Rückwártsbewegung von Netzwerkversetzungen von den ‘Vorwárts’-(dynamische 
Erholung) zu den ‘Rückwarts’-(statische Erholung) Hindemissen. Der zweite Mechanismus führt zu einer 
Abnahme in der Versetzungsdichte in den Subkorngrenzen und in den inneren Spannungen, er ver- 
ringert den ‘Hártezustand’ iedoch nicht so sehr wie die FlieBspannung.

1. INTRODUCTION

In a recent paper [1], the present authors reported 
results concerning the isothermal annealing of poly- 
crystalline copper after hot working. On the basis of 
metallographic evidence, the paper established that 
annealing proceeds by the operation of up to three 
distinct restoration processes: namely, static recovery, 
classical recrystallization, and metadynamic recrystal­
lization. It is the purpose of the present paper to 
examine these results in more detail in order to 
extract information regarding the kinetics of the indi­
vidual processes. Such kinetics can be useful for the 
calculation of roll torque and separating forcé, and 
for the design of both rolling equipment and roll 
schedules.

Several stud ies[l-4 ] have shown that the relative 
contributions made by each of the three restoration 
processes depend critically on the strain introduced 
during the prior hot working interval. After low pre- 
strains, e.g. less than 1 0%, annealing proceeds by re­
covery alone. When recovery is complete, as much as 
40-50% of the flow stress increase due to work har- 
dening is removed. Such recovered micróstructures 
are evidently highly stable, as no further change in 
flow stress is observed after appreciable holding times. 
When a critical valué of hot working strain is 
exceeded, e.g. more than 10% but less than 15%, 
isothermal annealing proceeds in two stages, with an 
interval of static recovery followed in turn by classical 
recrystallization. Once again, as much as 40-50% of 
the net work harden.ing is removed by recovery, but 
in this case recrystallization leads to complete soften- 
ing, so that the final flow stress corresponds approxi­
mately to that of the undeformed material. If the criti­
cal strain for dynamic recrystallization is exceeded 
during the prestrain, e.g. 25%, then both dynamic re­
covery and recrystallization are in progress when the 
deformation is stopped. Under these circumstances, 
isothermal annealing occurs by the operation of meta­
dynamic recrystallization, as well as by static recovery 
and classical recrystallization.

In the earlier paper [1], data concerning the pro­
gress of annealing and the contributions to softening 
of each of the three mechanisms were determined by 
means of both a mechanical technique and by quanti­
tative metallography. The more complete results were 
those of the mechanical method. These data will now 
be used for the evaluation of the kinetics of the indivi­
dual processes which, in turn, will shed light, not only 
on the nature of these mechanisms, but also on the 
interactions between them.

2. EXPERIMENTAL METHOD AND RESULTS

2.1 Scheme o f analysis

The empirical parameters that can be used to de­
scribe the kinetics of softening after hot deformation 
are not well defined. This is because the concurrent 
operation of up to three distinct processes precludes 
the direct application of a single equation of the form 
proposed by Avrami [5 ,6 ]. This type of equation is 
restricted to a single overall process consisting of two 
mechanisms such as nucleation and growth. Such a 
conclusión is supported by the detailed metallo­
graphic study of the recrystallization of copper pub- 
lished by Schweizer and Form [7], as well as the work 
described previously [1]. The difficulty can be 
resolved, however, if a way is found to separate the 
macroscopic softening observed into the three compo- 
nents attributable to each of the individual processes. 
Empirical relationships can then be fitted to the indi­
vidual softening processes, and these can be used to 
evalúate the strain and temperature dependence of the 
mechanisms involved. Thus the analysis of complex 
restoration curves, such as those considered here, 
depends on the development of a reliable means of 
separating the individual softening components. This 
was possible in the present investigation because the 
softening information from the mechanical tests was 
supplemented by sufficient quantitative metallo­
graphic data [ 1] to allow this separation to be made.

Examination of the softening curves presented in 
Figs, 3, 4 and 5 of Reference [1] reveáis that each
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x =  1 — exp( — kt")

and the empirical kinetics appropriate to each process 
will be described in turn.

2.2 Empirical recovery kinetics

Data for copper deformed at 500°C and
1.8 x 10' 2 s~ l and interrupted at strains of 0.05 and 
0 .1 0  are used to ¡Ilústrate the progress of recovery in 
Fig. 1. It is evident from the figure that, for a given 
prestrain, the retained work hardening decreases to 
an asymptotic level which depends on the prior strain, 
that is on the valué of the stress at the beginning of 
the annealing period. For the analysis of recovery, it 
is useful to define an expression for the fractional re­
covery in which full recovery is represented by the 
asymptotic stress ax . When only recovery is taking 
place, the fractional softening is given by

DELAY TIME , s 
Fig. 1. The progress of static recovery in polycrystalline 
copper after straining at 500°C and e = 1.8 x 10- 2  s_1 to 

prestrains of 0.05 and 0.10.

sector of the curves has a characteristic sigmoidal 
form when plotted semi-logarithmically. This is typi- 
cal of solid state reactions involving phase transfor- 
mations. A suitable choice for the integrated form of 
the rate equation is then:

X r = <¡m ~  ffr
<7m — a0

(2 )

where am is the flow stress immediately before unload- 
ing and <r0 and ar are the initial flow stresses recorded 
during prestraining and reloading, respectively. The 
superscript r is used here to denote the softening frac­
tion attributable to recovery onlyf. It follows that the 
fractional softening at the completion of recovery X ',, 
is given by

(1)
where x is the volume fraction of material that has 
completed the process, k is the rate constant and n is 
the time exponent. This expression is simply the gen­
eral form of the Johnson-Mehl equation, which was 
originally proposed for the formation of pearlite from 
austenite [8 ], but also adequately describes 
recrystallization [9-11].

The sigmoidal semi-logarithmic recovery curves 
generally observed after high temperature deforma­
tion [1-4] are similar in most respects to those for 
recovery after coid working [12-15]. They differ, how­
ever, in that a short, yet distinct, delay time or incuba- 
tion period occurs prior to the mechanism which 
reduces the yield stress, see Fig. l t .  In view of the 
occurrence of a delay period it is convenient to fit the 
recovery data with an empirical relation of the form of 
equation (1) above, with n > 1. The physical signifi- 
cance of such a fit and the information that it pro- 
vides about the present type of recovery mechanism 
will be considered in detail below, but first, the 
various components of softening will be separated

t  It should be noted that delay periods were observed in 
all the present recovery experiments. The duration of these 
intervals was typically about 1.5 orders of magnitude 
shorter than the time for complete recovery, so they are 
de-emphasized in plots like those of Fig. 1.

Í Note that with respect to the term X ' in Equation (2), r 
is a superscript and not an exponent. Similar remarks apply 
to X * in equation (3), x' in equation (4) and kr in equation
(5).

■yr _■A 00
am — a0

and the degree of recovery xr by

XI =
XI. cm —

xr O,

(3)

(4)

The experimental quantities X ’ and X'a, can be sub- 
stituted into equation (1) to yield a form of the inte­
grated rate equation in terms of the softening fraction, 
viz.

AT' =  X r„ [1  -  e x p (- fc r) ] (5)

The valué of the time exponent n in equation (5) can 
be determined by plotting log ln [X^/ÍA-̂  — Xr)] 
against log t. The data obtained for polycrystalline 
copper at 450, 500 and 540°C under conditions where 
only static recovery is taking place are presented in 
this way in Fig. 2.

It should be noted that the slopes of the curves 
appear to be independent of strain and temperature 
and exhibit a constant valué of 1.33. This empirical 
expression represents the present recovery data, with 
the attendant delay period, more faithfully than the 
hyperbolic law (x — a — ln f) commonly used with 
data for recovery after coid working [12-16]. The rate 
constant kr for each prestraining condition that led to 
recovery only was obtained from plots of ln 
\_Xrnl(X rx — X r)] versus í133, as shown in Fig. 3. It is 
evident that kr increases rapidly with both strain and 
temperature and thereby reflects the displacement of 
the recovery portions of the softening curves, pre­
sented in Ref [1], to shorter times as the prestrain and 
temperature are increased.
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log t
Fig. 2. Graphical representation of equation (5) and the determination of the time exponent n where 

recovery is the solé restoration process. (a) 450 and 540°C, (b) 500°C.

2.3 Kinetics o f recovery and recrystallization

It was shown above that an empirical rate equation 
of the form of equation (1) adequately fits the recov­
ery curves under conditions where recovery is the only 
static softening process. However, equation (1 ) is nor- 
mally used to describe the kinetics of recrystallization. 
By and large, in studies of recrystallization after coid 
or hot working, the progress of recrystallization is 
followed by metallographic means, so that it is un- 
necessary to consider the influence of prior or concur- 
rent recovery. When the structural changes are fol-

t  Note that if the final grain size after recrystallization is 
complete is coarser than the original grain size (particularly 
if significant grain growth has occurred [ 1]), then X„ > 1. 
Similarly if the initial and prestrain conditions lead to 
grain refinement and a component of Hall Petch strength- 
ening[17], then < 1. More precisely, X„ =: 1 only if 
the initial and recrystailized grain sizes are about equal 
(and if the yield strengths are unaffected by aging or preci­
pitation reactions).

lowed by mechanical means on the other hand, as in 
the present case, the recovery component of softening 
must be included in any overall rate equation. Fur- 
thermore, when dynamic recrystallization occurs dur­
ing prestraining, the softening component due to 
metadynamic recrystallization must be included as 
well. Since the detailed mechanisms of these processes 
differ, the empirical constants in the component rate 
equations must differ also.

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

X  =  X ’ + X R +  X M (6)

where the superscripts R and M  refer to classical 
recrystallization and metadynamic recrystallization 
respectively. When the overall softening has gone 
to completion, all processes satúrate, so that, in 
generalf:
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Fig. 3. Graphical determination of the rate constant k' for the data presented in Fig. 2a above.

=  X ' + X * + X % = 1 . (7) it is necessary to rely on the metallographic data [1],

In section 2.2 above it was established that, when 
recovery occurs alone, X r is described by equation (5). 
We assume here that

and

X R = X R [1 -  ex p (-fcV )]

X M = * " [ 1  -  exp(-/c*V)]

(8)

(9)
where kR and kM are the rate constants and p and q 
are the time exponents appropriate to the two pro- 
cesses.f These quantities can, in principie, be evalu- 
ated in the same manner as k" and n. AU that remains 
is to obtain suitable estimates of X * and X For this

t  Note that with respect to the terms X R, kR, XM and kM 
in equations (8 ) and (9), R and M are superscripts and not 
exponents.

2.4 Rate constants for recovery and classical recrystal­
lization

The present results indícate that recovery and 
classical recrystallization operate sequentially at first 
and then concurrently after prestrains of 0.15 and 
0.18. Under such circumstances, X M is always zero 
and X  =  X r + X R.

The largely sequential operation of the two pro- 
cesses facilitates the separation of the two softening 
components, which was carried out as follows. Bear- 
ing in mind the recovery saturation results described 
above and in R ef[l] for the case where recovery is 
the solé restoration process, the máximum softening 
due solely to recovery when it is accompanied by re­
crystallization was first set equal to 50%. In fractional 
softening terms, X rm X R ^  0.5. The validity of this 
assumption was then checked in the following way.



734 LUTON e\ al.: K IN ETICS O F RECO VERY AND RECRYSTALLIZATIO N

log t

Fig. 4. Components of softening due to recovery separated from the two stage restoration curves plotted
according to equation (5).

The metallographic examination of samples pre- 
strained 0.15 at 500°C revealed that recrystallization 
begins only after a delay time of 30 s. The correspond- 
ing softening curve indicated the presence of a single 
inflection at 50% softening after about 40 s of delay.

Since the recovery process is complete or almost 
complete prior to the commencement of recrystalliza­

tion, in the interval up to 50%, we can set X ' =  X. 
The kinetics of recovery can then be evaluated as in 
Section 2.2 above. The curves representing the recov­
ery kinetics calculated in this way for prestrains of
0.10 at 540°C, 0.15 at 450, 500 and 540°C and 0.18 at 
500°C are shown in Fig. 4. It is evident that the data 
are well represented by a series of straight lines with a

log t
Fig. 5. Components of softening due to classical recrystallization separated from the same restoration 

curves as Fig. 4 and plotted according to equation (8 ).
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TRUE STRAIN

TRUE STRAIN

Fig. 6 . The strain dependence of the rate constants. (a) 
recovery constants, k'. (b) recrystallization constants, kR.

slope n of 1.33, in good agreement with the ‘recovery 
only’ analysis of Fig. 2. Thus the valúes of the ‘rate 
constant’ kr were determined in the same manner as 
before.

Once the valúes of the constants in equation (5) are 
known, X r can be calculated for any valué of t, and 
X R can be extracted by difference from the experi­
mental data, with the aid of equation (6 ). The frac- 
tional softening calculated in this way for the same 
experimental conditions as Fig. 4 is displayed in 
Fig. 5. Here the slopes of the curves p have a valué of 
2 .2 , which is apparently independent of strain and 
temperature. By contrast, the rate constant kR, like 
that for recovery, is strongly dependent on strain and 
temperature, see Fig. 6 .

It should be added that the good fit to the recrys­
tallization kinetics obtained by assuming that 
X rr. = 0.5 was not entirely fortuitous. Calculations 
were also made for X rm = 0.40 and X rx  =  0.60, and 
these led to dependences which were decidedly infer­

ior to those of Fig. 5. This is a point which will be 
taken up in more detail in the Discussion.

2.5 Rate constants for recovery, classical and meta­
dynamic recrystallization

When all three processes operate together, the esti- 
mation of X rx , X ^  and A-"  is less straightforward, 
because metadynamic recrystallization and recovery 
occur concurrently to a considerable degree. How- 
ever, examination of the grain size distributions 
(Fig. 10 of Ref [1]) shows that after 3.8 s (which corre- 
sponds to the end of the first cycle of mechanical 
softening), 36% of the volume has recrystallized stati- 
cally. This is attributable solely to metadynamic re­
crystallization, so that X “  is equal to 0.36. The 
balance of the material ultimately recovers and then 
recrystallizes in the classical manner, also contribut- 
ing to the overall softening.

In order to estímate the individual saturation levels 
attributable to recovery and classical recrystallization, 
it was necessary to first assume that the time expo- 
nents n and p remain unchanged when dynamic re­
crystallization occurs during the prestrain, and second 
that the rate constants k' and kK for recovery and 
classical recrystallization can be represented by the 
expressions

kr = Ae*  (10)

and
kK = Ce0'  (11)

Here e is the valué of the prestrain and A, B, C and D 
are empirical constants, see Fig. 6 . We note, however, 
that in a material that undergoes dynamic recrystal­
lization, the stored energy reaches a máximum at or 
near the peak of the flow curve. It is therefore reason- 
able to assume that the rate constants for recovery 
and classical recrystallization will also reach a máxi­
mum at some critical valué of strain. For example, 
Rossard et al. [18] have suggested that dynamic re­
crystallization begins when the strain reaches a valué 
of 0.83 ep, where ep is the strain to the peak flow 
stress.

In order to evalúate X rx  and X* and therefore to 
separate the softening components, tentative valúes of 
kr and kR were chosen with the aid of equations (1 0 ) 
and (11) for prestrains between 0.7 ep and ep. Then an 
iterative procedure was used in which X rx  and A"* as 
well as kr and kR were varied [19]. The criterion of 
best fit was that the component of softening 
X M =  1 — X r — X R should be well represented by 
equation (9) at all valúes of t. This procedure yielded 
X rx  =  0.40 and X* =  0.24 as well as kr and kR valúes 
corresponding to a prestrain of 0.9 ep (i.e. 0.225).

The curves representing the individual softening 
components for a prestrain of 0.4 at 500°C are plotted 
in the manner of Fig. 2 in Fig. 7. The slope of the 
curve for the metadynamic recrystallization compo­
nent was found to be approximately equal to 1 and 
the rate constant kM took a valué of 1.5.
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log I

Fig. 7. Graphical determination of the time exponents for 
(a) recovery — n, (b) classical recrystallization — p. (c) meta­

dynamic recrystallization -q .

2.6 Comparison o f empirical restoration kinetics with 
metallographic and mechanical softening data

When static recovery is the only restoration process 
operative in the delay interval, the material response 
is governed by equation (5). This behavior is repre- 
sented in Fig. 8  by the solid line which is based on the 
empirical constants determined above and listed in 
Table 1. The individual data points are the softening 
measurements obtained from the mechanical tech- 
nique. The agreement is good, but not particularly 
significant, as only a single softening process was 
being considered. When recovery and classical recrys­
tallization both contribute to the overall restoration, 
the total softening at any given time is the sum of the 
contributions from the two processes, both governed 

1 by relations of the form of equation (5). The empirical 
relations are plotted individually as continuous lines 
in Fig. 9 for prestrains of 0.15 and 0.18. In addition 
the sum of the two softening components is plotted 
(as a full line) for comparison with the original data 
points. It is evident that the two component model 
(based on a combination of mechanical and metallo­
graphic data) faithfully describes the observed behav­
ior (which is entirely mechanically based).

It is of interest that the curves of Fig. 9 indícate 
that the recovery and recrystallization processes are 
not completely sequential. Instead, recovery is only 

‘80-90% complete when 10% recrystallization has 
already taken place. This observation is consistent 
with the metallographic work described in Ref. [1], 
Furthermore, recovery is complete by the time that 
50-60% of the material is recrystailized. To this 
extent, recovery and recrystallization are concurrent 
processes, and recovery in the unrecrystallized mater­
ial ahead of the advancing boundaries can be 
expected to influence the rate of recrystallization.

The case where all three static restoration processes 
contribute to softening is shown in Fig. 10. The indi­
vidual softening curves are plotted as solid lines de- 
rived from equations (5), (8 ) and (9) with the appro- 
priate constants from Table 1. Once more the sum of 
the three individual components, representing the 
overall softening X , is plotted as a full line along with 
the original data points. It is evident that the coupled 
rate expression (based on mechanical and metallo­
graphic data) describes the mechanical softening be­
havior very well. The good fit depends, of course, on 
the numerous assumptions already outlined above, 
and so the valúes of the rate and other constants can 
only be regarded as tentative. They do, however, 
establish that the three-component softening model is 
a consistent one.

It is evident from Fig. 10 that metadynamic recrys­
tallization occurs very rapidly and is about 50% com­
plete before any significant amount of static recovery 
occurs. Furthermore, this process is finished before 
there is any softening contribution from classical re­
crystallization. Once more the recovery process is 
about 90% complete before even 10% of the classical
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DELAY TIME , s
Fig. 8. Fit of equation (5) to experimental data points for static recovery.

recrystallization has taken place, but softening by re­
covery continúes until only 1 2 % of the material 
remains unrecrystallized.

3. DISCUSSION
3.1 C la ss ic a l r e c o v e r y  k in e t ic s  a n d  th e  in c u b a tio n  tim e

We now turn to consider the physical significance 
of a relationship of the form of equation (5) as applied 
to static recovery after hot working. The classical ex-

periments on the recovery of coid work show that the 
rate of change of initial flow stress varies inversely 
with time (12-16). In most cases where an extended 
range of data is available it is seen that the rate ‘con­
stant’ changes with time, or stress [12,14,15], This 
has been taken by some to imply that the activation 
energy for the process increases as recovery pro- 
ceeds [14,20], and by others to indícate the sequential 
operation of two processes [15].

Table 1. Empirical constants for equations (5), (8) and (9) obtained from the softening data

Strain
Temp rate Recovery
{°C¡ {s-1 } Prestrain k' n
(1) (2) (3) (4) (5)

( 0.05 9.6 x lO '7 1.3
450 1.8 x 1 0 '3 0.10 1.8 x 10~6 1.3

v 0.15 3.1 x 1 0 '5 1.3

0.05 3.2 x 10"4 1.3
0.10 1.1 X I0~ 3 1.3

500 1.8 x 10~2 0.15 1.1 X 10“ 2 1.3
0.18 3.0 x 10~2 1.3
0.40 1.2 x 10“ ' 1.3

(-0.05 1.2 x IO"4 1.3
540 8 x 10~2 0.10 2.4 x 10~3 1.3

l  0.15 1.2 x 10’ 1 1.3

Classical Metadynamic
recrystallization recrystallization
k* p X% fc" q X*

(6) (7) (8) (9) (10) (11) (12)

0.42 — —  — —  —

0.50 — —  — —  —

0.50 5.4 x i o - “ 2.2 0.50

0.42
0.50
0.50 2.7 x 10‘ 5 2.2 0.50 — —  —

0.50 2.0 x 10~4 2.2 0.50 — —  —

0.40 1.6 x 10“ 3 2.2 0.24 1.50 1.0 0.36

0.42 — —  — _  _

0.50 5.4 x 1 0 '8 2.2 0.50 — —  —

0.50 3.0 x 10‘ 4 2.2 0.50 — —
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DELAY TIM E , s

DEL AY TIME , s
Fig. 9. Comparison between the two-component softening curves based on equations (5) and (8 ) and

experimental data obtained at 500°C.

Consideration of the dislocation processes that pro­
duce recovery of flow stress has lead to the conclu­
sión [2 0 , 2 1 ] that the appropriate rate equation has 
the form,

where m takes valúes between 1 and 3f. The present 
recovery data, like those obtained after coid work-

t  When the range of stress is small or m is large, a power 
and exponential function, as implied by the inverse time 
dependence of the recovery rate, can be considered equival­
en t.

ing [13-15], show that the recovery rate goes to zero 
at stress levels in excess of the initial flow stress for 
the fully annealed material. It appears reasonable, 
therefore, to take (<xP — c m) as the driving forcé for 
recovery in equation (12). Thus equation (12) can be 
rewritten as,

d ar
—  =  k(ar -  a J T  (13)

Integration of equation (13) with m 1 leads to a 
power relationship between the annealing time and 
the fractional recovery. When m =  1, on the other
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D ELA Y  T IM E , s

Fig. 10. The experimental data as fitted by the three softening curves based on equations (5). (8 ) and (9).

hand, integration of equation (13) yields an expression 
of the form of equation (5), but with a time exponent 
of n — 1, rather than n =  1.33, as observed. The excel- 
lent representaron of the present data by equation (5) 
with n > 1 indicates that the rate o f recovery is zero at 
t =  0 , increases to a máximum, and then decreases. 
Such a sigmoidal softening curve (on a linear time 
axis) is equivalent to a two-stage or sequential pro- 
cess, in which the second mechanism cannot operate 
until the first one has taken place.

The above sequence of events includes the situation 
where there is an incubation or delay time t  associ­
ated with the characteristic time of the first mechan-

t  Note also that if log ( f  — t ) is used instead of log t as 
the abscissa of Fig. 2, the time exponent n is reduced by an 
amount that depends on the valué of t.

ismt. Under such conditions, the two integral forms 
of equation (13) are,

and

=  [1 -  x r]  =  exp[ — fc(f -  t ) ]  (14)

gf ~ M ‘ "  -  [1 -  xry - m =  1 +  fc"(,
a m  — foo  /

" ( t  -  t )  (15)

where

k" =  k(m -  I)(crm -  f f j 1"-

The recovery data determined at 500°C are dis­
played in Fig. 11, plotted in terms of equation (14). It 
is clearly evident that immediately after each of the 
four prestrains, the recovery rate is zero or low. It

1*5 A  ¿5— 3fe---- &  40 4*5---- & — 5*5---- áT

10 20 _ l_
30 40 50 60 70 80 90 100 110 120

0 50 100 150 200 250 300 350 400 450 500 550
■ i i l____ i i i l______I______ I_______l_______l

15 \  \ 0  100 200 300 400 500 600 700 800 900 1000 
0 .1 0 0 .0 5  T IM E , s

Fig. 11. Dependence of the logarithm of the normalized retained work hardening [1 — Xr~\ on the time 
of recovery. The evidence for the incubation time associated with the first stage of recovery can clearly 
be seen, as can the degree to which the second stage obeys the linear kinetics of equations (12) and (15).
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Table 2. Critical times determined for the recovery processes

450°C 500°C 540°C

Prestrain T, S (t0.5 -  *), S T, S V¡1O T, S (to.5 -  4

0.05 2500 21500 70 340 18 232
0.10 1000 16200 18 134 2.5 66.5
0.15 109 1920 4.5 19.5 0.65 3.2
0.18 — — 2.0 6.0 — —

then increases to a máximum, after which the rate of 
decrease in yield strength follows the linear kinetics 
specified by equation (14). A similar dependence of 
yield strength on recovery time was observed at 
450°C and 540°C. The delay times t  associated with 
the first mechanism were determined by back- 
extrapolating the linear fit to the data in the región of 
the second mechanism as shown in Fig. 11. These 
delay times, as well as those calculated at 450° and 
540°C are given in Table 2. They were used to evalú­
ate the activation energy associated with the first 
mechanism (see Fig. 12a), from which a valué of 
286 kJ/mole was obtained.

3.2 Physical interpretation o f the empirical recovery 
kinetics

To the extent that a relation of the form of equa­
tion [14] describes the recovery process, it is necess- 
ary to inquire into the nature of the events that lead 
to an apparent incubation period. At the start of re­
covery, the driving forcé for the process, the internal 
stress, is at a máximum so that, if recovery involves 
only one type of thermally activated event, such as 
network node unpinning or climb into the sub- 
boundaries, the rate of recovery should be initially at 
a máximum. This is evidently not the case. Before 
conventional “recovery” can take place, however, the 
dislocations must obviously contact the recovery 
obstacles. These are not necessarily the same as the 
barriers resisting forward flow (the dynamic recovery 
obstacles). It can therefore be hypothesized that, on 
unloading, the dislocations travel backwards to the 
rearward (static recovery) obstacles. This motion is 
driven by the line tensión of the dislocations and by 
the local internal stressf. Once the rearward barriers 
are reached, thermally assisted unpinning or some 
diffusion-related event takes place, leading eventually 
to dislocation annihilation. In this model, the incuba­
tion period r  involves the time required for the 
network dislocations to travel from the forward to the 
backward obstacles.

The first mechanism can also be associated with the 
anelastic or recoverable strain [2 2 ] and therefore with 
the unbowing, reverse bowing and thermally activated

+ Note that the forward (dynamic recovery) and back­
ward (static recovery) barriers can be of the same class (e.g. 
dislocation nodes), but are spatially separated by the 
reverse glide distance.

unpinning and backward glide of the dislocation 
network [23], This interpretation is supported by the 
observation that, on reloading after the first stage of 
recovery, the flow curve rapidly regains the level of 
the interrupted curve [ 1], because only a small for­
ward strain must be imposed during loading to re­
store the dislocation configuraron to approximately 
that of the moment of unloading. The second mech­
anism may also involve a component of rearward 
strain, but is distinguished from the first by the 
greater degree of dislocation annihilation it produces, 
leading to an appreciable drop in a, on reloading. It is 
significant that, even after the second recovery mech­
anism has gone to completion, the reloading flow 
curve still displays a limited transient (longer than the 
transient associated with the first recovery mechan­
ism), after which it returns again to the stress level 
and work hardening rate of the continuous (uninter- 
rupted) curve [ 1], Such recovery reloading curves 
difler markedly from the flow curves observed after 
static recrystallization, which are characterized by 
‘normal' workhardening. The longer transient, as well 
as the results of a concurrent electrón microscopic 
investigation of the substructures of the present 
materials [24], suggest that the second process pri-

TEMPERATURE, °C 

550 525 500 475 450

Fig. 12. (a) Arrhenius plot of incubation time t  versus l/T  
for the first component of static recovery, associated here 
with network recovery. (b) Arrhenius plot of [ í0.5 -  r] 
versus l/T  for the second component of static recovery 

associated here with recovery within the subboundaries.
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Fig. 13. The strain dependence of the rate constants for 
recovery: Stage I recovery, k{ =  1/t . Stage II recovery, fc,", 
the negative of the slopes of the linear portions of the 

curves Fig. 11.

marily involves the loss of redundant dislocations in 
the sub-boundaries.

It is apparent from the experimental results that the 
recovery rate associated with the first mechanism is 
not only temperature dependent (Fig. 12a), but also 
depends on the level of accumulated work hardening, 
and therefore on the substructure density p. The tem­
perature dependence associated with the second 
mechanism is shown in Fig. 12b, where the time for 
50% recovery is plotted against inverse temperature 
for different amounts of prestrain. Since prestraining 
in the present experiments was carried out at the 
same temperature—corrected strain rate, the starting 
structure and internal stress were nominally the same 
for a given prestrain at the three temperatures. 
Although more scatter is present in this case, it is 
evident that the activation energy for the second re­
covery mechanism is approximately equal to that for 
the first mechanism. It therefore appears likely that 
the same type of thermally activated event is rate con- 
trolling with respect to the static recovery of the sub- 
boundary dislocations as is involved in the first mech­
anism. The activation energies determined for both 
processes are about 2 0 % higher than that of self- 
diffusion in copper. Similar observations were made 
for recovery after creep in aluminum [25]. This effect 
could be attributed to the influence of impurities on 
the rearrangement of dislocations during the two re­
covery processes.

The ‘structure dependence’ of the recovery rate con­
stants k'r and fe/' is shown in more detail in Fig. 13.

t  For purposes of illustration, the “hardness State”, a*, is 
defined as the transient-free valué of the flow stress at the 
standard strain rate é, (27).

t  This is because, under ‘transient’ conditions (i.e. when 
pm is changing rapidly), a component_of the reloading 
strain rate is provided by pJbL (where L is the mean free 
path of the freshly generated dislocations, so that the non- 
multiplication component of the strain-rate pj>v(a) is sig- 
nificantly reduced, as is the associated flow stress or.

From the diagram it is evident that the rate constants 
increase with prestrain, and therefore with the dislo- 
cation density p present at the moment of unloading. 
Thus the rate of recovery d(ar -  «O /dr depends not 
only on the current level of the internal stress 
(<r, oc [a, — ff*], Fig. 11), but also on the starting 
structure. This result underlines the physical distinc- 
tion that must be drawn between the internal stress a, 
and the ‘hardness State’ a* oc J p  [26]. During static 
recovery, a¡ is generally reduced from its starting level 
to a small or negligible valué. The hardness state a*, 
on the other hand, decreases only slightly, from the 
level associated with am to that associated with ar (see 
Fig. 14).f

3.3 Relevance o f a¡ and a* to rolling loads

The difference between <j¡ and <r* is particularly 
relevant to rolling load calculations. It has long been 
known in the rolling industry that static recovery 
between mili passes has only a small influence on the 
rolling load in the next pass, whereas static recrystal­
lization has a much larger effect. This seeming para- 
dox can be given a ready interpretation in terms of 
the present results [1], as shown in Fig. 14. When 
recovery annealing is carried to completion, there is a 
large drop in a¡, and therefore in the density of ‘high 
energy’ or mobile dislocations, pm. The loss of pm dur­
ing recovery leads in tum  to a drop in the reloading 
yield stress rj,.t There is also a small drop in the 
density of the “lower energy” fixed dislocations pf  
and therefore in a*. On reloading and straining 
beyond a„ there is a transient (shown dotted) associ­
ated with the retum of pm to the level associated with 
pf  and therefore a*. Once pm and pf  reassume their

Fig. 14. Schematic representation of an interrupted com­
pression test performed at the “reference” strain rate í s. 
Curve 1 is the continuous curve; curve 2 shows the evolu- 
tion of the hardness State a* after an interruption; curve 3 
is the flow curve expected from the valué of ar =  <r„ and 
the work hardening behavior of curve 1 beyond this stress; 
curve 4 'is  the flow curve produced after full recrystalliza­
tion and is parallel to curve 1; the dotted curve represents 
the transient behavior of the flow stress cr between a, and 
curve 2. For simplicity the hardness state a* is here defined 
as the transient-free flow stress at the reference strain rate é,.



742 LUTON et al.: K IN ETICS  O F RECO VERY AND RECRYSTALLIZATIO N

‘normal’ proportions, the rate of work-hardening re- 
attains its normal valué appropriate to the current 
magnitudes of a and é. During this transient, the flow 
stress rapidly increases to the ff*-appropriate and 
é-appropriate level. Thus the rolling load is cióse to 
that obtained by integrating either the continuous 
curve (curve 1) or the transient-free interrupted curve 
(curve 2 ), but differs considerably from that expected 
from an integration of an estimated flow curve based 
on a, and on the rate of work hardening associated 
with ar as anticipated from the continuous curve 
(curve 3). From the above, it is readily apparent that 
the yield stress a, under transient conditions is not at 
all closely linked to the hardness State a*. It also 
suggests that the internal stress <r„ as defined above, 
may be a useful state variable for the description of 
the type of short term transient encountered here.

3.4 Interpretation o f recrystallization kinetics

The current experiments indícate that two forms of 
recrystallization, metadynamic and classical, can take 
place in hot worked materials. These two processes 
are distinguished from each other by their time expo- 
nents and rate constants. It is a feature of their kin­
etics that the metadynamic process goes to comple- 
tion before classical recrystallization beginsf. The 
time exponents in transformaron reactions described 
by equation (1) have commonly been associated with 
the preferred sites on which growth of the new phase 
is centered (28-30). In general, recrystallization nuclei 
are not expected to be uniformly distributed (homo- 
geneous), but rather to be associated with grain 
corners, edges or faces. These potential sites are listed 
in order of increasing ‘dimensionality’. As the dimen- 
sionality of the site increases, the time exponent in the 
rate equation has been shown to decrease as long as 
all the nucleation sites are saturated very early in the 
process [29], According to this view, metadynamic 
nuclei which are fully “site saturated” ab initio, are 
predominantly located at grain boundary faces, and 
so are associated with a time exponent of 1. The nu­
clei for classical recrystallization ara also likeiy to be 
located principally at the boundary faces. In this case, 
however, nucleation probably continúes during re­
crystallization, i.e. the sites are not saturated at r ~  0 . 
This latter picture is in keeping with the present kin- 
etic results since recovery continúes in the unrecrys­
tallized material until 80-90% of the recrystallization 
process is complete, and is therefore likeiy to continué 
to produce new nuclei until this stage of the restora­
tion process is reached.

t  An unexplained, but intriguing feature of the present 
results is the inability of metadynamic recrystallization to 
produce full softening, and therefore to elimínate entirely 
the need for classical recrystallization. This is probably 
related to the inhomogeneous distribution of metadynamic 
nuclei, and therefore the remoteness of certain partially 
worked regions from metadynamic recrystallization fronts.

SUMMARY

In the present paper, a three component model has 
been used as the basis for analysis of the complex 
restoration curves obtained during the isothermal 
annealing of hot worked copper (1). The analysis of 
experimental data was made possible by the avail- 
ability of quantitative metallographic data as well as 
mechanical softening results. According to the model, 
overall softening arises from the linear combination of 
three elements due to static recovery, classical recrys­
tallization and metadynamic recrystallization. The re­
crystallization components are described by a general 
rate law of the form

x =  1 -  e x p ( - k f )

where x  is the fraction of the process completed at a 
given time t and k and n are constants. The analysis 
shows that, for the present material and test condi­
tions, the time exponent for classical recrystallization 
is 2 .2  and for metadynamic recrystallization it is ap- 
proximately 1. The exponents are independent of the 
amount of prestrain and temperature. The rate con­
stants for static recovery and classical recrystalliza­
tion on the other hand, increase rapidly with tempera- 
ture and with the amount of strain up to a critical 
valué (0.225) associated with the onset of dynamic 
recrystallization.

The empirical kinetics associated with metadyna­
mic recrystallization are consistent with a concept of 
the process as one in which all nuclei are formed 
during the prestrain. Furthermore, support is given to 
the notion that the metadynamic nuclei are located 
preferentially at the grain boundary faces. As the nu­
cleation sites for classical recrystallization are 
expected tp be the same, the time exponent of 2 .2  for 
the process can be attributed to the occurrence of 
continued recovery ahead of the advancing recrystal­
lization front.

The experimental data indícate that the recovery 
process is comprised of two sequential mechanisms, 
the first of which leads to a smaller degree of disloca­
tion annihilation than the second. The former compo­
nent is attributed to the retreat of dislocations from 
the forward (dynamic recovery) to the rearward (static 
recovery) obstacles, and the observed incubation or 
delay time x associated with this anelastic process is 
identified with the time required for the higK energy 
network dislocations to reach the vicinity of the sub- 
boundaries. The second component is likeiy to 
involve thermally activated unpinning or some 
diffusion-related event, in the neighborhood of the 
sub-boundaries, leading to dislocation annihilation. 
Although the two sequential recovery mechanisms 
have similar activation energies ( ~  300 kj/mole), it is 
only the second mechanism which leads to significant 
recovery of flow stress and for which the recovery rate 
is first order in stress.
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Grain size and high-temperature yield 
strength of polycrystalline copper
R. A. Petkovic, M. J . Luton, and J . J . Joñas

Polycrystalline, electrolytic tough pitch copper was 
prepared in a series of stable grain structures by 
deforming at 540 and 600°C at strain rates from 
7-5 x 10- 4  to 8  x 10“ 2 s~ ‘. By applying a prestrain of 
0-4 and annealing isothermally, grain sizes ranging 
from 0 056 to 0-810 mm were produced. The prepared 
grain sizes decreased with the am ount and strain rate 
of the prestrain, and increased with the prestraining 
and annealing temperature. After working and 
sufñcient annealing to permit full recrystallization, 
the yield strengths were determined at 540°C (0-6Tm) 
and at four strain rates ranging from 7-5 x 10- 4  to 
8  x 10 - 2  s ” 1. The high-temperature yield strength 
increased linearly with the inverse square root of the 
grain size, as it does at room temperature. However, 
the grain boundary strength coefficient (slope of the 
H all-Petch plot) increased with strain rate, indicating 
that the grain boundaries serve as both local and 
long-range obstacles to flow at elevated temperatures.

Manuscript received 2 October 1978; in firtal form 3 April 1979. 
R. A. Petkovic, Diplng, MEng, PhD, is with Exxon Research and 
Engineering Co, Linden, New Jersey, U .S .A . M. J .  Luton. BMet, 
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The presence of grain boundaries is generally considered to 
lead to weakening at high temperatures. Thus, above the 
‘equicohesive temperature’ 1 a coarse-grained material is 
expected to be stronger than a fine-grained one. This is, of 
course, because of the ease of grain boundary and phase 
boundary sliding at elevated temperatures and low to 
moderate strain rates. 2 Less well understood is the 
contribution of grain boundaries to strengthening at 
elevated tem peratures; this lack of information is directly 
attributable to experimental diffículties inherent in investig­
ation in this range . 3 " 6 Such problems as the reliable 
determination of the yield strength at high temperatures are 
compounded by the high rate dependence of the flow stress 
under these conditions as well as by the diffículties involved 
in producing a range of stable grain sizes.

The aim of the present investigation was twofold. The 
first objective was to use the principies of metal processing 
at high temperatures to prepare grain structures which are 
stable at these temperatures. The manner in which this was 
accomplished is described below. The second objective was 
to determine the influence of the microstructures produced 
on the high-temperature flow stress. The results obtained 
from this part of the investigation are also presented below

and are used to assess the extent to which strengthening 
relations of the H all-Petch type7 ,8  are applicable at 
elevated temperatures.

MATERIAL PREPARATION
The present study was based on the use of annealed 
electrolytic tough pitch (ETP) copper* 9 and of a prior heat 
treatment which produces both coherent and incoherent /? 
(Cu20 )  and y (CuO) precipitates. The presence of these 
particles helps to stabilize the grain boundaries, 1 0 , 11 and 
thus aids in the maintenance of a given grain size during the 
course of an experiment.

The test samples were all prepared from one 6  m length of 
coid drawn, 9 mm diameter round bar. The compression 
samples were machined from these rods into right cylinders
11-4 mm in height and 7-6 mm in diameter. The dimensioijs 
selected were based on the load capacity and crosshead 
speed range of the available Instron testing machine and 
previous experience with the equipment. 12 ,13  The end faces 
of the samples were grooved1 2 - 1 7  in order to retain the glass 
lubricants used in high-temperature deformation. A flat- 
bottomed groove geometry was used such that the grooves 
were wider at their bases than were the ridges between them. 
These were machined with the aid of a modified 2 tooth/mm 
thread chaser.

In order to minimize differences in the initial structure of 
the samples, all specimens were strain annealed. The 
samples were prestrained 0 - 0 2  in compression between two 
polished platens. Prior to compression, Teflon tape was 
placed on the specimen ends to act as a lubricant and to help 
prevent collapse of the grooves. The strained samples were 
subsequently annealed for 16 h at 900°C in dry argón . 18 
This treatment produced a stable recrystallized grain size of 
0-56 mm.

EXPERIMENTAL METHOD
The mechanical tests described below were carried out on 
an Instron machine modified for constant true strain rate 
compression at elevated temperatures . 19 The tests were 
controlled and the data acquired with the aid of a GE4020 
process control Computer. The experimental procedure 
consisted of prestraining the strain-annealed samples to a 
strain of 0-4 at 540 or 600°C and at constant true strain rates 
of 8  x 10-2 , 1-8 x 10-2 , 3-7 x 10~3, and 7 - 5 x l0 - 4 s~ 1. 
After holding for sufficient time to allow complete 
recrystallization to take place2 0 - 2 2  the samples treated at 
540°C were quenched to room temperature to permit grain 
size measurement. The second temperature of 600°C was 
selected so that larger grain sizes than were obtained at

* Electrolytic tough pitch copper (wt-%): 0-09Pb; <0-05Ni; 
0-01502; <0-005Ag; <004Bi; <3ppmAs.
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540°C could be produced. These samples were cooled to 
540°C and held for 30 min before quenching to room 
temperature. The latter treatment was applied because the 
yield stress measurements were all performed at 540°C and 
it was desired to equilíbrate the distribution of C u20  and 
CuO at this temperature. In this way, it was possible to 
produce different stable grain sizes in the range 0-056 to 
0-81 mm.

Another series of samples was given an identical 
prestraining and recrystallization treatment but, instead of 
being quenched to room temperature, was reloaded at 
540°C to determine the yield stress as a function of grain size 
at the various strain rates. The yield stresses were 
determined by plotting the true stress/true strain data on an 
expanded strain scale. In this way the stress at a 0 01 offset 
could be determined in a consistent manner . 23

Grain size measurements were carried out on two sections 
cut transversely to the compression axis on each of the 
samples. One section was taken cióse to the mid-height and 
the other near one of the ends. This procedure was adopted 
in order to minimize the eflect of strain localization on the 
observed microstructures. The sections were ground and 
polished and etched iightly to reveal the grain boundaries.* 
Mean linear intercept grain sizes were determined by the 
standard technique and in excess of 400 intercepts were 
counted on each sample.

During the grain size measurements great care was taken 
not to include twin boundaries in the boundary count. 
However, it was observed qualitatively that the frequency of 
twins per grain was similar in all the microstructures 
examined. So that any effect of twin density is automatically 
included in the grain size measurement.

RESULTS AND DISCUSSION  
Dependence of recrystallized grain size on 
experimental parameters
Grain size and strain
Experiments dealing with the effect of strain on the grain 
size were carried out at 500°C and 1-8 x 10~ 2 s _1, leading to 
the results shown in Fig. 1. The grain size was determined 
after prestrains of 0-05, 0-10, 0-15, 018, 0-30,0-40, 0-52, and 
0-64, as indicated on the flow curve.

The grain sizes of the samples subjected to strains of 0 05 
and 0 -1 0 , which are below the critical strain for static 
recrystallization ,2 1 ,2 2  were the same as the initial grain size 
but contained subgrains as revealed by etch-pitting. These 
data are not shown in Fig. 1. When the high-temperature 
prestrain exceeded the critical strain for static recrystal­
lization the grain size decreased with increasing strain, as it 
does for coid working. At large strains, however, a steady 
State was reached where the grain size remained constant 
with further strain.

Grain size, strain rate, and temperature 
The data shown in Fig. 2 were determined at two 
temperatures, 540 and 600’C, and over a range of strain 
rates covering about two orders of magnitude ( ~ 1 0 - ‘ to 
1 0 '3 s _1). It is evident that when the strain rate is 
increased, the grain size decreases. This effect is more 
pronounced at the higher temperature (600°C), which is 
reasonable when it is recalled that both the dislocation 
density and the mechanical properties in general are more

* Electropolishing; 133 mi glacial acetic acid, 25 g chromium 
trioxide, 7 mi H20  at 8-5 V and 18°C. Etching; 65 mi concentrated 
H2S04, 16 g potassium dichromate, 3 g sodium chloride, 800 mi 
HaO.

1 Effect of strain on grain size of electrolytic tough 
pitch copper.

2 Effect of strain rate and temperature on grain size.

rate sensitive at higher temperatures. The effect of 
temperature is also displayed in Fig. 2. The results indícate 
that the grain size increases with temperature and that the 
grain size diflerence Ad is larger at lower strain rates, i.e. 
Ad =  0-31 mm at 7 -5 x l0 ~ 4 s ~ \  and decreases to 
Ad = 0 1 2  mm at 8  x 1 0 ~ 2 s -1 .

Effect of grain size on high-temperature 
yield stress
The experiments dealing with the effect of grain size on the 
high-temperature yield stress were carried out at various 
combinations of strain rate and temperature selected to 
produce the largest possible variation in recrystallized grain 
size. The results shown in Fig. 3 represent four of the 
combinations of strain rate and temperature at which 
prestraining was performed resulting in recrystallized grain 
sizes of 0 056 to 0-2. The reloading strain rate for this set of 
experiments was the same, 8 x l 0 - 2 s -1 .* The resulting 
yield stresses on reloading varied with the prestraining 
strain rate and therefore with the recrystallized grain size.

* In Fig. 3, the flow curves appear to diverge from a common 
point. This arises because of the large strain axis used in the 
diagram. On the expanded strain scale, used for the determination 
of the yield stresses, the variation in the 0 -2% proof stress is more 
clearly evident, and it is these valúes that are used in the following 
analysis.
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3 Example of flow curves obtained by ¡nterrupted 
compression at four different strain rates where, 
following a delay, reloading was carried out at a new 
strain rate. Grain sizes produced are indicated under 
the appropriate flow curve. On retesting at 
8 x  10" 2 s~' the yield stress and the shape of the flow  
curve were observed to be grain size dependent.

From this type of data, the dependence of the yield stress 
on grain size was plotted in a Hall-Petch manner, as shown 
in Fig. 4. It is evident that under the present experimental 
conditions, the high-temperature yield stress increases 
linearly with the inverse square root of the grain size. Note 
that the data of Fig. 3 are represented by open symbols on 
the uppermost curve of Fig. 4. It is evident that annealed 
copper exhibits classical grain size strengthening even at 
elevated temperatures. The rationalization of the effect of 
grain size on the flow stress of metáis has been based on two 
altemative concepts. Hall24  and Petch25 based their models 
on dislocation pile-ups, while C onrad , 2 6 ,27  Meakin and' 
Petch , 28 and Li29 have advocated work-hardening models. 
Since dislocation pile-ups are seldom observed in hot- 
worked materials, it is apparent that the work-hardening 
approach is more appropriate to the interpretation of high- 
temperature yield measurements, such as the ones described 
here. This approach is based on the observation26 that the 
dislocation density for a given strain is proportional to the 
inverse grain size, and occurs when the principal effect of 
grain size is through the mean slip distance.

The strain-rate dependence of the grain boundary 
strengthening coefficient k is shown in Fig. 5. It is of interest 
that the valué of k gradually decreases with decreasing rate 
of deformation. It is therefore possible that in the creep 
range of strain rates (<  1 0 - 4  s -1 ), the valué of k becomes 
rather small (i.e. <0-8 MN m _3/2), which would explain the 
deductions concerning the invalidity of the Hall-Petch 
relation that are often made in high temperature creep 
studies. In a similar way, an increase in the temperature may 
also lead to a decrease in k because its effect on thermally 
activated processes is analogous to that of a decrease in 
strain rate.

According to Fig. 5, the Hall-Petch relation can be
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Effect of grain size on high-temperature yield stress 
of electrolytic tough pitch copper. Different shaped 
symbols define the reloading strain rate at 540°C as 
indicated. Shading of symbols represents prestrain- 
ing temperature; open symbols—500°C, half closed— 
540°C, closed—600“C.

5 Strain-rate dependence of grain boundary 
strengthening coefficient k.

written in the form :

° y =  ffo(T,é) +  (a[T ] +  ft[T] lo g é)d~íl2 ......................(1)

Here the first term on the right-hand side of the equation 
represents the yield stress of a single crystal and the grain 
boundary strengthening coefficient k is expressed as 
(a +  M ogé), signifying that it includes both athermal and 
strain-rate dependent components. The terms a and b are 
temperature dependent through the shear modulus and take 
the valúes 1-5 and 0 2  at 540°C in the units used here. The 
presence of both athermal and thermal components of grain 
boundary strengthening is worthy of note in that it suggests 
thát the boundaries can serve as both local and long-range 
obstacles at elevated temperatures.

CONCLUSIONS
As a result of this study, the following general conclusions 
were drawn.

1. When the high-temperature prestrain exceeds the 
critical strain for static recrystallization (about 12% for ETP 
copper under the current conditions), the grain size 
decreases with increasing strain. At large strains, a steady
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State is reached where the grain size rem ains constant with 
further strain.

2. The recrystallized grain size of ETP copper decreases 
with an increase in strain rate. This effect becomes more 
pronounced when the temperature is increased. The results 
also indícate that the recrystallized grain size increases with 
working temperature.

3. A plot of the high-temperature yield stress versus grain 
size drawn up in the Hall-Petch manner shows that, in ETP 
copper, the yield stress increases linearly with the inverse 
square root of the grain size. Thus, grain boundaries can be 
a source of strengthening at elevated temperatures (at least 
as long as the strain rate is greater than 1 0 ' 4 s~ ‘ and the 
grain size is coarser than about 40 |im).

4. At 540°C, the Hall -Petch coefficient k for ETP copper 
can be written as the sum of two term s:

k =  l-5+0-21ogé
Since both terms are positive, grain boundaries always 
provide strengthening (at least in the temperature, strain 
rate, and grain size regime under investigation). The 
presence of athermal and thermal components in the grain 
boundary strengthening coefficient suggests that grain 
boundaries act both as long-range and short-range 
obstacles to dislocation motion at elevated temperatures.
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Effect of precipitation on recrystallization 
in microalioyed steels
J. J . Joñas and I. W eiss

The progress of precipitation in undeformed austenite 
containing 001N"„Nb was determined by means of a 
mechanical testing technique. This techniquc is based 
on the influencc of dynamic precipitation on the 
strain to the peak in the flow stress observed during 
¡sothcrmal compression testing al a constant true 
strain rate. The rcsults obtained over the temperature 
range 875 to 1025 C lead to precipitation kinetics 
which are somcwhat faster than those reported 
prcviously. A modificaron of this method was used to 
measure the precipitation rate in austenite containing 
0-035?,,Nb which was given a prestrain of 5% in the 
temperature range 885 to 925 C. These results 
indícate that precipitation in deformed austenite is al 
least one order of magnitude faster than precipitation 
in undeformed austenite. A related method was 
empioyed to determine the rate of precipitation 
during deformation. This was observed to be a further 
order of m agn.ude faster than precipitation in 
deformed austenite. The retarding effect of Nb 
addition 011 the rales of both static recovery and static 
recrystallization is discussed, and it is concluded that 
a significant part of the retardation is due to the 
presencc of Nb in solution. Furthermore. the results 
indícate that tlie occurrence of Carbide precipitation 
can retard static recrystallization only when recrystal­
lization ¡s already sufficicntly retarded by the solute 
additions to prevent its initiatíon prior to the 
beginning of the precipitation process.

J .  J .  Joñas, BEng. PhD, and I. W eiss, BSc, M Sc, PhD, are ¡n the 
Department of Mining and Metallurgical Engineering, McGíll 
University, Montreal, Cañada.

The intUience of ihe precipitation process on recrystal- 
lization and grain growth in inicroalloyed steels has been 
the subject of numerous smdies.1 In general, fine partióles 
( —- 5 nm dia.) deposited 011 dislocations, even when present 
in very small volume fractions ( - 5  0-03“,',), can telard 
recrystallization significantly. while coarser precipítales 
(>  3 0 11111 d ia .) have less effect. Less clear has been the 
influencc on the recrvsialli/ation process of the micro­
alloying elements which are in solution piior to the onseí of 
precipitation. On the basis of the absence of both 
precipiiation and recrystaili/ation under certain conditions, 
some workers" i; have e\en suggested that precipitation is

not a necessary condition for the retardation of recrystd- 
lization, and that the delay introduced by the addition of 
Nb. for example, is caused by a solid solution or pre- 
precipitation phenomenon which acts before the onset of 
precipitation itself.

In a recent paper,1 * the present authors introduced some 
data regarding precipitation rates in an 0035o„Nh steel 
which were determined by a nevv mechanical technique. The 
results indicated that, in the neighbourhood of 900 C, the 
presence of Nb in solution retarded recrystallization until 
precipitation could begin, and that the overall delay in 
softening was attributable to significant contributions from 
both solute and precipítate effects. In the present paper, 
some ncw data are reported on the 0035% Nb steel and on 
an additional material, an 0018/,,Nb steel, and further 
details are given of the experimental procedure used. By 
means of this method, the rate of precipitation has been 
measured in high-temperature austenite in three 'states’ or 
conditions:

(i) undeformed austenite,
(ii) deformed austenite,

(iii) deforming austenite (undergoing deformation).

The cfTects o f'the solutes present and of both static and 
dynamic precipitation on the occurrence of static and 
dynamic recrystallization, as well as on the retardation of 
static recovery, are then examined in the present and the 
previous materials.

M A TERIA LS AND P R O C ED U R E
The experiments were carríed out 011 an Instron testing 
machíne modilied for hot-comprcssion at constant true 
strain rate .14 The compression tools and the testing system 
are described elsewhere.1'  Three materials were used, a 
plain-carbon Steel and two microalloyed steels, with the 
compositions shown in Table I.

The steels weie received in the form of 25 mm thick píate, 
which was then machined into compression specimens, 
13 06 mm liigh and 8-7 f mm in diameter, with the axis of the 
compression specimens aligned in the rolling direction. 
Prior to testing, the Nb-modilied steels were solution- 
treated at 1100 C under argón for 30 min. The plain-carbon 
steel was austenití/ed for 30 min at 1030 C, with the aim of 
producing the same grain size as in the two HSLA steels. 
After atisteniti/ing, all the steels were cooled to the testing 
temperature at a rate of l 'C  s~

Three types of experiments were performed. I11 the first 
type, after solution treatment, cooling to Ihe test 
tem peróm e, and ageing for periods up to 2 x 10' s. the
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Table I Chom ical composition of materiels tostod. wt-%

Materials C Mn S P AI Cu Si N Nb

Niobium-bcíiting steels 

0 0 5 /„C low-c arbon steel

005
006
005

0-42
0-42
0 33

0009
0009
021

0002 
0 002
0004

0057
0051
0090

0006
0006

0045
0014
0007

0'004
0004
0004

0035 
0 01K

spccimens wcrc dcformed without interruption to a strain of 
about 80 /'. In the second series, after solution treatment 
and cooling to the test temperature, the specimens were 
prestrained at a strain rate o f0  !4 s  * and then unloadcd. 
The prestrained specimens were aged for various times up to 
7 2 x 103 s and then reloaded at (generally) the same strain 
rate of 014 s ' 1. In the third series of experiments. the 
samples were dcformed at strain rates between 10" 5 s 1 and 
1 s ' 1 immediately after cooling to the test temperature, 
which ranged from 875 to 1025"'C.

R E S U l.T S
Precipitation in undeformed austenite
ln the early stages of this investigation an atternpt was made 
to follow the progress of precipitation through its effect on 
Ihe high-temperature yield strength. This procedure is the 
isothermal equivalent of using hardness measurements or 
yield strength determinations at room temperature after 
periods of ageing or tempering at elevated temperatures. It 
is of interest that, over the temperature range 875 to 1025CC, 
the high-temperature yield strength did not change 
appreciably over the ageing interval from 90 to 2 x 10' s 
shown in Fig. 1. As will be seen below, this ageing interval 
includes the entire precipitation period, leading to the 
conclusión that the yield stress is not sensitivo to the statc of 
precipitation. This deduction is supported by the observa­
ro n  that the mean particle size produced during 
precipitation in undeformed austenite at 900 C is in the 
range from 40 to 60 nm,lfl so that, on the basis of a volume 
fraction of 0-032% of precipítate and an interpartícle spacing

of about 2300 nm, no significan! particle or Orowan 
•strengthening can be expected.

The unsuitability of isothermal yield strength measure- 
ments for following the progress of precipitation ir. 
undeformed austenite Jed to the development of an 
alternativo technique based on. the strain to the peak stress 
r. . Three of the flow curves obtained in the 0-018°-0Nb steel 
after successively longer ageing times are shown in Fíg. 2. 
Ry increasing the holding time before deformation, a 
distinct change in i:p can be observed. The highest curve, 
which exhjbits the highest work-hardening rate and peak 
strain, represents the behaviour of material that was aged 
for 210 s prior to testing. The middle curve, for material 
aged 3400 s prior to testing, exhibits an intermedíate valué 
of peak strain, and the lowest curve, for material aged 
65000 s, exhibits the smallest peak strain. This change is 
associated with the occurrence of increasing amounts of 
static precipitation during the holding period. and therefore 
of decrcasing amounts of dynamic precipitation during the 
work-hardening interval. A decrease in the am ount of 
dynamic precipitation in tum  decreases the amount of 
retardation of dynamic recrystallization. and therefore the 
peak strain. The decrease in with ageing time observed in 
the current series of experiments is displaycd in mote delail 
in Fig. 3. In the absence of precipitation befare deformation, 
a constant and máximum r.p is obtained; this is associated 
with tlic máximum volume fraction ofearbonitride available 
for inhibiting the nucleation of dynamic recrystallization 
during the rising portion of the flow curve. Increasing the 
amount of static precipitation prior to straining leads lo a 
decrease in the potential for dynamic precipitation, and

1 Yield stress 0 018%Nb steel at strain rato of 1 -2 x 1 0 " 3 « r\  Sam ples solution-treated at 1 1 0 0 °C . cooled to test 
temperature. and aged for 90 to 2 x 10' s.
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2 F low  curves for 0 -0 1 8%Nb stee l determ ined in 
compression at 9 2 5 °C  and at strain rate of 1 -2 x 1 0 '3 s _1.

therefore to a decrease in r.p. Once all the available Nb lias 
been precipitated prior to déformation, on further ageing, 
no further change in c^can be observed. Thus the end of the 
firsl platcau and tlie beginning of the second are cquivalcni. 
respectively, lo the ‘sta rt’ P, and Tinislf Pf  of precipitalion 
in undeformed austenite.t 

The PTT diagram obtained in this way for the 0018"„Nb 
steel is shown in Fig. 4, in which it is compared with the one 
determined previously13 for the 0035"„Nb Steel. For hoih 
curves, the nosc is observed at around 960*'C. and the P 
time can be seen to be accelerated slightly, c.g. from ab o u t 
100 to 90 s at the nosc, as a result of increasing the Nb levcl 
from 0018 to 0035% Nb. The P¡ time is affected more 
noliceably by the change in Nb levcl; the increase in Nb 
concentration prolongs the precipitalion process by more 
than !000s. A P, lime of about 100 s at 960’C lypifies ihc 
present composilions of the austenite in the undeformed 
stalc.

Precipitation after déformation
In order to determine the eflect of an appreciablc density of 
dislocations on the precipitation kinetics, in the second 
series of tests a prestrain of 5% was applied to spedniens of 
the 0 035%Nb material at a constant strain rate of 014 s 
This was followed by ageing intervals of increasing length.

t On the basis of electrón microscopio cvidcncc.1*' and l ‘t  ¡ire 
estimated to correspond lo about 10% and 90% complction of 
precipitation.

3 Depondonce of poek strain on holding timo in 0-018%Nb steel. So m p l™  solution-treated at 1 1 0 0 °C . cooled to test 
temperature. agod in undeformed condition, and tastod at strain rate of 1 -2 x  10 3 8“1. P  tim as idontified by vorticnl 
arrows at Mft-hand extremitior. of curvos and P , tim es by arrows et right-hand oxtromities. *
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and then by continucd deformation at the prestraining 
strain rate to a total strain of about 80%. The am ount of 
prior strain was choscn to be less than the critical strain for 
static recrystallization under these conditions so as to 
climinate the possibility that the dislocations introduced by 
prestraining are diminated before they can affect the 
precipitation process. It should be noted that the 
prestraining strain rute was 014 s " 1 in tliis series of tests,' 
whereas it was 5 x 1 0  2 s~ 1, and therefore a factor of about 
3 lower, in the earlicr experiments . 13 A further diflerence is 
that ihc current reloading strain rate was the same as the 
preloading strain rate (0 14 s~ *), whereas it was two orders 
of magnitude slower (1-2 x 1 0 ~ 3 s ." ')  in the work reported 
earlicr . 13 Thus the effect of dynamic precipitation and of 
precipítate coarsening can be expected to be much less in the 
present than in the previous experiments.

In Fig. 5, three of tlic interrupted tests carried out in this 
way can be seen, corresponding to three selected ageing 
times following prestraining. Increasing the hold time 
increascs cp by incrcasing the am ount of static precipitation 
taking place after unloading the specimen and prior to 
reloading. In these experiments, unlikc those reported 
previously, 13 the influence of dynamic precipitation is 
negligible because of the relatively fast strain rate used. The 
general levels of the flow curves are a rcflection of the 
amount of static recovery (see Fig. 13) taking place during 
the ageing intcrval.

The dependence of the peak strain (including the 5% 
prestrain) on holding time at 885 and 900°C is depicted in 
more detail in Fig. 6 . Here the increase in cp with holding 
time can be seen more clearly than in Fig. 5. This is in sharp 
contrast to the decrease in cp with holding time reported 
previously. 13 In the earlier experiments, as a result of the 
relatively low reloading strain rate, dynamic precipitation 
was moie iinporlanl than static precipitation, so that an 
increase in holding time (and therefore in static precipi­
tation) decreased the potcntial for dynamic precipitation 
(and therefore for the retardation of dynamic recrystal­
lization). In the current experiments, as a result of the 
relatively high reloading strain rate, static precipitation is 
more importan! than dynamic precipitation, so that an 
increase in holding time increases the density of static 
precipitates. These do not have time for much coarsening 
during reloading, so that ep increases with holding time in 
this case.

4 PTT diagrams for present 0-018%Nb steel and for 
0 035%Nb steel. 13 Precipitation begins slightly earlier for 
0 035%Nb steel and ends som ew hct later.

5 Selected interrupted flow  curves determined at G 8 5 °C  on 
0-035%Nb steel. Sam ples w ere solution-treated at 
1 1 0 0 °C , cooled to testing temperature at about 1 °C  s~\ 
an initial strain of 5% applied followed by unloading and 
holding for tim es indicated before testing resumed.

As before, the transition from constant cp to a changc in t p 
with time was used to define Ps on the basis that no static 
precipitation takes place before this event. ln  a similar way, 
the subsequent rcturn to constant cp with time was 
employcd to define Pf  on the rclated assumption that, after 
this point in time, no further Nb is available for 
precipitation. The PTT diagram determined in this way is 
shown in Fig. 7, together with the results obtained on the 
same material by means of the previous ‘low-strain-ratc’ 
technique. The PTT curves are both C-shaped with a nose 
at around 900’C. By comparison with Fig. 4, precipitation

6 Dependence of peak strain on holding time in 0 035%Nb  
steel after 5% prestrain. Pt tim es are indicated bv 
arrows.
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can be secn to be about an order of magnitudc faster when 
the material contains prestrain dislocations, than when 
these are absent. Furlhcrmorc, a more rapid preloading 
strain rale (014 rather (han 005 s -1 ), leads to slightjy more 
rapid precipitation (9 s at the nose as opposed to 11 s), 
prestimably because the dislocation density at a prestrain of 
5% is slightly higher when the material is deformed at the 
higher slrain rate.

Precipitation during deformation
In the absence of precipitation eflects, the strain to the peak 
stress i:p (and the critical strain to initiate dynamic 
recrystallization) increase monotonically with an increase in 
strain rate, as long as the experimental temperature and 
initial grain size are held constant. The ‘normal’ dependence 
of r.p on strain rate is typificd by the lower curve in Fig. 8 (a) 
for an 005%C plain-carbon steel. By contrast, the 
0035% Nb steel of Fig. R(o), despite hcat-treatment to cnsure 
the same grain size, gives evidence of distinctly different 
behaviour associated with the occurrence of precipitation 
during straining. It shows a ‘normal’ dependence only at 
relatively high (see Ref. 13) and rclatively low strain rates 
with the greatest difTcicnce in peak strains at intermedíate 
strain rales. The retardation in dynamic recrystallization 
observed in the high strain rate región (cxccss in ep for the 
Nb steel over cp for the plain-carbotvsteel), can be atlributed 
to the effect of Nb in solution ' 3 since precipitation does nol 
begin in the fractions of a sccond required to attain the peak 
strain at these strain rates. In a similar way, at very low 
strain rates, precipitation is completcd at very small strains, 
and dynamic coarsening subsequently increases the mean 
parlicle size, 16 thus rendering the particles !ess cffective in 
retarding recrystallization. Thus the excess in cp for the Nb 
steel over the plain-carbon steel in this strain-rate range can 
be attributed to the prcscnce of coarse precipitates in the 
fornier material, and is considerably less than that produced 
by the fine precipitates of the intermedíate strain rate range, 
in which there is insufíicicnl time for coarsening to occur.

As suggcsted carlier, 17 this difference in behaviour 
between precipitate-forming and non-precipítate-forming

7 PTT diagrams for 0 035%Nb steei dotorminod using high 
strain rate technique (opan symbols) compared with 
thoso obtained previouslv”  using low strain  rate 
technique (closod symbols).

STRAIN RATE, s- '

8(a) Dependonce of peak strain on strain rate at 8 7 5 °C  in 
0-05% C plain-carbon steel and 0 035%IMb modified 
steel.

(/>) Dependenco of slopes of curves in (a) on strain rate. 
Points A and B refer to strain rates above which no 
dynamic precipitation takes place prior to peak strain 
and below w hich dynamic precipitation is completed  
before peak strain, respectively.

materials can be used to determine P, and Pf  times for 
dynamic precipitation. The technique required is dcpicted in 
Fig. 8 (/>) in which the slopes of llie two curves of Fig. 8 (u) 
are plotted aguinst strain rate. It can be scen lliai, as the 
strain rate is decreascd from the right-hand sido of tlic 
diagram. a deviation from ‘normal' behaviour is first 
observed at a crilical strain rate of about 0-7 s.~ 1 (at S75 C'l. 
that is. at Point .-1. The crilical slrain rate associated wilh A 
corrcsponds to Ihe strain rate for which dynamic 
precipitation in the Nb steel begins just before the peak 
slrain, so that ils occurrence perturbs just perccptibly the 
dependence of i:p on strain rate from thal observed in the 
absence of precipitalion.

The differcnce in slo|X’ al strain rales below 0 7 s ' leads 
lo a continuous divergente in r.p for the Nb and plain- 
carbon s'.ccls as the slrain rale is decreascd, unlil I’oini B
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3 PTT diagram for dynamic precipitation in 0 035%Nb steel 
compared with present ( ¿ = 1 -4 x  10"’ s 1) and previous 
(c  - 5 x  1 0 '2 s “') results for precipitation in predeformed 
austenite (5% strain).

(Fig. 8 (/>)) is reached. At this slrain rate (3-5 x 10_ s _ 1  at 
875°C), the two curves of Fig. 8 («) are parallcl (the 
diíTcrence in r.p is at a máximum), and dynamic precipitation 
has the largest relative efTect in retarding recrystallization. 
At strain rates below that pertaining to B in Fig. 8 (/>), 
dynamic precipitation begins al lower and lowcr strains, 
and goes to completion earlier and earlier in the flow curve; 
coarsening of the dynamic precipitates sets in , 16 and the 
carbonitrides becomc less and less effective in retarding the 
initiation of dynamic recrystallization. Finally, at the low 
strain tales corresponding to the left-hand side of Fig. 8 (a), 
dynamic precipitation is completed and coarsening has 
taken place so carly in the strain eyele that the dependence 
of Cp on strain rate once again parallels that of plain-carbon 
steel.

By rneans of a series of constructions similar to Fig. 8 (/>), 
the points 'A ' and 'B' were determined at each of five 
temperatures in the range 875 to 975°C. Point A was 
assumed to be associated with the Ps tinie rs, and Point B 
with the P f lime lj. These were then calculated froin the 
relations13’ ’ 7

tf  -
where és and r.¡ are the strain rates corresponding to A and
B, respectively, and r.sp and r/p are the respective peak strains. 
The PTT diagram for dynamic precipitation determined in 
this way is presented in Fig. 9, together with the 
precipitation kinetics for the prestrained austenite. It can be 
seen thal concurrent straining advances the start of 
precipitation by about one order of magnitude in time and 
the finish of precipitation by about two orders of magnitude 
in time. A minimum start time of 0-6 s can be observed 
around 900 C, indicating that the rate of dynamic 
precipitation is considerably faster than the two static rates. 
This significant increase in precipitation'rate is attributcd 
to ; (a) the higher densities of dislocations, and therefore of 
nucleation sites, present under dynamic conditions; and (/>) 
the higher densities of vacancies induced by straining. which 
lead in turn lo higher Nb difusión rates. Givcn the effect of 
predeformation strain rate on the kinetics of static 
precipitation (l ig. 7), Ihe dytiunúc PTT curves are of 
particular interest inasmuch as they can be considered to 
represent an 'uppei bound' thal applies to prestrained y

• dynam ic precip itation
♦ 5 7 .p re stra in , C---1 A x io 's " '

0 0 5 7 .C , 0 035-/.Nb •  5*/. p restra in , É -5 x 1 0 "V ’
_J_____________l_____________i_____________I_____________ i---------
10°  10'  102 103 10* 

TIM E , s

when the latter is deformed to strains larger Ihan the present 
5% and al considerably higher strain rates, such as those 
corresponding to industrial rolling.

D ISC U SSIO N
The Ps curves fon the thrce different states of austenite are 
collccted in Fig. 10, together with the results obtained by 
other workers using a variety of techniqucs. It can be seen 
that the precipitation kinetics obtained by the present 
mechanical method tend to be somewhat faster than the 
kinetics deduced from the other techniques. For examplc, 
for the undeformed austenite at equivalenl Nb concen- 
trations, the microhardness data of LeBon el al.9 and the 
electrical resistivity measurcments of Simoneau et al.1* both 
indícate slower kinetics. Although the observations of 
W atanabe et a l.'9 obtained by electrochemical extraction 
lead lo faster precipitation rates, the difference can probably 
be accounted for by their appreciably higher Nb levels (0 08 
vs. 0 035%). When the data for the prestrained austenite are 
compared, the present method appears to give the slowest 
kinetics. However, the prestrain of 5% used here is 
considerably lower than the 30% applied by W atanabe et 
al.19 and is even further from the ‘máximum work- 
hardening without recrystallization’ applied by LeBon et 
al.20 Thus the general trend observed for the undeformed y 
is likcly to apply to the deformed y as well. This conclusión 
is further supported by the features of the Ps line for 
dynamic precipitation. This curve, like the static ones, is C- 
shaped, and its location well to the left of the others suggests 
that it does indeed represent the limiting case for the static 
process when large prestrains are applied at high strain 
rates . 13

Effect of Nb ¡n solution on static recovery
In order to determine the ¡tifiuence of N b addition on the 
rate of static recovery, softening rates were measured at 
900°C for the plain-carbon and 0035% Nb steels. The 
amount of softening produced by recovery was measured in

10 P re c ip ita tio n  s ta rt  P  t im e s  for u nd efo rm ed , 
predeformed, and deforming austenite compared with  
results of other workers.
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terms of the yield stress on reloading of a prestrained sample 
held at the test temperature for increasing intervals of time 
before reloading, The amount of static softening was 
expressed in terms of the rclative softening X , given by

X  =  [ 1  — (« r2 — f f ,  ) /(« ■ „  — fT, ) ]  X 100

Here o 2 is the yield stress on reloading, o , is the initial yield 
stress, and om is the flow stress immediately prior to 
unloading.

The softening curve for the plain-carbon steel illustrated 
in Fig. 11 indícales that static recovery is initialed in less 
than 1 s al 900 C and is completed in less than 10 s willi 
about 50% of the work hardening being removed by the 
recovery process. By contrast, in the Nb Steel, the absence of 
recovery prior to P5 testifies lo the retarding effect of Nb as 
solute. After Ps. during the period of static precipitation, 
recovery is furlher delayed, but is not prevented from 
eventual inilialion at about 1 0 0  s and completion aflcr 
about 4000 s, with only some 35% of the work hardening 
introduced by slraining being recovered.

Comparison of the two sets of softening curves shows that 
the addition of 0035%Nb retards the iniliation of siatic 
recovery by two decades of time, and also reduces the rale of 
recovery. The start and finish times for precipitation under 
these conditions (Fig. 7J indícate that a solute effect is 
responsible for the retardation of static recovery in t.he early 
stages of the delay period. This is analogous to the 
retardation of static recrystallization by Nb in solution 
discussed earlier . 13 A further and larger retardation can be 
associated with the occurrence of static precipitation, which 
does not, however, prevent the eventual initiation of static 
recovery.

Interaction between Nb as solute, Nb as precipitate- 
former, and recrystallization
One of the aims of the present investigalion was to interprct 
the large retardation in the rate of static recrystallization 
produced by the addition of small amounts of Nb to plain- 
carbon steel. Some typical results of this type are 
reproduced in Fig. 12(o) taken from the work of LeBon ct

t--------------- 1--------------- 1--------------- r~-------------r
o 900°C

DELAY TIME , s

11 Effect of Nb as solute and es static precipítate on rnte of 
static rocovery. Broken line at loft describes proflress of 
recovery In 0 06% C plain-carbon steel.

12(a) Com parison of recrystallization kinetics of plain- 
carbon (C) and Nb-modified (Nb) steel reported by 
LeBon e t  a/.9

(i)  Derivad effect of Nb as soiute (S) on recrystallization  
kinetics of Nb-modified stoel of (a).13 

(c) Superposition of PTT diagram for dynamic precipita­
tion (Fig. 10) and derived RTT diagram of (6) for rate of 
solute-modified recrystallization.

al?  The temperature-dependent reverse-kncc they detectcd 
in the Nb steel indicaled thal the addilion of Nb had ils 
greatest cITcct in the vicinily of 900°C. Given ihc C-shapc 
and localion of the PTT curves presenled above (see Fig. 9). 
it is evident thal the retardation of dynamic recrystallization 
observed in Fig. I2(a) at high temperatures (950 1000 C) 
and al low temperatures (800-825’C) cannot be ascribed to 
the precipitation of niobium carbonitride, as this does not 
takc place during the lime interval belween R, (recrystal- 
lizalion slart) for the plain-carbon and Nb-modified steels. 
It can be associated instead with the presence of Nb in 
solution, as has already been suggesled by others . 1 1 ,20  The 
retarding influence of the solute on the rale of rccrystal- 
lization deduced in this way1-’ is shown in Fig. 12(/>) and can 
be seen to increase as the temperature is dccreasod.l 
Experimenls of this type can be performed by giving the Nb-

t  This in te rp re ta ro n  is snpporlcd  by the m nre rccent results of 
O w cn and W hile21 on two vanadium  steels. They dete rm in a! tlie 
recrystallization rates of these steels above the solution tcm pei.nu ic  
o f tlie vanadium  carbon itrides and com parcd  theni with tli.it 
observed in a referente plain carbón  steel. The nuirkcdly slower 
kinetics o f llie vnnadium  steels indiculcs that tlns ciernen! lias .i 
retardiin; effect on rec iysta lli/a tion  cven wlu'n it is fulh in solution. 
T he solule eflect is of course less than  the coinbincd cITcct o f solute 
and precipiiíile.
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modiíied steel an appropriatc decarburizing and denitriding 
hcat treatm ent. 21

The reverse-knee of Fig. 12(a) can now be rationalized in 
lerms of the RTT curves of Fig. 12(/>) and the PTT results 
for dynamic precipitation presented in Fig. 9. As indicatcd 
in Fig. 12(r), when the ¡ \ time is longer than the soltile- 
modified R , time, the observed RTT curve has the normal 
dependence on temperature. This is the case at high and at 
low temperatures. When the P, time is shorler than the 
solute-modified R , time, the nucleation and growth of new 
grains are severely retarded. The construction suggests, 
therefore, that the reverse-knee of Fig. 12(a) is attributable 
to the combined effect of Nb as solute and as precipitate- 
former on the rate of recrystallization . 13 In the absence of 
the retardation due to Nb as solute, recrystallization of the 
Nb-modified austenite would begin before the onset of 
precipitation. This model also suggests that, in problematic 
cases, recrystallization can be prevented during con- 
trollcd rolling by the addition of a quantity of a soluble 
microalloying element sufficient to deiay recrystallization 
until the precipitate-forming microalloying elements begin 
to be rejccted from solution.
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Dynamic Precipitation and Coarsening of 
Niobium Carbonitrides During the Hot 
Compression of HSLA Steels

I. WEISS AND J . J . JOÑAS

The s iz e  distribution of the sta tic  p recip itates produced in unstrained austenite was d e­
term ined at 90CPC by the method of extraction replication . The effect of deform ation on 
the rate of coarsening of the p artió les was estab lish ed  up to a true strain  of 0 .75. Size 
distributions were a lso  m easured in m ateria ls containing static  p recip itates which were 
undergoing dynamic precipitation at 90CPC. The mean s iz e  in these m aterials decreased  
while dynam ic precipitation was occurring and then in creased  due to dynam ic coarsening. 
The rate of in crease  during dynamic  ripening was two to three ord ers of magnitude higher 
than the rate of s tat i c  Ostwald ripening reported in the literatu re. The effect of particle  
s iz e  on the initiation of dynamic recrysta lliza tion  was a lso  evaluated. The resu lts  con- 
firm  the gen eral rule that fine p articles (d -  6 nm) are m ore effective  than coarser  
ones (e . g . d ^  20 nm) with resp ect to the retardation of dynamic recrysta lliza tion . The 
n ecessary  fine p artic les can be nucleated hom ogeneously in the alpha phase or hetero- 
geneously on gam m a phase d isloca tion s.

T HE recovery  and recrysta lliza tion  p ro ce sse s  taking 
place during and after the hot working of HSLA ste e ls  
are significantly retarded by the presen ce of the n io­
bium (columbium) and other carbon itrides. The two 
particle d istribution param eters which have the 
grea test influence on the degree of retardation are  
the volum e fraction and mean particle s iz e .  The v o l­
ume fraction has been observed to in crease more 
rapidly following high tem perature deform ation than 
it does in undeformed m ateria ls. T h is is  because  
straining a cce lera tes  the rate of carbonitride p re ­
cipitation in m aterials cooled from  the solution  
tem p e ra tu r e /'3 L e ss  well-known is  the dependence 
of the particle s i z e  on strain ing, and the relation  
between coarsening and deform ation m ore gen erally .

The aim  of the present work was therefore to throw 
som e light on the effect of high tem perature d efor­
mation on the s iz e  distribution and coarsening b e­
havior of Nb(CN). To this end, s iz e  distributions 
were determ ined in deform ed specim ens held for 6,
34 and 760 min prior to strain ing. Strains of 0.11 to  
0.75 w ere then applied, followed by quenching. In 
addition, som e specim ens w ere quenched after aging 
but without straining so  as to estab lish  the d istrib u ­
tion in the undeformed condition. The effect of par­
tic le  s iz e  on the initiation of dynamic r e cr y sta lliz a ­
tion was a lso  evaluated.

MATERIALS AND PROCEDURE

The deform ation experim ents w ere carried  out on 
an Instron testing machine m odified for constant true 
strain  rate hot com p ression . The com p ression  tools  
and the testing sy stem  are described  e lsew h ere .4 
The m ateria ls investigated w ere two m icroalloyed

I. WEISS and J. J. JOÑAS are Research Associate and Professor, respectively, 
with the Department of Metallurgical Engineering, McGill University, 3450 Uni- 
versity St., Montreal H3A-2A7, Cañada.

This paper is based on a presentaron made at a symposium on “Precipitation 
Processes in Structural Steels” held at the annual meeting of the AIME, Denver, 
Colorado, February 27 to 28, 1978, under the sponsorship of the Ferrous Metal- 
lurgy Committee of The Metallurgical Society of AIME.
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s te e ls  with the com positions shown in Table I. The 
s te e l was rece ived  in the form  of 25 mm thick píate, 
which was cut lengthwise into square b ars, and then 
machined into com p ression  sp ecim ens 13 mm high 
and 8.7 mm in diam . In this way, the axes of the com ­
p ression  sp ecim ens w ere aligned in the rolling d ire c -  
tion. P rior to testing, the N b-m odified s te e l  was so lu ­
tion treated at ÍIOCPC for 30 min. A fter austenitizing, 
the s te e l was cooled to the test tem perature at a rate 
of l° C /s .

In order to estab lish  the s iz e  d istributions, a c a r ­
bón extraction  rep lica  method was used . The sp e c i­
m ens were cr o ss-sec tio n e d  perpendicular to the d e­
form ation a x is , and then m echanically ground and 
polished . To prepare the su rfaces for extraction  
replication , the sectioned sam ples w ere e lec tr o -  
polished in a solution containing 7 pct perchloric acid  
+ 93 pct ethylene g lyco l monobutyl ether under the fo l­
lowing conditions: CPC, 11 v, 15 min, and then etched  
lightly in 1 pct n ita l. A film  of carbón was deposited  
on the etched su rface, which was then cut up into 3 
x 3 mm sq u áres. The extraction rep lica s w ere r e ­
moved from  the specim en  su rfaces with the aid of a 
solution of 2 pct n ital + 5 pct HC1 in w ater. T hese  
w ere placed on copper grids in the usual way and 
exam ined in a P hilip s EM 300 electrón  m icroscop e.

The electrón  m icrographs of such rep licas rep re-  
sent projections of the precip itates on a single plañe. 
However, the d esired  param eter is  the number of 
p recip itates per unit volum e of the m atrix N v t . This 
number (Nf¿) can only be calculated from  the number 
of p artic les per unit surface (Ns¿) (the param eter ob­
tained d irectly  from  the electrón  m icrograph) with 
the aid of a further assum ption. In the present work, 
it was assum ed that p rec ip ita tes having a given d iam e- 
ter , e.g. di, are extracted by the carbón rep lica  from  a 
layer of m atrix which is  thick.5 Then Nv¿ can be 
exp ressed  in term s of Ns{  by the following equation:

N v i = N s i/ d i [1]

Through the use of th is exp ression  for each  s iz e
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Table 1. Chemical Composition in Wt Pct of the Materials Tested

Materials C Mn S P Al Cu SI N Nb

Niobium 0.05 0.42 0.009 0.002 0.0S7 0.006 0.045 0.004 0.035
Bearing 0.06 0.42 0.009 0.002 0.051 0.006 0.014 0.004 0.018
Steels

group of p recip itates, a s characterized  by its  d iam eter  
dit the distribution of p recip itates per unit volum e of 
m atrix was estim ated . The mean d iam eter D of the 
distribution was a lso  calculated by m eans of the 
c la s s ic a l form ula:

D = \T / N v id i / T j N v i [2]

Here D is  the diam eter of the sphere having the av-  
erage volum e of the distribution. In the present work, 
the precipítate density N v i = /(d¿) and the mean p re­
cipítate s iz e  D w ere determ ined for the following aging 
and deform ation conditions:

(i) aged for 6 min in the recry sta llized  state and d e-  
form ed to 0.11 strain;

(ii) aged for 34 min before deform ation and then 
deform ed for 0, 0.11, 0.36 and 0.45 strain;

(iii) aged for 760 min before deform ation and then 
deform ed to 0, 0.15, 0.43 and 0.75 strain .

On the b a sis  of the k inetics of static precipitation  
determ ined ea r lier  in the present in vestigation ,1’6 
these aging tim es correspond to around 10, 20 and 
90 pct precipitation resp ective ly .

RESULTS

The true s tr e ss -tr u e  strain  curves of F ig . 1 show 
the effect of prior aging on the flow behavior of the 
present m icroalloyed s te e l deform ed at a constant 
true strain  rate of 1.2 x 10_3s _1. The in tervals of 
strain  after which the specim ens were quenched are  
a lso  indicated on this d iagram . A fter 6 min of aging 
before deform ation, the flow curve (//u ) exhibits the 
highest s tr e s s  le v e l and the greatest peak strain .
This is  because the potential for dynamic p recip ita­
tion is  greater after 6 min of aging than after either  
34 min (curve tjl2) or 760 min (curve 3).1,e

Under these conditions, the s iz e  d istribution was 
m easured only during the work hardening period (£i). 
When the aging tim e before deform ation was increased , 
le s s  dynamic precipitation occurred, and the particle  
s iz e  d istribution was a lso  estab lished  for stra in s b e-  
yond the cr it ica l strain  to in itiate dynamic r e c r y sta l­
lization  (e3, U for t h2\ e6, e7 for th3).

T R U E  S T R A I N
Fig. 1-T he effect of prior aging on the flow behavior of the 0.035 pct 
Nb steel. The intervals of strain after which the specimens were 
quenched are also indicated.

observed with a mean particle s iz e  of 8 nm . However, 
the dynamic  precip itates can be considered22 to fa ll 
in the range 3 tp 10 nm, so  that, according to the 
cum ulative frequency plot, 80 pct of the precip itates  
were produced dynam ically and only 20 pct sta tica lly . 
The high degree of s iz e  hom ogeneity of the p artic les  
precipitated during deform ation should a lso  be noted.

The present mean s iz e  a g rees quite w ell with the 
resu lts  of Greday and L am berigts7 who reported  
mean d iam eter between 3 and 5 nm after two rolling  
p a sse s  equivalent to a total true strain  of 0 .50. The 
present observations are a lso  consistent with the 
work of Davenport et  al ,B who determ ined the mean 
precipítate s iz e  to be between 5 and 12 nm following  
a hot reduction of 0 .50. The mean particle s iz e  m ea­
sured in th is work is  larger , however, than the mean 
particle s iz e s  observed  for strain  induced (dynamic) 
precipitation alone, for which valúes around 5 nm 
have been reported.2 The larger valué observed here 
can be attributed to the large p artic les (10 to 20 nm) 
which were precipitated statica lly  (around 10 pct by 
volum e of a ll the p a rtic les  precipitated, both sta tica lly  
and dynam ically, at th is tem perature).

S ize D istribution After 6 Min of Aging

The s iz e  d istribution of the Nb(CN) precip itates  
was m easured after a strain  of 0.11 in order to ev a l­
úate the effect of deform ation at 900PC on the m or- 
phology of the p artic les (see F ig . 2). H ere the spread  
of particle s iz e s  after 6 min of aging followed by d e­
form ation at a constant strain  rate of 1.2 x 10'3s _1 
can be seen . T his delay is  short enough to enable a 
large number of dynamic p recip itates tobe form ed. 
P recip ita tes in the overa ll range of 3 to 20 nm were

Size D istributions A fter 34 Min of Aging

In this ca se , the s iz e  distributions w ere a lso  m ea­
sured after increasing amounts of strain , so  that the 
P rogressive effect of high tem perature deform ation  
could be evaluated. The conditions were chosen so  
that som e supersaturated Nb* was st ill  availab le for

* About 80 pct of the Nb available for precipitation at 900°C after solution 
treatment at 1100°C can be estimated to be still in solution after 34 min of aging 
of the undeformed austenite.1,6
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Fig. 2 -T he  particle size distribution for a sample aged for 6 min prior 
to defórmation and given a strain of 0.11 at 900°C.

precipitation during the experim ent. Aging for 34 
min following the solution treatm ent and cooling to  
90(FC produced the s iz e  distribution shown in F ig .
3 (a). P artic le  s iz e s  in the range 15 to 80 nm were 
observed, with a mean of 47 nm . The d egree of hom o- 
geneity is  low er than in the previous ca se  (F ig. 2).
T his particle s iz e  range is  in agreem ent with the r e ­
su lts of Gray9 on precip itation  from  ferr ite  at equiv­
alent diffusion tem peratures, who reported d iam eter of 
10 to 60 nm . The p article s iz e s  m easured in th is  
work a lso  overlap those of Gladman and P ick erin g ,10 
who determ ined s iz e s  of 15 to 40 nm after aging for 
1 h a t  90CPC.

The s iz e  d istribution after 0.11 strain  at 900cC is  
shown in F ig . 3(6). P a r tic le s  in the range 5 to 70 nm  
w ere counted, with a mean of 27 nm. In th is ca se  the 
relative frequency plot indicates that 50 pct of the 
p articles precipitated w ere le s s  than 5 nm in diam . 
T his resu lt can be attributed to the fine dynam ic 
p articles (< 5 nm) which pr'ecipitate on d islocations  
during deform ation. When the strain  is  in creased  to 
0.36, the s iz e  distribution is  modified to the one 
shown in F ig . 3(c). Under these conditions, the par-
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Fig. 3 -T h e  evolution of the particle size distribution during deforma­
tion at 900°C after aging for 34 min (relative frequency scale). (a) 
900°C, tf, = 34 min, d = 47 nm, and e = 0; (í>) 900°C, th = 34 min, d = 
27 nm, e = 0.11; (c) 900°C, tf, = 34 min, d = 30 nm, and e = 0.36; (d ) 
900°C, t/, = 34 min, d = 40 nm, and e = 0.45.

t ic le s  cover the range 5 to 75 nm, with a mean of 
30 nm . Thus it is  evident that, during deform ation, 
there is  an in crease in the mean s iz e , even though 
the s iz e  range rem ains a lm ost the sa m e. The s iz e  
distribution obtained after 0.45 strain  is  illustrated  
in F ig . 3 (d), which covers the range 7 to 85 nm. In 
th is  ca se  the mean is  40 nm . The degree of hom o- 
geneity is  the low est after the highest stra in .

In order to follow the evolution of the precipitation  
and coarsening p ro ce sse s  during deform ation m ore 
c lo se ly , the particle  s iz e  d istributions w ere replotted  
on an absolute sc a le , a s  shown in F ig . 4 . It is  evident 
that the orig inal static  precip itates (F ig . 4 (a)) are  
coarsened slightly  during deform ation, and that large 
am ounts of dynam ic precip itates are  form ed in the 
early  stages of straining (F igs. 4(6) and 4(c)). Once 
dynam ic precipitation is  com plete (F ig . 4 (d)), both 
the sta tic  and dynamic p articles coarsen  sim ultane-  
ou sly .

S ize D istributions A fter 760 Min of Aging

In th is s e r ie s  of exp erim en ts, the s iz e  distribution  
was m easured after an aging interval of 760 min fo l-  
lowed by in creasing am ounts of stra in . T h is was with
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Fig. 4 -T h e  evolution of the particle size distribution during deforma­
tion at 900°C after aging for 34 min (number per unit volume scale). 
(a) 900°C, //, = 34 min, d = 47 nm, and e = 0; (b) 900°C, t = 34 min, 
d = 27 nm, and e = 0.11; (c) 900°C, th = 34 min, d = 30 nm, and e = 
0.36; (d ) 900°C, th = 34 min, d = 40 nm, and e = 0.45.

the aim  of determ ining the effect of p rogressive  d e­
form ation on the p re-ex istin g  distribution of static  
p a rtió le s . Following solution treatm ent and cooling  
to 900°C, the sam ples w ere aged for 760 min, pro- 
ducing the s iz e  d istribution shown in F ig . 5 (a). T hese  
partió les fe ll in the range 15 to 110 nm, with a mean 
of 53 nm. The latter is  in the upper range of the 
s iz e s  detected by Gray11 in ferrite  with an equivalent 
diffusion tem perature. The relative frequency plot 
indicates that the distribution has a low degree of 
hom ogeneity. The effect of 0.15 strain  is  illustrated  
in F ig . 5(6). Com parison with F ig . 5(a) rev eá is  that 
p artic les with larger diam w ere produced (25 to  
140 nm), with a mean of 78 nm. Further deform ation  
to 0.43 continued the coarsening trend, a s can be ob­
served  from  F ig . 5(c). The mean p article s iz e  is  
83 nm, with a range between 25 and 150 nm. The 
máximum s iz e  range produced was 35 to 200 nm after
0.75 strain  (Fig. 5(d)). It appears that the larger the 
deform ation at 90(f C, the larger the mean particle  
s iz e  and the broader the distribution.

In F ig . 6, the appearance of the Nb(CN) p articles  
precipitated under the present experim ental condi­
tions can be seen . The precip itates produced by aging  
for 760 min at 90(f C and deform ing to 0.75 strain  
are shown in F ig . 6 (a). T h ese particular p recip itates  
w ere nucleated in the m atrix in a c lu ster  arrange-  
ment, and then coarsened  during deform ation on their  
original nucleation s it e s .  A mean p article s iz e  of 
100 nm was observed under these conditions. The 
Nb(CN) p artic les precipitated during  deform ation  
to 0.45 strain  at 900°C show up as the finer p rec ip i­
ta tes in F ig . 6(6). The larger p artic les w ere p re­
cipitated during the aging prior to deform ation.

Effect of P a rtic le  S ize on the Initiation of 
Dynam ic R ecrysta llization

The p resen ce of second phase p artic les during or 
after high tem perature deform ation influences the 
p ro cess  of substructure form ation and m odification  
as w ell as the rate of grain  boundary m igration. Sev-  
er a l w orkers12’13 have shown that p article s iz e  and 
volum e fraction are the two m ost important para- 
m eters with resp ect to whether or not the retardation  
of s ta t ic  recrysta lliza tion  occu rs. In order to in v estí­
gate the retardation of dynamic  recrysta lliza tion  in 
austen ite, sp ecim ens containing a constant volum e 
fraction of precip ítate (0.0003) and with a variety  of 
particle s iz e s  w ere prepared in the following way.
A fter solution treatm ent at 1100^0 for 30 min, each  
specim en  was quenched into the ferr ite  or ferrite  
plus austenite phase, and then aged for 24 h at d ifferent 
tem peratures to produce a fine d ispersión  of Nb(CN) 
p a rtic les . Since the aging treatm ent perform ed in 
th is work was s im ila r  to that carried  out by G ray,9 
the mean p article s iz e s  shown in Table II and r e ­
ported by him w ere assum ed to apply to the present 
experim ents.*  It should be noted that, although aging

•The mean sizes were not determined directly duc lo time limitations.

at d ifferent tem peratures produces d ifferen ces in the 
volum e fraction precipitated, these are expected to  
be elim inated once the sp ecim ens are preheated to  
and held at the te s t  tem perature. The specim ens  
w ere deform ed at a strain  rate of 1.2 x 10'3s _1 after  
a stabilization  tim e of around 5 to 10 min, which  
a is  o perm itted the ferrite  to transform  to au sten ite.

F igure 7 dem onstrates the observed effect of in itia l 
particle  s iz e  on the initiation of dynamic re cr y sta l­
lization at 1025°C. For th is purpose ep , which is  the 
peak strain , is  defined to be the cr itica l strain  to  
in itiate dynam ic recrysta lliza tion . It can be seen  
that the large st peak stra in  was obtained for the 
sm a lie st in itia l particle s iz e  (5 nm, Table II). 
Furtherm ore, as the p article s iz e  was increased,  
íp  decreased .  The fine d ispersión  produced at 650PC 
a lso  prom otes the retention of a finer grain s iz e  
after transform ation to au sten ite. T his in turn tends 
to reduce the c r it ica l strain  for dynamic r e c r y sta l­
liza tion .14’15 Furtherm ore, particle coarsening and 
partial d issolu tion  take place to a greater degree  
during deform ation at 1025°C after aging at 650°C 
than after aging at 800PC. T h ese effects can a lso  
contribute to a reduction in Zp for the lower aging 
tem peratures. Thus, under conditions of constant 
austenite grain  s iz e , and in the relative absence of
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particle coarsening, the effect of initial particle 
size on peak strain can be expected to be still greater 
than that shown in Fig. 7.

DISCUSSION
The Influence of Deformation on Precipitation 

and Coarsening
The effect of deformation on the particle size dis- 

tributions present after aging for 34 min was illus- 
trated in Figs. 3 and 4. The above results are col- 
lected and plotted in terms of r3 in Fig. 8. Thirty- 
four min of aging produced a mean particle size of 
47 nm, with most of the Nb still in solid solution.
Thus deformation led to the dynamic precipitation 
of fine particles, so that a strain of 0.11 produced a 
reduced mean of 27 nm. Further deformation to
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Fig. 6 (a )-N b (C N ) precipitates produced by aging for 760 min at 
900°C and deform ing to a strain o f  0.75 (carbón ex traction  replica). 
Magnification 18,000 times.

€
• f o
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Fig. 6(b)—Nb(CN) particles precipitated during deform ation to  a strain 
o f 0.45 at 900°C. The large particles were precipitated during aging 
for 34 min prior to deform ation. Magnification 18,000 times.

strains of 0.36 and 0.45 increased the mean particle 
size to 30 and 40 nm respectively. The effect of the 
large volume fraction of fine precipitates formed 
during the early stages of straining can be seen in 
Fig. 8. The occurrence of dynamic precipitation 
causes a sharp drop in r3 despite the concurrent 
coarsening of the large particles present before de­
formation. According to Fig. 8, precipitation during 
deformation comes to an end at a strain of about 
0.17, which corresponds to a time of about 150 s.
This valué is in reasonable agreement with that ob- 
tained by the mechanical test method described 
earlier.6 The finish time for precipitation deter- 
mined by the mechanical technique was expected to 
correspond to about 95 pct precipitation. Thus the 
difference in the finish times observed utilizing e lec­
trón microscopy and mechanical testing can be at- 
tributed in part to the time needed to reach comple- 
tion of the precipitation process. Further deforma­
tion at constant temperature coarsens both the large
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TIME , •
Table II. Mean Partióle Size as a Function of Aging Temperature9

Aging Temperature, °C Mean Particle Size, nm

600 3
650 5
700 9
750 15
800 20

T R U E  STRAIN
Fig. 7 -T h e  effect o f aging temperature in the ferrite or ferrite + aus­
tenite range on the subsequent flow behavior at 1025°C in the austenite 
range.

and fine p a rtic les , resu lting in an in crease in the 
mean p article s i z e . F inally, it should be noted that, 
despite dynam ic coarsening, the mean p article s iz e  
after a stra in  of 0.45 is  s t il l  sm a ller  than the one 
obtained after static aging for 34 min before d efor­
mation.

P artic le  Coarsening During Deform ation

When the m atrix is  once again in equilibrium  fo l-  
lowing the com pletion of precipitation, true coarsen ­
ing unencumbered by concurrent precipitation can 
take p lace . The evolution of the particle s iz e  d is tr i-  
bution during the p rogress of deform ation after such  
an aging treatm ent was depicted in F ig . 5. It was 
seen  above that the mean particle s iz e  in creased  con- 
tinuously, and that a mean diam of 102 nm was a t-  
tained after a strain  of 0 .75. It w ill now be of in terest  
to  re-exam in e these resu lts  in term s of the mean 
cube radius and the theory of Ostwald ripening.

According to W agner’s  d iffusion-controlled  
m odel16’17 particle growth under Ostwald conditions

O 100 2 0 0  500 4 0 0  5 0 0

S T R A I N
Fig. 8 -T h e  dependence of mean cube radius (r3 ) on strain during 
dynamic precipitation and coarsening. Note that the coarse initial 
particle size o f 47 nm (equivalent to r3 = 13 X 103 nm3) wás pro- 
duced by static precipitation during the 34 min aging period. During 
the 150 s interval o f dynamic precipitation (i.e., up to a strain of 
0.19), the mean particle size decreased to 13 nm (equivalent to r3 = 
2000 nm3). Although dynamic coarsening takes place from the initi- 
ation o f straining, its effect cannot be observed until after dynamic 
precipitation has come to  an end through the exhaustion of the Nb in 
supersaturation.

can be d escrib ed  by: 

t \ = To + Kt  [3]

where

v  _ %OpDC0V m 
K  9k

is  the average p article radius at tim e t, r0 is  the 
average particle radius at tim e ¿0, D is  the diffusivity  
in austenite of the p article sp e c ie s , C0 is  the concen- 
tration of the p article sp ec ie s  in the m atrix, k  is  
B oltzm ann’s constant, Vm is  the particle m olar v o l-  
ume, and Op is  the su rface energy between the par­
tic le  and the m atrix.

The present mean cube radius r 3 valúes are shown 
plotted against tim e in F ig . 9 . The resu lts are in 
reasonable agreem ent with the linear relationship  
of Eq. [3], except that the slope for dynamic ripen­
ing is  considerably higher than that given for static  
ripening by relation  [4]. The latter can be evaluated  
using the following data:

op = 15 x 10'7 j / c m 2 
CQ = 5 x 10"5 
Vm = 2 x 102 nm3 
Q = 293 K j/m o l 
D0 = 5.3 x 102 cm 2/ s

which leads to a K  valué for ‘norm al’ Ostwald ripen-
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Fig. 9 -T h e  dependence of mean cube radius (r3) on time during 
dynamic coarsening compared with the expected dependence for 
static coarsening.

ing of 3.8 x 10'2 nm3/ s .  A ccording to the present data, 
the ‘dynam ic’ Ostwald p ro cess  exhibits a valué of 
K  = 140 nm 3/ s ,  so  that deform ation at 50(fC  appears 
to accelera te  the rate of coarsening by about three 
ord ers of magnitude, as indicated by the ratio:

# d y n /# n o r  = 3.68 x 10

Com parison of the Effect of P a rtic les  Form ed  
in F err ite  and A ustenite on the Initiation  

of Dynam ic R ecrysta llization

A s shown above, the finer the d ispersión  of the 
alpha precip itates, the larger the peak strain  when 
the sam ples are subsequently deform ed in the gam ma  
phase. The influence of p article s iz e  on the y  peak 
stra in  may in fact be independent of whether the p re­
cip itates w ere form ed in the ferr ite  or in the a u s­
ten ite phase. For exam ple, in F ig s . 10(a) and 10(6), 
we illu stra te the effec ts of prior precipitation in 
a  and y  iron on the initiation of dynamic r e c r y s ta lli­
zation in y  iron subsequently deform ed at 925°C. In 
both d iagram s, the upper two curves w ere obtained 
after aging in ferr ite , and in ferr ite  + austenite 
resp ectively; these sam ples w ere estim ated9 to con- 
tain p articles 3(a) and 20(« + y)  nm in d iam . R ela -  
tively  large peak stra in s were observed under these  
conditions. The two lower curves in both figures  
w ere produced after aging in au sten ite . It can be 
seen  that the larger peak strain  is  attained when no 
sta tic  precipitation occurs b efore deform ation. Under 
th ese  conditions, fine precip itates (<5 nm) are d e-  
posited  on the d islocations during  deform ation.

The two different m odes of precipitation illu strate  
that large retardations are produced either when fine 
p artic les are present before deform ation (as form ed  
by aging at 600°C in a),  or when precipitation occurs 
concurrently with deform ation in the austenite phase. 
In the latter ca se , the larger austenite grain  s iz e  a lso  
contributes to in creasing the peak stra in . For the 
sa m e  austenite grain  s iz e , the retardation can be e x ­
pected to be greater  when the fine p artic les are  
present before  deform ation.

T R U E  S T R A I N

(a)

(b)
Fig. 10—The different effects of prior precipitation in the a and y 
phases on the initiation of dynamic recrystallization in the y phase: 
(a) 0.018 pct Nb Steel, (b ) 0.035 pct Nb Steel. The circles indícate the 
0.1 pct offset yield stress pertaining to each condition. The grain size 
in the austenite cooled from 1100 to 925°C (d¡ =  150 (im) is greater 
than that of the quenched samples reheated at 600 and 800°C prior 
to testing at 925°C (d2 =  50 Mm).

F igu res 10(a) and 10(6) a lso  indicate that higher 
yield  s t r e s s e s  and work hardening ra tes are observed

M E T A L L U R G I C A L  T R A NS A C TI O N S  A V OL U ME  11 A,  M AR C H  1 9 8 0 - 4 0 9



when the sam p les contain prior p rec ip ita te s . The 
higher yield  s t r e s s  can be attributed in part to the 
sm aller  grain  s iz e 18 and in part to the fine par- 
t ic l e s .19-21 In a sim ila r  way, the higher work harden- 
ing rate can a lso  be ascribed  to an Orowan strength­
ening effec t.

CONCLUSIONS

1. The dynam ic precipitation of Nb(CN) at 90CPC 
produces fine p artic les in the range 3 to 10 nm, with 
a mean diam of 6 nm. When sta tic  precipitation takes  
place before  deform ation, larger p artic les are formed; 
for exam ple, aging for 6 min produces p a rtic les  with
a mean diam of 15 nm, w hereas aging for 760 min 
leads to p article s iz e s  of about 53 nm.

2 . When 34 min of sta tic  precipitation at 90CPC 
(leading to d = 47 nm) is  followed by dynam ic p re­
cipitation to a stra in  of 0.11, the mean s iz e  of the 
Nb(CN) p artic les d ecr ea ses  to 27 nm . T his is  because  
the dynamic p recip itates (d =* 6 nm) are  much finer 
than the static o n es . If straining is  continued when 
the dynamic precipitation com es to an end (i . e ., when 
a ll the supersaturated Nb has been exhausted), par­
tic le  coarsening takes p lace. In th is way, the mean 
p article s iz e  in crea ses to 40 nm after a stra in  of 
0.45 at 90(rc.

3. Under dynam ic coarsening conditions, the cube 
radius (r3) in cr ea se s  linearly  with tim e, and the 
Wagner coeffic ien t K  is  140 nm 3/ s .  T h is indicates  
that the coarsening rate is  a ccelera ted  during stra in ­
ing by about three orders of magnitude when com ­
pared to  the static  rate of Ostwald ripening.

4 . F ine p artic les (d =* 5 nm) precipitated in the 
ferr ite  phase are effective in retarding the initiation  
of dynamic recrysta lliza tion  during subsequent 
deform ation in the austenite phase. S im ilar retarda-  
tions are observed when the máximum amount of d y­
nam ic precipitation occurs during the concurrent 
deform ation of au stenite. In the latter case , the mean 
p article s iz e  determ ined by extraction replication  is  
about 6 nm, and the absence of p artic les at the com -

mencement of straining is compensated by the con­
tinued production of fine particles at strains which 
lead to the coarsening of the ferrite precipitates.
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ABSTRACT

T h e  s t a r t  t i m e s  f o r  t h e  r e c r y s t a l l i z a t i o n  o f  a u s t e n i t e

f o l l o w i n g  h i g h  t e m p e r a t u r e  d e f o r m a t i o n  a r e  r e v i e w e d  f o r  b o t h

p l a i n  c a r b ó n  a n d  m i c r o a l l o y e d  s t e e l s .  T h e s e  a r e  s h o w n  t o  b e

a b o u t  0 . 1  t o  1 a n d  10 t o  1 0 0  s  i n  t h e  t w o  t y p e s  o f  m a t e r i a l s ,

r e s p e c t i v e l y ,  a t  9 5 0 ° C .  T h e  p r e c i p i t a t i o n  s t a r t  t i m e s  i n

d e f o r m e d  HSLA s t e e l s  a r e  a l s o  s u r v e y e d  a n d  f o u n d  t o  g e n e r a l l y

l i e  i n  t h e  r a n g e  10 t o  20  s .  T h u s  c a r b o n i t r i d e  p r e c i p i t a t i o n

b e g i n s  a t  t i m e s  l o n g e r  t h a n  R f o r  p l a i n  C a n d  s h o r t e r  t h a n  Rs  s
f o r  m i c r o a l l o y e d  s t e e l s .

T h e  r o l e  o f  p r e c i p i t a t i o n .  i n  p r o m o t i n g  ' p a n c a k i n g '  a n d  

p r e v e n t i n g  r e c r y s t a l l i z a t i o n  d u r i n g  c o n t r o l  r o l l i n g  i s  e x a m i n e d  

c r i t i c a l l y . F o r  t h i s  p u r p o s e ,  t h e  r e c r y s t a l l i z a t i o n  k i n e t i c s  

d e t e r m i n e d  i n  a  d e c a r b u r i z e d  a n d  d e n i t r i d e d  Nb s t e e l  a r e  

c o n s i d e r e d ,  a s  a r e  t h e  d y n a m i c  r e c r y s t a l l i z a t i o n  k i n e t i c s  o f  a  
s e r i e s  o f  HSLA s t e e l s  t e s t e d  a b o v e  t h e  s o l u b i l i t y  t e m p e r a t u r e s  

o f  t h e  r e s p e c t i v e  c a r b o n i t r i d e s .  T h e  r e t a r d i n g  e f f e c t  o f  s o l u t e  

e l e m e n t s  o n  t h e  r a t e  o f  r e c o v e r y  i s  a l s o  i n v e s t i g a t e d .  I t  i s  

c o n c l u d e d  t h a t  s o l u t e  e f f e c t s  l e a d  t o  s i g n i f i c a n t  d e l a y s  i n  b o t h  

r e c o v e r y  a n d  r e c r y s t a l l i z a t i o n  d u r i n g  h o t  w o r k i n g  a n d  t h a t  

c a r b o n i t r i d e  p r e c i p i t a t i o n  a l o n e  i s  i n s u f f i c i e n t  t o  p r e v e n t  

a u s t e n i t e  r e c r y s t a l l i z a t i o n  d u r i n g  s t e e l  P r o c e s s i n g .



RETARDATION OF AUSTENITE RECRYSTALLIZATION BY SOLUTES:

A CRITICAL APPRAISAL

I t  i s  a  p l e a s u r e  t o  p a r t i c í p a t e  i n  t h e  p r e p a r a t i o n  o f  a  

c o m m e m o r a t i v e  v o l u m e  f o r  Bob  G i f k i n s ,  who h a s  c o n t r i b u t e d  s o  

m u c h  t o  t h e  s t u d y  o f  b o t h  r e c r y s t a l l i z a t i o n  a s  w e l l  a s  o f  t h e  

n a t u r e  o f  h i g h  t e m p e r a t u r e  f l o w .  D u r i n g  h i s  p r o f e s s i o n a l  c a r e e r ,  

Bob  h a s  n o t  s h r u n k  f r o m  e x p r e s s i n g  h i s  v i e w s  o n  c o n t r o v e r s i a l  

t o p i c s ,  a n d  we w o u l d  l i k e  i n  a  s i m i l a r  w a y  t o  a d d  s o m e  f u e l  t o  

t h e  c u r r e n t  d e b a t e  c o n c e r n i n g  t h e  f a c t o r s  w h i c h  p r e v e n t  t h e  

r e c r y s t a l l i z a t i o n  o f  a u s t e n i t e  d u r i n g  t h e  c o n t r o l  r o l l i n g  o f  

s t e e l .  I t  i s  now g e n e r a l l y  a c k n o w l e d g e d  t h a t  t h e  p r o d u c t i o n  

o f  f i n e - g r a i n e d  f e r r i t e  i n  a s - h o t - r o l l e d  s t e e l s  r e q u i r e s  t h e  

s u p p r e s s i o n  o f  r e c r y s t a l l i z a t i o n  d u r i n g  t h e  f i n i s h i n g  p a s s e s  

( 1 - 6 ) .  T h e  t e m p e r a t u r e  b e l o w  w h i c h  n o  r e c r y s t a l l i z a t i o n  o c c u r s  

a t  a l l  a f t e r  a n  i n c r e m e n t  o f  s t r a i n  i s  k now n  a s  t h e  ' p a n c a k i n g '  

t e m p e r a t u r e  ( 2 , 7 - 1 0 ) .  A l t h o u g h  s u c h  p a n c a k i n g  i s  u s u a l l y  

a c c o m p a n i e d  b y  t h e  p r e c i p i t a t i o n  o f  c a r b o n i t r i d e s  o n  d i s l o c a t i o n s  

( 2 , 4 , 8 - 1 0 ) ,  t h e  r o l e  o f  t h e  p r e c i p i t a t e - f o r m i n g  p r o c e s s  h a s  b e e n  

d i s c o u n t e d  b y  s o m e  ( 1 1 - 1 3 ) ,  w ho  h a v e  f a v o u r e d  a n  e x p l a n a t i o n  

b a s e d  o n  s o l u t e  d r a g ,  o r  o n  t h e  f o r m a t i o n  o f  s o m e  k i n d  o f  ' p r e -  

p r e c i p i t a t e ' .  O t h e r  r e s e a r c h e r s ,  a l t e r n a t i v e l y , h a v e  c o n c l u d e d  

t h a t  s o l u t e  e f f e c t s  a r e  o f  i n c i d e n t a l  i m p o r t a n c e  a t  b e s t ,  a n d  

t h a t  t h e  k e y  t o  c o n t r o l  r o l l i n g  l i e s  i n  t h e  p r o c e s s  o f  s t r a i n -  

i n d u c e d  p r e c i p i t a t i o n  ( 8 , 9 , 1 4 - 1 6 ) .  I t  i s  t h e  p u r p o s e  o f  t h e  

p r e s e n t  b r i e f  r e v i e w  t o  e x a m i n e  t h e s e  t w o  h y p o t h e s e s  c r i t i c a l l y ,



2 .

a n d  t o  h i g h l i g h t  a  p o s s i b l e  s y n t h e s i s  o f  t h e s e  o p p o s i n g  p o i n t s  

o f  v i e w  b a s e d  o n  s o m e  r e c e n t l y  p u b l i s h e d  p a p e r s  a n d  r e p o r t s .

R e c r y s t a l l i z a t i o n  S t a r t  T i m e s  i n  P l a i n  C a r b ó n  S t e e l s

I n  o r d e r  t o  b e  a b l e  t o  a p p r e c i a t e  t h e  d e m a n d s  raade  o n  t h e  

m i c r o a l l o y i n g  a d d i t i o n s  w i t h  r e s p e c t  t o  t h e  p r e v e n t i o n  o f  

r e c r y s t a l l i z a t i o n ,  we m u s t  f i r s t  a s c e r t a i n  t h e  r a p i d i t y  o f  t h e  

r e c r y s t a l l i z a t i o n  p r o c e s s  i n  p l a i n  c a r b ó n  s t e e l  i n  t h e  f i n i s h  

r o l l i n g  t e m p e r a t u r e  r a n g e .  S u c h  m e a s u r e m e n t s  h a v e  b e e n  m a d e  b y  

s e v e r a l  r e s e a r c h e r s ,  a n d  a n  e x a m p l e  i s  g i v e n  i n  F i g .  1 f r o m  

t h e  w o r k  o f  L e B o n ,  R o f é s - V e r n i s  a n d  R o s s a r d  ( 1 2 ) .  T h e  r e s u l t s  

o b t a i n e d  b y  o t h e r s  ( 1 3 , 1 4 , 1 7 , 1 8 )  a r e  i n  g o o d  a g r e e m e n t  w i t h  

t h o s e  o f  F i g .  1 ,  a n d  a l l  i n d i c a t e  t h a t  r e c r y s t a l l i z a t i o n  b e g i n s  

a t  a p p r o x i m a t e l y  t h e  f o l l o w i n g  i n t e r v a l s  a f t e r  h i g h  t e m p e r a t u r e  

d e f o r m a t i o n :

1 0 0 0 ° C  -  < 0 . 1  s  

9 5 0 °C -  0 . 1  < t  < 0 . 5  s  

9 0 0 °C -  0 . 5  s  < t  

T h u s ,  i f  a  m i c r o a l l o y i n g  a g e n t  i s  t o  p r e v e n t  a l l  r e c r y s t a l l i z a t i o r  

a f t e r  r o l l i n g  a t  s a y  9 5 0 ° C ,  i t  m u s t  b e  a b l e  t o  a c t  i n  0 . 1  s  o r  

l e s s .  T h i s  g e n e r a l  s t a t e m e n t  m u s t  n e v e r t h e l e s s  b e  q u a l i f i e d  i n  

t h a t  t h e  r a t e  o f  r e c r y s t a l l i z a t i o n  i n c r e a s e s  w i t h  t h e  p r i o r  

s t r a i n  a n d  s t r a i n  r a t e  ( a n d  c o n v e r s e l y  i t  d e c r e a s e s  i f  t h e  p r e ­

s t r a i n  i s  s m a l l  o r  t h e  i m p o s e d  s t r a i n  r a t e  l o w )  ( 1 6 , 1 9 ) .  The  

t i m e s  q u o t e d  a b o v e  a r e  f o r  s t r a i n s  i n  t h e  r a n g e  0 . 2 5  t o  1 . 0  a n d  

s t r a i n  r a t e s  o f  a b o u t  1 t o  10 s ” 1 . T h e  ' s t a r t '  o f  r e c r y s t a l l i z a ­

t i o n  a l s o  r e f e r s  t o  t h e  b e g i n n i n g  o f  d e t e c t i o n  b y  m e a n s  o f



o p t i c a l  m i c r o s c o p y .  I f  e l e c t r ó n  m i c r o s c o p y  w e r e  t o  b e  e m p l o y e d

a n d  i f ,  f u r t h e r m o r e ,  s h o r t e r  q u e n c h  t i m e s  w e r e  e x p e r i m e n t a l l y

a v a i l a b l e ,  s h o r t e r  R t i m e s  w o u l d  b e  e x p e c t e d  t o  a p p l y .s

R e c r y s t a l l i z a t i o n  S t a r t  T i m e s  i n  M i c r o a l l o y e d  S t e e l s

R e c r y s t a l l i z a t i o n  s t a r t  t i m e s  f o r  t h e  m i c r o a l l o y e d  s t e e l s

a r e  u n i v e r s a l l y  r e p o r t e d  t o  b e  g r e a t e r  t h a n  f o r  t h e  p l a i n  C

s t e e l s .  Some d a t a  t a k e n  f r o m  t h e  w o r k  o f  H a n s e n  e t  a l .  (1 4 )  a r e

p r e s e n t e d  i n  F i g .  2 t o  i l l u s t r a t e  t h i s  t r e n d .  H e r e  i t  c a n  b e

s e e n  t h a t  5% r e c r y s t a l l i z a t i o n  r e q u i r e s  l e s s  t h a n  0 . 1  s  a t  9 5 0 °C

i n  a  0 . 1 1  C -  1 . 3 0  Mn p l a i n  C s t e e l ,  w h e r e a s  t h e  s a m e  s t a g e  o f

r e c r y s t a l l i z a t i o n  i s  n o t  a t t a i n e d  u n t i l  a b o u t  80 s  h a v e  e l a p s e d

i n  a  0 . 1 1  C -  1 . 3 5  Mn -  0 . 0 3 1  Nb HSLA s t e e l .  When t h e  Nb l e v e l

w a s  i n c r e a s e d  t o  0 . 0 9 5 %  &nd t h e  Mn l e v e l  w a s  d e c r e a s e d  t o  1 . 2 4 % ) ,

t h e  R t i m e  i n c r e a s e d  s l i g h t l y  t o  a b o u t  1 00  s  ( 1 4 ) .  s
S o m e w h a t  s i m i l a r  Rg t i m e s  h a v e  b e e n  r e p o r t e d  b y  P e t k o v i c  

e t  a l .  (17 )  a n d  b y  O u c h i  e t  a l .  ( 2 0 ) .  A t  9 5 0 ° C ,  t h e y  o b s e r v e d  

t h a t  i t  t o o k  a b o u t  20  a n d  30 s  f o r  r e c r y s t a l l i z a t i o n  t o  b e  

i n i t i a t e d  i n  a  0 . 0 7 C  -  1 . 1 8  Mn -  0 . 0 7 4  Nb a n d  a  0 . 1 6 C  -  1 . 4 1  Mn -

0 . 0 3 1  Nb s t e e l ,  r e s p e c t i v e l y . As i n  t h e  c a s e  o f  t h e  p l a i n  C 

s t e e l s ,  t h e s e  Rg t i m e s  d e c r e a s e  w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  

a n d  w i t h  i n c r e a s i n g  p r e s t r a i n  a n d  s t r a i n  r a t e .  T h e  r e c r y s t a l l i z a ­

t i o n  b e h a v i o u r  o f  t h e  m i c r o a l l o y e d  s t e e l s  d i f f e r s  i n  a  f u r t h e r  

i m p o r t a n t  r e s p e c t  f r o m  t h a t  o f  t h e  r e f e r e n c e  p l a i n  C m a t e r i a l s :

As t h e  t e m p e r a t u r e  i s  d e c r e a s e d  t o  t h e  v i r j i n i t y  

o f  9 0 0 °C a n d  b e l o w ,  t h e  s t a r t  o f  r e c r y s t a l l i z a ­

t i o n  i s  d e l a y e d  t o  1 0 0 0  s  o r  m o r e ,  s o  t h a t



r e c r y s t a l l i z a t i o n  i s  e n t i r e l y  p r e v e n t e d  

u n d e r  c o m m e r c i a l  r o l l i n g  c o n d i t i o n s .

I n  p r i n c i p i e ,  t h e s e  d i f f e r e n c e s  i n  r e c r y s t a l l i z a t i o n  

b e h a v i o u r  c o u l d  b e  a t t r i b u t e d  e n t i r e l y  t o  a  s i n g l e  p r o c e s s ,

i . e .  e i t h e r  t o  p r e c i p i t a t i o n  a c t i n g  a l o n e  ( 4 , 5 , 8 , 2 1 ) ,  o r  t o  

s o l u t e  e f f e c t s  o n  t h e i r  own ( 1 , 3 , 1 2 , 1 3 , 2 2 ) ,  o r  p o s s i b l y  t o  a  

s u i t a b l e  c o m b i n a t i o n  o f  t h e  t w o  m e c h a n i s m s  ( 6 , 1 8 , 2 3 - 2 6 ) .  B e f o r e  

t h e s e  a l t e r n a t i v e s  a r e  c o n s i d e r e d  i n  d e t a i l ,  h o w e v e r ,  t h e  

p r e c i p i t a t i o n  s t a r t  t i m e s  c o m m o n ly  r e p o r t e d  w i l l  f i r s t  b e  

r e v i e w e d .

P r e c i p i t a t i o n  S t a r t  T i m e s  i n  M i c r o a l l o y e d  S t e e l s

T h e  s t a r t  o f  p r e c i p i t a t i o n  i n  h i g h  t e m p e r a t u r e  a u s t e n i t e  

i s  n o t o r i o u s l y  d i f f i c u l t  t o  d e t e c t  e x p e r i m e n t a l l y . To d a t e ,  

n u m e r o u s  t e c h n i q u e s  h a v e  b e e n  t r i e d ,  i n c l u d i n g  e l e c t r i c a l  

r e s i s t i v i t y  ( 2 7 ) ,  m i c r o h a r d n e s s  m e a s u r e m e n t  ( 1 2 , 2 0 , 2 8 , 2 9 ) ,  

c h e m i c a l  a n d  e l e c t r o c h e m i c a l  e x t r a c t i o n  ( 3 0 , 3 1 ) ,  e x t r a c t i o n  

r e p l i c a t i o n  ( 1 4 , 1 5 , 3 2 - 3 4 ) ,  t r a n s m i s s i o n  e l e c t r ó n  m i c r o s c o p y  ( 1 6 ) ,  

a n d  h i g h  t e m p e r a t u r e  t o r s i o n  a n d  i n t e r r u p t e d  c o m p r e s s i o n  

t e s t i n g  ( 1 5 , 2 4 - 2 6 , 3 5 - 3 7 ) .  I t  i s  a  common f e a t u r e  o f  a l l  t h e s e  

m e t h o d s  t h a t  ( w i t h  t w o  e x c e p t i o n s * )  t h e  m i n im u m  p r e c i p i t a t i o n

*
T h e  f i r s t  e x c e p t i o n  p e r t a i n s  t o  t h e  r e s u l t s  o f  R e f . 2  4 . T h e s e  

e x p e r i m e n t s  w e r e  c o n d u c t e d  o n  a  0 . 4 2  Mn — . 0 3 5  Nb -  . 0 5  C s t e e l  

a n d  t h e  n o s e  f o r  d y n a m i c  p r e c i p i t a t i o n  w a s  l o c a t e d  a t  l e s s  t h a n  

1 s  a t  9 0 0 °C .  H o w e v e r ,  i t  h a s  r e c e n t l y  b e e n  s h o w n  ( 2 6 )  t h a t  t h e  

k i n e t i c s  o f  p r e c i p i t a t i o n  a r e  v e r y  s e n s i t i v e  t o  Mn l e v e l ,



s t a r t  (P ) t i m e  i s  10 s  o r  m o r e  i n  p r e s t r a i n e d  m a t e r i a l s  a n d  
s

t h a t  t h e  n o s e  o f  t h e  PTT c u r v e  i s  s i t u a t e d  b e t w e e n  9 00  a n d  95 0 ° C

( s e e  F i g .  3 ) .  T y p i c a l  P t i m e s  a t  9 5 0 ° C  r a n g e  f r o m  10 t o  30 ss
a n d  a t  1 0 0 0 ° C  f r o m  30 t o  1 0 0 - s .  T h u s  t h e  r e p o r t e d  P g t i m e s  i n  

m i c r o a l l o y e d  s t e e l s  a r e  g r e a t e r  t h a n  t h e  Rg t i m e s  i n  u n m o d i f i e d  

s t e e l s  b y  t h e  f o l l o w i n g  r a t i o s :

1 0 0 0 °C -  2 - 3  o r d e r s  o f  m a g n i t u d e  

9 5 0 °C -  1 - 2  o r d e r s  o f  m a g n i t u d e  

9 0 0 °C -  1 o r d e r  o f  m a g n i t u d e  

On t h e  b a s i s  o f  t h e  d i f f e r e n c e s  b e t w e e n  t h e  R a n d  P t i m e s
S S

d e s c r i b e d  a b o v e ,  i t  w o u l d  a p p e a r  t o  b e  d i f f i c u l t  t o  m a i n t a i n  t h a t  

t h e  i n i t i a t i o n  o f  s t r a i n  i n d u c e d  p r e c i p i t a t i o n  c a n  p r e v e n t  r e ­

c r y s t a l l i z a t i o n  o f  t h e  d e f o r m e d  m a t r i x  i n  t h e  a b s e n c e  o f  o t h e r  

e f f e c t s .  H o w e v e r , i t  c o u l d  b e  c l a i m e d  t h a t  n o  e x p e r i m e n t a l  

t e c h n i q u e  h a s  y e t  b e e n  d e v i s e d  t h a t  i s  s e n s i t i v e  e n o u g h  t o  d e t e c t  

t h e  r e a l  s t a r t  o f  p r e c i p i t a t i o n .  A c c o r d i n g  t o  t h i s  v i e w ,  p r e c i ­

p i t a t i o n  c o u l d  b e g i n  a t  s a y  50  ms a t  9 0 0 °C a n d  a t  p e r h a p s  100  ms 

a t  9 5 0 °C.

i n c r e a s i n g  i n  r a t e  a s  t h e  Mn c o n c e n t r a t i o n  i s  r e d u c e d .  T h u s  

t h e  PTT c u r v e  o f  R e f .  2 4 c a n  b e  c o n s i d e r e d  n o t  t o  a p p l y  t o  

t y p i c a l  HSLA s t e e l s  c o n t a i n i n g  1 .0 %  Mn o r  m o r e .  T h e  s e c o n d  

e x c e p t i o n  c o n c e r n s  t h e  r e s u l t s  o f  H a n s e n  e t  a l .  (1 4 )  f o r  t h e  

s t a r t  o f  g r a i n  b o u n d a r y  p r e c i p i t a t i o n  ( s e e  F i g .  2 ) .  T h e  

n u c l e a t i o n  t i m e  f o r  t h i s  p r o c e s s  a p p e a r s  t o  b e  s o m e w h a t  s h o r t e r  

t h a n  f o r  m a t r i x  p r e c i p i t a t i o n .  T h u s ,  a t  9 5 0 °C ,  g r a i n  b o u n d a r y  

p r e c i p i t a t i o n  b e g a n  a t  6 a n d  l e s s  t h a n  1 s ,  r e s p e c t i v e l y , f o r  

t h e  0.031  Nb a n d  0 . 0 9 5  Nb s t e e l s  i n v e s t i g a t e d  b y  t h e s e  w o r k e r s .



T h e  s i r a p l e s t  a l t e r n a t i v e  i s  t o  c o n s i d e r  t h a t  t h e  p r e c i p í ­

t a t e  f o r m i n g  e l e m e n t s  p l a y  a  r o l e  i n  r e t a r d i n g  r e c r y s t a l l i z a t i o n  

w h i l e  i n  s u p e r s a t u r a t e d  s o l i d  s o l u t i o n  p r i o r  t o  p r e c i p i t a t i o n  

( 6 , 1 2 , 2 4 - 2 6 ) .  A c c o r d i n g  t o  t h i s  v i e w ,  c e r t a i n  e l e m e n t s  c a n  

i n f l u e n c e  t h e  t e m p e r a t u r e  a n d  r a t e  o f  r e c r y s t a l l i z a t i o n  b y  m e a n s  

o f  a  s o l u t e  d r a g  o r  s o m e  o t h e r  p r o c e s s ,  f i r s t  b y  a f f e c t i n g  t h e  

d i s l o c a t i o n s  a s s o c i a t e d  w i t h  t h e  r e c o v e r y  a n d  n u c l e a t i o n  s t a g e s ,  

a n d  t h e n  b y  i n t e r a c t i n g  w i t h  t h e  g r a i n  b o u n d a r i e s  i n v o l v e d  i n  

r e c r y s t a l l i z a t i o n .  I n  a - i r o n ,  f o r  e x a m p l e ,  i t  h a s  b e e n  s h o w n  (38 )  

t h a t  t h e  r e c r y s t a l l i z a t i o n  t e m p e r a t u r e  a f t e r  c o i d  w o r k i n g  c a n  

b e  i n c r e a s e d  b y  s i g n i f i c a n t  a m o u n t s  ( e . g .  50  t o  1 0 0 ° C )  b y  t h e  

a d d i t i o n  o f  a s  l i t t l e  a s  1 5 0  t o  2 0 0  ppm ( a t o m i c )  o f  s o l u t e s  

s u c h  a s  T i ,  H f ,  Z r ,  N b ,  T a ,  Mo a n d  V. I n  t h e  c l a s s i c a l  e x p e r i ­

m e n t s  o f  A u s t  a n d  R u t t e r  ( 3 9 ) ,  a d d i t i o n s  o f  a s  l i t t l e  a s  60 ppm 

o f  S n  d e c r e a s e d  g r a i n  b o u n d a r y  m o b i l i t y  i n  P b  b y  a  f a c t o r  o f  

a b o u t  1 0 0 0 . *

*
A r a t i o n a l i z a t i o n  f o r  t h e  r e l a t i v e  e f f e e t s  o f  d i f f e r e n t  

s o l u t e s  i n  a - i r o n  b a s e d  o n  t h e  e l e c t r o n i c  d i f f e r e n c e  b e t w e e n  

t h e  p a r t i c u l a r  e l e m e n t  a n d  F e  w a s  a d v a n c e d  b y  A b r a h a m s o n  a n d  

B l a k e n e y  i n  1 9 6 0 .  T h e i r  o r d e r  o f  i m p o r t a n c e  a p p e a r s  t o  h o l d  

f o r  Y - i r o n  a s  w e l l  ( 2 6 ) ,  b u t  m u s t  b e  m o d i f i e d  s l i g h t l y  t o  a l l o w  

f o r  t h e  e f f e e t s  o f  a t o m i c  s i z e  a n d  m o d u l u s  d i f f e r e n c e  w i t h  

r e s p e c t  t o  F e  ( 2 6 , 3 5 ) .



P a n c a k i n q  T e m p e r a t u r e s  i n  C o n t r o l l e d  R o l l l n g

A t  r o u g h i n g  t e m p e r a t u r e s ,  i . e .  i n  t h e  r a n g e  1200  t o  1 0 5 0 °C, 

p l a i n  c a r b ó n  s t e e l s  a r e  a b l e  t o  r e c r y s t a l l i z e  c o m p l e t e l y  i n  a b o u t  

100 m s ,  a n d  m i c r o a l l o y e d  s t e e l s  i n  a b o u t  1 s .  T h e s e  t i m e s  a r e  

o f  c o u r s e  m o d i f i e d ,  a s  s u g g e s t e d  a b o v e ,  b y  t h e  s t r a i n  r a t e  a n d  

a m o u n t  o f  t h e  p r e s t r a i n ,  d e c r e a s i n g  s o m e w h a t  a s  e i t h e r  o f  t h e s e  

( p a r t i c u l a r l y  t h e  l a t t e r )  i s  i n c r e a s e d .  Thus  f u l l  r e c r y s t a l l i z a ­

t i o n  c a n  t a k e  p l a c e  d u r i n g  r o u g h i n g ,  a s  t h e  i n t e r p a s s  t i m e  i n  a 

r e v e r s i n g  m i l i  i s  g e n e r a l l y  a b o u t  10 s  ( 4 0 / 4 1 ) .  I n  t h e  i n t e r ­

m e d í a t e  t e m p e r a t u r e  r a n g e ,  e x t e n d i n g  f o r  t h e  p r e s e n t  p u r p o s e  

f r o m  a b o u t  1050 t o  9 0 0 ° C ,  r e c r y s t a l l i z a t i o n  t e n d s  t o  be  

i n c o m p l e t e ,  p a r t i c u l a r l y  w hen  t h e  r e d u c t i o n  i n  t h e  p r e v i o u s  

p a s s  i s  s m a l l ,  o r  t h e  l e v e l  o f  m i c r o a l l o y i n g  a d d i t i o n  r e l a t i v e l y  

l a r g e .  R o l l i n g  i n  t h i s  t e m p e r a t u r e  r a n g e  i s  t h u s  c o n d u c i v e  t o  

t h e  i n t r o d u c t i o n  o f  m i x e d  a u s t e n i t e  g r a i n  s i z e s ,  w h i c h  l e a d ,  on  

t r a n s f o r m a t i o n ,  t o  m i x e d  f e r r i t e  g r a i n  s i z e s  ( 4 , 6 , 7 , 1 6 , 4 0 , 4 1 ) .

F i n a l l y , i n  d e c r e a s i n g  t h e  t e m p e r a t u r e  s t i l l  f u r t h e r ,  a  

l e v e l  i s  r e a c h e d ,  c a l l e d  t h e  ' p a n c a k i n g  t e m p e r a t u r e ' ,  a t  w h i c h  

no f u r t h e r  r e c r y s t a l l i z a t i o n  o c c u r s .  T h i s  h a s  b e e n  

r e p o r t e d  a s  960°C  f o r  a  0 . 0 5  C -  1 . 4  Mn -  0 . 0 4  Nb s t e e l  (8)  and  

9 5 0 ° c  f o r  a  0 . 1  C -  1 . 3  M n - 0 . 0 3  Nb s t e e l  ( 1 4 ) .  As b e f o r e ,  t h i s  

t e m p e r a t u r e  i s  s e n s i t i v e  t o  t h e  p r i o r  p a s s  s t r a i n  ( o r  t o  t h e  

a c c u m u l a t e d  s t r a i n  s i n c e  t h e  l a s t  r e c r y s t a l l i z a t i o n ) , a n d  i s  n o t  

a  f i x e d  q u a n t i t y . *  I t  i s  o f  i n t e r e s t  t h a t ,  w hen  s t e e l s  r o l l e d  i n  

t h e  p a n c a k i n g  r a n g e  a r e  q u e n c h e d ,  some c o n t a i n  p r e c i p i t a t e s  and o th e r s

* i n  R e f s . (8)  a n d  ( 1 4 ) ,  a  s i n g l e  p a s s  w as  e m p l o y e d  t o  e s t a b l i s h  
T . When m ú l t i p l e  p a s s e s  a r e  u s e d  ( 4 0 , 4 1 ) ,  a  much l o w e r  ( a n d  
s S m e w h a t  v a r i a b l e )  v a l u é  o f  T^ i s  o b t a i n e d .



d o  n o t *  ( 8 , 1 4 ) .  W i t h o u t  f u r t h e r  e v i d e n c e  o r  a n a l y s i s ,  t h e  

p r e s e n c e  o r  a b s e n c e  o f  p a r t i c l e s  c a n  b e  t a k e n  t o  l e n d  s u p p o r t  

t o  e i t h e r  s c h o o l  o f  i n t e r p r e t a t i o n ,  t h a t  i s  t o  r e t a r d a t i o n  

e i t h e r  b y  a  s o l u t e  e f f e c t  o r  b y  s t r a i n - i n d u c e d  p r e c i p i t a t i o n .  

T h e s e  a l t e r n a t i v e s  w i l l  now b e  e x a m i n e d  m o r e  c l o s e l y .

E f f e c t  o f  D e c a r b u r i z a t i o n  a n d  D e n i t r i d i n g

Some e v i d e n c e  w h i c h  c o n c e r n s  t h e  s e p a r a t e  e f f e c t s  o f  

s o l u t e s  a n d  p r e c i p i t a t e s  a n d  w h i c h  w i l l  b e  i n t r o d u c e d  a t  t h i s  

s t a g e  i s  f r o m  t h e  w o r k  o f  L u t o n  e t  a l .  ( 1 8 ) .  T h e s e  a u t h o r s  

c o m p a r e d  t h e  b e h a v i o u r  o f  t h r e e  s t e e l s :  a  r e f e r e n c e  0 . 0 5 5  C -

0 . 4 1  Mn p l a i n  C s t e e l  a n d  t w o  0 . 9 2  Mn -  0 . 0 5 4  Nb s t e e l s .  The  

f i r s t  o f  t h e  Nb s t e e l s  c o n t a i n e d  ' n o r m a l '  l e v e l s  o f  0 . 0 5  C a n d

0 . 0 0 5  N, w h e r e a s  t h e  s e c o n d  h a d  b e e n  d e c a r b u r i z e d  a n d  d e n i t r i d e d  

(by  h e a t i n g  i n  w e t  h y d r o g e n  a t  1 1 0 0 °C f o r  o n e  w e e k )  s o  t h a t  t h e  

C a n d  N l e v e l s  w e r e  r e d u c e d  t o  14 a n d  10 ppm r e s p e c t i v e l y . T he  

t h r e e  s t e e l s  w e r e  a u s t e n i t i z e d  a t  1 1 5 0 °C f o r  30 m i n .  a n d  t h e n  

c o m p r e s s e d  25% a t  a  s t r a i n  r a t e  o f  1 . 3  x  10 ^ s  ^ a t  o n e  o f  

t h r e e  t e m p e r a t u r e s :  1 0 0 0 /  9 50  a n d  9 0 0 °C .  A f t e r  h o l d i n g  a t  

t e m p e r a t u r e  i n  t h e  u n l o a d e d  c o n d i t i o n  f o r  i n c r e a s i n g  d e l a y  t i m e s ,  

t h e  s a m p l e s  w e r e  r e l o a d e d  a t  t h e  s a m e  s t r a i n  r a t e  t o  d e t e r m i n e  

t h e  a m o u n t  o f  s o f t e n i n g  ( d e c r e a s e  i n  f l o w  s t r e s s )  t h a t  t o o k  

p l a c e  d u r i n g  t h e  d e l a y .

Some o f  t h e  r e s u l t s  o b t a i n e d  a t  t h e  t h r e e  t e m p e r a t u r e s  a r e  

p r e s e n t e d  i n  F i g .  4 .  T h e  d a t a  d e t e r m i n e d  a t  1 0 0 0 ° C  ( F i g .  4 a )

*
W i t h i n  t h e  d e t e c t a b i l i t y  l i m i t s  o f  e l e c t r ó n  m i c r o s c o p y ;  i . e .  

a b o u t  0 . 0 0 3 %  v o l .  p c t .  o f  c a r b o n i t r i d e .



r e v e a l  t w o  i t e m s  o f  i n t e r e s t .  F i r s t  o f  a l l ,  i t  i s  a p p a r e n t  

t h a t  t h e  d e c a r b u r i z e d  m a t e r i a l  d i s p l a y s  t h e  ¿ a m e  r e c o v e r y  a n d  

r e c r y s t a l l i z a t i o n  k i n e t i c s  a s  d o e s  t h e  m a t e r i a l  c o n t a i n i n g  t h e  

n o r m a l  c o m m e r c i a l  l e v e l s  o f  C a n d  N. T h e  s e c o n d  c o n c l u s i ó n  i s  

n o t  a s  c l e a r l y  e s t a b l i s h e d  b e c a u s e  i t  w a s  n o t  p o s s i b l e  t o  f o l l o w  

t h e  r a p i d  p r o g r e s s  o f  r e c r y s t a l l i z a t i o n  i n  t h e  p l a i n  C s t e e l  

a f t e r  a  p r e s t r a i n  o f  25% w i t h  t h e  e q u i p m e n t  a v a i l a b l e .  T h e  c u r v e  

d i s p l a y e d  i s  t h e r e f o r e  e s t i m a t e d  f r o m  t h e  r e s u l t s  o f  L u t o n  e t  a l .  

(1 8 )  f o r  a  p r e s t r a i n  o f  10%, a n d  b y  r e f e r e n c e  t o  t h e  d a t a  o f  

o t h e r  w o r k e r s  ( 1 4 ) .  I t  i s  c l e a r  f r o m  t h e  t w o  c u r v e s  f o r  t h e  Nb 

s t e e l s  t h a t  t h e  a d d i t i o n  o f  Nb d e l a y s  r e c o v e r y  a n d  r e c r y s t a l l i z a ­

t i o n  t o  a  c o n s i d e r a b l e  d e g r e e  w i t h  r e f e r e n c e  t o  t h e  u s u a l  

k i n e t i c s  o b s e r v e d  f o r  c a r b ó n  s t e e l s .  F rom  t h e  a p p r o x i m a t e  

t i m e s ,  t h i s  r e t a r d a t i o n  c a n  b e  e s t i m a t e d  t o  b e  a b o u t  l i  o r d e r s  

o f  m a g n i t u d e  i n  t i m e .  T h e  r e t a r d a t i o n  i n  t h i s  c a s e  i s  u n l i k e l y  

t o  b e  c a u s e d  b y  p r e c i p i t a t i o n  b e c a u s e :  ( i )  Rg a n d  R^ a r e  a b o u t

6 a n d  15 s ,  w h i l e  P i s  a b o u t  20 s  a t  1 0 0 0 °C i n  t h e  c o m m e r c i a ls
m a t e r i a l  ( 1 8 ) ;  a n d  ( i i )  t h e  l o w  C a n d  N l e v e l s  i n  t h e  d e c a r b u r i z e d  

m a t e r i a l  (14 a n d  10 ppm ,  r e s p e c t i v e l y )  i n d i c a t e  t h a t  t h e  Nb(CN) 

i s  f u l l y  d i s s o l v e d  a t  t h i s  t e m p e r a t u r e  ( 3 , 4 2 - 4 4 ) .

T h e  d a t a  d e t e r m i n e d  a t  9 5 0 ° C  ( F i g .  4 b )  a r e  c o n s i s t e n t  w i t h  

t h o s e  o f  1 0 0 0 °C i n  t h a t  s o f t e n i n g  i n  t h e  d e c a r b u r i z e d  a l l o y  i s  

a b o u t  1¿ o r d e r s  o f  m a g n i t u d e  s l o w e r  t h a n  i n  t h e  r e f e r e n c e  p l a i n  

C m a t e r i a l .  A t  t h i s  t e m p e r a t u r e ,  b o t h  r e c o v e r y  a n d  r e c r y s t a l l i z a ­

t i o n  a r e  s o m e w h a t  s l o w e r  i n  t h e  c o m m e r c i a l  t h a n  i n  t h e  d e c a r b u r i z e d  

s t e e l .  T h i s  w a s  s h o w n  b y  L u t o n  e t  a l .  t o  b e  a s s o c i a t e d  w i t h



t h e  o c c u r r e n c e  o f  a  s m a l l  a m o u n t  o f  b o t h  d y n a m i c  a n d  s t a t i c  

p r e c i p i t a t i o n .  H o w e v e r ,  t h e  v o l u m e  f r a c t i o n  o f  p r e c i p í t a t e  

f o r m e d  w a s  t o o  s m a l l  ( a b o u t  0 . 0 0 2  t o  0 . 0 0 5 % )  t o  i n h i b i t  r e c r y s t a l ­

l i z a t i o n  e n t i r e l y .

F i n a l l y ,  t h e  d a t a  o b t a i n e d  a t  9 0 0 °C ( F i g .  4 c )  s h o w  t h e  

c o m b i n e d  e f f e c t s  o f  b o t h  s o l u t e  a n d  a p p r e c i a b l e  p r e c i p í t a t e  

r e t a r d a t i o n .  I t  i s  e v i d e n t  f r o m  t h e  p l a i n  C a n d  d e c a r b u r i z e d  

s a m p l e s  t h a t  t h e  a d d i t i o n  o f  Nb a l o n e  r e t a r d s  b o t h  t h e  r e c o v e r y  

a n d  t h e  r e c r y s t a l l i z a t i o n  k i n e t i c s  b y  a b o u t  o n e  o r d e r  o f  m a g n i t u d e .  

When t h e  c o m m e r c i a l  a n d  d e c a r b u r i z e d  m a t e r i a l s  a r e  c o m p a r e d ,  i t  

c a n  b e  s e e n  t h a t  r e c o v e r y  i s  a  f u r t h e r  o r d e r  o f  m a g n i t u d e  s l o w e r  

i n  t h e  c o m m e r c i a l  m a t e r i a l  a n d  t h a t  r e c r y s t a l l i z a t i o n  i s  c o m p l e t e l y  

p r e v e n t e d  f r o m  t a k i n g  p l a c e .  T h e  r e t a r d a t i o n  o f  r e c o v e r y  i s  

a t t r i b u t e d  t o  t h e  d y n a m i c  p r e c i p i t a t i o n  o f  a b o u t  0 . 0 1  v o l .  p c t .  

o f  c a r b o n i t r i d e  d u r i n g  p r e s t r a i n i n g .  T h i s  i s  f o l l o w e d  d u r i n g  

h o l d i n g  b y  t h e  f u r t h e r  f o r m a t i o n  o f  a  s i m i l a r  o r  g r e a t e r  a m o u n t  

o f  s t a t i c  p r e c i p í t a t e .  I t  a p p e a r s  f r o m  t h i s  w o r k  t h a t  t h e  

p r e s e n c e  o f  a b o u t  0 . 0 2  v o l .  p c t .  o f  p r e c i p í t a t e  o r  m o r e  c o m p l e t e l y  

s u p p r e s s e s  r e c r y s t a l l i z a t i o n  ( 1 8 ) .

E f f e c t  o f  S o l u t e  E l e m e n t s  o n  t h e  K i n e t i c s  o f  S t a t i c  R e c o v e r y  

T h e  r e s u l t s  o f  L u t o n  e t  a l .  ( 1 8 )  f o r  t h e  d e c a r b u r i z e d  

N b - m o d i f i e d  s t e e l  r e v i e w e d  a b o v e  i n d i c a t e  t h a t  t h e  r a t e  o f  

r e c o v e r y  c a n  b e  r e t a r d e d  s i g n i f i c a n t l y  b y  s o l u t e  e f f e c t s ,  a n d  

t h a t  t h e r e  c a n  b e  a  f u r t h e r  r e t a r d a t i o n  d u e  t o  d y n a m i c  o r  s t a t i c  

p r e c i p i t a t i o n ,  a s  l o n g  a s  t h e  l a t t e r • m e c h a n i s m s  a r e  i n i t i a t e d  

e a r l y  e n o u g h  t o  p r o d u c e  a  c r i t i c a l  v o l u m e  f r a c t i o n  ( e . g .  a t



l e a s t  0 . 0 2  v o l .  p c t . )  o f  s u f f i c i e n t l y  f i n e  p r e c i p i t a t e s  ( e . g .  

p a r t i ó l e s  5 t o  20 mu i n  d i a . ) .  Some f u r t h e r  l i g h t  o n  t h e  r e l a t i o n  

b e t w e e n  s o l u t e  a d d i t i o n s  a n d  t h e  r a t e  o f  r e c o v e r y  i s  c a s t  b y  t h e  

w o r k  o f  O u c h i  a n d  c o w o r k e r s  ( 4 5 ) .  T h e s e  a u t h o r s  h a v e  c o n s t r u c t e d  

a  c o m p u t e r i z e d  c o m p r e s s i o n  m a c h i n e  w h i c h  i s  c a p a b l e  o f  u n l o a d i n g  

a n d  r e l o a d i n g  u p s e t  s p e c i m e n s  i n  t i m e s  a s  s h o r t  a s  0 . 1  s .  I n  

t h i s  w a y ,  t h e  a m o u n t  o f  s o f t e n i n g  o c c u r r i n g  i n  t h e  b r i e f  t i m e  

i n t e r v a l  b e f o r e  p r e c i p i t a t i o n  b e g i n s  c a n  b e  i n v e s t i g a t e d  w i t h  

g r e a t e r  r e l i a b i l i t y  t h a n  h e r e t o f o r e .

T h e  a b o v e  r e s e a r c h e r s  h a v e  i n v e s t i g a t e d  t h e  i n f l u e n c e  o f  

m o s t  o f  t h e  a d d i t i o n  a g e n t s  a n d  i m p u r i t i e s  p r e s e n t  i n  l o w  a l l o y  

s t e e l s  (4 6 )  a n d  som e  t y p i c a l  r e s u l t s  d e p i c t i n g  t h e  r e l a t i v e  

i m p o r t a n c e  o f  Mn a n d  Nb a r e  i l l u s t r a t e d  i n  F i g .  5 ( 4 5 ) .  F ro m  

t h e  c o m p r e s s i o n  t e s t s  c a r r i e d  o u t  a t  1 0 0 0  a n d  9 0 0 °C i n  w h i c h  a  

f i x e d  p r e s t r a i n  o f  25% w a s  a p p l i e d  ( F i g s .  5 a  a n d  5 b  r e s p e c t i v e l y ) ,  

i t  i s  e v i d e n t  t h a t  a n  i n c r e a s e  i n  t h e  Mn l e v e l  f r o m  0 . 1 7  t o  1 . 3 0  

w t . p c t .  ( a n d  i n  t h e  C l e v e l  f r o m  0 . 0 5  t o  0 . 1 2  w t .  p c t . )  l e a d s  

t o  a  d e c r e a s e  i n  t h e  r a t e  o f  r e c o v e r y  b y  o n e  o r d e r  o f  m a g n i t u d e .  

(The  b r e a k  i n  t h e  s o f t e n i n g  c u r v e  i n d i c a t e s  t h e  s a t u r a t i o n  o f  

r e c o v e r y  a n d  t h e  s t a r t  o f  s t a t i c  r e c r y s t a l l i z a t i o n  (47)) .  I n  a  

s i m i l a r  w a y ,  t h e  a d d i t i o n  o f  0 . 0 3  w t .  p c t .  Nb p r o d u c e s  a  d e c r e a s e  

i n  t h e  r e c o v e r y  r a t e  o f  h a l f  a n  o r d e r  o f  m a g n i t u d e  w i t h  r e s p e c t  

t o  t h e  0 . 1 2  C -  1 . 3 0  Mn p l a i n  C s t e e l .  T h i s  s u g g e s t s  t h a t  Nb 

i s  a b o u t  50  t i m e s  a s  e f f e c t i v e  a s  Mn (o n  a n  a t o m  f r a c t i o n  b a s i s )  

i n  r e t a r d i n g  s t a t i c  r e c o v e r y ,  a  c o n c l u s i ó n  t h a t  i s  i n  r e a s o n a b l e  

a g r e e m e n t  w i t h  t h e  f a c t o r  o f  40 r e p o r t e d  b y  t h e  p r e s e n t  a u t h o r s  

(2 6 )  f o r  t h e  r e l a t i v e  e f f e c t i v e n e s s  o f  t h e s e  t w o  s o l u t e  e l e m e n t s



1 2 .

i n  r e t a r d i n g  d y n a m i c  r e c o v e r y .

E f f e c t  o f  Nb A d d i t i o n  t o  a  M éd ium  C S t e e l

A l t h o u g h  m i c r o á l l o y i n g  a d d i t i o n s  a r e  u s u a l l y  m a d e  t o  l o w  

c a r b ó n  g r a d e s ,  s o m e  e x p e r i m e n t s  c a r r i e d  o u t  b y  C o l a d a s  e t  a l .  ( 1 3 )  

o n  a  s e r i e s  o f  18 m é d i u m  a n d  h i g h  C N b - m o d i f i e d  s t e e l s  a r e  

r e l e v a n t  t o  t h e  p r e s e n t  d i s c u s s i o n  a n d  w i l l  now b e  r e v i e w e d  

b r i e f l y .  T h e  r e s u l t s  t h e s e  a u t h o r s  o b t a i n e d  b y  m e a n s  o f  r o l l i n g ,  

q u e n c h i n g  a n d  o p t i c a l  m i c r o s c o p y  a r e  p r e s e n t e d  i n  F i g .  6 .  T h e  

t w o  s t e e l s  b e i n g  c o m p a r e d  a r e  a  0 . 4 0  C -  0 . 6 7  Mn r e f e r e n c e  

m a t e r i a l  a n d  a  0 . 4 1  C -  0 . 6 8  Mn -  0 . 0 6 4  Nb m i c r o a l l o y e d  g r a d e .

I n  t h e  d i a g r a m ,  t h e  s t a r t  a n d  f i n i s h  o f  b o t h  r e c o v e r y  a n d  r e ­

c r y s t a l l i z a t i o n  a r e  i n d i c a t e d ,  a s  w e l l  a s  t h e  a p p r o x i m a t e  s t a r t  

t i m e  f o r  p r e c i p i t a t i o n .  T h e  r e d u c t i o n  i n  t h i s  c a s e  w a s  25%, a s  

i n  t h e  w o r k  o f  L u t o n  e t  a l . ,  b u t  w a s  o n l y  h a l f  t h a t  a p p l i e d  b y  

H a n s e n  e t  a l .  ( 1 4 ) .  I t  i s  e v i d e n t  f r o m  F i g .  6 t h a t  t h e  a d d i t i o n  

o f  0 . 0 6 4 %  Nb* d e l a y s  t h e  s t a r t  o f  r e c o v e r y  b y  a b o u t  1£ o r d e r s  o f  

m a g n i t u d e  i n  t i m e  a n d  t h a t  t h i s  d e l a y  i s  e f f e c t e d  p r i o r  t o  t h e  

o c c u r r e n c e  o f  a n y  p r e c i p i t a t i o n .  A l t h o u g h  n o  d a t a  w e r e  r e p o r t e d  

f o r  t h e  0 . 0 6 4  Nb s t e e l  a t  t h e  h i g h e r  t e m p e r a t u r e s , t h e  r e s u l t s  

s u g g e s t  t h a t  a b o v e  1 0 5 0 ° C ,  w h e r e  p r e c i p i t a t i o n  i s  e x p e c t e d  t o  

b e  s l o w e r  t h a n  r e c r y s t a l l i z a t i o n ,  t h e r e  r e m a i n s  a  c l e a r  d i f f e r e n c e  

b e t w e e n  t h e  r e c r y s t a l l i z a t i o n  r a t e s  o f  t h e  t w o  s t e e l s .  T h e

* F ro m  t h e  d a t a  o f  K oyama e t  a l  ( 4 4 ) ,  i t  c a n  b e  e s t i m a t e d  t h a t  

a b o u t  o n e  q u a r t e r  o f  t h i s  a m o u n t  ( i . e .  0 . 0 1 6 %  Nb) w a s  d i s s o l v e d  

a t  t h e  a u s t e n i t i z a t i o n  t e m p e r a t u r e  o f  1 2 0 0 ° C .



d i f f e r e n c e  a b o v e  1 0 5 0 ° C  w a s  a t t r i b u t e d  t o  a  s o l u t e  e f f e c t  ( 1 3 , 2 2 ) ,  

w h e r e a s  t h e  m u c h  s h a r p e r  d i f f e r e n c e  b e l o w  9 0 0 °C c a n  b e  a s c r i b e d  

t o  t h e  a d d i t i o n a l  e f f e c t  o f  s t a t i c  p r e c i p i t a t i o n  w h i c h ,  i n  t h e  

l o w e r  t e m p e r a t u r e  r a n g e ,  b e g i n s  b e f o r e  t h e  r e c o v e r y  m e c h a n i s m  

h a s  r u n  i t s  c o u r s e .

R e c r y s t a l l i z a t i o n  K i n e t i c s  A b o v e  t h e  C a r b o n i t r i d e  S o l u b i l i t y  

T e m p e r a t u r e

I t  may h a v e  s t r u c k  t h e  r e a d e r  b y  now t h a t  t h e r e  i s  a  

c r i t i c a l  e x p e r i m e n t  w h i c h  c o u l d  b e  p e r f o r m e d  t o  d i s t i n g u i s h  

b e t w e e n  t h e  r e t a r d a t i o n  o f  r e c r y s t a l l i z a t i o n  b y  s o l u t e  a s  o p p o s e d  

t o  p r e c i p i t a t i o n  e f f e c t s .  S u c h  a n  i n v e s t i g a t i o n  w o u l d  i n v o l v e  

t h e  d e t e r m i n a t i o n  o f  t h e  r e c r y s t a l l i z a t i o n  r a t e  i n  a  r e f e r e n c e  

p l a i n  C s t e e l  a n d  i n  a  c o m p a r a b l e  N b -  o r  V -  m o d i f i e d  m i c r o ­

a l l o y e d  s t e e l ,  w h e r e  t h e  e x p e r i m e n t  w o u l d  h a v e  t o  b e  c a r r i e d  o u t  

a b o v e  t h e  s o l u t i o n  t e m p e r a t u r e  o f  t h e  c a r b o n i t r i d e . *  S u c h  a n  

a p p r o a c h  i s  s u g g e s t e d  b y  t h e  d a t a  o f  W h i t e  a n d  Owen (1 5 )  p e r t a i n i n g  

t o  s o f t e n i n g  i n  a  0 . 1 1  C -  1 . 3 8  Mn -  0 . 1 0  V m i c r o a l l o y e d  a n d  a

0 . 1 1  C -  1 . 3 5  Mn p l a i n  C S t e e l .  T h e i r  r e s u l t s  a t  1 0 0 0 ° C ,  

e s t i m a t e d  t o  b e  i n  t h e  v i c i n i t y  o f  t h e  VN s o l u t i o n  t e m p e r a t u r e  

( 3 , 4 2 , 4 9 ) ,  i n d i c a t e  t h a t  r e c r y s t a l l i z a t i o n  i n  t h e  V - m o d i f i e d

* T h e  p r o p o s i t i o n  t h a t  a l l o y  a d d i t i o n s  i n  t h e  r a n g e  0 . 0  3 t o

0 . 3  w t .  p c t .  c a n  c a u s e  a p p r e c i a b l e  s o l u t e  e f f e c t s  c a n  a l s o  b e  

v e r i f i e d  b y  m e a s u r i n g  t h e  i n f l u e n c e  o f  e l e m e n t s  s u c h  a s  Mo a n d  

Cr  ( 4 8 ) ,  w h i c h  d o  n o t  p r e c i p i t a t e  i n  a u s t e n i t e  u n d e r  t h e  

c o n d i t i o n s  o f  i n t e r e s t .



14.

m a t e r i a l  i s  s l o w e r  t h a n  i n  t h e  u n m o d i f i e d  g r a d e ,  e v e n  t h o u g h  n o  

p r e c i p i t a t i o n  w a s  l i k e l y  t o  h a v e  o c c u r r e d  i n  t h e  f o r m e r  s p e c i m e n s  

u n d e r  t h e  c o n d i t i o n s  o f  t h e  e x p e r i m e n t .

An a t t e m p t  w a s  m a d e  b y  t h e  p r e s e n t  a u t h o r s  t o  e x t e n d  s u c h  

a n  a p p r o a c h  t o  a  s e r i e s  o f  HSLA s t e e l s  c o n t a i n i n g  Nb ( 5 0 , 5 1 ) ,  b u t  

i n  w h i c h  a  t e s t i n g  t e m p e r a t u r e  c l e a r l y  a b o v e  TgQ^ i s  e m p l o y e d .

F o r  e x p e r i m e n t a l  c o n v e n i e n c e ,  t h e  i n v e s t i g a t i o n  c o n c e r n e d  t h e  

e f f e c t  o f  t h e  a l l o y i n g  e l e m e n t s  o n  t h e  p e a k  s t r a i n  p r o d u c e d  i n  

c o m p r e s s i o n  t e s t i n g  ( a n d  t h e r e f o r e  o n  t h e  d y n a m i c  r e c r y s t a l l i z a ­

t i o n  k i n e t i c s ) .  T h e  s t e e l s  a l l  c o n t a i n e d  0 . 0 5  o r  0 . 0 6  C,  a n d  

t h e  o t h e r  e l e m e n t s  t h a t  w e r e  p r e s e n t  a r e  l i s t e d  i n  T a b l e  I ,  

t o g e t h e r  w i t h  t h e  e s t i m a t e d  c a r b o n i t r i d e  s o l u t i o n  t e m p e r a t u r e s .  

T h e  Rs  t i m e s  f o r  t h e s e  m a t e r i a l s  a r e  d i s p l a y e d  a s  a  f u n c t i o n  o f  

t e m p e r a t u r e  i n  F i g .  7 .  I n  t h i s  d i a g r a m ,  t h r e e  t r e n d s  a r e  o f  

i n t e r e s t :

( i )  C o m p a r e d  t o  t h e  p l a i n  C m a t e r i a l ,  t h e  a d d i t i o n  o f

0 . 1 1 5  V p r o d u c e s  t h e  l ^ a s t  r e t a r d a t i o n ,  w h e r e a s  t h e  

c o m b i n a t i o n  0 . 0 4 0  Nb -  0 . 3 0  Mo p r o d u c e s  t h e  m o s t ,  

f o l l o w e d  b y  t h e  0 . 0 3 5  Nb a d d i t i o n .

( i i )  A t  t e m p e r a t u r e s  ( e . g .  9 0 0 ° C )  a n d  t i m e s  ( e . g .  20 s )  

t h a t  p e r m i t  d y n a m i c  p r e c i p i t a t i o n ,  t h e  RTT c u r v e s  b r e a k  

t o  t h e  r i g h t ,  i n  k e e p i n g  w i t h  t h e  w e l l - k n o w n  p h e n o m e n o n  

o b s e r v e d  u n d e r  c o n d i t i o n s  o f  s t a t i c  r e c r y s t a l l i z a t i o n .

( i i i )  E v e n  a t  t h e  h i g h e s t  t e s t i n g  t e m p e r a t u r e  o f  1 1 5 0 °C ,  

w h i c h  i s  w e l l  a b o v e  Tg o l  f o r  t h e s e  m a t e r i a l s ,  t h e  o r d e r  

a n d  r e l a t i v e  s p a c i n g  d e t e r m i n e d  a t  l o w e r  t e m p e r a t u r e s  

r e m a i n  v a l i d .



I t  s h o u l d  b e  p a r t i c u l a r l y  n o t e d  t h a t  t h e  RTT c u r v e s  r e m a i n  

p a r a l l e l  f r o m  1 1 5 0  dow n  t o  a b o u t  1 0 0 0 °C .  T h u s  t h e  d e g r e e  o f  

s o l u t e  r e t a r d a t i o n  ( r e l a t i v e  t o  t h e  p l a i n  C s t e e l )  r e m a i n s  

a p p r o x i m a t e l y  c o n s t a n t  f r o m  a b o v e  t h e  t o  t h e  v i c i n i t y  o f

t h e  n o s e  o f  t h e  PTT c u r v e .

T h e  I m p o r t a r i c e  o f  G r a i n  B o u n d a ; ry  P r e c i p i t a t i o n

B e f o r e  t e r m i n a t i n g  t h i s  d i s c u s s i o n  c o n c e r n i n g  t h e  p r e c i s e  

r o l e  o f  c a r b o n i t r i d e  p r e c i p i t a t i o n  i n  r e t a r d i n g  a u s t e n i t e  r e ­

c r y s t a l l i z a t i o n ,  i t  i s  n e c e s s a r y  t o  r e t u r n  t o  t h e  t o p i c  o f  g r a i n  

b o u n d a r y  p r e c i p i t a t i o n ,  w h i c h  w a s  m e n t i o n e d  b r i e f l y  a b o v e  w h e n  

t h e  r e s e a r c h  o f  H a n s e n  e t  a l .  ( 1 4 )  w a s  r e v i e w e d .  As c a n  b e  s e e n  

f r o m  F i g .  2 ,  t h e  i n i t i a t i o n  o f  g r a i n  b o u n d a r y  p r e c i p i t a t i o n  

p r e c e d e d  t h a t  o f  m a t r i x  p r e c i p i t a t i o n  b y  a b o u t  h a l f  a n  o r d e r  o f  

m a g n i t u d e  i n  t i m e  ( 1 4 ) .  B o t h  t h e s e  p r o c e s s e s  b e g a n  b e f o r e  t h e  

s t a r t  o f  r e c r y s t a l l i z a t i o n  i n  t h e  t e m p e r a t u r e  r a n g e  o f  i n t e r e s t  

(850  t o  9 5 0 ° C ) .  T h e s e  a u t h o r s ,  a n d  o t h e r s ,  h a v e  a c c o r d i n g l y  

c o n c l u d e d  t h a t  g r a i n  b o u n d a r y  ( r a t h e r  t h a n  m a t r i x )  p r e c i p i t a t i o n  

m ay  b e  t h e  p r o c e s s  r e s p o n s i b l e  f o r  t h e  i n h i b i t i o n  o f  r e c r y s t a l ­

l i z a t i o n ,  p a r t l y  b e c a u s e  r e c r y s t a l l i z a t i o n  i s  n o r m a l l y  n u c l e a t e d  

a t  t h e  g r a i n  b o u n d a r i e s ,  a n d  p a r t l y  b e c a u s e  i t  h a s  b e e n  a c k n o w l e d g e d  

b y  s e v e r a l  w o r k e r s  t h a t  m a t r i x  p r e c i p i t a t i o n  i s  f r e q u e n t l y  n o t  

i n i t i a t e d  s o o n  e n o u g h  t o  p r e v e n t  t h e  n u c l e a t i o n  o f  r e c r y s t a l l i z a ­

t i o n .

H e r e ,  h o w e v e r ,  a n  a l t e r n a t i v e  i n t e r p r e t a t i o n  i s  p r e s e n t e d  

a n d  e x p l o r e d .  F i r s t  o f  a l l ,  i t  i s  c o n s i d e r e d  t h a t  t h e  r e l e v a n t  

q u e s t i o n  i s  t h e  f o l l o w i n g :  ' D o e s  g r a i n  b o u n d a r y  p r e c i p i t a t i o n



b e g i n  b e f o r e  o r  a f t e r  t h e  s t a r t  o f  r e c r y s t a l l i z a t i o n  i n  a n

i d e n t i c a l  s t e e l  c o n t a i n i n g  n o  Nb ( i . e .  i n  a n  e q u i v a l e n t  p l a i n

C s t e e l ) ? '  I t  i s  e v i d e n t  f r o m  F i g .  2 t h a t  t h e  a n s w e r  t o  t h e

a b o v e  q u e r y  i s  ' a f t e r  R_ f o r  t h e  p l a i n  C s t e e l . '  T h a t  i s ,  i ns

t h e  e x p e r i m e n t s  o f  R e f .  ( 1 4 ) ,  g . b .  p r e c i p i t a t i o n  w a s  i n i t i a t e d  

w e l l  a f t e r  r e c r y s t a l l i z a t i o n  b e g a n  i n  t h e  p l a i n  C s t e e l ,  a n d  e v e n  

l a t e r  t h a n  t h e  t i m e  f o r  50% r e c r y s t a l l i z a t i o n .  T h u s  t h e  o c c u r ­

r e n c e  o f  g . b .  p r e c i p i t a t i o n  i s  u n l i k e l y  t o  b e  e f f e c t i v e  i n  a  

g i v e n  s t e e l  u n l e s s  s o m e  o t h e r  p r o c e s s ,  s u c h  a s  s o l u t e  r e t a r d a t i o n ,  

i s  a c t i n g  s o  a s  t o  p r e v e n t  r e c r y s t a l l i z a t i o n  u n t i l  p r e c i p i t a t i o n  

i s  w e l l  u n d e r  w a y .

Two f u r t h e r  c o m m e n t s  n e e d  b e  m a d e  a t  t h i s  p o i n t .

( a )  When s o l u t e s  s u c h  a s  Nb a r e  a d d e d  t o  a  s t e e l ,  n o t  o n l y  

i s  r e c r y s t a l l i z a t i o n  r e t a r d e d ,  b u t  t h e  r a t e  o f  r e c o v e r y  i s  

d e c r e a s e d  a s  w e l l  ( 1 3 , 1 7 , 1 8 ) .  As i t  i s  n o t  c l e a r  how g . b .  

n u c l e a t i o n  c a n  a f f e c t  t h e  r a t e  o f  r e c o v e r y ,  a  f u r t h e r  m e c h a n i s m ,  

s u c h  a s  s o l u t e  r e t a r d a t i o n ,  s e e m s  t o  b e  n e c e s s a r y  t o  e x p l a i n  t h e  

r e c o v e r y  r e s u l t s .

(b)  I t  h a s  b e e n  m a i n t a i n e d  b y  s o m e  r e s e a r c h e r s  t h a t  t h e  

t r u e  s t a r t  o f  p r e c i p i t a t i o n  m a y  n o t  b e  d e t e c t e d  b y  t h e  e x p e r i ­

m e n t a l  m e t h o d s  c u r r e n t l y  a v a i l a b l e ,  a n d  t h a t  i t  i s  t h e  t r u e  

s t a r t  t h a t  p r e c e d e s  Rg i n  t h e  u n m o d i f i e d  m a t e r i a l .  T h i s  i n t e r ­

p r e t a t i o n  c a n n o t  b e  c o m p l e t e l y  r u l e d  o u t ;  h o w e v e r ,  i n  t h e  

d e t a i l e d  s t u d y  o f  L u t o n  e t  a l .  ( 1 8 )  r e f e r r e d  t o  a b o v e ,  i t  w a s  

s h o w n  t h a t  a  c e r t a i n  m in im u m  v o l u m e  f r a c t i o n  o f  p r e c i p i t a t e  

( e . g .  0 . 0 2  v o l .  p c t . )  w a s  n e c e s s a r y  t o  a r r e s t  r e c r y s t a l l i z a t i o n .
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T h u s  t h e  v i e w  i s  t a k e n  h e r e  t h a t  t h e  e a r l y ,  u n d e t e c t a b l e  s t a g e s  

o f  p r e c i p i t a t i o n  a r e  u n l i k e l y  t o  b e  o f  i m p o r t a n c e  i n  p r o d u c i n g  

' p a n c a k i n g '  a n d  p r e v e n t i n g  r e c r y s t a l l i z a t i o n .

CONCLUSIONS

1 .  T h e  R t i m e s  f o r  t h e  s t a t i c  r e c r y s t a l l i z a t i o n  o fs
d e f o r m e d  m i c r o a l l o y e d  a u s t e n i t e s  f a l l  i n  t h e  r a n g e  10 t o  1 0 0  s

a t  9 5 0 °C .  The  P t i m e s  f o r  s i m i l a r  s t e e l s  a r e  a b o u t  10 t o  20 s .s
T h u s  i t  i s  f r e q u e n t l y  c o n c l u d e d  t h a t ,  d u r i n g  c o n t r o l  r o l l i n g  a t  

l o w e r  t e m p e r a t u r e s ,  r e c r y s t a l l i z a t i o n  i s  p r e v e n t e d  b y  t h e  

i n i t i a t i o n  o f  s t r a i n - i n d u c e d  p r e c i p i t a t i o n .

2 .  T h e  R t i m e s  f o r  t h e  s t a t i c  r e c r y s t a l l i z a t i o n  o fs
d e f o r m e d  p l a i n  C s t e e l s  f a l l  i n  t h e  r a n g e  0 . 1  t o  1 s  a t  9 5 0 °C .  

T h e s e  a r e  a b o u t  1J  o r d e r s  o f  m a g n i t u d e  s h o r t e r  t h a n  t h e  P g t i m e s  

f o r  m i c r o a l l o y e d  s t e e l s .  I t  i s  t h e r e f o r e  e v i d e n t  t h a t  t h e  p r o c e s s  

o f  p r e c i p i t a t i o n  i n  a n  o t h e r w i s e  u n a f f e c t e d  p l a i n  C s t e e l  c a n n o t  

a c t  r a p i d l y  e n o u g h  t o  p r e v e n t  r e c r y s t a l l i z a t i o n ,  d e s p i t e  t h e  

m o r e  c i r c u m s t a n t i a l  e v i d e n c e  s u m m a r i z e d  i n  C o n c l u s i ó n  1 a b o v e .

3 .  T h e  i n t e r r u p t e d  c o m p r e s s i o n  e x p e r i m e n t s  o f  L u t o n  e t  a l .  

(1 8 )  o n  a  c o n v e n t i o n a l  a n d  a  d e c a r b u r i z e d  a n d  d e n i t r i d e d  HSLA 

s t e e l  g i v e  s t r o n g  s u p p o r t  t o  t h e  v i e w  t h a t  t h e  p r e s e n c e  o f  a b o u t

0 .0 5 %  Nb i n  s o l u t i o n  r e t a r d s  b o t h  t h e  r e c o v e r y  a n d  t h e  r e c r y s t a l ­

l i z a t i o n  k i n e t i c s  b y  a b o u t  1 J  o r d e r s  o f  m a g n i t u d e  i n  t i m e .  T h i s  

c o n c l u s i ó n  i s  b a s e d  o n :  ( i )  t h e  c o i n c i d e n c e  o f  t h e  s o f t e n i n g  

c u r v e s  d e t e r m i n e d  a t  1 0 0 0 °C o n  t h e  c o n v e n t i o n a l  a n d  d e c a r b u r i z e d  

g r a d e s ;  a n d  ( i i )  t h e  m u c h  m o r e  r a p i d  s o f t e n i n g  k i n e t i c s  o f  t h e i r  

r e f e r e n c e  p l a i n  C s t e e l .
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4 .  S h o r t - t i m e  i n t e r r u p t e d  c o m p r e s s i o n  t e s t s  c a r r i e d  o u t  b y  

O u c h i  e t  a l .  ( 4 5 )  h a v e  p e r m i t t e d  t h e  r e l i a b l e  d e t e r m i n a t i o n  o f  

t h e  e f f e c t  o f  s e v e r a l  s o l u t e  e l e m e n t s  o n  t h e  r e c o v e r y  r a t e  o f  

d e f o r m e d  a u s t e n i t e  i n  t h e  i n t e r v a l  p r i o r  t o  t h e  i n i t i a t i o n  o f  

p r e c i p i t a t i o n .  T h e s e  t e s t s ,  i n  w h i c h  t h e  t i m e  i n  t h e  u n l o a d e d  

c o n d i t i o n  w a s  v a r i e d  dow n t o  0 . 1  s ,  s h o w  t h a t  t y p i c a l  a d d i t i o n s  

o f  Mn o r  Nb r e t a r d  t h e  r e c o v e r y  r a t e  b y  a b o u t  a n  o r d e r  o f  m a g n i -  

t u d e .  F o r  e q u i v a l e n t  a t o m  f r a c t i o n s ,  Nb i s  40 t o  50  t i m e s  a s  

e f f e c t i v e  a s  Mn. T h e  o t h e r  common a l l o y i n g  e l e m e n t s  h a v e  s o l u t e  

e f f e c t s  w h i c h  a r e  a l s o  i n  r e a s o n a b l e  a g r e e m e n t  w i t h  t h e  r a t i o n a l -  

i z a t i o n s  o f  A b r a h a m s o n  a n d  B l a k e n e y  ( 3 8 )  a n d  o f  R e f s .  ( 2 6 )  a n d  ( 3 5 ) .

5 .  T h e  d e t e r m i n a t i o n  o f  RTT d i a g r a m s  a t  t e m p e r a t u r e s  a b o v e  

t h e  p a r t i c u l a r  s o l u t i o n  t e m p e r a t u r e s  o f  t h e  r e s p e c t i v e  c a r b o n i -  

t r i d e s  p e r m i t s  a n  u n e q u i v o c a l  e s t i m a t e  t o  b e  m a d e  o f  t h e  s o l u t e  

r e t a r d a t i o n  p r o d u c e d  b y  t h e  r e l e v a n t  m i c r o a l l o y i n g  a d d i t i o n .

S u c h  e x p e r i m e n t s  ( 5 1 )  h a v e  s h o w n  t h a t  a t  t e m p e r a t u r e s  a b o v e  a b o u t  

1 0 0 0 °C ,  w h e r e  p r e c i p i t a t i o n  i s  n o  l o n g e r  o f  i m p o r t a n c e ,  t h e  

p r e s e n c e  o f  Mo a n d  Nb i n  s o l u t i o n  p r o d u c e s  s i g n i f i c a n t  r e t a r d a t i o n ,  

a n d  t h a t  V m a k e s  a  m u c h  s m a l l e r ,  b u t  d i s t i n c t ,  c o n t r i b u t i o n .

6 .  A l t h o u g h  g r a i n  b o u n d a r y  p r e c i p i t a t e s  c a n  i n f l u e n c e  t h e

r e c r y s t a l l i z a t i o n  p r o c e s s ,  t h e y  a r e  u n l i k e l y  t o  a f f e c t  t h e  p r o g r e s s

o f  s t a t i c  r e c o v e r y .  F u r t h e r m o r e ,  P_ f o r  g . b .  p r e c i p i t a t i o n  h a ss

b e e n  o b s e r v e d  t o  b e  g r e a t e r  t h a n  R f o r  p l a i n  C s t e e l .  T h u s ,  b ys

a n  e x t e n s i ó n  o f  C o n c l u s i ó n  2 a b o v e ,  g . b .  p r e c i p i t a t i o n  i s  j u d g e d  

n o t  t o  b e  t h e  m e c h a n i s m  r e s p o n s i b l e  f o r  d e l a y i n g  r e c r y s t a l l i z a t i o n  

u n t i l  m a t r i x  p r e c i p i t a t i o n  c a n  p l a y  i t s  p a r t i c u l a r  r o l e  i n  t h e  

p a n c a k i n g  p r o c e s s .
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24.

F i g .

F i g .  2

F i g .  3

F i g .  4

FIGURE CAPTIONS

RTT c u r v e ' f o r  a  0 . 1 7  C -  1 . 3 6  Mn p l a i n  C S t e e l  g i v e n  

t h e  l a r g e s t  p r e - d e f o r m a t i o n  c o m p a t i b l e  w i t h  t h e  

a b s e n c e  o f  d y n a m i c  r e c r y s t a l l i z a t i o n  ( 1 2 ) .

RTT c u r v e s  f o r  a  0 . 1 1  C -  1 . 3  Mn p l a i n  C a n d  a  0 . 1 1  C -

1 . 3 5  Mn -  0 . 0 3 1  Nb m i c r o a l l o y e d  s t e e l  h o t  r o l l e d  50% 

a t  9 5 0 ° C  ( l a t t e r  s o l u t i o n i z e d  a t  1 2 5 0 ° C ) .  PTT 

c u r v e s  f o r  b o t h  g r a i n  b o u n d a r y  a n d  m a t r i x  p r e c i p i t a t i o n  

(P o n l y )  f o r  t h e  Nb S t e e l  ( a f t e r  H a n s e n  e t  a l .  ( 1 4 ) ) .
9

C o m p a r i s q n  o f  s o m e  o f  t h e  s t a r t  t i m e s  f o r  Nb(CN) 

p r e c i p i t a t i o n  r e p o r t e d  i n  t h e  l i t e r a t u r e .  T h e  n u m b e r s  

a s s o c i a t e d  w i t h  t h e  c u r v e s  a r e  t h e  r e s p e c t i v e  r e f e r e n c e  

n u m b e r s  l i s t e d  i n  t h i s  p a p e r .

N o r m a l i z e d  s t a t i c  s o f t e n i n g  c u r v e s  f o r  s t e e l s  A,  B a n d  

C p r e s t r a i n e d  25% a t  a  s t r a i n  r a t e  o f  1 . 3  x  1 0 - 1 s _ 1 .

T h e  S t e e l  c o m p o s i t i o n s  a r e :  A -  0 . 0 5 5  C -  0 . 4 1  Mn;

B -  0 . 0 5  C -  0 . 9 2  Mn -  0 . 0 5 4  Nb -  0 . 0 0 5  N; C -  0 . 0 0 1 4  C -  

0 . 9 2  Mn -  0 . 0 5 4  Nb -  0 . 0 0 1  N ( a f t e r  L u t o n  e t  a l .  ( 1 8 ) ) .

(a )  1 0 0 0 ° C

(b)  950  °C

(c )  900  °C



25.

F i g .  5

F i g .  6

F i g .  7

E f f e c t  o f  t i m e  i n  t h e  u n l o a d e d  c o n d i t i o n  a n d  S t e e l  

c h e m i s t r y  o n  t h e  s o f t e n i n g  r a t i o .  S a m p l e s  w e r e  p r e -  

s t r a i n e d  25% b y  h o t  c o m p r e s s i o n .  T h e  S t e e l  c o m p o s i t i o n s  

a r e :  A -  0 . 0 5  C -  0 . 1 7  Mn; B -  0 . 1 3  C -  0 . 5 7  Mn;

C -  0 . 1 2  C -  1 . 3 0  Mn; D -  0 . 1 3  C -  1 . 3 5  Mn -  0 . 0 3  Nb ( 4 5 ) .

( a )  1 0 0 0 ° C

(b)  900  °C

RTT c u r v e s  f o r  a  0 . 4 0  C -  0 . 6 7  Mn p l a i n  C a n d  a

0 . 4 1  C -  0 . 6 8  Mn -  0 . 0 6 4  Nb m i c r o a l l o y e d  s t e e l  h o t

r o l l e d  25% a n d  h e l d  a t  e a c h  t e m p e r a t u r e  ( s t e e l s  p r e -

h e a t e d  f o r  1 h o u r  a t  1 2 0 0 ° C )  ( 1 3 ) .  T h e  a p p r o x i m a t e

s t a r t  ( r s ) a n d  f i n i s h  ( r f ) t i m e s  f o r  s t a t i c  r e c o v e r y

a r e  a l s o  s h o w n ,  a s  i s  t h e  s t a r t  t i m e  (P ) f o r  s t a t i cs

p r e c i p i t a t i o n  ( 2 2 ) .

RTT t i m e s  f o r  d y n a m i c  r e c r y s t a l l i z a t i o n  f o r  f o u r
- 3  - 1s t e e l s  t e s t e d  a t  a  s t r a i n  r a t e  o f  5 . 6  x  10 s  . N o t e  

t h a t  f o r  t h e  Nb a n d  V s t e e l s ,  r e s p e c t i v e l y , t h e  h i g h e r  

t w o  a n d  t h r e e  t e m p e r a t u r e s  a r e  a b o v e  t h e  c a r b o n i t r i d e  

s o l u t i o n  t e m p e r a t u r e s  ( s e e  T a b l e  I )  ( 5 1 ) .
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PRECIPITATION KINETICS AND SOLUTE 
STRENGTHENING IN HIGH TEMPERATURE 

AUSTENITES CONTAINING Al AND N

J. P. MICHELt and J. J. JOÑAS

Department of Mining and Metallurgical Engineering, McGill University, 3450 University St.,
Montreal, Cañada H3A 2A7

(Received 23 April; in revised form 19 August 1980)

Abstract—Hot torsion tests were performed on 6 plain C steels containing increasing concentrations of 
Al and N to maxima of 0.084 and 0.028% by weight respectively. The experiments were carried out at 
875, 900 and 925°C and at ten strain rates ranging from 6 x 10"“ to 0.6 s *. The dependence of the 
peak strain on strain rate and composition was established at each of the three temperatures; in this 
way, the kinetics for the dynamic precipitation of A1N were determined. At 875°C, precipitation was 
initiated after 6-11 s and was completed in 45-130 s. The rate of precipitation decreased with increasing 
temperature and increased with increasing Al concentration. No eflect of N concentration or of off- 
stoichiometry was observed. The present rate of A1N precipitation is similar to that of Nb(CN) and of 
VN in deformed materials; the retarding influence of Al in solution on recrystallization is considerably 
less than that of Nb however. The presence of Al in solid solution in y-Fe increases the flow stress by 
about 12 +  5% per 0.1 at.%; by contrast, N in solid solution leads to  a flow stress decrease of 9 +  5% 
per 0.1 at.%. The hardening and softening effeets of Al and N in y-Fe are discussed in terms of lattice 
parameter, modulus and electronic effeets.

Résumé—Nous avons effectué des essais de torsion á chaud dans six aciers au carbone contenant des 
concentrations croissantes en impuretés Al et N pouvant atteindre respectivement 0,084 et 0,028% en 
poids. Nos expériences ont été effectuées á 875, 900 et 925°C, pour dix vitesses de déformation difTérentes 
comprises entre 6 x 1 0 '4 et 0 ,6s " '.  Pour chacune des trois températures, nous avons mesuré la vari- 
ation de la déformation au pie en fonction de la vitesse de déformation et de la composition; nous avons 
ainsi déterminé la cinétique de la précipitation dynamique d’AlN. A 875°C, la précipitation commenpait 
aprés 6 á 11 secondes et elle était terminée au bout de 45 á 130 secondes. La vitesse de précipitation 
diminuait lorsqu’on augmentait la température et elle augmentait avec la teneur en Al. Nous n’avons pas 
observé d’effets de la teneur en N, ni de la non-stoechiométrie. La vitesse de précipitation d’AIN est 
semblable á celle de Nb(CN) et de VN dans les matériaux déformés; l’influence retardatrice de l’alumin- 
ium en solution sur la recristallisation est cependant considérablement inférieure á celle du niobium. La 
présence d’Al en solution solide dans le fer-y augmente la contrainte d’écoulement d’environ 12 ±  5% 
par 0,1 at%. Nous discutons les effets de durcissement et d’adoucissement de l’aluminium et de l’azote 
dans le fer y en fonction du paramétre réticulaire et des effets électroniques et de module.

Zusammenfassung—Hochtemperatur-Torsionsversuche wurden an sechs üblichen C-Stáhlen mit zuneh- 
mendem Al- und N-Gehalt bis zu maximal 0,084 bzw. 0,028 Gew.-% durchgeführt. Verformungstempera- 
turen waren 875, 900 und 925°C; zehn verschiedenen Verformungsgeschwindigkeiten im Bereich von
6 x 10-4 bis 0 ,6 s~ l wurden verwendet. Die Abhangigkeit der Spitzendehnung von der Dehngeschwin- 
digkeit und von der Zusammensetzung wurde bei alien drei Temperaturen bestimmt. So konnte die 
Kinetik fíir die dynamische Ausscheidung von A1N ermittelt werden. Bei 875°C beginnt Ausscheidung 
nach 6 bis 11 Sekunden und ist nach 45 bis 130 Sekunden beendet. Die Geschwindigkeit der Ausschei­
dung nahm mit ansteigender Temperatur ab und stieg mit zunehmendem Al-Gehalt an. Es wurde kein 
EinfluD durch die N-Konzentration oder durch Nichtstochiometrie beobachtet. Die beobachtete Gesch­
windigkeit der AIN-Ausscheidung ist áhnlich der von Nb(CN) und VN in verformten Materialien; die 
verzogernde W irkung des gelósien Al auf die Rekristallisation jedoch ist betrachtlich geringer ais die des 
Nb. Anwesenheit von gelóstem Al in y-Fe vergróBert die FlieBspannung um 12 ±  5% pro 0,1 At.-%: 
dagegen verursacht gelostes N eine Absenkung der FlieBspannung um 9 ±  5% pro 0.1 At.-%. Ver- und 
Entfestigungswirkung von Al und N in y-Fe werden anhand von Gitterparameter. Modul und elektro- 
nischen EfTekten diskutiert.

INTRODUCTION

The approximate precipitation kinetics of A1N have 
been determined in several annealed, low carbón 
steels in the temperature range 500-1000°C. For 
example, Leslie and co-workers [1], Vodopivec [2,3] 
and Ichiyama et al. [4], using the chemical extraction

t  On leave from Laboratoire de Physique du Solide, L..A.
C.N.R.S. No. 155, Ecole des Mines, Pare de Saurupt, 54042 
Nancy-Cedex, France.

method of Beeghly [5], reported that the temperature 
of most rapid precipitation lay variously in the range 
650-900°C. Somewhat similar results were obtained 
by Meyzaud [6 ], with the aid of an electrical resis- 
tivity technique. When the material is given a prior 
coid reduction of 60-70%, the rate of precipitation is 
increased [ 1, 6 ], as it is in the case of quenched, as 
opposed to annealed, samples [2,7], The influence of 
prior déformation at elevated temperatures is less well 
known. Nevertheless, Vodopivec [8 ] has shown, using
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the Beeghly technique, that a small torsional strain 
applied at 1100 ’C is sufficient to accelerate precipi­
tation by about two orders of magnitude in time with 
respect to undeformed austenite, In a later study [9], 
he attributed changes in the shape of the torqúe vs 
(time)* curve to the initiation of dynamic precipi- 
tation. By this means he deduced that the incubation 
time for this type of precipitation was 6  and 1 0  s re­
spectó vely at 1000 and 1100°C.

The formation of A1N can be of interest for a var- 
iety of reasons. When deposited on the austenite grain 
boundaries in massive form, it can lead to embrittle- 
ment [10-13] or to a decrease in hot 
workability [14-16], By contrast, when it forms as 
fine particles on dislocations, it can play a possible 
role in retarding both the nucleation of new grains, as 
well as their subsequent growth, in a manner some- 
what analogous to the effect of Nb(CN) and of VN in 
microalloyed steels. The study described below was 
therefore undertaken with the aim of exploring the 
extent to which A1N precipitation could be employed 
to retard austenite recrystallization during control 
rolling. Six Al-killed, plain C steels were prepared, 
with increasing Al and N concentrations to maxima 
of 0.084 and 0.028% by weight respectively. These 
were tested in the temperature range 875-925°C, and 
over the strain rate range 6  x 10~ 4 to 0 .6s " T h e  
results obtained were used to define the start and 
finish times for dynamic precipitation in the low 
gamma phase región. The flow stresses determined 
also permitted an evaluation of the solute hardening 
contribution of the Al and the alloy softening effect of 
the N additions. These solute strengthening and 
weakening phenomena are discussed below in terms 
of the lattice parameter, modulus and electronic 
effects of Al and N addition.

EXPERIMENTAL METHOD 
AND PROCEDURE

The method used to determine the precipitation 
kinetics of A1N was the indirect one developed by 
Weiss and Joñas [17,18], which is based on a mech- 
anical testing technique. This procedure involves the 
determination of the strain to the peak in stress (peak 
strain) during constant strain rate testing, a strain 
associated with the initiation of dynamic recrystaliza-

tion [19,20]. The peak strain is sensitive to strain rate 
and temperature, and also to the occurrence of dy­
namic precipitation during deformation. Under fixed 
testing conditions, it is a máximum in a given 
material when precipitation begins soon after the in­
itiation of flow and continúes until the peak strain is 
attained. By determining the dependence of peak 
strain on strain rate and temperature, the precipi­
tation start time can be detected more sensitively than 
by more conventional techniques, for which the míni­
mum particle diameter for detection or extraction is 
larger. The present procedure diflers from those 
reported earlier [17,18,21], however, in that it is 
based on torsion rather than on compression testing, 
and that it was addressed to the precipitation of Al, a 
non-transition element, rather than to that of a 
microalloying addition agent.

Six low carbón steels were studied, a reference 
material containing 0.06 C and 0.68 Mn, and five 
steels similar in their C and Mn levels, but containing 
increasing levels of Al and N. The compositions of 
these alloys are listed for reference in Table 1, together 
with the relevant Al/N ratios and solubility products. 
It should be noted that two of the steels (Nos 12 and 
13) had similar N levels, but their Al concentrations 
diflered by more than a ratio of 2:1. In an analogous 
way, two other steels (11 and 14) had similar Al levels, 
but with N concentrations diflering by more than 2:1. 
As will be seen below, it was possible in this way to 
distinguish between the effects of dissolving Al and N 
in the reference material. The influence of non-stoi- 
chiometric proportions of Al and N on the precipi­
tation kinetics was also determined in this way.

Prior to testing, the A1N was dissolved by holding 
the torsion specimens for 30min at 50°C above the 
solution temperature predicted by Darken et al. [22] 
(the latter are listed in the first row of Table 2). For 
the reference Steel, the preheat temperature was 
1000°C. The Ar3 temperatures for the present steels 
were determined by dilatometry [23] at cooling rates 
of 10~2, 10“ *, 1, and 10°Cs_ l, and range from 800°C 
at the highest cooling rate to 870°C at the slowest 
cooling rate. As reported in more detail by 
Andrews [24] both the Ae3 (see Table 2) and Ar3 tem­
peratures increase with the Al concentraron. Thus the 
lowest testing temperature was just at the limit of the 
fully y field for the higher Al alloys when tested isoth- 
ermally.

Table 1. Chemical composition (in wt%) of the materials investigated

Steel
series
No. C Mn P S Si Al N

[A1]-[N] (Al/N) (Al/N) 
x 105 wt at.

8 0.060 0.68 0.027 0.009 0.26 0.002 0.003 0.6 0.7 0.3
9 0.070 0.74 0.030 0.013 0.26 0.033 0.005 17 6.6 3.3

11 0.084 0.68 0.029 0.010 0.25 0.062 0.011 68 5.6 2.8
12 0.074 0.59 0.029 0.011 0.26 0.041 0.018 74 2.3 1.1
13 0.082 0.70 0.027 0.012 0.29 0.084 0.016 134 5.2 2.6
14 0.082 0.69 0.028 0.010 0.25 0.056 0.028 157 2.0 1.0
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Table 2. A1N solution temperature [22], austenite grain 
size, and equilibrium y-a transformation temperature [24] 

for the present materials

Steel
series 8 9 II 12 13 14
No.

A1N
solution
temperature 760 1018 1173 1180 1262 1280 

[22]
°C

Austenite
grain size 100 120 250 230 180 250

fim

Equilibrium
y-a
transformation 873 876 878 880 885 877 
temperature 

[24]
°C

The present solution time is considerably higher 
than the 5 s reported as necessary by Pont et al. [25], 
and was therefore judged to be adequate. After sol­
ution treatment, one sample of each Steel was 
quenched for determination of the austenite grain 
size. This led to the decoration of the austenite boun- 
daries by a thin layer of ferrite and to the grain sizes 
also shown in Table 2.

Following solution treatment, the samples were 
cooled to the testing temperature and testing was

t  The strain rates referred to here apply to the external 
layer of the sample and are expressed in terms of the equiv- 
alent or eflective strain rate (see below).

begun within 4 min. This was selected as the standard 
cooling interval as it coincided with the time required 
to pass from the highest solution temperature 
(1330°C) to the lowest testing temperature (875°C). 
Such a limited holding time is also too short to in- 
itiate the static precipitation of A1N in undeformed 
austenite [3].

Testing was performed on a closed-loop hydraulic 
torsion machine of the MTS type, which has been 
described elsewhere [26]. Prior to the present investi- 
gation, the machine was interfaced with a PD P-11-04 
minicomputer for data acquisition and plotting pur- 
poses. Specimens were machined out of 13 mm píate 
with their axes in the rolling direction. All the samples 
had gauge lengths of 25.4 mm and diameters of 
6.35 mm. The samples were heated and tested in a 
radiation fumace, under an atmosphere of flowing 
argón, which was introduced to minimize oxidation 
and decarburization. Ten testing strain rates were 
used; these were evenly distributed within the range 
6  x 10“ 4 to 0 .6s_1.f All 6  steels were deformed at 
875°C, whereas only steels 8 , 9, 11 and 13 were tested 
at 900 and 925°C.

RESULTS

Some typical flow curves are presented in Fig. 1 for 
Steel No. 13 (0.084 Al; 0.016 N) deformed at 900°C. 
Here the results are displayed in terms of eflective or 
equivalent stress, strain and strain rate at the surface 
of each sample. The equivalent strain at the surface is 
defined as:

=  y/V3 =  R0/V3 L  (1)

where y is the surface shear strain, R the specimen

E Q U IV A LEN T STRAIN

Fig. 1. Flow curves for Steel No. 13 determined at 900'"C at nine strain rates ranging from 6 x 10-4 to 
0.6 s ' 1. The results are displayed in terms of equivalent surface stress vs. equivalent surface strain.
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t  Note that the contribution to the total torque of a 
given material element is a strong function of the element 
radius r, as given by

R
x(r)-r2-dr.

Thus, during steady State flow, and on the assumption that 
t(r) océ015 oc r015, for example, T  =  (2ti/3.15) R3'z(R), so  
that the material in the interval say frpm 0.8 R to R pro­
vides some 50% of the total torque. On this basis, the 
occurrence of precipitation in the región 0.8 R < r < R 
will have a marked eflect on the torque, whether or not 
precipitation is occurring in the layers below r =  0.8 R. 
(These contribute only 50% of the total torque.) Further- 
more, within the región 0.8 R < r < R, the strain and 
strain rate vary by only ±  10%, so that the State of precipi­
tation in these layers can be considered to be fairly uni- 
form, to a first approximation. This is why it is possible, as 
will be demonstrated below, to determine precipitation 
kinetics by means of torsion testing, despite the large strain 
and strain rate gradients present within torsion samples. 
Nevertheless, both the strain and strain rate variation 
within the layer r > 0.8 R, as well as the much larger differ- 
ences between the valúes of these parameters above and 
below r =  0.8 R produce a variation in dislocation and 
precipítate density within the sample which is not present 
under compression testing conditions. Thus the present 
technique is less sensitive with regard to the determination 
of the peak strain and its dependence on the State of pre­
cipitation than is either axisymmetric or plañe strain com­
pression testing. In this respect it should be added that, in 
compression testing, because of the uniformity of flow, the 
rate sensitivity of the load m =  (31nF/31né), is a true (local) 
material property. as is the work hardening exponent 
n =  (31nF/c>lne)¿. By contrast, in torsion testing, because of 
the integration procedure for the torque discussed above, 
the equivalent exponents m and n are mean quantities. 
Because they are not locally defined material properties, 
they are termed coefficients rather than sensitivities in the 
present treatment.

t'adius, 0 the angle of twist, and L  the gauge iength. 
Thus the equivalent strain rate is given by 
The equivalent stress at the surface is in tum  derived 
from [27]:

éeq =  V/V3 (2 )

=  \ / 3 t  =  (3 + m + n) (3)

where t  is the surface shear stress, T is the measured 
torque or couple, m is (d\nT/d\nd)g, and 
n =  ((31n77<31n0)(,.t The coefficients m and n were 
evaluated at strain intervals of approx. 0 . 0 2  from the 
raw data on the assumption that the torque depends 
only on the instantaneous valúes of the angle of twist 
and the twist rate [28]. Such an approach led to m 
valúes which increased with strain from 0.09 and 0.10 
at e,,,, =  0.03 and 0.06 to about 0.15 during steady 
state flow. The valúes of the work hardening coeffi- 
cient n fell in the range 0.3 > n > -0 .3 .

The flow curves for the other materials had the 
same general appearance, i.e. dependence on strain 
and strain rate, as shown in Fig. 1 for Steel No. 13. In 
particular, they all displayed a peak in stress, indica- 
tive of dynamic recrystallization, and the peak strain 
increased with strain rate and decreasing temperatura, 
from a minimum of about 0 . 1 2  at the lowest strain 
rate to a máximum of about 0.92 at the highest strain 
rate. The detailed dependence of the peak strain on 
strain rate, and on the Al and N levels is illustrated in 
Fig. 2 for the six materials. It is evident from this 
figure that at 875, 900 and 925°C, ep in the reference 
Steel (No. 8 ) increases monotonically with strain rate,
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Fig. 2. Dependence of the peak strain ep on equivalent strain rate for the steels studied. (a) 875°C, (b) 
900°C, (c) 925°C. In each case the broken curve represents the ep behaviour of a hypothetical reference

Steel containing coarse precipitates.

in the normal manner [17,18,21], For the other 
steels, however, the bulge in the ep vs é relationship 
attributable to dynamic precipitation (as con- 
firm ed[29,30] by extensive electrón microscopy) is 
clearly evident. It is also apparent, by reference to 
Table 1, that the magnitude of the bulge increases 
with Al concentration; by contrast, it is not particu- 
larly sensitive to the N concentration, or to the solu- 
bility product [A1]*[N].

In Fig. 2, as in earlier studies of this 
kind [17,18,21], three different regions of ep vs. é 
dependence can be distinguished for the Al-N steels. 
At the highest strain rates (e.g. above about 1 0 “ 1 s -1 , 
depending on composition and temperature) there is

no dynamic precipitation during the 5 or so seconds 
required to  attain the peak strain. Thus the initiation 
of dynamic recrystallization is not influenced by a 
possible interaction with precipitation. Instead, the 
diñerences in peak strain in this región are primarily a 
reflection of the amount of Al in solution in each Steel 
prior to precipitation (see below); ep is also influenced 
by differences in the austenite grain size[31], and 
possibly in the N level.

In the intermedíate strain rate región (about
3 x 10- 3  to 10_1  s “ \depending on composition and 
temperature), the occurrence of dynamic precipitation 
during the strain interval prior to the peak stress can 
lead to substantial increases in ep. This arises because
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fine precipitates are deposited on the sub-boundaries 
that form during deformation in this strain rate inter- 
val, impeding first the nucleation of new grains and 
then their subsequent growth [29,30], The degree to 
which dynamic recrystallization is retarded in this 
región (with respect to the broken curve representing 
€p in the presence of coarse precipitates—see below) is 
proportional to the volume fraction of precipítate 
formed prior to attaining the peak strain. As noted 
above, this appears to increase with the atom fraction 
of Al present and is not related to the N concen­
traron. A possible explanation of this observation is 
that the diffusion of Al (and not of N, an interstitial) is 
rate controlling with respect to the dynamic precipi­
tation of A1N.

In the low strain rate región (below about 10“ 3 s ~ \  
depending on composition and temperature), dynamic 
precipitation is initiated early in the test and is com- 
pleted before the peak strain is attainedf [17,18]. 
Once dynamic precipitation is complete, the fine par- 
ticles deposited on the dislocations coarsen rapidly 
with continued straining [29,30], and so become too 
large to pin the sub-boundaries with any effective- 
ness [32]. It is worthy of note that in this strain rate 
interval, ep in the Al-N steels is significantly less than 
ep for the reference plain C Steel. It is also appreciably 
less than the valúes of ep reported for plain C steels in 
earlier investigations [17,18,21]. The difference in ep 
is even greater when the Al steels are compared with 
the Nb microalloyed steels in this strain rate range. 
The unusually small peak strain in the Al-N steels 
containing coarse precipitates cannot be simply attri- 
buted to a grain size effect, as it would require a much 
finer grain size in the Al steels than in the Nb or plain 
C ones [31], and the opposite trend was observed (see 
Table 2). The present results suggest instead that dy- 
namically ripened A1N has a higher mean particle 
diameter than dynamically ripened Nb(CN). The lat- 
ter attains a mean size of about 0.1 /an at a strain of
0.75 (29,30). If the coarsened A1N particles reach the 
size range of ~0.5/xm,t they can aid rather than 
retard recrystallization by inducing strain gradients in 
their vicinity during deformation, thus enhancing the 
nucleation of new grains [34]. It should be remarked 
that the steel with the highest atom fraction of dis- 
solved Al (No. 13) is also the one that is susceptible to 
the most rapid coarsening. This is indicated by the 
rapidity of the drop in ep as the é is decreased from its 
valué at the position of máximum deviation from the

t  The validity of the above statement is restricted to 875 
and 90CTC (Figs 2a and 2b), temperaturas at which precipi­
tation is fairly rapid. At 925°C (Fig. 2c), because of the 
approach of the solution temperature, the time for the 
completion of precipitation (200-600 s) is so long that no 
appreciable precipítate coarsening is produced prior to  the 
peak strain at the lowest strain rate (3 x 10"4 s ' ' )  used in 
the present test series.

í  The size distribution of the A1N particles, and its 
dependence on strain, strain rate. temperature, holding 
time, composition, etc., will form the subject of the future 
investigation [33],

reference curve for material with coarse precipítate. 
Such a possible increased propensity to coarsening 
may lead to problems in the utilization of A!N pre­
cipitation for the prevention of recrystallization dur­
ing thermomechanical processing.

P T T  Curves for Dynamic Precipitation

The rate of dynamic precipitation appears to rep- 
resent the upper limit to the rate of static precipi­
tation in heavily deformed materials [17,18]. It is 
therefore of special interest with respect to metal pro­
cessing methods such as control rolling. The P, and 
Pf times for A1N precipitation during deformation are 
presented in Fig. 3, and were deduced from the ep vs k 
curves of Fig. 2 according to the method of Refs [17] 
and [18]. Here Ps — e“/és, where ep is the peak strain 
at which the slope of the Al-N curve first deviates 
noticeably from the slope of the reference curve, and 
és is the relevant strain rate. At é5, dynamic precipi­
tation is initiated just prior to €p. In a similar manner, 
Pf =  ep/éf, where €p is the peak strain at which the 
slopes of the Al-N and reference curves are again 
equal and éf is the relevant strain rate. At éf, dynamic 
precipitation is terminated at ep. As the strain rate is 
decreased below éf, dynamic precipitation is com- 
pleted at smaller and smaller strains and the amount 
of precipítate coarsening taking place during defor­
mation to the peak stress increases, thus reducing the 
peak strain.

From Fig. 3 it can be seen that dynamic precipi­
tation is most rapid at 875°C, beginning in about 6  

to 11 s in the present materials. (The results for steel 
No. 9—0.033 Al and 0.005 N—have not been included 
here as the interaction between precipitation and re­
crystallization was considered to be too weak to per- 
mit the determination of Ps and P{ with confidence.) 
It is also apparent from the curves that, as already 
suggested above, the rate of precipitation increases 
with Al concentration. The finish time for precipi­
tation, for example, decreases from about 130 to 4 5  s. 
as the Al level is increased from 0.041 to 0.084%. As 
the temperature is increased to 900 and 925°C, both 
Ps and Pf increase. The slope for the 0.084 Al material 
is higher than that for the 0.062 Al material, however, 
in keeping with the higher solubility temperature per- 
taining to the former steel. (Steels 12 and 14 were not 
tested at 900 and 925°C.) It should be noted that 
steels 13 and 14, which had the highest and similar 
solubility products (Table 1), but different Al/N ratios, 
had distinctly different Pt times at 875°C. Steels 11 
and 13, on the other hand, with almost equal Al/N 
ratios of 2 . 8  and 2 .6 , respectively, had less differen- 
tiated P f times, which were less than those of steels 12 
and 14, with Al/N ratios of 1.1 and 1.0. These obser- 
vations indícate that, for equal solubility products, 
off-stoichiometric compositions on the Al-rich side 
have faster kinetics than stoichiometric ones. As inii- 
cated earlier, this could be related, via the smaller 
mean free path, to the role of Al diffusion as the rate 
controlling process in precipítate growth.
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Fig. 3. PTT curves for the dynamic precipitation of A1N determined from the ep vs é data of Fig. 2.

Comparison o f flow stresses

The flow stresses corresponding to an equivalent 
strain of 0.03 at 875°C are presented in Fig. 4 for the 
six materials. These are of interest in that they rep- 
resent a level of strain which precedes the initiation of 
dynamic precipitation, so that essentially all of the 
metastable Al and N are still in solution. Although 
there is a fair amount of scatter, it is evident that the 
flow stress of the steels increases fairly regularly with 
Al concentration.

For the purpose of assessing the dependence of flow 
stress on composition more precisely, straight lines

t  The detalled dependence on strain rate has an upward 
curvature, of course.

were fitted to the experimental pointsf by the method 
of least squares; this Ied to correlation coefficients of 
0.95 or better. The relative strengthening was then 
assessed in terms of the expression:

Aff,(%) =  ffiI ~  ° 8 x 100 (4)

Here ax is the flow stress of the Al-N Steel under 
consideration and <r8 is that of the reference plain C 
Steel (No. 8 ). The relative strengthening calculated in 
this way for strains of 0.03 and 0.06 is collected and 
presented in Table 3. Here it can be seen that the flow 
stress increases in the order: steel Nos 8 , 9, 14, 12, 11, 
and 13. This is in the order of increasing Al concen­
tration, except for steel No. 14, which is out of

Fig. 4. Dependence of the flow stress at 875°C and an equivalent strain of 0.03 on strain rate for the six 
steels tested. The strengthening effect of increasing Al concentration is evident; the influence of N on 
flow stress can be discerned by comparing the fits for steel No. 11 (0.011 N) and steel No. 14 (0.028 N).

A.M. 29/3—D
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Table 3. Relative increase in flow stress (%), with respect to 
the reference material, attributable to high temperature 

solute strengthening

Steel No. 
12 13 14

Tem perature'
Strain*

e 2 f l f2 e l e2

875 1 3 20 20 15 15 21 22 10 11

900 16 13 28 28 — — 36 3 4 --------

925 8 15 24 22 — — 27 2 6 --------

• e ,= 0 .0 3  e2 =  0.06.

yield stress. Such an observation is in turn consistent 
with the view that the macroscopic yield stress at high 
temperatures is controlled by a dynamic recovery 
mechanism, i.e. that ‘yielding’ corresponds to the 
beginning of stage III deformation [35], According to 
this view, it is normal for the temperature and strain 
rate dependence of the yield stress to be closely simi­
lar to that of the peak or of the steady state stress. 
The increase in peak stress with Al concenfration 
depicted in Fig. 5 corresponds approximately to 12% 
per 0.1 at.% of Al addition, but the scatter is too great 
to permit an estímate to be made of the effect of N 
addition.

sequence, but which contains the highest N level, 
namely 0.028%. A comparison of the fitted lines 
reveáis that the dependence on Al concentration 
vanes somewhat with temperature and strain rate, but 
falls in the overall range of about 12 +  5 % per 
0.1 at.% Al addition over the complete range of the 
alloys. In a similar way, the decrease in flow stress 
with N concentration amounts to about 9 ±  5% per 
0.1 at.% N addition. The reasons why N in solution 
can Iead to a form of high temperature solute soften- 
ing will be considered in more detail in the Dis- 
cussion.

The dependence of the peak stress on strain rate 
and composition at 875°C is depicted in Fig. 5. These 
dependences incorpórate both those of the yield stress 
shown previously and of the amount of work harden- 
ing accumulated between yielding and the attainment 
of the peak. It is evident from Fig. 5 that the peak 
stress increases with strain rate as well as Al concen­
tration, in broad agreement with the dependence of 
Fig. 4. This indicates that the influence of Al and N 
addition on the amount of work hardening to the 
peak does not difler greatly from its influence on the

DISCUSSION

Precipitation kinetics o f AIN: comparison with previous 
workers

The present results are compared, in Fig. 6 , with 
PTT curves deduced from data presented in the litera- 
ture [1 ,2 ,8 ,9 ] for temperatures above 800°C. For 
undeformed steels, two sets of results are shown. The 
first is the Pf relation reported by Leslie et al. [1] for 
a material containing 0.058% Al, 0.0058% N, and 
0.35 Mn, following solution treatment at 1260°C. The 
second refers to curves for 10% and 90% completion 
of precipitation deduced from the observations pub- 
lished by Vodopivec[2] for a composition with
0.051% Al, 0.0073 N, and 0.36 Mn, following solution 
treatment at 1300°C. Comparison with the present 
data indicates that concurrent deformation acceler- 
ates the precipitation process by more than an order 
of magnitude in time. This effect can be attributed tp 
the higher density of dislocations present in deformed 
steels which can serve as nucleation sites, as well as to 
the point defects introduced during straining which 
can, with the dislocations, accelerate the rate of dif- 
fusion. A similar dependence on temperature is dis­
played by both the static and dynamic data.

Fig. 5. Dependence of the peak stress at 875'C on equivalent strain rate. This stress also increases with 
Al concentration but has a higher rate sensitivity (0.19) than the flow stresses of Fig. 4 (0.09).
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Fig. 6. Comparison of PTT curves for the static and dynamic precipitation of AIN. (S: precipitation
start; F: precipitation finish).

With respect to the kinetics of dynamic precipi­
tation, three points have been reported by Vodopi- 
vec [8 ,9] as corresponding to the start of transform- 
ation for a Steel containing 0.073% Al and 0.010% N. 
These results conflict to a certain extent with the 
present ones in that similar incubation times were 
observed for markedly higher deformation tempera- 
tures. A possible explanation for this divergence lies 
in the difference in Mn levels, 0.36% for Vodopivec 
and 0.7% in the current study. This element may have 
the same retarding effect on AIN precipitation as it 
does on that of Nb(CN) and of VN. For example, 
Akben et al. [21] have shown that an addition of 0.8% 
Mn can retard the kinetics of Nb(CN) precipitation 
by more than one order of magnitude. This was attri- 
buted to the decrease in C activity associated with 
Mn addition [36]. A similar dependence on Mn con- 
centration has been noted by Woodhead [37] for VN 
precipitation in V microalloyed steels.

It is of interest that the start and finish times for 
AIN precipitation are closely similar to those estab- 
lishd for the Nb(CN) and VN reactions [17,18,21] at 
similar temperatures and Mn levels. Such an obser­
varon suggests that the deposition of AIN on sub- 
boundary dislocations could be an effective agent for 
the retardation of static and dynamic recrystallization 
during Steel rolling. Indeed, as evident from Fig. 7, the 
retardation of dynamic recrystallization produced by 
AIN precipitation (as measured by the increase in ep 
in the vicinity of the ‘bulge’), is similar in magnitude 
in steels containing the three types of addition agents. 
The prevention of recrystallization, however. cannot 
be achieved by a precipitation reaction alone. Because 
of the rapidity of recrystallization in plain C steels in 
the vicinity of 900°C, e.g. recrystallization is complete 
in times of 1 s or less, the recrystallization process 
must be delayed by some other means for at least 1 0  s

until the precipitation process itself can play a role. 
As indicated in Fig. 7 and discussed in more detail in 
Ref. [21], the influence of solutes on the retardation of 
recrystallization can be assessed from the position of 
the ep vs é curve at high strain rates; under these 
conditions, recrystallization precedes precipitation. It 
is evident from the figure that Nb in solution is par- 
ticularly effective in retarding austenite recrystalliza­
tion in this way. On an atom fraction basis, V is much 
less effective, so that an order of magnitude more is 
required for equal retardation. The presence of Al in 
solution appears to have a small and similar retarding 
effect on austenite recrystallization, per atom fraction, 
as that of V and distinctly less than that of Nb. This is 
somewhat surprising in that Al and Nb have similar 
atomic diameters (see Table 4) and the elastic moduli 
of Al differ from those of y-Fe by at least as much as 
those of Nb. Some of the factors that make Al a less 
powerful solute in Steel than Nb will be discussed in 
more detail below. For the moment, it is apparent 
that it is the much smaller retarding effect of AI in 
solution than Nb which makes the Al- N steels less 
suitable candidates for control rolling than the 
N b-C -N  steels, and not the difference in the kinetics 
of precipitation or in the amount of interaction 
between the precipitates and the deformation sub- 
structure.

Effect o f Al and N  in solid solution

The apparent hardening and softening effeets of Al 
and N, respectively, were presented in Fig. 4 above. 
Although the conventional theories of solute harden­
ing [38] are primarily addressed to lower tempera- 
tures, i.e. to the plateau stress and the low tempera- 
ture thermally activated región, it will nevertheless be 
of interest to explore the possible contribution to the 
flow stress of y-iron of the lattice parameter and.
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Fig. 7. Comparison of the peak strain vs. strain rate relationship expected for steels in which Nb(CN), 
VN or A1N is precipitating during testing. The curves are based on the present results and those of Refs 
18 and 21, and have been adjusted to represent a  fixed composition of 0.05 C and 1.25 Mn and a 
standardized method of testing by hot compression. It can be seen that the height of the ‘hum p’ in the ep 
vs € curve with respect to the reference plain C Steel is about the same for the three precipitating systems. 
By contrast, at high strain rates (prior to precipitation), Nb in solution has a much greater effect in 

retarding dynamic recrystallization than either V or Al.

modulus changes that attend the addition of Al and N 
to the iron lattice. Such a comparison must, by its 
nature, be a preliminary one, as the high temperature 
yield stress is controlled by dynamic recovery mech- 
anisms and is below the plateau stress, and in any 
event the available data for lattice parameter and 
modulus changes in y-Fe are scarce. For this purpose, 
some literature data concerning mean atomic diam- 
eter and modulus are collected and displayed in Table 
IV, not only for N and Al, but also for C, Si, P, S, V, 
Mn and Nb. The table includes the solubility limit at 
1000°C (a rough measure of atomic size misfit and 
electronegativity difference), and the percent strength- 
ening (per 0 .1  at.% of solute) estimated from this 
investigation and from the literature. The lattice par­
ameter data are presented both as the normalized dif­
ference in diameter between '/-Fe and the solute, as 
well as the atomic size misfit parameter 
(l/a)(da/dc)-100, when these data are available. In a 
similar way, the modulus data are quoted as normal­
ized diñerences in modulus, and also as the modulus 
mismatch parameters (l/E)(dE/dc)' 100 and 
(l/¿)(d^í/dc)* 1 0 0 , depending on availability.

Examination of Table 4 shows that, whereas the 
substitutional elements uniformly lead to hardening 
effects of varying magnitudes, the interstitials C and

t  The following valúes of atomic radius, in Á, based on 
metallic bonding and a coordination number of 12, were 
used in the preparation of Table IV: Nb — 1.468; 
Al -  1.432; V -  1.346; Si -  1.319; Mn -  1.304; P -  1.28; 
Fe -  1.274; S -  1.27; C -  0.92; and N -  0.88 (44).

particularly N produce softening in austenite at about 
900°C. Such softening has a ready interpretation in 
terms of the large increase in lattice parameter pro- 
duced by the addition of interstitials. As the mean 
distance between atoms is increased (column 5), so the 
modulus decreases significantly (column 7). In ad­
dition to lattice dilation, there is an electronic com- 
ponent to the change in modulus. The magnitude of 
this component has not been reported in the literature 
for y-Fe, but can be estimated for carbón addition to 
a-Fe from the work of Speich et al. [39] by subtract- 
ing the observed change in modulus from the modulus 
change expected purely on the basis of lattice dilata- 
tion or contraction. The valué for the electronic com­
ponent listed in Table 4 for C (column 10) is positive, 
thus offsetting in part the effect of lattice dilation. For 
N, no firm data are available, even for a-Fe, but as the 
diameter of the N atom is less than that of the C 
atomf, somewhat less dilation is expected. The 
smaller lattice dilation produced by N addition 
should lead in tum  to a smaller degree of modulus 
decrease for N than for C addition. The admittedly 
scant information displayed in the table therefore sug- 
gests that the greater softening effect of N than C is 
probably associated with the greater electronic effect 
of N on the Fe lattice than C because N is further 
from Fe in the periodic table than is C (see Fig. 8 ).

Comparison o f the effectiveness o f the substitutional 
elements

A comparison of the strengthening effects of the 
substitutional elements reveáis some interesting con-
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Fig. 8. Dependence of the strengthening or weakening eflect of solute addition on the number of ground 
State p electrons of the solute. Only the magnitude and not the sign of the eflect is represented, as in the 
diagrams of Abrahamson and co-workers [55-58], Interstitial and substitutional elements produce

softening and hardening respectively.

trasts. For example, all the elements of Table 4, with 
the possible exception of S, which has a marginally 
smaller atom than Fe (see previous footnotet), lead to 
lattice dilation in a-Fe. The lattice dilation, in turn, 
can be expected to produce a decrease in modulus in 
the cases of the remaining elements. Such a decrease 
is in fact observed experimentally for Al, Mn, and Si, 
but not for V. due apparently to an electronic interac- 
tion [39]. No data are available for Nb, although an 
even greater electronic efTect is expected [21,39], and 
the eflects of P and S are not known.

The hardening attributable to the substitutional 
solutes in Table IV increases in the order: Si, Mn, V, 
P, Al, S and Nb. The considerations discussed above 
suggest that the modest hardening observed for Si 
and Mn is probably electronic in origin, as the size 
differences are small, and the addition of either ele- 
ment to Fe leads to a modulus decrease rather than 
an increasej. The addition of V does not lead to a 
change in modulus, despite lattice dilation, again 
because of an electronic interaction [39], so that the 
strengthening reported can be attributed to a combi- 
nation of size and electronic eflects. With P and S, 
insufficient data are available to assess the importance 
of the modulus or electronic influences.

A clearer case, perhaps, is that of Al, the addition of 
which clearly decreases the modulus of a-Fe [49],

í  We are concerned here particularly with the eflect of 
substitutional solutes on the dynamic recovery mechanism 
at 900-1000°C. It is nevertheless possible that Si and Mn 
actually lead to softening at 0 K, as predicted from the 
modulus changes, and that the hardening observed at 
1000°C is due to changes in the shape and density of the 
obstacles to flow [38]. It is unfortunately difficult to verify 
or reject this hypothesis because of the changeover to other 
rate controlling mechanisms as the experimental tempera- 
ture is decreased.

Nevertheless, hardening is observed (Table 4 ), and the 
modulus eflect can be considered to be overcome by 
the size and electronic differences. With regard to the 
latter, it is relevant that Nb has essentially the same 
size difference with respect to Fe as Al, and thus a 
similar eflect on lattice dilation and modulus change 
can be expected. The much larger hardening associ- 
ated with Nb in solution therefore appears to be a 
purely electronic eflect [ 2 1 ],

In summary then, the data available to date indi- 
cate that when the present substitutional solutes are 
added to a-Fe, only modulus decreases are observed. 
If these trends are followed in y-Fe, the strengthening 
produced by these elements in austenite is likely to 
involve, in addition to size eflects per se, appreciable 
electronic interactions. The significant role played by 
the latter may, in turn, be associated with the impor­
tance of dynamic recovery in this temperature región, 
rather than of the plateau hardening processes.

A possible rationalization for the strengthening effect of 
the non-transition elements in y-Fe

Before dismissing the subject of the possible elec­
tronic eflects of solutes in y-Fe, it will be useful to 
re-examine the rationalization first introduced by 
Abrahamson and Grant in 1958 [55] to account for 
the influence of the non-transition ‘p-electron’ ele­
ments on the fracture transition temperature of Cr. 
This approach has since been extended to the change 
in recrystallization temperature produced when 
various transition elements are added to host tran­
sition elements selected from groups IVa, Va, Vía and 
VIII of the periodic table. In the later investigations, 
the validity of the Abrahamson and Grant model was 
demonstrated for f.c.c. [56] and b.c.c. [57], as well as 
h.c.p. [58] lattices.
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The strengthening data obtained in this study are 
presented in Fig. 8 in terms of the number of ground 
state p electrons of the particular solute element. The 
results of the other workers referred to in Table 4 are 
also included. Although the number of data points is 
small, the V-pattern displayed by the observations, 
with a mínimum at p =  2 for C and Si, follows exactly 
the overall pattern previously reported for C r[55], 
Whereas the magnitude of the effect varíes with the 
number of p electrons, in the present case the sign of 
the interaction is negative for interstitials and positive 
for substitutionals. By contrast, Abrahamson [56-58] 
noted that individual substitutional elements could 
either accelerate or retard recrystallization with no 
pattern apparent for the sign of the interaction. Miss- 
ing from the illustration are data points for the 
influence of Be and O in y-Fe. This can be expected to 
be significant, even though the solubilities of these 
elements in y-Fe are rather limited (about 3% at. Be 
as a substitutional at 1000°C and 0.02% at. O as an 
interstitial at 950°C [40]).

CONCLUSIONS

The hot deformation, by torsion, of a series of Fe- 
Al-N steels has permitted the determination of the 
flow characteristics and of the dynamic recrystalliza­
tion behaviour of these materials. These tests, carried 
out at 875, 900 and 925°C, and at ten strain rates 
from 6  x 1 0 " “ to 0 . 6  s ' 1, have led to the following 
conclusions:

1. The kinetics for the dynamic precipitation of 
A1N, as determined from the dependence of the peak 
strain on strain rate, are more than an order of mag­
nitude faster than the kinetics for static precipitation 
reported in the literature. The rate of precipitation 
decreases with temperature, indicating that the nose 
of the C-curve is below 875°C, i.e. below the y-a 
transformaron temperature. It increases with Al con­
centraron, but is independent of N concentration, 
suggesting that the diffusion of Al is rate limiting.

2. The kinetics of A1N precipitation in plain C 
steels are similar to those of Nb(CN) and of VN in 
microalloyed steels. This suggests a possible appli- 
cation in metal processing. The much weaker effect of 
Al in solution than of Nb in retarding recrystalliza­
tion, however, appears to be the primary reason why 
it is more diflficult to use Al additions to prevent aus­
tenite recrystallization.

3. The precipitation of A1N on dislocations during 
deformation leads to a marked increase in peak 
strain, which is a measure of the effectiveness of a fine 
dispersión of such particles in retarding recrystalliza­
tion. The rapid coarsening of these particles, after dy­
namic precipitation is complete, promotes rather than 
hinders recrystallization; this phenomena has not 
been observed in equivalent Nb or V microalloyed 
steels.

4. The presence of up to 0.084% Al in solid solution 
in y-Fe at around 900°C increases the flow stress by 
12 ±  5% per 0 .1 at.% of addition. At high strain rates, 
where precipitation is absent, it increases the peak 
strain by about 8 % per 0.1 at.%, indicating that Al in 
solution retards dynamic recrystallization to a modest 
degree. The presence of up to 0.028% N in solid sol­
ution in y-Fe at around 900°C decrtases the flow 
stress by 9 +  5% per 0.1 at.% of addition. Due to the 
scatter in the results, the effect of N in solution on the 
ease of recrystallization could not be determined.

5. The presence of interstitial N, like that of C, 
dilates the lattice of y-Fe and therefore decreases the 
elastic moduli. The softening produced by these ele­
ments in y-Fe appears to be primarily a modulus 
effect, but the greater influence of N than of C prob- 
ably involves an electronic component. The presence 
of Al in solution in y-Fe, like that of N, dilates the 
lattice and decreases the elastic moduli. The harden- 
ing produced by Al addition is attributable partly to a 
size effect and partly to an electronic effect. The latter 
is much weaker for Al than for Nb, which has the 
same atomic diameter, but which produces signifi- 
cantly greater strengthening and retardation of recrys­
tallization when in solution in y-Fe.
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Abstract—Constant strain rate hot compression tests were carried out on a 0.06% C - 1.43% Mn refer- 
ence Steel, a 0.115% V-l.25%  Mn microalloyed Steel, and two Nb steels containing 0.035% N b -1.25% 
Mn and 0.035% Nb-1.90% Mn, the latter steels all containing 0.05% C. Measurement of the peak strains 
at 875, 900 and 925°C over a range of strain rates permitted the determination of the PTT curves for 
dynamic precipitation, as well as the relative eflectiveness of Nb and V in solution on retarding dynamic 
recrystallization. The results indícate that increasing the Mn level from 0.42 to 1.9% in the Nb-based 
steels shifts the nose of the C-curve to the right, decreasing the rate of precipitation by more than one 
order of magnitude. This change is associated with the increase in carbonitride solubility caused by Mn 
addition. The nose of the PTT curve for VN precipitation in deformed austenite is located at about 25 s, 
indicating a similarity in the precipitation kinetics of V and Nb at equivalent Mn levels. The greater 
eflectiveness of Nb than V in promoting paneaking during control rolling at a given temperature is 
linked to the considerably greater influence of Nb as solute on the retardation of austenite recrystalliza­
tion, rather than on differences in their precipitation behaviour. The difference in the effectiveness of 
these solutes is attributed primarily to the greater dissimilarity in electronic structure between Nb and 
Fe than between V and Fe, and secondarily to the greater atomic size discrepancy between Nb and Fe 
than between V and Fe. The yield strength of austenite was observed to increase by about 1.3, 7 and 70% 
respectively per 0.1 atomic % of Mn, V and Nb in solution. The magnitude of this effect follows the rank 
order for the differences in electronic structure and atomic diameter.

Résumé—Nous avons effectué des essais de compression á chaud et á vitesse de déformation constante 
sur un acier de référence 0,06% C-1,43% Mn, sur un acier microallié 0,115% V 1,25% Mn et sur deux 
aciers au niobium contenant respectivement 0,035% Nb-1,25% Mn et 0,035% Nb-1,90% Mn, ainsi que 
0,05% C. La mesure des déformations maximals á 875, 900 et 925°C dans une large gamme de vitesses de 
déformation a permis de déterminer les courbes PTT de la précipitation dynamique, ainsi que l’efficacité 
relative du niobium et du vanadium en solution en ce qui concerne le retardement de la recristallisation 
dynamique. Nos résultats m ontrent qu'une augmentation de la teneur en manganése de 0,42 á 1,9% dans 
les aciers á base de niobium déplace le nez de la courbe C vers la droite. abaissant ainsi la vitesse de 
précipitation de plus d'un ordre de grandeur. A ce changement est associée l’augmentation de la solubi- 
íité du carbonitrure produite par l'addition de Mn. Le nez de la courbe PTT de la précipitation de VN 
dans l’austénite déformée est située aux environs de 25 s, ce qui montre une certaine similitude entre les 
cinétiques de précipitation du V et du Nb pou/ des teneurs équivalentes en Mn. La plus grande efficacité 
du Nb, par rapport au V, á favoriser la structure en crépes au cours du laminage de contróle á une 
température donnée est liée á l’influence considérablement plus grande du niobium comme soluté pour 
retarder la recristallisation de l’austénite, plutót qu’á des différences dans la précipitation. La différence 
d’efficacité de ces solutés est attribuée principalement á une plus grande différence de structure électroni- 
que entre Nb et Fe qu’entre V et Fe, et secondairement á la plus grande différence de taille atomique 
entre Nb et Fe qu’entre V et Fe. La limite élastique de l’austénite augmente respectivement d’environ 
1,3; 7 et 70% par 0,1 at% de Mn, de V et de Nb en solution. La grandeur de cet effet suit le classement 
par ordre de grandeur des différences de structure électronique et de diamétre atomique.

Zusammenfassung— Druckversuche wurden mit konstanter Verformungsgeschwindigkeit bei hoher 
Temperatur an verschiedenen Stahlen durchgeführt: an einem Referenzstahl 0.06% C-1,43% Mn, an 
einem mikrolegierten Stahl 6,115% V-1,25% Mn und an zwei Nb-Stahlen mit 0,035% Nb-1,25% Mn 
und 0,035% Nb-1,90% Mn, die auBerdem 0,05% C enthielten. Messungen der Spitzendehnungen bei 875, 
900 und 925°C bei verschiedenen Verformungsgeschwindigkeiten erlaubten, die PTT-Kurven für die 
dynamische Ausscheidung und auch die relative W irksamkeit des gelósten Niobs und des Vanadiums 
bei der Verzogerung der dynamischen Rekristallisation zu bestimmen. Die Ergebnisse zeigen, daB ein 
Anstieg des Mn-Gehaltes von 0,42 auf 1,9% in den Stahlen auf Nb-Basis die Nase in den C-Kurven nach 
rechts verschiebt, wobei die Ausscheidungsrate um über eine GróBenordnung verringert wird. Diese 
Ánderung geht einher mit einer ansteigenden, durch die Mn-Zugabe erzeugten Carbonitrid-Lóslichkeit. 
Die Nase der PTT-Kurve für VN-Ausscheidung im verformten Austenit liegt bei etwa 25 s, was auf 
áhnliche Ausscheidungskinetik von V und Nb bei gleichwertigen Mn-Gehalten hindeutet. Die gróBere 
Wirksamkeit von Nb gegenüber V, das testweise durchgefuhrte Herunterwalzen bei einer gegebenen 
Temperatur zu fordern, hangt mit dem betrachtlich groBeren EinfluB des gelósten Nb auf die Verzóger-
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ung der Austenit-Rekristallisation zusammen, also nicht mit Untcrschicdcn im Ausschcideungsverhalten. 
Der Unterschied in der Wirksamkeit dieser Lósungsatome wird dcm gróBcrcn Untcrschied crslens in 
der elektronischen Struktur und zweitens im Atomdurchmesser bei Nb und Fe vcrglichen mit V und Fe 
zugeschrieben. Die FlieBgrenze von Austenit stieg um 1,3",,, 7"„ und 70"„ pro 0,1 At.",. gclosten Mn. V 
und Nb. Die GróBe dieses Effektes folgt der Rangordnung der DifTcrenzen in elektonischer Struktur und 
im Atomdurchmesser.

INTRODUCTION
In an earlier investigation [1,2], a new method was 
proposed for determining the kinetics of dynamic pre­
cipitation in microalloyed austenite. This technique 
was applied to two steels containing 0.018% and 
0.035% Nb (as well as 0.05/0.06% C and 0.42% Mn) 
with the view of esiablishing the limiting kinetics for 
static precipitation in deformed austenite. In the 
analysis of the data, it was demonstrated that the 
retardation of static recrystallization in austenite is 
due to two distinct effects: the first is the retardation 
due to the presence of Nb in solution in the austenite; 
the second is the further retardation due to precipita­
tion during the finishing stages of rolling. The essen- 
tial function of the first phenomenon is to prevent 
recrystallization until the second process, which 
involves a delay time, can be initiated.

In the study described below, this technique was 
applied to a 0.035% Nb Steel similar to the one inves- 
tigated earlier, but with concentrations of Mn (1.25% 
and 1.90%) considerably higher than in the previous 
experiments. The object of this work was to determine 
the influence of Mn addition on the kinetics of preci­
pitation ofNb(CN). In a second part of the investiga­
tion, the rate of dynamic precipitation of VN was 
measured in a 0.05C-1.20M n-0.115 V-0.006N Steel, 
together with the effect of V in solution on the retard­
ation of dynamic recrystallization. The results indi- 
cate that the considerably weaker influence of V addi­
tion (in the absence of Nb) on retarding austenite 
recrystallization during finish rolling can be attri- 
buted to the much smaller influence of V as solute 
when compared to Nb. The measurements also per- 
mit a comparison to be made between the flow stress 
increases caused by Nb, V and Mn addition. The 
much higher effect of Nb in solution is interpreted in 
terms of the differences between Fe and the relevant 
alloying element with respect to (i) electronic struc- 
ture primarily, and (ii) atomic diameter secondarily.

EXPERIMENTAL MATERIALS & METHODS

With the purpose of investigating the effects of Nb,
V and Mn singly and in combination on the dynamic

recrystallization bchaviour of austenite, a series of 
HSLA steels and a reference plain carbón Steel were 
prepared in the Physical Metallurgy Research Labor­
atories of the Department of Energy, Mines and 
Resources, Ottawa. The chemical compositions of the 
four steels examined in this study are given in Table 1. 
The steels were prepared as follows: They were 
melted in an induction furnace in 230 kg heats and 
Al-killed. Each heat was cast into three 70 kg cylindri- 
cal ingots. Both ends were cropped and the ingots 
were cut into two cylindrical sections weighing 
roughly 23 kg each. They were soaked in an oil fired 
furnace for 2 h at 1200°C prior to being forged down 
to 67 mm thick slabs. These slabs were soaked for 2 h 
at 1250°C in an clectric Globar furnace then hot 
rolled down to a final thickness of 13 mm in a revers- 
ing mili.

The samples were machined from the plates with 
the compression axis along the rolling direction. The 
ends of the samples were grooved to retain the glass 
lubricants used to minimizo friction between the end 
faces of the sample and the test equipment.

Preliminary compression tests producted elliptical 
sample shapes as a result of the rolling texture. To 
elimínate this. the samples were vacuum annealed at 
1000°C for 2 h and then water quenched. Immediately 
prior to testing, each sample was austenitized in the 
test chamber described below for half an hour in an 
argón atmosphere. The austenitizing temperatures 
were 1100°C for the two Nb steels, 1045°C for the V 
Steel and 1030°C for the plain carbón Steel. These 
temperatures were chosen to ensure the complete 
solution of the V and Nb carbonitrides and led to 
mean austenite grain sizes of 110, 100, 130 and 
120 um  for the C. V, 1.25 Mn Nb and 1.9Mn-Nb 
steels respectively. A typical set of microstructures for 
these Steel is shown in Fig. 1. After solulionizing. each 
sample was cooled to the test temperature at an aver- 
age rate of I C/s.

Constant true strain rate compression tests were 
performed on a modified Instron testing machine, 
details of which have been given elsewhere [3], The 
tests were carried out isothermally at 875, 900 and 
925°C within an Inconel muffle, i.e. the test chamber,

Table 1. Chemical composition of materials tested. wt%

Steel type C Mn S Al Si Nb V

Plain carbón 
V-bearing 
Nb-bearing 
Nb-bearing 

(high Mn)

0.06 1.43 0.012 0.006 0.025 0.24
0.05 1.20 0.012 0.006 0.030 0.25 — 0.115
0.05 1.25 0.012 0.006 0.030 0.27 0.035 -
0.06 1.90 0.010 0.006 0.030 0.225 0.035 - -  

N ^  0.006
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Fig 1. Typical microstructure (x400) of each steel after \  hour of austenitization: (a) plain C steel: 
1030 C, (b) V steel: 1045°C, (c) 1.25% M n-N b Steel: 1100°C, (d) 1.90% M n-N b Steel: 1 100°C.

under an argón atmosphere. The muffle was heated 
by a Satec split three-zone platinum resistance fur- 
nace with a capacity of 14.5 amp per zone. These tests 
were controlled with the aid of a Honeywell 4020 
process control Computer which was also used for 
data acquisition and plotting purposes. Thus, the true 
stress-true strain curves were available immediately 
after each experiment.

RESULTS

Two typical sets of flow curves for the four steels 
investigated are shown in Fig. 2. At a strain rate of 
5 x 10~ 4 s~ ' (Fig. 2a), the early onset of dynamic 
recrystallization in the plain C Steel is indicated by 
the relatively low valúes of peak strain (ep =  0 .2 1 ) and 
peak stress (ap = 64 MPa). By contrast, in the V steel, 
the peak strain (ep = 0.35) is about 65% higher and in 
the two Nb steels (e„ = 0.57 and 0.64) they are 
between two and three times higher. As will be seen

t  At a strain rate of 5 x 1 0 '‘ s _ l, the tests depicted in 
Fig. 2a each took about 1600s to perform. Thus the peak 
strain was reached in the V steel in about 700 s and, on the 
basis of the precipitation kinetics presented in Fig. 5 below, 
it is apparent that dynamic precipitation was taking place 
during most of this interval.

below, the difference between the V and C steels is 
essentially a precipítate effectt, whereas the greater 
difference between the Nb and C steels is largely a 
solute effect, with some assistance from precipitation.

These differences in the behaviours of the four 
steels can be seen to better effect in Fig. 2b, where the 
flow curves were determined at a strain rate of 
3.5 x 10“ 2 s_ l, so that each test took only about 20s 
to complete. Under these conditions (see Figs. 4 and 5 
below), no dynamic precipitation took place in the 
Nb and V steels prior to the peak strain, so that the 
inequalities in the peak strains reflect differences in 
the solute rather than in the precipítate effects. It is 
evident from the figure that the peak strain for the V 
steel (ep =  0.39) is only slightly greater than that for 
the C steel (ep = 0.36), whereas the two Nb steels have 
peak strains 0.70 for the 1.25% Mn steel and 0.67 for 
the 1.90% Mn steel) roughly twice that of the plain C 
steel. These observations indícate that, at a strain rate 
of 3.5 x 10' 2 s “ ’, the presence of V in supersaturated 
solid solution retards dynamic recrystallization (in­
creases the peak strain) to a much smaller extent than 
does the presence of 0.035% Nb.

The interpretation of Fig. 2 described above is 
based on the results obtained over a wider range of 
strain rates which are presented in Fig. 3. Here the

A.M. 29/1—H
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strain rate interval over which dynamic precipitation 
aflects the peak strain can be seen more clearly from 
the presence of ‘humps' on the otherwise smooth ep 
vs. é relationships for the Nb and V steels. At strain 
rates to the right of the humps. the peak strain is 
reached in times too short (e.g. 10  s) to permit signifi- 
cant precipitation during the work hardening interval. 
Thus the retardation of dynamic recrystallization with 
respect to the plain C steel is largely attributable to 
the presence in solution of 0.115% (0.126 atomic %) V 
and 0.035°/o (0.022 atomic %) N bt. The much greater 
influence of the Nb per atom fraction on the peak 
strain is of considerable interest and will be examined 
more closely in the Discussion. The greatest retarding 
eflect of Nb as solute on the nucleation of recrystal­
lization extends to static as well as to dynamic con- 
ditions. Thus it has implications on the control rolling 
of microalloyed steels which will also be considered in 
more detai 1 below.

At strain rates to the left of the hump, the peak 
strains are reached in times of 1 0 0 0  s or more. Under 
these conditions, precipitation begins early during 
straining, is completed, and then followed by rapid 
coarsening [4.5]. The coarse precipitates formed in 
this way are no longer able to pin the sub-boundaries 
and so to retard the nucleation of dynamic recrystal­
lization. Thus the retardation of dynamic recrystal­
lization in this range with respect to the plain C steel 
is due to the Nb and V remaining in solution (i.e. to 
the equilibrium solute), although a contribution from 
the coarse precipitates [1, 2] is also possible. In the 
present experiments, the amount of equilibrium solute 
after precipitation is about half that of the total solute 
present prior to precipitation [ 6 ], so that the solute 
eflect can be expected to be somewhat less evident at 
the left as opposcd to the right of the diagram. (Note 
that the strain rates used to establish the positions of 
the humps in Fig. 3 are in the range 5 x 10" 4 to 
5 x 10“ 2 s 1 and are well removed from rolling mili 
strain rates. However, the laboratory strain rates are 
dictated by the kinetics of the precipitation process 
under study and even if, for example. a high speed 
cam plastometer were available, it would still, accord- 
ing to the present method. have to be employed in the 
above rate interval.)

DYNAMIC PRECIPITATION KINETICS

The PTT curves for the dynamic precipitation of 
Nb(C. N) were derived from Fig. 3, and from similar 
plots for 900 and 925°C. using the method developed 
by Weiss and Joñas [1,2], The results obtained for 
the two Nb steels are presented in Fig. 4, together

t  Prior to dynamic precipitation at each experimentul 
temperature, some of the Nb and V is present in the form 
of supersaturated solute and some in the form of equilib­
rium solute.

O OI 0 2  0 3 0-4 0-5 0-6 0 7 0-8 
TR U E STRAIN

Fig, 2a. Flow curves for the four steels investigated deter- 
mined at a strain rate of 5 x 10"4 s ' 1. The greater peak 
strain in the V as opposed to the plain C Steel is primarily 
due to dynamic precipitation in the former material during 
the test. The considerably higher peak strains in the Nb 
steels are due to the superposition of both precipítate and 

solute eflects.

TRUE STRAIN

Fig. 2b. Flow curves for the present steels at a strain rate of 
3.5 x 10“ 2 s “ 1. No dynamic precipitation took place at 
these strain rates in the microalloyed steels. The high peak 
strains in the Nb steels are thus associated with significant 
solute eflects. The similarity in the plain C and V flow 
curves is due to the small solute eflect attributable to the 

latter element.
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Fig. 3. Dependence of the peak strain on strain rate at 875°C for the four materials. Differences in the 
general levels of the curves are attributed to a solute effect. The ‘humps’ located in particular strain rate 
ranges are associated with the occurrence of dynamic precipitation during the test at these strain rates. 
(The peak strains at high strain rates for the Nb steels represented by<Jhand + -  were determined in

torsion by the method of Ref [7]).

with the data for the 0.42% Mn steelf reported pre- 
viously [1]. It can be seen that an increase in the Mn 
concentration from 0.42 to 1.9% moves the PTT curve 
sharply to the right, by more than one order of mag- 
nitude in time. That is, the addition of Mn decreases 
the rate of pre'cipitation of Nb(C, N). The shape of the 
curves is also changed slightly, in a manner consistent 
with the observations of V. R. Golik et al. [9] that 
raising the Mn concentration from 0.75 to 1.28% in- 
creases the solubility of the carbides in steels of 
0.16%C, with Nb concentrations of 0.08-0.29%. Note 
that the noses of these curves remain in the vicinity of 
900°C, indicating that the addition of Mn not only 
decreases the nucleation rate, but also modifies the 
diffusion-controlled branch of the C-curve.

The PTT curve for the V Steel is presented in Fig. 5, 
together with the curve of Fig. 4 for the Nb steel at 
the same level of Mn concentration. It can be seen 
that the nose of the VN curve is at a somewhat lower 
temperature (885 vs. 905°C) in keeping with the lower

t  The 0.42% Mn steel tested previously contained 0.057% 
Al and 0.05% Si, whereas the present steels are based on
0.025% Al and 0.24% Si. These differences in Al and Si 
concentration are not considered to be significant for the 
purposes of the present discussion. This is because, while 
the two diameter ratios Nb/Fe and Al/Fe are similar at 
about 1.15 (see Table 2 below), as are the smaller ratios
V 'Fe and Si/Fe at about 1.05 (see Table 2), Al and Si not 
being transition elements, have much smaller electronic 
efTects than Nb and V, respectively [7], It is also evident 
that the electronic effeets play a greater role in retarding 
austenite recrystallization and in raising the high tempera- 
ture yield stress than the size effect [7, 8].

estimated solubility temperature of the VN (985 vs. 
996°C). Of greater importance are the time coordin- 
ates of the noses of the curves, which are situated at 
about 16 and 26 s for the Nb and V-based materials, 
respectively, and are therefore fairly cióse. The present 
observations thus indícate that the rate of precipita­
tion of VN during déformation (i.e. during compres- 
sion tests which can last up to lOOOs or more) is 
approximately equal to the rate of dynamic precipita­
tion of Nb(C,N). By analogy, the rate of static preci­
pitation of VN in the presence o f dislocations can be 
assumed about equal to the rate of precipitation of 
Nb(C, N) in pre-strained austenite (as determined, for 
example, by the method of Refs. [1] and [2]). The 
latter statement conflicts, however, with the common 
observation [6.10-15] that, at a given temperature, V 
additions are less effective than Nb additions in pro- 
moting paneaking and in preventing austenite recrys­
tallization during finish rolling. The resolution of this 
seeming paradox relies on the interaction between the 
effeets of Nb and V as solutes on the one hand and as 
precipítate formers on the other. As will be shown 
below, it is the difference between the influence of Nb 
and V in solution as already suggested above (and not 
between their precipítate forming tendencies) that is 
primarily responsible for the higher effectiveness of 
Nb as an agent of y and % grain refinement.

DISCUSSION

The roles of Nb and V as solutes in microalloyed 
austenite are not well understood. This is partly



116 AKBEN et al.: DYNAMIC PRECIPITATIO N  AND SO LUTE HARDENING IN STEEL

1025

1 0 0 0

975

o
* 950

ui<E=> 925I-<
CE
U1
|  9 0 0
Uit-

875

8 5 0

825

10° I0 1 10* 10

T I M E  , >

Fig. 4. PTT curves for the dynamic precipitation of Nb(CN) in the present Nb steels determined from 
Fig. 2 and from equivalent data for 900 and 925°C. The results obtained previously [1] on a low Mn 
Steel are also included. It is evident that the addition of Mn decreases the rate of precipitation of

Nb(CN).

because they are usually present at such low concen­
trations (e.g. 0 . 0 2  and 0.1 atomic percent, respectively 
in the present case, compared to C at about 0.25 
atomic percent), that detectable effects are not gener- 
ally expected. Nevertheless, there are both experimen­

tal and theoretical reasons for considering that the 
transition elements can have important solute effects 
in gamma iron. For example, the experiments of 
Luton et al. [16] on a decarburized and denitrided 
Nb Steel have shown that Nb in solution retards both

1 0 0 0
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8 7 5
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I01 I02 I03

T IME , s
Fig. 5. PTT curve for the dynamic precipitation of VN in the present V Steel determined from Fig. 2 and 
from the data for 900 and 925°C. The C-curve from Fig. 3 for the Nb steel at the same Mn level is also 
depicted, indicating that the kinetics of precipitation of Nb and V are similar in steel containing

dislocations.
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Table 2. Elements in decreasing order 
of atomic size difference with 

iron [18]

ax > <¥' ax < Of,

Y C
Hf, Zr, Hg, U B

Nb, Ta, Tí, Ag, Al S
W, Mo, Se, Zn, Pd P

Te, Pt, Ir, V Be
Rh, Si, Mn

Cr, Ni, Co ^  Fe.

static recovery and static recrystallization by about 
one order of magnitude in time compared to an 
equivalent plain C steel. In a similar way, the work of 
White and Owen [14] on a V steel conducted above 
the solubility temperatures of VN and VC has 
demonstrated that V in solution retards the recrystal­
lization of austenite with respect to a reference plain 
C steel. With regard to the retardation of dynamic 
recrystallization, the torsion data of Fig. 3 determined

t  It should be noted that, even when elements have the 
same number of s and d electrons, it is still possible to rank 
their relative effects on the recrystallization temperature of 
alpha iron, as shown in Fig. 6 . Here the influence of Hf, Zr 
and Ti is in the order just given, in keeping with their 
ranking in Table 2. From this observation it is also appar­
ent that the number of free electrons has an appreciably 
stronger influence than the number of filled electrón shells 
(atomic diameter).

at 3 s _1 and cam plastometer tests carried out at a 
strain rate of 55 s ' 1 (and therefore in about 20 ms) 
indícate that the peak strains for V and Nb steels are 
higher than for C steels, even when there is insuffi- 
cient time for dynamic precipitation [17].

If these observations are taken as reliabie, they can 
be most readily interpreted in terms of the atomic size 
and electronic differences between Nb and V as 
solutes and Fe as solvent. For example, following 
Pearson[18], we can prepare the following Table 2 
giving the ranking order for the size differences 
between gamma iron and the transition metáis, as 
well as between iron and some of the other common 
alloying elements. It is apparent from this table that, 
at equal atom fractions in solution, Nb at a size differ­
ence of 15% is likely to have a stronger effect than V 
at 6 %.

With regard to the electronic differences, we adopt 
here the basic approach proposed by Abrahamson et 
al. [8,19,20], according to which the effect of solute 
addition on the recrystallization behaviour of Fe 
depends primarily on the number of s and d electrons 
in the outer shells of the respective elements in the 
ground State. For convenience, Abrahamson’s final 
plot is reproduced here as Fig. 6  with the addition of 
several elements (identified by crosses) which were not 
included in his investigation of 1960. The rank order 
is also summarized in Table 3t. From these results, it 
is evident that Nb has a considerably more powerful 
effect on the recrystallization kinetics of Fe than V.
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Fig. 6 . Effect of the addition of transition elements on the recrystallization temperature of deformed 
alpha iron (after Abrahamson [8]). The elements identified by crosses were not investigated by Abra­
hamson. and are located here in the positions indicated by the periodic table. According to the diagram, 
the eñectiveness of a given element in retarding recrystallization depends on the difference between the 

quantity (2s + d) for Fe and for the element, where s ~ 2 and d — 6 for Fe.
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Table 3. Transition clements in 
decreasing order of rate of 
change of recrystallization 

temperature

U. Y, Se
Th. Hf, Zr, Ti, Nb 
Ir, Pd
Ta, Mo, V. Cr 
W, Te
Au. Ag, Cu, Pt 
Re, Mn, Rh, Ru 
Os, Hg, Cd, Zn 
Ni, Co

Before comparing Abrahamson’s model to the present 
situation, however, two assumptions must be made. 
The first is that the ranking of Table 3 determined 
experimentally for alpha iron applies to gamma iron. 
This has not been demonstrated, but is reasonable in 
that (a) the phase transformation does not affect the 
electronic structure, and (b) the Abrahamson corre- 
lation has been demonstrated to be valid for f.c.c. [19] 
and h.c.p. [20], as well as b.c.c. [8 ] structures. The 
change in coordination number, on the other hand, 
implies that the slope in Fig. 6  does not apply to 
gamma iron, which will have a different proportion- 
ality factor. The second assumption concerns the con­
versión from isochronal to isothermal conditions, and 
stipulates that the rate of recrystallization at a fixed  
temperature follows the ranking given in Table 3 for 
the temperature of recrystallization at a fixed time, 
inasmuch as these are kinetically equivalent.

Superposition o f solute and precipítate effects

We are now prepared to interpret the results of 
Figs 3-5 in more detail. In the first place, we can say 
that the much greater effect of Nb in solution, per 
atom fraction, evident in Fig. 3 is consistent with the 
position of Nb well above that of V in both Tables 2 
and 3. For the time being, this justification remains 
qualitative, as a quantitative theory rela.ting the 
number of filled electrón shells and the number and 
type of free electrons to recovery and recrystallization 
rates is unfortunately lacking. Of continuing interest,, 
however, is the possible quantitative determination of 
the relative influence of Zr, Ti, Ta, Mo. etc. as solutes 
in austenite along the lines proposed by Abrahamson 
for alpha iron.

We turn at this point to Figs 4 and 5 and the 
observation that the dynamic precipitation kinetics of 
Nb and V in austenite at about 900°C are closely 
similar, whereas their effectiveness in promoting pan- 
caking during finish rolling is not [6,10-14]. This 
apparent discrepancy can be reconciled with the aid 
of Fig. 7, which is based on Fig. 2, as well as on 
Tables 2 and 3. In Fig. 7a, the retarding effect of Nb 
in solution on austenite recrystallization is indicated 
by the shift to the right of the RTT diagram with 
respect to the one for the plain C Steel. By means of 
this shift, the solute-modified RTT diagram interseets

Plain Carbón vs Nb Steel

TIME , s
Fig. 7a. PTT diagram for the present 0.035 N b -1.25 Mn 
Steel shown in relation to RTT diagrams for typical plain C 
and Nb-modified steels. The basic RTT curve for the Nb 
steel has been shifted considerably to the right of the plain 
C curve (1,2) by the solute effect depicted in Fig. 2. Note 
that precipitation does not begin in the Nb steel until after 

recrystallization is complete in the plain C Steel.

Plain Carbón vs V Steel

IO'1 10° lO1 I02 I03 I04
TIME , s

Fig. 7b. PTT diagram for the present 0.115 V-1.25 Mn steel 
shown in relation to RTT diagrams for typical plain C and 
V-modified steels. The basic RTT curve for the V steel has 
been shifted only slightly to the right, in keeping with the 
modest solute effect evident in Fig. 2. As a result, precipita­
tion cannot begin soon enough to prevent recrystallization 

in the V steel.

the PTT diagram for deformed austenite so that, as 
long as recrystallization precedes precipitation, e.g. at 
1000°C, the dislocations are eliminated, and the start 
of precipitation is delayed as given by the PTT curve 
for undeformed austenite [15,21]. Conversely, if pre­
cipitation begins before the start of recrystallization 
indicated by the solute-modified RTT curve, e.g. at 
900°C, then recrystallization is delayed for consider­
able periods [ 1, 2 ], leading to the paneaking of aus­
tenite during finish rolling. This sequence of events is 
modified in V steels that contain no Nb in the manner 
indicated in Fig. 7b. Here we see that the solute-modi- 
fied RTT curve is displaced only a small distance to 
the right of the plain C curve, as suggested by Fig. 3 
for dynamic recrystallization, and in keeping with the 
predicted effects of Tables 2 and 3. The small dis- 
placement of the RTT curve no longer permits it to 
intersect the PTT curve for the precipitation of VN in 
deformed austenite, so that recrystallization of the 
austenite will normally be followed much later if at 
all by precipitation in undeformed as opposed to
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deformed gamma iron. In this way, the precipitation 
of vanadium nitride is effectively delayed by the re- 
moval of the dislocations and, once initiated, comes 
too late to prevent austenite recrystallization, even at 
900°C. Three conclusions of relevance to industrial 
practice follow from this construction:

(i) In the absence of Nb. the precipitation of VN in 
austenite containing typical commercial quantities of
V in solution will be much less common than that of 
Nb(CN) in austenite containing Nb, despite the simi- 
larities in the kinetics of dynamic precipitation for 
these two species.

(ii) The relative rarity of VN precipitation in 
deformed austenite (and the consequent diminished 
effectiveness of V addition as an agent for the retard­
ation of austenite recrystallization) can be attributed 
to the much smaller retarding effect of V in solution 
on the rate of recrystallization, and not to any inher- 
ent sluggishness in the rate of precipitation of the 
nitride.

(iii) As a result of the above, for equal pancaking 
efficiency. lower finishing temperatures must be used 
with V as opposed to Nb microalloyed steels.

Effect o f Mn on the kinetics o f Nb(CN) precipitation

The influence of Mn addition on the rate of precipi­
tation of Nb(CN) can be deduced from the positions 
of the three C-curves of Fig. 4. This effect is illustrated 
in Fig. 8 in terms of the dependence of minimum 
precipitation time (nose of the C-curve) on Mn con­
centration. The time dependence can be linked to the 
increase in the solubility of niobium Carbide that ac- 
companies Mn addition which has been reported by 
both Russian [9] and Japanese [22] workers. The 
higher carbide solubility decreases the driving forcé 
for precipitation at a given temperature, which leads 
in turn to both a lower nucleation rate, as well as the 
steady rightwards displacement of the curves. In their 
more detailed investigation, Koyama el al. [2 2 ] 
showed that the addition of Mn leads to an increase 
in the activity coefficient of Nb in austenite. However. 
the decrease in the activity coefficient of C is greater 
in magnitude, and is responsible for the increase in 
the solubility of NbC. They reported that their obser- 
vations can be represented by the equation:

log[% Nb][% C] =  — 7970/T + 3.31 

+ (1371 ¡T -  0.900) [%Mn]

-  (75/T  -  0.0504)[°/oM n]2. (1)

This relationship leads to solution temperatures of 
1027, 996 and 991°C for the present 0.42, 1.25 and 
1.90% Mn steels. as indicated on Fig. 4. It should be 
noted that. as only the V-Mn composition was avail­
able for the investigation described here, the possibi- 
lity that Mn addition also decreases the precipitation 
rate and increases the solubility of VN could not be 
verified by the present technique. Woodhead [23], 
however. has recently considered this effect and

M ANGANESE CO N CEN TR A TIO N  , %

Fig. 8. The effect of Mn addition on the nose position of 
the Nb(CN) C-curves of Fig. 3.

reported results which are qualitatively similar to the 
ones discussed above for Nb.

Effect o f Mn, Nh and V addition on the flow stress

The addition of Mn. Nb and V to carbón steels can 
affect the flow stress in three diñerent ways. In the 
first place, there is the effect on the yield strength 
itself, which can be expected to follow the trends sug- 
gested in Tables 2 and 3 above, not only for Mn, Nb 
and V, but for the other transition metáis as well. 
Then there is the direct effect of Nb and V as precipí­
tate formers; thus when fine precipitates are present 
or being deposited. the work hardening rate can be 
predicted to rise above the normal level. leading to 
somewhat higher flow stresses. Finally there is the 
indirect effect of the precipitates, in terms of their pre- 
vention or retardation of static or dynamic recrystal­
lization. In hot strip milis, it is the third effect which is 
normally considered to play the largest single role in 
determining the separating forcé.

The eflects of Mn. Nb and V on the yield stress 
over the present strain rate range are presented in 
Fig. 9. It can be seen that V has a small effect, equiv­
alent to about a 7% increase in flow stress over the 
plain C steel per 0.1 atomic percent addition. In keep- 
ing with Tables 2 and 3. Nb has a much larger effect 
(at approximately the same Mn level), which works 
out to an increase of about 70% over the plain C steel 
per 0.1 at.% addition. Finally, when the Mn concen­
tration of the Nb steel is increased from 1.25 to 1.9%, 
a further increase in yield stress is produced, which is 
equivalent to about 1.3% per 0.1 atomic percent of 
Mn added. The smaller relative effect of Mn than of V 
is again consistent with the atomic size and electronic 
structure data presented above. It should be noted
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STRAIN RATE , s"'

Fig. 9. Dependence of the yield stress (open symbols) and peak stress (closed symbols) on strain rate at 
875°C for the four materials. The yield data demónstrate the relative strengthening effects of Nb, V and 
Mn addition. The peak stress data show similar trends, except that small 'humps' can be discerned over 
the strain rate ranges in which dynamic precipitation is occurring during a test. Note the large incrcase 
in the flow stress between generalized yielding and the peak. (The peak stresses at high strain rates for 

the Nb steel represented by and -*- were determined in torsion by the method of Ref. [7]).

that, at the elevated temperatures under consider­
aron, the yield stresses are 'recovery controlled’ and 
thus significantly below the plateau stresses. This 
appears to be the reason why solutes affect the flow 
stress largely via electronic rather than through size or 
modulus interactions [7],

The peak stresses are also presented in Fig. 9, from 
which an indication can be obtained of the effect of 
Mn, Nb and V addition on the rate and extent of 
work hardening. Two conclusions can be drawn from 
these curves. First, the precipitation of the carboni- 
trides in the strain rate ranges defined in Fig. 3 only 
makes a barely perceptible difference to the peak 
stress. Thus the increase in the rate of work hardening 
associated with the presence or formation of fine pre- 
cipitates is unlikely to be of practical importance. 
Second, the amount of work hardening in straining 
from the yield to the peak stress is large, representing 
an increase in flow stress by a factor of about 2.5, and 
is about equal for the four steels. (The somewhat 
smaller extent of work hardening prior to dynamic 
recrystallization in the 1.9 Mn steel is consistent with 
its slightly finer grain size after austenitization.) Thus 
the occurrence of complete recrystallization (or its 
absence) between mili passes will have a large and 
similar effect on the rolling load in subsequent passes 
for the four materials. However, the different kinetics 
of recrystallization displayed by these steels, as dis-

cussed above, will have different consequences during 
roughing and during finishing. During the carly stages 
of roughing, all four steels will recrystallize in full 
between passes, so that the rolling load will not be 
affected by the work hardening increment produced 
by the previous pass, but will instead be sensitivo to 
the effect of the alloying elements on the yield stress. 
During finishing, on the other hand. the work harden­
ing increment will be preserved in the Nb steels, 
absent in the plain C Steel, and partially present in the
V steel. In this way, the microalloying elements affect 
the rolling load during finishing primarily indirectly. 
through retarding recrystallization, rather than by 
their direct influence on the yield strength. even 
though solution phenomena play large roles in both 
of these effects.

Finally, it should be noted that the present tech­
nique involves the measurement of the kinetics of dy­
namic precipitation and of the critical strain for dy­
namic recrystallization. Conclusions are then drawn 
regarding the interaction between precipitation and 
recrystallization during straining and the importance 
of solute effects. Under rolling conditions, however, 
most of the carbonitrides precipítate statically (on dis­
locations) and the principal recrystallization process 
is a static one. Thus it is legitímate to enquire into the 
extent to which the present model based on dynamic 
tests can be considered to apply under static con-
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ditions. With regard to the relation between the kin­
etics for static and dynamic precipitation, it has been 
estab lished[l,2 ] that dynamic precipitation is some- 
what faster than static precipitation in deformed 
materials and represents the limiting case of speed. 
No significant error is therefore likely to arise as far 
as the precipitation aspect of the model of Fig. 7 is 
concerned. With regard to the relation between the 
peak strain e„ for dynamic recrystallization and the 
time, say, for 50% static recrystallization t50%, less is 
known. It is implicit in Fig. 7 that an increase in e„ 
observed experimentally due to Nb, V, Mn, Mo or Al 
addition, for example, will lead to qualitatively similar 
increases in t50%. The conversión factor relating ep to 
t foy has not, however, been measured quantitatively 
and should be determined before the present model 
can be considered to be fully justified.

CONCLUSIONS
The measurement of peak strain by means of hot 

compression in a reference plain C and three microal- 
loyed steels has led to the following conclusions.

1. An increase in Mn level from 0.42 to 1.9% in a 
0.05%C-0.035%Nb steel leads to a decrease in the 
rate of dynamic precipitation of the Nb(CN) by over 
one order of magnitude. This effect is associated with 
the decrease in the activity of the C and the increase 
in the solubility of the precipítate caused by the addi­
tion of Mn.

2. The rate of dynamic precipitation of VN in a
0.05% C -0.115% V steel is about equal to that of 
Nb(CN) in a 0.05%C-0.035%Nb steel containing the 
same amount (1.25%) of Mn.

3. With regard to the retardation of austenite re­
crystallization by solute effeets, 0.035% Nb has a 
much stronger influence than 0.115% V. Its more 
marked effectiveness is attributed primarily to the 
greater diflerence in electronic structure between Nb 
and Fe than between V and Fe, and secondarily to 
the appreciably greater atomic size diflerence between 
Nb and Fe than between V and Fe.

4. The lesser effectiveness of V than Nb in promot- 
ing the paneaking of austenite during control rolling 
at a given temperature is associated with the consider- 
ably smaller effect of V than Nb as solute on the 
retardation of austenite recrystallization.

5. The yield stress of austenite is increased by about
1.3, 7 and 70% respectively per 0.1 at.% of Mn, V and 
Nb in solution. The rank order of this effect depends, 
as does the retardation of recrystallization, first on the 
electronic differences and second on the atomic size 
differences with respect to Fe.

6 . During roughing, when recrystallization goes to 
completion between passes in both plain C and mic- 
roalloyed steels. the differences in rolling load are 
largely attributable to the direct influence of the alloy- 
ing elements in solution on the yield and flow stresses. 
During finishing. the differences in rolling load are 
primarily attributable to differences in the recrystal­
lization kinetics of the various steels. In this way, the

alloying elements ha ve only an indirect effect on sep- 
aration forcé through their influence, both as solutes 
and as precipítate formers, on the rate of recrystalliza- 
tíon.
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ABSTRACT

The rolling of steel píate was siinulated on a servo- 
controlled, hydraulic torsion machine interfaced with a PDP 
1104 minicomputer. Three steels were studied: a Q.11C plain 
C and two microalloyed grades containing 0.10C-0.046Nb-0.05V 
and 0.13C-0.066Nb. Seventeen 'passes' were applied while the 
temperature was continuously decreased from 1250 to 765°C. 
Individual samples were quenched after each pass delay to 
permit observation of the changes in austenite grain size and 
shape during rolling. In this way, it was established whether 
full, partial, or no recrystallization followed a particular 
pass. The transformed ferrite structures were also investiga- 
ted, and correlated with the State of the prior austenite and 
with the microalloying agents present.

The mean flow stresses pertaining to each 'pass' were 
determined from the measured torque/twist curves and employed 
in a Sims analysis. The predicted roil separation forces and 
torques are compared with the ones measured in the mili; 
reasonable agreement is observed, with the calculated forces 
being too low when the laboratory temperature was higher than 
the mili temperature,' and vice versa. The torsion flow stresses 
were also used to verify, by means of a ’Softening Parameter', 
the ámount of recrystallization occurring after the various 
rolling 'passes'.



INTRODUCTION

It is difficult to follow the evolution of the austenite 
grain structure during píate rolling. This is because the 
thickness of the slabs and plates does not permit the attain- 
ment of sufficiently rapid quench rates for martensite to be 
formed, and therefore for the y grain boundaries to be re- 
vealed. This can be done instead by torsion testing, which 
is the laboratory test method best suited to the study of the 
progress of recrystallization during simulated rolling. By 
means of this technique, accumulated true strains of 4 or 5 
can be readily achieved, and individual specimens can be 
quenched with ease after any given number of simulated ’passes' 
•<1). In addition to the grain sizes and shapes, such simula- 
tions can also provide information about the flow stresses, 
and in this way permit the correlation of flow stress 
decreases with the occurrence of recrystallization.

The principal limitation of torsion testing arises from 
the differences that arise between the temperature/time pro- 
file observed in the mili and that experienced by the specimen 
during the simulation (1). For this reason, many previous 
workers have carried out their simulations by performing 
individual tests isothermally, and then repeating these tests 
on virgin specimens at other temperatures within the range of 
interest (2). The interpolation and superposition of such 
results, while useful as a first approximation, do not take 
into account the effect of the accumulating strain on both 
the structure and the flow stress.

The aim of the present work was to simúlate píate rolling 
under conditions of continuously decreasing temperature. Both 
the structural changes taking place and the flow stresses 
developed were of interest. The study was carried out on a 
0.11C-1.3Mn plain C steel, and two HSLA steels containing
(i) 0.10C-0.046Nb-0.05V; and (ii) 0.13C-0.066Nb. Using the 
Sims analysis, the hot strength data from the investigation 
were employed to estimate the roll forces and torques expected 
in each pass. These were then compared with those measured 
on an industrial píate mili.

MATERIALS AND PROCEDURE

The plain carbón and microalloyed steels had the chemical 
compositions given in Table 1. They were hot rolled down to
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a thickness of 25mn and were supplied in the form of 850mm 
vide plates. Torsion specimens with a gauge length of 26mm 
and a radius of 3.2mm were prepared from the plates with their 
axes aligned in the rolling direction. A servo-controlled, 
hydraulic torsion machine was employed for the torsion exper- 
iments; a description of this apparatus has been given else- 
where (3). This equipment has a máximum torque capacity of 
100 N-m. For the present experiments, it was operated at 
60 rpm; improvements carried out after the tests were completed 
now permit the running of simulations at 600 rpm, which cor- 
responds to an equivalent strain rate of 5 s“ .

•Table 1. Chemical Compositions in wt %.

NbSteel C Mn Si Al N
plain C 0.11 1.30 0.22 0.05 0.007
Nb-V 0.10 1.37 0.15 0.07 0.007
Nb 0.13 1.41 0.17 0.04 0.007

0.046 0.05 
0.066

The torsion specimens were solution treated at 1250°C 
for 30 min before testing. The source of heat was a 4kW 
radiant furnace (R.I. dual elliptical radiant heater, model 
EZ-10WPA) mounted directly on the bed of the torsion machine. 
The purpose of each test was to apply a deformation-time- 
temperature sequence as cióse as possible to the one observed 
in the mili. The rolling schedule selected is displayed irí 
Figure la. In each experiment, the most difficult part of 
the procedure was the accurate simulation of the temperature/ 
time profile. The temperature profile actually achieved is 
shown in Figure Ib. This was obtained by shutting off the 
furnace and cooling each sample with a regulated stream of 
argón during the simulation. This practice, as can be seen, 
from Figure Ib, led to temperatures higher than the mili tem­
perature for the first few passes, and then lower than the 
mili temperature for the later passes. A flexible thermo- 
couple fastened to the center of the gauge length and free to 
rotate during twisting was employed for determination of the 
specioen temperature. Further details of this procedure are 
reported elsewhere (1).

The torsion equipment was interfaced with a PDP-1104 mini- 
computer, which was employed for both data acquisition and 
control purposes. The minicomputer applied the required 
strain per pass, unloaded the sample for the required delay 
time between passes, and then continued the deformation 
sequence for a total of seventeen passes. Although the mean
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TIME (*)

Fig. la - Deformation- 
temperature-t ime 
sequence folloved in 
the mili during rol­
ling. The mean strain 
rate is listed for each 
pass. The temperature 
profile is represented 
by the broken line.

Fig. Ib - Deformation- 
tempera ture -1 ime 
sequence achieved in the 
torsion machine. The 
temperature-time profile 
followed in the píate
mili (-- ) is compared
with that experienced 
by the sample in the 
torsion machine (-•-•-)



equivalent strain rate in the mili increases from about 1 s 
during roughing to about 20 s  ̂during finishing (see Figure 
la), during the course of these experiments, it was not pos­
sible to operate the control loop of the testing train reli— 
ably at such high speeds. Thus the tests were carried out at 
a constant strain rate of 0.6 s""̂  (shear strain rate of 1 s ). 
To correct for the lower speed of rotation, the pass strains 
were also reduced by 60%, i.e. by the ratio of equivalent to 
shear strain. As the individual 'passes' were applied at the 
8ame fixed strain rate in the torsion machine, for the pur— 
poses of the Sims calculation, the mean flow stresses deter— 
mined in torsion were increased to the levels appropriate to 
the actual mean strain rate of each pass by multiplying them. 
by the ratio of the two strain rates raised to a power equal 
to the rate sensitivity.

For the microstructural part of this investigation, de­
formed sampies were water quenched after each delay during 
the rolling schedule. In this way, 17 samples were required 
to reveal the grain structures associated with a 17 pass 
schedule. The prior austenite grain boundaries were revealed 
by etching the as—quenched samples in modified picric acid
(4). The equivalent ferrite structures were prepared by air 
cooling the deformed test pieces to 200°C and then water 
cooling to room temperature. This required a further 17 
specimens for a 17 pass rolling sequence.

The torque T and angle of twist 8 were converted into 
equivalent stress Oeq and equivalent strain £eq using the 
following relations:

0 .  /J T .  &  r <****?). (1)
eq 2iir*

and
e ■ ylSS ■ r 9 / / í  L (2)eq

Here T and y are the shear stress and shear strain at the 
specimen surface and r and L are the sample radius and gauge 
length, respectively. The coefficients m and n are the 'rate 
sensitivity' and 'work hardening' exponents of the torque, as 
given by m = 31nr/31nÓ and n = 31nr/31n0. Although both m 
and n varied with strain, for simplicity, constant valúes of 
m ■ 0.17 and n => 0.13 were employed to calcúlate ae(j. In 
effect, the variations in m and n are two orders of magnitude 
smaller than the mean valué of the multiplier (3-Hn+n) ** 3.3.



RESULTS
The flow curves for the plain C and the two microalloyed 

steels are presented in Figures 2a, 2b and 2c. Also included 
in the diagrams is the mean temperature associated with each 
of the rolling 'passes'. It is evident that the temperature 
decreases from 1250°C during the first pass to 775°C during 
the last pass. It is also clear that, due largely to the 
dropping temperature, the flow stress increases rapidly in 
the course of each simulation. The mean effective stress was 
determined for each pass with the aid of an expanded stress/ 
strain plot, using the method of graphical integration. By 
means of this technique, it was established that the mean 
stress increased from about 23 MPa during roughing to 152 MPa 
during finishing for the plain C steel. For the Nb-V and Nb 
steels, the equivalent quantities are 28 to 196 MPa and 32 to 
208 MPa, respectively.

A closer examination of Figure 2a indicates that, for the 
plain C steel, austenite recrystallization was complete after 
each of the first five passes. By contrast, after passes 6 
to 17, it was only partially complete. Note that less re­
crystallization was observed after the sixth pass due to the 
small strain applied, and after passes 14 to 17 due to the 
low finishing temperature. These qualitative observations 
are gleaned from the shapes of the individual loading curves 
in Figure 2a. Such tentative conclusions will now be compared 
with the metallographic observations. Later, in the discussion 
section of this paper, a method for the quantitative measure 
of the amount of recrystallization occurring after each pass 
will be presented and described.

Metallographic Results

The austenite structure of the plain C steel reheated to 
1250°C for 30 min is displayed in Figure 3a. Large equiaxed 
grains are observed, with a mean grain size of around 250 ym. 
As indicated in Figure 3b, by the third pass, the grains are 
refined down to a size of about 160 van. Further refinement 
(Figures 3c and 3d) takes place in subsequent passes, until, 
after the seventh pass, a mean size of 96 pm is produced. In 
the finishing passes, only partial recrystallization takes 
place, so that the grain structure is mixed, as is evident 
from Figure 3d.
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Fig. 2b
Fig. 2 - Stress-strain diagrams for the seventeen 'passes' 
applied to the steels in the torsion machine. The specimen 
temperatures are represented by the upper heavy line. 
a) plain C steel; b) Nb-V steel; c) Nb steel.
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Figures 4a to 4d represent the development of the austenite structure during déformation of the Nb-V steel. A 
greater amount of grain refinement is observed during the 
first three passes than occurred in the plain C steel.
Under these conditions, the mean grain size decreases from 
270 to around 110 ym after the third pass. At these elevated 
temperatures, the difference is probably due to the solute 
drag effeets of Nb and V in solution, which slow down the 
migration rates of the boundaries of the newly-recrystallized 
grains. In the last three passes, very little or no recrystal­
lization occurs, and deformed elongated grains are observed, 
in which the degree of paneaking increases with increasing 
strain and decreasing temperature (see Figures 4c and 4d).

The changes in the grain structure taking place during 
the déformation sequence in the Nb steel are presented in 
Figures 5a to 5d. The tránsition from an equiaxed (Figure 5a), 
to a partially recrystallized structure (Figure 5b), and 
finally to an elongated grain structure (Figures 5c and 5d), 
is readily apparent. The refinement of the grain structure 
during the first passes is evident from Figure 5b. Thus the 
grain size decreases from 110 ym after the second pass to 
22 yin after the seventeenth pass. Of importance in.the 
present context is the presence, in the microalloyed steels, 
of déformation bands which are introduced during the finishing
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Fig. 3c Fig. 3d

Fig. 3 -  A u s t e n i t e  s t r u c t u r e  o f  t h e  p l a i n  C s t e e l :  
a )  r e h e a t e d  t o  1 2 5 0 ° C  f o r  30  m i n ;  b )  a f t e r  3 p a s s e s ;  
c )  a f t e r  7 p a s s e s ;  d )  a f t e r  14 p a s s e s .
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Fig. 4c Fig. 4d

Fig. 4 - Austenice structure of the Nb-V Steel: 
a) reheated to 1250°C for 30 min; b) after 3 passes;
c) after 15 passes; d) after 17 passes.
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Fig. 5c Fig. 5d

Austenite structure of the Nb steel:
a)  after 2 passes; b) after 11 passes; c) after 13 passes;
d) after 14 passes.
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passes. Due to the absence of recrystallization, these bands 
appear within the deformed grains and become more highly 
developed as the pass sequence proceeds (see Figures 5c and 
5d). During the transformation to ferrite, these bands can 
be expected to act as nucleation sites (5), and thus add to 
the grain refining effect of austenite pancaking.

The changes in austenite grain size during the rolling 
simulation are illustrated in Figure 6 for the plain C and 
microalloyed steels, together with the temperature of each 
of the deformation passes. All the steels tested exhibit 
the same type of behaviour, namely that the austenite grain 
size decreases rapidly during the deformation sequence. Al- 
though it had the largest reheat grain size (260 yin), the Nb 
steel exhibits the smallest austenite grain size during de­
formation. By contrast, the plain C steel, which had the 
smallest reheat grain size (248 ym), exhibits the largest one 
during the remainder of the simulation. The higher degree of 
grain refinement produced in the Nb steel (and to a lesser 
extent in the Nb-V steel) during the first and second passes 
can be attributed, as suggested above, principally to the 
effect of Nb (and V) in solution on the recrystallization 
and growth processes. During the finishing passes, a contri­
buí ion to grain refinement can also be expected from Nb(CN) 
precipitation, which will also act to reduce the growth rate 
of new grains. The final austenite grain size of 22 ym in 
the Nb steel is finer than that in the Nb-V and plain C 
steels (28 and 50 ym, respectively). This indicates, as 
suggested earlier (6), that the influence of the additional 
0.02% Nb (in the Nb steel) is greater than that of the 0.05% 
V (in the Nb-V steel).

DISCUSSI0N

Microstructural Gradients in Samples Deformed in Torsion

The use of torsion testing to simúlate píate rolling has 
the advantage that large strains can be accumulated without 
the onset of unstable flow. This advantage must be balanced 
against the effect of the strain gradients developed in the 
twisted samples, as a result of which the straining increases 
linearly from zero at the center to a máximum at the outer 
surface (7). As illustrated in Figure 7a for the Nb-V steel 
after 17 passes, the strain profile produces a gradient in 
the microstructure along a given radius. This micrograph 
depicts the austenite grain structure from a radius of l.Omm 
(LHS of the micrograph) out to the máximum of 3.2tmn (RHS
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Fig. 6 - Reduction in austenite grain size produced by the 
rolling simulation in the plain C, Nb-V and Nb steels.

Fig. 7a - Austenite structure of the lib-V steel after 17 
passes (outer surface at right; axis of sample at left).



Fig. 7b - Ferrite structure of Fig. 7c - Widmanstatten ferrite 
the Nb-V steel after 17 passes produced on transformation in 
•{outer surface at right; axis the relatively undeformed 
of sample at left). central región of a Nb-V steel

sample.

of the micrograph). It is evident that the outer third of the 
sample(righthalf of the photograph) contains the most highly 
deformed material. The intermediate third of the sample 
(left half) contains grains which have received less defor- 
mation, so that the austenite grains in this región are 
coarser and less deformed than those at the periphery. Finally, 
in the inner third of the sample, the material is only lightly 
deformed, so that the initial austenite grain structure is 
generally retained here. When this structure is transformed 
to ferrite, fine a grains are produced in the outer shell, as 
shown in Figure 7b. The ferrite grain size increases towards 
the center of the specimen due both to the gradient in austen­
ite grain size, as well as to the gradient in strain. An 
example of the Widmanstatten ferrite produced on transforma­
tion in the lightly or relatively undeformed central región 
is presented in Figure 7c.

Effect of Microalloying on the Ferrite Grain Size

In order to study the evolution of the ferrite grain 
size (and morphology) during the pass sequence, individual 
specimens must be air cooled after each one has attained the 
required accumulated strain. In this way, a correlation with 
thé evolution of the austenite grain structure (e.g. Figures



6 and 7) can be produced. In the current investigation, this 
vould have required the testing of a further 51 (3 steels x 
17 passes) specimens. Due to limitations of time and expense, 
this portion of the investigation was, unfortunately, curtailed. 
As an illustration of the technique, however, the ferrite 
structure after 17 passes is presented in Figures 8a, 8b and 
8c for the plain C steel, Nb-V and Nb steels. Fairly large 
(25 pm) equiaxed grains are observed in the plain C steel.
These can be attributed to the relatively large austenite 
grain size before transformation (Figure 6), as well as to 
the relative absence of deformation bands in this material.
The smaller ferrite grain size (17 um) in the Nb-V steel re— 
sults from the presence of finer austenite grains in this 
material (Figure 6), and from the deformed nature of the y 
grains (Figures 4c and 4d). The finest ferrite grain size 
(9 iim) was formed in the Nb steel, in which the austenite 
grains prior to transformation (Figure íjd) were the most 
highly deformed.

The dependence of the ferrite grain size on Nb concen- 
tration is illustrated in Figure 9. It is evident, as 
already suggested above, that the addition of 0.05% V to 
0.046% Nb does not produce as much grain refinement as does 
the addition of 0.066% Nb (0.046 + 0.02) to the base steel.

Assessment of the Degree of Recrystállization between Passes

As indicated above, the occurrence of recrystallization 
can be determined metallqgraphically. It also affects the 
shape of the flow curve, by making the latter resemble the 
one for the first pass. This effect cari be employed for a 
quantitative assessment of the amount of recrystallization 
that occurs between passes. For this purpose we define the 
softening parameter Ŝ :

i _ i+i
S (X) - . g°--.- x 100 (3)
P x  xrr * rt

• •
Here o 1 and o * are the.initial (e-1%) and unloading stresses 
for the ith pass, and o i+1 is the initial stress for the 
(i+l)st pass. The flow°curves of Figures 2a, 2b and 2c were 
analyzed with the aid of this relation; it is in this way that 
the softening valúes illustrated in Figure 10 were obtained.
Recause of the increase in flow stress associated with the



Fig. 8b - Ferrite structure 
of the Nb-V steel after 
17 passes.



Fig. 9 - Dependence of the final ferrite grain size on Nb 
concentration.

PASS TEMPERATURE ,°C
IIOO 987 937 896 é60 825 795 770 

1250 l 1025 | 955 | 904 i 880 i 840 i 805 | 780 i 762

I | | ' I I I I I I I 1 r 1,11I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17
PASS NUMBER

Fig. 10 - Dependence of the softening parameter Sp* on pass 
number and type of steel.
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continuous decrease in temperature (e.g. * 0 for
recrystallized material), full recrystallization corresponds 
to a softening parameter of about 80% (instead of 100%). In 
the absence of recrystallization and when recovery goes to 
saturation, about 50% softening is usually obtained in com- 
pression under isothermal conditions (8). For compression 
under continuous cooling conditions, S_ for full recovery 
can be expected to be reduced to about 45% (9). The equiva­
lent figure for torsion testing must be modified to take 
into account that 'yielding' does not occur at a single 
instant in time, but extends over the interval during which 
the initiation of plástic flow is propagated from the surface 
to the axis of the specimen. Because of the effect this has 
on the flow curve following static recovery (10), the absence 
of recrystallization can be estimated to correspond to an 
Sp of 40% (and not 45%) during torsion under continuous 
cooling conditions (9). It is evident from the diagram that 
complete recrystallization occurred after the first three 
passes in all three steels. In the plain C steel, recrystal­
lization was complete after passes 4 and 5 as well, but was 
incomplete after pass 6 because of the small pass strain 
involved. In a similar manner, between passes 9 and 14, re­
crystallization vas complete only after alternate passes, as 
observed by Knudsen et al. (11) in isothermal deformation.
In the present case, this is because more work hardening must 
be accumulated during the intermedíate passes to offset the 
effect of the lower temperatures on the recrystallization 
kinetics. Finally, at the end of the pass sequence, even . 
the work hardening accumulated from the last four passes was 
insufficient to provoke full recrystallization. In plant 
practice, the plain C steel is normally finish rolled at 
875°C instead of at 775°C, as in the simulations described 
here. Thus there is much less partial recrystallization in 
this material under industrial conditions than is suggested 
by the present experiments.

In the Nb-V steel, partial recrystallization took place 
after passes 4 to 14, and very little or no recrystallization 
after passes 15, 16 and 17. In the Nb steel, partial re­
crystallization occurred after passes 4 to 12, and no recrystal­
lization at all took place after passes 13 to 17. The absence 
of recrystallization after passes 15 to 17 in the Nb—V steel 
and passes 13 to 17 in the Nb steel is due in part to the 
small pass strains employed. A larger contribution is made 
by the low finishing temperature and by the effects of the 
microalloying elements, both in solution and as precipitate 
formers, on retarding recrystallization.
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The Development of Mixed Ferrite Grain Sizes

In Figures 8a, 8b and 8c, examples are given of ferrite 
structures containing mixed grain sizes. In these cases, the 
ratio between the máximum and mínimum grain size is aroun 
10 for both the microalloyed and the plain C steels. This 
type of structure is associated with poor fracture properties 
at low temperatures. The observed mixed ferrite grain size 
is a result of a lack of uniformity in the austenite structure 
before the transformation to ferrite. Such inhomogeneities 
arise when partial recrystallization takes place after the 
last pass or when partial recrystallization occurs during 
pass intervals several passes prior to the final one. The 
occurrence of partial recrystallization in the last three 
passes is represented in terms of the softening parameter m  
Figure 10 for the plain C steel. In such materials, the 
simplest method of avoiding partial recrystallization is to 
finish roll at a temperature high enough for recrystallization 
to be complete (e.g. 850 to 900°C in Figure 10). The micro­
alloyed steels, because of their slower recrystallization 
kinetics, are better suited to a different tactic. For 
these materials, it is preferable to cool (and not roll) 
through the temperature range that leads to partial recrystal-^ 
lization, and then to finish roll in the *no-recrystallization 
(pancaking) temperature range. If this scheme is followed 
closely enough, and if dynamic recrystallization is prevented 
during finish rolling (12), then both the austenite and 
ferrite grain size should be uniform.

In the present experiments (see Figure 10), partial 
recrystallization occurred in the Nb-V steel after passes
4 through 14. There was no recrystallization after passes 
15 to 17. The considerable influence of partial recrystalli- 
zation in the intermediate passes can readily be seen in 
Figure 8b. In the more heavily alloyed Nb steel, by contrast, 
partial recrystallization only occurred after passes 4 to 12, 
and there was no further recrystallization after passes 13 to 
17. The improvement in the uniformity of the ferrite grain 
structure is evident when Figures 8b and 8c are compared.

It is unfortunate that partial recrystallization 
apparently occurs over such a large temperature range in 
KPT.A steels (e.g. from 1025 to 825°C in Figure 10). The upper 
limit could, in principie, be reduced by applying larger 
pass strains (1) during roughing. It is also possible that a 
coil box (13) could be used to maintain the temperature xn the
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full recrystallization range during this part of the rolling 
schedule. It should, in a similar manner, be possible to 
raise the 'pancaking' temperature by employing smaller pass 
strains during this portion of the finishing sequence (1).

Effect of Microalloying on the Mean Stress

The mean stress per pass was determined graphically for 
the different steels tested and found to increase gradually 
from the first to the seventeenth pass. The lowest mean 
stress per pass of 22 MPa was observed for the first pass 
in the plain C steel. The mean stress increased almost 
linearly with pass number to its máximum valué of 152 MPa in 
this material. Higher stress levels were established for the 
Nb-V steel: 28 MPa for the first pass and 196 MPa for the 
last pass. The highest mean stress (208 MPa) was detected 
for the Nb steel during the seventeenth pass.

In the initial passes, as there is full recrystallization 
in all the steels, the higher mean stresses associated with 
the microalloyed steels can be ascribed to the direct effect 
of Nb and V in solution on the yield stress and on the work 
hardening rate (6), see Figure 11. In the finishing passes, 
on the other hand, the higher stress levels determined for 
the microalloyed steels can be attributed to the indirect 
effect of Nb and V addition, both in solute and precipitate 
form, via the retardation of recrystallization. (There is 
also a direct effect of Nb and V on the yield stress in this 
temperature range, but this is smaller than the indirect 
effect of Nb and V on the flow stress due to the suppression 
of recrystallization.) It should be noted that the micro­
alloyed steel containing 0.066% Nb exhibits higher mean 
stresses than the Nb—V steel with 0.046% Nb and 0.05% V.
This is because the latter cannot compénsate for the 'loss' 
of 0.02% Nb (6,14); this déficit affects not only the mean 
stress per pass, but also the rates of recovery and recrystal­
lization. The higher mean stresses observed in the micro­
alloyed steel lead directly to higher separation forces and 
torques during the rolling process. One method of predicting 
such forces and torques will now be described.

PREDICTION OF ROLL FORCES AND TORQUES FROM THE MEAN STRESSES

Roll separating forces and torques for an industrial 
píate mili were predicted from the mean stresses determined 
in the torsion simulation. The method of prediction was based
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PASS TEMPERATURE, °C

Fig. 11 - Dependence of the mean stress per pass on the 
pass number and type of steel.

entry neutral exit
plañe

Fig. 12a - Roll geometry and Fig. 12b - Distribution of 
notation for the Sims roll pressure along the are
calculation of contact (after Sims (15)).
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on tlie Sims rolling analysis (15). The specific roll separa- 
ting forcé can be determined by integrating the roll pressure 
over the are of contact between the material and the roll, 
Figure 12a:

P «= R /° Sd0 C4)o

Here R is the roll radius, s is the normal roll pressure and 
0 is the angular coordínate for the are of contact. It is 
assumed that, when 0 is small, the normal roll pressure and 
vertical roll pressure are nearly equal. In terms of the 
Sims pressure distribuíion functions s+/k and s /k (Figure 
12b), the integral becomes:

♦P - Rk[/ s+/k d0 + f a s"/k d0] (5)
0  «I»

where k is the mean flow stress of the material in plañe 
strain compression, and is assumed constant over the are of 
contact (i.e. it is assumed to be independent of strain and 
strain rate)'. When the plañe strain flow stress is not known, 
as in the present case, uniaxial stress data are substituted 
for k, with the aid of the relation k = 1.15cr. The integra- 
tion in equation (5) was computed by (a) subdividing the 
range of 0, 0 á 0 ¿ a, into 99 increments, (b) determining 
the valúes of s+/k and s”/k for each increment, (c) finding 
the position of the neutral plañe to the nearest increment, 
and (d) summing the s/k terms over the 0 range as required. 
The specific roll torque was computed from the Sims relation:

G ■ 2RR'(1.15a)(a/2) - 0) (6)

where R' is the radius of curvature of the elastically 
flattened roll, a is the uniaxial mean stress and a and 0 
are the angles previously defined. For each rolling pass, 
numerical valúes were inserted for the entry thickness of 
the píate H, the exit thickness of the píate h, the width of 
the píate w, and for R and a.

By means of this procedure (16), roll forces and torques 
were calculated, which can then be compared to the valúes 
determined in the mili. The measured roll forces for the 
Nb-V steel are compared with the calculated ones in Figure 13a
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Fig. 13a - Comparison of the predicted and measured roll 
separation forces associated with rolling of the Nb~V steel. 
The pass number is shown beside each data point.
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Fig. 13b - Comparison of the predicted and measured roll 
torques associated with rolling of the Nb-V steel.
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The first four passes were rolled on a two—high roughing mili, 
for which the calculated valúes are lower than those observed 
in the mili. This is likely to have resulted from the higher 
deformation temperatures that prevailed during this portion 
of the torsion simulation (see Figure Ib). Passes 5 to 17 
were carried out on a four—high finishing mili. In this case, 
the Viíghpr roll forces predicted for passes 9 to 15 are probably 
associated with the lower than desired deformation tempera- 
turés during the laboratory simulation. It is concluded from 
these experiments that the principal discrepancies between 
the predicted and measured forces are due to the differences 
between the laboratory and mili temperatures. Thus it is 
expected that, if the temperature differences can be largely 
eliminated, excellent correlations would be obtained.

The predicted and 'measured' roll torques are displayed 
in Figure 13b. Note that a good correspondence exists for 
the finishing passes (5 to 17), and that the differences in 
the laboratory and plant torques are generally consistent 
with the temperature discrepancies discussed above. By 
contrast, larger torques were 'measured' during the roughing 
passes (passes 1 to 4) than were predicted from the simula- 
tions. This is a result of the overestimation of the lever 
ara by the mili control algorithm (17). For the present 
purpose, neither the torques ñor the currents were measured 
directly. The torque M was determined instead from the 
relation:

F x a (7)

where F is the known separating forcé and the moment arm 'a' 
is estimated by the mili Computer from a relation containing 
the roll radius and the entering and exiting slab heights
(17). When the lever arms are corrected using the Larke 
method (18), the agreement between predicted and measured 
valúes is a reasonable one. (See addendum after references.)

Comparison of Simulated and Industrial Ferrite Micro- 
Btructures. The ferrite microstructures obtained after 
transformation are displayed in Figures 14a and 14b for the 
torsion simulation and the rolled píate respectively. It is 
evident that there is a fairly good correspondence between 
the two merphologies. The two samples had mean grain sizes of 
around 15-20 ym, with some pearlite banding apparent in the 
rolled píate. It should be remarked that the torsion specimen 
was sectioned longitudinally. In order to check for pearlite
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banding in the latter samples, they would have to be 
sectioned along planes inclined at an angle ♦ to a selected 
longitudinal plañe (19), as given by:

<J» = [ir - tan ^(2/y)]/2. (8)

Here the shear strain y = r0/L, as already defined above, 
ar»H $ takes an initial valué of tt/4 and tends to u/2 during 
twisting. (Note that <f> is always larger than the helix angle 
t|» ■ tari^y» and is in the same quadrant.)
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Addendum: The comparison between the predicted and measured roll
forces and torques for the plain C and Nb steels is presented in
Ref. 1.


