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1. INTRODUCTION

In many solid saolution alloys, the phenomenon of serrated flow
(or Portavin - Le Chatelier effect, PLE after Portevin and Le Chateiier
1923 (11t which begins after a finite amount of critical strain eé has
been explained based on the dynamic interaction between solute atoms and
mobile dislocations, known as dynamic strain ageing (DSA} and has been
the subject of several reviews [2-41. In a recent review, Rodriguez [4]
has made an assesment of the current understanding of the phenomenon of
serrated yielding and has emphasised that serrations rlpruscnt.nnly ore
of the manifestations of DSA. The other manifestations of DSA include
the work hardening peak, the flow stress pwak or plateau, the ductility

minimum and the negative strain rate sensitivity of flow stress.

In the literature, majority of the studies have besn devoted to
understanding the effects of strain rate, tesperaturs and chmmical
composition on various aspects of DSA. The studies concerning the effect
of grain size on DSA have besn very few. Thess studies pertain to Al-Mg
{3,463, Cu-2n (7,8] and Cu-Sn (9,101 alloys and have shown that grain
size has a significant effect on the nature and occurrence of serrated
yielding. Though %he phencsencn of DSA has been reported to occur in
austenitic stainless steels [11-13], in the range of tesperatures froa
473 to 973 K, the investigations concerning the role of grain size on
DSA have not been attempted till recently in this material which is
widely used in liquid metal fast breeder resctors (LMWFBRs). The
situation is same for ancther important material Zirconium, an alloy af
which is used In thersal nuclear reactors. This paper reports thas
results pertaining to grain size effects on DSA in an AISI typs 316
stainless steel at elevated temperatures and in Zr at low and amblent

temperaturss. Further the results on the effect of thersal ageing on

serrated flow in an AISI 316 austenmitic stainless steel and some results
an the role of grain size on DSA in low cycle fatigue in a type 304
stainless steel are presented. The effect of grain size on DSA in a type
316 stainless steal is a part of the detailed investigation on the
influence of grain size on the flow and fracture behaviour at elevated
temperatures [151. The results pertaining to 2Zr are also a part of a
systamatic study on the low temperature deformation behaviour in hard

hep metals [171.

This paper discusses the results of phenomenon af DSA and grain
size effects from two different approaches. For the results on type 314
stainless steel, the DSA analysis pertains to the analysis of
charateristics of serrated flow and other manifestations such as work
hardening pwak, flow stress plateau and the peak in the variation of
Hall -~ Petch slope with  temperature, Whereas the results on Zr
include the observed anamolies in the parameters of thermally activated
strain rate analysis (TASRA); for eg., ¢the anamaious behavicur of
activation energy and activation area. Before presenting the results on
the role of grain size (grain boundaries) omn DSA, it is in order to
introduce the phenomenon and various models of DSA and serrated flow and

a brief account on grain boundary strengthening.

2. SERRATED YIELDING

The detalled account of phenomenclogy of serrated flow, various
physical processes that can cause sarrated flow and types of serrations
have besn described in a recant review by Rodriguez (4. It should be
santicned that the serrations or load drops appear on a stress - strain
curve when the plastic strain rate excesds the imposed strain rate. As

the plastic strain rate is dependent on mobile dislocation density .f



— . bl
and sverage dislocation velocity ¥ { € = fm bW |, where b is the
Hurger's vector); the serrations occur whanever there is an

-
instantaneous increase in § or in ¥ ar in bath,

2.1 Nature of Serrations

So far five types of serrations due %o DSA viz. A, B, C, Dand E
have bean identified [4, 18-21). The characteristics of different types
of serrations and the experimental conditions that produce them are

breifly given below.

iy Type A serrations are termed as locking serrations. Each
serration corresponds to the initiation of a Liders Band, which
then propagates along the length of the specimen. Further
deformation occurs by the initiation of a new Luders band, as
evidanced by the rapid rise and discontinuos drop in flow stress.
The strain ageing occurs very rapidy behind the propagating Luders
band and this type of serrtaions occur at low and intermediate
temparatures, and at high strain rates in the DSA regise.

ii) Type 8 serrations are fine scale oscillations about the
gengral level of the stress - strain ¢ dﬁ-e !} curve and are due %to
discontinuos band propagation. The band hops from one position to
another position and each hop corresponds tc one serration. Type B
aften devaelops from those of type A [Fig. 1 inset] or occur at the
onset of serrated yielding at high temperatures and lower strain
rates,

iii) Type C serrations are vyield drops that occur below the genaral
level of the O~ € curve and are termed as unlocking serrations.
They occur at higher temperatures and lower strain rates than in

the case of Lype A and B serrations.

ivi Type D are plateaus in the - € curve due to Dband
propagtion similar to Luders band with no work hardening or strain
gradient ahead of the moving band front.

V) Type A can change over %o type £ serrations at high strain
rates and type E are similar to type #, but with little or no work
hardening during band propagation.

It is important to mention that whenever mixed serrations appear
ona J-£€ curve, cereful and systematic analysis needs to be carrieg
out [22-24). A new type called "F type" serrations alsoc have been

reported in a 15Cr-19Ni Ti modified austenitic stainless steel [23],

2.2 Theories of DSA

The discussion is restricted to substitutional alloys which
require a certain amount of critical strain ec for the anset of
serrated flow. The value of Ec is dependent on both strain rate é and
tamperature T (Fig. 2). At low and intermediate temperatures and at high
strain rates (i,e. for type A or B), ec increases with increasing é
and decreasing T. This is referred to as normal PL effect. UWhereas at
high temperatures and low strain rates (i.e . for type CJ, (%c
incresases with increasing T and decreasing E. linverse PL effect). Any
theory or model of DSA for serrated flow should account for the
characteristics of serrations and for the influence of T and é . While
the understanding of type C unlocking serrations {inverse PL effect) has
besn very poor, most of the thecretical models based on DSA have been
sucessful in explaining the normal PL effect. Mainiy thera are two
models based on DSA; i.e. Vacancy or friction model [26-2B]1 and the
strain hardening or the forest model (2%9]1. The important difference is

in the interpretation of ec ; the latter model does not rely on the

deformation induced vacancies, instead assumes a dislocation arrest



model in which sloute atoms diffuse along dislocations at forest
intersections. An introduction of the vacancy mcdel of DSA is necessary
before understanding how the grain size effect is incorporated in the

equation relating € , é and T,
[+

2.2.1 Vacancy model

In this section the theories of DSA after Cottrell [2&) and
McCormick 271 are discussad, The difference between the two
models is the way in which DSA is assumed to occur. In the Cottrell
theory, the mobile sloutes are assumed to interact with quasi -~
viscously moving dislocations; whereas the McCormick model in accordance
with the idea advanced by Sleeswyk [30], considers that the ageing of
dislocations would take place during the waiting time of dislocations

temporarily arrested at discrete obstacles, rather than during their

actual mation,

Cottrell theory

Before discussing the Cottrell theory of DSA, a brief description
on dislocation - solute interaction is given. The possiblity of stress
relief by solute migration was first suggested by Gorsky [311. Cottreil
(32,337 first considered the elastic interaction betwesn a spherical
atom and a stationary positive edge dislocation and this interaction
relieves the hydrostatic stresses round an edge dislocation. Tha

Asin@
interaction or the binding energy is u:—‘?‘"—', whers r and © are
the polar co-ordinates af the solute atom measured from the dislocation
and A is a parameter which depends on the welastic constants, volume
change caused by the solute atom and the strength of the dislocation.

This equation breaks down at the core of dislocation, The soiute atom

can interact with screw dislocations, if it produces non - spherical

distortion to relieve shear stresses. Such sloute -  dislocation
interactions cause the segregation of solutes round stationary
dislocation with an equilibrium concentration (= CoezP(-u/KT) ,
where Cs is the average concentration of solutes, U is the binding
energy and k is Boltzman constant. This expression of Maxwellian
distribution is no longer valid far Upay »> kT. Under an external force,
the dislocation surrounded by solute atmosphare can still move, if the
atmosphers moves with it, although lagging behind. Cottrell and Jawson
[34] developed a quantitative theory for the interaction of solute with
positive edQe dislocation, with the assumption that the solution is
dilute and the interaction is weak. They suggested that the non-symmetry
of the distribytion of solute atoms round a moving dislgcation (Fig. 3)
would cause a perturbation force to act on dislocation upposing its
motion; this force can be regarded as 3 viscous drag which increases
with the speed of dislocation thereby allowing a steady motion of
dislocation. Thus thare exists a critical velocity above which the
aotion is unstable and the dislocation moves too fast to posses the

solute atmosphere (Fig. 4},

Tha GCottrell model (261 of DSA attempts to determine the
conditions that control the onset of serrations, by assuming that
serrations appear when dislocation veloclty becomes large enough to
excewd the critical drag stress. Thus solute atmospherss form about and
are dragged along by dislocations moving at less than the critical
velocity 1,& given by

4D
1%; = -i]E" R ¢

where D is the solute diffusion coefficient, 1 the effective radius of



the atmosphere which is equal to Ugb/kT. Since above this velocity the

strass decrmases with increase in the dislocation wvelocity, it is

logical to conclude thit‘l.’é represents a critical condition for the
appearance of serrations on a @@= € curve. Therefore thers exists a

critical € given by

b S, b2
L

€ cere (@)
where ¢ is a schmid orientation factor. Further, to account for the

= ¢fmb1{:’ =

mobility of solutes at low temperatures at which DSA is ocbserved, the
contribution of vacancies gqenerated during deformation was first
suggested by Cottrell [(241. Thus in substitutional alloys, the increase
in vacancy concentration CV and decrease in dislocation velocity which
during straining allow DSA to occur after a critical amount of strain
€ has been acheived. Equation 2 may be rewritten as

[+
4pbS C, 3, exp ("Om/kT)

€ = N}

2

whare Dy is the diffusion frequency factor, @, the effective activation
snergy for sclute migration is equal to (Eg - B), whera E, and B are
activation energy for vacancy diffusion and solute - vacancy binding
energy respectively. The strain dependence of strain induced vacancy
concentration which exceeds the tharmal equilibrium concentration of

vacancies is expresssd (34,371 as

m
C’U" = K 6 R T8

whare K and m are constants. The variation of f with € is expressed
mn

P
¢ = NE e dS)

™

whera N and‘ﬂ are constants, This variation of .fm with € was first
incorporated by Ham and Jaffrey (38] to explain the observed value for
the exponent in the 1né Vs. lnec plot, determined by Russel [18} for
Cu-Sn alloys. From equations (3),(4) and {5), the Ec can be written as

(mefd 4 € exp( Rm/kT)

ec - 4_¢$NK‘D° ..... (&)

or in a simplified form as
(m+p) .
Gc = Kie EZP(Qm/kT) . v (T

While Cottrell theory is able to predict both the € and T
dependance of ec , it fails when it comes to predicting ec value
itwelf. This led McCormick {27] to propose an alternative model
following an idea advanced by Sleeswyk; McCormick as well as subsequent
models integrate the Cottrell theory with the theery of thermally

activated deformation processes.
McCormick sode!

In this altermative approach it is assumed that the moticn of a
dislocation in its slip plane is a discontinuous process and during

deformation a mobile dislocation spends most of its time trying to



surpass the discrete obstacles. Once the obstacle is surpassed possibly
with the help of thermal activation, the dislocation segment jumps al a
high velocity %o the next obstacie. It is important to note that the
ageing or the interaction betwean mobile dislocations and diffusing
solute atoms mainly occurs during the time the dislocation is waiting in
front of the obstacles. If the diffusion coefficient is high snough to
gsaturate the temporarily arrested dislocation during the waiting time
with the salute atmosphere, serrated yielding will start. Such a
process leads to an average velocity.
,‘-} L

(te)

where L is the average distance betwsen the obstacles, t¢ is the mean

cense (8)

time of flight between the obstacles and &, is the osan time the
dislocation waits for thermal activation. Specifically McCarmick
assumes that serrations appear on (- & curve when &, becomes equal
to t,, the time needed to age or lock the arrested dislocation. When £,
is less than t, at the start of plastic deformation, the g-g curve is
continuous. But t, increases and t, decrsases during straining and at a
eritical strain t, becomes squal to t,. Further ¢, >> tg and the

critical velocity v for the appearance of serrated flow becosss

L L

o e— - -
V=% t '
W

o

McCormick also assumes & Cottrell - Bilby {331 time to the two thirds
power law valid for slastic solute—dislocation interactions and for
short ageing times

¥ >
t:(ct (kT B _

a oC 3um3 veeea(10)

where C; is the local solute concentration that the dislocation “"sees”,

Cg is the original concentratian of solute in the alloy, of is a

constant egual ‘to about 3 and Uy is the maximum solute = dislaocation

interaction energy. Assuming the dependence of C, and § with € N
m

the McCormick model leads to a critical strain equation for a

substitutional solute of the form

(m+f) 32 &xT &m
€ = (&) STbeh D)

T¢NK UL DL

Reed-Hill [3%) exprassed the ccaparison between McCormick and Cottrell

theory as

mip) 4 o Bk (m+£)
S LSS €

_ ¢ cer. 12)
MeCoTmick Cottrell

Using the parameter values as suggested by McCormick, i.e. 1 = 10 b
Up = 0.3 sV, L = 10-s Cm, Cy=1 and assuming kT is about 1/30 eV

at room tesmperature, equation (12! becomes

mep) Ggxi0° (P
e% - Ei -« L. (13t
McCoymick  © Cottrets

substituting C, = 10-1 and (m+ ) = @ which are reasonable values
for the systems investigated by McCormick and many others, ons obtains
according to McCormick model E% about lO'E times that predicted by
Cottrall thesory. Thus McCormick thecry predicts éé accurately.
Moreover the solute drag mcdel of cottrell doss not predict the effect
of composition on GE or on DSA, Tha sisplified version of McCormick

equation for € can be given as
[

11



mep)
éc = KZE Bxﬁ(&m/k-r) . vesenl16)

For DSA due to interstitials splutes whera m = 0, the equation [14}

reduces ta

E
€c = Kz e el’.P(&m/kT) . N 1))

Generally in DSA involving substitutional solutes, values of (n+J3 H
between 2 and 3 hava been obtained whersas for DSA due ta

interstitial solutes, (mtp } i.-‘f; liws between 0.3 and I [4,40).

2.3 Other Approaches of DBA

The model developed by McCormick does not treat the other aspects
af DSA such as; yield stress plateau, abnermal and rate dependent work
hardening and the negative strain rate sensitivity (SRS).
Van den Beukal [281 retains the approach of GSleeswyk and McCormick;
i.e, the ageing of dislocations occur during their arrsst and the
phenomenological expressicns for strain dependence of C, and 'fn1° The
significant contribution is that the DSA problem is treated following
the concepts of thermally activated strain rate equation, where the
activation enthalpy is assumed to depend on bath the effective stress
and the .ocal solute concentration near the dislccation. Further this

local concentration baing dependent on D and s and using

phencmenclogical equations for C, and _g“‘ with € , critical strain
€C is interpreted as the strain at which the SRS becoses negative.

It was first shown by Penning [41] that the inhomogensous defaormation as

chserved in PLE can be explained elegantly by assuming the negative SRS

12

in finite interval of strain rates., [t should be mentioned that

serrated yielding is due to the start of inhomogeneous deformation [421.

In an altarnative strain hardening model, Mulford and Kocks (291,
describe the SRS in terms of the flow stress ¢ which is the sum of two
componentg -~ the friction stress ¢° and the dislocation flow stress
g’ ; solute mobility affects g~ , the strain hardening component of the

d

flow stress. They contend that the rate sensitivity of qi is negative
from the beginning; after some critical strain it dominates and renders
the total rate sensitivity negative; which in turn causes serrated flaow.
This interpretation of critical strain does rot rely on the production
af wvacancies for axplaining the onset of serrated flow, instead it
assumes the diffusiom of solute atoms along dislocations at forest
intersections., In a joint paper, Van den Beukel and Kocks (431 have
arrived at a unified approach which enables the negative SRS to arise as
a consequence of the influence of solute mobility on Doth q; iby
decreasing the obstacle spacing along the dislocation) and qi 1:1%
increasing the strength of dislocation junctions). Recently, a treatment

based on slementary strain theory which is neutral to both friction and

forest models of DSA has been discussed by Kubin and Estrin [44l.

Some abjections [29,4%,48) raisad against vacancy model have been
defended by Van den Beukel [40]. Recently the role of strain inguced
vacancies in serrated flow is discussed for a 135Cr-I5Ni Ti modified
austenitic stainless stewl (24]. Though there is no consensus on the
choice of the model for DSA, the vacancy model can not be rejected as it

.

accounts for the differsnces cbserved in the Ec vs. € behaviour

between interstitial and substitutional alloys.
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Suggestions have alsoc been made that serrated yielding could be
considered as a manifestation of chaotic bebaviour and an another
example of a dissipative structure (47, 48], or as an exasple of a
catastrophe in plastic deformation £49] arising from negative resistance
feature, or due to medulations in order encountersd by moving
dislocations {50]. It has been suggested by Wesrtman [31] that the PLE
occurs as & result of an instability of dislecations in going back and
forth between a slow moving state and a Tast moving state due to dynaét:
frictional stress drops; earthguakes are nerely the PLE in a sample
whose dimensions happen to have & grand scale. Mention should also be
made of attempts to understand scme of the fsatures of DSA (nagative
SRS, wark hardening and deformation by band propagation} through dry
friction models [32, 331, Thus in all the models neqgative SRS is the

most crucial factor for describing PLE and DSA.

Though the vacancy models rationalize the onset of serration in

particular and DSA in general as fTar as locking serrations are
cancerned, the explanation regarding type C unlocking serrations has
been very poor. It is believed that in the inverss PLE reglon, the

diffusion rates are high enough for dislocations to be aged from the

start of deformation and type C sarrations appear to be dus to break
away of thess aged dislocations [34]. It has been suggested [44] that
unlocking serrations are connected with precipitation before and during
the test. Hayes [(33) and Hayes and Hayes [56) carried out systematic
investigations in AISI 1020, 2.23 Cr - 1 Mo, Inconwl 7168 and Inconel &00
to relate the strain for dlsapp-aranc; of serrations with éé and T.
They have shown that the disappearance aof serrations from the flow curve
ocCurs

in the high temperaturs regime by either & progressively longer

strain to the onsat of serrations ( a critical strain delay mechanism)

14

or by a prograssively smaller strain to the disappearance of serrations
{disappearance off the end of flow curvei. In the former case, carbaon
diffusing down the dislocation line to a precipitate sink is suggested
as the mechanism} whersas in the latter case, carbon reacting with a
carbide~-forming species on the dislocation lire is responsible for the
disppearance of ssrrations. Thus the important conclusion from their
studies is that the disappearance is generally related to precipitation
mechanism and the disappearance of serrated flow would occur when a
balance is reached betwesen the growth of carbon atmosphere and its
depletion due to reaction between substitutional {(carbide farming) atoms
in the atmosphere. In this context, it has been suggested that tne
accurrence of type C ssrrations could be regarded as a precursor ko the

precipitation and disappearance of serrations {24].

2.4 Other Manifestations of DSA

It has besn menticned earlier that serrations reprasent cnly one
of the manifestations of DSA. In Fig. 3 the various other anomalies
associated with DSA are illustrated schematically (4]. These include
a) a peak in the variation of flow stress with temperature, b) a peak in

the variation of work hardening 8=

with temperature, c) a peak in
AE P s

the variation of the Hall - Petch slope k% with temperature, d) a

minimum in the variation of ductility with temperature and ®) a minimum
in the strain rate sensitivity }": %-a—;-é with ‘)" going negative in
the temsperature region of serrated flow. The variation of 7L with
and € at differsnt temperaturss are also shown in Fig. %. The types of
serrations normally observed in the different temperature regimes are

also indicated.
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2.5 fAnomalies in Thermally Activated Strain Rate Analysis (TASRA)
paraseters due to DSA

The detailed and systematic investigation [17) on low temperature
deformation behaviour of hard hcp metals has ravealad that the
contraversial aspect in these is the anomalous variation of
experimentally determined activation energy with temperature. A noval
experimental techmnique devised by Rodriguez (17,57,38) called as
temperature cycling -~ cum - relaxation (TS) technique was used to
evaluate bath activation energy and activation arsma at a constant
temperature and deformation structure. The details regarding the TASRA
analysis is not presented here and are given elsawhere (17,581, The
reasans for anomalous behaviour of activation energy @ with temperature
Was examied in terms of possibilites, namely; the pre -~ eaxponantial
term éo { é = éoez'b( ’A"KT) } may or may not be constant, non-
zero entrapy of activation. The activation snergy svaluated for both the
cases of elastic and inelastic cbstacles alsc showed @ non - linmar
variation with temperature, In the temperature range (200 - 400 K) where
the anamalous behaviour in activation energy with temperature was
observed, the apparent activation area alsc showed a non - monotenic
variation with @ or T. Fig. & shows the anomalous beheviour of
activation energy (for either type of obstacle, with or without stress
depgndent pre - exponential factor) with temperature for Zr. The non -
monotanic variation of activation area showing humps or plateaus is
shown in Fig, 7. These anomalies in TASRA parameters have been
attributed to DSA dum to hydrogen in accordance with the findings of
Read-Hill and co-workers (39], Thus DSA can be manifested as anomalies

in the TASRA parameters.

l&

For the sake of completeness, it is necessary to understand how

DSA would weffect TASRA rasults, It is now more or less established
[2,560] that when DSA occurs there is an additional contributian from o,
to the flow stress (Fig. Ba) from one or mare of the sources, i.e. t
contribution a-f.‘d. from solute drag, a contribution o from the
increased work hardening due to greater dislocatian multiplication and a
contribution ﬂ: due to the reduction in f . Far a given é the g%
manifests itself only in & limited temperatur: range (between T; and Tat
and is maximum at Tp at which the velocities of strain ageing salutes
and dislacations match, and this temperature T, gets shifted to higher
temperatures at high strain rates. Fig. Bb illustrates how DSA alters
the U'—é variation and the contributian from a-'_d' alone is considered
assuming the constancy of structure and j:u . For vary strong
interactions giving rise to large a:d s 0° becomes a multivalued
function of éP lwading to a ncgative?SRS and serrrated flow. A amild
interaction on the other hand can result in a linear variation in log
-

‘EP vs. " plots in a temperature range leading to a constant value of
apparent activation area and contributes to the ancomalies in the
activation ensrgy variation. This was indeed the casa for the results on
Zr in the temerature ranging from 195 to 350 K. In this context it
should be mentioned that the negative SRS is only a necessary condition
for the onset of serrated flow but not the sufficient condition [283.
Further it is interesting to note that the analysis of flow transients
during upward and downward jump in a titanium modified austenitic
stainlmss stee! at 300 K [41) indicated a slightly decreasing trend in

the variation of steady state SRS with strain during 4 downward jump

due to DSA, though no serrated flow was observed.
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2.4 Grain Size Effect on DSA

The results of grain size effect on serrated flow (5<10]1 have
shown that the ec required for the cnset of serrated flow increases
with inereasing grain size. Howsver Borchars stal. (421 and McCormick
{631 found ec to be independent of grain size. Further it has been
repor ted that the grain size significantly effects the other
ctharacteristics; i.e. the amplitude AQ” of serration and the strain as
well as the period between sucessive serrations. The amplitude of
serrations {&, 8,181 and the strain pericd between sucessive serrations
[7,93 have been found to decrease with increase in grain size. McCormick
in an Al-Mg-5i alloy reported that the periodic locking serrations were
observed only for grain sizes less than or squal te 0O.14 mm and
spacimens with large grain size exhibited irregular serrated yislding.
Further the strain es between the sucessive serrations was found to be
function of grain size dj esﬁ d,z where Z = 0,2 indeperdent of

strain. Increasing grain size was found to decreass the value of AQ” .
§

Charnock model

Charnock (8] developed a theory to account for the grain size
dependence ofec. He suggested that when the grain size dependence of
dislocation density is considered in the vacancy socdel of DBA, the G‘
shoulf depend on grain size at constant strain rate as; e::‘d' ywhare
P=(‘::—+F) . The value of n ’:an be wvaluated from the grain size

dependence of dislocation density. He demonstrated the agreement between

theory and the experiment forel -brass. The critical strain equations as

18

discussed earlier in section 2.2.1 cane be written in a generalized form

43

’a
gﬂfe) C‘VCE) =K € eZP(G‘m/kT) . e (180

1t has basen well established that at a constant strain, fine qrained
materials axhibit a higher dislocation density and Conrad and Christ
t64]1 neglecting the low dislocation density present before

daformation lqu..ﬂmd that the dislocation density after deformation

varies as f
N €
fm - e e (1T

d.

]

' .
where n is dependent on € . Charnock assumed the constancy of n as in
his study the strains were below 0.1. [ncorporating this grain size

depandence of dislocation density, the eguation for ec can be axprassad

K d- 6 e#[kT(m-r-ﬁ) ] vaeaa (1B
/
-n.
where K3 is a constant, P (‘ﬂ\-ﬁ}) Tf Cm".‘P) The results

af Charnack arm in agresment with eguation (18). Hewever, other studies
(%5,7,9]1 have shown that the activation energy U, measured from the
temparature dependence of EC is deperdent on grain size. Charnock [43]
has rationalised the dependence of O, with grain size through the
depandence of n'I on Ec and has pointed out that reliable value of Qg

are those derived from experiments in which Gc involved are very small,
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i.a. less tham 0.1, Charnock (81 suggested that the grain size
dependence of E% arises fraom the influence of grain size on the average
velocity of mobile dislacations. This, he arrives at from a simpie
legic. Egquation (18} suggests that no serrated flow should be observed
for single crystals. But experiments show that serrated flow is indeed
ubserved in single crystals ofel - brass [66]. It is important to note
that in case of single crystals, even when oriented for multiple slip,
the cdislocation wvelocity will tend to be higher and the rate of
dislocation interaction and hence the point defect production would be
lower. Then the observed grain size dependence might be the result of
either an increase in the average dislocation velocity of mobile
dislocations or a decrsase in the rate of production of point defects.
The production of point defects would not.be expected to depend on grain
size, since it should be proportional to the number of dislocation
interactions [37,47], and could be the result of few dislocations moving
larqge distance in a coarse grained material or many dislocations moving
short distance in a fine grained material. Further the contribution of
point defect concentration was not taken into account by Charnock (cf.
equation 18}, In the Charnock model the grain size  dependence
arises from a dislocation velocity effect i.e. through  the

dislocation dependence of disloccation density.

2.7 Hall - Petch Relation and DSA

Numerous investigations have shown that the polycrystal flow
stress aé at given € can be related to the average grain diameter d
by the well known Hall - Petch relation [68,47]

_1/1
T =0 + Kd eee U1
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where d;‘ and K‘ are the experimentally determined constants known as
Hall =~ Petch intercept and slope respectively. Many models have Deen
propose¢ ta explain the grain boundary strenginening effect and to
acgount far Lhe strain dependence ofd;€ and PiE . These have been
reviemed by Li and Chou [70] and Johnston ang Feltner [711. Till date,
there are mainly two models to explain the grain boumdary strengthening
effect, {.e. the dislocation pile up mode! [72-741 and the wark-
hardening model (70,77-791. In the former model, the strengthening
effect is described in terms of the stress concentration far the
propagation of plastic deformation through grain boundary which is
caused hy dislocation pile up against the grain boundary and the

propagation of defarmation takes place by mechanisms such as:

i the opearation of dislocation sources or generation of
dislocations in the neighbouring grains,

ii) the passage of the leading dislocation of a pile up across the
grain boundary,

iii) the emission of dislocations from ledges in a grain boundary.
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Any of these affects on a; entgrs as d in the Hall - Petch equation,
The work hardening model is based on the fact that at a given strain, a
high density of dislocations are accumulated inside the grains as grain
size decreases. The difference between the two models arises from the
idwas that the contralling factor for plastic deformation is the stress
for the generation and multiplication or that for the movement of
dislgcations. The higher density of disiocation accumulation with
decreasing grain size leading to higher flow stresses for fine grained

materials can be raticnalised according to
(a) tha geometrically necessay dislocations are introduced to
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accommodate the incompatibility of defarmation between the grains,
th) the shartening of slip distance in finer grain materials requires
the ingrease in dislocation density to give a certain strain
compared with coarse grained materials.
Till date there is no theory to predict uniquely the strain dependence
of Hall - Petch constants. 1n a recent study Sangal etal. [80] sugqested
_the rale of extrimsic grain boundary dislocations in explaining the
strain dependence of Hall - Petch constants. Further it has been
suggested by Narutami =tal. [B1] that dislocation multiplication dus to
the interaction between the geometrically necessary dislocations and the

primary dislocations insida the grains have to be considered.

There have been few studies on the grain size effect on tensile
behaviour in type 316 stainless steel [B2,831. A high value o7 !(‘ Found
in type 316 stainless steel [823 has been attributed to the segregation
of alloying elements to grain bound:-ies. 1t has besn mentioned warlier
that in the DSA regime f(e would show a peak with temperature. Kutumba
Rag etal. [B4] in their studies on a Cr-Mn-N austenitic stainless stoul
observed that a;‘ was found to decrease sonotonically with increase in
temperature upto 373 K, while *(e sxhibited a peak in the temperaturs
range from 373 to 775 K and decrwasing with temperature on either side
of this temperature range. According to Armstrong (83,8631, thi; peak in
F(e with temperature is interpreted as due to DSA in graln boundary

regions,

3. RESULTS OF GRAIN SIZE EFFECT ON DSA (Mannan, 1981)
1t has bewn menticned ewariisr that the serrations represent only
one of the manifestaions of DSA and various other aromalies due to DSA

hsve hesn introduced {cf. section 2.4). In this section, the rasults of

a2

effect of grain size on various aspects of DSA for a type 31& stainless

steel are discussed with a view to alucidating the role of grain

boundaries in DSA. The effect of grain size on flaw and work hardening
behaviour have been presented before discussing the analysis of

Hall - Pstch constants in DSA regime and the influence of grain

size on serrated vyielding. The details of the treatments given to

produce various grain sizes and of the test methods employed are

described elsewhere (1&,B87].
3.1 Effect of Grain size on the Flow stress and Work Hardening

The effect of grain size on the deformation bahaviour of type 316

austenitic stainless stesl has been described in detail elsewhere

C14,88] and the results discussed here pertain only to grain size
effects on DSA, Fig. 9 shows the variation with temperature of 0.2%

yield stress normalised with Young's modulus E for different grain

sizes. The yield stress decresses with temperature to about 323 K,
beyond which a well defired plateau is observed in the temperature range

Wy %523 - 923 K, followed by rapid fall again at higher
temperatures. Further & general tendency for the plateau region to
extend to higher temperatures with increase in grain size is observed. A
similar behaviour for the variation of flow stresses at higher strains
and of ultimate tensile strength with temperature was observed axcept
that the plateau changed over to a pronounced hump at higher strains
[141. As has been already mentioned and it is now more or less well
established ([12,19%,864,89,90] that plateaus/humps in the variation of
flow stress with temperature result from DEA. A plot of average work

hardening rate normalised with respect to temperature dependence of

Ch0m =
slastic modulus, OIE (where BSML
O« o5

) as a function of
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temperaturg is shown in Fig. 10 for the different grain sizes. [t is
clear from the figure that the work hardening rate increases with
temperaure, shows a peak around 723 K and then decreases at higher

temparatures and this behaviour is in agresement with earlier studies

(89,901, It is important toc note that the finm grained material shows a

highar work hardening rate when compared with coarse grained material,
Further, the flow stress plateaus and peaks as well as increase in the
average work hardening rate occur over the same temgerature and grain
size

range in which serrated yielding was observed and the results on

serrated flow are covered in the later part of this section, The twe

important observations in the DSA region are the increase of flow stress

and work hardening rate; the former effect arises due ta larger

dislocation density at a given strain compared with that at other

temperatures and the latter effect can also be correlated with the more

rapid increase in dislocation demsity. Further the higher work hardening
rate observed in fine grained material as compared with ccarse grained

material could result from the higher rate of increase in dislocation

density in fine grained material. It is observed that the wark hardening

peak oaccurs towards the upper end of DSA temperaturs range. This

observation is consistant with the fact that this temperature range

reprasents conditions for strong pinning and accordingly the temperature
of most rapid and strongest dislgcaticn immobilization, leading to an

increased rate of dislocation accumulation [3]. Similar results have

been reported by Kim and Hall £91] inol -brass. The cbserved decline in

work hardening above WA 923 K has been attributed to the precipitation
of carbides [B8%] depleting the matrix of solutes responsible far

dislocation locking as well as to dynamic recovery [90],
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3.2 Hall - Petch Analysis in DSA Regime
In this section the temperature dependence of Hall - Petch
constants and in particular the humps in the variation of Hall - Petch
slope with temperature which also manifests as plateaus ar humps in the
flow stress - temperature and work hardening - temperature variatians
are discussed. As mentioned earlier the value of f(e found in type 316
stainless steel is higher than that abserved for other fcc metals (cf.
section 2.7). The variation of d‘;é and KE with temperature is shown in
Figs. 1! and 12 respectively. It is normal to expect that both a;e and
K to decrease with increase in temperature (Fig. 11), but at higher
temperaures between 523 and 723 K, K‘ shows an increase thus resulting
in the occurrence of a peak in}( Vs, temperature curves, Such a peak in
the variation of K _with T is‘;ne of the manifestations of D54 as
mantioned earlier, On the other hand e;eshuws a smooth decrease with
increase in temperature (Fig. 12). Similar results have been reported in
a Cr=Mn=N aystenitic stainless steel [B4J. Armstrong (B3] demonstrated
that @ reflects deformation processes in the grain interiors, while K
rthucz: those in the grain boundary regions. Thus the monatonic
decrease of c;e with T may be attributed to decreasing lattice
fricition. Similarly if the general tendency for KE tu decrease with
increasing temperature is interpretad as weakening of the locking
sffects at grain boundaries, then the increase in b(e tetween 323 K and
723 K may be attributed to a mechanism which contributes to additional
lacking at grain boundaries in this temperature range. This additional
locking could occur as a result of DSA in grain boundary regions
[16,84,856,92,93). Further the fact that the flow stress and work
hardening peaks becoms more pronounced at finer grain size is a further

i red
rasason for concluding that grain boundary regians are the prefer
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sites for DSA.

In summary, owing to the DSA at intermediate temperatures (523 -
923 K} through additional locking af dislacations in the grain baundary
regions, humps in the Hall - Patch slope variation with tesperature
results, which also manifests as plateaus or humps in the flow stress -
temperature and work hardening - temperaturse variations. The important
conclusion is that the grain boundary regions are the prefarred sites
for DSA. The other manifestatiaons of DSA, i.e, serrated flow and grain
size effect an various characteristics of serrtaed flow are presented

below.

3.3 Grain Size Effect on Serrated Yielding

In this section the resluts on the effect of grain size on the
nature of serrations and critical strain for the onset of serrated flow
are presented and the detailed account of DSA is given elsewhere [871.
Typical load - elongation curves illustrating the affect of temperaturse
on the nature of serrated flow for various grain sizes are shown in
Figs. 13 to 17. No serrations were ocbserved at temperatures iess than
=23 K. From about 523 te 723 K irregular but consistant instabilities
were detected. Type A serrations wers found to cccur around 883 K and
changed over to type B at higher strains and at higher temperatures
(Fig. 13). The grain size showed a marked influence on the nature of
serrations. Periodic type A locking serrations cbserved in fine grained
material (Fig. 13) changed over te irregular serrations in coarse
grained material (Fig. 17). Unlocking type C serrations were observed
only for coarse grain sizes at higher temperatures {(Fig. 13). Serrated
flow was found to occur for fine grained material upto 873 K while it

persisted upts 973 K for coarse grain sizes., The lowest temperature at
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which instabilitias in flow curves were recorded in fine grain size
material was 323 K (Fig. 13) while these were noticed for coarse grain
sizes only at and above 623 K (Figs. 14 and 17). For type A serrations,
the amplitude of stress drop (\g; for each serration and the strain
between sucessive serrations EE were found to increase with increase
in plastic strain and there was a tsndency for 111; and es to decrease
with increase in grain size. The results of influence of grain size @on
the nature of serrations, i.e. the periocdic type A serrations observed
for fine grain sizes and coarse grain sizes exhibiting irreqular
serrations are in agreement with the results reperted by McCormick [s3].
The decrease in qu; with increase in grain size is in accordance with
earlier investigators (4,8,18). In conventional yielding, the yield drop
(2,94) and the Luders strain [95,94] decreases with increase in grain
size. If each serration in PLE is the result of a localised yield point
corresponding tc the serration amplitude and a Ludars strain
corresponds to a sarration period, the cbserved grain size effect would
be expected if the distance through which the band propagates is

approximately the same for sach grain size [B],

Fig. 18 shows that the log - log plots of critical strain against
grain size at temperatures of 823 K and 873 K are stright lines with 3
slope ¥ 0.4. This corresponds to the value of p = 0.4 in the grain size
dependence of qc in squation (18), This value compares favourably with
the values of p {i.e. 0.5 to 0.75) reported by athers [8,9]. The studies
on Al-Mg 5,81 and Cu~-Sn [(10] alloys have shown that E% increases with
increase in grain size. On the other hand, McCormick (43] and Borchers
mtal. Eb&l- found Gi to be independent of grain size. It i3 already

[

mantioned (equation 18) that the value of p can be found if n  and

!
(m+J3 } are known, where n is the exponent for the grain size
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dependence of dislocation density and (mtJB’ is the tarm due to strain
dependence of S:n and Er . The wvalue of nl was nat determined
superimentally, but it can be assumad to be clase to unity from the
available experimental results (8,971, Then the vaiue of (mﬂﬂ Yy is
necessary %o estimate the value af p assuming n' = 1. Fig. 19 shows the
variation of €, with € for two grain sizes (0.06 and 0.270 mm} af
different temperatures in the range from 723 to 873 K. The detsrmined
valye of (mtﬂ ) equal to 2.3 is found to be independent of temperature
and grain size. Thus knowing (mrj!) equal to 2.3, p can be obtained as p
¥> 0.43 which compares well with experimentally determined wvalue of
0.50. This agreement suggests the validity of Charnock's modet (B] and
the influence af grain size arises predominantly from a dislocation
density affect since no grain size dependence of point defect

concentration is taken into account in Charnack's model.

Fig. 20 shows the plots of lag ec against 1/T for the two grain
cizes af 0.060mm and 0.270 mam and the values of apparent activation
energy was found to ba ¥ 255 kJ/mol and is independent of grain size.
This is compatible with the contention that the diffusion of

substitutional solutes i.e. Chromium may be responsible for DSA [871.

3.4 Effect of Thermal Ageing on Serrated Flow

The serrated yielding behaviour in a type 314 stainless steel has
been studied in the temperature range from 300 to 723 K and two regismes
of serrated flow have been reported [981; the low temperture regime (323
- 423 K) with (mﬁjﬂ) = 2.3 and Qp = 138 k}/mol  was attributed to the
diffusian of interstitial solutes to dislocations, while the
substitutional soclutes like Cr were considered responsible for sarrated

flow in the high temperature regime (673 - 723 X). The values of (me )
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and @y were found to be 2.3 and 277 kJ/mol in the high temperaturs
region. The effect af prior ageing in the temperature range {823 -
1383 K! far different periods of time, on the serrated yielding
behaviour at 923 K Ls presented in this sectien. Serrated flow
campletely disappeared fram the flow curve at 923 K taté =3 % 10-“ s-:)
after certain time - temperaturs combination of ageing as shawn in Fig.
21. Ageing has been shown to influence serrated flow and it has been
reported in Mg-Al alloy [991, Al-Mg-Si alloy [100]1 and 40463 alloy
[1013 that certain time - temperature combinations can casue
disapperance of serrations. Further, neutran irradiation [102] has been
found to supress DSA which was otherwsie observed in an unirradiated

mild steel at 473 K.

As mentioned warlier in section 2.3, Hayes and Hayes [36]1 bhave
proposed two possible ways by which serrations disappear fraom the flow
curvea at high temperatures namely a critical strain delay mechanism
(carbon diffusing down the dislocation line to a precipitate sini) or by
a progressively smaller strain to the disppearance of serrations off the
end of the flow curve (carbon reacting with a carbide - forming species
on the dislocation line), The mechanism leading to the disappearance of
serratad flow 1is a reaction occurring between the carbide forming
substitutional atoms and carbon atmospheres which are forming on the
arrested dislocations. This leads to the depletion of carbon atmospheres
and the serrated flow disappeares when the net carbon on the dislocation
decreases to a valus below the critical concentratian. The rate
controlling process for the disapperance of serrations is the rate of
diffusion of substitutional carbide forming species to the arrested
dislocation line. Hayes and Hayes {541 have shown that the disappearance

of the serrated flaow in 2.25 Cr = 1 Mo is related to the distribution of
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carbides and the composition of carbide sinks and both of these are

dependent on the tempering temperatures amployed.

In type 31& stainless steel, the first phase to form due to
ageing is MaogC, type carbide followed by other intermetallics like
laves, chi and sigma phases. MpgC, precipitates sucessively on grain
boundaries, incohersnt twin boundaries, coherent twin boundaries and
finally intragranularly. The grain boundary regions which have a higher
concentration of solute atoms compared to that in the matrix can serve
as preferential sites for DSA and grain boundary precipitation thus
shaould influence the serrated yielding behaviour. The results as shown
in Fig. 2! can be explained as follows. Disappearance of serrations can
occur by a strain delay mechanism particularly when precipitate sinks
are present., With increasing density of carbide precipitates which act
as sinks for drainage of carbon from dislocations, the critical
concentration of carbon around dislocations required for serrated flow
might not build up and this would result in a smooth stress-strain
curve. Ageing for longer durations lead to coarsening of the
precipitates, reducing the precipitate density at grain boundaries and
thereby weakening the sffect of precipitate sinks to drain off carbon.
This will reintroduce serrated flow, Sisilarly ageing at higher
temperatures or ageing at lower temperature for a longer duration can
redissolve the precipitates and sarrations can appear on the flow curve.
Thus the tole of precipltates at the grain boundary on the disappearance
of serrated flow furthar supports the role of grain boundaries as

preferred sites for DSA in austenitic stainiess steels.
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3.5 Effect of Grain Size On DSA During LCF

The details reqarding the effect of grain size on LCF
and the

properties
role of grain size on DSA in LCF properties for a tope 304
stainless steel have been discussed elsewhere [103 - 1031, Only a brief
summary on the influence of grain size on DSA during LCF behavigur in an

AIS! typm 304 stainless steel is presented in this section. Three grain

Sizes were studied namely 75, 310 and 700 WM, DSA manifasts

during
cyclic deformation in the form serrations in stress - strain hysteresis
toop and various other manifestations that are commocnly observed.

include:

i) Large normalised cyclic hardening | (Aql)md/(ﬁr/l) 1 ',
where (Aa’/g )

and

4-1’ the first cycle tensile stress amplitude
<A¢'/z Jnax 18 the maximum tensile stress amplitude and the

ratio increases with decreasing é ’

ii} an increase in the number of cycles to attain (A%)mu with
decreasing é N

i1i) for a given total strain range, plastic strain range decreases with
increasing temperature or decreasing é ,

iv) increase in stress response with decreasing é {negative BS5RS) or

increasing temperature.

The exploratory tests [103] revealed DSA peak temperature to be around

883 K. Grain size was found to AIVI influence on tha type of serrations.

Generally irregular or mixed type A and type B serrations were observed

in all the grain sizes, but at the lowest frequency (0.001 HZ) and at

923 K unlocking serrations ware observed.

Table 1 summarises the influence of grain size on LCF properties
4t different strain rates. Broadly, the grain size effect can be

summarised as; number of cycles to failure Ny decreases markedly with
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decreasing € far all grain sizes and a minimum in N¢ is observed for

medium grain size material at the two lower strain rates. The observerd
loss of Nf with decreasing é for all grain sizes arises due to DSA as
evidenced by the increase in maximum stress amplitude and a decrease in
plastic strain range with decreasing é . It naeds to be emphasised
that DSA enhances the inhomogenity of deformation during LCF due ta
solute locking of slow moving dislocations between the slip bands. This
in turn leads to pronaunced planar slip to occur and the impingement of
these slip bands on grain boundaries causes intergranular brittle
decohesion and consequent reduction in life. TEM observations revealed
that dislocation substructure was dependent on grain size and strain
rate. The substructure, in fine grain size at all strain rates and at

higher strain rate (1.6 % 10-E

5-1) for medium and coarse grain sizes,
was chdracterised by randomly distributed, dislocations. Whereas, well
developed planar slip bands were cbserved in medium and coarss grain

sizes at lower strain rates, The degree of intergranular cracking was

more in medium grain size which led to proncunced decrease in Ng.

&4, GRAIN SIZE EFFECTS OM DSA IN 2r (Rodriguez, 1976)

The obsgerved anomalims in the variocus TASRA parameters for 2r in
the temperature range from 200 - 400 K have besn explained based on DSA
due to hydrogen {cf. section 2.3}. It is important to mention that in
the studies on 2r (with 0.0%5 mm grain diameter)} around 300 K, an
inflexion in the variation of work - hardening rate with temperature was
chserved, while a plateau in the total elongation and a mild minisum in
unifarm  elongation was noticed. These are the Indications of
manifestation of DSA. In this section some interesting analysis of Hall

- Petch constants in the DSA temperature range is discussed. The various
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grain sizes studied ranged from 0.032 mm to 0.11&6 mm and the details

regarding the heat troatments and test methods have been given elsewhers

{171. The Hall - Petch relation was found to be wvalid at all
temperatures (77 - 543 K)j butho;tand € wvaried with strain and
€

temperature. The intercept d'.increased with increasing strain and
-]

decreased with increasing temperature. While K was generally found to

decrease with temperature and to increase with strain except at higher

temperatures (482 and 542 K) where K decreased with strain at

higher strains. The dependence of aae and Keon strain were analysed by

Rodrigue:z (171 according to various theories of grain boundary
strengthening. In the temperature region betwesn 195 and va 400 K, the
i
P showed that the interpretation based on
ifa
) or based on
P

! Ha a3
modification by Takeuchi [10&) ( K;Cff"ba EP . uhereﬁ is the

strengthening efficiency of dislocations and C

linear increase of I'(e with €

2
dislocation density models ¢ Ke=ﬁ|"‘b3 e

chracterizes the

decrease of hardening with formation of cell structure’ also could nat

#xplain the linwar increase of K and this unexpected behaviour arises

due to DSA, The chserved variation ofq;eand I(e wWwith strain was in

conformity with Ashby's concept of polycrystal workhardening arising

from geometrically necessary dislocations (dependent gn grain size) and

statistically stored dislocations (independent of grain sizel. Further

it is important to mention the result from temperature cycling
experimants that the thermal component of the flow stress is contained

wholly in O; and is independent of grain size {173 unlike the resuylts on
&

soft hcp metal like Cd where it was contained in the Ke ¢ term (1071,

The influence of DSA on the Hall - Petch parameters is clearly

illustrated in Fig. 22 in which K, K"P‘ and & are plotted against
& o

temperature. The humps and nan — monatonic variations im  these plots
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gocur  in the same temperature range where the varicus other ancmalies
due ta DSA are found. It has been pointed out that the peak in the
variation of Ke with T is ane of the manifestatiaons of psa  (cf.
sections 2.4, 2.7 and 3.2). It is interesting to note fram Fig. 22{a}
and (c) thae difference in the affect of strain on the strain ageing hump
in X and ¢ . At higher strains, the hump in K is more pronounced
€ océ [
while the hump in a;‘ seems to be less pronounced (Fig., 28(a) and {€)),
This would imply that the :train ageing contribution ta KG. is maninly
through g* whereas it is g’ and/or g’ that are mainly contributing to
a;écf. section 2.3). Another interesting observation is the fact that
KG,P’ (KE. normalised with temperature dependence of modulus | o) with
f‘ = Cgg! at vary low strains (0.002) is almost temperature independent,
whila at higher strains, in addition to the strain ageing peak, &
greater and definite temperature depandence for K‘/}s is wseen (Fig.
22(h)) which is due to the variation of J3 or C (uhur-JB and C‘ are
the parameters in Ke - eP relation). Thus at low strains the variation
of Kti with temperaturs is proportional to the shear modulus, while at
higher strains, it is more than pradicted by the shear modulus. To
conclude, the results indicate the manifestation of DEA for 2r in the

temperaure range from 200 to 400 K.

5. SUMMARY

The various aspects of DSA, models for serrated flow from DSA,
anomalies in TASRA parameters due to DSA and the results of grain size
affects on DSA emphasising the role of grain boundaries in DSA alang
with some interesting analysis of Hall - Petch equation in the DSA
regime have been clearly brought out in this report, The plateus or
humps exhibited in the variation of flow strews and work nardening with

temperature in conjunction with humps in the variation of Hall - Petch
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slope with temperature, all reveal that the DSA effects are pronounced

for fine grain size materials. The important conclusion that stems from

these observations is that the grain boundary regicns are preferred

sites far DSA. Further this conclusion is also arrived at from the

studies pertaining to effect of thermal ageing on serrated flow. Mainly,

there are two important conclusions drawn from the analysis of grain

size effect on the critical straim for the onset of serrated flow, i.e.
the critical strain increases with increase in grain size and this

dependence arises due to grain size dependence of dislocation density.

Finally it needs to be emphasised that both factors,i.e. the incidence

of larger dislocation density and the rate of increase in dislocatian

density in DS5A regime become more pronounced for fime grain sizes

compared to coarse grain size materials.
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Table -1
Low cycle fatigue properties as a functicn of Grain Size

and € at 823 K (A€, = 0.80%)

Graln .
: 00, OF

size € at, 5, ('2')max Ny Ng Ne  Remarks
(m)  (s™h) (%) (MPa)  (MPa)

75 1.6x107% 0.s569 183 238 500 169 1069 0
75 1.6x10'2 0.480 159 271 800  49C 1290 e
75 1.6x10”% 0.s24 138 279 S50 246 796 M
310 1.6x1072 0.567 159 227 600 1790 2330 0
310 1.6x10°7 (0.562 147 262 160 555 715 e
310 1.6x10°% 0.555 112 271 220 209 429 .
700 1.6x10‘§ 0.500 113 232 550 2450 3000 0
700 1.6x10-a 0.412 102 255 500 775 1275 9
700 1.6x107% Q.368 108 278 450 375 875 »

0 smooth stress-strain hysteresis loops! ¥ smacth stress-strain
hNysteresis loops + dynamic strain ageing.

8 serrated flow in the plastic regions of stress-strain
hysteresis locops.
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Fig- 1. Types of serrations [Ref. 4].
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Fig. 3. Concentration of solute atomes along the
line AOB near a dislocation; full line -
stationary dislocation; broken line -
dislocation moving slowly towards B {Ref. 34].
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{a) The solute drag stress on a dislocation as
a function of dislocation wvelocity. (b} Normal
stress—velocity relation for dislocation in the
absence of the drag stress. (c) Actual stress -
velocity variation dus to the presence of a drag
stress at intermediate velocities [Ref, 4,331

PROPERTY

Fig. 3.

|
Ob I 0,6 N

G | ,
0 SERRATIONS, 0 SA RECION ., NO SERRATIONS

"YYPES OF
[sermations |

laiassglcl

1 lo!El |

T—

Schesatic illustration of the various sanifestations

of dynasic strain ageing (Ref. 1.




ACTIVATION ENTHALPY OR ENERGY, eV

® Q@ (o) Ep=2x10° Sec”
Fd
* OoH Zr i
b0 A AG (Cia)

[
0
wn

B AG (Css)

-
wn

<=
[=]

o
O
wn

-
o

05

Fig.

&.

TEMP, K

Activation energy vs Tesperature for Zr fros
TS experiments [Ref. 17].

1 TEMP 'K
50 e 77
A 196
e 3590
A 400
‘or w iiB
s 483
“g X 543
£ 30+ x
*
‘e
| =
% o
L. ¢
10
] L 1
0 20 40 80 80 100

STRESS, Kg /mm?

Fig. 7. Activation areas svaluated from TS experiments
plotted against stress [Ref. 17].



Fig. B.

Fig. 8

{a) Schematic illustration of the influence of
dynamic strain ageing on the flow stress vs
temperature varilation; full curve ix the variation
in the absence of dynamic strain ageing and the
dotted curves indicate the contribution rj from
strain ageing [Ref. 17,381,

P it

Log €

(b) Schematic illustration showing the influsnce of
dyi:mlic strain ageing on stress - strain rate vari-
ation; ! for the case of strong strain ageing and
g for mild strain ageing [Ref. 17,381,
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Fig. 9. Variation of yield stress with temperature for
specimens of different grain sizes [Ref. 14,881,
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Fig. 10. Variation of work hardening rate with tespearature
for specisens of differant grain sizes [Ref. 15,881.
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€ = 3x 10-‘L Sec-I
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Fig, 18, Plats of log critical strain va log grain size for
specisens deforsed at K and 873 K [Ref. 14,87].
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Fig. 19. Plats of log strain rate vz log critical strain- for
coarse {0Q.270ma) and fine (0.0&Omm} grained specimens
deformed at different temperatures [Ref. 16,871,
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