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1.

ABSTRACI

The yielding and flow behaviour of single and polycrystallÌne

MgO containing * 100 p.p.in. of Fe as the rnajor impurity has been

irrvestigated. Strain rate change and stress relaxation techniques

have been used to investigate the rate-controlling deformation

mechanisn in single crysta1s. In the case of polycr)zstals a precise

microstrain neasurenent technique together with etch pitting has been

i-lsed to investigate the pre-fracture clefo¡natioÍr behaviour.

In the air^quenched state, after arurealing at 1250oC, the

defects controlling deformation belolv 700oK in single crystals are

recognized as 'elastic dipoles' consist--i.n¡¡ of F"*3-ion-vacancy pairs

locatecl close to tire slip planc (Fleischr¡r jnter:actioir). Theoretical

considerations enplof ing the clouble ki¡k ¡nechanism of dislocation

propaga.tion do not account sati-sfactorily for the experimental

observations. A1so, since the thernal corqlonent of the flot+ stÏess

and activation voh.¡ne are independent of strain, the dislocation debris

often resulting from deformation of io¡ric solids is not controllÍng

the deformation in the present e>çeriments.

The defonnation kj-netics obey the Johnston-Giluran ernpirj-cal

poweï law erçression, V cl (o*;n*, with m* beûveen 38-5 in the

temperature range of 77o - 673orc; a¡rd shoiv that the dislocation

dylamics and the rate theory approaches to defornatiotL are equivalent

i¡ the present experinents, thus obviating any need to ilrvoke entropy

effects. Oyer the tenperature range considered, the themal component
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of flow stress,6*, is independent of strainrvhile the ather:nal stress.
oi, is for¡-rd to be the rnain contributor to worl< harcLening.

To evaluate the effects of grain borindaries, the steps leading
to the elastic-plastic transition preceedfurg dislocation-initiated
fracture of a range of grain sizes in polycrystalline Mgo were investigated.
rt is shown that when gïoldn-in d.islocatioirs are pinned and the specjmens

are chenically polished, the initial dislocation activity occurs in
the region of grain boundaries at a stress indepencì.ent of grain size
and below the rnicroyield stress. The microlrisld. stress coïresponds to
the sti:ess necessary for propagating slip a.cross the grains. The

nicroyield stress obeys a petch þ1pe of relationship rvith respect to
grain size and this is attribr¡ted to the variation of clislocatio¡r
density l'ríth grain size. fte fractuïe stress-grain size relationship
also follows the Petch equation but inclicates that extensive u,ork

hardening has occurred prio:: to fracture.
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1.

DEFORIYATION BEHAVIOT]R IN SINGLE AND POLYCRYSTAILTNE MAGNESIT]X,I

OXIDE

1. O INTRODUOIION ANID OBJECTI\TES

The mechanical behaviour of íonic materials rvith the rock

salt structure has been extensively studied in the past both in search

of a high temperature, coïïosion-resista:rt engineering :naterial as r,¡ell

as for rurderstanding the physical nature of plastic deforrnation and

fracture phenomena. B)'virtue of the fact tjrat the io¡ric materials

contai:r a relatively low density of dislocations and a lilrLited mmùer

of glide systems, these have been consiclered moclel systems for plasti.ci-ty

studies. Starti¡rg ivith the classic rr'ork of Johnston and Gi}nan in

1959 on LiF crystals, a vast amotmt of. clata on the characteristics of

plasticity haÈ emerged. In order to ascertain the mecha:rislns of

yielding and strain hardenjng, the :nobility of indiviclual dislocations

as a ft¡-rctj.on of stress and. temperature has been measured by stress

pulse-etch pit tecllrique for several rnetallic and non-nretallic crystals.

Most of the j¡formation on dislocation plasticity of non-metals has

'however. been obtained on softer alka1i halides.

I'Vhile magnesir-un oxide has been consiclered as a potential high

tenperature ceramic material lvhich behaves similarly to NaCl and LiF,

a detalled study of its defonnation behaviour has been lacking. Despite

the consiclerable effort devoted to the stucly of crack nucleation and-

fracture phenomena in I'fgO single crystals, only modest progress has
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been made in rinderstandlng its yieldìng behaviour in terlu of the

ðynanics of individual dislocations. Although previous stuclies on

MgO crystals have been carried out to shol that the nature, total content

and state of the inpurities has a sr¡bstarrtial effect on its mechanical

behaviour, the evaluation of the rate-contro1lìng rnech¿rnism for plastic

flow has received relatively 1itt1e attention. Because of the necessity

for the dislocations to overcome Coh.rinbic i:rteractions that happens to

be in this case for structural reasons, most workers believe that the

Peierls energy irr MgO is high. ûn the other hand, representative data

on crystals of rock salt farnily, even ir purest form, have faiied to

show convincing erridence that the Peierls stress is rate-controlling.

Itbreover, it appears that the aliovalent ìmpurities play a dominant

role jn controlling dislocation mobility in all rock salt tpe

rnaterials.

The purpose of the present work on single crystals of MgO,

thus consists in assessing the applicability of various models for

thermally-activated dislocation notion to describe the plastic deform-

ation processes at 1ow temperatures, in obtaining values of the

activation parameters characterizilg dislocation notion in It{gO and

in studying the possible correlation between the dislocation dlrranr-ics

and thennally-activated rate theory approaches to plastic deformation.

Strain rate q¡clirrg and stress relaxation experiments have been per.

fonned to investigate the yielding behaviour and rate-corrtrolling

rechanisn in MgO crystals deformed in cube orientation over the

ternperature range of 77o to 673oK.
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For the Po11zsryt¿a1line ceramics, our knor,rledge of the

defornation behaviour ancl fracture can be best described as e:npirical.

In spite of the grolving evidence for the role of plastic flow prior

to fracture and si:r,ilarity in the microstructure betr,r'een metals and

pure oxide ceramics, attempts to relate the behaviour of dislocations

rvith general stress-strain characteristics has been rather neagre.

Thus an important aspect namely; the mechanism and role of pre-

fracture yielclj:rg and v¡ork hardening has been or¡erloolced. Against

the available backgrourd it flrus became obvious tirat a proper rmder-

stan.ding of the generation and multiplication behaviour of clislocations

duri:rg loading is essentíal for developing sonìe rationale for its

fracture behaviour. As such, the microplastì.c behar¡iour of a series

of polycrystalline lr{gO rvele investigatcd by iiìcans of a spccial.

microstraiir measurement technique sensitive to J1 x 10-6, together

with the classical etch pit method for moniioring the generation and

grow[h of indir¡iclua1 glide bands. Fu::thermore, the experimental results

on the rnicroyieldi:rg ancl lvork hardening behar¡iour witlr. respect to graJ:r

size have been considerecl in light of curtent theories of polycrystal

deformation.
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2.0 RE\TIE!'J OF PRIOR ]VORK

The main concern of this chapter is to rer¡ieru previous

research on the cleformation of rock salt þpe materials and j:r

particular magnesir¡lt oxide. The materials which we sþa1l mainl1, consicler

are Nac1, LiF and l,{go" rn the first half of the review, we consider

the defonnation of single crystals and tire second half is devoted to
polycrl'stalline behaviour. Tn tfris latter section the fimdamental

role of grain borrndaries is examined, which has relevance to the

problens of brittleness in ceranic materi¿ls.

2.I Single Crystal Deformation

lvfuch importa:rt i:rfomratíon on the nature of plastic

deformation i:r cera¡nj-c materials rvas first obtained in single crystals
having rocl< salt structure, including the cliscoverry of slip (i¡ Nacl

crystals) by Rer.rsch in 1867 I1l. Proninent eLmongst the more recent

tuork was the first erperimental detennination of the velocity of
dislocations in LiF crystals by Jolrnston ancl Gilman [2] in 19s9.

There was also the demonstration by Gonrm et al [3J ard stokes et

aL tì: (1958) that the apparent brittleness of Mgo single crystals,

its yield strength and subsequent lvork hardening characteristics could

be u-rderstood in terms of the absence or abundance of mobile dis-

locatio:rs.

The mechanical behaviour of magresir¡n oxide single crystals
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has been studied in greater detail tha-n any other high rnelting point

ceramic. Mgo is cubic and. has the Nacl structure. rts mechanical

behaviotir is characteristic of what one tr'ou1cl normally oqrect for the

other nerlbers of this structure tlzpe such as NaCl and LiF, except that

in spite of the extensive dislocation nobility even at as 1ow a temper-

ature as 77oR and even when comparisons are mad.e at the same honologous

temperature (the room tenperat-ure corresponds to 0.2g thr, 0.26 Tin

and 0.098 Tm respectively for lrlaCl, LiF arrd MgO r.vhere Tln is the melting

point in ot<; , Mgo cliffers fron other ma.terials in ser¡era1 Ì{ays:

(i) Fligher shear stresses and higher terperatures are

required to initiate plastic flow;

(ii) lhe densitl' and distribution of surface dislocation

sources are :nuch more i:lportant j:r controlling yield
' an<1 fi:acture behaviour, md therefore often requires

extrenle precautions ilt specímen preparation, handling,

etc;

(iíi) The rr'ork hardening rate commonly obsenrecr in ri{go is

rnuch higher than that obsen¡ed for NaC1 and LiF (160
?)

lrg/rmr' conrpared to II.7 kg/nrn' for NaCl and 21.7
.)

. kglnmr' for LiF I5l);
(iv) The derxity of disl-ocations and hence the amount of

strain in a glid.e band in MgO crystals is nuch higher

than that in the softer crystal (e.g. NaCl.) eve¡r when

conrpallsons are made at the same 1eve1 of plastic strain.
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2.7,I Slip systems and dislocation intersections

Ionic rock salt t¡1pe materials primarily defonn b)' slip on

{ 110 } < ttO > family of slip systems. The direction of slip < 110 >

is the shortest translation vector of this crystal structure. Translation

in a < 110 > direction does not require any nearest-neighbour ions of

the same polarity to become juxtaposed during the process of gliding.

Thus no large electrostatic repulsive forces develop when slip occuïs

inthís direction. {100 }. <tto>and'{lrr } <110>slipdominares

eiflrer at higher tentperatures (rvhen the electrostatic binding is sonewhat

weakened) or for tests along < 111 > axis, where the'{ 110 }. < 110 >

systems has no resolved shear stress (see e.g. Table Z.L). For

r¡riaxial tests along < 001 ), out of six rlrique' { ff O } slip planes

depicted in fig. 2.I, the four slip sysrems, (011) t0T1l, (0T1) [011],

(191) [Ï01] and (T01) [101] all sustain equal resolved shear stress.

The reason wIry { 100 } planes are not the primary glide plane is

probably that gliding on them is accompanied by electrostatic faultj¡rg.

MgO crystals of different orientations have been tested by many workers

and the results have been sr¡nnarized by Pask and Copley 16l. It has

been fou-rd that the stress to promote slip on' { 100 } systems for Mgo

at roo¡r temperature is about 100 times highel tha:r to cause slip on

{ rro } systen. This difference is reduced to about a factor of 10

at * 1000oC, equivalent to the situation in LiF and NaCl at room

temperature.

It is apparent from fig. 2.I that slip planes of the



7.

T¡ßLE 2.1 Orientation Dependence of CRSS in Rock Salt Crystals
LrJdu-LrrE

axis
: CRSS on J,

<100 > <110 > <111 >

{110}<110> 0.5o fì ?(¡ 0

'{roo} <r10> 0 0. 31 0c 0.469o

{rrr } <t10 > 0.415o 0. 4 05o 0.28o

U lied stress

I-ABLE 2.2 Dislocation reactions on the slip systems of
the'{ 110 } < tlO > t}.Þe

bt *bZ *bs brt * bzt b,' reaction

11 \ ârl-i-nr ,ãra't(1) ã|.1101+}[110] 
* a[100] CL

¿
a Orthagonal (900.

(z) $tonl-ftrort * $fÍoJ
2

@

^2 
/z Oblique (120o)

(3) frorrrftrorr * $r]J:zJ
a -¿\q-z Oblique (600)
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FIGUIìL] 2.I: . Diagranr illustratilg slip geoiretry in the rock salt structure.



'{ ffO } < ttO > tfpe can intersect at either 90o (orthogonal) or 1200

(oblique). The reaction between dislocations on these intersection

planes have been discussed by Kear et a1 I7l. The three possibi.lities

that arise are listed ín Tabre 2.2. rt is seen that in reaction (1),

the elastic energy is not ciranged because the sr¡n of the energies of

the rnreacted dislocations is just equal to the energy of the dis-

location tllat results from the reaction. A1so, since a displacement

of the crystal in the direction of b, creates a:r electrostatic f.aul-t,

this reaction is not normally e4pected to occur. Some sr-pport for

this is belierred to cone from tlre e>peritnenta.l finding that piling up

of dislocations according to reaction (1) has been often for.md to result

in the formation of cleavage cracks on'{ 100 } [8,9].

Reaction (3) is r-mlil<ely to occur since Or' , Or' n Or',

which llìeans that the elastic energy of the dislocatj.oir is increased by

the reaction.

Reaction (2) is the ¡rost favoutable to occur; since for this

reaction there Ís a net decrease in the el_astic energy of the dis-

locations. This reaction is illustrated in more detail in fig. 2.2.

Considering that the slip oc.curs by the motion of disiocation half

loops on tr'uo ob1íque1y intersecting (011) a:rcl (101) slip planes, the

edge ancl scre-rr conponents of the indiviclual dislocatious can be rvritten

clJ .

ãrn-lt1 - atrì-r¡ n --:'írvr-r | - 7tr-Llt , + ;|-1111¿' o' 'edge ó" 'screw
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firon = f,trzr:eclge * $irrr:scïer^i

As slrown in fig. 2"2(a), the tlo screw coniponents cancel each other

and the edge components combine together; so tlte resultiitg reacti.ons

become

frrznl +filizr: =ftrlol

1-1l +;f1111 = 0-J

The resultant dislocatj.on line has a vector a/ztl-T}l ald lies on t¡e

Qrz) plane as shorr¡n in fig. 2.2(b). Because (112) plane is not the

glide plane, the dislocation is jrnnrobile. rts role in tìre plastì.c

defor:nation of LiF and l,{go cr1'5¿a1s has beelt discu-ssed by several.

h¡oïkeïs [7,10-'13]

Since in tJre above oblique type of reaction 'Lhete is

reduction in the energy of the resultant product, this should be

spontaneous il all of the NaCl 'qpe naterials. However:, the further

interpenetration of disloca.tions forming 120o glide balds shorilcl be

nore ch.fficult because of the fact that the lesultant clislocation l.ie

on'{ 112 } plane r,¿hich is not the glide plane at low terrperatures.

Direct obsen¡ations of 90o a¡rcl 1200 dislocation intersections in

defonned crystals b1' tra:rsmission electron mì.croscopy [11,14] and

etch pit strrclies t15-17] sr-pports this. In the case of magnesiunr

oxid.e, it has been observed. that when a crystal is strai¡red in the

IlTa

3
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< 100 > direction at room temperature, the slip is usually confined.

to 'on1y one of the tr,¡o pairs of orthogonaf i u0 ] < ttO > slip systems

that are equally favourably stressed, atd the rate of rvork hardening

associated ivith this sli.p is relatively 1orv" However, lr,hen slip occurs

on the oblique systems, the hardeni:rg rate is relatively higher ILB. ZZI.

Although a statistical analysis of these reactions has not been

attenipted for any of the rock salt material, it is likely to throw

nnre light on the strain hardening and its tenperature dependence for
varioi:s rock salt naterials. Indications tirat such an approach ca:r be

attractive is apparent in the preliminary ivorlc reported by Snirnov and

Efinov [23].

2.L.2 lt{echanisrns of yielding in rocl< salt materials

Ì'acsi of ouï pïesent u-rclerstanding of the nechanis¡r of yielding
and. d.eformation of rock salt materials colres fron the extensive stuclies

of Gilnan andJohnston on LiF crystals (see e.g. ref. 24 for a review

of their vrork). Significant pïogress has since been made in correlating
the plastic properties of ionic naterials with the velocity and nunber

of ¡nobile dislocatious present. Some of the ñore significant findilgs
corfinon to rock salt rnaterials can be sumrarized. as follows:

(i) I{hen a stress is applied, slip usually starts by nucleation

of rfresh' dislocation half-1oops at the most severe

surface stress concentration. In nonrinally pure cr1,sta1s,
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rold' or rgrown-in' dislocations accunulate sufficient

chenical impurity to imnobilize þin) then for any

reasonable level of appliecL stless (exanples for MgO

have been provided in ref. ZS-27),

(ii) the macroscopic yield stress is, in fact, a result of

the stress required to move dislocations at some

moderate velocity in tire crystal.

(iii) rn nost of these materials edge dislocations move faster

than screrra, leading to long lengths of puïe scïew

dislocations ideal.ly orienced fo:: double cïoss slip.
Cross slip of screvl cLislocations can occur only þy

slip on a plane other than a'{ ffO } plaire since only

one < 110 > directjon is contained in a gi.ven'{ 110 }

p1ane. 'Ihe nrultiple cross-s1ip lvhich then proceeds,

' forms the basis for dislocation murtiplicat-ion arrcL the

slip bancl formation l,¿ith increasing cleformation.

(iv) Double cross slip of a scïel,ü as well as its interaction

with another dislocation on an oblique slip plane.

produces jogs of short segment.s of edge dislocations

joining the two screÌ^r componeirts lying on two paralIel

. pranes. Dependì:rg upon the distance beûveen the parallel
planes, draggìng of jogs can procluce vacancies/interstitial

and/or clipoles. Extensive d.ipole formation has been

observed in deformecl l,{go crystals by tra:rsmission efectron

rnicroscopy [28-51]. Ilence these obstacles become .
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i:rportant in the sense that they ca:r resist clislocation

rnotion resulting in an i'crease i'hardening, which will
further increase rr'ith attendant clislocatio' multiplication
a:rd debris formation 132,33). A good account of the

previo's rvork on the strain hardeni'g i' ionic materials
ha.s been revielved by Frank and Seeger [JaJ.

Two approaches have been used in trre clefolmation trreory:
the di-slocation dynamics approaclr- of Gilnan l35l and the therm arry_
act'ivated rate equatio' approach wrúcir i.s based on Eyring's rate
tìreory' Mrile the rate equation has some fi¡rrclamentar basis, dislocation
dyna:nics approach is largely empirical. The studies devotecl for an

nrrderstancling of these are reviewed in the follolr'ilg util izing data
ayailable on the rock salt type naterials

2,7.2,7 Dislocation dynarnics approach to plastic cle:Formation

The rnicroclynamical theory of plastic clefonnation is due to
Gilman I35], who was amongst the first to recognize ororvanrs assertion [36]
that plastic yield shourd be interpreted in terms of the dynamics

of individual dislocations. The basis equation relating the macroscopic
quantity, åp þlasti.c strain rate), to disl0cation ve10city, v is [36] :

sp=Öbnv
'm (2.1)
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where @ is an orientation factor, b is the Burgers vector, prn is the

rnobile clislocation densit), ancl T is the average velocity of d.islocations.

E:perimental results l37l have suggested tjrat dislocation

velocity clepends primarily on stress a:rd at a given tenperat¿re can be

represented by an empirical equation of the form:

-.:tÍ = A(o*)"' (2.2)

rvhere, o* is the ar¡erage effective stres.s acting on the dislocations

which in course of defornation is reduced by the devel.op:nent of an

internal or bacl< stress, ai, acting il opposition to the applie<l stress,

o, fonnally described by:

o=o*+oi (2.3)

and A and m* are temperature (and possibly purity) clependent consta¡ts

designatecl respectively as the dislocation velocity at ¡nit effective

shear stress and dislocation velocity-effective stress oçonent.

Substitution of (2.2) into (Z.I) gives,

åp = óbp#(ou,rrn¿

or, if p_ is assunecl coltstant'm

Q.aa)

åp = g(o*)tn (2.4b)
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Besides t-he original studies of Johnston and GiJ:nan [32]

on LiF crystals (rvith 75 p.p.m. of Mg*+¡, the clislocation rnobility

e>çeriments have so far been carried out on several netallic as well

as ceranric crystals" Fol ceramic crystals possessing rock salt structure,

examples are: on Nacl [38-40] (with less than 1 to a maxfurun of

100 p.p.m. of irqrurities), IGr [4r,42] (rvirh 200 p.p.m. of impr.rity),

LIF 143,44,451 (rvith unspecified impurity) and x{go [46,4TJ. All of
tlrese studies show a large stress sensitivity of d.islocatiotr velocity.

lhis sensitivity further increases in going fro:n softer al-kali halid.es

(e.g. IGr) to harder cr¡25¿u1t such as lvlgO. In sone cases it has been

forlnd that di.slocation velocity vs shear stress data show a transition
(S-shaped curve) at \¡er)¡ low ancl very high stress regions (e.g.

KBr data in ref. 41 and 42) and in view of this different for-ms of

eqrì. (2,2) have been suggested. The¡' are; in exponential form

erç (Ao) (2.2a)

or 1n lnverse exponential form

v=y-

V

IV.C

D

exp[-Dlo]

= appropriate sonic speed)

= a constant

(2.2b)

Consequently the form of the

there are lfutiting conditions

stress dependence i-s sonielhat variable and

on the stress-velocity relation which nrust
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be specified. At intermediate st::esses, where a linear relation is
observed jn the G- o) 1og plots, eQn. e.z) is fourd to e4plain

satisfactorily the inajority of the existing experìmental ð,ata belorv

a clislocation velocity of - I02 on/sec.

Besides the stresr'ptféi-"tch pit technique or its variation [48]

for correlating dislocation behaviour with stress, teclr:riques have also

been devised to obtain the same iirformation by taking adva:rtage of
eqn. (2.4b). Provided, Pn, ancL the 'clislocation structu::er is assu:necl

consta:rt, the e>çonent, n* appearing in eq:t. (Z.qb) can al.so be

evaluated usi:rg strain rate cycling and/or stress relaxation techniques

(loor,m as tinclirectt tecliniques). These have flre added advantage that

they enable the effectir¡e (thenlal) and i¡ternal (athermal-) conponelts

of the applied stress to be detennined a¡d are niuch si:npler to perform

than the stress pulse-etch pit teclmiques. Tirese teclniques have bee¡r

reviewed by many workers t49-511. Et'ans [52] has discussecl these r,¡ith

regard to celamic materiaLs.

The use of the parameter, Inr', in the Johnston-Gil:nan empirical

power 1aw expression, eqn. (2.2), ffid its physical sigaificance for tþe

description of a mechanism of plastic defonlation has been a controversial

subject in recent years. A nunber of papers hal'e recently appeared

i:r the literature [53-57] inainly on this aspect. A very thorough and

up-to-date strrvey [58] hor,iever, inclicates that the majority of publi.shed

results are jn agreement with eqn. (2,2). In vieiv of this ancL the fact

that tpower law' approach originated from the e>peri:nents on ionic

crystals whjch containecl. moderate arnourts of impurities in solid. solution,



18.

Argon [59] and Nix and lt{enezes l58l envisage that the pot/er law is

useful, but probably works well only with sinilarly impure naterials

and with lorv initial clislocation density. Although it is doubtf.ul that

a complete interpretation of defonnation result soLe1y on the basis

of the parameter, fl*, is unarrbiguoris, its use in conji.nrction with the

basic parameters of thernally-activated defonnation studies may provide

some further insight into the defornation mechanisms in some

circrmsta:rces [60, 61] .

Apart frorn the difficulties in assigning some physical meanìag

to the dislocation velocity-effective stress exponent, flx, difficulties

have also been encountered in obtaining the sane value of rn* by

different techniques on one material. Consequently, suggestions were

made to reco¡5nize the irnportant differences in the various experimental

means of obtaining the parameter, rn* [49,63]. It was pointed out that

i¡ all these e;çeriments, the internal back stress, oi, the nobile

dislocation density, 0r, and the actual plastic strain rate, åp,

tt'ith which specimens deform; are the three irnportant parameters one

has to consider. i\hile in so:ne cases the'assr.mptions regarding the

constancy o, prn has been partially and indirectly confirrned 14g162,631

during strain rate changes, discrepancy contirues to exist in nany

other cases. ûne exanrple of this is the recent work by Srinivasan t64].

Hotvever, r','hen strain rate sensitivity e>,çeriments are in agreenent with

directly measured velocities, sudr techniques as strain rate change

and stress relaxation have been shotvn to be very useful in extending

our ulderstanding of the relation between clislocation dynamics
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and plastic deforrnation. Ë>iauples are:

on Si-Fe and LiF i651, Gr¡pta and Li on

netals 1671.

Johnston and Stein's work

NaC1, LJ.F 166l and b.c.c.

2.7,2.2 Rate theory approach to plastic defomation

A description of horv the intrinsic nechanisms gorrerir the

di.slocation 'trelocily atd hence cause a change in the flow stress l,rith

respect to ten'perature, itrvolves a clete:::lrination of the rate-co¡trolling
plrocess for s1ip. This can jre acco:rrplished b;' determining the activation

parameters sucir as the activation energy and tlie activation volune of
sJ-ip. The e>perinentally deternined pa.rametelrs can then be comparecl

rsith those preclicted for specific mec}ioni-sms.

Because the rate theory of plastic defomia-tion is norv well

fouirded, many good reviews car be fourcL j¡r the ljterature. Anong

the best are those by Guyo1. and. Dorn 168l, conr:ad [69] ancl Dorn

et aI I70]. Et¡alu [52] has revieived the wo::ks on ceraynic niaterials.

Before a discussion of the activation parameters is presentecl

it is necessary to consider the conrponents of the flov,¡ stress.

Components of the floh' stress:

It. is often convenient to separate the yield ol flow stress,

o, i.n general into trvo conìponents: a thermal (or effective) component,

o*, which depends sensitively on te:npc::a'tuLe, T', and straj.n ïate,

"¡; a:rd an atherrilal. (or internal) cotnponent , oi 
1 

rtirj.ch is clepen.Jent on

tenqreratur:e only through the shear modulus, Ì-ri thus
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o = q* (T,i) + oi Cu) (2. s)

fte thermal conponent is presuned to be associated r,vith short ïange

barrier or st::ess fielcl ( < 10R ) opposing the cl.islocation noti-on ancl

thenral fluctuations can assist applied, stress in overcoming them.

Exanples of such baniers are the Peierls-Nabarro stress, forest

dj.slocations, resistance to the notion of snal1 jogs and cross-slip

and inpurity aton. The athermal conrponent is presrmrecl to represent

long-range obstacles in rr'hich case thermal fluctuations caluot assist

the external stress in helping the dislocations to overcorne the barrier.

The exact significance of grain size effect is a controversial subject,

but stucli-es har¡e indicatecl that the thelmal a¡d athennal contribution

to the florv stress can be separated by .stu<lyi¡g the variatio:r of flow

str:ess with gra-in size. lhis is discussed, in the second par:t of this

re\¡ic\.'.

The activation parameters :

The startíng point in the treatment of thermally*activated

cJislocation motion is the rate equation, which in an e>çlicit forrn

girres for the pl.astic strain rate

' 
FI^ - \I'*s*

ep = gbAf Nv e:p(f,) exn (:*f-l (2.6)

where, Ar is the average area sl{¡ept out by a di-slocation peï successful

event, N is the m.¡nber of sites/i-urit. vultme where themrally-activa.tecl

events car occLir rr ic o €ran,,o1çy factor, S is the entropy of aci:ivation,
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Ho is the activation enthalpy, Vr'

k is the Boltzmamr consta:rt, T is

terms are as previously defined.

Equation (2.6) contains a number of assunptions:

(i) In treati:rg dislocation jurps oveï the short ïange

barriers, the possibility of thennal activation in the

opposite direction to applied stress has been neglected.

(see e.g. ref. 7I f.or a treatnent of this aspect),

(ii) The strain-rate e>qrression, eqn. (2.6), ìs valid

only when a single mechanj.sm is operating o\¡eï a

gì-ven ralìg>c of stróss nncl tenpcratnr-e consiclerecl.

fn a typical rn.terial there can be lnore than one

process oper=ating 17Zl;

(iii) . If the temperature is in the vicinity of OoK, the

rnechanisrn nay not be conpletely the therrnally-activated

surmoi¡rting of barriers l7gl.

rf all the terms up to the first bracliet:l-n eqn. (2.6) aïe

assrmed constant to a first approximatì.on, the expression for strain

rate in tJre sinrplest fonn beconres:

is the apparent activatio:r vohune,

the ternperature in oK ancl other

tr tq

åp = åo erp(-AG/kT)

called the tpre-e:çonential' f.actor and ÂG is the

(2.7)

where activation
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free energy requirecl to overcolne the barrier, such that 
^G 

= AH - TAS.

The 'pre-exponentialr tenn, åo, it unfortunately one of the most

r-nrcertain quantities as far as precise analysis of e>perjmental data

is concerned, and in a way is sinilar to the parameterr P*r in the

dislocation dynanics tïeatment of the preceeding section.

The basic problem in the thermal activation analysis is there-

fore to determine the activation free energy for dislocation movement

past the obstacle. lhis is usually accomplished by calculating the

reversible work needed to move dislocations from a position of

equilibrirun to the saddle point configuration. There have been trr¡o

approaches for fonm-rlating the actual oçressions for various parameters:

one is basecl on taking the applied stress 174-771, o, as the appropriate

thermodlrramic que"ntity ald the other which is based on the thermal

stïess, o* [i8-S0]. More recently Hirth and Nix [81] have shown that

while the (o*,T) ancl the (o,T) forniulations are mathematically

equivalent a:rd as such no controversy arises; (o*,T) fonnulations are

more justified and meaningful than the (orT) approach. In the present

r,rork on magtlesir¡n.oxicle crystals, we have followed the (oorT) convention

throughout. Since some of the e>çression from this fornrulation have

been used quite often i:l the work ::eported in this dissertatíon, it

is advantageous to present a brief accor.nt of the derivations and

their i:rterrelations.

Conrad and lrreiderisch [78] were responsible for one of tire

first, straight-fonvard derivations for the actir¡ation parameters

in a quite general ma-lÏler. i{ith the starting condition that
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AII - T S = aG and g = s:ei o oi, they obtained for activation energy,

Ârr(o*,r) = -r.r2¡3Sp )r(#); (2. 8)

a¡d since activation vohme by definition is a stress-deriva'bive of

the activation energy, we harre

rr* _ â^H _1.Ì1,tâ1nep.,v" = -ã;Ë = Kl'(ffJr (2.9)

ùre of the main assunptions is the u-se of ÂFI in the above equations

which in fact shoulcl be tal<en as ÂG, unless the entropy term (p) is

calculatecl or shorr,n e>perinen tajly to be negligible. thi, proif"*

has been dj-scussecl b)'Li [49,82J r^dro postulatecl on t]re basis of the

thj-rci 1aw of thermod.ynanúcs that the enti:opy of activation shoulcl

be zero at Oolt. The usual test for a positive actir¡ation entropy involves

an examination of the teniperature depcndence of tlle actir¡ation energy.

From the basic therri¡odynani.c relation

.ðM r _."/ðAS \(ffiJp,6* = T[ffi)p,ox (2.10)

and if \¡* is defined as

(2.77)
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Examinatjon of the above relationships reveals two important

points. Firstl1,, Âll shoul.d be a linear function (due to its stress

dependence) of T at a constart strain rate, to indicate consta:rt ÂS

(so a constant pre-e)içonent.ial factor) oyer the range of tenrperature

consj-d.ered as foruld in some erper'ìments [83-85]. rf all is not so1e1y

a ftmction of teniperature, a plot of Àl-i vs T rvi1l not be a straight

ljle brit will have a positive curvature as shol^m by Arsenault and Li [S5] ,

pr:ovided that o, f 0. Non-linearity in aH vs T plot can also indicate*1

several other factors, such as:

(i) More than one mechanisn operating,

(ii) Entr:opy varying ivith tenperature (but not necessarily

zero), and

(j.ii) V¿r.t'jatjon in 'pre-e:ponential' tern, åo.

Li [49] anci llalasubramaniun [53,54] have pointêd out that the

condition AS I 0 requires (rn'tT) to be tclrperature dependent. they

conclude that in cases rvhere (inr.T) f constant, 
^S 

will have some

non-zero value (see also i:ei. ss-s7).

Secondl¡', frorn eqn. (2.71), if the change in ÀS above OoK

does not remai:r constant (i.e. at a constart tempcraturc if V* rvere

not a frnction of o*), then a straiglit line would be obtained in the

V*-o* p1ot. .But experirnental results shoiv that V* is a frnction of

o*; the curve has an increasing curvature rvith decre¿rsing oå such that

V* cx 1/ot' is obtained. Ilherr u.ritten in relation to that of the

naranrcter- rr*. nirc finds that
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(2.72)

Therefore if eqn. Q.r| is obeyed, it can be concluded that the poiver

law and the rate theory approaches to deformation are equivalent and

that there is no need to jnvoke entropy effects.

Another aspect of the activation parameters that should be

exa¡nined is theit- tentpelature and effective stress clependence. I4ost

of all it is important to recognize that the basic premise of strain

rate e-rpression concerning the identifj cation of the nunber of mecha:risms

operating o\¡er a given range of teurperature in question is fulfilled.
Since the total activation en'chalpy II^ (AFI at o* = 0) , is e>qtressed

O

' nii
FIo = Ài{ + .f" V*(ort)flo^* (2.73)

if there is a single rate-controlling rnechanisn operating over 'che

whole range of tempera.ture and stress considered, FIo should be ildepende¡rt

of tempera-ture autl effective stress.

The proposed rate-controlling mechanisns :

Mainly two classes of mecha:risnls are discussed in the

literatrre to accourt for the ternperature dependence of yield -stress

in crystalline solids: the Peierls-Nabarro (1.attic"e resistance)

:nechanism ¿md the dislocati.on- impurity a.tom interaction mecha:risrn.

F,lçerinental investi.gations rvhich have been macle and discussec'l o:r the

basis of these mechanisms ilcLicate that ivhile Peierls-nechanism is

*.* = 'V*o*¡¡r. - -rr-
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probably rä.te-controliing in b.c.c. metals 16gl, the yield stress-

temperatlre relationships for rock salt t1'pe materials shoru agreement

with the nechanism based on irrpurity-interactions [sz,g7-89].

Although the original treatment of the Peierls-Nabarro stress

did not deal erplicitly rr'ith the directiona-Iity of bondìag, it was implicit
in tire developrnent. Since that tine mall)z eliperi-ments have shown that

the Peierls stress is verl' slight in crTstals for which the bondins is
non-directional, such as in the case of f.c.c. metals and ionic

crystals [4r,42,90-93]. 0n the other ha:rd, covalent crystals tg4l

and sone b.c.c. netals (being partry cor¡a1e:rt il character) are

believed to exhibit large Peierls stress. That the clirectionality of

bonding is iqtortant can be u¡derstood b1' noting that wheir a dj-slocation

moves, the atoms in the core slide pa-st each other ancl causes severe

boncl-angle clistortions in the process. lhus the energies ancl forces

needed for dièlocation rnovenent clepend sensitir¡ely on the clirectì.onatity

of the bonding forces. According to cottrell, the theoretical

tensile strength, oa, is related to the disloca.tion wiclth, trv, as

w = 7t/Ztr(l-v)o, (2.r4)

where v is PoissolLts ratio. Tllrs natei:ials lvith rvicle d,islocations

have relatively lolv yielcl strengths and are regarded. as intrinsically
soft. In ionic solids hoivet¡er, the dislocation-s are nat"ïotü becalse

the operative slip systems are the ones which avojd bringing ions

of like charges together.
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The other class of mechanisus are those r"hích deal nith the

role of impurity as being the najor barriers to dislocation:novement.

Fleischer [95] considered the interaction of the stress field of

dislocations lvith tire point defects and pointed out that the effect

on flotv stress is nuch greater rvhen the stress field of the clefect is

tetragonal rather than isotropic. Treatìng the i:upu::ity-vacancy dipole

occurrirrg in rock salt tlpe crystals [87] (rvhere it is now rvel1 lctown

that tlie aliovalent irnpurity becomes associated with a catioiric

vacancy to lnaintain the charge neutrality, thT fomrìng a 'non-

symrtetlicalr cJ.efect), he Tr'as able to satisfactoril.y expla.i.n the results

of John-ston [96] on air-coolecl LiF crystals contajrti:rg ],tg** (7S p.p.ni.)

i:rpurities both r,,,ith respect to the fonn and slope of the floir' stress

curve as a fi¡rction of temperature. llhe crucial irroblem that has been

solved for tetragonal defects l-r¡' lìleÍsclier is the calculation of Fr*
(rnaxiniun interaction force) for cubjc cT-i"st.,:ì1s-netals as rve1l as

ionic - and. therefore its applicability, in clescribing a wide variety

of problems associated rvith poìlt defcct irar<1ening. As pointed out

b)' Otro [97] and recently by llarnett a:rd Nix [98] (after a re-examination

of Fleischer's force-distance ::elation) that d.espite some unjustified

assu.rptions concerning a stress independent obstacle spacing, the

tetragonal defect model of Fleischer is more useful. since the fünctions

used therein have been based on descriptions of an actual obstacle-

dislocation interaction. the intuitive selection of the force-

distance relationshj.p also appears close to the ph;'sical situation,

especially in rock salt cubic crystals, fol the trigid' irnpurity-
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yacancy cLipole that exists in ùlpure materials.

Another feature rvhich ought to be of specific significance

to ionic crystals is the hardening causecl by electrostatic interactions.

The possibility of the alternati¡g charges on the conposite extra

half-plane interacting rvith a charged irnperfection nrust also'be

considered. Akimoto and sibley tggl first examined this problem

and using a sinple electrostatic model fourd that the j¡crease in
flow stress car:sed by interaction betn'een a dislocation line and a

stationary charged defect is of the same order of mag:ritud.e as the

hardening effect produced by a tetragonal defect. Therefore, evèn

though one might expect the tetragonal hard.ening mechanisrn of Fleischer

to be applicable due to the presence of aliovalent impurities in ionic

crysta1s, contribution of electrostatic interactions between clis-

locations and charged clefects may not be negligible under some

circr.rnstances.

The usual comparison between theories dealing with either

Peierls-Nabarro stress [100] or i:ipurity-interaction [g7] with

e>çeri:nental results are based on the follorving criteria:

(i) A discrimination beüveen possible mechanisms is

possible by comparison based on activation voh_une,

V*. A Peierls nechanisln is found to operate if V*

is indepenclent of strain and about 10 - Z0 U3 in

rnagnitude. It should be noted however, that Hirth tlOll
has recently pointed. out that activation volurnes as
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usually derived may be :nisleading since the stress

rlenenrlenc.e of the pre-ex?onential teim (å^, in eqn. 2.7)vv^t-orÀ,-v.1¿r.

in strain rate expression is ignored. According to

Dom-Rajnal< nodel [100] , the actir¡ation volune clepends

only on o* (increasing rvith decreasing o*), the line

energye fo, and ve::y insj.gnificantl)'on the shape of

the Peier'1s lúlls. fn contrast, al.thou.gh the ri:agnitude

of V* for ilrpurity atoni-disloc.ation interaction

inechanisln rnight fall j.n the same raflge as for the

Peierls mechanism (on1y rvi Lh one concerLtLation of

irnpuri-ty), it is proportional to I/e , v¡here C is the

effectirre concentration of inrpurity.

(ii) o.:k (o* at OoK) for the Peierls nechanjsm urust remaj.lto

índependcnt of pJ-astic strail (and hence dislocation

density) alrl concentratiolt of i:irpurity; ir'hich increases

rvith /C in the case of impurity rnecJranisn.

(iii) lVithj:r the pernrissible variations due to chernges jn the

shape of the Peierls hil1s, the relationsìtips between

o*/o'! and'I/'l- plotted j:r non-dinrensional form fT'o-\-o
is critical tcu,perature ivhere o* = 0) must be obeyed

as predictecl by the theory. It should be pointecl out

however, that the rnagnitude of either o$ or To :nay

' Temai¡r urlmoirn in the absolute theoretical sense.

(iv) 'Ihe most in4roltant checl< of tire Peierls mechanisnr

(after Dorn-Rajnak treatment) is that the line energy,
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fo, deduced frorn the e:çerimentally deternined o[ a.rrd

kjnl< energ¡ Ul, shoulcl. approrimate roughly llabarrors

estinnte of. = lrbZ /2, wltere p = shear rnodulus.

(\ù Another possible checl< concerns the corlect range of

the pre-exponenti-al term in the strain rate er-pression.

This issue hort'eveL, cannot be talien as critical in

vielu of a large nrxnber of urdeternìled pararneters

appearing ín the plre-exlorlential term.

Frank lBB,89] iras nroclifiecl the L:leischel theory ¡si:tg a

snooth-topped, force-d.ist.ance culrve instead of the sharp cusp collsiderecl,

by lrleischer. Ilt this theoly th.e flor,¡ stress-terrperature relati.onship

is

T=A-Bx(o';;¡ (2.16)

rr¡Ìiere

,2.oDv u
XfO*J = IAG - LTt,., r'iil" -ì'r "cff

- o K11n¡--:;:_-j J :ï._ (2.I5)
e Dd

The terrrperature dcpendence of o?t is inqrlicj.tJy given through the

rela.t.ion;

x(o-')=oÈç+.r:--1)
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and A, B and C are constants having the followirrg nteanings:

^-¡t-

')
aLoD!

ÂG .i l: 1n f-ln---l
\CJ

ç

,2
asalq¡k 1n (%: "), and

C = 2,846/:æ;T
abd/ ueff /D d

B_ (2.L7)

with ceff = effective concentration of the i:rpurity, d = dista:rce of

the center of the dipole from the slip plane. Frankrs theory has

been applied recently to e:p1ain the tenrperature dependence of yield.

stress in marry b.c.c. metals 1102,103] and also in the case of poly-

crystalline AgCl t1041 and. LiF 11091 crystals. Although it was possible

to obtain reasonable fit nith eqn. (2,16) by suitably choosing the

constants in the theory, but in most cases Ceff is not l<nornm so a fu1l

test of the theory is not possible.

Another mechanism of dislocation-impurity aton interaction

in ionic crystals deseryes mention. Pratt et al. [105] and Chang

and Grahant [106] have suggested that interaction between dislocations

rnoving past cation impurity-vacancy complexes can cause the dipoles

to reorientate in the dislocatio¡r strain fields of both edge and screw

dislocations in such a I^Iay as to lower the elastic energy of the system.

fheir calculations indicate that the energy invohred j-s not negligible

and may contribute significantly to the floru stress.
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2.L.3 The influence of heat treatment

In spite of the extensive evidence in the literature that

inpurities doninate the low tenperature cleformation behaviour of

NaCl type materials, one particular area of research in which the form

and state of the d.ispersed ìnqlurities play an important role seeins

to have received 1itt1e attention. Because of the arbitrary selection

of materials, almost all p::evious -studies have had varying arnoÌmts

of impurities content and quite different heat treatments; and as

a result it has often been difficult to decide about the operating

rate- controlling neciranisrns .

Johnston and Gilma:r [2] found that in their e>çerirnents

with LiF crystâls contajrring 75 p.p.m. of I{g++ as the major divalent

impurity, the dislocation velocíty and yield stress was depend.ent

on the cooli-ng rate enployed, such that the air-cooled crystals were

always softer than slorvly-cooled ones which contained precipitates.

Similar effects have been noted j¡ NaCl 11071 (containing Ca**

irnpurities) and other alkali halide crystals i1081. More recently,

Rappich t1091 has systematically investigated. the effect of Mg++ (frorn

1p.p.m. to 1110 p.p.n.) and cooling rates (from toc/mj¡r to SOoc/nrin)

on the CIìSS of LiIr. The rqell-lcrov¿n quench-softening effect was for¡nd

only in specimens with tmedir¡n' impurity concentrations. An analogor-rs

effect of the state of dispersion of impurities has also been obseryed

in Nacl crystals by Gutmanas and Nadgorni [93]. These authors also

studied flre dyna:lics of dislocations with respect to heat treatrnent.
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It rvas shon.¡r that a.ir increase in dislocatiolL velocity-stress e>ponent,

mx, occurs r\'ith increasing impurity concentrations and particular:ly

with aflrealed state of the crystals preparecl by slotv cooling. It
was also shol¡n that under slow cooling conch.tions agglomerates of

colplexes (i.r4lurity ion-cationic vacancy) are formed, lvhile r-nder fast-

cooling con&itions no such agglomerates occur. Thr-ls both the quantity

ald the state of impurities consid.erably influence the ciisloca.tion

nobility.

Th.e effect of hea.t treaûnent on the defor¡nation behaviour

of lr{gO crystals has also been stuclied ily ¿r iiulrber of investigators 1110-1141.

lr4oon and Pratt t1131 have stuclied the effect of Fe*3 concentrati.on

(10 - 130 p.p.n.) on activation r¡olure ancl for¡-rd a shaqr decrease in
1 +<

V*/b- i,vith i:rcreasing Fe'' concentratio¡rs. Thej.r pal2er c'loes not mention

about dre cooling rate etc. used during the preparation o.t specilens.
*7

i(r-uar [114] hôwever', using lr,lg0 crysta-ls l,¿ith f,jxed Fe'' content

(75 p.p.m.) observecl the actirratjon r¡ohinle to be strongly dependent

on the state of dispersion of impurity rr'hich was deliberately cha:rgecl

by rapid and slorv cooling after anrrealing. Furthermore, V*, was found

to be constant with straj-n ræ ta 6% of p1.a-stic strain. Since according

to the Peiei:1s mechanisn, the ma.gnitude of actir¡ation r¡olume is

independent of state of dispersion of impurity, the author- concludecl.

that the results were in agreernent i,¿ith the llleischer nrodel. 0ther

mechanisns such as the dislocation inter:section or clebris were a1so

ruled out since actir¡ation vol-ure r.las indepc-:ndent of plastic strain.

A parallel attenpt to study the effect of the state of
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disper:sion of ions on the rate-contr-o1liirg nechanisn itas been made

by Gaidrrcherrya et al. [115] on LiF crystals. It rvas found that

irrespective of the inpurity ccrntent (fro:n a total cation i:upulity
-7of 5 x 10 " at % to 0.L at %) and prior hcat treatrnent (that i.s,

v.'hether rquetrchedt or ramealedr), the tirern¿l activ¿rtj-on para:leters

such as Vt:, o* and AH shor,r'ed comparable behar¡iour expected lvith Fleischer's

theory of tetragonal distor:tion. These stuclies therefore indicate that

by exa:lining the influence of prior heat treatnent a.nd testing

aûrcsphere on various thennal activation para:neters one call indi.r'ectly

cleteniine the nature of the sti:engthening :lech¿urisns involved.

2,2 Polycrysta.l Dcformation

Ithilst the preceecling sectj-o:rs shorv that tite plasticity antl

disloca.tion rnecha¡ism of yielcling in ionj.c single crystals has been

the subject of extensive stucly in the past, there is relatively 1itt1e

infon'nation in the lite::atu;re on the d.islocation beha-viour of bi-

and po1ycrysta1s" Iror exarple, no e>çlici.t studl' has been conducted

on alìy of the polycrystall.ine roclc salt naterials to exa:nine the role

played by clislocations in the fracture of these se:ni-brittle cerarnics.

Most of the available data on pol;'crystals are liirúted to fracture

strengdl measurernertts. Conseclu.ently, th.e overall picture of yiel.dirtg

and its connection lsith fracture in these naterials has relnained i-mclear.

Tire question v¡hethel final cra.cking proceeds catastrophically from

inherent flaws, or whether cracks form following pla.stic def-orma.tíon
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is sti11 unanswered irrespective of tlie fact that equivalent crystals

shot+ extensive plastic. florv by dislocation lnovenent ¿:ncl multiplication.

A vital factor in the normal. b::ittleness of polycr¡'stalli_ne

cera:nics having rock salt structu.re is generally thougÌrt to be the

failure of { 110 } < tto > slip to provide fir¡e inrlepen.dent slip
systetns ::equirecl by the von lr{ises-Taylor criterj.a for ductility. This

ha-s beeu the ba-sj.s for gene::al interpretation for a lacl< of cluctility
in t-hese materials, most of rçhiciL possess less than five inclependent

operaiing sJ.ip systers at lorv temperatr¡res t11]. Because defonnation

ina-/ rrot- be accomlndated frort one grain to the next, grai-u bor¡rc'la::ies

act as strong barricrs to .s1ip ancl potent sites for cracl< nuclcation.

In recent years hoivever', there has been groruing interest to further

underst¿;:id the tinrítcd ducti-lity fron tlte vieiv poilt of dislocatj.on

nobilitl'. Ductility has been observeil on1.1' ¿1 tempc::atures aboye

which slip ljnes aïe rvavy indj,cating per:haps the role of enhalced

cross-slip and easy interpenetration of the slip on different pla:res.

ft h¿rs also beetr shown that even rvhen five inciependeirt syste.nls aïe

available, brittleiless lna)¡ be encor¡rtered in polyct:ystals due to local

strain incompatibility at barrj-ers to plastic f1ow. lr{oreoyer, rr'hen

the ¿r-ctual heter:ogeneity of deformati.on frorn graìn to grain or i,¡ithj¡
g::ai:rs is taken into account, thc von ì.{ises-T'ay1or criteria is forild

to be lnecessary but insuffici.ent' conclition for chictjlity and otirer

conditjons nray also have to be satisficcl to avoid catastrophì-c

propagation of cracks

Besides the consequences of lirnited flexibility in g1ide,
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colluner:cialiy or nac'le in laborato::ies contain a wj-de l:ange o_t núcro-

st::uctures lr'ith residual porosity, a va::iety of phases and quite

dil--ferent surface conditions. Several of these factors may contrj-bute

to the str:ess-strain behaviour at alÌy one ti¡re allcl therrefore it. is not

sr-nprisìng that a va.st rnajority of research effort in the past harre

dea.l-t ntaiilly rvith the ::ole of these varial¡les. Florveyer, recent atterp.ts

to :n¿rlce pure and full1'-de11se materials har¡j-ng rock salt structure such

as LiF and MgO have been qui te successful a:rcl sonìe ïerlev¡ecl cff¡::'ts to
understancL thejr lirnited chrctility al'e being n¿Lc1e. Thc cen1.r.a1 problcm

for rilcleÏstancling the behavj.our of polycr:ystalline ceranics at present

apilealls to be a general lacl< of infor:n¿itj-on about the str^uc.1.l.ire a:td.

properties of grain bourdaries. The rt'ork clone to- clate towarcls this has

been reviewecl i.n the fo1l-oiving first section. 'r].e subject of fLorr,

aird, fractu::e str:ength measurerlrcnts is consid.e::ec1 next. Fina11-y, the

relationship between graiu.sj.ze ancl the yielcl, fJolv or fr.actr¡re st-ress

is discussed.

2.2.I Role of grain borl-rclaries

Prerrjous t'¡ork on the role of a silgle grain boundary a.l'rc1 its
orientation rvith respect 'to applied stress and sli¡r clirection ca:r

be found in ref . (116) . rn rnost of tÌrese stud.ies the role of a gr:ai¡

borurclary has bcen studied. frnm crack mrcleation a-spccts ra.ther: tjran

its effect on the stress-strafur behar¡iour. There is now consiclerâble
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in MgO [1f 7-120], LiF 11211 and NaCl IL22l. MgO crystals rt'ith either

one or tv;o glain bourrclalies have bec:lr cÌrosen by ¿11 inr¡estigator:s for

this purpose ¿urc1 etch pitting has been used to a-dvantage in all

exnerirneni:s to -i.lorrri€r, r-lra n'lif,¿ ltand intefaCtiOnS f^¡ith the gfainv^I/vr Il¡tulILJ çv IuvrrLa!r/ Lirv órrl

bou.nrlary.

Jolurston et a1. 11201 har¡e irvesti.gated the roJe of edge

vs screw dislocation ba:rcls against increasing ni-sorientation across

the bor-nc1ar1'. It was fourrd that the p::obabi1i1.y of crack fomatjon

at the point of inpingenent of air eclge slip band upon the boimcla::y

incre¿rsed rvitll jncrea-sing misorientatj.on. At bourcLrries of srnall.

misorientatjo¡r, blockeci slip ba:rcls irucleated -slip on the opposi.te sicle

of the bounclary. Tr-alsgl:alular cr:acks for¡iic,-l ¿¿t bouncLru.es of :necliu¡r

misorientatiotr, t¿hereas intergranlrl.ar cr.'acl<s rr,ere lrucleatccl at bor¡daries

of large misorj errtation

'flre role of cross-sl.ip in relieving stress conc.cn'rrations

at the grain boindary (r^.,here slip bands interscct) rras further st.¡dj ec1

by Stokes and Li ll23l on NaCl ancl ìr,íg0 bicryst.als. the slight ductility
exhibited b)' NaCl bicrl's1¿1s at rooln terperature e¡rd by I{gO bicrystals

a\at 450"c wa-s postulated to arise fron the enhancecl cro-ss'slip at

these ternpclatures. Ìt r¡as hoped b1' these authors that further j.n-

for:lar-ion about stress rel i e Ê i'rr.JervJJ ¿v¡!u! u/ cross-slip niig-ìrt be obtaìled by

stuclying tlre cracl< nucl.ea.tion as a functiol: o:F oriontat.ion and terrper-

ature. But silch a studlr has not 1'et been rcported.

I(u and Johnston LL241 have studiecl the stress necessary ro
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in MgO in a rather elegant r,rra1r. Slip balds were initiated at micro-

hardness j-ndentations on tire surfaces of bi-crystals ir,hi.ch r.¡ere extensively
polished to rento\¡e all othel dislocation sources. It ir¡as fo¡-urcl that
tire craci< nucleation stress of the bi-cr1"s1¿1s obeyecl tlte well-l¡rortn

Ha.l l-Petch r:el ation:

oF=oo +Kd^'4 (2. 18)

where in this case, tdrwas equal to the d-'sta¡ce fro¡i the mj.crohardness

indentation 'co tìre glail boundary. The constartr oo, \^/as consiclelecl

to be the stress for dislocation multiplication rather tiran the minimrmi

strc:,,.s to mcve cli.slocations, r,uùe::eas t.ire colistant, l{. was co::relatecl

rvith the cohesive sl.rengtJr of the bor¡:clarry. The cletail-ed clcsciir¡tion

of eqn. (2.18) , j.s nade fulther: in the last section.

2.2,1.1 Grain bor¡uciaries a.s souïces of dislocations

It is interesting to llote that r','hile in almost all of the

previous studies on bi-crystals of MgO and NaCl, the sources of mobile

dj slocatioils tvere invariablv cLepenclent on the preserrce of artj-ficj-a1

inclenta'cions on tlie crystal su,rface or arising from tlie mechalical

cont-act.s (su.ch as flom grips r-¡sed in 1he loadi¡rg clevice); \¡eïy little
atten"i-i.on has been paid to the role of gra.ln bor.u-rclaries peï se âs

sources of dislocations. Perhaps the earliest evidence that prain
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(as in inetals) comes from the micrograplu in the rçorlt of l,Ìhitwo::th [125]
(see Jris fi-g. 5(b)) on I'iacl crystals c.ontaining sub-bounclaries,

I{estr,¡ood [117] on Mgo bi-crysta1s and scott and pasl< i1z6l on poly-

cr¡z51"1tire LiF. More recent exanpl.es of grajn bourdary dislocation

generation can be cited fron the v¡orl< on poJ.yc4,5¿a11ine l{aCl by

Eva:rs et aL. L7?,71. si.núlar1y there is er.idence that in lvþo IizBJ

and LiF 17291 precipitate particles sen¡es to nucleat.e dislocations

interna]ly by acting as shear- stress raisers.

2,2.7.2 Conrpa-'üibiTity a.t graiir bor¡rclaries

As pcìntecl out before, a liel' factor r,;hich Ìlihibits the

nlacroscopic florv in most of the polycrystal.iine ioiij.c materia-Ls is
'rhe oorr¿tr':-1 r-nnlnrfilrì 1 i*r¡ er,n.liurrv. ó\/rrere¿ uurrt/cLLULLLvj -.r,.'.tj-ons or:ì-ginating, f:.Otn t-jre crite:i:ia

due to Von lrlises and. Taylor fo:: arbitrary ancl r¡tiforn defor:ration of
a grai.-;r" rf each grain in a rigid polycrystalline natrix u:i.c1e::goes

unifonLr stra-itl, 'there tvould be a tendency for over.lap of materia.l in
sorne plzrces, a:rcl void- appearatlce in others. This is shorm in fig. 2.3

frorn t-he paper b1. Ashb¡' [1s3] . As suggested by Ashbl', the occurr.ejrce

of overlaps and voicLs irr fi-g. 2.3(tr) can be corrected by introcticj-ng

'geometrrcally-necessaryr disl-ocatjons, as shou'n at (c) a:id td).
Since contiguity .r'-s equivalent to est¿blishing gra.cli.ents r.:f plas¿ic

defr-rrnration within the grai.n (in orcler to ar¡oicl the fonnatìon of voj.cls

oI regions of overlaps at tire grain botrrdaries) , the ::equirecl strain
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iIIGURE 2. 3: A recent nodel of ltoJys¡ystal clefc¡nnatjon proposed
by Ashby [133] . If cach grain of a polyçryr¿âl, shcrr,rr
at (a) , deforms in a unj fonn maruìer, overlap and void
appear as j-¡tdicatecl j n (b) . The-se cant be corrected by
introducin.g geornet::ical1y-necessary dislocations, as
sholn at (c) a¡rd (d).
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gradien'rs can be descr-j-bed j:r tems of the derrsity of additional

dislocations which rnust be stored in the syste:r. rn the case of
polycr'y-sta1line rocl< salt rnaterials, where contì.¡pr-i1.y requirenent-s

are vital tluoughoui the defolnation, it rnight seern appïopriate to

co¡rsider in future the above concept in :itole detail. It is also evident

that there is a need to further understand the clifferences beti\,een

dislocation behaviour in grain borlrclary regìons and j-n regions renote

frorn the bor-ndary. Since fractr.¡.re occurs through cr:ac.lç nucleation u,here

a slip band irnpinges on gra-in boundary, this concept in the mac.roscopic

sense tr'clulcl require that for :n¿¡.terial to Í1or,;, either accomloclating

slip 'should take place or the acconpa-nyirig elastic str¿¡.ins be released

thr:ough craclc f.ormation in the aclj oi:ring g::ains.

Chung ancl Buessem [J.50] har¡e shoiu¡r t]rat lncst naterials,

inclucling nost cubic st::ucturecl ones , aa-e elasticall)' ¿lnj-sotropic.

Ilassehian [15U ]ras shov,'¡r that such elastj_c anisotropy can lead t.o

local. increases jn .stress of 5-15% fo:: equier-xed gt'ain.s, r^lhich fur.ther

increa.ses as the sirape of the gr:ains a1.so becomes a:rj.sotr-opic. l,.fore

recetrtll' Ta:rgri et a7. LI32l have specificall¡' analyzed the iirconq:at.ibi1.it¡,

stresses fol the situati.ons rr,hcre it leacls to stïess concentrations

at ilterfaces sridt. as grain boundaries. Altiror-rgh a sirniiar d.etailed

analysi-s has not been attenqrted. for ionic pol.ycrystals, it appeals

interesting to conìpare sorne of the available resu1ts at least on a

qual-itatiye basi-.s rr,j-th those for netallic rnaterials.

(i) lhe most inrportant effect that arises from elastic
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anisotrop)' ancl plastic incompatibility (von lifises-Taylor Criteria)
conditions for the clefornntion of a rigicl polycrystalline body is the

development of a strain gradj.ent in the grain boundary regions. As

suggested by Ashby [135], it is conceptually possible then to distjnguish
bettveen ifie dislocations r^¡hich are requirecl near the grain bounclary

region to ma,intain contiluity of tJre pol1'crystal and tltose accr¡nulatecl

in the grain interj-or" Since in 'che grain bor;ndary region a dj.fferelt
behaviour is e>ipected fbecause of the presence of grain bor,mclary) , it
ís likely that tire clislocations required to maintain continuity pay i;e

prorriclecl via nuc.leatjon of dislocations from ¡¡rain bormc'larje.s to

compens;ite f.or the local straj-n gradient. Thc results to-clate on

nlnneT'orls b.c.c. [734-739], f .c.c. 1140-141] metals as rvell a.s on rock

salt ionj-c rnaterials [115,12s-1-27] r,;here jLir the early ..;ta,gc_s of
deforrnat-i.orr, d.islocation generati.on is fc'unc1 inainly froni tþe grai¡
bourcla::i.es appeaïs to be consistent r\rith this vieiv.

(ii) The requirement for plastJc colrpatibility discussed.

above can also leacl to the opcration of seconcary s1Ìp systems at

the grain l>ou:rdaries anrJ. a.t resoh¡ed shear stresses far 1ess tlu:t tjre
critical va-lue, as has been for¡rd in Fe-sj. bicrystals trlzl. Thjs

feature again resembles the oL'rserr¡ations on polycrystallj¡re LiÞ- b1,

Scott a:rcl Pask 11261, rr'here local. slip near grain boirncja::j.es .i{as see.ll

on the -seconáary' { roo } < tto > systens apart from tJrc normal roonr

tenperature' { u0 } < tto > s1ip, so the cffect }/as callsecl by plastic
incorrrpatibil:i.ty. TTie value of n (schnid facr-or) \,üeïe as rot¡ as 0.22

on seconclary slip systems opera'ring near the borirrdary.
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(iii) As a. consequetlce of stress concentration due to elastic

ani-sotropy and notch effect of bouldary ledges, it ha.s been denonstrated

that r,'¡hile theoretical estilates for clj.slocatjon generation (froru

grain bor-u:ldaries) in net.als range rron G/2tr to G/30, the obsei:vecl

values are far loiver dra:r this ir32J. Judging from the studies of

Scott ¿lnd Pask 17261 on polycr)'sta1li.ne LiF and of the prese¡t results

on pol1'crystaliine tr{gO, sinrilar conclusions c¿ur be d::aln¡¡ in these

ma-teria1s.

Fronr these exan4rles it seems quite 1ikcl¡' therc:forc, t.hat

even in the absence of a well*founded lLreor¡' of grai.n bounclary structure

in ionic ln-terials (although Carlignia 1143] Ìra.s r'ecerrtl.y proposcrl

a g::ain boundary rnoclel a:ral.ogous to that of metal.s) , the r:esi-rlts

suggested by conpat:Lbility e-[fects agree at least qr:a1i'i;atir.c1y r,¿jt]r

flrose of the netalljc polygÐ'5¿a1s.

2.2"2 The flow and fractur:e stress

Apart fron gleat rnatry other va-riables infl uencj.ng flre f1-ow

a:rd. fracture stL:ess of cera:nic polycrystals, or'le other single factor

that has been cLiscussed r+idely in the literatule i.s perhaps the

i:rfrue:rce of rrar'ious testilg techniques. Although rnaly useful

sta:rdards for lnechanical testing in gene::a1 as wer.1 as for sonle

specific purposes a.re available, the property va.riatj-on on accolurt

of using varj.ous techniques aïe either too rride ol sorretines the

testing tecirnique itself urdesirable to suit the purpose. often the
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uncierstalldi:rg of plasti-cit1' gro* the vielçoin't of dislocation :notion

delna:rcls 'rùe i:esearch. to be conductecl r-¡nder i¡riaxial loading conditions

ir'Ìrereby a corryrarison r,¡:ith the properties of siirgJ.e crystal material
ca.n be nade.

Cera:nics harre been and are a-lnost inva-L:iab11' being testecl

under a sinqrJ-e three - or- four poilt - loading syste.rn: this is
obvior-rsly a sort of tguarcledr t-ensile test. Direct tensil.e testing
wi-th r¡-riaxial stressing J-s clifficult, but not im,oossible; rvhile

keePirrg o1-her: factors c-onstaat, corni)ression te.st should in princJ.ple

yíe1d identicai infor¡ration li.l<e tliat of tensile test at least in the

begin:iing of dcformation cha.racte::i::Ittg clislocati.on ntotioi,-r.. I-lor.,,ever',

bec-¿tusc of tlie fact that cracks arr: far less stable in tension ti-La:r

in co:lpressiolt, t-he final- fracture st::ess ei,e¡r fci:: one given r;raterj a-l

tu':"ns out to be qu-i.te dj.fferent depend:ing upon tire nocle of testing.
rrrospecti.ve o-[ tJie mode of testing, fo:: tire case of

rntei'j-als i.n ttdrich the fj:ral fracl.ure is coirtroll ed by mor¡e¡rent ancl

ttiul-tiplica-tir:n of disloca'rions, rather than'prc-existing craclcs' ;

to characteri-ze different poltions of a stress-strai-n curve rç-it¡

various degrees'of lefinement, one lnay enLmeïate:

(i) A dislocatio' inj,tia.tj.o' st'ess , Õd, rvhi.ch j.s the

rninj:uun stres.s at rvl:icÍi ei-ch pitt.ing shows d.islcca'[ion ge:reration.
f-^"- ^-^.:- r. ^-.-- -lr_r uili gl'¿l,Lü llouncall_es,

(ij) A tmicrcrscollict floiv stless, or, uhicir ca:r bc nreasurecl

wiilr the help of a :iricrostrain measure¡lent tec1rr. ique involving strain
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measuring capabilities of 10-6 or less J1441 corresponding to a

plastic strain of 5 x 10-6 (or better, if feasible); rvhich is rvel1

below tl¡e colrventiona.l yield stress; and.

(iii) A 'macroscopicr florr¡ (ol yi¡'1¿) stress , 6y, for- general

f1ow, repre.sentirg the convel-ltional flo,.' stress a.t a prastic st::ajn
_')of i0 ".

?he steps leadirtg to clislocation-jniti.aterl fracture is show¡r

sclre:ratj-caj-1y ín fig. 2.4. For poJ-ycrystalline Nacl a:rcl LiF rvhich

shcw sonie nacr:oscopic tluctiltt¡, ,t room terrpera.ture, the sche:rre cal
t"'e11 be as shown in this figure. rn the c¿rse of po1ycr1,.sta11i:re ligc

horvever, llie fractr.ire stresS, o¡, will crosely correspond to the

ni-croscop.ì-c yield stt'ess, otni unless testec.ì cj.ther a-t hì-gh.er: ten4rer.ature

ol uirdel confining pressure, rr'ìrich ca:r extencÌ t_he r-ange or orby
suppressing -Cre crack grotrlh stage. Receirt i.rork b¡, pa-ter:son a:rd

I'ieaver fl-45] on 1to1.ycrystalIi-ne l.{gO defonnecl u¡lcler conl-ini¡g press¡r:e

can be c:itecl as an ex¿rmol-e.

2.2 .3 Effec'i- of grain si ze

The cffec't of grain size on the lnechanicai beh¿viour of
poJ-1'crystalline ceranj-cs is anothel i:rporta:it topi.c ald has receivecl

rno-i:e att-ention than ar¡¡ other variable il.16l . In :no.st of the stuclies

repo::tcd ho','lever, intelest iras beeir l-i¡nitecl to fracture st::ess cleter-

riirra-tion' llhile gr:ain size has been fourrl to produc.e si.gnj-ficart1

effect on the fracture strength, an detailed interpretation of yielding
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behaviour and its dependence on graì-n size is not available. For

polycrystall-ine magnesiuin oxide at l-ovr temperatu.res, the occulrence

of dislocatjon rnotion prior to f::¿rctu::c has bccr: vaijou.sll' reportccl,

but we do not irave any i¡fomation on the natuL:e and necha¡ism of
harclening resu,1-t.irrg from flrjs. Erren if grain bourdal:ies are well-

acceptecl as the sole poteniial obstacles to s1ip, gÌ.vjng risc to
cra-cking; j.ts lole in 'the micr:oyielcl defornati.on j.-s conqriilteJ.lr ¡¡1-

explored.

2.2,3,1 Ttie gr:a.i.n size depend-ence of floil a¡rcl fr¿rcture s.l-ress

/¿r exanú:ration of the resillts on the ¡¡rai.n sizc ilepenclence

of fracture stress of po1.ycrysta11ine rock sal.t ur¿ltciials sþors tjr¿t

sírnj.la-r to ¡ietals, the data are i:r accord 1746,1471 v"'ith the rr,e1l-l<noç,.,rr

' d 4t law, often given b1' ¡r" sc-ca.ll.ed Flal.l-petch relat_io¡.:

(2. i8a)

t''{rere, oF - fracture stress, d = grain size a¡rd ooo ancl K, are consta:ri:-s

for the fracture criteria as denotecl by the subscri_pt, Ir.

Sever¿rl a.uthors [145-151] ira.¿e discusserl the applicabilitl'
of thc Hal.1-Iretch relation in e>çlaining the gr-ain size depeiLclence

of f¡¿lcture s1.1'ess. In rna-n¡' other cases, variation of strength clue

to grain size.E have also been treatecl according tc.r Griffith-ûrowan Il.5Z]

approach based on the surface erìergJ criteria. lthile a satisfactory
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e>planation of the strength of other (non-cubic) polycrystalline
ceranics is still not available, the role of plastic flolv in rock

salt t¡pe polycrystals appears to be wiclely accepted through the

Ha11-Petch relation. carlignia ï1471 and Rice 11501 have discussed

the Petch behaviour fron the point of view of influence of plastic
florv in the fracture. Although no specific suggestion was mad.e

about the mechanism of yielding, carlignia ll41l chose to iaterpret
Petch type of behaviour i¡ terns of a model for the grain borxrdary

structure which he adapted fron ¡,fottrs fit-nisfit rnodel. He assuned.

that the fact that the fracture stress lay above tJrat given by the

Griffity-Oror'¡an criterion resulted from the fact that the jxitial
cracks propagated through the graìn, but that the grain bolmdary

structure permitted blu-rting of the crack tips 11431. rt ivas also

pointed out that deforrntion of grain bor-¡-rdaries (where the atonic
arrarìgement is irregular and electrostatic faulting is high) coulcl

be possible whichinay help in identifying the oo term in eqn. (z.l8a).
rn the folloiving we review the various rationalizations that are

avaí1ab1e for explaining the , ¿-4', behaviour. correlation ivith the

avai.lable açerimental results on Nac1, LiF and Mgo will be provided

in a later section

Tïreoretical erçlanations for the effect of grain size on

strength are principally of three tlpes: (i) the dislocation pile
up model [153-155] , (ii) the rvork harcleni¡rg rnodel [156-1s7J, ffid
(iii) the dislocation accunrulation moclel 11331.
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(i) l.n the pile-rqr nodel, the effect of grain size arises

froin the nrmrber, n, of dislocations piled up against a graìrr bolndary

¿urd in tunr f::orn tire stress concentrations at the head. of the pi.le-

up. rf ive assurne that the lerrgth, L, of the pile-up is proportional

to the a-rrerage grain size, d, fu a polycrl'sta1, a¡d yielding, fJ.orr,

or fracture occlrr-s at some critical value of stress, oc, then the

c-on.ij tion can bc sinply of tire forn,

nlo - o I > o- o'- c

tt'here o is flre allplied stre.ssr-^"oo is sorne appropr-izr_,r-e frictj.on stress

oppo-si.ng the motion of disloca[ion i¡r the pile-up iLJ.ong th.e sJ_ip

planc. and o j.s flre critical stress necessary to nucleate slip orc

a cracj< depending upon r.rhetJrer- yielding or cracl<jns oc.cuïs in tþe

ad¡o-uring grail. Detailed calcu1ations l15B] srroir' that,

naL%

(2.1.q)

(2.20)

Eqns. (2.19) utd (2.20) conbine to gíve a:r e>pressicn of the fo¡n of
eqn. (2"18).

(ii). In t-he i.r'ork harclening type model [].s'jl , the effect 9f
grain size is oil dre density of ciislocatjons associa'Led rvith a given

amctur'Û of pla-stic strain, the density being greatel as the graÌ.n size

decreases. The higher dislocation densj-ty leads to :', higher ilterrral
stress a:rd thereby to a higirer flow stress. lhe effect of grain size
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on the flour stress is therefore an indirect effect thr:ough its
influence on the density of clislocations. The model. in essence, thus

enphasi-zes the increase of internal stress opposing clislocation motio¡

rather than on the stress concentration at the tip of a pile-rp at 1fie

grain bcrlrclary. Ilere one consider:s the ex:pe::iuental relation:

o- = ol + o,,ub /Tïo (2.27)

wlrere o' and a are constants, ir is the shear moclrrlus zurd p is theo

dj"sl.ocation deirs:'t1'. I{oting thal: the plastic stlajn ã = pbf, r..,jle::e

X j.s the nean free patlt of the :nction of <lislocations whicJr, rr,ithj¡ the

1j¡úts of the grai:r bourdaries, i,s talccn a.s plroportiolial to the grail
djarneter, d; then vrith pol/rJ eqn. (z.zr) reduces to the fo::¡r of
eqn. (2.J-B) in tert:is of graiu size. It shoulcl be enph.asized horveveï,

that oo (eqn. .(2.1S)) differs from of of eqn. (Z.ZI); Li [1S9]

has Proposed a:r alternatj-ve lilodel by ri'hich the d.ensity of clisloc¿r.Lion.s,

p, varies as I/d, yielding eqn. (2.27) l¡hich is basecl on the generati-oir

of clisLocations frolr grain boundary ledges.

(iii) A thircl way to describe tire influence of grain sj-ze

is b1' Ashby f1331 rr¡hc showecl that a propor:tionality' bc1-r+ocir the

dislocal-ion density a:rd the reciprocal of the grain size fo11ov,,s from

a consideration of the density of dislocations requiled to c-onqtensate

for the non-ulifoln defor¡retion lvhich nust occur in neighbouring

grains <luring 'uhe deformation of a polycrystal as a r¡ho1e (c.f. fig. 2.3),

lhe nroclel. predicts that in aclclition to the gra.in sizc <J.epencle¡ce of
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the initial yield stress, an incrernent of flow stress should develop

during work hardening rvhich is also proportional to the inyerse squaïe

root of the graia size. If the work hardening is'considered to arise

fron the increase in internal stress, increasing with increasing strain

due to accr¡rulation of dislocations in polycrystals, the total internal

stress can be written as [160],

ol (r) = ostut. * Kyd-' * Ked''4 (2.22)

where ostut is the grain size independent component of the internal

stress due to statistically stored dislocation accu'nulated during

plastic flow i.e. it reflects the rate of accr.mulation of dis-

locations in a honrcgeneously defonned single crysta1 of the same

rnaterial. The term Kud-'is the grain size dependent internal

stress present at the'initial yield event. This contribution can

only be evaluated by extrapolation to zero plastic strain. The term
-- .^,K.d 'represents an additional graìa size dependent internal stress

which i¡creases during plastic defornation. This is consid.ered to

be additive to the internal stress due to statistically stored dis-

locations represented by ostut and represents the effect of any

additional work hardening imposed by the presence of grain bor¡-rdarj es.

This model differs from the mocLel of conracl et a1. t1s6l

which relate the slip dist¿nce to some fraction of the graìn dialeter

in the sense that the boru-rdaries themselves are considerecL as obstacles

which enforce an additional non-homogeneous deforrnation r-rpon the grains
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in order to rnaintain contiguity. In materials which exhibit planer

slip at lolv temperature (suclr. as brass and zinc) this mocle1 erplains

the erperimental result rve11 t1601 whereas it fails to describe the

grain size effect for other materials in which obstacles to slip are

readily created in the grain interior due to easy cross slip and. cell
fonnation (such as Cu [161,162]).

2.2.3.2 Correlation lr'ith elperimental data

The form of equation (2.18) which is applicable to yielding,

flotu and fracture of a variety of metallic npterials is also consistent

with the fracture stress data of. the najority of brittle polycrystalline

ceramics includì-ng the rock salt materials [147-1s0]. Most of the

studies concerning the grain size clependence of fracture stress however,

have involved erçlaining the mechanism of fracture. In the discussion

of crack nucleation a¡rd propagation, a critical (crack) length and

a surface energy parameter were always involved in establishing the

criteria for fracture. rn the dislocation pile-up mechanism, the

crack length is taken equal to grain diameter, while the surface

energy paraneter is approximately the grain bourdary or single

cr¡'stal surface energy. For the crack propagation mecha:rism, the

critical surface etìergy depends upon the size of the fracture nucleus.

Besides the above aspect of the rnechanisms of fracture,

for rvhich many excellent discussions are available in the literature,
there have not been ma:ry attempts to describe the polycrystal
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behar¡iour from olhel consi.derations. rt h.as since been sirorlrr that
in inaterials like po1ycrlr51a1linc NaCl,. LiIr ancl lvlgg, tìre brittlellcss
ca¡¡rcrt be just attributecl to a laclc o:f dislocat.ic¡rs in the ùtclividual
graj-ns or to a failure of these to mor¡e and nirilti¡rly. The cr:i.tical
er¡ent that cletermines the fracture occuïrence is the interaction betiveen

a grain boun'JaLi¿ ¿urd tlro glide ba¡cis ol betrvcen, 'n,¿o glj-ile bancls ,cha.t

for,n cluring the ea::ly stages of cleJ.o¡lratio¡r. lvJo.st of tl:,e i¡r¡est1.gat-ors

howet¡er, have not atten¡rted to e;q:lail their observatj.ons f::om )¡j,elc1j¡g
crj-teria. fn a-:r attenrpt i:o e>plain the jlfl.uence of pjaslic f1o¡^., on

bL:ittle fr.acttr.i:e of polycrystallilre ceranics, Carlignia lJt+71 has cl¡:ar,,n

at.tcll'tion to the l{a-11-l?etch behaviou-r, rnrho pl:tted publishec.l st::ength

d¿¡.ta of se\¡el'al authors a-s a funct.ion of d-%. Aniongst the material.s

of interest here: on1¡z the behaviour of po11,cr¡r:;¡a1l_ine lr{gO r+as

cra¡rü-neci" Dcpendilg r-pcir the gra.jn si,ze, he founcl a fi,¿o-stage re1-atioi-i-

slrilr, rrhere orì rrs ð-% ð.a,ra could be fj-ttcd or1 t\r,o straight l-j.nes.

ll¿rta in'Lhe fin.er grain s.ize ra:rge obe1,scl petch relation, oF = oo * K.l-%;

t'i'heleas for thc coarser gLrai:r size.s ( > 1s0 pm ) tire data could be

extrapolatecl to ze'ro at infinite grain size. Fracture beh¡,viour

depict.ed by this latter portion of t.ire cul've u¡as attribu-ted. to the

elastic crack propagatjon from internal (rpre-existing') craclcs o::

fi:oin flatvs of 'che ord,er of grain size j.n climensjon. The o.tÌrer nortion
of the curve obeying Petc.h lelation at sma1l grain si-zes v,,as a.Etribu-tec1

t-.o sorne unspecifiecl t1'pe of dislocal.ion-initiatecl ),iel.ding process.

rn orcleÏ to understa:rcl the lJal.I-petch behaviour, Ku anci

Johnston LI24l have provided sone interesting results on MgO bicrystals.
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ft lvas fourd that the stress to foru a crack at the intersectíon of
a glicle band. and a grain boundary shorr'ed a Hall.-Pctch tlpe behavjour.

The dislocation -sou-rce r'{as â :nicroha-rclnes.s inclen1:a-ti.on placecl at a

controlled distance , d, fro:n the bounclar¡, anC thc c::itical o::ientation

v¿idr a < 100 > chrectiou parallel to 1oa<1i-ng axis. oo l^.ras shorrTr to

be tire stress for dislocatj-on nmltiplication ratiter tha:'l th.e nj¡j-mun

stress to mor¡e clislocations, a:rrJ l( (sioire of ou v,, ci-Z ¡;Jr,t) g¡rv-c a

measu-L'e of tJre cohesj.ve strength of the boundarl'. The va.lue of o-
2o

(50 l'î'l/n") rrras l¡uch less ( of trre on'ler of L/4 to l./5) th¿rn the

oo rralues obtajned so far Ã471 fro:l o¡; ts d-Lá plot extrapolatio:r on

polyc.ry's talline 1-.{g0.

Resul-'l.s on polyc:)'stal.litre NaCl also incl.ica-te sì:rli1a.l behar¡iclut:.

For exanrple, u'hen thc da.ta of Stolces ancl Li lizsl on ïoom teru;erature

st1'ess-stra:Ln behaviour of i:olycrysta-Lline NaCl is reptottccl i1 1enls

of (stre.ss) rrs' (g::'aj.n st-ze)', one finils tr.¿o int.er.estÌng feattncs:

rn thc rerrge of grain size ¿.iì-.'ove a,bout 100 pn, it js seen that-. 1ùe

y.ier1c1 a:id fraciule sttess both sho¡r' a ljnear fit accol:ciing to Ì1a11-

Petcir relatíon. secondl-y', rr'iri1c the ini.crr:ept of the yield sl.ress.:
---avs d ' piot extrapolates sornervhat close to si_ng].e crysta.l val.ue on

the stless a-xis, tire intercept a:rd slope of the fr¿icti;re st1ess - d-Z

plot are citlit.e cii"fferent and lalge:r tha:r for the y-ielcl strcss. Iliis
fe¿ture j-s sjrnj l.ar to observations ilr ::ooln ten4rer:atule expe:rinelrts

vrith pol1'crystal.iine i'fgo in the preseni. lvork, e.¡eir though t1ii.s

nater:j.al shoi.,s r;ill¡, ¡¡.rosco1:ic f1oi,¡ of the ord.er of 10-4 plastj.c

str¿rin co:npared to several -percent in NaCl
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Althougl'r at present there are lìot enough data avaílable

on the gra-in sizc clependence of rçork harde¡ning behar,'iour, it should

be rnentj oned that the above obserya.t-.j.on.s orì Nacl anil N{.op shoiv

irportant si,rnilarity a.t least qua-li'tatively rt'ith the deformation of

sore metals l'¿her:e either :rnd.e of slip or .iinited nu"ltipj-icity in s1j-p

systerns g,overns the overall polycrystalline plastici'ty. Tn the case

of rnet.al-s clefornún¡¡ b¡' planel true of sl:i.it, it has ireen sjtoi\iit l,.l:c\¡iously

that the FIa1l-Petch slope inc::eases with plastic strain 1160,16J,164],

t""hich is similar to the data on NaCl a¡rc1 lrfgO" Sased on the dislocation

accunula-tjon mcc1e1 of Ashby 11331, the er1.1a:ration of worli harcleni.rg

behaviour u'ith gr¿Lin size a-s su[Jgested by' Sc]ranlcula at eJ_. il.60l

thus see¡ns reasonable j-n descr:iìring the defonlut-ion of polycrysta,Lline

rocl< sal,'t llaterials. Flo.lverrerr il vier,; of tùe li:iiitcci c1ata, i.t is not

possible et tTrc pïcscìnt 1:o decirie conchlsivel)' on t.he :ltecha¡islli

j.:rfluencing gi'ain sizc depenclence of fl.or,¡ a:rd fract-ure of thesc

rnateria.l.s f¡91¡ fìrr. -r¡i,.r^¡nninl- n€ slþçf ConSicle::.atj-OllS d|SCU_cSed, befO1.e.



q6

3. 0 lr}PEUlEl\,T4.L_ TECI-I,]IQLTES

3.I lt{ate::ia1.s alcl Speci:len P::e.pa.::a t-.i on s

3.1.1 MgO sing_Le crysta.ls

The cÏystals u-sed iu the plesent iirvestì.¡lation xele cbt¿rinecl

from tire Norton conrpany, Niagara Falls, ontario, canada in the form

of c.l.eaved (100) slabs of the dilnensicns 5 x 1 x 1 cn3. Thelz rr,ere

clcai' and colorless. The cÌ:enical conposition as suggcsted by 1¡s

manufacturer i_s listed in llable J.1.

Co:np::t:s-sjon tc-st spccìruens ue-re cut fro¡n the bu1.k (100)

cleal¡r¡cl clystal-*s of tlie d-imersions 7.00 x 3.50 x 3.50 :ril,r3 usii-,.,.Ì

a dja:ttorLd cu-t*o-í;l: sals. Sa-t,r'ing, rathey' th¿rn cleavì.irg, was pr^efcrrr,;d

so tltat the naxj:ni.tn rtuml-¡ei: of specirlens coul.d be obtajnecl. After
cutting, the specirììeils rirere g::or-ind f1a'[ on metallographi-c parre]:s

rrsÌng a V-blocli tarJting ceïe t.o rnal<e thc eltds t::ue ancl para11e1 and

che¡nically poli.shecl in hot (90o - 100oc) orthophosphoric acid (g5%)

to rc¡no./e a¡'y surfac.e danage dr-re to cuttiirg and grÍnding.

All of tÌre specirnÉjrì.s wer:e girren am a:ureali:rg trealrncir.t ¿¿t

1250oc fot'24 hci;-rs in air ¿:.rrd coo'red t-.o room tenreratur.e by air-
quencfiing (in 5-(; ninutes) t.o obtain a unifo-r iri*ity distriS¿tion
and also to prevettt any inrpurì.ty precrpr'-tati.on wh{ph occurs o¡ slor^¡

cooling. Final polì--sÌring lva.:; done on r6,001 :netallogra¡:hic papelrs

arld tilen again j.n acid r¡nti1 the crystal d.i:nensions i^rere 6.50 x S,00
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x 3- 00 rur". DLring the enti¡'e speci:lcjl prepaïatj_on cai:e

to ninimize the rnechanical <ìamage duri-ng Jranclling, etc.

3.I. 2 Polycrysr-atline }utgQ

ivas exercised

Ftt1ly dense, 99.9% pure po1¡'cr¡z51u1t'ne lr{gQ (t¡acle name:

IFJfu"ìì'J 5) was obtained fro:n Eas'cinan Koclal< Cc.,:irp:,11,, Rc;clrest-.ei., Ì\ier^I

York, u.s.A. in tire fonn of 5.0 x 2.s x 0.6 cn3 slabs. They lr,ere

cf iolrr-lr¡ mi'lh¡ in colo:: and in the as-receir¡cd. cond.ition ha.cl a vew¡rl uvrvr. øru _Llr Lirç cL>_ I CL-(j_L\1t:Cl 
/

l-ir:e graí-n -cize of the. oï.ler or z-j i-rn. The chemical a-na1ysi.s of
this nrat-elia1 as su1¡rliecl by the ma:lrfacture:: is gi.ven j-1 Table J.2

a.I.ong with other propcrties of interest

The -sl-ab-s i^rere cut into fl ¡.t t.c:rsi.le spocii;rens of dimensioii

5.0 x 0.6 x C.1 cm, using a precisíon ti'e.fîefing nachine. During iJie

i^lafering o¡reratiotr, the cutt.íng spee<ì r.,,ls kepi at a, niinirmini to p;:etient

ch.i14:irrg off anl/or breairing out o:t the cut portion f.ron t¡e rest of
thc ru.terial. 'Ihis a-1so red.ucecl trre crranccs of gettl'-irg taper-ec1

specil:ons.

AfteÏ cuttÌ:rg, each specirne¡r rvas nechalical1.y pol.ishecl on

a seli-cs of nletallogr:aphie papeïs follorvecl b1' polishing on cloth*

covered laps using a s1urry of .\Lro^ Ljnde c poivcLer:. After ser¡eral

minu-tes of polishing, the specinen was cleaned and examinecl rnicr:o-

scopica-1ly with special note. irude of 1.he anourt a:rd detaÌl of any

g::aín pu11-ou1-s. llse of coarseï grade metallographic papeïs weïe

avoidecl i.o redi-rce the deptìr of darnage inflicted by mechanical polishi¡g.
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irinal polishirrg rvas done using k pn diamond paste, ÍoIlorred by

chemical polishing in hot (S0o - 90oC) oi:tlrophcsphor-ic acid.

1'he speciiììens were a¡nealed :iil tr,vo different batches.

ùre bat.cfi tüas ar¡realed i¡r a r¡acur¡n of 10-6 ,otr at 1B00oC rr,hile the

othel:s rrere heat-ti:eated. in ail: at 1650oC. In bo1-ir c¿¡se.s the

speciirens v,ere cool.ed slorrl.y in the furrlo-ce at a ra-te of J- 4oc/m:t.

to prevcnt cracfii:rg frorn tlier"r,ral *chock. (f¡ernicar pr.r-r.i..sìring itas

repeated after the heat treatnent. The resulting p,rerin. sizes

nea-';ui'ed ìry tìre ljlear: interccpL methocl r{ere up to a na->limmr of

about 120 1nr (r'i.ithcut usi:rg âlty ¡¡r1+'pli'j:;¡; fa.c'r.or as sugJlested l>1'

sonie ailthors [167] to appïo]:j¡n.te a 'true' grai.n sì-ze). T]re t]ielual

t::eatlnent a:rd resul-ting gra-jn sizes are suiiÌnarized j-:r Tablc J.3.

3.2'Iho Etcir-Pi.t .[i¡:reri.rnents

Etch p.ii.'liirg Ìr¡its cârried out usirrg tirro diffcient solutions

rvJrich pi:ocluce tire same resu.lts although they etch solneì,/l-rä.t dì.ffe::c-,ntty:

(a) a solution coiLsisting of 0.5 nola.r 41C1.3 in distil-1ed rvater [l.68l ,
.'.1Írs eicha:rt gives ure1l-cl-efjned square pl.rzunida1 pi.t.s on (100) surface

ti'hen used. at 55oC, (b) a solution of 50å fty rrolurc) H'SOO il c1istjll-ecl

h¡ateï l'ihj.ch gives circular pi.i.s a-t 60oC. iìtching rr¡ith cither sol-uLion

trtas followecì by rinsing first in rr'ar-ni distilled h¡¿t6)ï then in

metha^rrol. Thcugh both etcharrts \,Jelre callabie of dis1.:lLr¡¡i.i:i.shi-ng lietçveen

rgroi'lr-i-n' a:rd rfresht pits, it rvas fornd that tlie for:rer garre ticLcer

results in deljneating rgroLn-i:rt dislocations. In the case of single
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..i-
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zi.8 xl0''
7.0 xI04
f.g ¡l[5 :'r

?.3 xL04
2. 66*195 *;

6"a x:r}j
7.2 x70,
B. 51x10q
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crystals it could be shown by rnatching the etch pits on two opposite

cleavage faces, that the pits actually correspond to d.islocation

emergence points. In the case of MgO etch pits have a 1:1 corresponcle¡ce

witlt dislocationswas shovm by Stablein [1ó9] by sirnultaneous obseruation

of etch pits and dislocations usirrg transmission electron nricroscopy.

It is believed that in the range of d.islocation density involyed i¡
these erperiments, a one-for-one corïespondence was present.

The as-arurealed dislocation density in single crystals was
aa

about 3 x 10r/cn' fror etch pit counts. rn polycrystalline specimens,

the initial dislocation density was fourd to be dependent on the grain

size of the ¿Ímealed specimens. Dislocation pit d.ensity on about

20 to 30 grains were measured on each specimen. These measurements

are included in Table s. i. rn order to study the slip initiation
and propagation, the load-r¡rload-etch technique, in which a polished

specirnen is stressed to a pre-determi¡ed 1evel, rnrloaded and etched

again, was employed. Due to faster reaction along grain bor¡rdaries

in po1ycrysta1lj:re lr{go, etchant þ) was for.rrd to give better results
than the etcha:rt (a) while etching tjme was also shorter compared

to silgle crystals

3.3 lvfechanical Testing

3.3.I Corrpression testj:rg of IþO single crystals

compression testing was carried out using a special self-
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aligning jig, rnade of stainless steel, which was mourted on a floor
model Instron (fig. 5.1). 'lrhen this jig rvas pulled in tension, a

conpressive stress ivas applied to the specinen irl the centre of the

jig. A t" stai:rless hemisphere was positioned oveï a minor depression

mark on the lower platen onto which the specimen rested during the

deforrnation. This was introduced to take care of eccentricity in
loading even if the two ends of the polished specìrnens were not

perfectly flat. very thin teflon sheets or molybdem¡n foils (at

higher temperatures) were used as a lubricant between the specimen

ends and conpression platens.

For testings at 1ow ternperatures, suitable baths (e.g. at
--o--77"K, liquid nitrogen bath; at 208oK, dry ice and acetone mixture

bath and at 473oK, silicon oi1 bath) were used, whereas for tests

above 473oK, the jig and specimen assembly was enclosed. with a

split*type furnace equipped with autonatic temperature controrler
having a tenperature control of l1-2oc. Temperatures were rneasured

rlsing Pt - Pt/L0%Rh thernocouples placed next to the specimen. A
time period of at least J0 minutes was allorued to ensure that the

grip assembly reached a steady state temperature before running the,
tests.

The basic strain rate used r,¡as 1.3 x 10-5r".-1 and, to
study the effect of strain rate, changes to l.J x 10-4s".-1,ur"
made. For the stress relariation e>periments, the rnotion of the

rnstron closs head was stopped at the desired strajl leve1 and the

decrease in load was recorcled on chart paper running at a l<norr¡n speed.
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FIGTJRE 3.I: Compression testing jig'
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3.3.2 Tensile testing of polycrystalline MgO

Tensile testíng of polycrystalline specimens was carried
out using a special tensometer d.esigned to facilitate the r¡riaxial

' and friction-free motion of the crosshead d.uring loading. Considering

the brittle behaviour of polycrystalline Mgo, the requirements to
be met in the construction of'a tensile testing facility weïe:

(a) to have mininal mechanical vibration during tests, (b) the

ability to apply and measure the tensile 1oad. with a minimun complexity,
(c) to avoid mechanical contacts with the specirnen, and (d) to
devise a method of gripping that wouId. not itself i:rtrod.uce any

stresses to the specimen ends and at the same time permit uniaxial
loading.

The above problenrs were solved after encountering consid.erabl-e

difficulty and the tensile testing facility which was finally
developed- is shown in fig. 3.2. construction was all of stainless
steel includ.ing even the pins and screws. rt was assured that none

of the parts yield before approximately twice the fracture load
of the specimens. si:rce one of the objectives of the present work

on polycrystalline MgO was to study the lrehaviour of resj.dual lattice
strains, the tensometer r{as designed so as to fit onto the speci:ne1

holder stage of a phillips x-ray cLiffraction machine. rhe basic
design howeì'er, was such that it could also be moìnìted on the rnstron
machine rvithout any najor alterations for clynanic recording of the

stress-strai¡ curve.
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w

FIGI]RE 3.2: Tensile testing;'ig used in the pïesent irnrestigation.
Specimen cemented on grip-ends cõrpled in line i¡ith
load cel1 is shor¡n. Strãss is appiied by screwing the
lsrob at the top which is fastene¿ wittr tñe rnoyablb 

'ppercross head.
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The load on the specimen was measured by an internally
fixed and calibrated stainless steel load cell. The calibration of
the load ce11 was done by applying a lmorvn load on an Instron machine

and measuring the strain with the help of an external strajl indicator
capable of giving a sensitivity of t1 x 10-6. A calibration curve

was thus plotted. after repeating the loading and i.rrloading of the

load ce1l (speci:nen) several times to ensure the reproducibility and

linearity rp to the working stress range. This calibration curye

was then used to determine the applied load to the specimen at any

value of strai:r, since the load ce11 was directly attached. to the

specimen grip*ends. The strain in the specimen was measuïed. in-
dependently through sepaïate strain gages.

The tension specJ:nens were cemented onto the grooved pieces

shorør in fig. 3.J(a). special care was necessary in setting the

speci:nen over the grip-ends so that the specimen was cernented on the

centre line. To help facilitate para1lellisn between the grips as

well as to keep the specirnen aligned during the cementing operations,

a parallel-bar type alignrnent jig was made. This is shov¡n i¡
fig' 3.3[b). sauereisen'cenent was used to hold the specimen in place.
Care rvas exerciseci. in applying the cement so that it did not contami:rate

the gage length portion of the specimen. After the cement was

dried (which tool< about 10 to 12 hrs. at room temperature), the

specirnen hras transferred. to the tensometer.
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FICURE 3.3; Device used for aligning
cementing operation onto

the
the

specimen duriag
grip ends.
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4. 0 EXPERII'{ENTAI. PiESULTS

4,I Compressive Deformation of MgO Single Crystals

4.I.I General deforrnation characteristics

The general stress-strain behaviour of tiie 1100_] crystals

obtained il conrpression are shown in fig. 4.1 for the six temperatures

of 77o, 2080, 2g3o, 4730,5730 and 6T3oK. Although some vari¿rtion

was for.md in the yield stress due to suriace effec-t.s from specinren

to specfuien at one temperature, the general shape of tjre cul:ves re-

nained the sarne. No yield points were observed in any of the

speciltens lvithin the abor¡e tcnrperatui:e li¡lj.ts " Siirce all tests l^¿ere

confined to < 100 > loading axis, the shear stresses a:rd shear strains
were'calculated for the active'{ tlo } < tto > prinary slip sy.stenrs.

Between three and four sanrpl es were clefonnecl rincler a gil,en set of
conditions.

4.I.2 Temperature dependence of CIìSS

Figure 4,2 gives the temperature depenclence of the critjcal
r:esolved shear stress on'{ t10 } < ttO > slip syste,ns. rn gcneral,

the CRSS increases sharply rr'ith decreasing terperat.ui:e in a lnalrleï

comronly observecl in b.c.c. rnetallic systems. The values of o.

(athennal conponent of flow stress) ancl To (the critical reference
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tem¡re:rature h¡here the thermal

ingly snall) deduceci frori this

rpcner-fir¡r.1'r¡.'T'hr. famrarçl-rrrn

is plotted in fig. 4,.3.

contribution to florv stress
')plot are 0. ó5 kg/nÌn' ard t

variation of shear nodulus

is vanish-

14000K

[ (crr- c7) /21

4.I.3 The strain rate sensi'civity of floit' stress at various temperatures

Strain rate change e>periments r{ere perfo::ned by changing the

strain rate upwards by a factol of 10 fron the base strain rate of
- q -11.3 x lO-rsec-r o\reï a range of telrpera'ù-.rre from TTOI( - 67joK. The

change in stress, Ao, due to changc in strain rate is plottecl ilt fig.
4.4 against true plastic strain for varioils teffperatures" The values

of Ao^ a::e plotted against temlterature in fig. 4..5.

Since the stress ::elaxatioir tocl¡rique is also capable of

yielding.llecçssary infonnatj.ons for evaluating rrarious thermal activation

paranetei:s, this teclnique ivas also enrpioyed in conjr-rrction with the

strain rate change nrethod. Follolving the strain rate changes frorn

'.--oce, (base) to e, alcl Lrack to er, loading nas stopped ancl stress

relaxation curves recorded for about 5 to 6 minutes. The loading r^ras

contilued either ilnnrediatel). after relaxatjon or after: cornplete uu-

loading to check worl< hardcning attd/or strain ageiltg effects, and this

sequetlce tntaê repeated for various increasjng ainornts of pla.stic stïains.

l{iithin 1,he e>peri¡rental errors iir measurements and rep::oducibility

li:nits of. "u I0% from specimelt to specimen, it v;as found. that Ao

remained practically constant, ìrdependent-- of strain over the strain
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range investigatecl.

4.7.4 Evaluation of the dislocation \relocity - effective stress

cYnrìnêìlf m*

4.7.4.\ Stress relaxation teclmiclue.

The stress relaxation technique of Nralyzittg defonnatjon

kinetics in crystalline solids has been extensivel)r used. in recent

years for nany metallic [49] and ionic f6ól naterials. The theo::etical

background for detennining thc dislocation r¡elocit.y - effectir¡e stress

oçonent, ilìr", from this teclurique and its compar:ison rvith other:

teclrniques has been discusserl prerriously, by nany h,oïlçer.s. In particrilar,
Li I49l and. Grpta a:rd Li f6ól har,'e appJ.ied this technique to Nacl

and LiF crystals. T)pical stress relaxation culves obtainecl o:r l,,fgO

crystals in the present wor'l< are shorr'l-r in fi_g. 4.6.

Tire dislocation velocit.y - effectíve stress e:poncnt, nì*,

from this method is calculated from the slope of the linear portion of
a 1og - log plot of the negative of stress-rate (âo/ à t) vs. tirne (t),
via the relation:

*:r = (s1opc/s1ope+1) (4.1)

In fig. 4.7 the logarithm of the stïess rate is plotted. agai¡st the

logaritlr:n of tjme. rn order to include all. the exre::imental clata



77" K REL,AXATION CURVES

€p = O.5 7"

€p = Q.92"/"

208 "t(

€P = l"/"

€p = 1.4?'"/"

*:E. --::::=::=+

473'l-i /*lâC','qF " ¡"J ;Ù

Ã7?o li

673 "K €p " 3.9 7"
€Q = a''92To

IOO secs

FIGURE 4.6: St.ress rel-axatjon curves at c'lifferent telt¡re::atures
for r¡a::ious plastic strains.

UÌ

E
clì

.l

o
J

."-t-
r¿l
--lIt-

- | 4 0f(::F * r.¿ /o

€p = ?.-'5 "/"

€p = 2.9 ",6

TllvtE,t(SECONDS)



77.

/\
lO.Or-

ro.o
rl
L)

t.c)

(îi
t_
-¿
:)

F.

É.
t:
fl-r
t¡-

:
{J

b
td\

I

ti
t--
g:

(n
0^j
L'J O.l

t-
(Í)

t.u

FOReo= ¡ 7"

rl
IO ItÛ 2Ür-)

-'-J-*__--J-*__-r---J

too zAO 300
TlivlE , (SECONDS)

lc

ta)

l.oct--Õfor
- lnn rr'ln'rc n1: tllg StIeSS fate
different tenìDeratures.

o | 208"1(
c" | 293"1(
a | 473"1(
h I sz3 "t<
E I 673 "l(

FIGIJIìË 4. 7 : vs " Telaxation ti:ne



78.

obtained at different tenperatures ancl for ep t 1% of plastic strain, the

co-ordina.tes are suitably shifted. It is seen from this plot that a

linear relationship lrolds at long tjmes to yield a ljmiting slope

according to eqn. (4.1). Furthermore, the erperìmental data showed

approximately the same slope at all plasti.c strains greater than

N I.SZ, Ðd in all cases the absolute value of the slope of the linear

portion is larger than r¡nity to yield positive m*'

In the case of erperi:nents done above roont tenperature, the

fluctuations in tenperatures of the bath or furnace were the rnajor

sources of troubles which affected the profile (curvature) of tl'e

stress relaxatiolì curves. Secondly, as can be seen from the plots

in fig. 4.7:' ' a slight variation in slope measurelÌents gives a

large error in the results on the absolute rnagnitude of rn*' This

can be specially so for the materials whose m* values are large, since

the slope in a 1og - logplot of the stress rate (-ðo/ ðt) versus

ti:ne (t) becornes too srna11 to evaluate m* accurately' The measure-

ments done in the present work, thereforer were repeated on seyeral

sanples to check the reproducibility of the stress relaxation curves.

In adclition, the magnitudes of n* were also deternined by other

techniques as a check on the applicabilj-ty of various techniques

as well as for the reliability in the magnitudes of m*'

Using the stress relaxation curues of fig. 4.ó, the atherrnal

cotnponent of f1ol,¡ stïess, Oi, at any plastic strain was deterntined

by using the relation [66]:



(4.2)

wh.ere o.r a:td o" are the flow stresses aftcr tines t, alcl t. on a stressr ¿ -r ---- -z -"
relaxation cur\¡e and tar is the derriation in line arity in the 1og -

1og pJ-ots of fig. 4"7. Assuming linear ad.ditivi-ty of the thermal a¡d

a-thelnal corponetrts of the floiv stless, the lJrerrnal. or cffective stress

componetr'1, o*, was obtained by subtracting tÌre va1u.e of tjre a.the:rnal_

stress fro¡r the flow stress. Figure 4.8 surumrizes tlte results of the

l¡ariation of flow stress and its conponenl--s against piast:ic stra.in at

difr"ercnt ter4reratures. rt is seen that, cxcept j_n the earl_¡r stages

of deforinat-ion at 473oK ancl. abover o* rerra-:iliecl consta:rt lvi'ch strain
t^¡hile the interral str:ess inc::eased in the same mair]ler a-s the ap¡:llicd

stress" lhe telqlera-ture dependence of cffectir¡e strcss is shgvl in
fig. 4"9 the effectir¡e stress inc-reasjng i,ritìr decrea.sjng tenrperatur:e.

4.7.4.2 Extrapolatioir and other techniques

Using the me'lhocl suggested

the valucs of rn,T l¡ere also eva-luated

-1'-1:ô- 1^^LL/ \-rr¿!u Lc> L.

Since by clefinitioit:

,or ^ oi., 
- ;tz * 4.1/in¿,-l

\o, - otl

^ _ r ä lnep .,
ltt - r d -Lno-

extrapolating m (n amd n*

fry Johnston ancl Stein [165] ,

fron th.e data of. stlain rate

(4.3)

rn* can be obtained by are diff-erent in the
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sense tirat rn

149,61,1661)

+1--+.utaL.

represents the

to zero plastic

value of m* in the

strain rvhere o. =
].

a?

work hardened state

0. Fron rvhich it follorvs

,-^J _ ,, I tt¡ V \ _

'- d IIloTi'
,ðhråo.t+-ltð1no )t0

and then the relationship betiveen m and nr, br_:comes

@.aa)

(4.4b)

lhe values of m obtained by using eo,n. (4.4) a::e pJ_ott.ed in fig. 4.r0

against. pjastic strain and shou' the values of mr, corrcsporìdi¡g to

extrapolation at u.,, = 0 for r¡ar.ioix ter¡-'rcr:¿Ltucs. lllc bclt¡rt¡iou:: of
lit with plastic strain bears a r:esenbl.atlce to that in f-he st::ess-strain

cur\¡e (fig. 4.'B). rn order to reduce the a-rb-ltïalry cxtïapolat-i_ons

tt'hich is ura-r¡oidable il plots such as 'chose of fig. 4.10, a:t alterltatir¡e
procedure t'r'as follolr¡ed by taking advantage of the paraboJ ic. ltature of
cuïves between 77oK to zg3oK, Acco::clingr),, a- p1.ot of m against squaïe

root of plastic strain , .o2, gave a lincal relat-iorìslrìn ìn l'h¡ teLnperature

ïalge of. 77o - Zg3oK u, ,1lo*or in fig. 4.11.

It f-urther altemative wa)/ of obtajnì:rg m* is by usi:rg dre

strain rate sensitivíty of flow stress lvhich i.s measurecl by straÌn
ra-te cycling tests. Noting'chat m?ì is defined from eqn. (a.afl to be

** _ /, u rtlv \
d tno^'
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we find,

.\ ,â1nå':. ,ôhån.n" = (-tljìdJ = [T---Jo- = -m- t4. bj

r,,'here \r*; ir the activatíon volLnne for yielding, defined as

r r -l-vj' = kr(;j]io!:)t',p (4'6)

'fhelefore, rrr* can be cleduced froni stlain:.'ate cvclinrr fêc;-f 1-,v r-.¿f-
/vLl'lli wvJv uj !

culaiing the activírtion volule , Y", using eqn. (4.6). In fj-g. 4.J.2,

1-he r¡alnes of m't obtainerl by Gupta - Li l.echnique of stL:ess re].a;tatìori

a¡rd those obtaincd r¡ia eop. (4.5) are conÌ)at:ed and plotted aga.inst

rrlecí-ir- .rfrrrir¡ Be;,s'r¿ 6730K, r,.,4lere cl;r::lnic st::ailt aqcjng rra.S C¡¡serVcdvrJ ¡\, rìrrçr.u 9j¡¡J¡r¿v JLtu¿¡f ({:;\/J.¡J5 ¡ì.¡.)

mtt valucs u'ere cleterni-ned by a. 1og - 1og 1>1-ot of the straitÌ ltal-e 'vs.

.stïess ¿L'¿ the pïopor'tj-orulit)¡ l.i.nj.t. (fj-g. 4 "I3) r^¡hich effectivell, gÌ-rres

o*. Su.rma.rizecl j-n T'abl.e 4.1(a) are the result.s on ni'obtained b¡'

va-rious l.echriques in the prescnt investigai-ion. Val-ues from the

l.j.tela-ture are also shorrn fo:: compari..son jl Table 4.1(tt).

The :n* I'a-l.uos of the present ivorlc are plotted against

tempeiatrire in fig. 4,L4 and shoiv a sJiarp irLcrease r,¡jth clecr:ea-sing

tenpera.ture,

4. 1. 5 llie Activation Volurle

Values of the activation vohmre, Vo, derived by using
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TABLE 4.1(a): Cornparisoir of results for
effectirre stress exÞonent.
studies - 1

dislocation Velor--i fw
mjl f-a..' .1ì at^-*-* "'
.lll'- , t.t ulll LrÌIIel'ent

Reference Major Impurity
(in p.p.nì. )

Evaluati on
Technique

Ìn'* r (olt) Remarl<s

l46l Stress pulse
r-f r-Jr r¡'i f

22 R.T appliecl
çfTêqc ñ

v¡as used in
steacl of
effectivc
ç.'Traqc rr*

[183_l
.+<

Fe": B0 Strain rate
sensì-tivity
n-fl rrr^nnn"-f -ur. l,r\rIJvJ r-

ionnlitr¡
linit

30 770
1.7 2C00
1.2 3000
8.5 4730
7 .0 6730
6.3 8730

nt val.ues
are ta-ken
rtt.om atii:horts
curwe. of
, ô hre.
t ¡1-rroJ vs.
têlrrno rq l-r rr^a

(see also
lìcf . [49]-1.

Iisl
+7Fe'" = 100 con.stant

stress rate
1-a^4-.'Lr-> L.\ a

1) n.I\. J .

. --.,o

applied stress
d, tr,tâs used j_n

stead of eff-
e ctir¡e stre-s-s ,
o*.

t¿7
Lt'

J7
ìl^'JtË 150 St.ress

nlrl co-aJ-e h

pi-t

11 AÊ,

fo.lanl

' ¡\r I .

l.1. uo
(scr:eiv)

164) Fe'" = 50 Extra-
poLati on
netirod

Stress-
relaxaiion
Double
stïain-
Tate
rhnn -a

70 770
52 1950
55 2950
46 4730
ry^ .-.'OJL O/J

39 ?,g50

4.'5 2950
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TABLE 4.1 (b) : nt' values of tire present j.nvestigatì-on obtailed
methods.di.f.ferent

Eyalua.tion technj-ques alLd m* values

Extr:apo1;rtion
f pr-hn ì nl loq

Stl:ain rate scn-
ci f ir¡ì frz n.1: nr^n-

-^*/-ì^-^'lì+..PUr. L f ur raa _L L/
1i:rit

38. 5

18. 0

12.5

10. 0

8.5

6.5

-

40.0

18. 0

12.0
.1I.2

10.5

8.5

5"0

6.2

r (or)

--O

2080

nn-C)LYJ

¡., -ro+TJ

-.rO

6734

nn.OI /J

<\ 1.:"

97 30

STTCSS
relax-
ation

39" 0

20.0

12.0

r0.5

8"0

ó.0

.-
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o1

ecìIl. (4.6) are p'lotted as a fr¡rc.tion. of eff.ective str.ess, o*, in fig.
4'15, lr'here V* values (in urrits of u3; have been con^sidcr-ed at a plastr'.c

strain of Zeo for t-enperatures 473oK and abor¡e, since fig. 4.16 shorvs c,jn-

sta:rt v'T on11' be¡r6n¿ about zeo strain in tjri.s r..ange of terr.peratuïe.

the ternperature variation of v* is shown in fig. 4"rT.

4,I.6 The Actj.vation enelgy

Ïre actirratioll energy for 1,is1¿ing H,as ca.j-cu1at.r_:d. fron thc
Teiatl.onsh:]-p;

Usj-ng eqn. (4. S), the values

teglal term wa:,; eval_ra-Lecl by

the culve of V* against c¡*. in

â'nC.'

1Fffi¡.

of Iìo r{ere calculatc:d, in lvhj-ch the in-
graphÌcal. int_egration of the area r_nrc1er

fig. 4.15. Alternatively, Ho can also

4ñr

^Lr 
_ 1-q,¿/dJ,T\el)dl - -l\l t--r.-*¡;J*. \ 

^ 
õ/r (4.7)

v,4rere the v:r-r:iables ìn eqn" (4.7) are t]re sâine as those defirred- p::e_

vi.ously.

AssLlning that flre motion of dislocations is co:rt-L:oJ.ieci by

a singie thei:ìally-acti.vated ¡ilechanisnr, the s'[r-r.:ss-depenilent eptàalp¡,
(aH) of the above equation is rela.teci to the total enthai-py (l.lo) of
the obsl-acles by:

Ho=M+¿o*V+,clo+, (4.8)
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be estimated from a- plot of ÂH against o*, becarse Âl{ equals FIo at

oi' = 0. But this latter rnethod relies gr:eatly on the value of aFI

at loiv effective st::esses 1.,'hich can be nloïe prone to e::rors due firstlv
to the genei:a1 e>çer:imenta:l- difficultf in obta-j.il,lng accurate measuïe*

nents of the sinall :riagnitucles of the strain rat.e se:rsi_tivity and

teutpel'r;-tttre depencieüce of thcl effectir¡e st::ess frorn rr4úch ÀlJ i1 eqn.

(4.7) is calcu.latcd a¡d secondly becausc-: i.t depends on the rnailtei of
extrapolaticus usec1" fn contrast, although the calculatio¡r of II
fro;l cquation (4"s) a1so requ:Lres an extra¡:oJati.on of 'u,', ,r,-r-r.,, l*
plot i.o o:'; = 0 [c"f. fig. (4-.f 5)], tire contri-bui.ion t.o tire to.ta.l_

are¿l fÏom tlie u:rreJ ial-¡le J-oiv effective stress rcgic.r:r c¡f tùe plo1. is
::el.atj'i¡e1y snall" füe -tc'nipcla'i-ule dependence of Àll ancl I-l^ ale sl¡oi,m

o

in fig. 4.18. It is scen th¡rt % ir tcnpct:ature incleircildeli'¿ e>lcejrt

fol ternperatuïes above 500oK, i,,:lierc t.here is a gerieral clifficuJt¡' i11

olrta:lilug accu.l:atc effectir¡e s1-ress clata. ancÌ the iut.cgration of tfue

V* - o* pJ.ot becolncs incieasi.iLgly uncertail:.. -rigure 4.18 also sl¡oh,s

thai tùc act:Lvatjon errthaliry va::'íes linearl-1' rrith tcnrpcrature.

4.I.7 I''üoll< haL:cleni:rg in l,lgO sj_ngle c::1,stals

The. v,'or'li harde:r.ing ctirlres (i.e. resolyed shear st.ress versus

resolvecl shear stlain cu.rves) in conp::essioir are sirorçlr jn fie. 4,I"
At lolver tenlpeïatui:es, be1or,, 473oK, tlre florv st::ess i¡c::eases rapiclly

in a par:abolic lnannel'olr. accoi¡¡rt of high ruo¡ic Jrarclerning. Aboye this

tenperature, two-stage harclening begins to appeaï. The changes in
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the rates of hardening are sununarized iir fig. 4.19. hr this figu::e,

the tr'orlt hardening la'tes, 0 (slope of shcar stress/slrcar strain curves) ,

norrnalizecl tr'ith respec.t to the shear modulus, are plotted. for thc

plastic shear strains of Teo, Zeo 'astd 6%.

4.1.8 iìtcli..p:it stu.dies on the disloca.tion .stnrctr:res of I4g0 cry-sta1s

4. 1. B. 1 As-ameal.ed structures

A typical' a-.s-annealeclr clisloc¿r"i.ioll structu-r-e obsenred by

etclr pitting is shc¡rrn itr fig. 4.20" The irJro'i".og;raplr ti¡as taken a.t 1ow

inaonifical.lon -such that a, who-l.e'f'ace of lJre .snccimcn coulcl be ex¿::nilied"

'the clislocation s-briictures of i-]rc as-r'ecei.i'ccl ¡ilatcr-'i-;r1 ancl subsc¡lucnt

to the arlreai.ing trcatmcnt r,,lerc esscntiall¡' silnilar'. l-loir'ever, i;r the

ca-se of anneal.þd rnaterial a tendeiircy of agglo:ncration of disloc¿rtiolts

lr¡ere obsen¡ed il the foi:m of many lolr'disloc¿rtioü cieiisìt¡'sub-boualda:'ies.

Cou:rting of the etch pits tr'i'råin such sub".boL¡rdaries g¿i\re a dislocation
Fa1

densitl'on the aveïage of 10) to :ì.Oo/cnr¿. It r,¡as enslrroci b), repeated,

polishin.g i-n o::tirolthosph.oric acici ¿nd. etching that t}¡.ere ì,,/ere no

substa:rtia1 chairge jn clislocation densíty, onl-y the pils bec¿nle lalger

^.. -1 1@]lqr IdIB{JI +

4.1. B. 2 Distrlbution of sl.ip in defo::ned specinicns

Micro-observations of dislocation be.:rds were ina.de bv etch



98.

0.065

T/Trn
o.r30 o.r95 o.260

c$
Ët
gn
lí lri

ê f .r.'

ff)
a

t*-
(-?
\ tr'\ci I.\J
C9

Ct¡

2.O

o.5

20c 400 600
-r[h4PIRATtJI.lË , ol{

FIGIj]ìE 4.1.9: l{ork hardetìing rates
plotted for the tlrree

,^là o/ â e) as a functjon
pl-astic strains oî I%,

of temperature
2% and 6%"

lo/o s¡recr stro in

?-"/" t¡

6"/" rl



99.

,YWw*8
,Z*

4

u

'âÅ

.*"b.=.etË" f ----* 4

. e4,

? JA

FIGURE 4.20: As-annealed dislocation sgb-structure inMgO single
crysta1s.

I
¿

q
¡

It

i.
t

a

é

t8,

ø

rGÉ

"f,fl
Ís,

'?#
1.
lit;



100.

pittiiìg on 1:olished faces of a nulber of crystarls defor-inecl at v¿r.rigus

terperatures to ircreasing amourts of plastjc. strains. The main

observations rel¡ealed b1' tirese e>çerinents ate:

(i) upto the tenperatr-rre investigated. (i.e. 
'p to 673oK),

dislocation source initiation were al.rr'ays fourcl to be fron necha:rical

contacts of sampJ-es rtith the tcstj-ng platens" lrnell the specinern cncls

nere flat ancl paral1e1, edge dislocation ba-ncls either on orle or tt,,¡o

of the { ff O } sets of planes (intersecti.rrçì o::,rhogorra111,) rr,jrich a.re

equall¡' st::essed, cou-l-cl be seen oi;ci:a-ti.ng.1iagorral_ly to the faces c¡f

the cr1'sta1; thus confirming thc earlier observa-t.jons that ecJ.ge

clislocati.oils llìo'\re faster than the sc-ïe1,,/ cli.sl-ocati.ons j.n l"igO si:iiilar
tc¡ lrlacl a.ncl l,iF" iþ).cal exanples are srror'r*r .irr fie. 4.2,r. in
general the first sJ.íp Ì:a.nd-s a'c and belorr' rooin temjlet¿Ltr:re a¡rpearecl

at about %'i.!t of the critical r:esclved shea..r stïess requi::ecl to p.r..oc1uce

ma.croscopic f i.s1,1ing at tùese ten4:eratures. llle stress vaj.r:es ale:

0.80 kg/nmz (for one specinen only), 0.60 to 0.74 kg/nunz (for tr+o

specirrens) and 0.25 'to 0.35 kg/nrmz (fo:: t,vo specinens) for ,cjre tl:r.ec:

teinperatures of 77o , Z0Bo anð, 293oK respectír,e1.y.

(ii) Observations after ciefor¡iat.j.on to the st.less l.cvels

correspollding; to the CRSS betv¡een 77o to 473oK rer¡ealecl tha i. althou¡15

there ii''as cortsid.erabl.e ac.'tirrity of slip on al1 four equ-ally-stressecl

{ Ll.0 } < llo > sj-ip systeirs in this tei:4:eratuïe range, d.efomatjon

at 77o and 20Bot< v;as najirly accornpanied by obJiquely-int-ersccting s1.i1r

ba:rcis. At roolll temperature, there rr¡ele almost about equal m¡nbers of
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FIGURE 4.21: Examples of slip initiation in MgO single crystals.
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ortllogcnal and oblique barrds" At higher ter4'leratur-es, pIa-stic cie-

fornation tia.s ¿lccompaniecl rnainly by the i.ridening of one of the band

out of an or'chogona.l pair.

(iii) Ïre distrj.bution of slip ba:rcls ireloiv plastic stra.in of

abau.t 1% iva.s extlernely irrhomcgcneous. Bi..¿t as tlic cleformation j-n-

c::ea.scd, furthcr propagat:ion a:rd rvi.denj-ng of the cxi.sting balrds tool<

place such that a one-to-oiie coïïespcnrLcnt of tlici ¡giÌcie b¿:iiis occur-recl

beû.veen tlre acljoinirrg sicle faces of the crysta1.. Figure 4.22 gives

sonle of tire typical- exarnples in the fc;".:r o¡ i 5ç;¡r-rt.ric vicr.v of pa.r:t

n'F'í-1.,'r-'r-\zql-rì1 <11¡1,¡ji1rr tlte jiitersOCiirig 1>;UiJ¡; l:l¡L,t.CjrCt--l frO:li -ilfe t.itO. (.uJ t(rl! _Ll. ull! L.tL(: L

aclj a.cc:rt faces as e>pected f::om thc sJ:ip g.eonii:tr:1' of l:ock salt
stru-cturc

4"2 lireus j l-e ljel'omaiion of PoJl'grtr'sta11i¡c ìÌgO

4 " 2.7 Stress -s ll:aiit resu1ts

F-ì¡¡.rrc+ 4.23 is a typical plct oí: tot.a]- straiir ancl lattj.ce

strajir (for (420) reflectj.irg planes) a-gair.rst st::less for tr.¡o Éjïain

sizes. up to a r:ertain rraluc of apirlied st::ess 1-jr<: lattjce str-ai:r.

ì-s proportional to the api;li er1 straj.lr ancl thi.s is the elastic region

of the cur\¡e. Be1,e1.¿ this region of proportionali-t1z the la-ti-j.c.e stra-in
'cleviates from t.li.e total strairr ancl. on unloaclilo, there is a resicl-ital

rai-ti.ce strain (th:is can be sccn by cirar..rìng a line par:aj-1e1 to tl:e
elastic line fi:om the lattice strain curye to the strain axis). The
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T=573 oK

o=2kg/mm?
€p =2"k

FIGURE 4.22: Reconstructed views of Mgo crys_tals as obseryed by etchpitting af.ter deforrning ãt ¿iîr"r""t- ienperatrrr.r' irr-io*strain regimes, slgwilic sub-boundaries, lrown:in distocàtionstructures and glide bands. Diagonal Íiñes on a'{ 100 tsurtace consist of edge dislocations; horizontal < 100 ;lines consist of screws.
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observance of residual lattice strain is therefore clearly indicative

of plastic flow [170,171] in the preserìt e>peri:nents. rn view of

the 1furits of accu::acy with ivhich strai:r measurements were made, the

niicroyield. stress represents the flow stress for about 5 x 10-6 strain.

rn Table 4.2, the results of microyield stress for different grain

sizes are compared with tire stress at which lattice and total strain

deviate. The curves showing the microplastic behaviour are drai,¿n in
a more familiar fonn in fig. 4.24 where stïess is plotted agaìnst

plastic strain for three grain sizes.

4.2.2 Grain size effect

Figure 4.25 is a plot of the grain size dependence of the

stress at which slip activity was first detected by etc]r pitting,
of the rnicroyield, stress, of the flow stress at J x 10-5 (ptastic;

strain and of the tensile fracture stress. rt is apparent that the

rnicroyield, flow and fracture stresses obey_ a Hall-Petch relationship

within the experimental error. Howeyer, the intercepts and gradients

of the curve cliffer. The stress at which slip was first detectecl

by etch pi.tting is relatively inclependent of grain síze over the

range of grain sizes where reasonably reproducibility coul_d. be

obtained. The rnagnitudes of maximum plastic straj¡ achieved up to

the fracture for different graix sizes is shoirn in fig. 4.26. rt
should be noted however', that the plastic strain values in fig. 4.26

arrd in fig. 4.24 irrcrud.e a:ry strain resulting from crack formation
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as we1l.

4.2.3 Etch pit studies o:r polycrystalli-ne lr{gO

Tire ini.tial d.islccat-ion density (oo) of polycrystal1ine

liígO specimeir.s a..fter heat treatiug it'as obtai¡ed b1, et.cìr pit measurements

us,ingtlre formula p =IizrNlirr,irerc, p= pjL dr:nsiL), (ct.cir ptts/ctnz)

a:rd l'tr = ntntbeL of pits observecl in area A on a photonûcrograph taken

a-l..nLagni.fjca-i-j.on lr'1. Å-1C1.< solutioir r,¡as used a-s dil e'tch¿rni. ivhiclr pro-

cluced- l'¡e1-L-definccl squâr'c ald f1a't-bot1.orirci. pj-ts illrr.rl<ing il:e positioirs

of 'gi'ctr'ir-illl dj.sloca'tio;rs. I;xz;r-rrplcs aLe sirori'ir i.n the ph¡'Lo;lr:i-cr.ogrerpìrs

of fig. 4"27" About 20 Lo 30 ¡gains i,¿ere measurr:d on each speci¡ren.

Figur:e 4.28 shov¿s that the initial djslocat.jon r.lcn.si,t1, ì.s ¡¡rair sizc;

depenrlent, itLct'easing wÌth c'lecreasing gr.'ain siz-e. 'ihe r:esults of flresc;

rlìeílslìllelTre;rts ¿ire suinlarizecl in Table 3.3, It should be nol.ecl ho',rre.,.¡ei-,

that disloca1.ìolt etcJr pitting on MgO is to sone cx'tent, ori-cnt-atio¡

deFendent. 'lJln the absolui.e yalues of the clisl.ocatjon c]en:,,:ì.ties i:r

fjg. 4.28 arc l-ikely to be l-or,v, r,¡hire the p::ofjre of the cu::rre ì_s

not eryrectecl to be greatl¡' in errot .

Iìigur:e 4..29 shor,¡s a typi.ca.l exa:l¡rJ.e o:ll the first ei¡j.delce

cr:f- si-ip a.c'i.w:L''cy, a:rd i1. can be seetr that thi..s iirj-tiai. sl-ip is close1y

a-ssociated r'¡j-th tlie grerin boundarj.e.s, oft.cn oc.curriüg in L-egions of
stless collcenlra1-ions such as triltie points. Fi.gure 4.30 illustlates
ano'i:iler þpica1 sìtuation r,virele s1i1i bancls aïe seen corn-i:rg out fi.on

botlr- graÌ.n bor¡rclarj.es across a grain , buL there is no rna'tching bet-weeir
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FIGURË 4.27: Tlpical tgrown-inr dislocation pits in polycrystalline
MgO revealed by etching in AlC1= solution.
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FIGI.IRE 4.29; Exaqlles of first slip iaitiation from grain bor¡ndaries
ttote the dislocâtion ãctivity at grain corners and triple
points in (a), (b) and (c).
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thc: barcls fron tjle opposite sicles. 'lhis obsenration is consistent

rvith'Che assuirption tirat slip bands are in fact rruc-leated at the grain

bounclari-es; o'tite::ivise, the slip band tr'ould- have to be rnatchecl b¡' 51it,

ba:rds in the gr:ain on the other side of the gra,in boi.mclzrry. Besides

the grain jnterfaces, occasicinally slip baads were nucleated at inclusions

a-s shor,r;r irl fi.p" 4.3L.

As the stress js i.rrcre¿Lsed tire extent of s.lip açlirrj.11r ¿]56

increa.ses r¡r1.i1 at the rnicroyj.el.d stress s1ì.p has spi:eacl across the

najo:: pcrtic;n of tlie graì.n dia¡net-.er (.Fi.g. 4.32). h¡itir further j.ncrea-se

in stress the s j.i1t bp-:rds broa-clerr ancl gril<ìuali.y fj.tl -the g::ain illtcr:ior

(fig" 4.33). In s1'rccirriens c-L'.:for¡-rred to s1.res.s levtrl-s of ¡, 70 to 80%

of the fracture st::ess, Locttlized pl.astic fl.ow by sparrrring of sccondary

disloca'tjon bancls fro¡n thc primary b:rads \',re1'c tlso oÌ;ser:verl. 'I.hi-s

sparvning pheno:rona is belier¡ecl to be d.ue to an increase i:r -Locafized

stless concenti¿rticns. Figrire 4.34 illus1.ra-tes sorte of the 'L11ti-c:a1

exarrrples of tliis. In ca.ses lr'heie g1ic1e irancis of dj-J-J.e::ent tr'i.clth

iuter-sccted each other, kinking of tiie rvcra.l<er: b¿nc1.s 1{ere seeu sirnilar

to i-.he ple'rious obscn¡ations on I{gO single cr1'sta1s by Argon ancl

Ororsan I1.9,20). It rnay also be nentioned that the grol^'i-r-in clislocatj-on

substructure did. not obstruct the grorvt.h of gi ide bancls a.t an.y stress

lerral - Tlrorc¡h r¡rain holrncl¡i-ie.s were obsetrrecl to be the main barrie::s

to s1i.p plopagation, tire inc;j,rlence of sj-ip brcal<ilrror-rgh i:rto nei¡,¡Ìtouri.itg

grai-ns l,Jas urcornrron,



FIGURË 4.30: Slip bands coming out
a grain, but there is
from opposite sides.

11ó 
"

fron both grain bor.rrdaries across
no matching between the bands



LI7 .

ITIGURE 4.37: Slip bands activity about inclusions [indicated by arrows).
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Fr6JRÊ' 4,32: |epreseltative rnicrographs showing the slþ bands
trayersing th* eltÍrê- grai¡ dia:neIer, correåponiling
rnicroyield stresà leveis ;
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Micrographs showing slip activity and the widening
of bands at stresses approxirnately 80% of fracture stress.
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FIGURE 4.33:

d
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FIGIJRE 4. 34: Sparrming of secondary bands
prirnary bands (P).

[nnrked s) fronr the nain
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5.0 DISCUSS]ON

5. 1 Dislocation Dynarnics and'r-lic,::ma11y-actir¡atcd Ðefomation of
It{g0 Single Crystals

5. 1.. 1 Consjderations of a si.ngl)'-activated lnechan:ìsrn

Iìefo::e considering the experinenta-l results on the ::ate-

contro-1-ling r;iechani.srm of Ì'{g0 .single cry_st;.ils, i.t is inrpor.tant fir.st
of all. to es'l-ablish that belot.¡ a c.e::tajn li:nitirrg cr-ì.t.j.ca-,1. terperatur.-c:

a singJ e thermally-activateCL mech¿urisnr is oltelatiirg ald. that rr,itirj.n
tire franotr'orJ< of its analysis tlie c>per'.i:lcntal r-esults sert.isfy all. the

criterj.a urder lr'hich predictions of ii theot';' of rate-co:rtroJlì-:rg

:ltechauisin of pla-stic clcfo;rnatíon ¿lr-e baseicl. li¡j.th the ìre-Lp of the

forntalisrt of the reactio¡r 'rate tìreory ]rowevcr, .specìa..l1y lrrJtJr ïeS]),.JC1..

to its prcdictio:rs for stress clepr;irrlcncies oil a.ctir¡a-tj.on enthalpy, it.
is r''¡e11 i¡rot',';r that i.'L a singly-'a-ctjr¡atec1 :llecÌranj-srn j-s r:ate-controlli_ng,

the total aciír¡ation enthalpy, llo, sJrolrlcl r'r:inaìn coltstant anC j.:r-

depenclent of effective stless, oå, or terrperatir::e. Fig,rre 4.18 j.ncij.ca-t.cs

this to be thc ca.se l-or the preseui. rr'ork or¡erllie tenperatuie ï¿ìrrgcì

77o to 67301(" It js seen thal- Ilo is tempelaltur:e ín<lcpencie¡rt except-

for te;rrperatì.r:es abor¡e .r, s00oi(, l,,,hele ther.e is a genera.l dif:Fi_cu-lty

in obt-a-inin¡1 accura-te effective stress clata as pointed out earlj.er:

(section rr.r.6). rrr a-dcition, the value of ÂI{ given by eqn. (4,7)

is strictly ttalid only wh.en o* is large because tirennally-actir¡atecl
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lnotiorl of clislocations in a djrection opposecl to tire local stress is
neglcctecl 179,1-721. In vier,¡ of these, it. can l)e saicl that ttre relativell,
sm-all difference-s j.n calculateci FIu valr-res ai snnlJ oå'as coirrpareil to

the ciata at Jarge o'i al:e rr,ithin the range of experi.¡ieltt¿rl erroï jn the

ter4rerature ïalrge belrrecn 5000 to 67joK.

Sorne otl,rer obsertrations r.rrhich seen '[o furtter sræ1ro::t thc;

operation of a singl.e rate-controiliLi¡1 rriccìr.rt-i-s,ll :,s l,tori;ir letrt-Loling.

For jirstance, if the defolliation processes are consjclered as s'crain

late a:ld tenpei"atr-;re cont.roJ1e.J, tllere i.s a str:i-ct rzariatioir of tire
ac.ti-r¡¿',tion volulno ¿r:rd actj_y¡.tio:t energ)/ rr:'th te:niter:a.í,ure to be obelzsç1.

'l.i:at ís, íf tìrer:e J.s only one clefor:l¿lt-.ion ncch¡lrisrn rate-contro1.1i¡g,

then .r,rrc activation energy, al-I, should be a ljnear functio:r of

t-ettq:c::e:ture alrci lilter'¿ise no b::etrl< or <iisc.olitj-nuit j es shoulC. bc c;bse,'lrccl

in the ¿Lcti.v¿iiorl t¡olule a¡cL cff:ectivc stress p].ot. Furi-Ìrel-11ìore,

the slip bancl c.ollfigulation slioul.d. rot cìi;::rge ni;.c.h iti.th te¡pera¡ure

within the tetrpel:atu_re linj-ts con.siderecl.

Thirs if 1.h.e present data is c;oi.isicjerecl, i.c j.s seen fro:ir

plots sr-rch as t.irose in figs. A.Ls 6rxfb3 rs. o'i') an.:1 4.18 (Nl vs. T)

tl:€i a- unì.qrie relationsiri-p exìst between the rrarious activatiolt
paraneteÏs; no ciiscontinr:-iti.es are observerl jn tJr* 1,,", - o,ï pJ-c.rl

and- Atl y¿ir-ies lilearJ-y ivith terrrpera-ture. Prer¡iou-s experÌ-menta]

er¡iclence baseci on etch pit [.1.i3] anci electL:on tra:rsr¡j-ssio¡ lnic::o-

scop)z 127) of. clefor:rned MgO single crystal-s shcrvs that the si-r:Lrcture

of slip ba:rc-s does not ciranqe signific.e,:rt.1y up'to a_bout 700oK ancl in
a way 1enc1 sr-rpport to the present firdings since if the natuïe of .
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slip bands ï/ere not the sarne at .a11 teirperatures, a tenrperature

sensitivity rvould be reflected in the above parameters. This then

further supports our conclusion that a singly-activated nechanisnr

controls the d.eformation oveï the whole ïange of temperature consid.ered

in the present e>çeriments.

The experirnental results of fig. 4.8 shorv that from above

473oK, the effective stress, o*, is slightly strain-dependent jn the

early stages of deformation urlike the observations at larger strains.

sjmilar behaviour has been obseryed by Gupta and Li t66l in the case

of Nacl crystals and it was concluded that a pre-nacroyield. region

exists where a slight stl'r¡ctural instability causes the effectíye

stress to be strain-dependent. rt is tentatively proposecl that the

strain dependence of o* upto about L.s% of plastic strain in the

present e>periments is also because of the inhomogeneous nature of
plastic flow in this tenpetature a¡d strain regime.

5.I.2 Evaluation of the rate-controlling deformation mechanisrn

The rate-controllirtg mechanisms can be consj.dered as either
structure*sensitive or structure-insensitive. Amongst the structuïe-

sensitive nechanisms most of the phenomena which are believed to

influence the structure during the deforniation of rock salt type

crystals are: (i) cross-s1ip, (ii) jog-dragging and (iii) foresr

intersection. fte e>çerj-nental results describecl ind,icate that up

to 673oK all the activatÍon parameters such as v*', o* and Ho are
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independent of strain. Thus the rate:controlling niechanisn is -struct¡r'e-

irtdepeDclent, i^rhich rules out the aìrove :nechanisil.s. Roorn terrrpera,ture

ruor:l< on single crystals of l,rtgO conta.inj-ng 75 p.p.rn. of Fe-''3 by l(tnnar t114]

is also sj¡tilar 1.o the present resul ts r,¡here no cha:ige in a.ctiva.tion

\roll:.rïe ivas ob.seryed rr'it-h si:::ain up to 6 perc.ent str.ain.

Socjium chloricle a-ild si1'r¡er chloL:ide lrarre the rocl< salt
st::itcture as cloes nagnesir-m oxide. ln the c¿-sc c,f so<jjr;ni ch1¡r-i{e.

Ilaasen and Hesse ll74l a:rc1 þpe1 ancl trÍesserscl¡njdt [175] forincl that

the ther.ntai.l cr:ntpouent j-ncr:c.ased rvith strain ancl sugge-stecl tltat jog-

dragging mû-)/ bc ra-te-cont::o11íng, rr'hile i¡. the casc of p¿::e -sodium

r-l'-f n-nìr1n n-..rrc'l n'l q (rr-¡-¡1-qìrr.ir-,n 1-a4-q1 jr¡,r,,.-ì 4tr arcllj.o.I'l-(te cr)'sua^- r¿õ uv(.@r !r!./urrL). Lr)|l_ellt of iess tha:r

1 p.i:.rn.) recent worj< of A::goir a:rd lladaruer [40] si-rggests a forest

i-nter.sectiotr uech¿¡rÌsn sinilar to that i:r f.c,c. nei-¿-ls. li.:i:ns a:rd

Pra.tt [39i lesults on I'lilCl cr:yst.als ¿ritc1 l,l.oyci ancì. Tang::i's [104] rvo::1<

oIr i;ol¡'c:r¡'sLaf iine hgCJ shoi+ 1ùat tÌte thernal cotirpt-rnent -i.-c cons'i,a¡t

tçi-til strairt a:lrJ that the increase in rro::lc hardenìng is associatecl rvith

inc::easing inte:.nal stres.s, which ìs corqrara-ble to the p::c.serrt C,*s.ta

on ì.190.

The most probable struct-u¡e-insensitir¡e lnech¿uris:rs are the

Peierls-Na.barro i-attice resistance :llechan:Ì.sm ¿t.:.ri'l thr: clis.l-oc-a.'ûíon.-

inlpurit¡' atorn interac'l-j.on.s. rn the classical pcj c::1s model , iri
r'ùicjr tlle mrcl.eation of clouble kinks jn a simxoidal potentia.l is

consiciered t.o be rate-contr:o11ing, ii. ha.s been sliomr b), llonr. a:rcì

Iìa-inak I10'Jl that t-ire ratirs Urr/ZuL ( ¡ Tifo) is a r-rniciue fr-'irction cÍ
or'/a''¿r where ur, = activation eneïgy required to nucleate a pair of
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kinl<s rr'hi ch i-s a furrction of o*, artd \. = energy of a kinli. fir this

^,.-1.,-;.. ^+'r O* = 0 and tþe ^*^--- -:^ ,)ìT a¡d at al¡SOlute ZerO,iJJIAJ_y5r5 , dL 1o, u1it;15/ r-5 ¿rrk,

where U-^ = 0, o* = o:'. Assi-nnin1" tt /'\r ^''r'/1 i'i.s functional clc¡rendeuce
n. , .() .í "j1/o"l(.ü tltO,

on o,r/of is shc.rr,¡n by tirc no-rmalized curve in fig. 5.1 arlong u¡ith the
\J

a:rne.r'ì¡ranl-nl c1a'ro 't'q1rin¡ nl; = / ' 2 '-^ = 1350OK ffOnf fi-g.çJrpr,.r -,-ruurr.Ld-L u-a.uâ, 'Lå-l(l-ng Oô = ', . 5 l(8/lïXll a-ll.Ct IO

4.9. As can be noted froni fj.g" 5.J-, to nìove thc cx?eli.rnerltal curt'e

ont.o tlie thooret:Lcal curve of l)cm-it¿ijniiìr l'ec¡ü-l:r:cs t-hat e:i-ther øi or

T^ be cons j.dela'b1y reclr-icecì. lJrc fonner argucs agairìst a lr.ig'h p"l"tf,
o

stre.ss anC 'ûhe 1ai:tc:: arguo-s a.gainst 'che Pcie::l.s-Nabarlo ltecha-ni-srn.

It j.s thu-s seen thai: the defornat-Lon tlat.a dcos no[ agrce ri'ith the

predictions oÍ a- Pej-e:r.'.1-s mechauj.s:r ba..sec1 on the double lcink theor:y.

lur i:nport.ant featurc of tl-re Peicrl.s necha:rj-srn j.s its snìa11

z
acÍ,-i-r¡a-[ion r¡olume. It u.suall¡, r'anges frt-nt ¿iboutt- l0 1-o 20 LrJ. fn

conl.L¿:..:;t the actir¡ation vohill,o :ilor so].ute ¿itort-cii-s1ocu.tion intel-sectioit

rrúght f:¡-Ll in'the sa¡ne l'airge foL: onc corrcc:rt;at-ion of inprxitics:, tirc

lleierls nec-h¿urisn plech.cts tha.t lÌ:e actir¡a'lion \¡ollrre i,s i"nclei:rer¡clent

of tlrc: ¿rilicurÌ'r. a'tð, sta.te cl-[ disl;er:si-on o-[ iuprrril¡'. in thc pr.'escttt

expeliments i-t j.s found t.ira.i: thrc a.c'[j.vri.'rj on volune is j.n the range of
77

45 to 450 [r', u'hicìr. is much laL:¡¡er t]ran t-lie 1.0 - 20 b- e>.pectecl oll the

basis of lJcr¡r ancl lìajnak [100] rnodel., iril.r'f-hcnrjol:e, :i.l: coirrpar:ison is

nade for crystals conta.ining cli.fferent arLourl'[s o:Ê irnpu::Jties, it is

seen that tÌre magn:i.tuclcs of act.ir¡¿-tjo¡i volune range from'u 50 to

r nJr^J r 
^,7al-u u l"{i l.

AnotJre:: important feature oÍ' the Pej.erls ntecir¿uLism concertls

its physi.cal origin basecl on the nucleation of a pai:: of kinks. The
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1¡a-flre of o* ¿rt OoK whicit is e>pected to represerit the Peietls stress
qlrn".l .l lrn ì-'l.".eltdellt Of tlfe i¡rnrrrìl-r¡ ¿-nr-rir,rrt tOf a peieflS ,,neCha:fiSln.Lrrv lluur l- u). LvlI Lçtt L I

Iic-rtr'et¡eL, collected data- on MrgO cÐ,stals fron djffereirt sources (fjg. S.Z)

incijcate that o[ is propoltiona-l to le (c = concentratjon of Fe

i:r¡;urit¡'), tlrus suggcsti:rg an i:lpr:rri.ty mc<:hanisür. In acldjtion, if
calcul.ations are nracle for oå, Pb or- To follorvÍng the suggestions by

C,qyot atrd l]olrr [68], it is for¡rd that the cal.cril.ai-erc1 values do nc[

agree l'¿ith the actual e4perirnental values. All these results are

tþrtrefOr:e i¡ çli-cn,'rêanianJ- r¿ir-'L tþe rJOUble lCir¡lt t}1eOry ba.Sed. On t;re

Per er.l.s necÌra.nislrr.

Ba,sccl on the idea. o-1 disloc¿.tlon-solutcr interactio.lls, sevei'¿i-L

theci::ies hat¡c beelt proposed to cxplain the yi.elcìing and floir' behayioul

oll ionj-c so-lids. Eshellt)¡ et al. [1i6] suggc.stcd lir¿:î; sit'r.cr,: t,he c1j-s-

locations iii joiri.c soliCs e,re cìrargeil a:rd sur-roil,'rc1ec1 ty a \r.:.caììcy

atLlrrspltore of it:'edotnì.na.iit1-1' opposite clialge to lna:intain cJrar-ge neut::al -ì L)';

the s1-r:ess r:ec¡tiirecl to overcone th.e el-ectl-ostatic attractjon (i..r:.

to brealt ai\¡a)¡ fïoln tJte cira.rged cloud) ma1. <1etcn¡iue the yield stress,

l\hi1e thjs effect ntay be rate-contl:o11i:rg in i-he begjnnl'.n51 of f i.c1c1i,n¡a

it is unlikely to opera'[e at larger straims a'i: loiv tenperaturcs since

i'[ iin¡olves segregation of inrpuritj.es and r,aca:rc.i-es a.t'ru,].d the dis-

locatioir. Síiice there is no obsen¡ed f ielc1 poinl. in the pr"c.sent

e-a-reriinents an'J o* is cor¡sta:rt ancl inclepeilclent of strain, the abo1¡e

mechan:i.sm is not thought to be rate-controlljng in the presenil case.

An alter:natirre approach is that the hardening lesul-ts fi:oili

interaction of the clislocations lsith non-syrunetrical <listortions.
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Fleischcr [87 ,95], Pratt et al. 11051 and Chang and Graham {10ól have

al.l- considered the interactions betr,,'een a dislocatjon and the i:rpurity-

vacarlcy dipoJe which occur natu:ra1ly in i-rnpure NaCl type st.ructule.

Fleischer's nocleJ- a.ssì.Ìres th¿r.t a disl-ocation noving on a slip p1:i:re

j:rteract.s strongly only with defects lf ing niflri¡r one atom spac'ì:rrg

r,f r1.,o ¡,1 iÃa rr'ì11ig. Tl-¡e floi,¡ stress at a-b-;olute zero is tþe1 foutrd.

by ma:rinü zrng the rate of change of jnteract.j.cn ene:r.'g)¡ rr.ìi.ir resL;ect

to the distance along the slip plarre. On the basis of this theorl',
-the follot+i:tg relation ivas clerir¡er1 for tJre f1o¡r, st:r:c:;s in a NaCl 1-ype

stru.clure ha-rdened by < 110 > tetr:agoilal- rijstortj.on, girrcn in a genera.1.

form by:

ti /L
t---Ol{

U

(s.r)

v¡here

L_
o

(-,

¡L
o

c=
'Ihe relal.i.onship

f1or,¡ stress zrt 0oK,

shear nodulus ì.n < 1.1.0 > cLj-l:ection at OoK,

a consta:it, 1,,'hich can har¡e clifJ:erent r¡a.lu.es for'

clifferent materia.ls; calculated to be = 3.3/Le

for l,iF [87], in it'hich. /rE = difference betiveen

lorrgitLlclinal ¿:td. tr¿msr¡e::se strain of the tetrago;ral

di cl-nrti on qrrrl

coirce¡ltration of tetragona-l def-'ects

bc'lrreen s't, lrr ¿lrid Âll i.s given by:
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(o*/o$)=11 ' (r/r/"lz (s. 2)

¡an/Ho) = [1 - çor'/o':¿)ZJz $.s)

and v* = Ho/o$l (o$/o")' - tl (s.4)

t"there o't and of are t]re themial components of florv st::ess at tcrm.-*frrrpO -/ v! r¿vvv J LJ. çJJ d-L Lulilpç-L(rLLIL ç

T and' at OoK respectively and To is the ternpeïatuïe above which the

flol stress beco¡les atÌrermal. Fron eqns. (5. z) anð, (s.i) plots of
7-

(ot'r" aga-inst (T)a anð, (o*)1 agaì:rst ØÐz shoulcl be linea-r. Figure 5.3

shows this '¡o be the case for the present results fo:: ìvígo containing

100 p'p.n. of iron. The interccpts of fìg. 5,3 basecl o:r t.he f.unctional
relationships of eqiìs. (s.z) ancl (5.3) gj\,o o* = 4.84 !r.g/n,mz, To =l
I370oK ancl H = 0.85 eV. Al.ternativel¡r y¿f¡es of oI = 4.5 kg/nmz aldo

T = 1?(nOr¿ ^-^ ^r-*.,.:-..J :---^--- .i , ^ro = rJ5u n are obtained froni fig. 4.9 ard a l,'alue of I{o = 1.2 ev

is derj-ved from fig. 4.18. lt is seen that the ûi,o sets of r¡alues (c.f. fig. 5.S)

of o'1 ard T are j:r g-ooci agreernent, whe::eas the agrcernclt betrr'een Il^u o o- - - --è>- Lrrv Gòr\rejlrl,JlL lJ(rLllL 
o

values is rather poor. This is llot rnÐqlected consiclering the extensive

extr:apolations involved, in clerivj_ng FIo yalue.s.

The theoretical slope of the (n*)4 veïsus ¡t¡tá plot is
given b)' the e:pression [87]:

11

lðço'*1-'¡ ð(r)rl -;þ_

o = 1og Ltlo.ñUc/s)z1

(s. s)

where,
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i'Jith f = rribrational f.requency of a clislocation = vr-,.bf g",vn = Debycu 't)
'G--a^, ro n ¡a¡!¡vYuu¡rvrr j

v = a\rerage velocity of dislocatiolts a.t the yield stress,

C = atonic concentration of defects

b = Brrrgcrs \rector (= 2.96 x 10-B ç¡n for lvlgO),

k = Boltznìarïr's constant" and
7,r 1 | f Â^¡4\/2L = b/ (4C/3)' for < 110 > tetragono-l defects

Pro't¡id,ed. t-hat neitlÌer u, C or Ae rraries tr':ith temperature, the e]:,oeï-

jnrental sJ-ope of (otrt-= 1¡ersl$ [T)% ìn fig, 5. ]r for 100 p.p.)rì. of Fe

in l,4gO is calculated to be 0.25 [kg/;rmiz clegi-cre¡% in contlast to 0.17

fkg/rmtz clegr:ee]% folnrl frqm eqn. (5.5) by choosing a value of f =

1rl _)
10''"/sec, s = 14 ancl V = 3 x I\-t cm/sec, 1-l:ese r¡alue:; compare not

too unfar¡ouraË1y considering tlre fact that f and V have noL been neasur:eci

clirect-lf in the preseìrt nateljal a:rcl also since che fÌnal conce:1tr¿L't.ion

of iron ís assrimed- to be the sa:ne as the ini,tia-l a:nouit Ðriot: to heat

treaùnent.

Fleischer's a:ta11'5is also makes a qua:rtitative p::ediction of

the value for the at.olnic defect c.onc-enlref:ion C, l,,hich is relatc;d

to ol by thc equation [S7]:o

.7-

oå = ir+c (C)2
o 3' 3 (5'6)

Although ¿m exact value for the tetlagotral st¡ain associat.ed with the
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defect pairs i-d MgO is not available, a value of ¡, 0.44 similar to
that for LiF (containing divalent Mg*Z as tre main impurity lgTl)
will- not be in great erroï. Taking Ìro = 1J.25 x 103 kg/nmr2 (fig. 4.3) ,

o$ (erperirnental) = 4.5 lrg/r*2, the calculated defect co:rcentration

fro:n eqn. (5.6) is only B p.p.m. which is far less than the actual

anolìnt of impurity present in the naterial. The theory th¡s gives a¡

inconsistent result for the defect concentration. As pointed out by

others, 1110 rr77,r79f Fleischer's calculation t1791 ind.icates that
the pararneter Ao in e3n. (5.1) will vary fron about 100 for divancancies

or substitutional inpurities to 3 to 10 oï more for defects proctucing

large assymetrical straín such as impurity*vacancy dipole or inter-
stitials. }Vith Fe-doped (150 p.p.m.) Mgo, Davidge's [110] result
slrorn¡ Ao = 35 which is close to a value or zg for the present work on

MgO having about 100 p.p.m. of Fe as the rnain impurity.

Another ì:nporta:rt correlàtion that further help elininate
the Peierls mechanism should be briefly mentioned. at this stage. Curves

for relationships, nanely v*/b3 yersus ¡ço[/o*)" - L) and ÀH versus
1- ')

11 - çox/o'[)-'J" whic]r a11ow 11791 differentiation betrveen a lattice
hardening and the impurity rnechanisrn are inclucLed in figs. 5.4 and

5.6. A linear rela.tionship found cal be taken as further proof for
the applicability of in'purity mechanism as suggested by Fleischer [179].
rn a recent work on }{go crystals containing 75 p.p.rn. of Fe+S as the

main ilpurity, Krmar t1141 has sinilarly conclud.ed. that the rate-

controlliJlg mechanism is in agreement with Fleischer's mod.el, where for
another instalce, it ivas shown that the rnagnitude of activation volune
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clepencled on the heat treatment used prior to testing"

The fact that plots of (ot r2'\rersus (T)% arcl (oo,r>' yersus
1-

(^ll)-' in tìrc present experinclrts can be represented by a straigìrt liiic
fron 77oli to 673oK rvithout an1, cleviation of pa::abolic rìature at ej-ther

cxtreuri.t¡', r'.rhich would norna111' ber e>,1pcctecl for a peierl.s type of
niecha:ris:n (see e.g. Spitzig tls0l), stro:rgly supports the contention

i.ha.t a F-Li:iscirer t1'pe of inecira:i:ì.sLn is opcr¡l.tjr¡c.

5. 1. 5 Porvcr: lar,v appr:oa.ch

Basjcally, ttvo inq:ortaiit l-.oil:.ts rr'i11 be considered: (j) tl:3

ai:¡rlicabiri.Ly of. r¡ariou.s :lethods of anaT.yzing rn", clata, aird (ii) th<:

equivaletrce, o:[ the potver lattr and- rate theol'y a'Dlrroaches to d-efo¡lrat|on.

'lllc fj.::st of these l-ras becn djscrissecl in soction 4.l.4 of e>per--irirentzLl

r:esults " rt ]i¿s been show:r that the 1ra1ue of nt obtainecl by the

Gr-ipta-i,i. a':ra-iysj-s is jn good a.p;reencnt rùitli that olitaj¡ecl f::on othcr

l.echniques. S:itice m* l:einains practic.a_lJ-¡' cclirsta:it rvith strajn (c,f .

f.tg. 4.72) within tire e>çeri:len'[a1 e]rror lilnit.s, the i¡fluc¡ce of a

clrastic change :ln rnobile dislocation de¡rsi.L)' i s thougJrt to bc ur-
jrnportaDt r':l flre terpela.ture ancl strain range stuci.ic.r.l, excopi plr:ihairs

ì r'r 'í- !rr. 1r^ oi r rrr -i rr ..,-è,,,,.,-,,Èì sta¡¿ers of deforlr¿l.tion ¿l.t 2g3oK llBj_l and al¡ove.

Tlie'seccnd pr:oblern, i:r particu.lar a description of tJrc

pararrete::, lìr"', in terrrs of the le-l.evalt actjr¡ation para,:ncters, þa-s

beeir atte¡pt.eci by Lí- 179 1821, r¡,,ho ì\r¿rs amongst the first to derir¡e

soile phl'sica1 significance of n* and relate jts te:iperatule clepencler:ce
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to thermodynanic quantity, AS, the èntropy of actiyation. Using

therrnod¡'nanical argrments, it rvas demonstrated that the behaviour

of tlre product (m*T) in the limit as T + 0 can be anaryzed and used

in the studies of dislocation dynanics with a rninintun of urcertainty

concerni¡g the role of entropy. Starting rvith the fact that the

third law of thermodynamics requires that ÂS * 0 as T + 0, Li

suggested that for a singly-activated process, the quantity (mnT)

appr:oaches a limiting value near OoK. In actua.l examples however, (m*T)

nny increase [54], decrease [49] or renain constant t182l with tempeï-

ature at higher temperatures depending qlon the stress dependence of

AS a¡rd ÂH. Some of the inportant relationships are given below (after

Li [ae]):

:;lt

ffilo-=oarooK

Cffili = -m*kr

, â llto*. 
^Ht-¡-f-.rå = 

'noftT"

(s.7)

(s. 8)

and (s. e)

Figure 4.14 shows plot of the parameter n* as a frmction of

tertperature. Included i:r that figure is also a plot of (n*T) against

temperature. It is seen that (n*T) values at various temperatures can

be fitted on a straight line rr¡ith zero slope and a constant value of

3.7 x 103oK for (m*T)o. Because of the limited accuïacy with which

(rnoT)o could be obtained. from fig. 4.r4, (rn*T)o was also calculated
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from the slope'ofplots of 1/n* versus T as shou¿r in fig. 5.7where

a comparison is also made of the previous result by phillips Ilg3l
on Mgo crystals having 80 p.p.m. of re conpared to 100 p.p.m. in the

present crystals. The two results are seen to agree quite reasonably

considering the difference ir the amor¡rt of Fe content used.

Figure 5.8 is a graph of AH versus 1og o* [equation (S.g)]

and T versus 1og o* lequation (5.9)l and shorvs that the yalues obtained

for (rn*T)o of J. z x r03 oK *d J.6 x 103 oK and for o[ of 4.0 kg/mnz
.,

and 4.1 kglnm'respectively are in good agreement with the e:perimental
7avalues of o$ = 4.5 kg/mn? and (m*T)o = j.7 x 103 oK. The agreement

between these values derived fron Lits formulations thus lend support

to the applicability of the thi-rd 1aw of thermodynamics to thermally-

activatecL flow of MgO crystals and shows that results obtajned here

are internally consistent ivith one another.

Returning to the question whether the e>perimental results

can equally well be rationalized on the basis of the poweï law approach,

it can be argued that if the power law and the rate theory approaches

to deformation are equivalent:

,nx = y*o.*/kT (s.10)

and for:n* to be independent of stress, V* o 1rlo* and lì*T = consta:rt.

This is the case if entropy effects can be neglected. Figure 4.12

indicates that m* values obtained by eqn. (5.10) agïee with those

obtained by other techniques, ancl (nnT) remains constant with



140.

0.3CI

o.ztt

o.eo

rn *l

n f q\r'r ¡ v

o.05

a.oo
40c 60o

fnverse of the dislocatio:r velocity-effective stress
ex.ponent, fl*, as a fulction of tenyrerature. Data frour
literature are shor^,rr for comtarison.

rüo0

ç)

6
-4-

PRËSENT |)ATA , t ,rlï)o s.4 OOO oK

DAIT. OF Pi-ilLLtPS, JR; (ni"] )o.= 3SCO"'¡((F-.tef.lB3)
DATA Oi: COPLEy lrtlD'p/-\Sti (Ref. tS)

r..:r

o
€ì

200
f E[4 Ptlf.l¿iil-URË " " ti

F]GURE 5.7:



141.

o.8

^ 
t:.

o.4

o.7_

r\
0.1

o-j' ; 4'.t liq/nrm
(mx'Tlo" 3600 "K

oju = /+.C) ilci/rrrn

trnt{''rþ 3?.otl" t(

-1
)

2.,
¡

J

80o

6C)C

4to

20o

6

5{
C)

L¿-l

t{
:)
t."-r¿Í

t{.
t, I
i ¿-J
(-l

s{:
¿l-

t.rl

r.o 2

cr'F, ltç /m nrâ'

3 45

Activation energy (AI-l) ard temper:atr-rre (T) as a f.unction
of effective stress (o") according to lelationships (5"8)

.. and (5.9). (m*T)^ = limiting value m*T at low temperatures
and o* = effectivE stress at 0oK.

o

FTGUIìE 5. 8:



r42.

terq:eratur"e (fig. 4.I4). The present results therefore incJicate that

ot'er tire te:npelature a:rd strain range considered, the pohrer lal.¡ and

rate equation approaches are equirralent altd enti-opy effects are

negligi.ble in tirc p::esent case. A neglìgib1e cnt::op1z term is also

indj.cated by tìre l-inear relationship betrvcen AH ald T shoi^m in F'ig.

4.18. Devi¿ltions froln Jincarity noul-d be e>pecteð if entroplr effects

wcre signifi.calt as has been shorrm ìty Arsenault ancl Li [86] and

Arsenault I1841.

5.2 trtlorft Iìar:de11irro Relrnrrinrrr n1? MgQ Si¡gie C::)¡st¿li-c

In the absence of trarrsr¡ú-ssion electron rïicloscope observations

on 'the acf:ua]_ di.slocati-on st::uctures aircl, because of a lacl< of dai-a

olt tltc r¡ariatic;n r-¡f disl.ocai;ion clensit¡' lvitir straìn, onl1'rathet geirera.l

co:nnen.ts can b'e rna.de on t.he v¡ork harcleni:rg behat¡ioul of lr{gO si:tgle

crysterj-s. Þ,Trerjmonts using etch pitting give crviclcnce to the p::e-

doiúnance of { l-10 } < l.lo > sLi-p, on both orthogonal.Ty anð. obJ.iquely

intersec.ting slip systerns. Belol roorn te:rLperatu-re, the etcÌr pit studies

sirotv tba.t the maj or s1i.1: act.ivities aïe confjnecl on 'che obliquely-
ì'-^1';,-^-1 ^1i-., ^..^-r^*- f^-.-:J^-^:.^- r.1--- ,1 ^--^-^J^-^^- ^1 L1-^ 1-'-1
-Lrr.ur-.r..r.rcjL1 >.r-rp s¡rstêflìs. Consiclerjng 'cJrc-: dependence cf the dislocation

enerElz on the. Bu-rgers vector {-rom ob-]-ic1ue slzste:ns (1200 type, fig. 2.2),

tlre higÌr rate of rrorlc ha.rclening at 7'/o and 20BoK cal be explained

qualitatir¡e-ly as fo-l1otvs. Since the dj.slocations in'i.eracting on

obliqriely-incljned systenrs accorcliag 1.o:
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A_A*A_:I0Ul + *f 101 | -+ *11101¿--¿''¿-

procluces a (sessile) dislocation lying on'{ 112 } tlpe plane r^'hich is

not a plane of easy glide irr MgO; the regions of intcrsecti.on are

1ikel1, to beco¡re sites of considerable iäqredirlent to furtÌrer move¡nent

of dislocation thr:ough ¿mcl lience gìrring rise to ìrig.h rates of harclening.

'ihis reaction ivas proposecL by Keh et ¿11. [10] a¡<1 obsen¡ecl i.n MgO

crTstals u.sing t::ansmission e]-ectron nicroscop)z by Groves a:rc1 l(elly [1f.].

As I onø as thi s r:eaction occurs , slílr nronapation is diffi-cr¡lt a:rd a

su.fficientJT* high stress rvil1 bc rec¡tiir-ed to unclo tl:e reaction ol to botv

ou.¡ flre ciìslocations betrveen the ttr'o r:eaction poirtts I73,22,1. Furthe.r:r'ior:e,

since the jogs rcsulting frorn the obliquc intersections ale chargc;d,

the higÌr hartlcning lates rna¡' also be caused b1, tJre higìrcr s'{:ress requi-::ed

by the formation an<l subscqucnt clraggilg of the clrargi:d jogs co:lparccl

to tire neutral' jogs whìch form fron ortirogonal jntel:sectiol-L (90o tipe,

fig, 2.7).

The relativel-y lort''lr'orl< h;r::dening rates obsenred a-'trove rooll

teril¡re::aturc (fj g. 4.7) can also be e>.pla.ined on a sfurilar ba-sis; since

tlre etcir pittì.ng results (fig. 4.22) 5¡¡v,r predoniirance of only

orthogonal disl-ocation intersectj-on. At higher te.mperatures (at and

aboye 473oK), slip starts out rvitir the fo:natioir of glide bauds either

on one or botjt of the equally-stressed { 110 i < llO > slip s1,stens,

but a f.u¡rther increase in stress results in the latera-l ivicLeiring of onc

of t.he orthogonal bands. fte relatir¡ely constalt rate of rt'o::l< h.ardening

seerr in fig. 4.L (for T > 293oK) betrveen about I to 6% of shear straj:r
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can be hence relatecl to the sidelr,ays propagation of active bancls,

since in this t¡1pe o:f deformation, dislocation nobiLity is restrictecl

orrly to tire aclvancing glide bancl j-nterfaccs. At sheal: strailx greater-

than't, 5-ó% lr,hen the v,'hole crystal is coveled witir'{:.he dislocation

h:¡nrlc J-J,o -i 11f-a'ê2cê in flr¡. 1^767þ 1...^,tro-ì'.rr r.¡ln l-^.'...'- +L^.'^-, -,.r -------aSe in the 1rotO ,*rtuuriarrË raLç Lrcrurr c,-r ur¡.,; ¡,;r,olld

stage o:Ê h¿;-:.'de¡ring, fig. 4.1.) arises probel)l)'due to fulther defor¡latjon

r.,ccurr:ing; r,vitirin the ba¡ds.

5.3 Mi.cloyieldi:rg alrrJ Fractuie in Polyclyst'alline l'{p,O

1'r,ro. point.s shor¿ld be noted before cotlsider.irig tìlc o,perrrtrr:ntal

resu-lts on loom terrpclature deforntation of 1lo1¡'cq¡st.e1].jnc MgO. ¡,11

the spcci-rììens v,¡erc chernically polishecl ¿urc1 ¡:ij-crosco¡>i.cal 1¡' exarni.:rcd

to ensurc; that no su.rface clalerge ì,ias present pr:-ì.or to te.sting. fllus

plastic fl-ort and ct:aclting is not- a r:es'-rlt of surface flarvs i,,¡h.iclt c¿ur

has¡e a sj.gni.:Ficant eff.ect on the defor¡ration a¡d fracture af po11'-

crystalline MgO (see e.g. Evans anci Dar¡jri.qers [148] i+oi:J<). Furthct'r'll.)rer

the :nj.c.r'oyie1c1 stress i s defilted as the stress at r,,4rj-ch the lattice

a:rd tr-rtal. s1--rains are no longer lrrc-rpor"tiona1. Beyoncl tliis stress

resich-r¿r.l strails (la'Ltice as r'iel1 as plastic) is pr-e-seirl. on rinloading

the specinen, and since residual lattice strain is clea-r evidence of

plastic cl:fcnlation [i.70 ,i771, t.he liicroyielcl stress i.s associat<¡cl

t'uith plastjc florv rather tha:r c::ack forrption. In vierv of the li.:lij.ts

of accuracy with rvhich s Craiir ueasuïenìents were lnad.c, tJrc microl'Í.e1d

stress represents the flow stress for about 5 x 10-6 plastic straj.n.



14s.

5. 3. 1 Stip init iati.on

Jhe liicrograpirs preserted as t¡ricaL exampies of slip
iriitiaticrl -Ln fig. 4..29 cTearly shoru that the fj.rst er¡idence of s-1ip

i-s associal:ed rvith gr'a5n bor-mclarics, the nnjority of the pile ups

fo::mcd havÌng on.e e¡rd in contact ir'jth a gra-in bouidary. .fl:c etch pattems

are very si¡nj.la.r'to t.hose found jl I-'e-3? Si at-loy l:t34-1561 anð. a

nr-läbe:: of other b " c " c. netal. sy-stens 1137- 1391 stret cjrecl simiJ arl¡' j n

the micrc¡s'.r¿rj.n rantge.

Ser¡eral ucclels Ìrar¡e beei'r suggest.ccl for gra.in bo'.urda:y .sol¡r'(-c)1ì.

DepenCiing upc.tt t,rhetlier the opera'û,i-on of a sou.::ce in thc bor.ncìar1' requi::cs

ol cloes not require gra.in bound,ary s1.iding, thcse:nodel.s h¿rye beeir

classj-fieci ínto two:ltain types:l-'oL conr¡eníetrc',e by Tangr:i t't aL. il-S2l.

lìoÏ a lnater,Lal- 1i1ce nragr¡esiun oxj.de, onl¡'1-hc noCels basecl. on the p::e-

exisl--ence of leclges i:r ihe g::ain bor:ndar j.es :iced to be e;larnj-necl. Tlij-s

is fj-rstl1'because of th.c fact that tJre graiii bornclary siid.ing at rooLir

ter4;cr:a'curc :iir itígO i.s h:lgirly unii.l<e11' altl secr:ndly tlLat leclges at gr:aj_n

bcunc'laries ]rat¡e -been lccognizecl l.1S5l similar to netallic lna-terial.s.

The ilroclels t.hat ha.ve beell proposecl to accolÌìt for the grain boirnd.a-ty

cU..slocatioil gcrleration are due to Li t186-l alrc price and llir--th tl87j.
Li [186] sugg;ested that gi:ai.n bouncla.ry ledges can act as <jc¡ers of

d-isl.ocations. A grai.n borndary lcclge in thi-s nodel is consj-d.er.ed as

an absorbecl eclge dj-slocation such tlu.t uncler the influence of arr. extenral.

appl.ied shear sf:ress, the ledge is retnovecl froLn the bouldat)' geneïat-ing

a d:Lslocatj.oir in the grain interior. rt shoul.d l¡e noted tha,L this
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kind of sour:ce is not rea11y a dislocation mil I rr'hich is capable of

contjnucus gcneration of clisl.ocatiolrs. A grain bo'-uiriary Jedge rnay be

a doner of one or a fcl dislocatj.ons. Srrbsequen'i- gr:nel'atjon of furtl:e::

dislocations ir'ithin the grain nay Lakc place for exanL:1c b1' a clouble

cross-sl jp rnecìranisnr [188-1.90] . i)rj-ce ald Flir th f i 87J heve modified

the lecl.ge thcorry, suggesl.ing flr41. t.ìre leclge is shear:ecl o:lc Burp;ers

uiit along the slip plane thus nucJeatiiÌg a scrorv ci.is-locatj.on. (lontjnu-ed

sirearing of the ledge causes additional (screrv) disloc.atiorì gcneratÌo¡"

Altir.ough a dctailccl electron rúci:cscopy inves'{:igation r'¡as riot per.Fo:rru.:J,

'ciie ctchi.ng charactc:ristj cs of soine r.rf the initia.l p.i]e-ups suggcstecl

lnii the lraci c rr'lrefller c:i-cJr nif q nnrc---ne rrcll-i r-r¡J'l rz nl irrr-l'ì r.o,ì nil th.c\\tlr uJrv uu.-)-r_..r rìrr\/Lrrur !, LurJ y-!ç.) vir!r,J.¿u vvr L.rusr.J.j \/r-

i fOO ] faces [24,188]) that thel' tvere of ec1¡¡e charactcr rather than

scre\,i. Ihe predoninalce of eclge ch.slocat:ion e-tch pits h'¿ì.s al so fouircl

:"^ -^^1..^-^'-^r-"1 1?.ra T;ll 1..' (ta¡'r'- ¿¡rci Pasl< 1726'1. CIrl1' fulthel wo:.'l<aIr l-)UJ.)' UJ. /.> Lcl.IJ-J--tl(r J:I1 tJ)/ L)LU L L

us-ì-ng tralslnis;si-on elect::on mic.r'oscop)r shoulcl lir: able to detc::mine if

IÌri-ce and i{irth mecha:ris;:rl rvas rria.ble. 11're large nunùer o:Ê e'tclr píts

secn wjth inil-ial pile-rp:; il fi.g" 4.29 should not be tal<en a-s aLl

en'.ì,,- 1:.-n'-" l-1.â botlldarie.s since thcv rnev forrn I.s ¿r re-su].t of i|-j.s1oc.elt-ionvv-f rlrrr¿; If Vi¡t !11!/ UvUIu4.f rv.J JIIIVV L.t.Lv j JIL.]I fvllll (

rnultipli-cation [189-191] .

}ìi-nai1y, Baro a.nd. lloriiï:ogen [192] luvc postulatccl tll;Lt l¿r.t-tice

dj-siocation.s carl be createcl at th.e hoa.d of a gra.in bounclarl, djsl-ocation

pile-up, ttta.j,nl1' at reglons of stress concejrtla'i:ions suc¡ as triple

poi.nt ju:rctions. On the basjs of thi.s, they har¡e also ati,l:ibui;ed t.lie

grain size cleperrcleilce of flre flol .st::'ess to tìre opei:atio:l of grai:r

bor.:ndary sources as:
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'/her"e oiGB it thc -stress opposing tÌre llrci.j.on of glain boutcler::y

dislocations, 9" is t.he length of the graill bourdarl' pile-r4r an¿ is

ass'-mrecl plol-roi:tioilai to d, the grain size, and lia' is a constanL

inf¡O].ltiilø'clre -slfe¿,f mOdUlU-s ¡¡f tlrr. lrnrur,l¡rrz ¡rrr:l j-1..''l-ì,r¡na¡c.'oitol: Ofv!Lv uvqL\¿u-! ) (ar\¡. L¡ tv !u¡ ìívt -) y vL

grai:r bou:iclary d,i-slocations. Figure 4.25 shc;ivs hoirever, that tlr.e strr:ss

to nucleate grain bouadarT sources is relativel.y i-uc1-ependent of grain

sizes larger tlial 10 ¡un. Thj.s lesult js agaìn.sildLl.ar to that obtainr:rl

nn lì¡r-Si el -i nrz lrrz (ìrrìf c nrr,l r/-hn¿/ ¿u.! L) c,rr\-r ,,ro-lncrs [193] a:t<L Taird.oì1 alld Tangr-i I136 i.

Thesc l:csults th.erc:fore canÌl.o1. be explai¡cci on thc basjs of cqn. (5.11).

As can be noted- ft'om abor¡e, thc critical conce¡lt -Ln the llaro arrcl Ìlom-

bogenl.s inoclel is'the assrrni-rtion of the free slip clis;1.¿nccr.0, of the

gla-ìrr boriirciir:¡' dìj-sl-c.¡cat.ion bein¡; irropor"tional 1.o thc leLrgth of 1.Ìre

sti-aight a:r<1 pcriodic arral' of thc gra.in bor,utdarl'. Since .sl.ìp ì-;r

this ncclel- is assuned to 1.a1<e place in the gl'ain bou:rdary rr'ltj.ch forus

pile*u1;s at the cortnel:-s of gr-aiirs, the IJurger-s r¡cctor of the flr¿l.i.ll

boillilary cllslccatj.on ancl the line of clislocation :irust be c.orlt¡ìinccl

ilt thr: bollndirr'r¡. 'l'L"c -¡.' 'l'ì'.1' ôr^ clrlnor. nf n''ìrerction of t]¡.c borlrrrla;'rttrvsLt.\¿qL)'. rrri¡J ø1rl r\-l-Ju\ u! LJIcrlr¿;\t uI L¿J-IULLJ_ull uI LlJ.Li 1.,-.,,..,**/

t'¡ill l-ir'lj-t the free slip clistance or¡e:: r'hich the necessary leqt;ire-

rpnts are net. rn deriving eqn. (5.11) lJaro arrd llonrbogen assu-med

.0 a d, however, tllis may not bc the case" rusteacl , !, may be determinecl

by.the rni.so::ientalio¡r across tlr.c grain boiut&rry erncl a sirnple g:^iril.

q''='¡a 'L-"rorrácrrnn of the stloss fo:: gr'ain ltcuniary sol-lrce actirretiou

mcr¡ rra'l- lrn l-ìra .-,,- J8-Se.
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Reference to fig. 4.25 inclicates another interesting feat,.rre

v¿hich is si:tril.ar to the obsert¡ations on netals " The stress at rvhi-ch

first ltucleat:l'.on of dislocations occur flom the grai.n borndaries is

signi.fica:rtly Lol.ier than that for micr-oflow or fracture" lì-ecerrtl-y

Tangr:i et aL. []321 have anal)'ze¿i this jnore specificaliy for an anr,,iogon.s

situation cccurr^ing in polycrl'stalline Cu, Ni and Fe-Sj- a.Ll'oy. It has

been. sliotrin [J32] that if accourt is taken of the stress concen't::ation

factor.s, strch as at the ledges du-e to its geometry aLrd due to elastic

incorrpatiìrili.t¡' at the i:rterface, the mag:ritude of strcss at rvirich

djslocatjon e:iiission frolll grai-n bollrrdar¡' is e>g:cr:ii:t-nt-.a-]-j-;' obsr:r:l¡ed

fa-11s tr'it.hin the predictcd rarLge. It js be1ieved that a r:¿;.ilrer sj-itilal:

explanation b¿lsed orì corni)atibì.1ity effects exists for the occlrïrcìtlc.c

of s1-ì-1r at lotr'stLes-ses in tlrc prcsent 1{olù cn pol.ycr¡'stallinc I'ÍgO

a:ic1 tllcrso for polycl)'stalii¡e LjF stuCiecl b)'Scott ¡urc'l J)asft IL26l

tr'ho al.so obscirtecl local. slip activity neaï grain ì;or¡tcl¿rr-ies at a Jorrl

lruch lor^rer tha:r 'che preclictecl va.-'l-ue.

5. 3. 2 h{i.c.ro¡'is16'l

'ihe l:esull--s of fig. 4.25 show tJral- the nicr:o¡ziç1.cl stress

obcl's the tlall-Petcit rclationsìrip li'ith respect to graili size. Petch 11941

postulatccl that dislocatj.on pile-ups forin against the grain bounda:.y

::esultirrg jn a, str:ess concentr"ation at the iread of the pile-up

l:-ucleating sUp in the adjacent grain. A sinilar model r.,ras suggested

by Cottrell 11951, both assocj.ate the grain size relati.onship with the
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propagation of slip across grain boundaries. The etch pitting experiments

shorr tìrat, contrar¡'to the above models tire nicroyield stress is

as-sociated with slip band formation within the grai.ns and examples of

slip breakthrough of grain bourrdaries at the rnicroyield stress were

extremely rare. Hence, the pile-up models do not appear applicable for
the nicroyield stress-grain size relationship.

Alternative npdels are the work hardening [156,1s7] a:rd grain

borndary souïce rnoclels t159]. In the work hardening type models, one

invokes the experinrental correlation that:

o = o* + aub/p (s. 12)

where o is the flow stress, o* is the thernal component of the florv

stress, p is the average dislocation d.ensity, u ir ttt" shear modulus,

b is the Burgers vector and o is a constant usually taken as a measure

of the efficienq¡ of dislocation strengthening.

Figure 5.9 is a plot of the micro¡'ield stress against (initial
dislocation density)4 

^d it can be seen that a straight line relation-

ship is obtainedwith a gradient of 0.82 kg/n,n-1, .orr"rponding to a

value of o = 1.5. Ïre value of the intercept on the stress axis gives

oo = 4 .7 kg/n^Z cornpared to a value of 4.s kg/rn.z obtained from (stress)

versus (grain size) -U pkot in fig. 4.25. To be noted is that the value

of a appears to be in accord with what would be predicted on the basis

of several work hardening theories 11961. the nain point to be mentioned

horvever, is that in the theory of Conrad et a1. the intercept of the
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Petch plot should be strain independent, tnrhe::eas fig. 4.25 indicates

that the intercept increa-ses rviLh strain.

An alternatir¡e way to ra1-.ionalize this behayiour is based

on the i'rork by Ashby 1133], rr'ho shoirecl that a proportionality betnecn

the d.islocatio:r derrit¡' and the rcciprocal of the grain size foll.or,¡s

f::c.n a cons-'ic1er¿rtion of the densit)r of dislocations requirecl to c-ompensate

for the non-J::onogeneous defornation lvlúch uust occur in the neìglrbourirood

of grain boundaries dur.i:rg polycrystal defor:ma-tj.on. This corrcept ì-..a-s

beeri e>ra:ninec-1- by Schankula et a-1. t160] using a sj¡nple ð:-Lrensional

arguilent- sirúler to tha-t proposeci by Ashby Il53.l for trr'o irha.se ¡nater-iofs

(see a1-so Erifiurl' [19i] for a iecent revierv). Since the irJrysical pictrire

of a poli'clystal clefolnation as p::oizided by Asliby also enpìrasizes the

role of dj.slocations gerìcratcd to plcserve cc-¡litjnuit¡' of tlie pol1'clystaj-

âr i'{rqs or'¡'in l-rnr¡¡j¿1'j.s-s iir additjon to the c1,i.s-locatjons stored ilsicle
'tire grai.ns, this nocle.l. cliffers fro:r that of Con.rad et alo t,'he::e the naj-n

errj.fhasis oir tirc effect of grain s j ze is placed on the internal stress

oppcsing th.er rLot-ion o.Ê dislocations onJ.y v;ithin thc grains. Thj.s

nlocj-cl tlien sugge-sts tha í the subsequent a-ccurnLlla-l;ion of cLislocations

tvith con-linued straining is grain síze dependent rvìth p a 71ë1.

Fron the e>iperi.rnental results obtajnecl in the pr:escnt lvc::lc

on po11'cr¡'.stals of l'{g0, sorne further agreemen't rr¡ith Ashbyis :uodel becones

e'l'ident. 'Ihe micrographs of etch pitting experinent c1ear11' shorv tire

distiri.ctir¡n of the <tisl.o.u-tiot behar.-i.our near-boundary regions and. i-n

::egions re;noi-.e ft'ou grai:r boundary. Herc, the existencc of strain

graclients in polycrystâls and also tire cornpatibility effects are
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satisficd with the gconctrically irecessary disl.oca.tj.on.s in :rcgjons close

to bor.uidaries. lVith further inu"ease in the leyel of strainì:rg, fig.

4.33 sholr¡s i-.hat the glide bancls broaden a.nC tirere i.s.spar.m:'.n.n; of secondary

bands i';,hich contribuie to the storage of dj.slocations í¡isjde lhe grains.

The p::eseri'b ::e-su1t thus iirdice'ces, at leas't qrxtlitatiuc;ly, that 'rhe

accr¡nula.1.iorr nlodel sllould be valjd for e>plaining tlie grain sì.ze depeudeltce

of yielding in polycr¡'stals of MgC. If r*'e consicie:: t.lx; jncr.'emcitrt of

flor^¡ stress due to stored di.-slocations to be adclitir¡e to the yìe1d stress,

the Hall-Pctch eqi;ation for fi:rj le plastic strains becomcs [197]:

or, = oo +' { ky .r' oir¡þ% 1¿-% (5.1J)

'lhus, tùe I'iall-Petc.h slope should inclease rr'itir irlas'tic st-l'ain zrs long

¿x the rate oi- accu¡riul-¿r.ti-on of cìislocations is cieterLnirre:ri- by'tre gi:ain

síze. Fi.gure.4.25 indj.ca-tes 'tliis to be tlie casê f'r'r"il'r¿. nrr-'co'.'t- \uork

in accorcl r,,/jth the concept described above.

Anot-]rer rational.e of llall--Pe1.ch ecluation is that of eiil'i-ssion

of gra.in bounda.r:y di-slocations 11591. Here, it is pcs'tulated tilä-t

yielding j..s frort p,rain boulda-r'¡' leclges and assuming a constant 1.ec1ge

riensity, the rii,mber of clislocations p::oducecl js pro3roitio:lal to i.lie

^-^-i-. 1..,,,..-.-1^-^.- ^gra-'m. Douil(rary surfacc area. Thus; a Petcir type reJ-atioirship is again

oLrtained. Ai't.hougli there is nort aun1.r1e experinental evicience both

baseC on eLectron mj-croscopy a:rC. etch pitting that grain i¡oundaries

act as sources of clislocations in rnetals; nost of i:he eviclence-' f.or

cerarnic natelials to-ðate is basecl. only on etch pit observations. Erren
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iL gra-in bculrclary source theory is accepted, it- is difficul-t to judgc

ìr-c .,.¡1i'li+.' r-ì...¡1 1ç7þ¡1 1i' flrn jefOfllat]On SijìCe the mOdel iS SenSitiVer LJ V4af,L¡r.L) LrJa\,/LrËrr\JUL (.rJv LLçr\

to rvhethcr thc grain borurciary disloc¿rtions esseiìt-ial1¡' ac'. as rmj-for:n

sources rr¡it.h sr-ifficient ease at all staç¡es. l',ith the liniied st::ail

range availabie in the present r,¡orl< -it j-s not possì.ble to decj-de on Lhe

n,rarnl-'ìr'a '-...1,-'ì The feSU]tS jltcliCa'[e ]tO'.tet¡elt: |þat the ir'Ofli hafdC¡j-t1g

;ut-d glain boiindary source noclcl.s a::e j-ir gc:rclal agrecincrrt r,Jith the

reslllfs. :rlrfl ,rlr¡f +Lo ,..ì¡-n.,i^14 Si-.::eSS iS CClntlnlIcã l¡r¡ 1-Jln ìnitialuJ , cr-Lr.\¿ L.r14L urru JilLvLvJ (-r. uJ-) ¿J 9Lr¡rur vJ-tvv u) (.f rv ¿¡t

dislocati on .Jensity.

-4. fi-r::.Liier poíni: should be ¡r¿.de regarcl.ing th.e n:lc-royield c1a..i.a

o'{: fio'. \ q 'fìimri'e \ Q q,lrni"c 1h¡f ir"r^csl'rci1'j\/cr c)f tÏic hcat tÏea.tlnell-t-,.'.-..
(that i.s, rr4rether: annealecl in air: o:: irt vacuurn) , tlr.e microyi.eld stress

data ahr'ay-s fjt the s¿:lc straight li.ne; intlicut.-l.ng that tlie r,,olk ìrarJeli.ng

behav'iorn: o.íl air-anneal ed or' 1¡aculrìn-a-r¡¡eal-ed sÐr,:c-imens i-s cl-i-le 1.o

identical ltecÏ¡äri.sins. ûr the basis of the rr'o::k liar:dening n¡clels thi.s

t,¡ould.signif that thc hig1ier.flor,r stress after a girren sfrain in fincr-
pla.ir¡etl malcrials arises because rno::e dislocal.i-ons are cre¿rtcil in th.a'[

mafnri r'i fnr^ r o-ì rron cf-rni n* ö-''

5. 3. 3 F::actnre beh.avi our

As shor,¡r in f-ig, 4.25 the fractui:r; stress-grain size data

alSlO fOllotv'.s å. ll:r1 
-l -Peich l.vrre- eollaf-ìolr sìmìI¡r l'n fho ¡r'ìr-r'nr,jclCl ani.v t.vr L wJ J.tv v\1u(¿ L-Lvir J !tr.: J-<¿a Lv Lltv t¡LLL.l v) -l_\,

nj.croflorv .Stles-ses ìlv a rloá-i ficai-iorr of oor:-lì.ìl:r. o = o + kc7-4

in lvhich the subscri.pt o is ren'iac.erJ bv the fracl-¡rle qtless- o'- -'-'r - -y *- , "lìt



154 .

ancl o ând I( become furction of strain:

F = ooF + tçd-u (5.14)

Ii'lrer.e O .- atc'l J(,. are con.si.:lnts, 'for- l-hc f'rer1-t.n-ro' I- are const¿urts for: t.tre fra.cture cr:ii-.eria.

co:rrpii::json of 'cire fracl-ure stro:;s-glain size p1o'l rr'itÌr the

ni.cro¡,is1d s.tless irlot rcvea-ls that. Lhe jnter"cc-:irL oor- js nluch 1i.L: ger

than the interccpt of the )'j eld stress 1j:re. It j.s evideltt i:herefo::e

thal- wit.h reLationship (5.r4) as the eclua-tion for fract.ure stress,

O^." callnot be t.¡iJ.r+n sinrrir¡,rs tfrictional' strcss íor di.sl.ocai.icurof,

rnol-ioli. Although the val.ue of oo, iras no't been er¡¿ll-u¿¿1.ecl t.liec,;:etica.IL.¡,,

I(u and Jolr:rston L1241 harre atte;r'pted to clarífy thc c4perinle¡ltal

sigrifìcalce of oo tenn ì.n eqn. (5.14). Into bici'yst.als c¡I. ì',1r0,

heat."'tL:eaied to ioclc disloc¿rtioirs, thcy jltloCuc-et1 fresh clj.-s.loc¿;t:lons

b)' na-l<ing indcntations at t¡arious dist¿urces :fron 1.he grai:r bor-r-rc1ar¡,.

Ïle -stÏess requirecl for cr:a.cl< i:ritíation t,¿as s}rorv¡r to be proportional
, ._,to d'lvher'e cl. t,¡as t.ire leitgt.h of tire glide baltcl" TÌhey sugges'i:ed thal-

oo l'íiiÍ; t'he str-ess for dislocaLj.on mui.1.Ìpijcations. A corni:arj.sc¡n of tlie:ir

u¡ork lriith the preserrt one ft;ctJr tests at r:oom tenpera-ûure) shorvs tha.t

the di.s-location nrultiplicatlon occurs at a lmrcir louer st¡:css, i¡ t¡c
neigh.bour:hoocl of the microyi.elci stress. 'Ihe cr:acl< nucleatiolì hrâ-S

obserl¡ed. alt,vays beyond the microflorv str:ess cul-ve r.¿hich approxi:¡ated.

to about 75't.o 85? of o' tÌre measr:recl,:fractu::e si.ress val-ues. silce
the ul:eseilt e:çerimental. d¿ta is col:si.stcni: lvith eqn. (5,14) ancl shows

that tlre intercept ancL gradient of varior:^s ¿-'z pLots tend to increase r,¡ith
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il-^Lcrease of strain, much larger oo, iir the fractul'e -stress situ-¿L'L.ion

reflects the extensive rvorl< hardening that the nat::j,x has uncle::gone

foJ-lorving inj.tj-al yie1d"

In r¡iei,¿ of the above ancl the :Êact that nucleation of a fev¡

cr:a.clts at random points clid not result ìn compl.ete fracture of the

specircris, Õ^-* a¡-rpearing in :[racture str:esis-gla jn size relaticn c;.r.n be
oJl

ciefined ltere incrc pr:operl-y ¿ls a lìeasu.i:e of the stress rcqui:'ecl. tc inove

the ci.isl-ocations which produce.s crack rai.h.er than sj-itrpl)' a dj.s-location

llrlt:ipli.catj.on stress as sìjgfle.stecl by K¿l and Jol¡rs'Loir. S',-ic.h ¿r clefinition

also t.alces into accormt thc co¡nnon obser:r¡¿;tion that in ¡raio::ii.)z ot ar..

erqre:rì.nents 'with -seini-brittlc ceranics, col4tlete fraci-ure cloe,s not

alu'ays result frorn either disloc.atjon lnrlt.iplication o:: from one single

craclr nr:cleation cvellt. rn arì), case, ii. is cl.ca:.- i.hlú oo.', rciir'cscnts

rìì1 âr¡ñr.rr.i¡irl o nai^t Of tlie tgtal Va.lUC Of O._, In tjte C¿rSe Of

lrolyc.r¡.sta.ll j-ne lrÍ¡10 ir'hei:o olly 'the flact--ure stress yalues har¡c prc-

t¡iou-c-],)'been rr.ie¿lsi;r'ed as a Í¡-rnction of g::aiil size, ooIì has bec¡ associ.atecl

iuitl: tlie floru stl-e-ss of singje clystals [14S]. llre p:'escr.u1. result

hot,¡i:\t(:l:, ínclicaÍ:e.s that the riicr:ostraiu sJroulcl be pc.ssible il¡ sìng1e

crystal-', at a- nuch loive:: stress correspoildi.itg rvith the iirtercellt for

t.iie 1:o11'cÐ,sta1 nicrof isld stress cut\re of fìg. 4.2::;" lile mailr poìnt

of in1-erest is tha-t significaut plastic flolv a¡d r,¡ork iralclerring occuls

in poll,crystalline lrfgO prior: to fractul^e. The similalitl' of the

pr:esent rr'ork rn'iti-r that of Stol<es and L:i IL23') on 1:o-[¡zcr1'sta11ìne NaC1.

js worth mentioning. For exaqtle, rvhen the da'ta- of S'cokes a:irl Li on

the roont tettperature s'tress-strain behaviour is replotted in ternis of
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f qf lnc q'ì r¡r:rcr rq ' '- -2
\JLrv-,Jr ),L.rJur (d) ', one filtds interest-j-itgl-y similar beha.yioul.

Filstly, eYelt lllough the range of grain sjzes used by theln rr'as above

about 100 pm, it is for¡rd that the yielcl a¡d fractriïe stresses both

show a J-iu.ea:: fil- according to Hall-Petch equ.atj.o:r" secondl.y, rr¡hjle

the intercop't of tìrc y'isic'l strc-:ss -d-z pJot cxtrapotates soneivhat

close to si:rgle cr¡'sta-J yielcl (løcrc,scolr-ic) va.1u.e on the stl:es-!ì axis,
fha ìirr-a'ec'¡z- (n^-) ancl slolre []í I n{ 1-ho fren.í-,_lre si.Tcss -d 4 .,t'l¡'r'vr¿v ¿i¡Lvr\.ufJ" a.Or. . r rÌìJ Ur Lilri I.tdLLt .[j-LLrL

qy.^ .tf i +^ 'l; fç^-r-nJ- nnã l rr-oêr- .f-hnr¡ fÔ-¡ .Í,1.,a rr-i olCl StfeSS . Thj-SLv ILJ__¡_rvJ. ur¡ ç G!U rq..f l;çJ. f.f td¿ J-Vl. Ll!v ) IU

beh¿Lr¡iour again jndj-cates tha.i: d:e inf-1uc-:nr:e of gra..rn size on the

defor¡ratj.otr of rocli saJ-t t1'¡.;e po1-ycrysta1.1incl nta.'i.c::ial-s is in ¿i.ccord

ttit.h the collcept tilat the r¿rt.e of accuiilulation o.t dj:;J-oca't-jon:s cluring

trorl< lla-::clcrti.ng is clcirendent olL tìre gr-irirr size. Ilo',{cver, s;jnce 1-l:c

factot's cclttrcllin¡¡ init-ial ¡'i.eJ.iling i:recl:ll:i-sn and i'r.s coricletlon

ivi'rh tlle pr:oces.s oJ: disJocation accu¡lul,ation js rrnknor,¡r, no firrn

rluan:[it.a.tÍve corr¡;a:-':isc;n.s can b.: lnade at 'i:iic 1:r-csclit. Obr¡iously tlte::e

i-s a neecl for ntole e-çerí.ne'ntal evidence c.orÌcerllillg i.he t¡ariatj-o:L

of clj-slocai,i.on d.elLsit-y' r,rith gr:ain size for a wide range of gra-jri

si-:¿es.
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6.0 SUM,{ARY ANI] COJ.ICLUSIONS

6.1 lle-Eormation of l,{gO Single Crysta-ls

(1) The plastic deformatj.on of l'/rgO singlc crystals conpressed

alolg a cubic axis Jras been stuclied in teïnls of the the::mal and. atllenilal

cofiponcrlts of the f.lol,¡ stress o1¡eï a- ten¡:cr.atu-re r.i;nge'/'/o to 67.joK.

It is shol^,rn that the thermal corrrpo:rent of the flol stress is incìepenclent

of straj-ri and. thai. the ai--he::ltr¿11 colnnoncrrl_ i s the mair-r contributor of
tvork ha-rclening.

(2) Tile <lislocatiou't¡elocity-effectjt¡e si:::e.ss eàfioncnt.,

tn*, has been Creter¡rined for l.{gO.singlc: cr'¡,stals usjng indi::ect tcc.lltiques.

the e;ço;-'intcnt-al re:;ults incl.Lce-te the e>rjstence of i-r.;o n¿¿j-rr c.har¡icter-istjcs

for m* ol¡er the t.e:n¡terature r:¿uìge investigateci; na:trel¡', that (a) tnt

j-s st'r:o:ig-1-1' tett4reratltlc de1:endcnt, incrcû-sing rr'-ith rlccreasilig t.crnperatu::t:;

the pL:t-'du.ct (nt*'T) ho'tn¡er/er, reiLrai-ns consta¡t v,r-itJr tcrrilierature, and.

(b) n* is iir<leltende¡t of strajn (>I.02 -straj-n betr.¡een 293oK a:rc1 ó73of).

(3) Or¡er the teäperature range irrvestigated,, tfue resulL-s

indjcaie 'chat the strong elastj.c intei:action betrrreeir dislocatjorrs a:rcl

centres of tetragonal strain produced b;, -l::.j-r¡a.l-eirt j.c-:n-vacarcy 
1.,air:s

is controlling tire defolinat-lon.. This is essentiall), the noclel pr:o-

posecl bi' Fleischer to explai:r ha::'clenitrg in lLc-,no\¡äl eu1. iolic c¡zs¿¿1s

þ¡z fiy¿¡]snt ions.

(4) The experinenl.a.L da.ta are coirsistenl j:r terms of botjr

the fliernaLT.y-activated Tate equation and the poler 1an approach to
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deforrnation aucl suggest that entropy effects

present case.

ai:e negligible in the

6.2 Dcforna.i i on of Po11'g1-y51a11ine ìvígO

(1) rire role of plastic flor,r, occurling prior to fracture
irr frrll¡'-cleirse 

'c1ycrys'to.11iiie r,rrgo ir,ith g::ai.' si;:es 3 to izo r,unl 
.rìr¿ìs

stuclied using a microstrain measurenent tecìníque in conjunctioir lvith
classical etcìr pit niethoc to moni.tor'¿he generation a.ncl groi,,rth of
djs-l-ocation giicle ba:rds. lt has l¡een shoi.m tjr¿lt in the chci::úcar11,-

pol-i shed specJ-:iietrs, clislocati.ons are i-nitia1ly procl¿ce<l fi:o¡r srrurces
j.tr or vely ck:se to the graìn bormcla:ry atLrT at a,stress letc1 sjglificrrntll,
lorr'el 'cha' that of ¡rícrofl-or,,, or fr:actr:ie stress. ,ilie stress for
acL-lv¿rij'on o:i tìiese grain bounclartT soLrrces is; j-ncleirencleni- of gr:ai:r si.ze
for g::ain sj-ze.s Ja::ger tjran 10 i¡n.

(2) the micÏoyie1cl st::ess (cor:r'esiionding to a plas'i:ic str¿;iir
_Áof 5 x 10 ") shorvs a tlal].-Petch relationsìrip i.n t.enrs of gra-ì' sj-;¿e.

Since slip br-eak'ch::ough ís:.are at the nicro1,is1c1 stress, the grain
s:'-ze depenclence is attriirui.ed to tlie change in disl.ocation cLensity rvith.
grain size" T?re ana;-ysis of the mic::oyì.eld s1.:r:ess; cla1a of ¿rii.-alrirealcd
and vacuum-anealed s1:ecintens with respect to gL:ain size indj.cate that
the saine mechanisrl influeirce the work harclenirrg beiiaviour in bo{,h.

ca_SeS.

(3) The frac [i::-.e

in t.ei:ms of g::ain size. Tire

.stïess a-i_so obeys a I-Ia11-pctch rc1at.ì.onsìrì.p

intercept stress, ooF, is much larger than



the equivalent

i^¡ork hardening

fracture stress

as cxpecteci ol-r

stress for

that occurs

or^rìn çi zo

-tJieoretical

159.

yield and this is att:ributed to the extensive

rrri nr ' l-o fr-n e f: r-- _.,.,,uuqre. The gradieltt of the

plot is also larger t.llan that for )'ield.

gt-or-utris .
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7. 0 FUì'IT1ÈR REC0;\'lN'fÌ:ìNDEll RESEARüI

7 .J. Siugle Cr1'5'¡r-rt

(1) A cletail-ed inr¡estigation of 1he djsloca-tíon acc.unulatjon

nec.hai¡.-i.siits rrsitr¡1 transnrission electro¡ l¡iicroscop)¡ a:rcl etch pitting

tcclr.:rique is requ:r:ec1 fcl the u¡rders'Caird:r-ng of rr¡orl< Ìrardening ¡sll31rj.oi.u.

(2) Since furpur:ities seem to be the rate-controlling faci.ol:

1n tJlc ciefr:lmation of lufgo cr¡'s1a1s, aLr ecluirra.lent i.m¡estigatì.on to'iie
present otte, tr'-i-i-.h Cï¡25-¿u1t cc-r¡tainilt¡¡ di:fferent solute contents v¡ou1c1

be of gt:eat ini-erest.

7 ? IJnlvr-rvsl:.'1s

(1) 'A C.e'cajlecl inr¡estigatioll r.rf g::ain bourdary str:uci:ure

usi:r¡; electr^on tra.nsinission llicroscop), is necessarl' before the yj elding

pl:ocess ca:r be r-r:tde::stood"

(2) l¿ljcl'ostr¿rin c::periments at higher tcnrpcra.tures e,ircl heilcc,

accott4rliried by greater ductility is requir.'ed to clist1nguish belrveen

the cljf:leren.t theo::ies for t]ie Petch rela-tionship.
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