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htcrature has developed and numerous surveys

" 1. INTRODUCTION
" One of the major objectives of phybical metallurgy is the x‘ation- )
alizauon of the pla...txc behavior of "netalb in terms of the: atomlshc mech- ’
anisms of single crystal deformation. As a result oi‘ the baszc scientific
im‘oortance as wel). as ﬁne techm.cal significance of tins subject an e,ccensive

(.2, 3)&1ave already neen :

. made pn various aspects of metai plasucit*v. it is now reconrmzed”"haﬁ

four ma3or processes are respomazble for deformatxon in crysta}lme

-aggr.eg,ates: {1 ' crystanograpmc glide, (2) twin formation, - (3) gram )

~ boundary °bea:§ing. and '('4) stress-directed dif'fu‘sio'n‘of Vacancies. : 'Stresa-

azrec»ed diffusion of vc.cancms coniributes czgmftcantly to ¢creep Suremmr

of pol ycrystalline matenals on1§ at low stresses ana at te*npcratures

aDDroacning the melting pomts( 4) for polycrystalline materials that e;rmblt

numer ous glide systems (@ . .C. C. ~anei:alsx) grain bounda*y shearing xs,

...suahy restricted to tempe; atures above abau*: one ~—ha1f of the meltmg

. 'x:ﬁmperature where cresp is contrcl}.cd by the climb of dnslocatzcas On

the other hand in systems (e. g., Hex. C. P, ‘such as Mg} which have only
1m:iatrvei y f‘ew operatxvp g;iiae systems grain bOundaZ‘y ‘zearinc has been
observcd at temperatm es as low as 78 XK. €5) Althoagh twmnmg may be
mduced in mexn mmetals, the deformanons that can’ I*e acmaved by this mech~
anism are hrmted geometv'zcally (b) Lryomllograpnxc 611de quahfxes as .

the priacipal process of c.eformatma ‘n F.C.C. ‘metala at low ana inter- :
mediate temoeratures. xwznmnrf mdcea affects. in a magor way the s’crain :

nardemng thai: is ob.aerved as a result of interfer ences to shp but pr ecise

- knowledge on tms aspect is meagre. From thxs point of vxew it is reasonable

to attempt to Lnut this dtscusswn pfincmally to examples of plastic def-
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srmation by slip in F. C. c: z;rzetalé Such a 1imitati0n is further 3ustzifieé

by the fact that most of the currently available research results on mechanisms

of defor"natzon and anaiyses of strain 1’:.ar'clc—:‘m:.n.n7 have been made on F.C.C.

metals at low temperatures, o | v | -
Although v-the mechanicai behévior of aggregétes of several phas.es . I'

*mvht be included ina general discusmon of the behamor of polycrystallme

mater rials,. this subject is inaeed a separate chapter, znvolving the mtro-

ducuon Of additio*xal \,oncepts and it wzll therefore be excluded fv'om the . -
presem review. | | | -
‘The plast_ic behavior of peiycfysmﬂine .metah.'s' ap‘pears tc be somé-
what différ;e'lt‘ from that exhibited by individuavl ss‘.nﬁlé crystals. requentlyn
yolycrymaume metais have about the same rates of strain hardemnd as
single crystala unde,z‘going multlple shp, bu-, thetr flow siregses arein-
vamably so*mewha‘t ‘higher than those for alﬁf"le cryatals 'che ﬂow stress _ i
increases lmearly with t’ne x‘eczproca—l of the square root of the gram diameter. -

In the 'past it has generélly been assumed that, at least in the absence of

v

grain bouadary shearing, the basic mechanizms of deformation in single and

polyc‘rystalﬁné metals are the same, If this were so, the béhaViO.’t’.‘ of poly-

crystaliine aggregat ould be deduced from 2 campletn lmowledﬁe of sinsfle .

crystal behavmr‘. We \mll ﬁherczore, conwlder in the next sections (I, I

and IV) the status of our unowledxe on sinv’le crymal behavio* and in Lhe

 section V the behavior of mcryatals, wmch begm to approach more closely

the behavzor caf poiycrystals In section VI we wﬂl demonstfaae that the

existing attempts 1o deduce t‘ze behavzor of polycrystaﬂme aggreﬁates in terms

-of the behavior of single crymals sugg_@sts that the flow stresses are oaly L

a few times greater than those for single crystals and are independent of

grain size. Undcubtedly, new factors not icherent in single crystal def- .

ormation eunter the picture. "These will be discusaed in section VIl. We
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- owill show thai: m contrast to tne usual agsumptions of mfﬁorfenaous def-

'm.siocatwns pile up agamst the boundames of unfavorably ariented grains »‘.i S
‘and a@ppndmg on their relative omentauons either prouuce slip on the usual
slip planes or on uncommovz planes only operative m polycryatalu. - The - g
’utre ses at the head of piled-—up arrays depend m such a way on gram size |
that the ﬂow stre&s becemes pmportional to the recipmcal of the square “f
: roo;, of. the grain diameter. Tnp plastic behavmr Of polycrystals tnereforg»

- cannot be deduced e:aclusxvely fram smgie crystal data because new faciozﬁs

'resativ\, to the shape of expemmentally determined stress- stram curves.

VD .

orma”iwn by muitiple shp, deformation is highly 1oculwed Consequently,

N
A

such as hcterogeneous behavior, new slip mechanisms and ynled up arrays
of dislocations, \euter the picture. Nore e’f"fort mu st therefore be devoted

directly towerd understending tbese auxxhary features of the deformation

-in polycrystalline metals.

7i. THEORIES OF SINGLE CRYSTAL BEHAVIOR

Although some aspects of the theory of the plastic b'e,k;a";{iqzj of

single metal crystals are yet under digcussion, there is general agr@emem '
{1, 2, 3)

Fx

In Fig. 1 are shown the resolved shear stress versus resolved shear strain‘ '

curves for Cd ({»oou {112@ D, ata1h [10] 8 and cu (u1l) {10] ©

for the tempe rd’ruv-es and orienﬁamona mdmated

Whereas the Cd {Hex., C.I P.) crystala e:miblt only a madest arnount . ~————-
of strain he.rdgning over the en‘cire_ range of du,f_ormatmn, the Cu and Al : - .
crystals have an initial range, Staage I, of mild linear hardening {also known -
as easy giide), a Stage II of rapid };i.rieérgtraﬁn vhardenmg,. and a Stage III

over which the rate of strain hardéning decreases. The iow rate of strain

hardenmg over Stage I in the I‘ C C. metals apprcyxmates that for flex.

- C. P. metals insofar as it suggests °ubstantza11y unperturbed slip on the

principal slip system. Over this region the slip bands are usually continuous

)
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strain- hardenmg opérative earlier over Stage II It has been shewn

™

over the entire 'c:rystal surface - Qver Stage II, .however, 'tbe principal

{9, 10 11,12},

slip ban ds become pmo‘resaively snorter 'moLyxnr that some

interf@rence to eaxsy glide takes place. The absence of Stage II in Hex. C.

P. metals reveals that the mechanism of hardening in Stage II is uniquely .

asaociated with the muiﬂplicity of possible operative .shp systems in -
F.C.C. metals leading. to block.zae of slip on mn principal slip plane
The lower atram-aarden ng za’ce tfmt is observed over Stage IIl must be

ascribed io some pr ocess that aﬁlows a moderatioa of the tugher rate of

that the reduced rate of strain ! ardcmnrf in f:tage Ii ari.aes from the

(_,)‘ o N ,.-~-' 

stress assisted thermal actzvatmn of crogs- shp

Stages I and If of jtne iow temperature plastic behavior of ¥.C.C.

metals hag been ascri‘j@d to.an intersection model Which was introda;ced

by Mott(. )and Cattreh“ )and extended in deﬁall by I*rwdel(l )and Seeveél ) '

According to the general assumptmns of this model the m‘cerrupc.wms of .

casgy glide at the terminus of Stage Iv s ascribed to the formation of

Lomer-Cotirell sessile dislocation blocks produced by reactiona of the

=y

Q/g [/o/j

.

@/éZ;/O]( 0,) + /é [/ZJ( Q/é z;/z]é’m)

(ua) + Q/‘/Z [6/7](/41)

%

Since the merﬁ decreases a stabie sessile arrangement is obiained of

dislocations lying on the three designated planes. Thus, two stacking faulis

are formed on the {1 ﬁ) and the {111) planes, resp_ectively; which issue from

. 8 | .
the a/é [1 10} dislocation and terminate at the two partial dislocations.

On the hasis of electron microscopical ai’idence,“mwhich reveals that
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- component of the flow stress necessary to overcome the long range stressy:

\

continuously decreaamo lengthg of slip bands are yroduced duz'mé the

i
AN mterval of: de*’ormation as the ghear strain mcreases, Seeger

\

cmd~=a tbat "he formation of Lomer- Cottrell dislocatmns countinues through-

out Stage 11 The theory further postulates that dlslocationa on the primary
slip uystem pxle up against the Lomer»Cottrell u@SSlle ézs},ocatzoas produ- ,f

cing in this way 1ong range back strﬂesses. The energy that is requxree to 577 _

move dislocations against such long range stress fxelds is very large and ¥

consequéntly this process is not thermally activatable. - Theréforg, the -

fields is substantially independent of the temperature. As the dislocations 5

move away from their Frank-Read sourcés. however,. théy must intersect
dislocations of the E’rank network that thread through ihe'slipplai}e; ‘thus,
they form jogs. The energy for intersection dependé on the géometricdé-
taxls of the process as well as the stacx«.mg fault energy But estimates of j
ﬁhese energies for mtersectmn usually range zrom a2 fraction to several
electron ‘volts and therefore the intersection process is thermally actu}aﬁcable.
Consequ.ently, the ‘flowlstréss, : f , must equal the témperat_hrelnsen-
sitive long-range back stress, Z‘Zé ‘ , plus'the \temperature dependent
activa‘tion S‘tre.&ss Z‘ ., necessary zoz' mi.ersectmn. The initiatlon oi‘
Stage Il is attribufcea to the nacleatxon of cross-slip among tne highly
siressed leading dwlocatmns in ;he pzlea up array.: Sidce cross~slip is
thermally activa'cab}.e, the siress | T, Il must‘d;ecrease' with increasing

temperatures as shown in E‘lg 2412)

ul’moxwh this theory has been reasonably S'lCC@beUl in accounting
for the observed plastic nenavxor of single F. C. C metal cryshals, recently

documented evidence, primarily that which has been obtained by transmission

‘electron micfoscopy has cast doubts on the validity of several major asgump-

tions that were made. Much of this evidénce was diécussed at the Fifth

General Assembly of the International Union of Crystallography (University

&
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of Cambridge, 'August, 1950).’ And a preliminary analysis of the newer

concepts was re@r}*‘tea by Mott in the 1980 Institute of Meta}.s Lecture.u” » |

The critical onse”vataons, primarily due to Hirsch, are as fo:.lows-

1 ' Although detalled aearches have been'made there is not direct
tranamxsumn eiectror\ microscopacai evzdence for the for"natxon of Lomcr-
Lottrell dmlocatwns Stroh("e}has shown that upder sufﬂclently high - - |

tresses, At! e Lomer Cottrell dlslecations, particularly in hzgh stuckmg-
fault ;nérby metals, can be made to dissociate undér the stress fzdds of -
piled-up di&,locauion arra 4. E‘urthermore, hochs(lg)has showgtnat the
incidence of f_oir\'%aﬁon of Lomér-Co&freH diélbcatisns éhd_uid indeed'bé'-

2. Pﬂnd-up ary ays of dislocations are’ been in low stacking fault
energy metals and also at the grain boundaries in various golycr Jstallme
metals, On the other hand no weu ined "mmerous pile-ups have been
seen in the grain centers of Al and Cu crystale. | ‘

3. In };ieu of. pile*ums, straining into Stage II causes the forma= =

tion of nefwerk&, of severely entangled dislocations within which there are.

practically no ::ree dmlocatwns.

4. Generally much Ydebri including vé._caixcies, is left along the
trail of a moving dislocatiou. The motioh of "diélocations is arrested at
jogs, aud dialc«;'cation‘loops are frequéntly left behind the trails of superjogs. |
As men;;ioned by Mott, Hirsch has s'hown'tk'xat'.'%w)hereas ianterstitial
jogs move congervatively along theﬂ iength of serew diglocations, it is easier

for vacancy jogs to leave a trail of vacancies in their wake. On this basis

Hirsch pbgtulates thalthe major cause for strain hardeding arises from this

mechanism. If the temperature is sufficiently high that vacancies can diffuse
away the activation energy for slip becoraes USD' L“}, Z— bg where Usb is
the activation energyz for self-diffusion, Z.- {s the spplied stress, L, is.

the distance between vacancy joge and b is the Burger's vector. But at
. L . ) : ' . . . :

T T T
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A

+
i
3

“

B

Iower teﬁpcraturep, where. mffuswr' is too :slcw, the vacancy traxl pmduces.
& back force on the dislocatious which must ke overcome em.cluswely by

the appued stres 5 and the behavior is athermal T herefore, the stress

mccssary to causge deform&tion at low temperatureb iz given by

24952-:0(6’4? (4zez)  w

wﬁeré G ié\'the' sheéf méédulﬁs of elésticiiv and . 0( G é3 lS aoprox— -
imately the energy to produce a vacancy The estimated value of - f is
_slightly below that given by . ZL._- Gé/géy which is requmcd to cause -
rnbe dislocation segment between two Jogs to behave like a Frank-Read source.
Furthermmaoare, the atiraction between the dzmlocatmn dzpoles also pz‘events
‘the segment ?rom unaertam’.ng the Frank- E\Qad mechannsm

By ;akmg into congideration me mutual annibilation of vacancy and
'intersntza.l jogs Mott deduces that AWL where L is the dislo~
cation spacing in the dense region of ‘the forest. The resulting relationship

that

[=oGb/El e
iz in good agreement with the experimentally determined oorvelations of
Bailey and Hi'r;sch.(zg) This a.greement‘Wi*ah‘exper_imen't however is not .
definitive sincc:: a similar relationship results from the po.étuiate;a of an
intersection m;echanism. | | ' |

An essential vfeamré of I\;fzott's 'theory,co'ncerns the relief of back '
stresses on t}ae przmary sources by approprxate ‘motion of dislocations on
gecondary systems. Mott believes that such motion is responsible for the

observed entanglements. The strain d Ye that is obtamed when dh pmmary

dis 1ocatwns per unit volume move an average distance R from the source

b &

.
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A

center is givenby . , R

' _Cottvcu(z ) only a fraction £ (eoual to about 1/20) of the jogs produced by

ﬁg_x@é *-a(@é

s,

o,

AT

'stioca;ions on. the secdndary shp systems move 2 fraction g of the 1"mtlon

on the primary system o0 as to relieve the stresses But as shown by .

intersection of the pmmary dislocatwns wﬂl be vacancy gogs Therefore, &

the number of vacancv jogs produced per unit length of the prxmaa*y dlslo-', 3

cations, d’ MV . by the stress-“elief motion of the secondarv dxslocations -

is given by

jmv.—_—g ﬁﬂ‘ﬁzfﬁ | k (5)

~ .
L

This follows {rom the fact that 2 single dislocation moving through an area
A of a forest of density /D proauceg /DA jogs on 'these dislocations
and thereaere Lh@ jogs produced per unit 1fn£;'m are merely A Qonsequenﬂy, -

from BEan. (2, {(4) and {5)

5-7(’ 7",? 7
77‘/6"25 dn

Z”so(; ra(¥-¥)

wnere \gga is Lhe .a‘t?"i?.iﬂ for the beﬁinnms of Stage II Cozxap_aring with the

expemmoﬁtally detﬁrmmed value of

/Q/)(/dd;/j SEE

for 8tage II, reveals that g has the acceptable value of about 1/3.




+

&

g.

: Seeger ale ’ ‘have s shown that the lengths of disio,(':atioﬁ segments

vigible on the su;:'face of incrementally sirained crystals decreases pro-

- greasively as thn\e strain increases. Mott suggests that these lengths are !

about equal to 2 R Lhe dzameter of the entavzglumen‘t. To obtam an esumate ;

of such lengths T\l‘ogt rewrites Eqgn. (5} in terms of the density, P , of [

. dlslocatlons *n the tnick part of the forest as

/“' 26 gaP e

where

d/ﬂ.~277‘/?j/z 2%@/77;@6 .‘“ ‘j:j e

Tmegﬁ;é' 4 Aa dZ“J %Ga z&%) Qzé

Introducmg T‘qn {5} gives

G‘Zé
= B3 PP v-Y. G .

The calculated values ake onl;y slightly .amaner than the meagured values.

(9)

Oov:ousiy, Mott's analysis ‘or jog ha rdemng is yet in the early
deveiapmontaz stages: 1. -‘T'ue act de‘caxls for the formatio'z of entangle- .

.ments have neithe:. been observed nor calculated 2 The conservatwe

motion of mte"stltml jogs has not been confirmed experimentally. 3. An d

t‘le theory, as it "mw stan ds, is at best a preliminary "Stilﬂat». &, Many
additional considerations are involved as follows: (a) what is the distinction -
between Stages I, II and IiI7 (b} can quantitative analyses be provided for

orientation and size effects? (c) what process accounts for the thermally -
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vantaﬂes over the mtersection mechamsm, Seeger, Mader and Kronmuller

10, e

activa*éed part éf the stress? . {d) how does the activation e‘:zxerﬁy depend on
stress? (e} ca.n, t"xe Cottrell-Stokes ratio beé obtamec theoreucally" () what
process 'cakes place in Stage TII ana {g) what is the activation enerdy mvolved
Un til izhese end othier pertinent questlons are fully answered it will be
necessary to thhhold final %udgement on this mechamsm.

lthouch the jog hardemng mecha*usm appears to have several ad- |
(22)

contmue to assert wzth consicercble authomty, that the maJor concepts of

' tbe intersection rnechamsm are yet correct: i.. The dislocation arranae~

ments in cold Worxed metals distinctly represent non~equi1ibr1um condztlons.
Ag thin films are produt:ed from bulk materzal dislocations must undertake

re-arrangemen‘cs due to removal of dislocatidns'eli'rhinated in the preparation

A S

- of the thin foil, Remaimng uxslocauons react to their now strong 1mage

forces. 2. Electron mxcroscomc mvns*z.gatwns on ac’uve shp lme traces.
give rather directly those quantlcles "rmch are meortant for quanutanve '
dislocaﬁon ‘models of work hardening, namely slip distances of dislocation,

1

f‘)
{‘I
bty

dislocation groups, and the crystallography of glide. These obser-"

3

VEtionS agree in detail with the pfeeepts of the intersectﬁén model. 3. Ferro-

o 'magneaic ce’x:t.v“aumn meas urements, which defimtelv perta n'to the bulkj'

material, unambxpuously reveal the prcsence of long range back siresses
over d;s ances ‘between 30 and 500 A and. chue gwe quc.rxtxtatlve COanZ‘matEOD
of the incr easmg presence of long range ,..trc.ases over deformations m Stage

il. Thesge arrumews, m favor of tne mtersectxon model are further Btreng- ’

‘thened by {(a) s.h”’ now .established faﬂure of the constancy of the Cottrell-

(23)

Stokes ratio which demands independent long and shoxjft range stress fields, |

and (b} by the dependency of the activation emaz‘gy’7 on the siress and siaeking

fault width in a way that is consistent’ with the mtersaetmn mech.mi,.,m. From

these viewpoz.ms only two kinds of electron microscopical obeervanons re-

main to embarrass the unqualified acceptance of*the intersection model.

£ > . . - ' . : ' ' .
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- d?é'bz;"is. These also ccruld contribute to the athermal back stresses.

PP

it

 The first pertains to the absence of Lomer Cottrell azslocatmns Hewev'er, '

Lomer- ~Cottrell cu.sloca’uons are not essential to the acceptance of the inter— a

l

section mechamsm. Any su:.table origin of lontf range back stresses win

_:suzﬂce, and such back stresses can well arise from en‘tangled dialocaﬁon AR

: networks. The second issue concerns ‘the presence of trqﬂ.ing 3ogs and loop o

0

“-..'-«w-- S A
’ III AI\IALY ES OI‘ EXP&REML.NTAL DA TA"

”‘he ultxmate acceptamce of any theory describmg the plas»ic be~ R

havior of smgle crystals wxll eventually depend on iﬁs abihty ta account

aaalyticany for an of the experz.mental facis. We, therefcre, pTOpOSe to .

review bmeﬂy some ‘of the princxpal obaervations that have been made,
Tne anazyses can be couched in such f:eneral terms that they might apply
to any acceytable detailed model. Cn the other hand it ‘will prove conven- .

ient to use the spécial .termindlog,y that has been developed for the inter- - )

. section model,  We, therefore. c-,dopt Seeger's c*&presszon for the plastic.

: B,
strain rate, ‘X@‘ . when the deformation is controned by a smgle ther-

mally activated process, namely,

| S / S
Y=NAbve 4T o

amcre pI is the number of points per cm . at which activation can occur, A

is the area swept out per activation, b is the Burger B vbctor, ZJ " is the

frequency (usually about the’ Dehye frequency) U is the energy that need be
supplied by a thermal fluctuation fcr each successful actwanon. In general,
U will depend on the local stress and the details of the mechanism. If L is -

the mean cord distance betweevz neighboring points at which the disiocaﬁ.on is

arrested, the net force, F, due to the line tension of the dmlocatxona, acting . . '

at this point is

.

L
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(Z'“ z*)zé W

where Z— is the externally applied stress and Z is the back stress

€

not surmountable by a thermal fluctuation. Thﬁs, in general, as sugwested.:f :

(24)

by Basinski, the activation enerdy. for the process can be represented

as shown m Fig. 3 by

F- ( - Z‘*‘)Aé | 3
The experimen’cally determined F-x curve may provide critical criterion ‘
for the selection of ‘che'operativé model for thermal activation of glide. -

Two experimental observetions are required to obtain the F-x

curve. For one we define

/ﬁ é «Q‘v\, % _ y 4 L é ' ' (; 3)
e iAo
which follows directly from X “‘."q'ns {10}, (i1l) and (‘12) The aneriment’iuy

determined values of the activatwa volume, ‘XL& MT for ©u are.

ciateiWeel w Fig. 4 a8 a function of the flow siress 2’7- (at the test temyermture
T). The aecond type of reqmred deta for t"xe determination of ¢ the ¥ -X curve
consists of the f‘ottrele‘tekes ratio / 2'77 which i3 given for

Cu as a functmn of the flow stress at 77°K in F:.&,. 5. We note herm that

this ratis is vxet 2 constant but depends on the wori- -hardened state as well

' X
25 the temperature. If we write the integral of Eqn. (1'7) as [(?—ZL )A é]

introduce tnib value into an. {10), and solve explicitly for the flow stress

Z we obtain

e —
raEt g e M




iZ2b

o pe(rNs

| | *
where f ig the ex‘cernany appli.ed stress and Z is the back stress

not surmountable by a thermal fluctuation. Thus, in general, as suggested
by Basinski, (24) 'ﬁ‘ne activation energy, for the process can be répresented,f

as shown in Fig. 3 by =

U= f%dp S a
. F= (2‘-—-2‘%5 | , '

T*zé experimentally determined F-x curve may providé critical criterion

_..c... the aeipcti@r of the Operauvc model for thermql aetwatmn of f*l.z.de.

Two experimental observations are z'eqaired to thain the F~x

curve, For one we define

gl (M) oxes
i W S

which follows directly {rom Eqm, {10), €11) and {12). The exyerimeﬂtally

determined vames of the acuvauon volume, XL é *—/BJé T for Cu are
ehown in Fig. 4 as a function :)f the flow s_t regs Z’ 7 {at the test temperature
Ty. The secor*?:i type of requized data for the dcturmmatmn of the F-x curve

consists of the Cottrell-Stokes x‘w:@ é 7— / Z(’ o Whiﬂh is given for

{"1

u as functwn of tne ﬂow mr\ 88 at 77°K in Fig. 5. We nota here that

)

this ratio is not a congtant but d2pends on the wor!s-h rdcneé smtc as well

as the temperature. If we'wri't{a the in.tegral of Eqn. (12 as {ﬂﬁZ’-Z"*)L éj

introduce this value into Eqn. {13, and solve explicitly for the flow siress

Zt_ we obtain |
7= Z"‘+—-—-—w“‘[%7% 25829



: localxzed-mteractions of the stress fields of intersecting dislocations is '

where the final’ term mpresenta the stress required to axd the thermally

activated process. The failure of the Cottrell- Stokes rat}_o to remain con-
stant over a range of work hardened states clearly revea}fs that | Z’ﬁ‘ does ';
not vary exzclusively é.s the short range field which is propo‘rtional to 1/L,

otuer factors being about the same. Consequently, the thought. prekualy

expressed by Basmskx that the back stress amses exch.sivexy frozn more

-

untenable, (23)\ The v’amejof: Z*as will be shown later, arises from f.he;

sum of the local siresses and the long range back stresses. It is also ' -
. ‘ E

equally difficult to accvoim‘s for this experimental fact in terms of the jog |

- mechanism for s‘crain hérdening as propbsed by Moﬁt. .Necessarily, the

work hardened state must be mennfied m terms of at least two cgantitxes

»®
such as f and L,

Since ZZ and Z" x both depend on the temperamre through
the shear modulus of elasticity it is necessary to refer to the F -X curve -
at the absolute zero of temperatur@. Therefore, Ban. {1 1)_w1h be re~-

written as

Z’Z;AC/G ZiLé +z*44 s

the suhscripts zero referring to the values at the absolute zero of temperature.

Thus, we see ihat the value of tL b @0 / G for”a given work hardened )

————

state (i.e., constant values oA Z: and L | ) dli‘fer& by a counstant, |
namely Z‘ L é from the desired value of F To arrive eventually at
Z;Z,é ¢, /@  we fu*st plot , Zz‘ Go /G : a function of
/8%7“—)( Lb as shown in Fig. 8. Each solid line was obtained for a given
strain hardened soﬁate as 1den‘t;fwd by the ﬂow stress at 77 ®K and. stram rate.

adjusted to y =15 x 10 ﬁlsec by means of the Cottrell-Stokes ratio
and the values of ﬁ/é 7 are obtained for 'chP correspondi“w state frcm

&

3
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Fig. 4. ’i" ¢ broken lines connect points for various strain-hardened states .-
A ' ’ ; '

Lo K . i
obtained P! aer constant conditions of . \f‘ and 7— Along each of

the sglid lines. ilsoe o o Z ~and - L are constant; and along each of '
the broken lines, neglecting in small efiect of changem m NA in Eqgn. (10), e

'UQ ig a constant. Conbequently, as ahcwn by zaqns. {12) and (15}, F,andx.

are coa.:atant along the broken curves. - Therefore, the c’iecreza.sssirmr valu@s of i

h

XL A thh increasing values of Z’ G ° / G along the broken curve is ;

exclusxvely due te the decrease of L wuh strain hardening. | a
-]

"As shown by Eqn. (10) the activation energ y for a ngén ’ Y‘ : |

' vanishes as the temperature approacnes the absolute zero.’ Thus, at 4° K
most of the work necessary to overcome the effective barrier is dc:ue by

 the appued stress. Under these t.ondx.tmns the mstance x tbat the daslocaﬁ.on

ig movedvm'ust appraximate the shortest pos.sible distance, i.e., _about one

Burger's vector _for‘.i;f;t'ersection or.' motion of a jog. Théfefore, albng tﬁe -

broken line for 4°Kx o
‘ S 2

In this way the value of L for each work hardenea state can be obtained And

since L remains constant along any ¢olid curve *he value of x can be ob-

.1

tained for each point in Fig. 6, 'I‘nus, the amprommate ZL@ Z, é//G?

Versus ¥ curve. can be estabhsbed for @ac‘z work hardened state as shown in

by &

?irf i. Itis signifxcant that, m asfreevnent \M.i,h the diccates oi’ BEan, (15), -

the curves for Lhe higher work-~ hardened states are merely shif’ted upward

the difference in the ordmates between two curves bemg equal te the dif-

ferences of the values of Z L é for the twd states. Conbequently. ‘
auxiliary mformauon must be soutgm to ‘“Stabliﬁh the absolute value of Z-' al

2s a funcimn of the strain-hardened Btate. |

For the intersection mecha‘nism ZL o 2rises from at least-two

*
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sources: {(a) tnc stiress, P 4‘ ' necessary to ovprceme the mterabnon

of the intersectian dialocatmns, and the stress, Z/ ‘! duc to long zange
stress fzeids &nai’zg from mslocations lymg approxxmately paraliel to the

moving chsloca‘ucn. At the initial yzeld sireng,gh the latter should indeed be

* - 't
negiigible. &aadaiza)estimates that t‘ne average value of | PR is,
about -  ' '. ;‘." Lo R RUR . e

¥, e R
océé:‘d@‘é . o (1

e TR

&

)

At the initial yielding for thé highest temperature that Was employed, the

stress necessary to aid the thermal fluctuation is smal}.; and consequently

the flow stress equals about Z:i . ‘This ‘sugg'ésts“ihat.v oz 9.048,
a value of about 1/a that originally ect;mated by Saada. The differences in
the ordinates of Fig. 7 refer to differences in Z L é ~, which has
a vame near zero for s:he yield siress curve. Tbe Values of Z 1
'obtdmed in this way are given as a function of the sﬁrain at T1°K in Fig. 8.
The varidtion of jj and 1/ L with strain are also represented in |

the same f’iguro Over Stage 1, 1/ L increases only slwmly wrmth atr ain
- whereas over Stage Il it increases more zapldly with strain. On the other
hang Z‘oj mcreasea almost parabohcany with the sirain over btege If.

_ '3 .
Thuos, the trenas in o¢ avd ('a,é_’ reveal a cxmtmct difference between

the short range fields and the long range .utress ﬁelaa, . m a .s_«'fl&{}?‘f()uﬁrast"

with deduciwna based on Mott's model. N o
Subtractmg Z Zé from KL é Go/G - gwes the

F-x diagram shown in FLg 9. A similar analysis for M provzdes the

broken curvein ¥ ag 9 On the basis of the»mtersec‘emn model the dif-~

ferences between the curves for Cu and Al could be attributed to the greater

energy for producing a couutmction in Cu, where tnp partlals are more

widely separated tnan in Al Itis dxfficu_lt,. however, to understand the origin‘

4



of these dinere“xces h terms of 3og harden,.ng model as set down by Mott. .
Addﬁtmna}; evidence in favor of the mter@ectxoa model have recent}.y been
reviewed by beege‘ Mader ‘and kronmuner. (22). We, therefore, conclude B
that 'current e‘vidénce sﬁrongly s&pports the vahduyrox the mtex‘sectzlqn mo_del,.f'

Iv., ORI ENTATION } FWT"CTS AND INFLUENCE OF OTHER “"‘ACTOR‘:,

Althaugh e*z’censwe mvestigationa have been m.ade on the nfzecxz of f |
orienimian on the plas’cxc‘ behavior of single crystals, up to the present no 3'
detailed ana }.ybes, sach as those given in the preceedmg discugsion, are yet

S

. available, - hevertheleas, tkze pnenomenologxcal observations of orientation

effects have 1mportant lmpiicatwns x'elatwe ta the bekxavior of poi ycrystaume e

aggregates. 1here*‘0re, these fa):tcru, which have been z‘evzeweq in detau
: (!

by Clarem mwh and I—;ar reaves, will be brmﬂy summamzed hef. e' ‘

a

Typ?cal results on the effect of omemamon on the stresa«dzsplabemeqi

26 27} I 'fa‘enera}. the foi-

curves for siqale crystals are given in Fig. 10(
' lo»wing csncm:sfions are ob-‘eained: {a} The shapeb of me stresg- str.«,m curves -
are sensitive to orieuntation. (b} As the orientation apprcacnes the E)O}]
to EH{E line of the standard triangle, the extent of easy glide is reduce;i_.
Thus, the nearer the orientation is to that undef' which duplex slip will ;ccur, -
' the shorter is easy glide. This suggests thaﬁ slip on the secondary p}.aﬁeé _
iirxt:v:-oduce bar-riers to slip that *‘cerm‘inate' eésy‘glide. (¢} The rate of strain
hardening duri:ﬁg easy glide also iqcreaéés és tﬁe crystal axis appifloaches_
vthp EO(J}] {o El;l]baundaay of the o'tandaz-d tmangla suggesiin ng that some
slm on me .gecomzarv shp planes ’cakes piace somewhat bomre the Ldbalized
cmen'ta’ama for duplex slip is reached. | {‘c}) As the Qmenca‘tmn approaches
the E@@ﬁ to - Elli] Hne- the rate of strain hardeuing for Stwe I aisa;
 increases but not as much as for btage E (e)ﬁ.ossi( ‘as Weu as Suzukl

et al(‘“d)‘wve .;hcwn that the greatest rates of strain ha demng for Stage II

are obtamea for oricntauon@ near the {00]} poles wnere xdeany exgnt shp

>



“in gener-al senmtwe to orian’ta xon. (g) BL.t as shcwn in Fig 1

-si acking fault energy memis a8 Al when compared wiﬁ such lower stachiﬁg

17.

rnechanisms cén b‘écome Opez'xive (f) The imttation of Sm.ge IH is not, SRR
1&30) N

: crientaamns m the immediaie vxcinity of ’the [111] poie e.&hxbm higher

ratea of- btmin hardmmg for btage i than crientationcz in th@ immediate
vicimty of the | @Oi‘] pole. S o '

_ Other f«:sCtOI'S also mﬂuence the behavwr of the etres.s btraxn curves

- for s mgle crystals. {a) The extent of eaay glide decreased a8 the temperg-'

‘ .

ture mcreases and 1t mcreascs wzth additions ci imt:auritzes and alloymg

elemems. Thus is tnough'c to arxse from the Cottreil and Suzulu 1ockmg

kich would restz ain &;hp on tae seccn&ary planeb. (b) Larger cryatals

.

exhibit shorter revions of easy glide eitber due to the grec.tev" chamce of

~motion of mslccatm*&s on ~,c-':cm:xci&u'y 3yutems or to the ureater probabxlity

,_'of gormmg .Lome(. -Cottreil diealocations. ; (c) Precipztatea d@crease the Qx-.

teni: of eagy glide. (d) Plated layers eppear to reduce the cktent of easy;

rr.s.ide. {e} w.a smnal straminn mcreases the ﬂow streﬂs and the rate of s‘tx‘am '

'hard@nir!g uader subsequent tenomn comitions. (f) The mnge of etage IE éie-

"‘a
.ﬂ"(

C?‘easeg with an increase in temperature arxd rt is smaner fov' &such highez?m

fault en_ergy metalsg as Cu. (g) The vate of strain~haraenmg in Stage Iis»

inzensitive {o :.hg prcsenee o; raiy nor amourts of axloyina @lemems, au‘f‘face

candltwna and crystal azze. (h) Torswnal strammg causes an me@dm%e
increase in the subsequﬁnt flow strcss in tension, but has practmally 1o éffect
on the subsequent rate of sn'am hc..i’&.@‘flih"' (i) The rate oa str&m tm!‘c}xez“ﬂ.ri,é '
in Stage I Jﬂcreases glightl y more rapidiy than 1mear1y vmth uhe nhear modulus
of elasticm as the texxp r'atur'e mcreasea., (3) The raf:e of strain hardevx‘ing

in Stage I is lower for the hzghc; te.st temperatures. - |

Uadoubtedly, each of these factora is szg,mficam {o the behavior of .

| polycrystalline aggregates.‘ Conseguently, any C‘Omple‘cely satxsfactory

theory of deformation of polycrystalline metals must ‘adequat.e'ly include
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numerous c“xetaﬂs pertaining to the behavior of each grain. These obser-

vations ,*‘ in part, revéal,the magnitude of the problem and suggest why ad-~

‘vances on the important issue of strain hardening are so slow.

V. PLASTIC BEH mozz OF BICRYSTALS AND MULTICRYSTAL::
HAVING VERTICAL GRAIN Bou*mmm

The plazstic behavior of polycrystalline acfgrega;es musﬁ arise from’

two factors: (a) the shp processea th&t oceur in’ each individual and als»i

.,4 '
e

similarly omented gram, and (b) the effe-»cts inﬁx'oduced by the grain ooun’"‘

daries. In the preceedng section we have observed that even the plasﬁc '

gy

behavior of amgie crystals depenas on thelr orientaﬁon._ In parucmar,- o

those orientations which are more favorably oriented for shp on a secon- %

.dary Syste“"l give eamaller amournts of casy glme, mgner work- haraenmg

ratea over magL I and ‘somewhat mgher rates of work_hardenin over ::tagre IL.

Thiz occurs r«»ve’n When the resclved shear stress on the sécdnc’iary system

&

8 less than ‘the expected criucai value far dv..plex s];ip and even when the -
amount of Eshp on secenéary ¢yster:13 is neghgibly small. U.zzdountealy,--

Thig effect pez’msgs in a pronoaﬁeea way in pozycrystamne agﬁ*reﬁates.

¢ But, additional factors such as contmmty of deformaimn across &,rain

bouadaries usually demand »he mmuhaneaus operaiion of as many as five-

siip ¢ ystems m a sing_;le grain for the general caue. : ”;{‘herefore the stz‘ess—

sirain curve fox‘ a gram in the polycrywt"’aiime aggreg te must differ. xrom

that obtai ed m? a gwen smgle crystal even when me’r omentatmns rel-

(31)

ative to the tmsﬂe axis are the uame. This has led: Cﬁaimez@ to con- -
clude that any a’ttempt to account in éetail for polycrystalline pl&aticity :
{exclusively) in terms of ‘the Siinpie slip 'prdcess is unlikely to be com-~
pletely successfﬁl“. |

| Obviously, the grain boundaries per se play a significant role in

determining the plastic behavior of polycrystalline _aggz‘égates under con-
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ditions where greain boundary shearing becomes significant. It was thought,

that grain boundaries might also affect the plastic behavior of 'polycrystalliné;

metals, even in the absence of grain boundary shearing, by providing a

highly viscous strong layer between the gmina. 1, for example, the 1tam@;

in the boundaay were highly random and the grain boundax‘y were wnde, :

‘ di@locationb raight encoumer aifﬁcultxes in traver:-;ing 'tms region. 'But

estima‘teo reveal that the gram boundary region is only aLout five atoms :

v 3

thick and’ represents a regmn oz tran&ition between the orientation of the

two adgacen‘c grains. rurthprmore. dxsiocauo“xs usuaily orzgmate pre~ o

ferentzaliy either in the 1mmedlate vicxmty of or at’ ihe gram boundary itself

Thus, it appears unlxkely that the gr ain baundaries per se in pure metala

 can provide substantial strengthening of palycrys;alline aagregates. |

It is quite difficult o arrive at unambiguous decisions on the ques-

tionas of orientation strengthening effects from ciirect invastigaﬁons on poly-

crystalline aggregates themselves, IMuch progress has been m:me, however,

in an evaluation of the imporiance of these factors in pelycrystanme metals

from experimental studies on the plastic behsvior of bi- and multi-crystalline
specimens having grain boundaries colucident wU:h the tensile axis,

(“Z)have shown that the compatibility of the

. Livingston and Chglmex"a
straing at the gram bounéary of a bicr y.sta:; con mitutes one of the most im-
portant factors in fat!o*zahzmg the plastic be‘navmr of b;cryatals _To present

thig viewpoint ‘we consider the bzcryst l of Fi&, 12 commosea of grains A

o

nd B having a mutual Lounaary in. the Es. Z pleme, bemg the ayxa of tensﬂe
straioning. When the grams remain connguous the compacxbmty condmons
for the strains £ A J - at the bound‘.ry, 'zamely | “ |
e =82 é"’? =Ex , Efp =S
2Z 22 } XX XX ) X2 Z

- must a@p},y.- When' the ponditgoﬁs of Equ. {17) also apply to each individual



graln of tne bzc‘rystal ‘when tested separately, the omemationb are said

‘1o be .cempauﬁle. But if the conditions required by Ean. (17) do not apply
when gy ams A and B are tested independently the oriema&wn of crystal B
relative to A s smd 1o be mcompatibie. “The conduians af comp“nbmty as ‘
deﬁned above refez- only to the macmscopm average strain at the grain

boundary am.a do not tam into cons deratmn th@ hetamgencxty of fahp ms,

- provmed the presence of. *he gram boundary per H#e has ko mfmence an the i

i)

nlastzc behavior of bzcrysta}.s and the heterogeneuies of aup %ave a negii--*‘_

g ible effect the plastic behavxor of compatible bicr'ystals &hould be simpl
rplated to the benavwr of the mdlvidual gr:ains° |

Several mvestzgators have now shown that compatible iscaxial bi~

,crys’f:als do indeed give str'es atI‘ in curves that coiuczde, wnhm experi-

‘
EFUNN

men&ai scatter :’%o these of t ae muividua}; smgle c:rystals. Typical results. .

(33).

from the recent mves;watlors of Fleischer and Backofen on Al bicrys‘calgs
are given in Fig. 13. In both Type "a" and Type “p" bicrystals the normai?
to the slip piane of both. crysials A and B made an amr},‘m of 20 - X {o the
tensile axie. In the Type Vet bicr retals the szj slip dzrectmns were

]

also at 45 to the tensile axis wimreaa in the Type "bY bicrysf:al the [101-} :

e . N e e . An0 p
 directions (but not the operative slip directions) were at 307 to the tensile

]

xis. Both bicrystals are isoaxial since grains 4 and B of each bierystal.

are similarly ar iented w1th res .peci. te Lh\:, .?_3 axiu of tensile strammg,.
arthermore, they are algo compauble. The agreement between the stress-'

&

strain curves **z the compauble xsoaxial mcrystals with those for .:xmz.lamy

<

riented &zingmvcx'ystala is exceuent. _The minor deviations {rom exact
coincidence might easily be due to the commonly obsérved scatter in the

behaviar of singie and bicrya.ta};s and also to the small deviations that must

. have been present from the ideal compatible-—lsoaxxal orientations.

The high angle boundary in the Type "a" b‘icryatal might be visualized

as composed of a vertical arrangement of edge Hislocations.  For the -
: AT # _ o _ . .
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will, as a result Gf the assumed geamatry form a low energ,y baundary

21.
eéme‘tx‘v involved, however, the sheai’* stresses arising frOm possxble
gﬂhd-ﬂp arrays oz dzslec&txons at the boundary in ong grain Wauld promoﬁe
zm.lp in both graina. Conmeauently, pxlea Up arrays sncm}.d not form, and
no bcunaary effects sheuld be obtain d. This deductmn LS; distmctly axf«
ferent fmm th&t which applies ..o low amgle bau.ndanes where stresses must
be,apphed to for_ce_‘ addztiou‘al dxslecations into chg vertic.,ial wall of vedge 3

msloca‘nons. R

EN

In the Type *'b” bxcrystal dxslaca’tmns havmg both Pdge and screw - ,‘Z%‘é’
YP O

mcatxons must @n‘ter the bou@dar Y upon deformatmn. buch dxsloca’fmns

navmg both tilt and thst components. Here aaam no mterference to dxs-

W,.*.._
ey

iocatwns entermg the boundary will be ncounterea

The &dencxty of the stress sirain curves fc»r xso&:iai cempatzble o

bmrystuls with 1 tiose for simgle crystais havmg the same orientation : eveab

' that neitner %hc boundary per se nor the heterogeneous nature of slip offers

any resistance %0 defoermation.

At E.east four alip mechanisms must operate in the near vicinity of -
the grain boundary of general incompatible bicrystals. Consider .firs;t that
Graiﬁ HA' of E;ig. 12 slips only on one system to provide strains |

4 A A
522 7_,5)475.). é\KZ

Inorder to satisfy the continuity conditions of Eqn. (17), Grain "B" must

experience the same strains at the boundary. When the orientations are

compatible, Eqﬁs.((l?) are,autoznatically ‘satisfled when oaly the p‘rin'cipal

slip systerm operates in Grain “'BY. But when the orientations are incom-
patible other slip systems must operate.  Since the strains are linearly
related to the slip, at least three independent slip mechumsms must oper ate

in Grain ”B" for a general incompatible bicryatai to baucfz‘y r.zqns. (17).
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Satisfaction of .&;ontin_xiit‘y at the grain bo‘ﬁadary can aAlso be achieved by t’vae' o h
opération’ of at least two slip systems in each grain.,  Thus, for the general
case at ,least four slip mvechanis;ms miist operate 'in the vicinity of the -boundarfy
in order to prefserve contmmty (For spécial ncn«ccxﬁpgﬁib}.e orientstions only
tm ee nmependent slip systemb may bc requzred) Barly resxii*" on the. plaai-

- tic bebavmr of {ncompatible lsoaxzal bicrystals suggested that both the yxel@
strengﬁh and the rate of stram hardem% incz‘eased with the dpgrea of gram
msomentatmn.,j /Xll of the more recen’t studies conaucted under eypemmental
conditions mvolvmc movre precise cxtensamet“y, conmstently reveal that

the yxeld strenvths of mcompaubze as weli as ccmpatible i&;mmal bicr \fstals
coincide extremely well Wzth the yzeld strengt_h of gi{nxlarly orxer;;ted single
crystals.. R , } | | ‘ o

'Ausi ané‘(ilher;{gékinvéstigéteé bggrystals §f ‘Al in ‘w.hich _tﬁé [611]

axis of eaci‘l.cl.x__'ysﬁa}.a éqincide& Witb .the't_ensile ?xis, thé ciiff_zsrencés in orien~
tation being givézﬁ by the angle O between the [_UOTL] | directivon's in each
‘grain of the bi-cr'j,"stal. Since the Eﬂlﬂ diz;ectionrin' cubic crystals is a |
~two-fold axis of & Jmmetry, th plastic properties.must,vafy periodicaily

with & period - ) 5 = 180° . The type of stress-strain curve thdt was ob-
*cai.ned is showﬁ in Fig. 14. Our interest will ”e‘nter about the rate of strain

hardening ﬁﬁ@}/@’é“ over range AB and ’the stra % at v_mic'h‘ |

the higher am of linear hardening waa omamcd These ciaia., shown iu .

P

Fig. 15, : cvea‘ that the rate of strain hardenmd increases and the strain

to the point of xmuatmn of rapm lmear haruemn,g mcrm ses as the digorien-
; .

tation @ ' be ween me two gram. of the inco*npaublo moang.‘ bicrystal
increases. These effects must ke ascrlbed to the medtﬁc“tiens ins ra:?.n
hardening resulting from th‘g operation of four‘slip mechanisms in the .vli;:i.n_ﬁy
of the boundary. ‘A sémewhat simﬂar investigation wag reported by Clark
nalmers. (950

and Chalmers. Tney studied the plastic deformatmn m f\l bic;yata‘s,_,

- whose omon-ations are gx.Ven in Fig 16 that were so grown as to have commcm

S
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Ceryst am havmg the same orientations. Aas in the prevmua example, the 4 -

- tion a8 :shown in Fig. 'i7,.

23, L

{coplanar} {}11} ‘planes. f's series of different orientati\-’ons were obtaihéd

by ay*nmetrical * ctations of the u}i] slip dxrections of leach crystal by

. 4arvgle5 of pius and minus (!ﬁ bout, the [ 11] axis. . Under these condztwns

the resolved mhem aﬁtz‘ess on the smecmd planes is identical in both cryatalza.
Since the Emj direction 18 a three~fold axis of symmeary, the plastic prep~

er :us mm:t be permém with rotauon.a of = 2 50 = 120 In geneval

| the yield ctrenath oi tl’m bicrystal dxd not mffer ma*erially from that of &,invle '

a

EX]

' “ates of s’cram hardemng remameﬁ slmost lmear up to 40% s&traim the rate

of strain in tms reermn, hcwever, increaaed with the differem.@» m Omenta-—

‘Fleischer and Backofen °have ex amined the plastic behavior of
mc@mp%nbiﬂ-nanisoamal Al bierystals.‘ In these cazes the yiem frtrengm
remsained a uparommately tnat for sipgle cry&tals, St&ge I was absent and me

of .ﬁtram gzarqemng was only s,lxghtly greater tham that for a single crystal
undergoing dupieﬁ:élip. in conclusion, théref‘ore, the difference in‘the plé_s'tic

behavior of single and bicrystals appear to be alinogt entirely due {o the in-

creage in gtrain hardening rates of the bicrystals resuliing from multiple

" slip in the vicinity of the grain boundary as required {o preserve continuity

at the bo"f'ndary
Me;é.:zuecz mvestigatlom on a gseries of Ai bicrystals have been repor-

(523 Ag mif*h" h&ve been expected, in all

ted by mvmz ston and u;aimera

of the symmetric, compatible- i%axiai cry.stals that were te stea only traces

of the one princmal {111? slzp mechanism per grain was csbsemred. Each
ain of the sixteen mcempatible isoaxial crystals exhibited btroai,, slip

markings for the princn@a}. {ill} mechanism on which the resolved applied .

. gheay stress was greatest. Furthermore, each such bicrystal exhibited

traces of at least one auxiliary mechanism. Some of these slip traces were.

short beling limited to the 'néaz; viciz{ity of the boundary. Qf these only thrée:



at
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cases were mted where the' traces might have amgma‘ced f rom .,hp on @10}
planes; au remaimng cases could be clearly ascribed to slip on {111}

p};anca.
Livingamn and C‘:halmem alsm mt@mm@d to premct the auxinazs»y slip

mechamsmm Adaptatian of Taylor s concept of least energy to the problem

of deformatwn in bicrys 318 failed to give predictions that coinmded with .

the obgervations. .'I'hxs is not too ,.,urpns,mg- since me stress fields due to |

- arrays of dislocations piled up at the boundaries of incompatible bicrystals

can excee d many times the apphed s’cres&. 'Therefcre,‘ Livingswn”and Cbak:' |

'mers appiie& the wnccpt that ‘zhe aumhary @hp System operative in Grain

’B” for examnle is that on which the regolved &hear stress for sim due to

the stresses arising fz‘om piied-up dislocations on the px-incipa}. slip plane

of A, gives the highest value. Good predications were obtained by this pro-

ccdure for the limited observations that were made. Hmv ew'er the operative

auxiliary pignes predicmd by this procedure also commded wnh those on

~which the applied ghear swe@&; was greatest anc;cconsequentiy the role of =

piled-up srrays of dislocations in nucleating slip cannot be deduced from

this evidence.

We have already noted that as tha sme of single crystals are mcreased,
the extent of easy phdg over S age Iis _z'udu,ced., i}’ndcabtedly, this effec; .
peraists in eaqh grain of 2 bicrystal., Bu iﬁvi{zcampa‘tible bicrystals the

au%;i‘ziar" rate of strain-hardening due ’sa multiple s};ip also imervenetz to

- fur mez T educe the ca..»y glide refaion. Umer these circmmstancpﬁa second

size ’facior az‘iaes asa resuit of the reﬁwn addacent to the grmv boundary
over which the auleaary siip takes place. Fleischer and Chalmer's inves-
tzbat ion of mcompquble zsoaﬂ.al crystals ig showu m Fig. 20. "*he’;} ob-
served that duplex slip extended away from the boundary about the distance

equal to me width of the Specxmen. .i.i’l\lg», whereaﬁ; duplex shp extended

over the entz.x'e section of <1~ps.ac'.'hrr)xezm No. G it ertended over only about 3 {4
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of & pecxmpu No. 7, and about 1/2 of specimen No 8. Correspondingly,
"the rate of strain harci;ning waz:; —gj;e;atest m the specimens that exmblted
the most extenaiva operation of duplex slip. | |
- In bicryamm, the plamic behavior is affected by the orientati,on o ;
chfferences at a .amgle boundary Elbaum(%)has snown that these effects |
are magniﬁed in speci*nens composed of three or four grams He mves~
'ugated the 1soax1al orientation shown in Fig. l? The cr Jstals were so
grown that the slxp plane and slip dmecﬁon were mltlally at 45 to the ten-
s;le axis. The ;esultmg stress-stram c_u;_*ves are shown in Flg. 20. The
stress-strain curves éf the éomfiatib'lé. bi-, trie and qﬁadru—crys'ta}.s,a‘s. well
»as the inccmpatible bxcrystals fell in the cross-~ ha’cched band. Suéce'ssix)ely '
‘higher stress«@tram curves were obtained for the incompatlble tri- (T) and
qu%aru-crystalsb{é}) specimens. Ir; all cases, however, the yield strength .
ééreéd well with that for thé single crystal. The:majo‘i' trend consisted of )
'a."ec'iuctvijbh Vcof.the easy glide i‘egion as the nunﬂ&er of boundaries of the incom-
pu’tzb.-.e multx crystals was increased. (The devmnong of the atrevmstrain
curves for the. c'»mpatlble mulii- crystals from that for the single crystal
mxght have arisen {rom smau devz.auons from the 1dea1 omentatmns or Fz'om
grip effects.) =~ | | | |
o E‘baum also made detailed 6bséi~#ations on the on@fat.ive slip xrzeéh- |
anisms. These are best described in the termxnolocy of Rossi and Mathew-
é‘)?) the plane on wmch the resolved shear streas is greatest is desig-
nated Lhe princ_xpal plane. if the prmc;pal plane is the (111), tbe (111), .
{111) and the (111) are‘r'espeCtively designated the éonjugavte, "cross~slip and
= criticai'planes.. (1) -:Cdmpatible crystals exhibited slip li:.'nes_; almost exclu-
sively on the priﬁcij;al planes.' A 'féw slip lines were eccasionany observed
. on the critical plane.  After several percent elongation prounounced kink
”bands and occasional cross-slip were observed., These types .of markings,

however, were né more'px’orxduncéd in the vicinity of the bouﬁdary than elsewi '

wheré over the surface of each grain. (2) The incompatible bicrystéls ex-



hibited strain markings bf the principal glip ;ﬁlana over the .emire graim and
- weaker traces of‘ the critical plane. -Tf&é er_iticm piva_.ne t;‘aces@ere more
| ~prevalent in the ixﬁiﬁeéiate viciniﬁyvof"the bomhdéz‘y (3} Inthe céntér Grainv
of mcampmxbi@ tm* and quadru-vcx'ymam éstrong maz‘kmga of- both the prm- |
cipal and r.rmcal shp pla,nes were obtained coupled with minor markings
o arisma from slin on the con}ugate planes. Libamm attributed tne higher .
rates of stx‘am hardemng of the mcompatxbie tm* and quadru crystal f'a the
formation of .uomer ~C0ttre1i malocatmns c%ue to slip on the principal and
conjugate planes. In coatrast, the ‘lesser rate of stram har;ﬁga‘gl‘ngqf the -
i’ncompétible bicrystéls suggested thaﬁ the joge farﬁed by inteféécticn of dis-»
Iocatxons on tm. principal and critical planes are less effective’ barrlers to
dislocations than Lomer-Cottrell ’aleci«;s. For strains greater than zfsevera?
br"pex*cezat as many as five ortsix slip systems acted in the vicinity of the _boim* » :
: dary of two adjacentgrains in the incompatible i;?:i* amé quadruvcrystais; _
| A ﬁumber of significant dedué%iana, ‘pertirxent to the behaviai of fmly-

cryﬁtalling aggregates, héve ‘i‘esulted from experifxxeétal investigations on
the vp}; aztic behavior of bicrystals and multicrystals hgvm;r vertical grain

_ boundaries ‘,omcmnnt with ’che tenmﬂe axis: 1. The grain boundary g;er se
: o'fff»m no resistance to plastm deformation. Iscaxial bicrystals having com=
aamblm cmemations have the same mr%wmtmin curves as similariy oriented
i"zblo cr ystala. _-~2. The yleld a.tr'emvm of incompaﬁlble as we:}.l as campatwle
isocgxial bicrys‘tal&; is identical wﬁn"tuat for ulmnarly omenteé aingle cvysstaie:.
Thus, ‘t 18 c‘iufmrences ia Orlen‘iatmm of cacn gram of mcompaﬁbie isoaxial -
.azcrywwiﬂ dowa 1ot increase the stre 56 for mitmtion of phauc deformation,
-3 Enca*npmtmle xsaa&ial bxcrystals stram harden at & much higher rate '

than aimiiarky oriemed smgle crystals,. The inc:maa@ in the rate of mmm
hardening can be mcmbed prmcap_&ﬂy to the operation of mﬂtipie slip {at
least four systézxis) in the vicinity of the grain boun&ary; a coﬁditian which is
imposed by the néces&ity of }s;atisfyi_ng the campa’eibi&ity-reliationshipza in the ' |

S I

grain boundary region. 4. Multiple slip is most I_rnlr‘evalea‘t in the immediate



vicinity of the grain bauﬁdar‘y of biv‘::rymalé;x and multicfysﬁals. Canséqﬁenﬂy,_
v»‘th.e raté.: éf strain harﬁe;ning increases as the grain size of muiticfystam e:.ie* :
creases. 5.’ M&itiple slip occurs élmoét’ é&cmsively on the usual shp 8ys-
‘eems foun.d operativ»e in smgia cryatam. but occwionany new alip syme"na

becc»m‘. eperanve.

Vi, FULLY-DEVELOPED PLASTICITY IN POLYCRYSTALLINE AGGREGATES

'_Ail a‘tmmpts to predxct the plastic Dehavior cf polycrvstau‘ ne g;“re-
gates from the kn@wn behavmr of single crysta.is_are based on the assump-<
tions that deio%mation in the polycrystialline aggregates takeé place @Axclusively '
by the same SIip systems,an& the same dislocation mechanisms as those _op-f ,
-erative in single cr‘ystéls. . These assumptions, howeyer, ars not generally
va.%}d. They azﬁ@ﬁabvioﬁsly incorrect when grain.-bqun‘dary shearing becomes

(32),

prevalent, Furt&eémcre, Livin.gston and Chalmers have reported exmmples |
of Al bicrystals that exhibit minor amounts of alip on the {116} . planes
whereas glowly deformed single crystals slip exclugively on the {111} planes.

(35
"")have sta‘,ed ihat aboutl 46 5 of Lhe

“In addition, Hartmann and Macherauch®

observed slip liﬁés in nciycrystaﬁine Al arise frc»m Pon-octabeurai fziip'gy's._«- '

. tems.. However, it is unusuaﬂy dxfﬁ.cult to 1dent1fy, unambzguaubly, shp

systems from: surface tz‘aces when ceross~-slip 15 nrevaienﬁ | |
The d««formation rate of amgle crystals 0? ¥.C.C. metals at low

4

temperatures is controlled by the mtersectmn mecham m over Stages Iand -

1. gg; 39) Qm;;y ever the higher ranges of stress in Stage IIl does the stress
assgisted t‘:zern;a} activation of crosk-slib take place in single 'crvatals - On
the other hand ihe apphed stress is usually sufﬁmenﬂy nwh in polycrystals,
egpectally in those havmg; high stackmﬁ fault energles, to induce cross-slip
to occur in th.e vicinity of the yvield strength. Any serious attempt to predict
" the ;::las‘tic hehaviéf of 'polyCrystalline agarewates from.sinwl;e'crystal slip

must be based on appropriate smgle crystal data rcfex"mnﬁ to the same mech- :

. anisms as are ope rauve in tho polycrystalline agg r%ate.



The earliest attempts i@ predict the plastic behavior of poly-
: cryss%am.ne aggregates from single crystal data -Were}ﬁasedon the agsump-
tion of elastic rigidity’ 'nS@far ag the elastic strains W@i"e-negiected and |
the total strains were a%umed 6 be axclusively plaatic. This aaaumpuom .
is apprommated in real materials only When the pl;aatic mrains are more |
than an order of magmmde larger i:han the elastic strains. Consequemly,
the’ eav-ly theomes,, to be éeacmbed in this secuon, are not appmpx'iate for
estimating ‘he condztmns at yicldmg of o**igmal‘y annealed meaals. The
more reccat attempts to predict the stress-strain behavwr of polycrystals =
conszdermp elas;ic: &8s Wen as plastic strains will be discubsed in the next
seciian. | |
When a polycryswlhne aggregate is defofmed the following éondition@
must be satisfied: | | | ' | ‘
1. Continuity of strains must be preserved across the grain boundary
as discussed in Section V of tﬁm x‘eport; e
2 Eqﬁiiibrium of stresses must be preserved acrosg the grain
v bouv'zdame@ Therefore, detailed treatment a‘f'the pg’@biem becomes pro-
hibitively difficult. © | o |
.. 5. Polyslip must talce. piace; | .
Von Mises Qo)has shown that af‘ Least fwe mdepwzdem slip sys’temé‘ |
must became aperatwe in each grafn af the polycr ystallme aggregate in
.m rder to pz:'er:erve uontznulfty OE strain. ‘E‘he stram ten;;o:. a%pproprmte to each
gm.in'defines .s'ix c.dmpongn’ta of thg strain which az’;é reléie& only by the
' equatiéﬁ of constancybf volume giving five indeiﬁen&em Campoﬁent#*- of the strain.
| ewce the components of the strain are related lineariy to the siwa& displace~
ments fm* slip, at least five inaependent slip systems must m}mram.

?
The pioneering attempts by Sachs, 4 >Co:»; and Sonthh “ Z}hochen~

)

. {43}~ {44) (45 et
- dorfer, Calnan and Clews' ~"and Batdorf and Budzansky te ebtim{aﬁel

the piastic stresa-sf.ram curve of a polyc”ystamne aggwegate cnl y partly
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fulfilled the above conditions. Seveml Szear;’, ago, boweve;r Tas /101"(46) i
presented a more af:ceptable ana!yéis w'hich atteﬁ:pted to«‘;satisfy, at least
némiﬁaﬂy, ail :necessairy candi’tidns. .j More reecmly Bishop and Hml{ 27 o
and Emhog:mmham pree&ented additmnal justification of ;aymr 8 &ppmach |

| Taylor avoided tbe detailed analyses that are entaﬂed in the second | ﬁ’
condi tioq of eqmlibrmm of stress across each gram boundary by invaking fj
the energy principle. | The work dane in mnmle atraining a polycryatanme
-aggregate an. amount d g at a: &»ftress (T s is cqqal to the' warie: uone

by slip. Themfcre, | , | e
- d, oo ZZ“ fm o

‘where f ¢ is the crmcai shear stress for sim and J K is the mcremem
of shear strain due to slip on the i th system. Furthermore, Tayi@r'_ass&med
that work haz‘denihg Qaes isoﬁmpic insofar as he asvsun.led t;ha{ the average
critical resolved shear stress waé the game not mxly for each slip system

but alzo from gr ain to gtra,in.' Single crystal studies reveal that the thwai
'mnear stress for slip {s only appmmmateiy the same for the varwn&, sl*p
5yf;tems. Whi¥ slip targes place on one sybtem, me shmar stresm far snp
increases on au systems. In Eact the critical shear tresses for slip on

the latent systems in me‘tals are usuaﬂy skiﬂ'hﬁyA gi‘eatéﬁ* than those for the
operative sf%tém. va some ccramxc smglo c:rystais, the h@rdemng of the
latent syst cmx:v; appeara to be substantx 331y mgher than the har deniaﬁ on the
operative system. This factor indeed coatributes to the bmttlemess of some
polycrystalline ceramic 'materiélsf The a%umpﬁo‘v_n.ojfﬁ ”c—':.qaa} strain bhardening
of all slip systems in metais undertaking polyslip, howevé}:-,:' iz quite good.
Therefore; 2',_‘ = ZE: -, and N -

o Sl

vesncnm

| Z’};” -'J""ﬁé’_ |

-
2

{19)



o ,{Jme and Wain,

.-

In order to provide continuity across the grain bouundaries, Taylor assumed
tha each grain exhibited identical straing, the strains bm.ng cqual to those

f@r the enﬁ:ire tenmle bar, Tm.e, assumption has been vernfaed cxperimen‘cauy

. from the macroscanic viewpoin& for large gtrains masmuch as each aram ,

deformse ap;aro;umately as the bar itself. But Boas and ri*rgz'eaves%m

{50) (51)

dnd also Deshpande have demonstrated from &,uz‘face
btrain measurements that the strams are not necessa; ily umform over a gram.
| The requirement for continuity demandm that at least fwe slip systems

~ must become operative and coatribute to the Z / ﬁé Be i A' .. The
Qpemtive :.hp systems were taheu to be those for which the plastic atrain
energy was least and therefore' I j x ! »v waé a minimum. - Such
& minimum is achieve‘d only whevz 10 more than five &ys&en.m operw%te. By
‘detailed numericai analyses, aylor found that the average vam@ of ﬁ

- for random omenta‘nens of i’ace-ﬂentered cubic metals was 3. 06 . Conge-~

B quen“ciy = 3.08 ZL . The average value of Zz over all

graing wes éciermmed fmm a single crymal stresg-strain curve, where it

This assumption will be shown to be invalid and SHould be replaced by an

appropriate strain- hardening curve for a single crystal under aing polyslip,

I

Predictions by, Taylor of the stress-strain curve for palycryataniné”

Al from single crystal data was fair. - But as will be described later, thiaﬂ-v o

agreement was, in part, the result of a rather fortuitous selection of an
inaccurate single crystal stress-strain curve,
Taylor also prédiéted.the kind of preferred orientation that can be

expeé‘ced from tensile straining an originally randomly oriented F.C.C. poly-

1620) .
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. . ‘ . . r‘ '
erystalline aggregate. Barreit and Levensan{‘?g)

however revealed that

the predictions made by Taylor differ a.pprecilab:ly‘ ffoi;l the experimental
facts. Thue_.. the question 'arisgs as to whether Taylor's 'theofy» alt&ough
mechaniz&tﬁc&uy incc:smp?tént ;té deseribe the actusl details of the operative

slip systems, may nevertheless be acceptable-far estimating the étress-

strain curée for polycrystals.. This question was anawered by Btshop and Hr.ll

" Bishop and Hill have shown that éayl@r 8 cx‘i.’terion namely tha’z

z / 0? \3? i is a mlmmum for the °peratlw> system, is 3usnned Let

%2* ‘be any set of shear stram that are geometrically equwalent to

the actual set d 3? insafar as they provide the same tensile strams

'Hence, the virtual work for deforma&ion is gwea by

e --2" Zz*fuw R,

where ZZ is the resolved shear stx'ess for the equivalent set of slips

the operative set ZL Zti but since the resolved shear stress on

o
Prame
4

equivalent set cannot exceed the critical resclved shear streass for slip,

e? 2 Z‘t%' r Consequemly
wg zvzw/ ?zw*l
NEAED AL . o

Eqn. {21) asserts that the sum of the absolute values of the cperative shear

get of shear strains is never greater than the set of geometrically equivalent

. shear strains.

Bishop andﬂ‘m‘hgveé}so presémed a mors rigorous analysis of the -

N



proeblem of pre&ictm‘g the piastic hehavior of pclycrymaliiiae aggregates.

They adequatelv \take into consideration the conditions of eqaahbmu*n as | ;
the local stress varies frorm point to pomt.r They dlso admit that the stra.ns,

too, are irmcmageaeow not oniy from grain to grain but also over a single =

grain. Hence, they need no-t mvoke Taylcr’s a&sump’cion that each grain

defor&zs ho"nogeneously tha tne same strains as the aggr%at\..” And they
finally ;>rave that the e.&pected siress-strain curve agre@a with that ebtamgié
by applying Taylcr s assumpuona. Their tecnmque however is not ‘ully

vemped in such a way as 1o permzt a determir&ation of the actual preferve&
. orientation that results upon deformation. Consequently, the offecta of re- =
orientation of the gz‘ainz bn'st ain hardening {s neglected. ﬁowevm . Ezsho €5°)
-has shown that the theory ¢an be extrapolated g0 as to give information on (
~p%s£me deviations from the ré-orientations sﬁggested by "I‘a'ylér in such a
way as to pz‘ovide bettor agreement with the experimen‘cal fa.cts, |

To arrive at tf:exr conclusions, Bishop and Hui invoked the principle

of maximum plaauc strain energy. This principle agserts that the work of
3trainimgj resulting from the -ﬁéiuab&nace Qf giress | G: é ig greta’cér
%:han. or egual to the work done by any other .-stateof stress : 6: ,%' : that

does not violate the yield cohdition. ‘Therefore,

( Q“.‘ — @ ) £ gz > | . | ;‘ (22; :

for each small volume element.

P

To prove this condition, 'tnéy employed ihe difference in work ex-

pression

A= ( W\ o 2 ¥) fE
AW-dAW "= X M) )d'é’g_u .":"‘_Z('Z“g-'- Z} ) 1 fe
where the term on the ri;ght hand side is determined from the slip in each

——
-

part of a4 grain, But the last term is always positive, 'since é ¢ T “c



aad Z . 4 2“’“ ' ;consequ@mly, the com}ition givfan by Bgn. {22)
is vahd for all microscopic regions of the argregate. "

. Let _ E + ' bethe average sﬁrain in the asrgrega’ce. where

G(J .
52:&:] -/‘AE',Z/ o o (2.3).

The average value of ﬂ d/ﬂ' =0 - over a sufficienﬂy.lvargé

r&presema‘emn volume, v. Then ,

f(G:d ‘@c?)"dé:U' 0’”"‘

N

fG?d' J&zjd’v’ *—f@j};«dfcj ”[w"—f@j‘d‘a&u’ jﬂ)" %0 (299

wo

i

It ig ?ermissib% to assoclate the stresé G}? with that which wauidl '
have been obtained when the strain is Ec.‘ .o since this strees cannot
exceed the yield conditions, Tnen f¢~ . J/Ag j/[)"‘ O gince

A g is in no way statistically related to Q'Z."E . When

the integra t'en is conducted over a representative unit cube

SgJJE@J_SZE dEg_j?_ 0o e

where Sc‘ J - is the éctua_l average stress acting co 2 unit cube having
the average increment of strain d £ ¢ J and S ' .
is the averaﬁ,e stress when all grains undergo the average x.rzcremeni of ﬂtram |
thus S: .J. ‘ is the stress calculated by Taylor..
But when the local strain is d E “J‘ the operative stress



a

is G‘?; . Tt}efefare, by analogy to Equ. (22),

(@4‘! ) 45{]2

{26)

. where G:‘ ¢ can now be assoczated with the actual local stress wmch

c:ui‘ caurse cannot r-n:ceed the yxeld condition. Then

J(o%; -cs:,Li )4 Jq;—_. Japdey dor

v 27)
[ @ dsydort [ dasy 472 0
-Eut inasmuch as c‘,j and | A 8J . 'ar@ﬂﬁot s‘egtistiéally related

the last mtcgml is zero, and | o

S% JE“—'J;JJE: 20 | ) (28)
Comparing Eqns (25) and 1(2.1"3) reveals that N ,
".S;e:s = Sfd | R I @9

nainely that Taylor's theory indeed givés ‘the cﬁrreéﬁ stress in apite of the
fact that the lccal stresases, st.raina aﬁd re-—driemaﬁon of the graias deviate
from those augg sted by hirs assumptions. | |

Bighop and Hill_ calculated the yield strength of a fandamly oriented
polycrystalline aggregaﬁ‘»_ ' They define the average value of the critical re-

solved shear stress Z’ - over the aggregate as

. *
where ZE is the value in any individual grain taken to have the same ..

ey



| value x*er*ardle&%ss of sign. Thus, the Bauvschinger effect ms neglected. If
o ﬂ:f; pmduces a strain d é}; \/ in a grain m’whwh the critical
_ | ‘**“.w,

resalv;d shear mtreas is . Z R ihe average stress ‘ w. - / g«

wauld pz'omme the same strain in a grain of the same omentmmn

" having the sverage critical reso!ved shear a_@tress. Then

when it is abwwed that there is no si‘,atxsticai cormla‘c*on oei:w«een
and @)f . Therefore L :
Y A S
.. CL ~v‘ . . <
<f¢d : G‘ = c c:j
and consequently the strain energy can be calculated using the average critical .
‘resolved shear stress in the aggregate. . R o
To dé;‘gﬁfz‘mﬁné the yield condition for a ra‘ndomiy oriented poly-.
crystalline aggfegate of a face-centered cubic metal, B‘iShdp and Hill in-
voked the pﬂn}:ipie of méximum"plastic‘ strain énerg:y in preference to ::Tayior‘s
selection of the minimum sum < ; ) ié}é ﬁ: j o ef the'absolu‘gé values of

the shear mzmmﬁi in slip. They dcmaﬂded that me average critical resolved

shear siress be reached on sets of f,,ve uhp stems ‘each nd calculated
therefrom the uorresnnnﬁmﬁ sets of : @;}ﬁ"- ... When thoge sets
H . h . ———
for wmck the g car stress on ot her shp pmmas emceedcé 'Z’C were

-

& acarded &3 vmm’emg the yimd condition, mly ﬁﬁ:y aix sets of physically
passible streass ' G“ ’wﬁ " remained To each set of sﬁreaaea there
exists a corre&pancﬁ*ng set of shear sirams. But ii ig not necessary to consider
these in detail, A‘asummg an average imp wosed mcrement o“ strain . é{ f ..

that set of stresses which provides the greatest-wark can, by the applicatmn

#



of thc pmncxple of.' maximum plastic strain ener-gy, be identiﬁed as the op-
crative sei:. When d M/ f [ﬂ ) 9) (;) is the increment of maximum work .-
for the imposed stram z‘eferred to the Eulerian anc*les, sﬂ g 9{) )

_[ird Wsindd 40 S0P
fffsml{)dw 6/«9@/{#

By this technzque Bl:ahop and Hill alao find that 8= 306 Z}c for simple |

SLJ J

tension, :Furthermore. Bishap and Hxllvdemomstrated that the plastic po-
 tential ‘calc'u'latéd on the basts of their theory lies between the Tresea and
von Mises critef:ia' for yiél'ding under combined sti'esses,' a deductién which
i in good agfeemém'_wijth the best current ¢xperimént'é1 evidence,

We have already noted in Section IV that single c?ystals, do not
_ have a unique stress-strain curve, .‘fhe rate_bf'st‘;rain hardening being de-
- pendent on the‘initial. or'ieniation. The d.iffereﬁée_s' i‘n_v strain hardening arise
from the fact that thofsebrientatibns which are more favprabié for the op~ .
efétién.of sec:c':ondaryuslip sy&tems' give the .hig‘her rates even when the_tetal -
v amoun*’* of stip'mn such aymema may be *aﬁher nnglisfime Thus, the egueutmn
r ses ag to w&w%t single crystal stress-strain curve might be used to wedlct
the behavior of a polycrystalline aggregate. Kocks(.s ,)pmmed out that inasmuch
as slip muast téhe place .m} at least five slip systélms, the appropriate; data
for predicting the polycrystalline stféss.*s‘train curve muét\ be ohtainled from
single crystals that are so oriented that slip can take place simultanecusly
on many slip éystamé. "I‘here are two Qrieﬁtationa in ¥C. C. metals that :
- provide simultaneous polyslip on more than two "slip ‘gystems: crystals.
oriented 50 that the tensile axis is aligned along the [109] direction slip

simultanecusly on eight s&steins and crystals oriented 8o that the tensile axis
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aligned along the [11}:1 direction slip on six systems. Howe and r..l-

(ss)nave shown, however, that the [1&’35)1 orxentation does not give

baum
| stable polysﬁg since small de‘via'uqna from this orxagtgtign lead to the op-

eration of only two alip systeins. Cousequently, ihe inost appropriate sia'gl_é |
 erystal polyslip data for pred*ctions are obtainable'only from orientations

‘wncre the tenaiie axis 15 in the- [111] direction. Although each operativ

~'=.;~35}3¢--’~“::_~. o

system unaertakes the same strain, the assumption that f t

R RS aI e g

for ail systems is not necessamly valid and wm. require detailed study in
_terms of dislecation interactions. Furthermore, it is aot immedzaceiy
anparent that the same values of ZL A as a funétx;on of Y ‘V'.?ill be
obtained ;or the six operatxve aystems as might result £ro:h the opé?ation

o

- of s;‘ml\ five s ystems in the polycr jstallme aggrregate

For caicula‘unw the atresa strain curve of a polycrystalline aggregate
Hocks used a simple analysas that i the bﬁbSt&ﬁti&l equwalent of Tayior 8
method and is counsistent with the deductions based on the work of Eishop
~and Hill. Io each element of a grain ‘ ,
TdE=SE AK =L TLK
where (T_ and 2 are tensors and where the strain hardening in

g element xs assumed to bc iaotropzc The vaiue of E A K is

related nnearly to the strain tensor by the tensor M, where :



and, therefore, . ...

Q'U:—_.'Zt»M o A T (34)
The tensor, M is »xc;usively determined by the orientatzon of the slip
plwefs arzd directions to the axes of the specimen For a single crys’cal
undergaing smgle e.lip, M m fsimply gzven by the Schmid facmr | |

[cas/\ cos (90— )(-)]

The macrascopxc wor.q over a representatwe volume is

" anmeamm——

cfé;‘/-‘-:ﬂ'"é/f ""‘ZLZA/ ZT Zoj
Z“Z/Wf Z‘ Ma’E

where the averaging is done over ah mzcroscopic volumeb ina represen-

»

¢ (35

tative macroug:Opic unit volum_e. . The second equality assumetm Z:. has
the‘ same value for all é_lip systwms ia eac‘h microscepic volume and the {hird
equality is based on the fact that Lhe local resolved shear stress ia uarelated
to the increment of shear strains. The fourth equality ariges from Eqn

{33; and the {ifth is vahd hecause a/£ 18 not statistxcany related to M.

Therefore in a tension test

w S=EM - e
The critical shear stress in eachrmicroscopic volume is assumed o be

Lst)5d 2@75 //[fﬁ-ﬂ’£ ' |

and therefore




Z -E f/f fMjé H/ M Ef 5"7’* '

where E / a/é' and the vahdity of the second equalxty arlbes
| from the fact that a’ E is statmtica&ly unrelated to M. - As shown by
!aylor, ‘ V= 66 The agreement obtained between the cai-

culated btreas~stra1n curve based on the single crystal aata where tae ten- .
sxle axis is ia the Elxl] directxon aﬂd that ef a polycrystallme agaregate '
: 02 Al is shown ta Fig. 2.].,, The vagreement is exceptxonally good i_or Lari.,
btx‘ainb | | . | | o

It is well~- eatabhsned that the flow stress of polycryst lline a"gregates
decreases as the gram size mcreaaes A typlcal example of this effect is
shown in Fig. 22 for Al, ) 2nd in Fig. 23 for Cu allo;ysw?) as presented
by Zener. (38) : Although no exceptions to these trends have been :cp@rted;
‘none of the theories . @0 far considered in this report have been so formulated
as to take in’izof-account tbhe' grain siée effeéts. Obvmualy, the nominal agree»
ment that has been noted between a prediction of the stress- atrmn curve of
polycrymg.ume aggregate baged on theory '.m.m that Obtamed uxpemmentally
for one grain eme must be somewha& accidemal

L Itis po_ssible, of course, ttat 'some Qf th_e‘ observed deé_re:—ase in
flow strength viith ix’xcx‘easing grain éiz‘e\- érieéé ﬁot fx*om a érain size effect
pnr se but ramer as a result of modifzcatmn of the 5ubstructure ef the ”mms. :
i‘or, when ametal is annealed for a longer time or at a higher temperature
in an attempt to coarsen the grain size, the patterﬁ of dislocations can wéll
change as a result of cross-slip or ciimb to provide a moire' di@idcatian free
and, therefore, softer’mé‘tal.' Undoubtedly, some effects attributed to gra‘ir;

size are due to this factor and others may he associated with effects of

small amounts of impurities.» On the other hand, the rather consistent
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relationship betW@en the flow stress aud the reciprocal of;{the square root
of the grain éiazﬁetér. as shown in Fig, 283, for a numbern of cases would
not necessarily be obtained if the effects were solely dué‘k‘ to difference in

dislocation densities. Furthermore, as shown in Fig 22 the major offect

{
e

| :of grain size appears to involve a greater rate of straln hardem‘.ng for the |
.fmer grain slzes, whereas the expected trend for’ a greater densny of dislcr
| cadons 18 a lower rate Qi’ gtrain hardening, as zs commoniy cbserved durxgag
: dr»formatmn m a single stress strain curve. We are, therpﬁore, led to bé"L
lieve that a true grmm size effect exxsts although in any real example it can
be accompanied by other effects as well. | - | |
Disloca‘*ion theory sugmsﬁs that the true gx;ain size éffect 'ariseé
from the stress fields due to c;slocations that are pxledoup agamat barmérs.
Local siresses due {0 such arrays can be several orders of magmtude
greater thaa the apphed stress and conaequently these stress fields fre-
n ‘quently agsume igmfmant xmportance. E{oehler(sg)ﬂrst stud;ed this phem

Wiy .
omenon which was subaequently treated in a more g,eneral way by Eshelby,

{6

Frank and E‘Qabarrc. 0 The namber of dxslocaexoms that can be paciwd mto

au arrested array is aiven by

(7~ &)L
Gb

where Z‘ is the applied shear stress of: the:slip'plané, a ZL G is the stress

(38)

ﬁdﬂ

'repmseming the resistance to the motion of & dislocatiofx; L is the piled ‘up
distance which is ap?zoximately equal to D/ 2 when the grain boundary of
& grain having a diameter D is the barrier, G i3 the shear modulus of

{61}

elasticity and b is the Burger's vector. 5Stroh has shown thai the local

shear giress at a distance 1 from the barmer is amprcaimately

Z‘ ( Z‘——ZZJ
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If slip is to be ﬁ?opagatéd- to ‘the'.adjacent grain, a sufﬁcieflt aumber of
mechaniams of slip must be stimulated so that the deforﬂ{étion on & micro-
sc':opic scale satisfies the detailed boundary conditions for slip. - This re-
quirement is much more gevere than the macroscc)pié reﬁuirement of con~
tinuity. Censequenﬂy, the lo;:al stress ihat must be achieved té satisfy ,
"thla condition is greater than the value of Z: fer p@lyslip 80 adgusted E

only to sans,sy the macroscoptc condxtions of continuity. Therefore, the a

applied shear stress for slip is givenby - = . o %

¥ .

where & is now the local v.aiue.‘ of the shear stress required to init_i'a‘cg
sufficient number of slip mechanisms to satisfy the stringeni conditions of
-microscopic continuity. Thus, the applied shear stress increases as .the
reciprocal of tfhe square root of the grain diameter.v Unfortunately the
necessary detailed statistical “nalyses that are suggested by this approach -

have not yet been made.

VII, INITIAL STAGES OF PLASTIC DEFORMATION

In their approach to the problem of the plastic bé.havibr of poly-
crystalline avgregates Taylor and also Bxshop and Hill, as presented in -
Section Vi, assumed that the strams were exclusively plastic. - Whereas
| this aawmption is xeasonably valid for large strains, partwularly where -
 the stres&stmin curve is not too steep. the assumption is invalid in real
polycrysialline aggregates in the small strain regti.on. Here it is neceé}s&ry'
f:o‘csasiéer the ela’sto-pléstic straining since the plastic siraius are the sa.m;e.
order of magnitude as the elastic s{rains. Because Sf the theoretical signif?

icance as well as the practical importance of plastic yi"elding, the problem

of the initial stages of plastic deformation is one of paramount interest in

L]
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solid state meemmic& ;

i)anwmg @&m“city invemt:.ga&mm cie@riy mveal mwc plasiic defarmaﬁiamﬂ ,

.begins to 't&k&: place at very lqw giress levels, much belaw the go-called con-~
ventional pmmr‘s‘:mﬁm limit. -Due to the effects of the heterdgenelty of dig~
location pa‘ztérn& and the effects of orientation of gmim:" on their flow strength,
slip first aceum statisticall y m relauvely few so~called Vsoft gram& of t’*w‘.-

aggv*effm@. . The them @i‘ tms alip in sny one gyam is limited by the anrmu,gmd-

mg elaatic fﬂ@ﬁrix. When the mrnsx‘s is remaveu, back atm&s&aajar{smg :
from me @mstm mrmha in the matmxj force the dislocations to return to ﬁ
their origin, the aggregate having the pmpertma of an anelastic solid, f‘ﬂi.
the siress is increased the "softest grains” undertmke larger strains, and ':
under usual circumstances undﬁrgo polyslip, and other grains also begin to ’
élip. Under pelyskip‘,"barriers meay be fbrmed that prevent the cdmgéma back
motion of the disidcmﬁaﬁg upon removal of the stress and small permanent
strains are ob:ﬁzained. At 'sufficienﬂy high stmama..of course, all of the .
grains are :wb;éected to plastic deformsations and only a small éax“t of the total

girain i@ ecoverable,

& vémfh order m’miysié of the microstrain behavior of polycrysialline

' aggregates was anggmted by ’rhow% and &verha”h%z)and @ubsequemly
elabo ed by Erown and Lukens. (6 3? Ti‘kmr matmtical analysis obviously .

requires ma, 4@1{* xmpmvememt but their comcepm are presen ted here pmmamly
to iz.lu@tm,te the: pasmme role of gmi{m size on thc& pl stic bahavmr* of poly-
HCK“JE'&&E@ in the amdia ptrain regmn. | | |

: " The aaaummmn was made tmt when a stress that ia su fficien tiy
kigh to stimulste a Frank-Read source is appue:fd toa polycrystal a number
of dislocations sweep aémss& the entirve gréin area and b@cémiz awésted at
the bauméeﬁry; Thé) plastic shear strain in the i ihgmm iz then approximated
by - fpr}-'. ‘g'« '
Y, = D4p

Z: %2} Y
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where /?f&', . is ﬁhe uumber mf dismcatmm m the piled up array, E) {the
gq&&‘;‘e of the gmm dmmeter} xs approximate‘y the az'ea sw&ept tmt per disw
location, b 18 tb@ Eurger 8 vectarn ang /@ is the densmy of sourc:es,
whicla is assumed to be wiform through@ut tm; polyaz-ystanine aggregate,
The gross amumpﬂon is now madca’ that tm cm*atmbutian of this mcw p}astzc
: Szrhm to the tatal sﬁmiu over the cmwe speumen m propartmnal to tbe
fraction of the vaalume occupied by the grain, namely about D /AL Where |
A is the cross»secti@nai area and lis the &pecimen lengm Coms&equemly‘

. the con*mbgtion of alxp in tha i tn grain 1o me Qbservi@d ’wtal p&aa’em s*rain

ig u.h.en {o ue about - o - | | | o

The number of dislocation loops per source at the boundary ia given by

the wen i-mow"x e}.preauion of Eqgn. {38)

.m(q“ éé | o (42
: where G‘ ig the appiied shear :stresss) G_;; ' is the local stress
necesasary to activate a Frank- -Read source in th@ i ;.h grain, and G is the
ahear mouulus of elasticity. Each graiv xa asaameci to exhibit mffex*e*'m
values of G;b the fraction of the grains that have values in the range
ﬁ! G;c bemg ;[‘ a’ GZ(, L cansequently, the number of gram;ﬁ
in the _,pecimea that have values of - O; ¢ in tha range J @:
are a
[ D3 i 5

\f“’f%f a/a;é

Then

(43)
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’}I'?;:ae digtribution funci’mn fif;‘ % @;"; - waz assumed to be approximately
isat suggestad b y tﬁe Sa.hmf;d factor for :am’ﬁmmly orientec;% gyainﬁ; Thus,
the effects o§ aﬁaﬁ.gtical digstribution of sims of Frank- lwém sources was
neglected. Erown and Lukens emimate that the plastic strain is, therefore,
given by S : V
P - PO (a—-a) o

_ Y‘.:: R 7

In spite of the rather crude statistical approach that was adopted,

Eqn. (44} nevertheless represents the experimental trends guite well. It

predicts the following: 1} The siress at which plastic straining first begles

is independent of the grain size, 2)? The stress mcmaseé as the sguare root
of the plastic strain, and 3) The plastic: 8tf:giz} inérgaéess with the cube of
 the graia diameter. } | ‘_

At ymml result s shown ln Pig. 24 confxrmmﬁ the nominal validity
of i qn, {44) The value of the c.ﬁlcaim density af sources, however, ap-
pears to be sh‘gmiy 00 mgm

| N more g c@histicm@d apr}*aach to the ﬁaﬂy plastic behavior of poly-
crystalline aggregates was recently wmem@d by Budiansky, Hashin &n d

{5

4
o 3 ¥ (65) 3
Sanders. ) ?meﬁ.g amalysw congist of wmenumna ‘of Hahelby's® e

“deter-

&

- mination of the stress field prmiu"ed when a g-, am in an elastie matrix

undertakes homogeneous straing., E mhem:y has mkww"a t*aat when an elilp-

N . 3 . a
soidal inclusion J‘?F‘Ll’lﬁs kmmogmwmusly an @ meum : éf@ . in the ab-
sence z:s»f c:m:zstraimm, the s%;x*'.m&; c ‘gf:f © it experiences under con-

traint in an elastic mut iz are also hmu%w ouﬂ, i:aeimg given by

ﬁ ) ’ : LAY

where J & J" ‘é ﬁ ere constants that can be evalualed in terms of integral

Ty
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elliptic functions,

‘The assumption is made that slip can be treated as a homogeneaus
deformatxon The value af ' E .,é ,@ for slip, bwvever, is ")ot prescribeé
geometrically as. it is in the Simﬁler cases of twinning and phase transfor-

_ mations, Ratner, 1'5: ixa hmxted by the constraints imposed by the surr ound-fv

3
o

z% elastic matmx. Under any condition, hcwever

7. “‘T"‘:é,e """'4(%,;4) . e

where %ﬁ and % are the total strain&: and streaaws in the

inclusion and where L(ﬁ} ‘4) represems the alaatic straing asg given by

: the stresses in terms of Hookes Law, Shp occurg when the entire aggregate

s subjected to a eriticsl stréss 0::’.& "at inﬁrﬁity.' The strains in the '

inclusion are, therefore, due to the superposition bf the g‘traim&i due td slastic
defornmmiion aé a result of the loading and those a'ris_ing from slip; Conse-«

quenatly

(2%

T
Z/ L (V;f)+ S‘J‘éj Y

The unkuown vz;“;lues of % b4 B C::/ ‘and - G: J _nlust be a
then found in terms of UZ 'f). by si imultaneous solutwn of Egns. (2)and
{3) together with the stres.s-_strain relatiounship for slip in the elasto-plastic
inclusion. : | | -

When the grain undergoing homogeneous straining as a result of
slip is spherical, | S}:, ‘é‘e , ag shown by'_}:",shelby, assumes the s;implé'

values such that
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¢ 7 _ =v)e

= 2 & = (48)
< 3 =)
4
and ' C | . ‘ _
e 1 _2 (w-s52)7
e ) ' - e, 49}

o =

where?is Poisson's ratio {isotropic elasticity being ‘assﬁmed, the elastic
coustants being the serme in the inclusion as in the matrix) <& = é:, j
{where the usual tensor summation rule applies and therefore & is the

volumetric strain),

e,{}. :5’.. - 5 J;J

{the devu’mric str ams) and 5¢ is the Kronecker delta.. v

. The ratws of the components of the streﬁses s G:.;_. . are
assumed 1o be held constant during mc:motanic mading, For small streseca
every grain of the polycrystalline aggregete strains elastically and homo-~
geneously. When some critical value of G: J‘ is reached some ;rama

begin to yield piastically by slip, At _,et higher stresses these grains ex-

hibit more extensive slip and othersbegin to slip. Cne or several siip systema

may operate in each slipping grain.

L.et the opem*xve shp system in a qmgle gz ain be designated by the
unit vectorﬁ . ml: xwmal to the slip plane and - }% , in the
slip direction, where g denotes a given slip system." When only the first

slip eystem is operativg the plastic strain is givexﬁ’by

3Q é"d - - | oo

where ?Q,_‘ is the engmeering shear strain referred to the fzrst glip
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system.and
Am;m‘ N . ) . ’ ' .‘L‘ . (51) .
@ =gim sy tm )

The nlastic strain gwen by Eqn. (7) is Eaheiby 8 unconstramed strain, and -

- therefo.ee

I3
h

AR
O aw | | o |

the’mean voluma‘cric strain being zero for slip. C:onaequentlj. irm oducing

Equs. (50) and (49} into Eqn. (47), the total strain in the grainis .
-] B _ o
() +4 % <5 e
The elastic six;‘ain in the grain is given by

Ef:: 07) + [é /) 5’9 | (.s;ai

as shown by bubtrac*zing the plastic stram Eqn {50} from the total sirain
Egun. {583). nd thereforp, applying Hoake 8 law ta x.,qn {54) the stress

in the grain xs

- T VA
=G -2c (-8 Y ag e
¢ ¢f ‘ D ‘
where G is the shear modulus of elasticity.

Although the concept of strain hardening could have been incorporated

into the analysis, Budiansky et al, assumed zero strain hardening in order

to simplify the analysis. On this basis, where ‘ZL,'? is the constant
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shear stress on the élip plém-e, : 2 d , and the yield strength ?‘

48.

[}

resolved shear Stress for slip

, |
Z;;t:qdd"d o ‘x‘(se)

Mz.lt:plying an. (55) by 4 * reveals that

‘J
o i

Z}—-Z’ ~"'G(/ 6))’Q | m)

f

3
¢RI

where Z’ ° is the applied-shear ‘siress on the slip plane due to the ex- T
/ ¢ .

ternal loading and wﬁere d_ é"d is given its value of i /2 Eqn. (57) -
then identifies the magmtude of )R' in terms of the externally appliev:;

¢

Introducing this value of \% into Eqn. (58) gives the useful result

4

T = T/ -Z(Z"’ )d e

4

and, by Egn. {50), the complementary expression

Z Z‘{f

"D —'“59
J }Qdod , G(/"é) dJ - (.)'

A
.

is also obtained. . 7 ‘

The stress~strain relationship for a neterogeﬁ@ous polycrystalline
aggregate can be related to the strain energy of the systern. For a mono-
tonically increasing .strgss. ‘the increase in strain. énei‘gy i)ef unit volume
under simple teasion is always |

Aw= O‘df

regardless of the constztutive relatlone. , f‘*onsequently, the tensue atrain

£



S48,
iz

e

' 4 strain energy fnnction also exxsta, for manotcmcally increasing propor—

 tionel lozding under combineci stremses. Here

o °
where (4 is given asafutxction of /\ G: J < U, The plastic

‘*stram of the entire eggregate is therefore given by -

P 0 Q0 A4 .
G .

where Lo iﬂ the extra energy per unit total volume expressed in terms

\ .
of A O—;.J : ‘arising from slip in some of the greins.

The plastic strain energy must be evaluated in terms of the external

laaaing. Consequently, the work done per um:t volume of & slipping grain is

givenby e

v PR
Loa, .

(53)
As indicated by Eqa. (57)
6 s e A
w—— Qs . . R R : . (64) '



e

o ‘and, from Eqn. (59) identifying the index 1 with 1

L wnere ML / L/ xs the i‘ractzon of total v@iume occupied by grains of

T the r tn ’wad and the summatzon is. taken over the entire volume of shpping :;

grains.

" As seen by .introéucizig' Eqn. {66} into Eqni, _. (62)
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. . . .
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Therefore, L .‘
R (é‘-—-@)aa-,-,» el
for ZL;Z.?? * and éf'f =¢ Wwhen Z';Loé ZL#

In order to evaluate Eqn. (70), the summation over all orientations was

repx ezented in terms of the integral over: the Eulenan angles 80 that

e =R )ak
| PE.: fffrm{ﬂ GU=2) LJ&XM% an

’ s dpdsdy

-

2: . a’was"expressed in termsa of the applied stress and the apprdpriate )
dgirection cosines for slip on the first active system. The term ARy ¢
was also expressed m terms of direction cosines referred to the stereo -
graphic projection. - | o '

ey " '
~ The final resuits are ngen in Fig.. 25 in terms of the dxmenswnless

ratiog . 67()" £/£' ‘where G"g‘ and {g - refer
to tne stress and the strain at which the grains fxrst begin to slip. The data
fm'-_ slip on one system represents an upper bound to the expected _x'eaults .
because several slip systems:must VOperate at the highér étreééés and be-
cause work hardening was neglected.  Multiple sup was also conszdered by

Budiangky, et al. = o R
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’Uﬁéoubfedly, the most sericus criticism of this a;{ﬁ)roach regults
from the fact th%t the intersactinné between adjacent slippééd grains was
,néglected; Cons‘equently,_’ the predicted stvressa-siréin 'éa;-vé does not reveal
the raiher we11~establiahed dependency on grain' size. _ Furthermore, the
stress concentmtians due toimiled*up arrays of fdimocat‘ions will cause ad-~

ga.cem grains to unc‘zergo slip earlier than the tbeary estimates they will,

b e
43\‘_.4““'7?;_4,{;5;# QT

Toe a first &ppmximatzon G—- / @ should became asymptotic to Tayior s
-approximation at bigh strains. But Taylor's approximation is exceeded by
the theory. A better asymptotic value i% obtained assumi.ng poiyslip but
the major difficulty appears o center-around the neglect of fnteraction ,

effects between slipped gé#ins as the concenﬁraﬁan' of slipped grains becdmes

large.

VILI. hRGNER'S THEORY
(&

' Recmtlyo‘ Kroner'” 8) developed a new analytical procedure for pre-

(iﬁ‘ﬂ;ﬁg the stress-strain behaviox of polyerystalline aggregates when an -
Yeffective” cingle crystial stresg-strain curve is known. It conveniently
includes consideration of the elastic and plastic étrains over all ranges of
plastic sérains. Furthermore, it is so formulated that the essential featires
of the Bauschingeé‘ effect, which was neﬂlectéci in Bishop and Hill's és well
a8 ayker‘s metnods. is autemaucauy incorporated mto the theoretical
structure, anereas Bishep and Hill aund also Taylor adopted the average

macroscopic strain as the appropriate independent variable, Kroner uses

the new concept of empioymg the local ' ‘effective” stress for this purpose,

Since the plastic beha.vmr of & grain depends dxrectly on this stress, Ivsner’s

method obviates the need for applying such special %electmn principies for

identifying the operative slip mechenism as Taylor's criterion of E % i
is 2 minimum or Bishop and. Hill's criterien of greatest plastic strain energy.

Inasrmuch as the local "effective’ stress determines the operative slip systems,

L



: sequently his tﬂchmque cannot be expected to nge the correct preferred by |

. strate later that

- 83,

we believe that predictions of changes in preferred crientations with strain-

. ing based on appropriate extensions of Kroner's method of analysis to this

problem should be in better agreemeﬁtvwith the -experimehtal facts than thosé

based cm Tmys.or's or Bisbap B methocm. ‘But insamuch’ &s Kroner employs

- only the average stress on all grains having the same orientatxon, his approarh

ﬁnegle}cts the effects of heterogeneous deformatmn over a single grain. Conw‘

S .."

; l

omen’cauons due to dei‘ormation. ' ' | o “fq

' Kroner ident:.fies the omentation of each grain with respect to the %
axes of ﬂ e aggregate in terms of the Eulerian angles - Lp 9 '
and (}) o Consequently; the frequency of any orientation ina ran-;

domly oriented polycrystamne aggregate is given b y A

a’.ﬂ_ ,S’m{ﬂa’({’ d’@ﬂ{fﬂ o
ﬂ_ T ?7—\3 B o (72)
The zzt.v.feragf5 stress and plastic strain in any gra.n of the group ha,vmg omen«;
tations between v _KL and ..D.. —t—aLD. are. demgnated by @ o
and f o &especuvelj, where v
So= Y 6\4"3 gy

is the effective stress-plastic strain relationghip for a mngle crystal of

orientation .Q\ .+ The average stress of the g,*'oup of grains ..Q.. can
be re‘iated to’ the average macroscopic stress, Q’ i . c.pplxed to the entire
aggregate by |

T =T+ @,

) o S (74)

" where @:D.. | is _:achéréciefi;s“cidavéiage stress of the group. We demon-

. _76"
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| Then, the average macmscbpic plastic straln f‘ © in the aggregate

can be represented by

7= W.e/é‘ prErs ff (o
=52 77-2 ff{cr [G]}c{ﬂ FZF] (76)

"‘he essentiai featux-es of Kx oner 8 theory are given by Eqn. (76).

When the effective stress. G}L is esta_bliah‘ed.aa a function of the

average applied stress - ("  and when the effeé_tive stress (rn is

known as a function of the plastic strain é’ R ", as deduced from
;ppropriate smfrio crystal teats, the m&croscopm strain, o f . ,

is calculable in terms of the 'nacroscoplc stress, G .

To aeduce the required relationship between the effective stress

Ll

.and the macroscopic btrezs Q— , it {8 necessary to analyze thga

. E , _ ‘
sources of the charncteristm stress q_ﬂ. . ‘defined by Eqn. (74). The
total characteristic stress can be visualized as arising from two effects so
that
' 4 : F74 ' ‘ ,
C=@F + T <
— e 77)
o =G, o ._

For example, as (] is increased those grains most favorably oriented

for slip will be the first to undertake plastic deformation. The gtress on

this group will correspondingly deviate from the average stress
by an amount dictated k;y the back stress, Q’"‘ & , due to
. ‘ ! . A

cons?raint offef¥d by the surrounding elastic mairix. As each grain of
the group slips, however, a higher stress is impose-d on the remaming ”
grains of the group This stress will have the average value of - GELE

for the group taken as a unit.. But the two characteristic stresses are not
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- independent sit;ce their average over a representative crosg-section must

equal zero. Therefore, __ e

. o n 7, » .
LEldo . £ - .
T — ——/—(T“-—o'» - (78)
87+ L -= o
a As the macroscopic stress is furtber mcreaaeé other groups will ,
. I¢ -
&

| beain to deform and thus contribute to % 50 that

E ' E B -3 .
0o = 0; *+2 da.

On introducing Equn. (78) into Eqn. (79)

e £ g e
G:L =.q:i‘2.’ g;;»z_/qj«f 0/-[1 . _(80);,

In passiag we ‘wish to pomt out.that the major criticism that can be levelec}
against the Budiansky, Hashin and Sanders method centers about their

neglect of this interaction effect,

Although in principle an éxact solution is obtainable, it was desir-~

able in order to facilitate the calculation to make the following assumptions:

1. The vomme remaing coustant during 'plastic'deforzhatian.

2. "‘I‘hé elastic vanisotropy of the g-r.ains is neglecﬁed.. |

‘3. The linear theory of elasticiiy is assurnedi valid. .

Aé;ordingIY. the.plaatic strain " é”_a_ 'is. :.a"'deviator and coun-
seqguently the stresseé arising from it are deviatoric. Applying Eshelby's
relationship for constrained deformation 8 | |

(g = —XGC&x -~

where G is the shear modulug of elaaticity and o< = 18/15 fér = Spheric'al
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L

grazin. Therefore, from Eqns. {74), (80), and (81)

o= Curefifad- o fi [q;}a/_ajmr

Therefore, given the appropriate single crystal stress-strain curves, :

7[:&[ G‘} it'is posaible to calculate _Q__ { a z which can” ‘

then be mtroduced into’ k.qn. (76) to obtain the plastic stram ' g » aa afi‘::;;

L5
——— S

function of the applied strebs Q' for the aggregate.

The major difficulty in applying Krone:" 8 theory concerns the pozs-:::
aibllity qf obtaining ap;?mpriate single cz;ystal' stresg~strain éurves. Ob-'
vioualy, the plastic -beha{rior of a; grain in a polycrystalline aggregate differs
| in several significantywa"ya from the behavior of a gingle crystal;

- 1. During Stagelof a singie crystal"tést the dislocétionz;) can 1ew}e ‘
the crystal whereas ln a grain Iof a polycrystalline aggregate such disloca;
tions mey pile up at the grain boundary. Such pilef-ups will bé rglaxed by
cross-clip and slip on seécndary systems, ihereby introducing barriers and
increased cﬁensity of the forest dislbcations. |

2. Whereas Kroner has introduced an orientation factor, we recog-
nize théfc this is not the/a?agropmate independent varxable) Jiringe the effect
of orientation dc-séﬁds on the nature of the dislocation reactions that result.
Such dis locatmn reactmns are demdedly different under the conditions of
polyslip that actually occurs ia the polycrystalline aggregate.

3. As ia the case of other theories for the plaétic deformation of
polyc'rystanine aggregates, Kroner's 'th'eobry does not contain any referer;ce
16 the well~documented .effect of grain aize increasing the rate of strain
hardening. This factor muat also be {ntroduced in the .F ( G"") curves.

It appears to the preoeni authors that it will be very difficult to ob-
tain desired pppropriate indxvzdual grain ’Eﬂ. ( ___Q.) curves from singlé

crystal data. It may be'paésible. in terms of a deeper knowledge of the dis~
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This report was prepared as an account of Government -
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. "Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this

. report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
"-may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. ‘

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment. or contract
with the Commission, or his employment with such.contractor.
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