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ABSTRACT

The state variable theofy éleart, while'providing a unified
description of plasticitdeominatgd deforﬁation, exhibits deficiencies‘when it
is applied to ﬁranéient deformation phenomena at streéses below<yield;‘ It
appears that thelde;c?iption of sthéd anelastic. strain is‘OQérsimplified.

. Consideration of a simple‘physical picture_ba;ed'oﬁ‘continuum-dislocation

pileups suggest; that the neglect Qf weak barriers to dislocation motiog is
the source of these inadequacies. .An appropriately modified description
incorporating such barriers then allows ﬁhe coﬁstruction of a mécroscopic
model iﬂcluding tfansientjeffecté.

Although the. flow relations for the microplastic ‘element required in
.the new theéry are not known, fentative assignments»méy be made‘for éuch
functions.. The ﬁbdel theﬁ exhibité qualitatively correct behavior when tensile,
loading—un;oadiné, reverse loading,; and lbéd relaxation tests areisimulated,

Experimental procedurés are‘described for determining the unknown

parameters and. functions in the new model.



1. INTRODUCTION

Several approaches have recently been proposéd to describe the nbn-élasfié
7defdrmation of crystalline .solids.l—5 'These'theories employ avmechaniéal equ-
ation of state{ in fhat"the instantaneous response of a solid to an‘appiiéd
mechanical bonstraint is calpulated using a numﬁer of internal parameters (state
variables) which together contain the relevépt effecté of thermal and deforma-

- tion history. | |

The gréat advantage of state variable theories is that the specimen be-
havior qan:be calculatéd fér anyzdeformation path for which the evolution laws
for the state variébles are known. Thus such (traditionally).distinct phenomena
as creep, conétant strain-rate exteﬁsion, and load relaxatioq can be handled in
a unified manner. | |

To be computétiqnally useful, such a theory must adequately-represent real
materials behavior‘ovef some range of temperature and of deforméﬁiqn histofy..

- In additioﬁ, fhe number of state variables must be reasonébly small and their
values subject to experimental measurement. Whether any state variable theory’
satisfiesia given set of constraints. of this type:can, af course, onlylbe
determined by experiment.

For nonrecoverable deformation (plastic flow), the state variable approach
suggested by Hart6’7 appears adequate to meet these criteria. Thié theory, ori-
ginally déveloped-to explain load relaxation experiments near the yield stress,
has been extended by the addition-df time-dependent but recoverable (anelastic)
deformation. 'In this form, it has eﬁjoyed conéiderable sucgess in despribing'a
variety of.deférmation modes, such aé creep, load reléxation, and constant ex-
tension rate tensile tests in the'plastic region. As discuSsed‘beloﬁ,.a number

of real effects of interest seem not to be contained in the present theory.

These include various manifestations of microﬁlasticity at stresses well below

yield, and the Bauschinger effect.




Thislpgper rébresenté an attempt to éxﬁend Hart's épproach to include tﬁese
gffects. Hart's theory; and its successes and limitatidns, are first deséribed;'
A microécopid desqription of recoverable stfain iéithen develéped ﬁhich, while
not #nique, reprpduces the lineér anelasticity and other features of Hart's
@odel.b The underlying assumptions Qf this description are examined, and factors
affecting the‘iﬁadequaéies discussed above are iaentified; |

On the basis of this microscopic descfiption'modifications‘to Hart's model
are proposed. These modifications include the addition of a microplastic flow
element, the characteristicg of-which are to be determined expefimentally.

By'assigniﬁg constifutive relaticns to this glement which .are consistent
with the known plastic flow behavior, however;~i£ isvpossible to eiamine fhe
beha&ior of the model under_vafious loading histories. :It is found that the
neﬁ'model can ekhibit transient behavior similar to thét which is_obéerved ex-
perimentaily'buf nof contained in Haft;s theory.

Finally,Aexperiments to validate the.model and to measure the parameters
6f interest are proposed. |

As will be seén; Hért's theory divides nonelastic deformation into two com-
ponents. The plastic compohent is time—dependentAand permanenf in that it is
not recoverable by unloading.' The anelastic component, by contrast, represents
fime-dependent dgfdrmation involving stored strain whiéﬁ is in principle re-
coverabié at‘?éro applied stress.

In what follows, we shall-find that some types of materials béha&idr not -
involving action of the "plastic element" in the state variable.thebries do not
fall withinAthe descripfion of anelasticity given above. These include flow-
like effects which may lead to defqrmafioh which is esseﬁﬁially unrecoverable
at zero appliéd.stress. We shall employ the term "transient deformation" for
all nonelastié effects not involving the plasﬁic element. "Microplasticity"

will be used to denote "transient" effects which are flow-like.




2. BASIC STATE VARIABLE MODEL .

The .description of nonelastic'grain matrix deformation in terms of Hart's

6,7 .

state vgriable theory has been pfesénted elsewhefe. A brief descriﬁtion is

given-here. | | | |
‘The‘model employs fhree deformation elemeﬁts, répresenting stored.anelastic
strain (a—elemeﬁt), plastic deformatién (&~eiemént), and glide fric%ionr(érl
element). ‘A'schemétié representation of the éombination of thesg elements is
‘given in Figﬁre 1; it will:be‘geen that the conétraint equations_ére
| €=a+a0 - (1)

and

0O=0 +0, | o | ' (2).

where O, Oa’ and O_ are the-applied stress, back stress due to .stored anelastic

f
‘strain{land glide friction stress; and é, é, and & are the.honelastic'strain
rate, anelastic strain fate, and plastic defo;mation rate.

For the a-element, stress and stored strain are related in a liﬁear fashion
through a modulus M:
| o =Ma; | o (3)
. the frictibn stress’ is foundfto be‘rglated to the strain rate by

Ao . M .
€ = a* (0./G)] (W)
where G is the modulus of rigidity,'é* a rate parameter,.and'M.: 7.5.
Flow in the plastic element is givén‘by

1n (0%/c) = (£%/)> s

with Scaling

é* = (O*/G)mf" e'Q/RT .

work-hardening and recovery are incorporated by

dlno* _ p (0%,06.) & - R (o%,T) o (7)

dt .




Lo

in ﬂhis equation, 0% is the hardneés (similar to a yield stress), €% a
rate barametér, A =.d.15, m= 4.5, f'soﬁé charactefistic frequenéy, Q geﬁefallyl
“equal ﬁo a self—diffusion'activatién energy, and R’generglly negligible at mod-
eréte homoiogous tempefaturés; The Wka—hardeningAfunction I' has been found
to bé7’8
| | .5 B/o* s -

r=ch & (®)
Vhere(B and § are materials constants.

This'model Has been. shown to describe the tensile, load rglaxation, énd
creep behévior of a number of crystailine.solids under ﬁnidirectional loading
when plastiq flow predomiﬁates. In the form given here, itAdoeé not address the
Question of effects due to grain boundary éliding.:.Certain real matrix pro- .
'coesses, spch as large-scale thermal recovery and-dynamic strain-aging, are
either neglectéd or only tentatively incorporated (e.g. by the R-term in
Equation 7) as well. - |

' For a certain rénge of temperature and deformation, these effects sre ex-
pected to be small. We take the attitude that materials under these conditions
‘exhibit a basic matrix behaviof,.which is to be represented by the stété vari-
able theory. Grain boundary effects could then'be accounted for 5y addition to
.theAmatrix equations, a problem which has received some attention.l’ 4 Ex-
plicit inclusion of recovery and strain-aging may‘be possible by timg-debendent
changgs in the‘matrix state-varigbles.' |

‘ Wifhin'these restriétions, the above model seems to represent the plgstic
behavior of maﬁerials quite adequately. There are, howeyer; significaht dis-
agréements with eXperimént fo? deformétion at stresses less thén yield.

Figure 2a is a schematic representation of materials behavior during.a

constant . extension rate teﬁsile test -carried into the plastic region. Because




of the‘nature of the plastic flow elemenf (Equatién 5), which is dictatéd by
the resultsvof load‘relaxation-;tudies, the predicted onset of yield behaviér
;s more rapid than in real materials, particularly for annealed sﬁecimens.

Figuré 2b depicts constaﬁt extension rate loading and unloading below yiéld.
In thié’case, the model behavior i; dictated by the linear anelasticity of the
‘a~element, giving a simple stress-strain loop of the typg shown. By cbntraét,
real métefials deviaté from thié,behavior; both during loadingAat some- fraction
-éf the yiéld stresé and during unloading as the stress approaches zero. In
addition, sdme nénrecoverablelstréin may. be acéumulatea even when the peak
stress is well below yieid. ‘ |

fhése probigmslwould seem'to be.related; in .both cases one observes some
fldw—iike behavior, or micropldsticity, under conditioné where plastic flow is
not expected. Although the differences between theory and experimentlare of
little importance on a strain scale appropriate to plastic effects, they repre-
sent significant deviations from‘linear anelasﬁicity.

Lafger differences are evident when one examines loading histories involv-
-ing reversal_of the applied stress. Real materials generally show a Bauscﬁingef
effect, in that a specimen which has been plastically deformed in, e.g. com- |
pression exhibits more sfrain during subsequent tensile loading than during
compressive reloading. - This-additional strain is'manifested at quite low stress
levels (Figuré 2¢).

In contrast, Hart's model is almost éompletely éymmefric in theseAtwo
cases. Because of the weak dependence of the glide stresé Of on strain rate
(Equétion 4), some anelastic strain can be trapped after unloading to zero
stress, ‘and this strain is released upon reverse loading.  For reélistic mater-

: . \ .
ials parameters, however, this asymmetry is much less than the observed Bausch-

inger strain.




Since all of fhe above discrepancies éccur‘below macroscopiéryield,.they
'ape presumébly associatéd with,the.reéresentation of stored.strain by a'simple
'linear‘element in Hart's théory.v.We wish to develop a more complefe theory
which can account for such effects inia unified wéy. We: will referrtQ these as
transient effects, in that piastic flow as represenfed by the &;élement is. .
not involved,‘although thé'microplaétié aﬁdlﬁauschinger strains are not of.

course -fully récbverable upon unloading of the.spécimenl



3. MICROMECHANICAL DESCRIPTiON OF THE STATE VARIABLE THEORY -

From a phenomenological point of vicw any number of approcches might be
used tolrepresent‘mofe cofrectly the transicnt behavior; Onc.could employ,'for
example,Asomc sort of variable modulus in a differential form of Equation 3, dr.
. introduce additional flow elements into the diagfém. A micromechacical descrip-
tion of Hart's model would clearly‘ce of great use as a guidé. | |

Hart's state variacle model was developed from rather generalAccnsideration
of the ccnstraints on such an approach.ll It is cséentiglly phenomenological in
that the-basicAflow relations have been determincd by exXperiment; no first-
principles«calculation'of méterials behaviof has_been“attempted.‘

It is; however, possible to'establish a conncction'befween-several bfoad
featureé of the model and microscopic processes.l2.'Essentiaily; one represenfs
the specimen‘by a collection of tondimensiohal siip zones bounded by strong
barrierc to dislocation.motion. Dislocation’pileups becweencthe bafriers are
then treated using continuum thecry.l3 The anelastic strain (a) as a function
" of pileup stress (Oa) is then found from thc ne£ diélocation moment per zone,
under the.assumpticn that dislocations movc ffeelylbetween the barriers.

In this picture; the plastic strain rate'(&j is due to lcakage of the lead-
ing dislccation through the Barfier, the strength of ﬁhich is a functionAof |
hardncss (o%), ccd restoraiion of the pileup by opefation of a'dislocétion
source. The zone and pileup are shown in Figufe 3. For this simple picture,.
the anelastic modulus. | |

M= — o (9)
™ n '

where 1 is half the slip zone length and n is the number of slip zones per unit
projected area.
If the glide friction stress is assumed to be a functionof dislocation

velocity, O, will vary over the slip zone. In general, the dislocation velocity

£
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distribution is different for changes in the pileup sﬁructure (which give a)

and for barrier leakage (which gives ). However, the variation of Op with

- velocity is such that the average glide stress is essentially a function of

nonelastic strain rate (€ = a + a).

This pileup picture, then, reproduces the rheological diagram, Figure 1.

As noted above, howeVer,'the flow relations for the & and_é elements must be

imposed in order to represent~the.full mgterials behavior.

The relation for the plastic element, Equation 5, is most clearly mani-_‘
fested during load felaXation at high homologoﬁs tenperatures when glidé fric-
tion is-unimportant. When reco&e?y'énd strain-aging_effecﬁs can be neélected,
constant—hardnéss curves of this,férm are observed in a Qide variety of mater-
ials. We'take? therefore, Equation S and the scaling and work—hardeqing re-
lations, Equatiéns 6;8, as fhe prbper description of aislocation leékage through
the'strong barriers and'of the evolution of Q* and é*.

- The nature of the di;locstionwglide friction is seen during load relaxation
teéts at low homologous terﬁpgratures.lh Under theéé conditions, the pileﬁp
stress Oa is very close to'd* and diélqcatién motion is essentially controlled .

by the é—element, which behavior is found experimentally to be given by Equ-

ation U.

Witﬁ the specifiCation of the flpw laws Equations 4-8, this dislocation
pileup description appears to be(the simplést micromechanical picture of the
features of Hart's state variable model. The deficiencies‘which have been
identified in this model suggest.that the pileupApicture is oversimblified;

identification of the shorfcomings of the pileup picture on physical grounds may

" then- provide useful guidance in the construction of a more realistic macro-

scopic theory. We turn now to consideration of effects which, in real crystals,

would change the pileup description.



First, we have assumed the existence of well defined dislocation pileups -
Qn:single slip planes. Although such structures are observed in many maferials,
they are not seen in others where cross-slip can easily take place. It is

clear, however, that some sort of dislocation pileup is necessary'for macro-

'Ascopic yield behavior to occur. ‘Dislocations on nearby slip planes will inter-

. act, and whether a pileup is a simple twordimensional structure or an extended

dislocation cloud theAessenfial features of stress concentration leadihg to
barrier penetration wili‘remain. ‘We eipecf, therefore, that replacement oflthe
presenf slip zone byAan.extended'slip region wéuld noflmodify thé feéulting
constitutive relétions.A | | |

Second, we have postulated a single zone length and barrier strength through—

‘out the specimen. This is clearly an approximation, but.-is quite possibly jus-

tifiéd for the strong ﬁarrieré'which control plastic flow. This is because the
relevaﬁt microstructure is the result of priqr‘plastic deformation, and we would
expect the self-correcting nature of the Wofk—hardening process to limit struc-
tural inhomogeneity; ‘ |

There remains, hdwever, the possibility of weaker barriers to free dislo-
cation motion.within the idealized siib zone. If we identify the,strong~barriers
with dislocation cell wallé, these weaker barriers would 5e isolated disloca-
tion tangleS<or éébond—phasg pa?ticles. The ‘existence of such barriers modi-
fies the pileub picture presented above, and therefore the associated state
variable theory.

Consider, for instance,Athevsimple example of Figure 4, where we have’
assumed a»unifofm distribution of émall barriers over the slip zone. Under
loading, dislocations will pile up in front of the weak barriers as shown. At

sufficiently high stress, leakage through the small barriers will occur, con-

tributing to the overall pileup across the zone against the strong barriers.
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It is clear that the configuration ofiFigure L will'exhibit effects in loadf,
- ing and unloading below macroscopic yield whichAdre of the sort desired. For
example, upon loading a 1inearvstress;strain region (representing pileup be-
t&een weak barriers) will be follbwed‘by"a régioniof additional microplastic
strain (répfesedting leakage thréﬁgh the weak barriers). .In aadition, upon
unloading fo zero stress anelastic strain due to the lafge pileup can be tfapped
" in fhe forWéfd direction by the weak barriers. This strain will*contributé‘to
the Bauschinger effedt uﬁon.revefse loadiﬁg.

Another attractive feature of this fofﬁulation‘is that the plastic be-
havior-is'unmodified. At high stresses the pileups in front of the weak bar-
'riers are fully developed, and plastic strain is impeded only.by the stro#gest
barriers.‘ | | | |

Introduction of such a barrier structure within the slip zone does not, of
course, uniquely define a macroécbpicAmodel. We would require a detailed
knowledgerf the distribution of weak barrier strengths andAspaQing, and of
barrier pasgaée kineties,.which is not available. Many éf the eséential fea-

tures of the corresponding macroscopic model are, however, derivable from this

_ physical picture, a topic to which we ﬁow turn.
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b, MODIFIED STATE VARIABLE THEORY

In Hart's theory the transient'deformafion properfies ére described by the
sta£e of anelastic strain. This stored strain (a) is a good state variable,
since the single type‘of dislocation pileup it representéAhés a unique stress-
strain relationship.

In the physical picture of Figure 4 this is no longér true; there are two
types of pileups contribdting to the stored‘strain.‘ In order to construct the
simplest possible macrqscopic theory which can reflect the consideratidnsAof the
preéeding éeéfibn wé will fequire two state variables.for the stored strain,
and thus two anelastic elements of different modﬁli. A flow element (miéroQ'
plastic element).for.weak ﬁarfier paééage is also peéded.

- The arranéemént of these three elements is dictated by Figure L. Since_
leakage of dislocations‘through.the wéak barriers contributes to the long-range
pileup distributibn, the micfoplastic element must be iﬂ parallel with the
long-range anelastic spring. It is also necessary that the effeétivé force for
barrier passage représent the fact.thatlsuch leékage is resisted.by the léng—
range pileub stféss. |

Theée considerations are inéorporated in the'diagram of Figure 5.  Here
tﬁe former anélastic element has bgen replaced by the elements labelled al,

ays and o The Iong—range dislocation pileup distributioniis represented by.

o

' the a_-element. The short-range pileups are represented by the al- and ae—

1
elements acting together; the net force for passage through the small barriers

is then represented by the stress in the a2—element. The constraint‘equations»

implied by the diagram are

o,=0,+0 =0, +0 +0 (10)
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is a function of the weak barrier spacing. The microplastic strain rate &2

will depend on Oa

model under various loading'histories to determine if the effects discussed
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which replace Equations 1 and 2. -

The constitutive relations for the new anelastic elements are

o, '=Ma : | Lo (12)
\ : A ¥ : ‘

and"

a M2a2 A ' ' , A(l3)

Ne)
. o

where.Ml‘is primarily a function of the strong barrier spacing and Ml + M2

2 ' :
For the plastic element (al) and the glide friction stress element (€) no

modification is necessary. ‘Thus Equatiohs'P—B can be faken (with appropriate

addition of subscripts) as the governing relations. This provides a complete

'description of the new state variable model, except for the kinetics and evolu-

tion laws for the micfoplgstic elemegt (&2)}'

These relations are hoﬁ known a prioriﬂ Within the above framework, how-
ever, they can{be'determined experimentally. Procedures fbr détermining the
characteristics of the &Q—elemeqﬁ4wili be di;cussed below.

Nonetheless, it is of’interesﬁ to examine the gqualitative behévior\of'thisf

previously are exhibited. For this purpose it is necessary to make a tentative
assignment of the flow and evolution laws for the &2—element.
" We take as a guide the physical picture of Figure 4 and the known relations

from Hart's theory. For the &.—element, we will assume the relation

2
A
03 e':; 2 : _
In (&) = (39 < (14)
ay. o2 : T v

the same form as that for the plastic element, since both prpcesées involve

leakage through barrieérs. We will also assume a scaling relation
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é; = (q;/c) %t e;Q/RT | - . (15)

by analogy with Equatlon 6
There remains the problem of an'evolutlon law fer the mlcrohardness para- '
‘meter Ozr TFor plastic flow,'the evolution of the hardness Oi is given by a
" work-hardening function'(EQuations17 and 8)‘whieh essentially describes changesA
'in'the re;evant.microstructure nnder plastic'deformatidn.
For the'microplastic‘case, the situation is somewhat drfferent. We may
presume nhat the weak barriers have a distribution ef strengths, and that as

the weakest barriers are overcome the flow will .be controlled by successively

stronger barriers. The evolntion of GZ is then a sampling effect rather than '

the resuit of work-hardening. | '
Consider; for'example, the behaVior_of the dislocation pileups during a

tensile test. Initially; the weakest barriers are effective and the strain

is anelastic (modulus Ml + M2). As leakage through the weakest barriers begins,

microplastic strain will accumulate. As the stress Oa rises, further leakage
. o : 2
- will be resisted by stronger barriers within the slip zone. Thus during load-

ing 0; can be expected to increase w1th an

When the stress is decrea51ng (during load relaxation or unloading)
microplastic strain in the forward direcfion sheuld be controlled by the
strongest.barriers sampled during leading; that is; d; snould be a constant
for this case. When O changes sign; however, which in generai may occur dur- -
ing unloading before zeio_applied'stress_is reached,'dislocations will pile up
in the reverse direction against rhe weakest barriers. Some minimum value 0;0
is then apprOpriafe until these barriers are overcome and 05 once agadn begins
to increase. |

Evidently, the eroluﬁion of 0; can be quite conpler.. For the desired simu-

lations, we make a tentative choice of the evolution law which may be adeqnate




b

for the present purpose:

6; =0 ' vfof |0 'I decreasing;' ) o (16a)
; - a, o :
0¥ = q;o : ‘for.loagLi -K.dgdland |0a2| increasing (léb)-
o , _ _
. . a2 ] ) - . .
o} = |—Rf1 for‘lca2| > K Ozo‘and |0a2| igcregsingi (16c)

4 We emphasize tﬂat these relations are chosenEOnly fof theArathér simple
loading histories to be considered-in the ﬁéxt sectibn. vFaétors affecting Og
wili Be conéidered fﬁrthér in'Sectién.6. We also observe thaf, even with’theﬁe
resfrictions, there is po particulér reasbn to'expect 0; to bear a simple
'iinéar reiation'to o ,:és'would'be implied if-the factor K wére a constant in '
Eqﬁétion 16c. In}faci;_preliminary experimental evidence'suggeéts that K is

given by

where the factor C is found to be numerically very-cloée to

M .
1 M2
C= 2 2 S (18)
o Myl o S

Whether Equation 18 has any bhysical.significance is not, at the moment,
understood.
With the caveat that the relations for the microplastic element, Equations

14-18, are tentative, we have now specified all of the necessary laws for the

new state variable theory.



WOMFRGHEEDIGORKELI N e ISR L L T B T L e

_15_1

SW' COMPARISOﬁ Oﬁ MODELS EY SIMULATION

Simulatién ofia number of loading histories.was‘carried.gut using a com-
putér program which has been described elseWhere.15 For Hért's ﬁbdel, para-.
metérs were employed which are appropriate to a work—haraened specimen'ofA
high purity Al at room temperaturé. For 'the new.model, parameters Vere carried
:over from Hért's theory whenever possible. . Fpr-the opher paramepers, esti-
mgtes were made-oh the basis of p?eliminary'experimental worki The-valués of
tﬁe'parametefs used are given in Tabie 1.

The program simulates deformation of a specimen in an actual testing
machine when the samplée dimensions and'crosshead éxtension réte are givén.
'Machine pompliance is considered; the results can then be displayed as stress
V5: strain or in.other convenient forh( The specimens wereléssumed to be of
3.90 em (1.54 in.) initial length and 0.293 cm2 (0.0h53-in2) initial érea.
Eﬁtension rates~weré 0.051 cm/min (0102 in/min) or. zero depending on the
phase.of tﬁe test.

All strains presented inFigs.‘6—lO are nonélastic strains, although spec-
imen elasticity is of coursezingluded in the simulations. Thus, for example,
the vertical poptionslof the stress-strain curves fepresent stress ranges over
which linear elastipity is dominant. |

Simulation of a.constant extension rate tensile test into the plastic re-
gion is shown in Figure 6. Above about'30.MPa microplastic strain ‘due to the
&l—element is evident, giving the gradual pransition to yield which is desired. ‘
After yield, thé‘two models béhaﬁe similarly sinceAthe deermation is dominated
By the &l—element (plastic element).

Figure 7 shows the result of simulations of repeatéd loading andvunloading

below yield. Hart's model exhibits repetitive behavior since there is no

mechanism for accumulation,of strain below yield after the initial loading.
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For the new model,.tﬁe'shapelpf the stress-strain loop i; much more physical.
In addition; microplastic'strain'is accumulated over successive cycles; ‘Thisl
process will eventually saturate, in dgréement with experiment.

_The cufves‘of Figure 8 show the.behaviorlof samples immediétely reloaded in
fensioh or compression after pléstic.deformation in combression. The new
Amodel exﬂibitS‘a strong Bauschinger effect due to the release of‘stored straiﬁ
from the él—élgment.which was gccuﬁulafed in ‘compression. This additionall
strain ié not reCOQefable upon unloading, as shown' by fhe figure.

It is important to exémine:the behavior;of the new mddel.in a situation
for which Hart's ﬁhgory_provides an adequate description, in érder to deter-
mine if Fhe modifiéations we have introduced have left the'successes of Hart's
theory intaét. ~For this purpose we have simﬁléted several load relaxation
tests using the parameters of Table 1.

Figure 9 shows:the results for'Ha?t’s model. The upper curve is a simula-
tion of load relaxation from a fully plastic state, showing the typical be-
havior of the &l—element. .Thé lower curves are ﬁtransient" load relaxation
testé,fin which a sample of‘theAsame‘hardhess Oi is reloaded'to just below the
plastic region.

Experimentally; it si'fdund that such transient curves merge Vith the
fully plastic curve at. lower strain rates and follow it thereafter.l6 (This
is a manifestation of equation of state behgvior.) The form of the transient

curve predictéd by Hdrt'; theory, which is'essentially dicfated fy the é—element,
is however not in accord with experiment for Al. |

For the;neW'deel, the situation is much improved. The'plastic felaxation
in Figure 10 (upper curvé) is essentially the same as in Hart's model. - (This
demonstrates thaf the introduction of microplastic effecté does not aisturb.

the plastic behavior, where Hart's theory has been shown to be sufficient.) The

- form of the transient behavior, however, is now determined by the ag—element;

16 |

the results are in much better accord with experiment.
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| 6. DISCUSSION

;AThg»preceding simulations indicate that.the new theory, while pfeserving .
the successful>featufes of Hart's model, can exhibit much more realistic be-
havior under'reVerse loading and in thé stress rangé belo& yieldﬁ Whefher the
new theory can quantitatively.représent these effects, of course, caﬂ only bé
determined.by experimenta Thé procedures by which the necessary paréméters
and unkhown relations can'pe measured are-outlined in Section T; such an effort
is now in progress. Accepting for the sake of arguménts howeyer,~tﬁe esééhtiai
correctness'of the new model, there remain several issues wortﬁy of di3cussion.

;The first concerns the meaning of thelvarioué types of strain which'have
beeh described in the preceding trgatment.v Previous authorsl have dividéa
strain inga'threéAcomponents——an elastic part (reversible upon unioadingAto
‘zero stress, aﬁd time-independent whén inerﬁia1~effects caﬁ be neglected), an
anelastic part (reversible but time-dependent), and a plastic part (time-
~depéndent and,unrecoverable). With the addition df an elastic spring in serie;
with'the rheological diagram of Figufe 1, each.of'thesé stréin components'cor—
respondS'té a‘barticular deformation element in Hart's theory.

This correlation, while con?enient,,ié not crucial toAa meaningful theory
of deformation. 'Indeéd, even in Harﬁ’s theéry it is only approximately tfue;
in any real experiment the time available to recover strain stored in the a-
element is finite, and some stored strain (trapped by'thé kinetics-of the &-
eleménﬁ) youid'be "plastic strain" by the criteria éf the precédihg paragraph.

Tn the néw theory, this correlation is much-less direct. All strains in

the a and o, -elements are in principle recoverable (since at zero

l"a aé_a

applied stress all strain rates are exactly zero only when a; = a2'= 0, which

2

imples O

2

" Of course, the kinetics of the flow'elements insure that in a real experiment,

= 0); this perhaps justifies the use of the term "transient dequmation."




some of the strain in these elements will contribube to apparent ''plastic

strain."

For @onvenienqe; we have used thé terms anelastic, microplastic, and. plas-

.. tic rather loo;ely to describe the general behavior of the Variﬁs élements.
In.Sectionuh we have AISO'assbciated ﬁhese‘ideas with.particular_micromechanisms,
althougﬁ this was‘ddne only as a guide-to developing the new model. That these -
‘terms do not have'an ﬁnambigﬁoﬁs operationsl definition should not be disturb-
ing, since this merely iﬁéicates that feal méterials deformation is sufficiently
complex to require cémplex models for its represeﬁtation. The impoftanf ques-—
tion-is whethér the paraﬁeters.of_the model are susceptible to measurement in -
the laboratory, and this, as will be Seen‘in’Section'7, should be possible.

The second issue of interest is the behéviqr of the €-element. As noted
previously, thg kinetics'Of this element can be found from load relaxation be-
havior ab,low homologous temperatugs; it is. found that fhe behavior follows
Equation h; Expériencé has shown, however, that ﬁquation 4 with a consfant
"value of -the rate parameter é* is not a good representAtion of glide friction
at all levels of applied stresé.. Instead, it appears thét glide-is much easier .
after yield than dﬁring.initial loading even in a high-purity solid. ThisA
effect was.taken.into account in the simulations-of Section 5, where a larger
value of a* was used for load relaxation (figures 9 and 10) théq for the.other
curves (see Table 1). | | |

Physically, this effect may be understood, for example, as a manifestation
of breakaway from solute atmospheres when the dislocation &elocity increases
.abruptly at yield. One wouid then éxpect a rapid increase in_é* near yield,
with a slow recovefy by diffusivevprocesses at low strain rates. With such

variation the state variable models would exhibit yield ‘drop and strain—agiﬁg

effects.

The detailed behavior of the glide friction stress under these conditions
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is not known. The approach we have used in Section 5 is.consiétent with the
general behavior, however, and should not affect the falidity of the comparison

between theltwo models. Although this approximate approach to the glide fric- .

"tion is adequate for many purposes, further experimental work on this question

ié cleariy needed.
~Finally, we would like to consider briefly the evolution law for the micro-

plastic hardness parameter Qé. A tentative form for this rélationship; which

is presumably due to sampling of the‘weak barrier distribution by the small
dislocation pileups as Oa changes, was‘given in Equétions 16-18.

2 :
We emphasize again that such a relationship is highly simplified, and

probably cannot hold for more general loading histories than were considered

in Section 5. The evolution of O; will depend not only on the distribution of

ﬁeak barriers but on the initial distribution of the small piléups as well.

This pileup distribution will be different, fpr example,Afor reloading after

" complete unloading and after partial unloading. Whether such effects can be

coﬁveniently incorporated into the. framework of the new model is a question to
be fésolved by éxperiment. | |

We have also ignored fhe'possibility‘of changes in the small barrier
§tructure due to defprmation. " One might-éxpect, for éxample;-some sort of
workfhardéning effect in microplasticity of'the weak barriers are dislocation
structures.

The incorporation of these matters into a macroscopic;theory of deforma-

tion would seem to require a moreASatisfactory microscopic piecture than that

presented in Section 3. For the moment we take a phenomenological approach,

and now-turnlto the'questionof‘experimental tests of the new model.:




T PROPOSED. EXPERIMENTAL TESTS OF THE NEW MODEL :

The characteristics of the:newmodéishould be-capeble of direet experi_
mentai verificationlby straightforwerd techniques.6 For exemple5 es.noted pre-
viously the behavior of the é—element (Equation h) cah.be determined by -load
' relaxafion et ;ow homologbus temperatures. At‘high homologous temperatures,
"load relaration in the plastic region will'measure the'parameters of.the &l%
element (Equation 5); a series of such tests will give tue scaling relationship

(Equation 6). Finelly, alconstaht extensiou rareltensile test will»allowlthe
determination of the work—ﬁardening coefficients (Equatien 8).

The combined aneiastic modulus Mi 4.M2 is directly meaeurable from the
initial slope of the stress—nenelaetic etrain curve during a. tensile test.lT
Seperate'estimation of Mlirequires obeervatibnof‘the strees—honelastic etrain'
relationship when the &2—element is‘fully‘saturated. _Depending on materials
parameters, thisnmay'occurfduring loading just.before yield, near the end of
unloading, or during reverse loadiug.

Given the aﬁove parameters, it is geuerally possible‘ﬁo calculate Oa

2

and &2 during tensile and load relaxation tests. Load relaxation well below

yield should be dominated by the &

2.—element, and it should be straighﬁforward

to determinevif the beharior,is deseribed by EQuatioh 14, Whatever reiafion— ‘

ship is found to be cerrect,‘a series-of'such tests should give the necessary

scaliug‘and evolution equations for completion of tﬁe model.
Preliﬁinary'reeults on Al indicete that Equations 1l aud 15-are obeyed.

The relatiouship betyeeh Oaé and OZ during loadrng.may then be found from the

" load relaxation tests, by eomparing Oa' at the moment the crosshead is stopped

4 2 ,
with the OE found during relaxation. In addition, knowledge of the parameters
of Equation lSlallous calculation of 0; from the values of o, .ahd &2 during

o 2
1oading in the microplastic range. These measurements will allow the determin-

.|/G; (Equation 16).-

ation of the value or functional form of the factor K = loa
. . : e



- This éompletes the description, in general terms, of the experimental

program necessary to‘compare‘quantitatively the new modgl with real materials

‘behavior.;‘The details of these calculations, and the results of such an : o A |

effort now underway, . will be given in a forthcoming paper.
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8. CONCLUSIONS

The state variable theory of Hart, while pfoyiding'a unified description

.of plas%icity—dominaped deformation, exhibits deficiencies when it is applied

tq’transient deformafion phenomena at stresses_below yield. It appea;s that.‘”
ﬁhe deécription of stored aneiastic.éfrain is oversimplified.
COnsideiatiQn of a simple physical picture‘baSea on continuum dislocation
pileups sugéesté that the negléct §f weak barriers to dislocatiOn motion is
the source of these inadequacies. An épﬁropriétely_modifiedidésériptioniincorj
poraﬁing such barriers then allowé the construction of a maéfoscopic.model in-
cludingbtransient effects. - | |
Althéughtheflow'relatiOns«for thé microplasticAelement required in the

new theory are not known, teﬁtative'assignménté may be made for such functions.

N

The model then exhibits qualitatively correct behavior when tensile, loading-

.unloading, reverse loading, and load relaxation tests are simulated.

Experimental procedures have been described for determining the unknown

parameters and functions in the new model.- Such experiments are now being

carried out.
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TABLE 1

Parémeters Uséd in the Simulations of Section 5

'HarﬁVsAmodel . new model

symbol _ symbol = . équatién' value
M_' ~ (Ml + M2) 3: | 5.90'x 10° MPa (85.5 xlllo6 psi)
- L 12 1.12 x 10° MPa (16.3 x 106 psi)
- | M, 13 .h.77'x’105.MPa-(69;2'x 108 psi)
o* f f o¥ | 5 6611 MPa (8;72 x 103 psi)
‘Aé* : éi_ 5,6% 4.80 x lO'lsvsec"lr
A : A 5 0.15
m 4- | m 6 ~ bL.8
8 B "8 103 MPa (1.5 x 10% psi)
s s 8 2.8 | |
Mo Mo 7.8 |
dislocaﬁibn glide constantb, L ;'.3.62 x 10° secv:'l1 MPa‘7'.8 (5 x 10-12 gec-! Psi‘7'8)
dislocétiQn glide constant® i 8.68‘x.10;10'secfl-MPaf7'8'(l.2 x 10_264

sec”! psi=7-8)

- o%, 14,16 0.41k MPa (60.0 psi)
- e% 14,15%  3.20 x 10723 sec-!
20 ,
- 3 Ag 1h Q.ls
- om, | 15 7.26
Young's modulus ’ - 5.86 x 10% MPa (8.5 x 108 psi)

‘aThe specification of a single pair o¥, % defines the scaling relationship
of equation. 6 or 15 at constant température.

b, . .
Equal to a*/GM;.value for load relaxation. See text.

éEQual to-é*/GM; value for other simulations. - See-text.
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FIGURE CAPTIONS

‘Rheological diagram represénting the defofmation elements of Hart's

state variable model.
Schematic representation of real materials behavior (dashed curves)

and the predictions of Hart's model (solid curves) for various

loading histories.

. (a) Constant extension rate tensile test to yield.

(b). Loading and unloading below yield.

(c) Reloading in the forward direction (left-hand curves) and
in the reverse direction (right-hand curves) following

‘plastic deformation.

‘Net lineal dislocation density n(x) across a slip zone under an

éppiied stress in the continuum épproximation,.

Effect of the introduction of wéak barriers to disiocatioﬁ motion
on the dislocation pileup. -

Rheolbgical diagram repreéenting the deformation elements of the
neﬁ state variable model. -

Simulationlof a constant exténsion rate tensile test to yield
using Hart's model (solid curvé) and the new model {dashed éufve).

Parameters are given in Table 1.

.Simulation of repeated loading and unloading below yield using

Hart's model (solid curve)_ana the new model (dashed curve).
Parameters are given in Table 1.

Simulation of Constént‘extensibn rate tensile'dgfprmation of a
sample previously deformed piastically in cdmpression (Bauschinger
effect) using Hart's model (solid curve) and the new model (daShedA

curve). Parameters are given in Table 1.




Figure 9:.

- Figure 10:
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Simulation of load‘relaxation from the'fﬁlly plastic region
(upper curve) and‘from jgst belqw the yield stress (1lower curves)
using Hart's model. Pérametersvafe given in Table 1;

Simulation of load‘relaxation from the fully piastic regién
(upper curve) and %rpm juét bglowAthe.yield sfreséA(lowéf curves)

using the rew model.l Parameters are given in Table. 1.
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