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HARDENING LAWS IN MULTILEVEL CRYSTAL
PLASTICITY MODELS AND MACRO EFFECTS
OF COMPLEX CYCLIC LOADING

The problem of constructing a physically based éaint laws of mono- and po-
lycrystalline samples in multi-level theories usienystal plasticity is considered,
these hardening laws should allow describing theegss of the defect structure
evolution of the material due to the intensive aséit deformations. It is also
should be applicable to the description of compdex cyclic loading. An ap-

proach to the construction of a general and aqaati form of hardening law is

proposed, which takes into account the interactibfull and split dislocations

with each other, forming and destruction of distara barriers, annihilation of

dislocations during reverse loading and the intasacof intragranular and grain
boundary dislocations. Using the obtained hardetdng the known experimental
effects of complex and cyclic loading are described

Keywords: multilevel models, crystal plasticity, hardenirmpmplex loading, cy-
cle loading, damage accumulation.

1. Introduction

Changes in the physical and mechanical properties of the spedimag
deformation in complex cyclic path is a consequence of a sulstastructur-
ing of the micro- and mesostructure of the material, mairdyconsequence of
a significant evolution of the dislocation (wider — defectig&@lcture of the
material [1]. Directly into the structure of crystal plagi relations description
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of the microstructure evolution is introduced through speodiationships that
determine the change of the critical shear stress onihsystems on a set of
parameters defined on the basis of physical analysis (sheapgrétane, stack-
ing fault energy etc.), which are commonly called hardening lad].[Zhe
above explains the considerable attention in crystal plgstieories, which is
paid to the modification of hardening law, in particular — in conanatiith the
new experimental data obtained with the use of high-resolution equiiiime
particular — an electron microscope), this is shown in [5].

The aim is to study the effects produced by polycrystallinecsemtative
macro volume of material under complex and cyclic loading (antrdhsition
from one to another type of loading) as a consequence of changesnacat
the level of the dislocation structure in the process of loading attempt to
modify the laws hardening so way that they can physicadigsparently de-
scribe these changes and effects. In particular, the unressberlis to justify
and describe the known experimental effects, such as the dependexums- of
tional cyclic hardening of the degree of disproportionality aEding, cyclic
softening the transition from non-proportional to proportional loading, teassv
reinforcement, which manifests itself when, after proportionatling in one
direction is followed by proportional loading in the other direction.

2. Two-level constitutive model for inelastic deformatns
of polycrystals and hardening description

This paper uses a model based on the developed by a team afpée-D
ment of mathematical modeling of systems and processes IRational Re-
search Polytechnic University two-level approach to theideregion of inelas-
tic deformation of polycrystalline metals (see [1]). A®p (macro-) level, we
consider representative volume of the material, and the lowef eeans the
level of the individual crystallites. Next, to simplify the @pdevel (macro-
representative) will be called the macro level, and the Idgeparate single
crystals with ideal crystal lattice) will be called meso level.

The constitutive model of the macro-level is the followiey & equations
(hereinafter macro-parameters are indicated in capitairde the similar meso
parameters — in lower case):

=3+Q X+XZ@Q=N:D°=N:D-D")
Q=9(m;.n; .0, )i =1,...N
n=n(n,.0;)i=1..N

D" =D"(d?), m,,0)i =1,..N

(1)
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here: ¥ — Cauchy stress tensdl, — elastic moduli tensop), D°®, D™ — strain

rate tensor, its elastic and inelastic parts, index R mewmlepéndent of refe-
rence system choice derivative [XP - tensor describing the motion of the
moving coordinate system with respect to which the stragteisrmined at the
macro-level;1¥;, 6, ,d'(?) @) ,O(i) — elastic constant tensor, stress tensor, elastic
and inelastic parts of strain rate tensor, spin and teetation ofi-crystallite,N

— number of crystallites forming a representative macro-level.

At the meso level (the level of the crystallite) in the4&vel model using
the following system of relations (crystallite number is omitted):

¢ =6-wb+e=n:d*=n:(d-d")

K
in _ (1) m (D)
d —Zl“y( m{
i=
-\ 11/n
iy [TV () _ 70y i —
P =Vl H@® -710),i=1..K
C

, A (2)
O =f, p0),0,j=1..K
relations for o

for which from the equatioa®’ = ®
the orientation tesoro is defined

Ov =0V

where 66— Cauchy stress tensorfl — crystallite elastic moduli tensor,
d,d®,d"™ — strain rate tensor, its elastic and inelastic pau‘f%, rc(i) —accumu-
lated shear and the critical shear stress on-theslip systemmgg)— symmetric
part of the orientation tensor of thei-th slip system,
m{, = Z(b?s))ngis)) + nfis))b?s))), b{d, n{d — unit vectors in the direction of the
Burgers vector and the normal to the slip plajg;n — material constants: the
characteristic shear rate and rate sensitivity of theenagtr "’ — acting slip
system shear stress) = b{dn{Y):6, H ([ - Heaviside functionk — the

number of slip systems for this type of crystal lattice; tensor of the current
orientation of the crystallographic coordinate system to ezlfiaboratory sys-
tem.

As the defining relation (equation of state) at the mesad f@ags rate form
of Hooke's law (9, taking into account the geometric nonlinearity: quasi-solid
movement on the meso level is associated with the rotation of the (attis&al-
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lographic coordinate system); in the corotation derivativehef@auchy stress
tensor appears spin tensor, characterizes the crystal tatatien rate.

For scale transition we used generalized Voigt hypothesis, diegoto
which the velocity gradient of movement for each crystaitequal to the mac-

ro-velocity gradienﬂﬁv =0V. In [1], the problem of different scale levels de-
fining relations homogenization in the two-level model of in&dasdéformation

is considered, one of making results is to determine the quasi-solid movement on
the macro level2 and the inelastic part of the strain rate tensor at theomac

level D' to ensure homogenization conditions:
N=<n>X=<¢>D=<d > 3)

It is shown that for (3) in conjunction with the systems f. fj) and (2)
the spinQ and inelastic strain rate tensor" should be determined by the

relations:

Q=<m> (4)
D"=<d">+M:<n :d" >-M (<o & >-<6 @ >) (5)

where the prime denotes the deviation of the corresponding Jedue#s aver-
age values at representative macto-volume.

In the numerical implementation of the mathematical modelX)Ljs(pro-
posed to use the Adams-Moulton scheme (,predictor-corrector”)¢chwban
significantly improve the accuracy of the calculations withgignificantly in-
creasing computing time (estimation in [6]). The correct wjetson of
hardening, which is an essential mechanism of the plastic deiormallows to
obtain dependence the numerical experiments which corresponding expgrime
on the other hand, in the hardening laws it is inherent theipiéscrof the
microstructure of the material and the laws of its evolution.

Hardening is divided into ,non-oriented” and ,,oriented”. The fitescribes
the hardening regardless of the direction of deformation (uhéiedefinition,
processes such as the formation of the intersection of dislocatiaits, braids,
dislocation barriers), and the hardening increases the tahear stress at once
on many slip systems (or even all at once). The second iedetat the
accumulation of elastic energy to ,pursed dislocations” (&riht barrier) and
this energy may be (fully or partially) released at the chaighe direction of
deformation. The second type, in general, can be described by the tiicnema
hardening, or due to simultaneous changes in the critical shess simethe
opposite slip systems.

By using the formalism of constitutive models with internal atales and
two-level mathematical model of polycrystals inelastitfodeation, based on
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the crystal elastoviscoplastic model at meso level, weived both general and
particular forms of hardening laws of mono- and polycrystallinat allow to
describe the formation and destruction of dislocation bastieesannihilation of
dislocations (and so describes Bauschinger effect), and additiomkniray,
resulting from the interaction of intragranular and grain boundatpcations
[1]. As the basic law is considered a power hardening law in type of:

Y1

K . . 24 y(i) ) _ )
109 = ¢! )(y('>,y<')):¢//E > a®| o yO | k=124 > 1) > ¢

i=1 Zy(j)

j=1

7 (0) =%

(6)

which takes into account the interaction of forest dislooatiand modified to
reflect the complexity of the previous loading.

Assuming additivity of the critical shear stress rateshenslip system due
to different mechanisms of hardening, the power law (6) is supplet by
terms that take into account the basic mechanisms of obsthaoieg plastic
deformation, left out the first (power) term:

19 = 10 (0, )+ (8 (0, 0 af) af) .. 0D+
£ 00 (0 B0 80 B i k=T,24 )

where a{) .ol ... .a®: g0 g0 Bl _ sets of internal variables
describing appropriate mechanisms (in general, they mayifi&eent values at
each moment of deformation for different slip systems) [7]e hitle term

describes additional hardening due to reactions to the split dislegaand
arl1(n|h( 7Y ,31( ,3( ,B( ) allows to consider a decrease of the critical shear

stress for reverse slip through dislocation annihilation.

An additional hardening functiori,l!) is taken in the form of:

t -1
fb(zlil? (ySFE’ y(l)’y(l)) Z&Ik (1 ySFE ]H(l_ ySFE j[‘.‘ fb(él‘z dr + fo(l)j X
0

V*see SFE



644 P.S. Volegov, P.V. Trusov, D.S. Gribov, AhvBykin

xy“)(iy“) +VSJHU fb(;r)dr—rgif)rJ (8)

j#i 0

where y e — stacking fault energy (SFE) of the materigl,.. — critical SFE,
beyond which this mechanism relies insignificant for this malteN * — the
number of slip systems, coupled to givarf,) — current (full) critical stress,

7% — critical stress for barrier destructiopy — small constantf,, — material
constants, taking into account the strength of each of the six typesiefda

The equation (8) explicitly takes into account the differerinehe known
types of dislocation barriers and different energies of de&iru@r bypass) of

these barriers (with the optional parametgl;). Oriented hardening, which is

realized by ,pursed” by obstacles dislocation annihilation, dutheé changing
the deformation direction is also considered. Details of thesiphyof the
annihilation process and factors affecting the decrease ofiticalcshear stress
on the slip systems as a result of the annihilation of distotais considered

[7]. To evaluate the released elastic energy in relatiorf th, an additional

factor that takes into account the complexity of the loadinglloaf ahe slip
systems (here is an example for the fcc lattice) is introduced:

: : DR _
fiwin (B Bore- s Bn) :_Ezrgrznihﬁ A (V(le) +V3)’ Ta(\lgnih
j

=1l (9

t=0

where: y§ — small constantf, — material constant.

3. Results and discussion

In figure 1. is shown a diagram of the cyclic uniaxial loaddogycrystal-
line aggregate using modified relations (6)-(9), the physicel mechanical
parameters of the model correspond to the technically pure coppeméémni
effects associated with the formation and destruction ofadistm barriers do
not appear in the smallness of deformations. It is cleairilyleisn the stationary
trajectory of deformation. It should be noted that the hardenimgnlahe form
of (6) can only describe the effects of hardening associdtbdinear (or weak-
ly nonlinear, depending on thg value) the interaction of dislocations (in the
first time — the interaction of individual dislocationsthvivarious point obsta-
cles, as well as the interaction of dislocations each ownicektstss fields).
Mathematically it is possible to determine the parametettsedfiw (6) to obtain
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a substantially nonlinear form of the loading curve, but such igésor cannot
be considered physically correct if we try to base modehermhysical separa-
tion of hardening mechanisms.
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Fig. 1. The stress—strain diagram during cyclicodeftion of polycrystalline aggregate;
20 cycles total
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Fig. 2. The stress—strain diagram under uniaxiahpression of polycrystalline aggregate;
f) =1,05, yp =500°
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Figures 2. and 3. show the dependence of various stress-strasndifag
polycrystalline aggregate if using in the hardening law amithli term in the
form (8), with the values specified in the caption. Clearlyblgsnonlinearities
appearing in the diagram due to the effect of ,blockingd slistems by sessile
dislocation when accumulated to a certain critical value, acardiagly releas-
ing these systems from the deformation process. As longrasishe slip system
(or set of slip systems), where the dislocation slip activéteria is fulfilled, the
material during plastic deformation will be forced to usenmller number of
slip systems than is necessary in order to fully choose tteerjlired defor-
mation. So, in the moments of one system closing and before ivet@enoth-
er systems the share of elastic deformation in full defoomaises sharply,
resulting in a steep increase in stress on the diagramaviittther deformation
there is gradual diagram alignment by activate new or additiopaydtems.
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Fig. 3. The stress—strain diagram under uniaxiahpession of polycrystalline aggregate,
f =1,02, £ =2,510°

In addition, interesting question is the consideration of the ternchwist
flects the formation of sessile dislocations, depending erctimcrete slip sys-
tem. Figure 4. shows a typical dependence of the criticaliawli stress due to
(8), at all slip systems randomly selected grain, on the inyeoisdeformation.

It may be noted that very different from other systems ratcofimulation of
barriers on two slip systems, which are symmetrically oriemtith respect to
the loading direction, in addition, a noticeable phenomenon connected/aeacti
and activate of slip systems process. Sharp bend at the diagram for stanessy
is due not so much the shear rates in these systems asuheikation of split
dislocations in a pair of conjugated systems with the highestase of addi-
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tional stresses. When activating these systems, even simealf rate on them
leads to an abrupt increase in the critical stress due to tleedargmulated shift
in their conjugate systems. In turn, such a high increase iwgritial stress
leads to a rapid shutdown of the system from the plastic deiormand the
process repeats.
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Fig. 4. Typical dependence of the critical addiéibstress due to (8) for the slip systems of any
grain
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Fig. 5. The stress—strain diagram for cyclic defation of polycrystalline aggregate with terms (8)
and (9): 1-3 — cycle numbers
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Figure 5. shows stress—strain diagram for polycrystallineeggte when
considering the term (9), which describes the decrease ofititalcstress on
the slip system, due to the annihilation of dislocations during gpuesesrse
loading. The calculations were performed for two cycles in tercanmpression.
Clearly visible reduction of the yield strength when tigg shange of defor-
mation: from 32 MPa initially to 28 MPa after the first charg deformation
direction, and from 34 MPa to 30 MPa in the second cycle.

4. Conclusions

We received both general and particular forms of hardening déwinono-
and polycrystalline that allows describing the formation andwagiin of dislo-
cation barriers, the annihilation of dislocations as wellduitianal hardening,
resulting from the interaction of intragranular and grain boundaypcations.
Thehardening is divided into ,non-oriented” and ,oriented”. Tih& type de-
scribes the hardening regardless of the direction of deformatioler(this defi-
nition, processes such as the formation of the intersectidislotations, plaits,
braids, dislocation barriers), and the hardening increases ticalchear stress
at once on many slip systems (or even all at once). The segmistielated to
the accumulation of elastic energy to ,pursed dislocationsdifgrent barrier)
and this energy may be (fully or partially) released atttenge of the direction
of deformation. The analysis of the possible mechanismserfrtion between
carriers and the plastic deformation of the crystal kttiefects is executed,
hardening laws that discover a good agreement with experimertdashmdapro-
posed. We also introduce the parameters characterizing the wdatiom of
damage and formulate fracture criterion using methodology of sudtiimodel-
ling.
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PRAWA UMOCNIENIA W MODELACH WIELOPOZIOMOWYCH
PLASTYCZNO SCI KRYSTALICZNEJ ORAZ SKUTKI W SKALI
MAKRO Zt O ZONEGO OBCIAZENIA CYKLICZNEGO

Streszczenie

W artykule przedstawiono problem budowy fizycznmasadnionych praw umocnienia proé-
bek mono- i polikrystalicznych w wielowymiarowychariach plastyczrigi krystalicznej. Roz-
wazane prawa umochienia powinny pozwalaa opis procesu rozwoju struktury uszkodzenia
materiatu spowodowanej intensywnymi odksztalceniaim@spezystymi. Powinny réwnig umaz-
liwia¢ na opis ztaonych i cyklicznych obeizen. Zaproponowano podgje do budowy ogdinej
i szczegbtowe]j postaci prawa umochienia, ktére uydrga wzajemne oddziatywanie dyslokac;ji
petnych i wieloczsciowych, ksztattowanie i niszczenie barier dyslagfgagch, anihilacg dysloka-

Cji podczas procesu przeciwnego abania, oddzialywanie dyslokacji wewatnzziarnowych oraz
wystepujacych na granicach ziarn. Wykorzystojotrzymane prawa umocnienia, atomo znane
skutki eksperymentalne ztonego i cyklicznego obgtania.

Stowa kluczowe:modele wielopoziomowe, plastyczddkrystaliczna, obaranie zt@zone, obci-
zenie cykliczne, akumulacja zniszczenia
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