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Grain Boundary Accumulation of Geometrically Necessary

Dislocations and Asymmetric Deformations in Compatible

Bicrystals with Tilted Angle Grain Boundary
under Tensile Loading”

Ryouggi EONDOU™ and Tetsuya OHASHI™

Slip deformation in compatible bicryatal muodels wilh a tilted angle grain beanclary suh-
jected to tensile lood is investigated using a finite element cryatal plasticity analysis eode.
The pecumulution of peometrically necessary dislocations (GNDs) and statistically stored
dizlocations (8513%) 15 stuched in degal. Uniform deformation wis expested to ogour because
the mutual constraint of crpstal graing through the prain bowndary plane does ot occur in
compatible bicrystals, but some results of the analyzis show asymmetric deforrmation with
the pecumuolation of GNDis near the grain boundary cansed by the diffesence in strain had-
ening of slip sysiems, kink bands perpendicolar to the primary slip direction and secondary
slip bands paralkel to the prmary slip plane wath aceumulation of GNDs on the primary slip
system inthe foom of bands, The mechanism of dislocation patem fosmation in the berystals
with a tilted anghe grain boundary i=s discussed From the viewpoint of an insaginasy discling-
fon deformation field with poir body interacton.

Key Words:  Plasticity, Dislocation, Finite Element Method, Compatible Bierysials, Tiled

Apgle Grain Boundary, Disclinotion, Kink Band, Sccondary Slip Band

1. Tiroduction

The plagie: deformation of polyvervstalline metal is
caused by a combination of the ship deformation and
elastic deformation of cach eoystal groin. - Since the re-
struint interaction of deformation cceurs through the grain
boundary plane by elastic incompatibility stress and strain
incormpatibiliey', the plastic shear deformeation mnd aceu-
mulation of geometdcally necessary dislocations™ oceur
near the grain boundary, Accordingly, it is cansidered that
the secwmulation of geometrically necessary (G} dislo-
cations with nonuniform deformation is caused by the re-
straint interaction of deformation Urowgh the geain bound-
ary plane. However, under some conditions, nononiform
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deformation with & GN dislecaiion struchure oceaes in the
coystal grain, cven if bicrystal models satisfy the require-
ment™*® in which the mutual constraint of crystal prains
through the grain boundary plane does ot ocear =),

I caar prawicns stady, we conclodet thit the acoumo-
lation of GN dislocations is caused by the incompatibality
of shape change™ ' and that the GM dislocation stese-
ture thid grovs inside the crvstal groin expands nonuni-
formly to form mecroscopic deformation™, In this sy,
the investigation of Bierystal models is effechive for under-
standing the pair inferaction of crystal grains aid the eifect
of covatal grain Boundary in which the muinal constraing of
eryslal grains ocour throwgh the grain boundary plane.

In the caze of bicrystal medels with o tlted angle
grain bousdary, the spatial disposition of slip systems iz
asymmeetric. The accumulation of an asymmeteic GM dis-
loszadion storcture with nonuniform deformation affects the
restraint infernction of slip deformation in bicrvstal mod-
els, Inthis study, the effects of asymmeiie nonuniform
deforration with GN dizlocation structure formation on
subseguent defoamation in compatible bicrystal models
with a tilted angle grain boundary subjected bo bensile oo
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is imvestigated in detail,
2. Basic Equation

§hip deformation in face-centered-cubic erysals s
sssured o ocer on the [111) crystal plane and in the
< 11> crystal direction. The combnations of these ship
phance and slip direction defines 12 slip systema. The -
tivation condition of slip system a is given by the Schmid
Juws

F{x_,i:lm.l _.E-Illﬂ-l P,?:.]f'l"rﬁ'fi'i":'- (= B P o

(L
and

1 a
P = L8 ), @

whese oy and #7 denote the stress and the critical re-
solved shear sivess o slip system r, respectively, The slip
plane mommal veetor n-f."} und £lip dircction vecior I'.ll?"] -
fimee: the Schmid tensor PE:’] The increment of the critical
resalved shoar stress is writlen as

gl = Eﬁ["“]‘.'rl”:'. (3}

i
where ¥ denotes the increment of plastic shear strain
on slip system m, ad A" denotes the stain-hardening
coelliclent.

If the slip deformation is small and refation of the
erysial orientation is neglected, the constitutive Edylation
is written agt”

-1
iy = SEW"' Ezsh[dw:-;-lfﬂj}[lpl??] B, {d)

where 575, denole elpznic complinnce and summation is
caried ot over the active slip syslems,

The criticab resolved shear sivess is assumed i be
given by the following modified Bailey-Hirsch relation!™:

U] =
B =gy (T) + 3, aub*™ .J;,W, (5}

A=l
where &y denotes e latice friction term, g o is numesical
factor close to 0,1, x is the elastic shear modules, b is the
magitude of the Burgers' vector, D™ is the interaction
mairix that defines the veaction between dislocations on
slip systems m and m, and i s the density of statistically
stoved (55) dislocations that accumulate on slip systeam i,
In addition, the increment of the 85 dislocations is given
ac't

o _ i)
s = T
ahere ¢ is a numerical coeficient on ihe order of 1, 19
denetes the meon free path of dislocations an slip system
nwhich is expressed by the following dislocation-densizy-
dependent-maodel 90
AL e

S o)

(7
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where ¢ i a material constant, 2nd ¢* = 15 is assumed in
this paper. w7 is the dizlocation intemetion matri.

The norm of the edge and serew componerts of the
(M dislneations defines the scalar density for the GM dis-
locutionst!

= e (o)’ 0

JI:I-'l:I Hla}.mﬂ o Ea.}.hr]
Peiadon ™" g Pl ™ Gt

whers £ and £ denots directions parallel and perpen-
dicular to the slip ditection on the slip plane, respectively.
The strain-hardening cosfficient in Bqg. (3} is given by

roven acp
2 i ol

19}

(1

3. Model

Figare 1 shows the bicrystal madel crmployed i this
sty The specimen has width § = 200 and thickness
r=10pm. Grin boundary plancs are perpendicular to
the x — i planes of the model, which uniformly divide the
maxdel ivto 3 200 finite choments. The contingily regquire-
ments of strain components aceoss the grain boundary
plane between grains | and 2 arc given by the following
velntionships™*

dy=ely. S mely iy =ag {1
A1)

whert sy, for example, denetes the sum of elasiic and
plastic strain components and the superseript denoles the
arain number.

The elastic complionee data for standand coystal
crientation are & = L0, Sy = =025 and Sas =
2.5 1071 mN], and the intersction of crystal graing
due 1o the effect of the clastic incompatibility stress™!
does not eceur tyrough proin boundary planes,

Figure 2 shows the molaiion coystal coordinate and Bu-
ler amgles (x, &, @) A summary of the componenls of the
slip disection and nosnal direction of the slip plane on the
primary slip systemns is shown in Table 1. Values of the
Sehmid tersor for the primary alip systems are shown in
Table 2, in which the initial crystal orientation of grains 1

3
¥ )
4 = [ Qmm
Fig, | Giesmetric and boundary endifions fes model cnplayed
i this stsly

JEME Indermatinnal foranel



amal 2 1% selecthed a5 o combination of the some sngle dif-
ferense from 457 to the high- and low-angle sides, In this
case, sinee of ™ and A5 are equal to O, the components
of Schmid tensor, P‘_:;"‘r’, PR and PR e also equal o
0. Then, the increments of plastic sirain £, &5, and £, are
alser equal o 0, Since the valoes of ﬂ“z“:' for gradns 1and 2
are the same, the strain &, for both geains is the same and
Eq.¢ L1} is satisfied,

The initial dizlocation densities g for the twelve slip
systems are assumed 1.0 107 [mo 2], This model s de-

Fig 2 Dofinkiion of Buler sngles x, @ and &
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Formed under tensile Joad in the y-nxis,
4. Analytical Results and Discussdons

4,1 Effcct of initial crystal ovientation on GN dis-
Lieention strowciure '

I thee previoes study, we observed that nenomifionm
dedormation took place with the accumuolation of high-
density M dislocations in the foom of bands in symmetric
bicrystal medels depending on boundary conditions and
the eombination of the crystal orientation™ ™ and that
the GN dislocation structwne exhibited nonuniform defor-
mation behavior In this study, we discuss the efect of
asyennerri: GN dislecntion structure formation in bicrys-
tal models with a tilted angle grain bowsdary on subse-
queznt deformation behavior,

Figure 3 shows the difference in deformation behav-
i for each initial crystal orientation when the macro-
seopic nominal sirain Eg is 0.01%, The disdbutions of
Plastic shear strzin are displayed (rom maxionom §o ming-
i walues, The edpe and screw components of GN dis-

Tebba 1 Buler angls [x, &, ¢, angls between slip dirsction and tensile-losling direciica w,
companents of slip direction weelor 825 slip plane noomal vector o™, and valees of
Behmald tessor .I"q;“""':I |:|:h-g""' =4 g, .T'?,‘""': F‘E"" =P ='.':I}

Girmin .

Muz (e & @ [deg] e [deg] | &7 i G o A e R
(A.404, 26260, 6Y325) | S0 | 07660 | 06436 [ 0G43E | 07660 | 04524 | 04504 | 0808
(BEI00, 25 800, 65329 a4 -0.7547 nEs5E] 04561 DT | 04651 BASEL | 00606

I | (B4.132,25.551, 7L.177) a8 51 | keesl | ooadl | nowil | 04873 | 0497 | 20525 |
(H1.212_ 25245 73.182) 47 0714 | G.6E0 | O6R20 | 07314 | 04usy | 04983 | 00340
LS GdS 24073, 75,330 dix ATIE . AT | OEY | 0TI | Danad G457 | 0017
(74.980, 24535, 70.468) | 44 060477 0715 | 07193 | 06T | 04997 | 04897 | 0017
70600, 24570, BLAIF) | a3 | OgE20 | (7404 | 07314 | 06E0 | NADRR | 04983 | 00540
2 | (701590, 24245, 63.835) | a2 06601 | 07431 | 07431 | 0G691 | 04973 | 04973 | 00523
(67,70, 24 156 B6.052) 4] -fashal TEAT | 0UTSEY Uikl | 04051 I 551 MG
[65.317, 24106, 88.392) ail L6970 | 0Tee0 | 07860 | O6AZE | 04034 | 0ds3d | 0.0EGR
Table 2 Slip system nember, Schmid-Boaz notadion, and Sclunmd facior
I Echumid facior
Wi, | Mdation
o | mmS0 | amald | gedd | =47 | @46 | a=dd | a=d] | o=d41 | =41 | a=40
1 INIn | 02507 | 02582 | 02647 | 0ETIO | GIEDE | 0205 | 03005 | 030E1 | OR1S1 | 0%2i6
2 AR EAND| ﬂiﬂi_ 02265 | 021E2 | o33l | Q19T | D699 | BIFTE | CUD450 | Q0EE2 | 01151
3 CELfIon] | DA4BB0 | 04850 | O48EE | 04781 | 04090 | Q4645 | 04591 | 04534 | 04472 | 0407
4 | (Tunpin] | 02418 | 02378 | 032 | 02287 | 02241 | 02046 | 02097 | 02047 | 201997 | 01045
5 [Tll}i_'l]-l.'l.] ALOTRG | 0TS | S04 | 04024 | 00575 | O08ED | -00435 | 00300 | S00346 | 0030
_'El {?I::I][:Ilﬂl] AL | -l LGS0 | < DR | 01663 | D60 | -0 066G | -0 1683 | -0 165E | 0L1ES0 | -0 1641
T il |'L':{|T-u] 02462 | 02476 | 02486 | 02494 | 02498 | 02498 | D240 | MES | 0OMTS | 02452
] AITyonn) | ozesr | 0287 | 02d8e | 0oded | 02ap | 02498 | 02404 | R2435 | 0TS | 02452
) (T | 04924 | Q4051 | 04973 | pdvas | 04997 | 04997 | 04083 | 04971 | 04951 | 05024
— T 0
1a (LLeing] | GESs2 | Q2ERY [ 02811 | G2SIT | 03050 | 03298 | BT | B35IT | 03630 | 03T
i (Lipoin | cosss | opasz | opses | opoed | 00127 | 00zen | 00352 | 00426 | 000500 | 001575
12 | aTnper) | oosss | o1rst | sz | ousee [ oosz | ozme | ozese | nanes | omise | ozise

JSME Farernetioned fnurrend
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Fig 3 {u) - (d} Dustribwtions of plaste shear smin, Dengity distibaticns of (2) —gh) odpe
eomponents ani (i} (1} serew companents of G dislocations oo primary slip systems
whers average tensile strin £, i8 Q00%. The unit of dislocation dessity & m-?

bocation density are from —2,0% 10" to 20 107 [m2),
The shape change of crvstal grains by free slip defor-
mation an the primary slip system was restricted by the
grain boundary and boundary condition. Thiz i% krown as
the: incompatibility of shape chonge. As a resull, plastic
shear strain "™ was distributed nonuniformly, a5 shown
in Fig. 3 (a) - (d). Since the incompatibility of the shape
change of erystal griins is asymmetrie in the graim bound-
ary, the distribution of 3™ becomes asymmeiric in grdn
boundary plane. High-density GN dislocations aceumu-
Iate i the form of bands from the infersection of the
top {bottom) pling and the grain boundary as shown in
Fig. 3 (&) - (k). This GM dislocation structure is composed
of un almost perfect edge distocation density component,
in which GN dislocation densily increnses in proportion to
the absolule vilue of the Schmid ensor P53 of grains 1
and 2, as shown in Fig. 3 (e]=(1).

In the result for o = 45" in which GN dislocations
dccimilate with high density, screw dislocation densiry

Zaries A, Vol 49, Mo, 4, 2006

comporents accurmslate slighily in the local areh desr the
imtersection of the top (hottom) plane and the grain bownd-
ary. This phenomenon shows the aclivition of secondary
alip systems in the local area®™

As shown in Table 2, for & = 45°, the values of
the- Schmid factor of the primary slip system (1113[107)
iscrease with the decrease in the value of Schmid facior
of the secondary slip system (1T11110), Conversely, for
o < 45, the values of the Schmid facter of the primary
slip system (1113[107] decrease with the increase of the
value of the Schmid factor of the secondary slip system
(1101100, In the case of o' = 49", the secondary slip
syatem (111)[107] becomes easily sctivated, Thus, the
secondary slip sysiem becomes active as an effect of the
inner stress field, which is formed by the accumulation of
high-density GM dislocations, on the primory slip aystems,
even if the macroscopic nominal steain is only 0,01 %45,

The analytical results for &' = 50°, in which the
secondary slip gystem (111)[101] is more eagily activaled

JEME Teeterndtanal fourveal
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Fig.4  {z) Distribution of plastic shear strain, (h) density distribotion of stacdeically stored
dislacations, and density distributions of {3 edze amd (3) sofew congonents of GN
dislowcativns o primary slip systems, (e) distibtion of plestic shear strzin, (7] denzity
distribastion of stubistically stovcd distecativmes, and [p] — (h] density distrbution of noom
of GN dislecations on secondary slip systems when averags wensile sicain By, i 019
Tz uest of distocntion density is w?, o g e

than " =457, are shown in Fig. 4. Siece the multislip de-
Formation of {L1T){101] with (1113[107] cceues on grals
I, a5 shiown in Fig, 4 {a} and (], the formotion of the GM
dislocations with the activation of secondary slip systems
(L1 becomes considesable as shown in Fig, 4 {d)
and (i),

In eryatal grain 2, the ship system (1T13[1140] iz ac-
tive in the local arca near the Intersection of the top {bol-
tom) plane and the grain boumdary, as shown in Fig, 4 (h).
Hevwever, in alher arens, the deformation behavior shows
only single slip belwwior on the primary slip systems
(IL13[E01]. In this way, since the spatial gradient of the
plastic shear strain is indoced on the primary slip sys-
tem {11 TH101) ond the sccondary slip systam (111)[107)
mear the grain bowmdary, the zccumulation of GN dizlo-
calions occurs near the grain boundary area, as showi
in Fig.4(c)—4{d) and (g}, Since the difference in strain-
hardening between grains | and 2 aceors depending on the
lncation of the active slip syatem, the condition of festric-
tion interaction of deformation becomes renewed doring
ihe increase in macroscopie pominal striin,

The analytical results of macroscopic nominal strain
&y = 1% are shown in Fig. 5. The difference betwesn the
in the distribation of 55 dislocation density becomes sig-
nificant depending on the difference in the active slip sys-
tem between crystal grains 1 and 2, as shown in Fig. 5 (8] -
(k) el {2} —{(5), which indicates a eonsiderable difference
i stradn hardendng.  In this way, deformation behavior

JEME Interrational Joemnd

becomes renewed during the accumulation of dislocation
riear graim boundarics and the subsequent fommtion of G
dizlocations as shown in Fig. 5ded—0d) and (=), In
particular, the rengwal of the distribution of plastic shear
strain on the secondary slip system (111[107] in crystal
griin 1 is significant remarkablde, a5 shown in Fig. 5 {e).
4,2  Estimation of pair intevaction by disclination
type displecement fckd
In the case of bicrystal models with a tilted angle
arain boundary, the acewmulation of GM dislocations oc-
curs nesic the grain boundary, where there 5 a difference
in active slip systems. In this case, the pair intesaction
of the bieryatal model becomes renewsd during the ine
creass in macroscopic omdinal strain, The mechwnism of
the monuniform deformation and the development of the
G dislocation structure is understood b have two stages,
as shown in Fig, 64a) - (b) and (8} - (). Figure G{a)—(
shows the free defommation of individeal cryseal graing
that #re caused by slip on the primary slip system. Fig-
wren & (b} = (c) shows the interaction of crystal grins via
grain bourdary plunes and the resulting nonuniform de-
formations. Mutpal interuction between crystal grains and
monumd iy deformation occur (o satisfy boundany comndi-
tinns fnd the confinuity of the displacement through the
grain bonndury, The displacement field avouned the inter-
section of the top (bottom) face and the grain bowndary
is similar to that for wedge disclination deformation, as
shown in Fig. 7{a)— (bl In the cave ol lwist deformation,

Serfes A, Yol 44, No. 4, 2006
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Fig. 5 (a) Distabution of plastic shear strain, {b) density disiribaten of astisticolly stored
dislocations, md densily disiibutions of &) edge ond () screw companents ol GN
diglopaticrs on primary slip sysbems. (e} disiribution of plaatic sheor strain, () density
distrilastion of stniiateally sored disloentions, (- (hy density dastribution of poom of
G diskocations om secoadasy slip syatens when average tensibs stmin S 25 1% The
ot &f dislaention density is m™2, & is 5
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a) i) (el
Fig. 6 Schematic illustcation of (a) istial condition of compatible Ricrysiol with tled angle

prain baumdary, () imaginary slip defonpation witbow per bady interaclion, (c)
irnaginary wedge disclination deformation with per bedy interaciion

the displacement held s similar to that for twist discline-
Lica defommation as shown in Fip, 7 (o) - () neae the in-
tesszction of the top (hattom) plane and the geain bound-

*_ i ary(M_
’ Wedge dischinafion defects spread depending om the
cistanee Trom theiv corz, and their direction i siilar o
) Aoy

the ling of the cdge dislocations when the direciion of
fa) ) (€) the disclination core is parpendicolar o the dircction of
the Burgers vector, o5 showm in Fig. 7{z). Since the line
of edge dislocation is geomettcally required to exist on
the primary slip plane, the pattern of GN edge dislocation
bands develops from intersection of the top (bodton) plane
and grain boundary to inside grains | and 2, as shown in
Fig. 3 (e}~(h).

Fig. T Schematic illusiratio of () initinl comdition with
dislocation, (b wedge snd (&) owist disclinakion
defarenation
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It iz well known that deformotion bands (kink band
and recondary slip band) indicaie n stable condition of the
dislecation structure, which is forased during the transient
stuge from stage T to stage 11 of slip deformation, The
direction of development of kink bands is perpeadicular
the direciion of the Burgers vector, whereas the divection
of development of secondary slip bands is parallel to the
primary slip plane'™. Thus, the edge dislecation stnactare
on primacy slip syatems reproduces the formation of kink
hismals,

Activation of the sccondary slip system is nocessary
to develop a disclination displacement field around the in-
terseetion of the top (hottorm) plane amd the pruin boundary
during the increase in maceoscopic wminal strain, The
directicn of the dislocation stucture on the secondary <lip
systems in the form of bands is parallel ko the primary slip
plane, Thiz forrmation of the GN dislocation strueiure on
the secondary slip systens results in (he fernation of sec-
ondary =lip bands. It is possible that the supemposition of
the GN dislocation structure caused by the incompatibdlicy
of the shope change, ond the grain boundary accomulation
of GM dislocations caused by strvdin incompatibility will
be catinated from the considedng the twist disclination
dizplacement field, as shown in Pig, 5 (c) - {d).

In this way, the ssymmetrtc nonuniform deforima-
tioer and Focmation of te GM dislocation stroctuse in the
bicrystal madels with a tited angle grain bowndacy are na-
lated to and cstimated by the imaginary dischipation dis-
placement fielkd arcund the interacetion of the fop (hatiom}
plare and the grain boundary.

3, Conclosion

The eifects of asymmetric noaunifoem deforimations
with the formation of a GN dislecation strecture on the
subsequent deformation belwvior were studied in detail.
The results are as fol lowsa,

{11 The grain houndary accumulation of GM disho-
cifrong was cansed by the diffcrence in strain hardeaing
on the active ship svstem, and the formation of the GiN
dislocation structure was cansed by the incompatibility of
shape change induced by slip defocmation in the compati-
wle bigrystal modct with a tilted angle grain boundary,

(2] Monuniform deformation and formation of the
GN dislocation straciire in the bicrystel model wese re-
lated to and eztimated by the imaginary disclination dis-
plucement field around the intessection of {he wp (botkam )
pline s the prain boundary.,

(3 The defect of the imoginary disclination dis-
placement field can be shown as the Jine of an edge dis-
Iocation, which is geometneally necessary on the primary
slip system. As a result, the shape-change incomgpatibility
witd composed of o single slip of 2 primary slip aystem,
whereas e GM dislocation siructures wos composed of an
cdge dislecation component in the form of binds from the

JEME Interveationgl Jowraal
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imaginay diselination core perpendicular to the 2lip dine.
tion. Thiz formation of the GN edpe dislocation sfructures
on the primary slip systemn reproduced the formation of
kink bands.

{41 Activition of the secondary sli [P SYSLEm WaS neg.
essary o develop o disclination displacement field arcand
the imfersection of the fop (bottom) plane and the grain
boundary dusing the increase in macrosgopic neming
strain. In addition, the direction of the dislocgbon stouc-
ture on the secondary slip system in the form of bawks 15
pranalle] 1o the primary =hp plane, This formeation of the
M dhslocation struciurs on the secondory slip system re-
sulted in the fommatzon of secondary slip bands.
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