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Many natural minerals and manmade materials are aggregates of crystals or polycrys-
talline solids with a nonrandom distribution of grain orientations. Macroscopic behavior

in such textured polycrystals depends on directions and is thus anisotropic. In this paper
we develop experimental and theoretical procedures for investigating grain orientation
evolution and its effect on the tensile stress-strain curve. The micro-tensile experiments
were executed in a self-developed micro-forcing-heating device together with a micro-

recorder-image analyzer system. In the experiments the 0.1 mm thin foil specimens of pure
nickel and copper were gradually loaded toward final failure and the evolution of grain
boundaries and slip bands inside grains was observed and recorded digitally via micro-
scope and CCD camera throughout the whole time history. The texture image data were
then used in a theoretical micro-macro transformation procedure to simulate the orienta-
tion evolutions and the stress-strain curves. The procedure was based on a double-slip
model of polycrystal plasticity and on averaging of polycrystalline behavior over all grain
orientations weighted by an orientation distribution function. The comparisons made
between the simulated and experimental data of orientation evolutions and between the
simulated curves and the macro-curves concurrently obtained in the experiments confirm
the proposed procedures capable of simulating the considered micro-macro relations.
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three techniques are summarized[i¥]. Possible methods of

1 Introduction
zF_nufacturing foil specimens af® (mechanical cutting with a

The processes to determine the macro responses of polycrys - .
line materials from their micro-constitutents are very complegﬁarp blad¢14-18, (i) spark(therma) cutting by a shaped elec-

The main reason is that polycrystals usually exhibit anisotropy %pde[14.18, (iii) chemical etching with a magk.4,16, and(iv)

large deformations due to preferred orientations of crystal grairdectrochemical etching with a mask. ASTM5] recommends

For any postulated micro-mechanism a fair amount of averagitfiat “The machined specimens shall be examined under about
must be taken before the macroscopic properties of the mate@8X magnification to determine that the edges are smooth and that
element can be understood and predicted. Indeed, several kndlgre are no surface scratches or creases. Specimens showing dis-
books in this realm, for example, Havridr, Kocks et al[2], and cernible scratches, creases or edge discontinuities shall be re-
Meyers et al.[3], have provided an extensive overview of thgected.”

anisotropic properties from the perspective coystal plasticity In this paper we develop both the experimental and theoretical
and a number of theoretical polycrystalline plasticity models, fgsrocedures to investigate microstructural evolution and its effect
example, Asard4], Harren[5], and Dluzewski[6], have been on the macroscopic behavior. The experiments were executed in a
developed to deal with plastic behavior of polycrystals at larg@cro-forcing-heating device together with a micro-recorder-
deformation and the accompanying texture evolution. In the rgy, ge analyzer system. In Section 2 we focus on an experimental

cent decade a variety of double-slip models were proposed an dy through the self-developed device, which has been im-

?l?r?gﬁgnnefj?!vit?] the averaging technique of orientation dlstrlbutlo&oved from an original design by Hong and Chdag]. In the

It is of significant interest to be able to visualize and digitall ests the foil specimens of pure nickel and copper were gradually

record the dynamical process of microstructural evolution and it §aded toward final failure and the evolution of the surfaces of the
doubtless difficult to make concurrent measurement of exterrsiécimens including grain boundaries and slip bands inside grains
load and local strain histories in grains of polycrystalline metal¥/€re simultaneously observed and recorded through microscope
Reference$12,13 made related but somewhat different effortsand CCD camera. In Section 3 we briefly summarize the formulas
Saotome and IgucHil2] developed an apparatus for observingf a double-slip model for transforming the micro-quantities to the
changes of microstructure under varying temperatures but the meacro ones by averaging with respect to the orientation distribu-
chanical loading was held constant statically. Traub ef®8] tion function of all grains. The comparisons of the experimental
developed a device for observing the process of generation of sligta with the theoretical results are then conducted in Section 4,
systems in a single crystal. and finally, concluding remarks are made in Section 5. Although
Possible mechanical testing techniques @reension test(ii) poth nickel and copper tested herein are three-dimensi@m
bulge test, andiii) hardness test. Advantages and liabilities of thgyce_centered cubitFCC) crystals with 12 slip systems, we limit
our present scope in the theoretical aspect to a two-dimensional
Contributed by the Materials Division for publiczlition in t'mURNAL OF ENGl-. plane_stress model with Only 2 active S“p Systems and in the
NEERING MATERIALS AND TECHNOLOGY. Manuscript received by the Materlalsd.ggfage part of the experimental aspect, to surface images of the 0.1

Division September 3, 2001; revised manuscript received February 18, 2002. G | . )
Editors: Tariq A. Khraishi and Hussein M. Zbib. mm thin foil specimens,and try to see at least whether a corre-
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Fig. 2 Geometry of the foil specimen

Fig. 1 The micro-forcing-heating device together with the about 15 seconds for stripping the solid coating from its surfaces.
micro-recorder-image analyzer system The stripped foil was cleaned up again with DI water.
To investigate the interaction between grains and grain-
boundaries, the observed surface of the specimen has to be etched.

lation can be established in this limited scope before a more %:rszltlétrz?r?goggtiqni’cig?/ellﬁdsio%pirt?osilseconds is recommended
phisticated study is attempted. A picture of the experimental apparatus is shown in Fig. 1,

which contains four main sets. The first set is a pair of electro-
. magnetic actuators, which have similar performance as to achieve
2 Experiments symmetrical straining of the specimen. Otherwise, the image

Figure 1 displays a self-developed micro-forcing-heating devig#abbed would not be on the same spot and the subsequent mi-
as well as a microscope-recorder-image analyzer system, weii@structural image analyses would not be conducted on the same
which the whole loading and strain histories along with the imarea around the middle section of the specimen under the micro-
ages of microstructural evolution in a polycrystal can be recordégope. The second set is the digital CCD camera which is the most
concurrently. One thereby visualizes the whole dynamical procdg¥portant part of the microscope-recorder-image analyzer system.
from the original state with or without annealing, through thdhe system is very powerful in grabbing and analyzing the micro-
formation of slip systems, localization of plastic flow, cracking, tétructural image. The third set is a load cell that is used to measure
final failure. Specifically reported herein are two tests on spedhe applying load. The fourth is a pair of optical meters that is
mens of high purity4N) nickel (Ni) and coppefCu). used to measure the elongation of the specimen. With this system,

Since in our approach the tension test was selected for testth§ microstructural evolution during straining can be observed di-
metal foils, to avoid edge effects, the shape of the specimen wa&stly on an optical microscope and simultaneously transferred
designed to be edged smoothly and completely free from all forrifyough the digital CCD camera to be displayed on a monitor and
of notches or other “stress raiser.” To further avoid local zigzag ifecorded in the computer hard disks. Thus the microscope-
the edge, our specimens were prepared by a double-sided eledtggorder-image analyzer system can grab and analyze the recorded
chemical etching with a precarved mask. A micrograph with abolifage. In its present status, the time resolution of an image frame
80X magnification showed that the edges were smooth and tiff.1-1 second. The actuators can move the tension bar at speed
there were no discernible surface scratches. Indeed, the other titdemm/min in stroke control.
preparation methods fail to produce a usable foil specimen withAt high magnification deformation inside grains under the ten-
such small size, shown in Fig. 2, as needed in our studly. sion test can be measured in details, whereas the interaction be-

The chemical composition analyses of the virgin metal foilsveen grains and grain-boundaries may be grabbed under medium
(50 mmx 50 mmx 0.125 mm, 4N as received are shown in Tablemagnification. However, if the interest is in the whole neck of the
1. The procedure of specimen preparation is given as follows. $#ecimen, lower magnification is recommended, under which an
the first step, the two surfaces of the foil were ground with 0.08verall picture of the evolution of microstructural deformation,
um Al,O; powder until the surfaces looked like mirrors. deterioration, and fracture can be obtained.

In the second step, the metal foil was coated with solid photg- . .
resistant, which was rolled onto the two surfaces of the metal fo, | neoretical Foundation
yielding a thin and continuous coating. The hot roller at about The planar double-slip model, as has been used to model the
80°C made the thin coating glued to the mirror-flat surfaces. Thehavior of polycrystals in the literatuf@—11], assumes two slip
coated foil was mounted between the two image plate-mask agwbtems coexistent in the deformation process for each grain. In
suitable exposure was made. The foil was then immersed this section we would not go to the details of the derivations
N&,CO; solution for about 20 seconds or longer for developinghich are relegated to the papés8], but briefly summarize the
and then in electrolytic solutiofimixture solution of HBO;,

NiCl, and NiSQ for nickel specimens; CuSGsolution for cop-

per specimensof 60—70°C for about 60 seconds for electro- Table 1 Chemical compositions of nickel and copper  (ppm)
chemical etching. The double-faced etched foil was cleaned up
with de-ionic(DI) water and then immersed in NaOH solution for Pure nickel | Ag | Al | Ca | Cr | Cu | Fe | Mg | Mn | Si

- . . e . ) . 2 1 1|<1
1Since a genuine 3D experimental study is difficult if not impossible, one may <lp<tj<lj<ii<tl 0 1< <

instead choose to explore the surfaces of the specimens on the basis of the assump .
tion that there exists a certain projection operator, which may be a scalar factor or a | Pure copper Ag | Al | Bi
matrix in simpler situations or a differential or integral operator in more complex
situations and represents the physical relations between the body and the surface o 50 f<1] 1 |<l|<l}<l]| 3 2 1
the polycrystalline specimen under imposed experimental conditions.

Ca|Mg|Na|Pb| Si| Sn
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Fig. 3 Configuration of the planar double-slip model for a single crystal. e, is
in the longitudinal (tensile ) direction of the specimen.

required main results for the calculations of planar double-slgvolves to have a nonuniform ODfe., f(6,t)#1 and varying
model, whose geometric description of the slip configuratiowith the orientationd for the current texture at the current tirhe
is shown in Fig. 3. The two unit vectors associated with the slipnder external loading.
direction and the normal direction of the slip plane are, The grain orientatiord is governed by the following equation
respectively, [7]:

sV=(cosB;,sinB;)), mi=(—sing;,cosB;), i=1,2, .1 _

T S @ b= 5 (¥V+ ) =Wy, %
in which B;:=6+ « and B8,:=6— « with 6 being the grain orien-
tation and 2 the angle between the two slip directios® and
s2,

The plastic deformation rate and plastic spin are calculate
respectively, by

2 2
Dpzzl 3P0, szzl YOl Y08 @)
= i=

wherey(, i=1,2, are the slip rates of the two slip systems. In th
aboveP® and Q) are the symmetric and skew-symmetric part
of the Schmid orientation tenssf’@m(). The relation between

the slip ratesyl), i=1,2, and the rates of Schmid resolved shez

stressesr(V, i=1,2, are realized through the hardening law o Grains with different orientations
crystals:
PRE) 'y(l)
72 :h{i’(z)} 3) Af(EY
The hardening modulus tensbrhas been discussed in severa
places, for example, Havnét], Asaro[4], and Anand p. 236 of =0

[3], and recognized to be the least well-characterized part of tl

1
constitutive models for crystal elastoplasticity. 7 7
To realize the micro-macro transformation, we average tr //////
grain stresses;; over all orientationsé to obtain the overall 7. / 4

stresses “Tf2 f2
1 J‘W/Z
g =— mi(0,0)f(o,1)do, i,j=1,2, 4
=5 | mi(6.01(6.0d0, ] (4) oy

in which f(6,t), known as the orientation distribution function
(ODF), plays the role of a weighting function. The governing T
equation of the ODF (6,t) is a first-order linear partial differen- >0
tial equation[19]:

af+.0af+fa'a_0 5 >’

a0 a0 © 72 /2
which is subjected to the normalization condition:

1 w2

ke f _(BDdo=1. © 1,1 is orientation distribution function (ODF)

Figure 4 illustrates schematically the evolutionfg®,t), where Fig 4 under external loading a polycrystalline material which
grains initially with randomorientation distribution(i.e., f(6,0) initially has a random distribution of grain orientations exhibits
=1 for all 6 for the initial texture at=0) in an annealed state a certain texture with an evolving nonuniform ODF
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which, upon considering the slip rates, becorffs independent components of the hardening modulus temsbip
. to now the equations needed to calculate the stress responses and
20=Dbgcos 20+ Cq Sin 20— 2W,,, (8) grain orientations have been established.
Since our goal is to compare the theoretical results with the
xperimental data under certain loading conditions, which are
naturally preferred to be as simple as possible, such that they can

where Wy,= —W,, is the only nonzero component of the spine
tensorW, and

7:=C0S 4, (9) be experimentally realized easily and the corresponding theoreti-
) cal solutions can be obtained in closed-form, we thus consider a
2 sin 4a constant hardening modulus tensor and let the velocity gradients

§==M2 sint 4a+ u(hipt hy) (7= )+ (1— %) [ wtrh+deth]’  beconstant in timg consistent with the experimental condition
(10) executed herein which were under linear stroke control with ve-
locity constant in time. With these constancy conditibgsandc,

D,;—D i
bo=£[ (1= 72) s+ hyy— 7hps+ phps— hlﬂ( 112 22 s o in Egs.(11) and(12) become constant. Then E®) can be recast

to
_ , 20=ag[co4 20— Bo) = x]. (13)
+Dyp8in 2a | = £[ (1= 7°) et ho— ot 7y —hyy] with
2W
D,;,~D 02 E 2 B Co Wi
X( 112 2200 24— Dy,sin Za), (11) ag:==+bg+cg, BO._arctanb—O, X= 2 (14)
It deserves to point out that the parameteincorporates the in-

D11~ Dy dependent effects of the slip system geometry, hardening law, and
Cor=—&[(1= ")+ hyy— yhart 7hp— hlﬂ( 5 SN2 qou kinematics on the response of the microstructure and plays a
central role in the criterion of the bifurcation behavior of Etg).
2 Three possible cases of Ed.3) must be considered separately,
—Dypc0s 2“) ~E[(1= 7)o+ Ngp= phipt phas—hy namely (1) x>1, (2) y=1, and(3) y<1. However, for saving
space we consider only<1, which is the case of our experi-
« D11— Dy . 20+ D % 12 ments and simulations, and write down directly the closed-form
Sin a7 D1, C0S : 12) formulas for orientation, orientation distribution function, and

2
. . . overall stresses.
In the abovey is the shear modulus of the considered materla?,

D;., Dip, andDy, are three independent components of the de- 3.1 Closed-Form Solutions of Orientation and ODF. The
formation rate tensoD, and hyy, his, hy;, andhy, are four orientationd(t) and the ODF (6,t) are given, respectively, by

cog 20— Bo) — X N
dy+dy OS2 V1 xPWot) +ds SIN2V1— x2Wot)  ©

: (15)

1
o(t)= % + > arcco{

1 1
f(o,t)= 2y (1) F a,(1)coq 20— Bo) + ag(0)SiN20— Bo) o(t)= 5(0'11(0)+022(0))+E (D11 + Dt
(16) Bi(t)ay(t)+Cq(t)as(t)
In the aboved, denotes the initial value of, and as(t)+aj3(t)
[ By(t t)+Cq(t t
doemy TTXCOS260— Bo) X 04265~ Bo)—1 _ 3l 1;;32)(+):2(t)1( )as( )]—lel(t)—Czlz(t)
1= X2<1_X2) ’ 2= X2(1_X2) ’ 2 3
+ Byl 5(1) + Cal4(t) + Bal 5(1) + Csl (1), (19)
ds::w, (17)
xV1=x (1) =011(0) + 05(0) + 2E* (D 13+ Do)t — o14(t), (20)
1
=14y L cosVIx Wad)] _ Bu(hag(t) ~Ca(D)ag(t)
X0
1
az(t)::m[0012\/1—)(2w12t)—l], B al(t)[Bl(atg{at:;(i)a—z((i)l(t)az(t)] G140 = Byly(D)
2 3
_—sin(2\/1—)(2W12t) (18) —Cyl5(t) + Byl 4(t) — Csl (1) + Bl g(1), (21)

as(t)=
2
XV1—x
. . 2 i i i
3.2 Closed-Form Solutions of Overall Stresses. Substitut- ) Note' that the vglocny gradients were not at qll assumed toopstant in space
It is reminded that in the current model the spatial dependence of all relevant quan-

ing Eq-(.lﬁ) and the g(ain stresses into E4) and through a lot of jties including the velocity gradients were taken into account by using the orienta-
calculations, we obtain the overall stresses as follows: tion distribution function.
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(f) 500 seconds (strain = 0.120)

-

(€) 200 seconds (strain = 0.048) crack tip

Fig. 5 Optical micrographs of deformation process of a nickel specimen in uniaxial tension: (a) original state at O second,
(b) at 100 seconds, (c) at 200 seconds, (d) at 300 seconds, (e) at 400 seconds, and (f) at 500 seconds before the specimen
ruptured

where nickel specimen are shown in Fig. 5, demonstrating the dynamical
(3N+2u) deformation process. Figurgd displays the original annealed
e —l nitom plane stress, 22) state of the specimen. The grain sizes were 30®Qfor nickel,

whereas 10—2Qum for coppe).3 Figures %b)—5(f) were taken
consecutively at the equal time interv@g® 100 secondsFigure
TheB;,i=1,2,3,C;, i=1,2,3,and;, i=1,...,6, required by the 5(f) is the micrograph at 60 seconds prior to the rupt(5&0
above stress formulas are relegated to the Appendix. With thesseonds of the specimen. It can be seen that strain localization
formulas we are able to simulate the macroscopic behavior bameared graduallgFigs. 5b)—5(e)) and developed into a domi-
upon the micro-test data recorded in the micro-tension tests tcracKFig_ af )) The dark area on the micrograph that can be
compare the simulated results with the macroscopic test data. gpserved was the tip of the crack. Notice that localization and
subsequent cracking did occur in the middle of grains instead of

4 Experimental Results and Comparisons With Theo- between grains on grain-boundaries, and that the grains containing
retical Predictions localization underwent apparent expansion. The parallel dark lines

Reported herein is an experimental work on the foil specimeﬁ?serve‘j within grains were considered as slip bands, and thereby
of 4N purity nickel and copper of the shape and dimensions as

shown in Fig. 2. Although thle whole time histories V\_’ere recorded, %These amounts to 2—4 grains for nickel and 5-10 grains for copper in the
to save space of presentation only six selected micrographs ahiekness direction of the foil specimens.

N+ plane strain.
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Fig. 6 Comparison of experimental macro data with theoreti-
cal simulation for the tensile stress-strain curve of nickel
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Fig. 7 Comparison of observed micro data with theoretical
simulation for orientation evolution of nickel

slip orientationgand ODF were measured and calculated via the
micro-recorder-image analyzer system.

For nickel, the stress-strain relation of the simulated micro-
macro data and the macro-stress-strain curve obtained concur g
rently in the experiment are shown in Fig. 6, whereas the observec £
(and image analyzedime history of orientation of a selected
grain and the simulated time history of orientation of the single
grain are shown in Fig. 7. In the aboiy;=2.39x10 % s ! was
specified for stroke controD ,,= —Dq;=—2.39x10 * s ! was
assumed andV,,= —W,;=2.9x10 % s~ were measuredand
calculated from the recorded microstructural image datahile
all other D;; and Wj; components are zeros, and the parameters
4=80000 MPa,»=0.31, hy/u=h,/un=3X10"2, andhy,/u
=h,,/u=4X10 2 were chosen in the model simulation.

tation(Deg)

250 —

For copper, the stress-strain relation of the simulated micro-
macro data and the macro-stress-strain curve obtained concur-
rently in the experiment are shown in Fig. 8, whereas the observed
(and image analyzedime history of orientation of a selected
grain and the simulated time history of orientation of the single
grain are shown in Fig. 9. HerB ;= —D,,=2.39x10 4 s71,
Wi,= —Wy=3.8x10 * sec’?, and all otherD;; and W;; com-
ponents are zeros, whileu=42000 MPa, »v=0.35, hy;/u
= h22/,(L: hlZ//'l’: h21/,u,:4>< 1072.

The values of the hardening moduli used above are slightly
larger than that suggested by Asddj for FCC materials. The
parameter was taken to bex=25 deg for each materif®]. The
values of the shear moduyli and Poisson’s ratiog used above
can be found in many metal handbooks. Those comparisons in
Figs. 6—9 show that the proposed model can simulate the experi-
mental data quite well. In these figures the solid black curves for
stress were calculated from E@L9), and those for orientation
were calculated from Eq.15). The plus signs in Figs. 7 and 9

Copper
Experimental
Theoretical

80 —

60 —

20 —

T I T I T I T |
0.04 0.08 0.12 0.16
Strain

Fig. 8 Comparison of experimental macro data with theoreti-
cal simulation for the tensile stress-strain curve of copper
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+

I T |
400 600

T I 1
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Time(s)

“Three points on the images were identified and the angles subtended were trdci@l 9 Comparison of observed micro data with theoretical

continuously and their average time change rate was supposedwgsbe
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represent the orientations measured and analyzed from the re- 1 . .
corded microstructural imagésy using the micro-recorder-image  C(t) =S a [ P(0)sin(Bg—2a) — 72 (0)sin(Bo+2a)]
analyzer systepn from which it was observed that the slip-line
patterns that developed were not visible until slip bands emerged 2(b: b+ C1 )W ot
to surfaces at about 100 seconds for nickel and 200 seconds for (by o o Wi2 [hyy Sin(Bo—2a)
copper. ag sin 4a
; 2(bybg+CoCo) Wost
5 Concluding Remarks iy Sin Be+ 2a) ]+ (b, 0t Cz 0) Wi
In this paper procedures were developed to concurrently record ag sin 4a
both the texture image data and macro experimental data and to . .
perform the micro-macro transformation. The orientation averag- X[12Sin(Bo—2a) —hg,sin( Bo+2a) ], (A2)
ing technique and the double-slip model were employed to simu-
late the tension test data of pure nickel and copper. The compari- bbe+
sons revealed that the simulated results from using experimentalg ,_~1-0_ Clco[hﬂcos{ﬁoJr 2a)—hy; cog By—2a)]
microstructural data in the model were in good agreement with the ag sin 4a
experimental macro stress-strain curves. bobet CoC
However, the planar assumption of the model made herein 2¥o " 20 h +2a)—h )
should not be overlooked. It seemed that the good agreement of az sin 4a [h22Cod Byt 2a) ~haz COS o = 2],
the results justified the assumption, implying that the planar (A3)
double-slip model together with the ODF of the scalar orientation
sufficed to represent the mechanism of active slip planes and slip
systems and that there existed a simpler projection operator be- b.b-+CiC
. . . : 1~0 1%0 . .
tween the surface image and the solid body of the foil specimen. C,:=———""[h,;sin(Bo—2a) — hy; Sin( Bo+2a)]
The raised question may still be open until a 3D experimental ag Sin 4a
technique and a 3D theoretical model of the micro-macro trans- bt CoC
formation are developed successfully and consistently. A less am- 20201 sin(Bo— 2a) — hyy Sin Bo+ 2) ],
bitious but more feasible direction for further work which can go ag sin 4a
well along with the experimental techniques presented here is to (AD)
develop theoretically a full 3D model and its accompanying pro-
jection operator under the experimental conditions.
. blco_clbo
Appendix 3=z e (21004 B+ 2a) — s, €O Bo— 2a) ]
In this Appendix we giveB;, i=1,2,3,C;, i=1,2,3, and;, i 0
=1,...,6, and some initial conditions required in the stress formu- b,co—cybg
las (19)—(22). t Zeinaq [N22604Bo+2a) —hiC08 Bo—2a)],
0
Ba(t)i=———[2(0)co8 Bo + 2a) — 77(0)cos Bo— 2a)] (35)
sin 4o
2(bybg+c1Co) Wyt bico—c1bg
n _D1Co—C1Do . _ _ .
aZsin 4a [hy;cog Bo+2a) Cgi= o sin 4a [hy1SiN(Bo—2a) —hyy Sin(Bo+2a)]
2(babgo+C€,Co) Wit b,co—Cobg

—hyicogBo—2a)] +

aZsin 4a + —a(m[hlzsin(ﬁo*201)*h223in(ﬁ0+20)],
X[hyycod B+ 2a) —hypc09 Bo—2a)], (A1) (A6)
|
Cos¢p—x
_ 1 (7 ko cos¢ arcco al(t)+a2(t)cos¢+a3(t)sin¢+X
(=52 jﬁﬁo a,(t)+a,(t)cosep+ag(t)sing d, (A7)
. Cos¢p—x
1 T hBo sin¢ arcco al(t)+a2(t)cos¢+a3(t)sinq§+X d
IZ(t)'_E fﬂﬁo a,(t)+ay(t)cosep+as(t)sing ¢ (A8)
™ hBo ¢ cos¢
I3(t)::ﬂ j_ﬁ_ﬁoal(t)+a2(t)cos¢+a3(t)sin¢dd)‘ (A9)
1 (7 ko ¢sing
I4(t):zﬁ f_w_ﬁoal(t)+a2(t)cos¢+a3(t)sinq5d¢‘ (A10)
1 (7 Fo cosgIn(a(t)+ay(t)cosg+as(t)sing)
s(t) 2 fwﬁo a,(t)+ay(t)cosep+as(t)sing ' (AL1)
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| B 1 (7 Fo singIn(a,(t)+ay(t)cose+as(t)sing)
o(U=52 Cmpy (D) Fag(t)cosptag(t)sing

(A12)
The above resolved shear stress€$(0) and 7?(0) are given
by
0220) = 0141(0)

D(0)= > Sin( B+ 2a)+ 01,(0)cog O+ 2a),
(A13)
220y T2 7710 )+ u(0)008 By 2a),

2
(A14)

and the other four constants are given by

Dll_D22 .
by :=¢&(nhy—hyy) Tcos&HDlZsta —&(1+hy,
D1;— Dy .
—nhy) TCOS&V*DHSIH 20t |, (A15)
Dll_D22 .
Cy:=—&(nhy—hyo) Tsta—Dlzcosm —&(1+hy,
Dll_D22 .
—7hy) Tsm 2a+D,c0s 2 |, (AL16)

Dll_DZZ .
by:=&(1+hy;— nhyy) — 5 ¢os 20+ Dy, Sin 2a

D;;—D
—&(nhy— hzﬁ(n—

> 2 cos 20— Di,sin Za) ,
(A17)

Dll_ D22 i
Co:=—&(1+hy— mhyy) — 5 sin 2a—Dj,c08 2

D;;—D
—&(nhyy— th(M

5 2 sin 2a+ D,,cos Za) . (A18)

Nomenclature

s, i=1,2 = ith slip direction
m®, i=1,2 = normal direction of théth slip plane
sDem® = Schmid orientation tensor
2a = angle betwees™ ands®
e, i=1,2 = orthonormal base vectors, being in the ten-
sile direction
f = grain orientation
Bi, i=1,2 = angle betwees) ande,
f(6,t) = orientation distribution functioiODF)
7, 1,j=1,2 = Kirchhoff stress components of grain
gjji,j=1,2 = overall stress components
D = deformation rate tensor
W = spin tensor
DP = plastic deformation rate tensor
WP = plastic spin tensor
PO i=1,2 = symmetric part of the Schmid orientation ten-
sor

Q0 i=1,2 = skew-symmetric part of the Schmid orientation

tensor
¥, i=1,2 = slip rate
70 i=1,2 = rate of Schmid resolved shear stress
h = hardening modulus tensor
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N\, u, v = Lameconstants and the Poisson ratio
E* = material constant for plane stress or plane
strain defined in Eq(22)
n = cos 4
& by, cp = constants defined, respectively, in E¢H)),
(11), and(12)
aO = \bO+CO
Bo = arctan€,/bg)
X = 2Wyplag
d;, i=1,2,3 = constants defined in Eq17)
a;, i=1,2,3 = time-dependent functions defined in E48)
B,,C; = time-dependent functions defined, respectively,
in Egs.(Al) and (A2)
B;, i=2,3 = constants defined respectively in E¢43) and
(A5)
C;, i=2,3 = constants defined respectively in E¢44) and
(AB)
l;,1=1,..,6 = time-dependent functions defined respectively
in Egs.(A7)-(A12)
b;, i=1,2 = constants defined respectively in E¢A15)
and (A17)
¢i, i=1,2 = constants defined respectively in E¢&16)
and (A18)
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