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1 Introduction many macroscopic anisotropic plasticity theories proposed in the
The microstructure of a polycrystalline sheet metal general"ter‘.'jlture hav_e incorporated Isotropic hardenmg_ and even k|_ne-

; - . . atic hardening models developed originally for isotropic plastic-

evolves as it undergoes some finite plastic deformation. The . 2 R
iy theories, almost all of them have explicitly or implicitly as-

ﬂi:ff-'t{ﬁ?%gg |?;§::Slt12léctg§(?lljfevﬂcgfur;iggcg; sg?;ilr?sasetmzﬁ t,:Nsumed that the initial material texture is strong and it persists upon

urther plastic straining, i.e., the evolution of crystallographic tex-

dislocation substructure texture evolution within the grains. Thefﬁre is not considered. However, both micromechanical analyses
have bgen Con_tlnued effqrts onimproving phenomenologlca}l mafid experimental investigations of rolled sheet metals have shown
roscopic plastlc!t_y_ theories bY Incorporating some CONSttUtVig o e re are noticeable and even significant changes of material
modeling capabllltl_es .Of material mlcros_tructural evolu_tlon us.'ngrthotropic symmetry when a sheet metal is subjected to a plastic
scalar and tensorial internal state variables. Isotropic strain Hain up to 20%—-309%9—12). For two rolled steel and one alu-
worl.< hardenlng_ F:haracpenzed by an effective plastic strain Minum sheet metals that were subjectedthaxis uniaxial ten-
e_quwalent specific p|§lStIC work1], is perh_aps t_he best-known sion (i.e., the axial loading direction is not aligned with the ortho-
single scalar state variable model of material microstructural evf?()pic axes of the shegtsexperimental observations have shown
lution (it basically accounts for the increase of the average dislya; the orthotropic symmetry of these sheet metals is more or less
cation density in a metal due to plastic floWhe kinematic hard- ¢t byt the symmetry axes rotate relatively with respect to the
ening _model \(\nth a backstress tensor developed for iSOtroRIfeet metal itself in the plane of the shd@0-12. A flow rule
plasticity theories[2—4], can be regarded as the phenomenologfy macroscopic plastic spifaccounting for the orientational evo-
ca! descrlptlor_1 of anisotropic hardening behavior due to the evVition of the material texture framenay thus be appropriate in an
lution of the dislocation substructure towards some preferred Spgyisotropic plasticity theory to describe these experimental obser-
tial orientations that are aligned with current plastic strainingstions.
directions. _ The concept of macroscopic plastic spin has been explicitly
On the other hand, metal products manufactured by rollingiroduced since early 1970s into the framework of polycrystalline
(sheet meta)s drawing (wires), and extrusion(plates are typi- pjasticity theories|13—15. Considerable attentions have been de-
cally anisotropic(primarily due to the resulting crystallographicygted to its role from theoretical consideratidssch as a missing
texture, i.e., grains packed with some preferred orientatiand  kinematics link to the material microstructural evolutiand the
so the use of anisotropic plasticity theories is more appropriate {acessity from the standpoint of the stability of numerical simu-
engineering design and analysis of these matefi&is8]. While |ations,[16—34. The flow rule of macroscopic plastic spin pro-
- posed in the literature are mainly motivated and derived through
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or Hill's 1948 quadratic anisotropic plasticity theory with isotro- O3(Zy&7Z)
pic hardening and strong and persistent orthotropic symmetry.
Nevertheless, the existing simple flow rules of macroscopic plas-
tic spin for orthotropic sheet metals are found to be unable to
describe consistently the rotation of orthotropic axes observed in o2
experiments[11,28|.
In this investigation, a flow rule of macroscopic plastic spin Y
proposed in a newly developed anisotropic plasticity the@y;- / /Yo
40] is evaluated for modeling the rotation of orthotropic symmetry
axes in the two steel and one aluminum sheet metals subjected t O1
off-axis uniaxial tension. First, constitutive equations of the aniso-
tropic plasticity theory along with the procedure on evaluating [
anisotropic material functions in these constitutive equations are Wy, X
summarized in Section 2 for polycrystalline sheet metals under
uniaxial tension. The experimental investigations on the orienta- a
tional evolution of orthotropic symmetry axes in sheet metals are Xo
briefly reviewed and material parameters of the anisotropic mate-
rial functions defining the flow rule of macroscopic plastic spifFig. 1 Definitions of the three Cartesian coordinate systems
proposed in the theory are identified in Section 3. Results of badr a monoclinic sheet metal: (&) the principal axes of stress
the experimental measurements and the model descriptions @re,o,,03); (b) the principal axes of the current material tex-
compared for the three sheet metals in Section 3 as well. A digte frame XYZ; and (c) the sheet material coordinate system
cussion on the proper formulation and the necessity of the flot YoZo- The principal axis of o5 always coincides with ~ Zp-axis
rule of macroscopic plastic spin for modeling the anisotropic pla&td £-axis to ensure the planar plastic flow of the sheet metal.
tic flow of sheet metals is presented in Section 4. Conclusiog e in-plane axes X and Y of the texture frame are defined to

d f this i tioati deli ic plast the principal straining directions of the sheet metal under
rawn from this investugation on modeling macroscopic plas I(S:qual biaxial tension (o ;=0,, o3=0). The material coordinate
spin are given in Section 5.

system X, YyZ, undergoes the same rigid body rotation as the
sheet metal itself and it may be chosen to coincide with the
initial texture frame of the sheet metal  (the initial texture frame

. . . of an orthotropic sheet metal is defined by its rolling (RD),
2 A Model of Anisotropic Plastic Flows Under tansverse (TD), and normal (ND) directions ). The loading ori-
Uniaxial Tension entation angle @ is defined as the angle between the principal

. . . . . . axis of o, and the X-axis of the material texture frame. The
The finite elastic-plastic deformation kinematics of a shegijative rotation «,, of the texture frame with respect to the

metal may be expressed through the multiplicative decompositigfaterial coordinate system of the sheet metal is due to the
of the macroscopic deformation gradient tenBanto the elastic macroscopic plastic spin ~ @;,, [28].

and plastic part&® andF?, [31]. By neglecting the small elastic
stretching in sheet metals involving finite plastic deformation, one
has the commonly known results of rigid-viscoplastic deformation
kinematics as follows:

0 @y, 0 0 Y 0
F=FFP~R*FP, WP=| i 0 0], wr=|a% 0 0|, (@
L=FF 1~(R*FP+R*FP)FP 'R* 1 0 0 0 0 0 0
. i A
=R*R* 1+ RYFPFP R* 1, (1)  where 6 is the loading orientation angledefined as the angle
o . o between the axial loading directiom;=c,>0 and the current
L=D+W=DP+W=*+WP, in-planeX-axis of the sheet metal texture frarteee Fig. 1, and
D=(L+LT)/2=D®+DP~DP, . o o , ,
W=(L_LT)/2=W* +Wp, (2) €3= — &1 &, €21~ €12, wWo1= — W12,

Sk -k A k-
where R* is the rigid body rotation of the underlying material wn=" 0 W= ontorp, )

“texture” frame (some preferre_d orientations such as orthotropighere Wz is the in-plane material spifmacroscopically observ-
symmetry axefs DP is the plastic rate of deformation tensW,”  ap|g of the sheet metal. We propose the following rate-dependent

is the plastic spin tensor defined as the difference between {higenomenological theory to model the anisotropic plastic flow of
material spinW, and the so-called constitutive spi*, [17,28. 3 sheet metal undemiaxial tension

A complete macroscopic theory of plastic flow usually provides a )
flow condition, flow rules that define both the plastic strain rate T=19(&,y),
tensorDP and the plastic spin rate tenséf®, and isotropic and 4 a . i
even anisotropic hardening models via a set of internal state vari- 7 — 9¢®1(6) (the flow condition and flow function (5)
ables and associated kinetic equations on their evolUt&; 34. a1 a1
Using the principal axes of the applied stress tensor as the Car- 8= '),(2) D,(0), &,= '7(2) D),
tesian coordinate system of the choice in this investigatsme T T
Fig. 1, the expressions for the stress tensgrthe macroscopic a1
plastic rate of deformation tensBP, the macroscopic plastic spin £10= 7(2) ®4(0), (the flow rule forDP) (6)
tensorWP, and the material constitutive spin tensé* under ’
uniaxial tensionare

a—1
. - [0y
) =5 =L p
- 5, i O w1 y(T) Dy(0), (the flow rule forWP) (7)
o= 0 s DP= 1.'-121 éz 0 s . ) (1)5(0) a—1/a
0 0 0 & :’(dnw))
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(the evolution law of isotropic hardening (8) iulz_ Dy(0)

== . (the plastic spin rati 10c
where 7 is the effective flow stressy is the work-conjugate ef- e @y(0) ( P P B (1)
fective plastic strain rate is a certain internal state variableThe five anisotropic material function®,(6), ®,(6), ®3(6),
characterizing the isotropic hardening state of the materigls @ ,(¢), and®s(6) in the proposed anisotropic plastic flow theory
the effective flow strengtra(>1) is the stress exponent and it isynder uniaxial tension can thus be completely examined from the
a noninteger in general, arbl; (), ®,(0), ©3(6), P4(6), and  experimental measurements of,(¢;,2,), Ry, I'y, andII,,
®5(6) are five material functions characterizing the planar plastjgs_37 40. Evaluation of the proper analytical form of the aniso-
anisotropy of the sheet metal under uniaxial tension. The consfiopic material functiond,(6) that defines the flow rule of mac-
tutive equations Eqg¢5)—(8) are the simplifieduniaxial tensioh  roscopic plastic spin or the plastic spin ralig, for a given sheet

version of a planar anisotropic plastic flow theory recently deveetal is the focus of this investigation and will be discussed in
oped by Tong et all35-4( in terms of principal stresses and agetails in the next section.

loading orientation angléwhich have been called intrinsic vari-
ables of a stress field according to Hi41,42). The above con- . . A .
stitutive equations under uniaxial tension can be justified from% Macrqscop'lc Plastlc Spln in Sheet Metals Subjected
micromechanical point of viewsee Appendix When the associ- t0 Off-Axis Uniaxial Tension

ated flow rule is applied toe;,, [41,42, one has®3(0) In this section, the procedures of experimental investigations on
=d;(6)/2a. If one assumed(0)=D,(6), thené=1y, i.e., the the orientational evolution of material texture frames in three
isotropic hardening is characterized by the cumulative effectivaieet metals will be reviewed first and the reported experimental
plastic strain. On the other hand, if one assumbg(6) results will be summarized briefly. The Fourier series representa-
=d, ()@ D), then'§= v, i.e., the isotropic hardening is char-tion and the identification of its Fourier coefficients of the aniso-
acterized by the cumulative plastic work per unit volume. tropic material functiond,(6) or the plastic spin ratidl, will
Because the equivalence of the loading orientation angles ofhen_ be detailed. The model description of the rotation of OI_’th(_)-
and 6= 7 due to the symmetry of mechanical loading, each of tHgopic axes of these three sheet metals under off-axis uniaxial
five anisotropic material functions of a sheet metal can be repf€nsion due to macroscopic plastic spin will be compared with the

sented by a Fourier series, namely, experimental measurements. Although the theory presented in
. ) Section 2 can be applied to monoclinic sheet metals under
D,(0)=Ag+A;sin20+A,cos 20+ ... +Ay_q5sin2ke uniaxial tension[37,40, the sheet metals considered in the fol-

lowing are assumed to be initially orthotropic and remain so under

off-axis uniaxial tension[11,28. So only the coefficients of the

®,(6)=Bo+ B, Sin 20+ B, c0S 20+ . . . +Byy_4 Sin 2k6 sine terms in the Fourier series &,(¢) and the coefficients of
the cosine terms in the Fourier seriesdof(#) are nonzero.

+Aycosko+ ...,

+BycosXkb+ ...,
3.1 On the Experimental Measurements of the Rotation of
®3(0)=Co+Cysin20+Cycos 20+ ... +Cy 1 SiN2KE Orthotropic Axes due to Macroscopic Plastic Spin. There
have been rather limited experimental investigations on detecting

+CaCos KO+ ..., ©) the macroscopic plastic spin and its evolution in orthotropic sheet
®,(0)=Dy+D, Sin 20+ D, coS 20+ . . . + Doy, sin 2k metals so far[10-12,43,44 A direct mechanisticevaluation of
the macroscopic plastic spin in orthotropic sheet metals under
+DycosXko+ ..., uniaxial tension has been carried out using a two-step experimen-
) ) tal technique by Boehler and Kof%0] and Kim and Yin[11]. It
©5(0)=Eo+E;sin20+E;cos 20+ ... +Ey4sin k6 consists of(a) the plastic deformation stepf uniaxial straining
multiple large sheet samples up to various plastic strain levels
TEacCos KOt . .., (10%-30% without necking at different off-axis angles afia)
wherek=1,2, ..., andA,, B,, C,, D,, andE,, are the Fourier the material (texture frame) probing stefy measuring the direc-

coefficients. The stress exponenand the Fourier coefficients of tional dependence of uniaxial tension flow stréssre specifi-
the five anisotropic material functions in E@®) may evolve with cally, the yield stress with a big offset strain of 0.2% smaller
subsequent plastic deformation when anisotropic hardening duaeasile sheet samples cut off from the deformed large sheet with
material texture evolution is modeled. They are all assumed to eeery 10 deg or 15 deg offset angle increments from the original
constant in this investigation, i.e., the characteristics of the matelling direction.
rial texture remains more or less the same but the whole textureBoehler et al[10,45 tested large sheets of an aluminum killed
frame can rotate relatively with respect to the sheet metal itself.d6ft steel of size 1000360 mnt under uniaxial tension with ini-
the sheet metal has some additional symmetry characteristics stighoff-axis loading orientation angles of 30 deg, 45 deg, and 60
as orthotropic, trigonal, or cubic symmetry in the plane of thdeg for various plastic strain levels up to 20% and above. Twelve
sheet, one can reduce the number of terms in each Fourier sesiesller specimens cut off from each of the deformed large sheets
by imposing the equivalency of loading conditions betwéemd with angles of 0 deg, 15 deg, 30 deg, 45 deg, 60 deg, 75 deg, 90
—6, # and 6+27/3, and6 and 6+ w/2 respectively. Furthermore, adeg, 105 deg, 120 deg, 135 deg, 150 deg, 165 deg offset from the
truncated Fourier series may be used in practice to approximatding direction of the sheets were then tested for yield stress
each anisotropic material function and the number of terms keptrimeasurements. Kim and Y{i1] carried out very similar tests on
each truncated Fourier series depends on planar anisotropy of @heautomotive low carbon steel sheet using the same three initial
sheet metal. Besides flow stress-strain cumvg&e,,s,), plastic off-axis loading orientation angles for various strain levels up to
strain and spin ratios can be measured under uniaxial tension:10%. They used a total of 18 smaller specimens cut off from each
. ®,(6) of the deformed large sheets in the material probing step with each
_%2_ 2 : : : specimen at an offset angle of every 10 deg increment from the
Ry= g3 DPUO)+DO)’ (the plastic axial strain ratjo rolling direction of the large sheets. To enhance the degree of
(10a) anisotropy of the steel sheets that were nearly isotropic initially,
) ®4(6) Kim and Yin [11] pre-strained the steel sheets along the rolling
_f12_ 3 ; : : direction up to strains of 3% and 6%, respectively. By examining
" g Dy(0)° (the plastic shear strain rafio the directional dependence of flow stress measured from 12 and
(10b) 18 small tensile specimens, respectively, both Boehler et al.

Journal of Applied Mechanics JULY 2004, Vol. 71 | 523



[10,45 and Kim and Yin[11] concluded that their sheet metals 15
remain approximately orthotropic but there exists a large in-plane
rotation of the orthotropic symmetry axes relative to the sheet
metal itself under off-axis uniaxial tension. Both positiieoun-
terclockwisg and negativéclockwise rotations as defined in Fig.

1 were observed for initial loading orientation angles of 30 deg
and 60 deg, respectively, and the orthotropic symmetry axes be- g SE zr
come completely aligned with the external axial loading direction 5 %
within 5—-10% uniaxial plastic strain. That is, the texture axis that g »
is coincided with the initial rolling direction rotates towards the £ "} \
axial loading direction with an initial loading orientation angle of & - ‘ v/ ’

@ i

=1
10 ISl NG . 2,

e 0, (degree)

N
-
>,
/
I

o 1}
Y s
-
.

30 deg but the texture axis that is coincided with the initial trans- s

verse direction rotates towards the axial loading direction with an &

initial loading orientation angle of 60 deg. A rotation of the ortho-

tropic symmetry axes with an initial loading orientation angle of

45 deg was detected in both investigations as well but a positive B

rotation was reported by Boehler and K¢4§] while a negative [

rotation was found by Kim and Yif11]. <15 i i - B oo
An experimental determination of macroscopic plastic spin of

polycrystals based on material crystallographic texture measure-

ments has been propos_ed by Bunge and Nie[4@h They di- Fig. 2 The amount of rotation  w,, of the material texture frame
vided the crystallographic texture change of a polycrystal undgjge to plastic spin at a fixed uniaxial plastic strain £, of 20% as
going plastic deformation into an average rotation of somgfunction of the initial loading orientation angle 0, with three
common texture reference axes characteristic for the whole pobiifferent k values according to Eq.  (13b) (D=1 is used for all
crystal material element and a “spreading” of the individual crysdata points )

tal orientations away from the comma@rotated reference texture

frame. When the texture “spreading” is neglected, the texture

evolution can thus be characterized approximately by the texture

rotation or texture spin. Bunge and NielsEl?] measured the To the first approximation, one may sét;(6)~1 (assuming
orientation distribution functiotODF) of an annealed polycrys- r(&,y)=0,). When only one of coefficients in the Fourier series
talline aluminum sheet of 1 mm thickness before and after being @ ,(6) is nonzero, i.e.l1,~®,(6)~D sin k0k=1,2,...),
subjected to off-axis uniaxial tension to a total plastic strain @ne can obtain an analytical expression of B®) as
20% at 11 different initial loading orientation angles. They ana-
lyzed the rotation of a characteristic reference system formed by _okDe
the symmetric elements of the texture with an accuracy-0f5 o= Earctarﬂ{tar(kﬂo)e 2Pea}], (13)
deg using an autocorrelation function of ODF and considered the
texture rotation or spin being related to the macroscopic plast@
spin in the macroscopic theories of plasticity. They found that the
amount of texture rotation at a uniaxial plastic strain of 20% de-
pends on the initial loading orientation angle and the maximum
lastic spin ratio i 20% rr round the off-axj . . .
%EZEr?gsgng': tocf) 282%)32%2?%/2,18;; Cduegigoa;;# ; ctor?s(t)an?%e rotationw,, of the material texture frame with respect to the
plastic spin is assumgdThe macroscopic plastic spin of the alu-Sheet metal itself or the current loading orientation argts a
minum sheet defined by the crystallographic texture spin accofgnction of the initial loading orientation angiy and the uniaxial
ing to Bunge and Nielseft.2] is much smaller than that of low- Plastic straire,(=0) are shown in Fig. 2 and Fig. 3, respectively,
carbon steel sheets defined by the symmetry characteristics of ffi'9 Ed-(13). The material texture frame will eventually stop
directional dependence of flow stress according to Boehler angnning at certain loading orientation ar_lgles at suff|(:|en_t|_y large
Koss[10] and Kim and Yin[11]. Measured pole figures of a steelP'aStic strains and these loading orientation angles areghiib-
sheet investigated by Boehler and K§%6] under 45 deg off-axis UM orientations of the material texture frame. Possible equilib-
uniaxial tension showed that the symmetry part of the crystall§lUm orientations of the material texture frame of a sheet metal are
graphic texture in the steel sheet did rotate completely towards IO?dlng orientation angles that satisfy the conditibhs=0
axial loading direction at a plastic strain level of about 10%. andII;=0. Loading orientation angles that satisfy the conditions
I1,=0 andIl;<0 are metastable orientations and are not true
3.2 AnAnalysis of the Rotation of Orthotropic Axes due to  equilibrium orientationgi.e., any small disturbance can cause the
Macroscopic Plastic Spin. As there is very little relative rota- material texture frame to rotate away from those orientafions
tion of the sheet metal with respect to the fixed laboratory loadinghen D>0, the possible equilibrium orientations of the material
frame under uniaxial tensiof0—12,43,44 i.e.,W,;,~0, one has texture frame ar&=0 deg fork=1, /=0 deg and 90 deg fok
(see Fig. 1 =2, and#=0 deg, 60 deg and 120 deg for= 3. When D<O0, the
) . possible equilibrium orientations of the material texture frame are
0t 0~60y, and wq,+ 6=0, (11) =90 deg fork=1, =45 deg and 135 deg fde=2, and 6=30
where 6, and 6 are, respectively, the initial and current Ioadingﬁegx 90 deg, and 150 deg for=3. In general, Eq(12) may also
orientation angles, an@, is the rotation of the sheet metal tex-0€ rewritten using the Fourier series expansion Hf,
ture frame due to plastic spin,,. One can thus rewrite Eqloc) = P4(0)/P4(0) as
as

-10

Rotation o

Initial Loading Orientation Angle 0, (degree)

1 —2kDe
w1=0p— Earctarﬁ{tar( kfy)e 1. (13p)

0 de
0 ’de alz_f d,sin20+ d,sin46+dssin6o+ ) Y
H(’:_ 8_ or g1=— H_ (12) (7'0( 1 2 3 )

! fo™ Y The relation between the current loading orientation adgiethe
The directional dependence of flow stress under uniaxial tensigstation of the texture frame,, and the uniaxial plastic straity

is usually much milder than that of plastic strain and spin ratiosan be obtained by integrating Ed.4) numerically.
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Uniaxial Plastic S train ¢,
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“‘ ~~~
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Rotation of the Texture Frame o, (degree)

.10 1 1 1 1 1

The Cument Loading Orientation Angle 0 (degree)

Uniaxial Plastic S train ¢,

(®)

sor k=3 and kD=10 40

Rotation of the Texture Frame o, (degree)

The Current Loading Orientation Angle 0 (degree)

Uniaxial Plastic S train ¢,
(©)

Fig. 3 The current loading orientation angle 6 and the amount
of rotation -, of the material texture frame due to plastic spin

as a function of uniaxial plastic strain £, with three different
initial loading orientation angles @, and three different k values
according to Eq. (13) (kD=10 is used for all data points )

Journal of Applied Mechanics

Rotation of the Texture Frame o, (degree)

Uniaxial Plas tic S train ¢,

Fig. 4 Comparison of the model description (solid and dashed
lines) and the experimental data (filled symbols ) of a steel
sheet reported by Boehler and Koss  [10] and Losilla et al. [45]
on the rotation w,, of the material texture frame due to plastic
spin as a function of uniaxial plastic strain £, with different
initial loading orientation angles 6,=30deg, 45 deg, and 60
deg. The solid lines are given by Eq.  (14) with d,=7, d,=10 and
ds;=—3 (all other coefficients are zero ). The dashed lines are
given by Eq. (13b) with k=2 and D=9 (the initial loading orien-
tation angles of 30 deg, 46 deg, and 60 deg were used ).

3.3 Comparison Between the Model Description and Ex-
perimental Measurements on the Rotation of Orthotropic
Axes. Unlike plastic axial and shear strain rati@g andI" , (see
Egs.(10a) and(10b)) that can be directly determined from incre-
mental plastic strain measurements in each uniaxial tension test,
the plastic spin ratio has to be determined from the measurements
of both axial plastic strain increments and rotations of the material
symmetry axesby a separate mechanical or material texture mea-
surement, see Section 3.10nly limited experimental data are
reported for a given sheet metal either in terms of the rotation of
orthotropic axes as a function of uniaxial plastic strain with se-
lected initial loading orientation anglésee Fig. 4 and Fig.)5or
in terms of the rotation of crystallographic texture symmetry axes
as a function of initial loading orientation angles at a fixed
uniaxial plastic strainsee Fig. . The plastic spin ratio can be
obtained in principle by curve-fitting and numerical differentiation
of the experimental data shown in Fig. 4 and Fig. 5, the material
parameters and coefficients in E43b) and/or Eq.(14) can then
be determined. The following trial-and-error procedure is used
instead for parameter identification:

1. Use the results shown in Fig. 2 and Figvhich are given
by Eqg. (13) using differentk values as the basis to deter-
mine the dominant terrtthe value ofk) in the Fourier series
of IT, measured in experiments.

2. Adjust the value of the coefficielt (both its sign and mag-
nitude to best describe the experimental data. If ELR)
with the selected values d&f and D can model all of the
experimental measurements reasonably well, then the plastic
spin ratio is determined dd ;=D sin Xé.

3. Add one or more sine terms for the Fourier serie$lgfif
Eq. (13) cannot describe the experimental measurements sat-
isfactorily. Estimate the sign and magnitude of the Fourier
coefficient of each new term by comparing the results shown
in Fig. 2 and Fig. 3 with the experimental measurements.
Adjust the Fourier coefficientd; in Eq. (14) iteratively until
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8,=30°

Rotation of the Texture Frame o,, (degree)

Uniaxial Plastic Strain £

Fig. 5 Comparison of the model description
lines) and the experimental data
sheet reported by Kim and Yin

(solid and dashed
(filled symbols ) of a steel
[11] on the rotation ;, of the

material texture frame due to plastic spin as a function of

uniaxial plastic strain

£, with different initial loading orienta-

tion angles 6,=30deg, 45 deg, and 60 deg. The solid lines are
given by Eq. (14) with d,=-—8, d,=17 and d;=3 (all other co-

efficients are zero ). The dashed lines are given by Eq.

(13b)

with k=2 and D=12.5 (the initial loading orientation angles of

30 deg, 46 deg, and 60 deg were used ).

I1,=9sin49, and II,=7 sin26+10sin40

—3sin660, (Boehler and Koss (15a)

I1,=125sin4, and Il,=—8sin20+17sin40
+3sin 60, (Kim and Yin) (15b)
IM1,=0.45sin4 (Bunge and Nielsen (1)

As shown in Fig. 4 and Fig. 5, the plastic spin ratio using a single
sine term withk=2 can only describe some of the experimental
data on the two steel sheets reported by Boehler and KidHs

and Kim and Yin[11] (for initial loading orientation angles of 30
deg and 60 deg Actually, no rotation of the orthotropic axes is
predicted byll ,= D sin 46 for the initial loading orientation angle

of 45 deg at all. Howeverg,=45deg is not one of the true
equilibrium orientations of the material texture frame with such a
plastic spin ratidsee Section 3)2If one assumes the initial load-
ing orientation angle to be 44 deg and 46 deg, respectively, for
each investigatiorisay, there were some experimental errors due
to some slight misalignmentsthen the rotation of orthotropic
axes occurs in both cases and matches the experimental observa-
tions at large strains. The predictions at small strains are however
inconsistent with the experimental data. Indeed, the plastic spin
ratios with three sine terms given in E¢.5a) and Eq.(15b) are
needed to adequately model the experimental data reported by
both Boehler and KosElLO] and Kim and Yin[11] for all three
different initial loading orientation angles. On the other hand, the
plastic spin ratio using a single sine term witk 2 describe rea-
sonably well the directional dependence of the rotation of texture
symmetry axes at a fixed uniaxial plastic strain of 20% as ob-
served by Bunge and Nielsdi2] for an annealed aluminum
sheet. The magnitude of the plastic spin ratio of the aluminum

the model description matches closely the experimentsieet is, however, about 1/20 to 1/30 of that of the steel sheets.
measurements. The plastic spin ratio is then giverdlgs The difference in the magnitude of plastic spin ratios between

=d; sin 26+d, sin 40+d;sin 66+ . . . .

steel and aluminum sheets may be due to the difference in the
characteristics of their initial anisotropy and a further microme-

The above procedure was applied to model the experimentglanical investigation is warranted to elucidate its physical origin.
data on the three sheet metals reported by Boehler 81@K5,  According to the plastic spin ratios given in Ed5), the equilib-
Kim and Yin [11], and Bunge and Nielsef12] and plastic Spin yijym orientation of the material texture frames in these three sheet
ratios of these three sheet metals were determined as follows: jyatals is eitheg=0 deg(the X-axis will eventually coincide with

Rotation of the Texture Frame ,, (degree)

jry . } I |

|

hitial Axial Loading Orinetation Angle 0, (degree)

Fig. 6 Comparison of the model description

(solid and dashed

lines) and the experimental data (filled symbols ) of an alumi-

num sheet reported by Bunge and Nielsen

[12] on the amount

of rotation -, of the material texture frame due to plastic spin

at a fixed uniaxial plastic strain
tial loading orientation angles
(13b) with k=2 and D=0.45.
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£, of 20% with 11 different ini-
6,. The solid line is given by Eq.

the external axial loading directipor #=90 deg(the Y-axis will
eventually coincide with the external axial loading direction

4 Discussion

A plane-stress anisotropic plasticity theory of sheet metals is
often formulated using the Cartesian stress componeptso, ,
and g, projected onto the principal axes of the material texture
(symmetry frame XY Z as shown in Fig. 1. Hil[41,42 has re-
cently advocated the use of the so-called intrinsic variables of
principal stressesdf;,05) and a loading orientation angl for
developing anisotropic plasticity theories. He has argued that the
resulting plasticity theories should be more appealing to both
theoreticians and experimentalists. A new anisotropic plasticity
theory has indeed been proposed using these intrinsic variables by
Tong et al[35—-4(0 and the uniaxial tension version of the theory
is presented in this investigation. In both theoretical analyses and
experimental evaluations of an anisotropic plasticity theory using
either formulation, one needs to know the initial orientation of the
material texture frame and its subsequent evolution with respect to
the sheet metal itself during a plastic deformation process. In
other words, an explicit mechanistic definitiGire., an experimen-
tal procedure for its determination by a mechanical)testthe
material texture frame at a given plastic deformation stage is re-
quired by such an anisotropic plasticity theory. For orthotropic
sheets, the orthotropic axes can be identified with the symmetry
axes detected in the orientational dependence of mechanical prop-
erties such as flow stress under uniaxial tendib@,11]. If plastic
anisotropy of the sheet metal is solely due to the crystallographic
texture, then the crystallographic texture symmetry axes may be
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used as well to measure the orientation of the material textusmheres, andz, are plastic spin coefficients and can be in general
frame in the sheet metal12]. While such a definition of the a function of the isotropic invariants of a given loading stress
material texture frame works well for sheet metals with orthotraensor and the material symmetry orientatioRs, I',, and o,

pic or other higher-order symmetries, it cannot however be eare, respectively, the plastic axial strain ratio, the plastic shear
tended to monoclinic sheets. A different and more general defigitrain ratio, and the flow stress under uniaxial tengg@e Section
tion of the in-plane axeX and Y of the sheet material texture 2). The flow rule Eq.(16b) is the uniaxial tension version of the
frame coordinate system has been given in the anisotropic plastignstitutive equation for plastic spi'P= 7(aDP— DPo) that has

ity theory presented here, that is, theand Y-axes are defined to peen adapted widely in the literatuf®6—28. In many actual

be the principal axes of in-plane plastic strain rates of the shegiplications of the above two flow rules reported in the literature,
metal under equal biaxial tensiowr{= o). In practice, an out- 4 constantplastic spin coefficient is usually assumgbg,28. The
of-plane uniaxial compression test may be used to experimentajlyy rule given by Eq(16a) has been used extensively for inves-
determine the material texture ax@sand Y if plastic flow is  tigating the plastic spin effect but they were mostly illustrative
unaffected by hydrostatic loading. This definition of the materigliihout experimental corroboratiofl5,18. The flow rule given
texture axes is equivalent to the one bgsed on the symmetry crw-Eq' (16b) has been employed by Kurodia6] to simulate the
acteristics of flow stress under uniaxial tension for orthotroplﬁ:lverse Swift effect in free-end torsion experiments assuming that
sheets with isotropic hardening but requires much less experimetls material is orthotropic prior to torsion. Kim and Yjial] and

tal efforts, [35]. Dafalias[28] have used the same expression for the plastic spin

Most of the existing anisotropic plasticity theories assume th f‘ong with Hill's 1948 quadratic anisotropic plasticity thedi§],
a polycrystalline sheet metal is orthotropic initially and the initial, gimate the orientational evolution of orthotropic symmetry
orthqtropy symmetry Is strong and persists during subsequ_edn s in steel sheets upon off-axis uniaxial tensile deformation.
plastic deformatlo_n[6,28]_. When t_h_e s_heet meta_l d_eforms pIaStIWhile qualitative agreements were found in their analyses, the
cally under on-axis loading conditiorie., the principal axes of orientational evolution of the orthotropic axes with increasing

stress coincide with the orthotropic axes of the shekere is no lastic deformation is not described with great accuracy and sig-

ambiguit_y on the orientation of the current orthotropic textur ificantly different values of the plastic spin coefficiepf (which
frame with respect to the sheet metal itself as there is no plas&@o has to be opposite in sign when comparing with the one used
Spin Qf t_he m_atgrlal texture frame. However, whe_n the loading Kuroda[26]) were needed for the best description of each of
off-axis in uniaxial tension or shear tests, the original RD and T e off-axis tensile tests with the initial loading orientation angles

directions of the sheet metal are no longer orthogonal and t - : :
current orientation of the material texture axéandY cannot be F30 deg, 45 deg, and 60 deg. In the light of the anisotropic

clearly identified without additional theoretical hypotheses or ef;-:
perimental characterization. Few existing anisotropic plastici%(I
theories offer a flow rule for macroscopic plastic spin at all s

most of them assume explicitly or implicitly that the macroscopi
plastic spin is always zero and the material texture frame rota L . . .
along with the sheet metal itself. The experimental measureme yserly simplistic(no dependence on the loading orientation angle

on the current orientation of the material texture frame after §'S 9IVeN for the plastic spin coefficients, andz, at all in their
C\ﬁﬁtual application examplesThe micromechanical analysis of the

sheet metal is subjected to off-axis uniaxial tension have sho e fi £ sinal tals with larized Schmid | d
that there exist detectable and even significant relative rotati gstic low ot singie crystals with a regularized schmid law under

between the material texture frame and the sheet njé@12. uni_a>_<ia| tension giv_en in_the Appgndix_ also Sho‘.NS that the general
A robust and flexible flow rule of macroscopic plastic spin aalidity of the plastic spin equation given by either Eg6a) or
proposed in this investigation should be incorporated into an and: (160) is indeed questionable. . .
isotropic plasticity theory to improve its modeling capabilities. A As ”_‘e”“"“ed n the Introduction, the other major area (?f inter-
comparative evaluation of the proposed flow rule of macroscofiSt ©f incorporating a flow rule of macroscopic plastic spin is in
plastic spin with some of the specific analytical forms of the flodpOtrOPIC plasticity theories with kinematic hardenii$,46. One

rule of macroscopic plastic spin appeared in the literature is figh define the material texture frame as the principal axes of the
order. As pointed out in the Section 1, the explicit forms of thBackstress tensor, then a flow rule of macroscopic plastic spin
flow rule of macroscopic plastic spin have been motivated largeRFCOMes basically a part of the evolution law of kinematic hard-
by invoking the representation theorems for isotropic functions ffing that describes the orientational evolution of the principal
conjunction with the concept of tensorial structure variable®€s oOf the backstress tenstte other part covers the evolution
mostly for quadratic plastic flow theorig,3—30. Only two ana- of the strength of the backstress in terms of its principal compo-
lytical expressions of the flow rule of macroscopic plastic spiﬂems)- However, direct measurements of the backstress tensor
have often been cited in the literature and they have the followignd hence its principal axessing tension-compression or simi-

forms for an orthotropic sheet metal under off-axis uniaxial ted@r tests at different loading orientation angles are required to
sion, [28], properly evaluate any specific form of the flow rule of plastic spin

for kinematic hardening. Experimental inference of the form of
the flow rule of plastic spin for isotropic plasticity theories with
kinematic hardening by simulating finite deformation simple shear
tests is problematif46] as the crystallographic aspect of the ma-
w1p terial texture evolution may become significant and even domi-
P nant. As observed early in Section 3, the magnitude of the plastic
o ) spin ratio of the aluminum shedt 2], is only about 1/20 to 1/30
(g1~ &p)sindcosf+e;,c08 20 of that of the steel sheet$10,11. Such a difference may be
= 7a I attributed to the two different plastic spin detection methods used:
the plastic spin determined by Bunge and Nielf&?)] is mainly
related to the material crystallographic texture evolution while the
plastic spin determined by Boehler and Kg4€] and Kim and
Yin [11] may be related primarily to the evolution of dislocation
o1 substructures in steel sheet metéspecially at small plastic
W015= PpT e 12, OF I1,= é_lz R (16p) straing. In this investigation, it was assumed that all three sheet
1 metals have a pre-existing orthotropic symmetry and the orienta-

astic flow theory proposed hetsee Section 2 and Section, 3

e two widely used analytical expressions for the flow rule of
acroscopic plastic spin as given in Eq&6a) and (16b) for
niaxial tension are indeed both overly restrictilieking directly

¢ plastic spinay, with the plastic shear rate,, or £;,) and

W12~ Ma€xy

Ry
1+R,

=174 | 1+

) sinfcosf+1,cos 29|, (16a)
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tional dependence of flow stress and plastic strain ratio of tlalyze problems under more general loading conditions. Our an-
sheet metals under off-axis uniaxial tension remains orthotrop&otropic plasticity theory formulated in terms of the intrinsic vari-
with the samesymmetry axes|28]. Consequently, a single mac-ables of principal stresses and a loading orientation angle intends
roscopic flow rule of macroscopic plastic spin was used to chdp strike a proper balance between the mathematical compactness
acterize satisfactorily the relative rotation of the material symmend the descriptive robustness through the truncated Fourier series
try axes regardless of its origin. The validity of the persisterigpresentation of each of anisotropic material functions character-
orthotropic symmetry assumption cannot be examined directly fging plastic anisotropy of a sheet metal. Depending on the extent
these three sheet metals due to lack of experimental data. If @fethe experimental data made available, the degree of plastic
experimental data on the orientational dependence of plastic strafiisotropy, and the accuracy required for an analysis, a flexible
ratio of the two steel sheets upon off-axis uniaxial tension wefd adaptive anisotropic plasticity theory can thus be established
also made available and they would show indeed that the symnfiet practical engineering application5—40. There have been
try axes of plastic strain ratio do not coincide with the symmetr§ome debates in recent years on the role and necessity of macro-
axes of flow stress, the sheet metals should then be treatedS@@PiC plastic spin within the framework of a macroscopic poly-
monoclinic instead of orthotropic. Incorporations of both a back&rystalline plasticity theory24,46,48. We suggest that a flow rule
stress kinematic hardening model and a flow rule of macroscofit Macroscopic plastic spin should be considered if it improves
plastic spin in an anisotropic plastic flow theory may be a possibigé mathematical formulatiofsay, the compactnessand the con-
modeling approact23,43,44. Direct experimental evaluation of stitutive mo_dellng q_uallty ofa phen_omenolqgmal theory of a _sheet
the backstress tensor is however very challenging if not impd@etal and if there is a clear physical bagssich as the relative
sible for sheet metal@s in-plane uniaxial compression tests ar&tation of the material texture frame against the material jtself
rather difficult to carry out for thin shegtand flow rules of two gnd an as_somated experimental procedure for its evaluation. Th's
plastic spins are required to describe the orientation evolution lgéstigation showed that the proposed flow rule of macroscopic
the principal axes of both the backstrégsated primarily to the Plastic spin can be used to describe effectively the orientational
dislocation substructuyeand the crystallographic texture frame,evoIUtlon Of the material texture frgme in 'three orthotroplq sheet
respectively[23]. When only one plastic spin is used, its experi-r.m.Etals TQ‘UbJECted to off-_aX|s l.m'ax'al tension and thus the'f plas-
mental evaluation becomes ambiguous unless further clarificatipf|y anisotropy W'thO.Ut |nvol_<|ng the use of other mathematically
re complicated anisotropic hardening modgi§—45. When

on the definition of the material texture frame that is associat er aspects of material texture evolution such as texture spread-
with the plastic spin is provided and extensive experimental dat P P

are made available. For example, Truong Qui and Lippma g or texture sharpening have significant effects on the aniso-

; ) ) - ropic plastic flow behavior of a sheet metal, constitutive aniso-
43,44 have proposed a quadratic anisotropic plastici theo%}( . . - : o .
Ehat g]eneralizrzespHill’s ortﬂotropic theorys] pforpmonoginic opic hardening equations in addition to the flow rule of plastic

sheets with combined isotropic and kinematic hardening andiﬁm may have to be added to characterize the evolution of texture
. : . ; : . intensity.
plastic spin. Their theory is formulated using the Cartesian stress

componentsr,, oy, andao,, on the axes of the material textures  ~onclusions

coordinate system which is associated with their plastic spin.

However, as no experimental data on in-plane uniaxial compres-A new flow rule of macroscopic plastic spin has been proposed
sion flow stress are available for the steel and aluminum she&g modeling the orientational evolution of the material texture
investigated, respectively, by Boehler and Kdd®] and by frame of a sheet metal subjected to off-axis uniaxial tension.
Truong Qui and Lippmanti43,44], the evaluation oboth the When a sheet metal has a pre-existing and persisting orthotropic
backstress and the rotation of the material texture frame duesynmetry, the anisotropic material function in the flow rule can be
plastic spin in their theory is impossible using solely the expergPproximated by a truncated Fourier sine series of the loading
mental data on the directional dependence of uniaxial tensile fl@ientation angle and its Fourier coefficients can be identified us-
stress. Truong Qui and Lippmaria3,44 used a least-square fit- iNg the exp_erlmental data on the rotation of the material texture
ting parameter identification procedure that lumps together all m@me relative to the sheet metal itself. The flow rule of macro-
terial parameters plus a rotation anglg, due to plastic spin. SCOpIc plastic spin is found to provide a consistent description of
Such an indirect approach in evaluating the effect of plastic sp‘ihe experimental data on the orientational evolution of the mate-
and other aspects of a highly nonlinear anisotropic plastic flolial texture frame of three shee_t metal§ rep_orted in the I|_terature.
behavior is very questionable as noted by McDowell ef4@]. Such a flow rule of macroscopic plastic spin should be incorpo-
Alternatively, one may invoke an anisotropic plasticity theory@ted into an anisotropic plasticity theory for finite plastic defor-
with a nonassociated flow rulg47], and uses a yield surface tomation applications when it can improve both the mathematical
model the anisotropy of flow stress and a separate flow surfacd@mulation (the compactnegsand the descriptive quality of the
model the anisotropy of plastic strain ratios. Two plastic spif§€ory and when it can be unambiguously evaluated experimen-
associated with the evolution of symmetry axes of yield and flof@!ly based on an explicit mechanistic definition of the material
surfaces can thus be in principle evaluated independently based®Hure frame. Additional theoretical and experimental investiga-

the experimental data on the orientational dependence of fldigns aré needed to clarify the definition of macroscopic plastic
stress and plastic strain ratio respectively following the methoddiPin @nd its evaluation for a monoclinic sheet metal.

ogy give in this investigation. Under this context, the plastic spin

ratio obtained here for the two steel sheets should perhaps Adeknowledgments

limited to t.he evolution of the yield surface and its applicqbility 0 The work reported here was supported in part by a CAREER
the evolution of the flow surface cannot be assessed without aaq(/‘

o . . . ard to WT from the National Science Foundati@rant No.
ditional experimental data on the orientational dependence &Ms-973397 Program Director: Dr. K. ChongVT would like
plastic strain ratio. : i e '
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A T i . - - aNIgGpjversity for their comments that helped to clarify our definition
tropic plasticity theo.ry is malnly to provide a .mathematlcal%f the material texture frame in a monoclinic sheet.

more compact but still physically sound description of the plastic

flow behavior of a sheet metal so that engineering analyses g pendix

designs of sheet metal forming processes can be carried out in an

efficient way with accepted accuracy. One basically calibrates theOn the Micromechanical Basis of the Proposed Anisotropic
material parameters in the theory through a set of mechanical teBlastic Flow Theory. At ambient conditions, the plastic flow of
under simple loading conditions and then applies the theory #osingle crystal is primarily due torystallographicslips on se-
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lected slip systems. The plastic rate of deformation teBfoand where \* =y* from the plastic work-equivalency requirement
the plastic spin tensalP of a single crystal can be represented bysee EQ(A4)), o = (75/7)° 1, and7fy=7/y(gf ,¥*) is the slip

slip rates associated with slip mod@49,50;: strength on each slip system. Evolution laws of isotropic harden-
N* ing of the single crystal witiN* +1 scalar state variables are
. _ . iven as
DP=symR*FPFP 'R* “1)=> y*P,, g
i=1 . L . . e .
. E =8 O =0T (VY )
N (A7)

WP=skewR* FPFP 'R* 1)=> 3 Q;, (A1)
i=1 When one assuméds=1+m (with m>0) and

whereR* is the lattice rigid body rotation tensd# is the plastic -\ Um

deformation gradient tensoy? is the absolute value of the rate of _« g% = xy_ yx gy 2 and (a* Y

change of integrated shear strain for tkh crystallographic slip 7o (£5,77)=07(€7) vy Tio(G7 ")

system, and\* is the total number of the activated crystallo- o tm )

graphic slip modes. Each slip mode is composed of a slip direc- A7 . |7 Yol g*

tion and a slip plane. The tensdPs and Q; for theith slip mode =0l o SO =) Tl g_* ,
1

- *

are defined by Yio 7io Yo
1 (A8)

Pi:symTizf(S@)mieri@S)‘ one can show that

1 1\ M-1 4 w1\ M-1

=skewT;==(s®@m,—m;®S), A2 . kA 7 . |75 7
Q; i 2(3 i i®s) (A2) ,},;k:‘y*(—l*> —;:%*o(—l* _L (A9)

Tio Tio gi gi

where the Schmid tensdr_ri is_ defined byT,=s@m;, and_ unit
vectorss andm; are the slip direction and normal to the slip planerhis is exactly the rate-dependent slip rule that has been proposed
associated with théth slip mode in the deformed configuration,py Hutchinsor{51], Asaro[49], and Asaro and Needlem§52]. A

respectively. Activation of the selected slip systems can be pigmbined self-hardening and latent hardening model can be

scribed by a certain slip condition. The driving force to aCtivatSdapted here witkf* = y*

thei-th slip system is the resolved shear stre§salong the slip T

direction on the crystallographic slip plane of the slip system in N*

the current configuration, which can be obtained #y=P; : o, O = h* (%) 3 Sk hx 3% AL0
where o is the Cauchy stress tensor. g SRR ,2‘1 IR (AL0)

We assume the existence afrate-dependent slip potentiat
(the effective resolved shear streder plastic deformation of where the Taylor strain® and the hardening moduli matrlx-’}
single crystal grains in a polycrystalline aggregate with a stregge defined by
exponentb(>1)

* *’*’”.’**: **b+**b+”. . N* .
Pz ) =lad | adl g 7¥=21|7i*|, hi=qh*+(1-q)h*s;,  (All)
=

N* 1b

+am*|rm*|b11’b—{2 aflor P

whereq is a parameter characterizing the latent hardening. When
the latent hardening is equal to the self-hardenipg L), one has
(A3)  the Taylor isotropic hardening model of single crystals with

where7" are resolved shear stresses on the available slip systdij§y7) =h*(77), ' =1, & =7, andg{"=g*. On the other

of the crystal ande are the weight coefficients related to thehand, the current crystal plasticity model is a rate-dependent ex-
relative strength of the slip systems. A work-conjugate effectii€nsion of the rate-independent models proposed by GafbBin

shear ratey* and the slip surface can be defined as and Darrieulat and Pid64]. The stress exponehthas been iden-
tified by them respectively as either the interaction exponent of
N slip systems in a single crystal or the texture dispersion exponent
B ER R AR RV I AT 2 7y, (A4) inapolycrystal. This crystal plasticity model with an associated
i=1 rate-dependent slip potential is more flexible as in general

. +m or m#«~ (wherem is a parameter in a simple power-law
* * * * _x * *\ —
(T T ) T T (€5,77) =0, (AS) rate-dependence model, see Eg)).
where& is a scalar characterizing the overall isotropic hardenin]gl Under uniaxial tension, the resolved shear stresses in terms of

of the crystal andr% (£*,7*) is the effective slip strength of the the uniaxial tensile stress,>0 and the slip system vectofslip

crystal. The associated flow ruleesults the slip rate on the eachfjlrectlon and the slip plane normal in terms of the in-plane load-

slip system as ing orientation angl&) are given as

r o IT*(TL T3 oo The) =simio,=LY0o,=[sS m% cog 6+ (s md
I * * * * *
ITi +s% m’, )sing cosf+s%, mS, sir? 0lo,,  (Al2)
* % |T;k| b2 7 o* 0* _0* o* o* 0* .
=\ -~ = where &7 ,S;, ,S3) and (M ,my ,mj3) are the Cartesian
components of the slip system vectors defined in the material
_ |7\ 2 7 . [|7F] b-2 ™ texture coordinate systeXlY Z The slip potential Eq(A3) can be
=y* a|*< = ) — =7 " — (AB) expressed in terms of the uniaxial tensile stress and the in-plane
T T o o loading orientation angle as
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N*
[r*(ag,e>]b=oz_21 Ly

N*
_ b *[O% OF 0% 0% , 0%, O
—‘Tozl af|sh my cos 6+ (s mp, +s, mfy )
&

. * LA
X sin 6 cosf+s% m sir? 6|°

=0y®(0). (A13)

obtained approximately via simple volume averaging. The result-
ing mathematical formulation of these constitutive equations is
identical to the one presented in Section 2ifb.

The plastic spin appeared in thmicromechanicaltheory of
single crystal plasticity(see Eq.(Al) in general and Eq(14d)
under uniaxial tensions the natural consequence of the kinemat-
ics of crystallographic slips. When one does not directly measure
the crystal orientations using either X-ray or electron diffraction
techniques, one does not know explicitly the slip system vegfors
andm; . One has to rely on the mechanical tests instead to evalu-
ate the material anisotropic functiods; (9), ®3(6), and®} (6)

Tr;e in-plane components of th% plastic rate of deformation tensgf the single crystal under uniaxial tension. In other words, this
DP and the plastic spin tensa¥” of a single crystal can be ob- results in amacroscopictheory of single crystal plasticity using

tained using EqsiAl), (A2), (A6), (A12), and(A13)
N* o b—l N*
. . . 6
31:21 Si*lmi*17i*:7’*(7_o) 2 af|Ly°
“

b-1
x| 0 *
=y (—) o3(0), (AL4a)
7o
N* ble*
. . . 0 —
b= sttt =5 |23 el
i=1 7o i=1
P b-1
s'y*(—) ©3(0), (AL4b)
7o

L b1 N*
. Si Mz +SHmyy . 0 _
b3, SIS e TS v
i=1 70 i=1
S\
E'V*(—) ®3(6), (Al4c)
7o
N* * ok * ok p—1 N*
. STULPRS PULERS 0 _
wlzzz 2 'Yi*:?’*(_) ) ai*||—r1|b 2Li*l 2
i=1 7o i=1
S\t
E'y*(f—) ®3(0),  (Al4d)
0

where
* =simi=s% m cof 0+ (s m% +s% mS )sin 6 cosd
+s%mS sir? 0,
= slymiy=sfy mfy sif? 6— (siy Y, +sf MY} )sin ¢ cos

* *
+s%mY cog 6,

* ok K ook o* 0% o* 0%
L SiiMTSHMy  Si; M — S My sin 26
il 2 2
0% 0% | 0% 0%
Si1 M3 TS Myy
————————C0S 2,
2
* ook * ok 0* _0* o* _ 0%
»  SiiMiz—SipMyy i My — S My and
2 2 2 ’
L1 ddi(6) .
P3(0)= 25 do (the associated flow rule

The material anisotropic functior? (), ®3 (), andd (6)

of the single crystal under uniaxial tension are related only to it§1
slip system vectors; andm; , the slip system weight coefficient

these material anisotropic functions for uniaxial tensile loading.
One can show that in general the material anisotropic function

7 (8) cannot be deduced from the knowledge of other two an-
isotropic material anisotropic function®} () and ®3(6) for
single crystals: that is, the knowledge of the orientational depen-
dence of flow stress and plastic strain ratio under uniaxial tension
will not provide any prediction on the orientational dependence of
plastic spin ratio at all. Indeed, this result directly contradicts one
of the commonly cited expressions for macroscopic plastic spin,
[26-28:

sz T](O'Dp_DpO'), or (.1)12

=no4e1, (under uniaxial tension (A15)

where 7 is the plastic spin coefficierftvhich has been assumed to
be a constant in its application examplei§urroda[26] and Da-
falias [28] found that the plastic spin coefficient have to be a
negative constant for modeling certain experimental data while it
is required to be non-negative according to Lev[zg. One can
show that the relatioriv,,= o 4e,, (Uniaxial tension does not

hold for single crystals in general according to the micromechani-
cal crystal plasticity model presented aboymimerical simula-
tions of single crystals have revealed that there exist cases that
@1, iS nonzero where;,=0!) and the general validity of the
constitutive equation for macroscopic plastic spin E4L5) is

thus questionable. A similar conclusion can also be reached about
another proposed simple expression for the macroscopic plastic
spin, [28], @1,= ney= n[(e1—£,)siNOCosSH+s1,C08 Y] as it
holds only strictly for single slips for single crystals.
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