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Abstract. A discrete slip medel which characterizes the inhomogeneity of material properties
in ductile single crystals is proposed in this paper. Based on this model, rate-dependent finite
element investigations are carried out which consider the finite deformation, finite rotation,
latent hardening effect and elastic anisotropy. The calculation clearly exhibits the process from
microscopic inhomogeneous and localized deformation to necking and the formation of LSBs
and reveals several important features of shear localization. For example, the inhomogengsous
deformation is influenced by the imperfections and initial non-uniformities of material properties.
The inhomogeneous deformation may either induce necking which results in the lattice rotation
and leads to geometrical sofiening, which in turn promotes the formation of csBs, or induces
heavily localized deformation. The microscopic localized deformation eventually develops
into the Lses and results in a failure. These results are in close agreement with experiment.
Qur calculations also find that the slip lines on the specimen’s surface at necking become
curved and also find that if the necking occurs before the formation of Lsgs, this band must be
misoriented from the operative slip systems. In this case, the formation of LSBS must involve
non-crystallographic effects. These can also be indirectly confirmed by experiment. All these
suggest that our present discrete slip mode! offers a correct description of the inhomogeneous
deformation characterization in ductile crystals.

1. Introduction

The inhomogeneity of plastic deformation is a common phenomenon in deformed crystalline
solids, even in single crystals at the initial stage of plastic deformation. The inhomogeneous
plastic deformation is concentrated into slip planes and slip bands, which vary in their
participation in total deformation. It is usually the result of heterogeneous slip in certain
slip systems,

Analysis of non-uniform and localized deformation in ductile single crystals have been
carried out many times (Peirce et al [1,2], Nemat-Nasser [3]). They used crystal plasticity
to model the non-uniform and localized deformation in ductile single crystals. The only
imperfections considered in their calculations are the initial inhomogeneity of specimen’s
thickness or thermal softening, They considered the crystal as a homogeneous media. But
as pointed by Neuhauser [4]; ‘slip lines are distributed randomly on the whole crystal length
with slip line density depending on the strain’. The experimental results of Mader [5] and
Zhang [6] also confirmed the discrete characterization of slip. It is also observed that only a
small portion of crystallographic planes have taken part in the deformation and even much
less taken part simultaneously at a time, i.e. only a limited number of sources has been
active and each one for a limited time. Figure 1{a) and (b) shows the randomly distributed
slip lines on the specimen’s surface which change with straining level. The pronounced
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hierarchy of slip heterogeneity depends on the ability of the dislocations destroying the
obstacles. The ability for dislocations destroying the obstacles in a slip system, i.e. the
critical resolved shear stress (CRSS) determines the distribution and the activation of slip
lines.

(a)

Figure 1. The morphology of slip lines on specimen’s surface (Zhang [6]), (¢) discrete slip
lines at small deformation; (b) surface almost completely covered by the slip lines at large
deformation.

The theoretical framework for analyzing the initiation of LSB was set up to associate the
formulation of LSBs with material instability (Hill [7] and Asaro [8]). They employed the
proposition that the localization is the result of a constitutive instability and is predictable
from the pre-localized constitutive law. Based on the framework, Needlemann and
Tvergaard [9] and Needleman [10] among others analyze the localized deformation. Their
results are in close accord with the experimental observations for homogeneous or near-
homogeneous media.

It has been known that plastic deformation is inhomogeneous in the microscale even at
the initial deformation stage, with continued straining, becomes mesoscopic inhomogeneous
and generally through the onset of diffuse necking and/or LSBs. Failure usually ensues either
by necking to a ‘chisel edge’ or by rupturing within intense shearing bands. Chang and Asaro
[11] carried out experiments on localized shearing in FCC Al-Cu single crystals subject
to several aging treatment. The precipitation hardened alloy containing coherent zones or
incoherent and semicoherent precipitates form an interesting class of material that displays
intense shearing band leading to fracture. Figure 2 shows an example of the formation
of LSBs in Al-Cu single crystal. The crystal first deformed with randomly distributed fine
slip lines on the surface, then underwent diffuse necking, the LSBs formed within the neck.
Crystals that contained incoherent 8 particles behaved similarly to those containing 8’ except
that they underwent considerably more necking before the LSBs formed. In addition, the
bands were not straight as shown in figure 3. Figure 3 shows a LSB in an Al-Cu crystal where
curving of the band in a direction further away from the tensile axis is evident at specimen
free edges. The localized shearing and necking were preceded by the formation of coarse
slip bands (CSBs) as shown in figure 4(a) and (b). The inhomogeneous plastic deformation
induced by the non-uniformity of material properties results in the formation of CSBs which
may then serve as imperfections in which the necking and LSBs set in. The figure also shows
the LSBs become misoriented with respect to the CSBs (and the underlying crystallographic
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planes). If the LSBs are slipping on another slip plane as suggested by Elam [12] remains
unresolved. The LSBs are not aligned with the operating slip plane as seen in figure 4(a).
The curved slip lines at necking can be seen from figure 4(b). The curved slip lines may give
us some insights about the shearing at necking, because the curved slip lines have similarity
with the curved shape of LsBs. This also means that the lattice rotation plays an important
role in the diffuse necking and formation of LSBs. The ‘patchy’ deformations were often
observed in experiment (Piercy [13]) as shown in figure 5. Two reasons may be associated
with this phenomenon, one is the latent hardening effect and the other is generated by the
inhomogeneity of structural constituents in slip planes, €.g. by the change of the instability
of barriers, the freeing of mobile dislocations from impurity atoms or alloying elements etc.
The inhomogeneity of plastic deformation and its consequences have been proved to play
an important role in mechanical behaviours (Kafka [14]). Because of the inhomogeneity
of material property in single crystal, during deformation, each microvolume in crystal is
differently strengthened. A difference inevitably appears in density of dislocations, and this
results in even more inhomogeneous deformation.

Figure 2. Localized shearing in a single crystal. Figure 3. Localized sheariag in single crystals. The
Diffuse necking preceded shearing band formation. shearing bands are somewhat curved especially near the
Curved slip lines can be observed (Chang and Asaro  free surfaces (Chang and Asaro [11)).

[RRY)

The experimental results with specimens made of the same material under the same
conditions may exhibit some differences, e.g. the stress versus strain curves and the sites
of necking and formation of LSBs may change. These variations may depend on the
inhomogeneity of material properties which is randomly distributed in the specimen. Thus
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Figure 4. Localized shear bands (LsBs) and coarse slip bands (csBs) in single crystals. Note
the misorientation between the two kinds of bands especially evident in the ieft photo and also
how the localized shearing bands form within clusters of cses. Note also the curved slip lines
(Chang and Asaro [11]).

Figure 5. The morphology of ‘patchy’ slip pattern (Piercy et af [13]).

the statistical method based on the knowledge of the statistical description of microscopic
properties may be used. The specimen can be divided into regions for which the crystal
plasticity laws are in force. The microscopic parameters are considered as random variable.
But most of them lack input information about the properties of microscopic regions and
their distributions.

Based on the above analyses of micromechanism, we construct a discrete slip model
which the inhomogeneity of material property is considered. By using this model, the
inhomogeneous and localized deformation of ductile single crystals subject to tensile loading
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are analyzed numerically. The rate-dependent formulation is employed with precisely
considering the finite deformation and finite lattice rotation. The {atent hardening effect
and elastic anisotropy are included in the calculation,

The crystallographic geometry and the presumed shearing modes in present paper are
completely the same as that used by Rice [20} and Mpchan et af [21]. The normal of
specimen surface is taken to be [110] direction. This deformation mode is consistent with
plane strain state. It is assumed that shear parallel to each slip plane involved simultaneous
and equal amounts of slip along two face diagonal direction in that plane, so equal slip
along [110] and {011] on (111) plane combine to produce an effective composite in-plane
slip deformation on (111)[121], similarly, [110] and [011] on (111) combine to produce
(111)[121] in-plane deformation. Finally the pair of (111)[101] and (111)(101] operating
jointly result in-plane strain deformations. These kinds of combinations of slip systems are
the only ones that can accommodate large plastic strains under plane strain conditions. As
for plane strain deformation, the strain €33 = €5, + €5, = 0. For the large in-plane plastic
deformation, €5, is much smaller and so is €}, than the in-plane strain. So it is reasonable
to ignore the slip systems that resulting in the plastic strain €} entirely.

The calculation based on the discrete slip model clearly exhibits the process from
Jocally inhomogeneous and localized deformation to necking and the formation of LSBs and
reveals several important features of shear localization. For example, the inhomogeneous
deformation is influenced by the imperfection and initial non-uniformities of material
properties. The locally inhomogeneous deformation may either induce necking which results
in the lattice rotation and leads to geometrical softening, this in turn promotes the formation
of ¢sBs, or induces heavily localized deformation. The locatized deformation eventuaily
develops into the LSBs and results in a failure, These results are in close agreement with
experiment. Our calculations also find that the slip lines on the specimen’s surface at necking
become curved and also find that if the necking occurs before the formation of LSBs, this
band must be misoriented from the operative slip systems. In this case, the formation of
LSBs must lavolve non-crystallographic effects. These also can be indirectly confirmed by
experiment. This suggests that our present discrete slip model offers a correct description
of the microscopic inhomogeneous-deformation characterization in ductile crystal.

The plan of the paper is as follows; in section 2 the discrete slip model and the
constitutive law used in the calculation are described; in section 3 the numerical method is
outlined and the results and discussions are presented; finally, some conclusions are given
in section 4.

2. Crystal model

2.1. The discrete slip model (DSM)

The crystal usually deforms by two physically distinct mechanisms; (1) plastic deformation
which consists of material shearing relative to a crystal lattice, and (2) elastic deformation
of the lattice and material together. A significant difference between the crystal model
used in previous researches (Taylor [15], Asaro [16]) and present models is that the DSM
considers the spatial material heterogeneities as imperfection to reflect the influence of the
microscopic inhomogeneity on the plastic deformation. Experiments show that the deformed
crystal consists of many slip and slip free zones. The slip free zones are elastic bands and
the slip zones are the slip bands as shown in figure 1(a) and (b). Bach slip band observed
consists of fine slip lines which more or less densely packed in clusters with regular distance,
with continued straining, the elastic bands gradually develop into slip bands. So the length
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scale for DSM is related to the width of slip band which depends the microstructure of
materials. ' We suppose that whether the slip system is active or not depends on the critical
resolved shear stress (CRSS) on this system.
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Figure 6. The discrete slip model {a) the arrangement of slip bands along three slip planes
and numbering of the bands: (b) the slip geometry.

Based on the above analysis, the DSM is constructed as follows: the crystal is divided
into lots of bands in which the CRSS distributes randomly. Each band which is parallel to
the slip planes is taken as crystal which the crystal constitutive laws are in force. The DSM
for FCC crystal is shown in figure 6(z) and (#). The normal of the crystal surface is (110},
the tensile axis (100). The crystal is divided into three groups of bands, each is along
particular shearing system (figure 6(a)). The slip geometry is shown in figure 6(b).

In order to estimate the distribution of CRSS, an experiment should be designed to get
this distribution. But at present this distribution is not available.

The physical meaning of this fluctuation is related with non-uniform distribution of
initial dislocation density, the property of precipitate particles and the size and density of
the particles etc. According to the working hardening theory [22], relation of the CRSS with
the dislocation density has a form of tcr = Tpy + @Gbp®®, N is the Pelerls-Nabarro
stress, o material constant, G is shear modulus, b is the Burgers vector of the dislocations
and p the dislocation density. If we take p as the initial dislocation density, and know the
distribution of p, then the distributions of ey are known. The distributions of zcp also
greatly depend on misfit, size and interval of precipitates.

Here a phenomenological method is used to evaluate the non-uniform distributions. We
observed that before the crystal yields, the slip lines already exist on the specimen’s surface.
When reaching the maxima of loading, almost the whole specimen’s surface is full of the
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Figure 7. The variations of critical shear stress ré” with the number of slip band for three
shearing systems (circle for (111)[121] {denoted by 1883), triangle for (111)(121] {288) and
square for {111)[101] and (111)[101] operating jointly (388)). (a} for case 1. (b) for case 2.
(c) for case 3. {d} for case 4. (e} for case 5.

ship lines. Thus CRsS may change from to. the minimum critical resolved shear stress, to
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(a) (b) (c) (d) (e)

Figure 8. The deformed meshes for case 1 at (@) U/Ly = 0.05. (b) U/Ly = 0.10. ()
U/So=0.15. (d) U/Lo — 0.20. (e) U/Ly =0.25

(x) (b) (©) (d) (e)

Figure 9.  The deformed meshes for case 2 at (a) U/Ly = 0.05. (b) U/Lg = 0.10. (¢)
U/Lo=0.15. () U/Ly=0.20. (¢) U/Ly =0.25

the Toy, the maximum critical resolved shear stress in crystal, o will be a little smaller
than 1o, the critical resolved shear stress in crystal plasticity [1,2]. toy will be greater
than g, but smaller than t,, the saturated resolved shear stress [1,2]. Thus, the following
distribution is employed

& = atg + Tn(RY — B). (1:

In FCC crystal, for (111)[121] and (111)[121] shearing systems, o = 2/+/3, for the
pair of systems (111)[101] and (111)[101) operating jointly, o« = V3. Tam is the amplitude
of Crss, and R® is the random variable changing from 0 to 1. The R® is generated by a
random method. 8 is a constant which determines the mean value of CRSS.

The inhomogeneous microstructures also result in the fluctuations of the saturation shear
stress T, the initial hardening moduli 4o and the saturation hardening moduli k. Including
all these fluctuations will make the problem more complicated. Here, for simplicity, only
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(n) (c) (d) (e)

Figure 10. The deformed meshes for case 3 at (@) U/Lg = 0.05. (&) U/Ly = 0.10. (c)
U/Lp =0.15. (d) U/Ly = 0.20. (e) U/Ly = 0.25.

(a) (b) (© (d) (e)

Figure 11. The deformed meshes for case 4 at (¢} U/Ly = 0.05. (b) U/Lp = 0.10. (c)
UfLy=0.15. (d) U/Ly =0.20. (&) U/Ly = 0.25.

the fluctuation of CRSS is considered. Further investigations including all these fluctuations
are our future research work.

The DSM essentially represents the slipping crystal with microscopically spatial
heterogeneities which describe the inhomogeneity of mobile dislocation distribution and the
ability of dislocation escaping from precipitates atom and blocking. The inhomogeneous
plastic deformation can be simulated based on the DSM.

We use this model to examine the local inhomogeneous plastic deformation and its effect
on the LSB and necking. It should be noted that, for the homogeneous or near-homogeneous
crystal with fine precipitates, the slip lines are fine and relatively uniform, the continuous
slip model (Peirce et al [2] and Needleman et al {18]) can give very good results, Here
we consider the crystals containing large precipitates with large interval. Their slip bands
distribute non-uniformly. The physical meaning of the width scale of the distributions
corresponds to width of the slip bands. Our calculations reveal some important relations
between the microscopically spatial material heterogeneity and plastic deformation pattern.
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(@) (b) (c) (d) (e)

Figure 12, The deformed meshes for case 5 at (a) U/Ly = 0.05. (b) U/Ly = 0.10. (c)
UjLy=0.15. (d) U/Ly = 0.20. (¢) U/ Ly = 0.25
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Figure 13. Load versus engineering strain curves for the five cases

2.2, Constitutive relation

The crystal plasticity for describing plastic deformation of crystalline solids at a full finite
deformation constitutive formulation is given by Hill and Rice [17] and Asaro [16], the

crystal constitutive formulation here is taken from Peirce et al [2] and Needleman et al
[18].
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Figure 14. The variations of cross contraction with engineering strain for case 1, case 2 and
case 5.

The deformation gradient F is wrilien as
F=F*.FP @)
where F* arises from the stretching and rotation of the crystal lattice and FP is the
deformation due to plastic slipping.
In the deformed lattice, the slip direction and the normal to the slip plane are given by
(1,2]
s¥) = p 5@ m* = m@ . (Fhy1 (3a,b)
For each slip system, symmetrical and anti-symunetrical tensors are defined by
P(tx) = %(S*(d) @ m*(a) + m*({!] ® S*{at)) (46!)

W = 1(s*® @ m*® — @) @ gy, (46)

Then, in the deformed crystals, the plastic deformation rate and plastic spin rate can be
written as

0P = Z p@p@ OF = Z Wy @) (5a,b)
o «®

where 3 denotes the shearing rate on the ath slip system.

Bl®) = j(W(Ol} g —a - W(a)) 6)
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Figure 15. The contour plots of 188 shear strain for case 1 (@} UfLp = 0.05. (&)U /Ly =0.10.
(¢) UfLp = 0.15. (d) U/Lp = 0.20. (&) U/Lg =0.25.

the crystal constitutive equation can be written:

§=(Lo+ (G~ DT E=) [(L°+ jI): PO 4 B9y, 0)

The elastic moduli L° is taken to be orthogonal anisotropic, and convects with the lattice
deformation F*, i.e.
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Figure 16.  The contour plots of 253 shear strain for case 1 at (@) U/Lg = 0.05. (b)
ULy =0.10. (¢} U/Lg = 0.15. (d) U/Lo = 0.20. (&) UfLg = 0.25.

L°=F*'F*'L'F*T'F*T

where L is the elastic moduli at initial undeformed state and " is the fourth-order tensor
containing the stress terms j(oud; +0wdj), j = det(F). o is the Euler stress. It is needed
to transfer the L to the elastic moduli in (110} plane for present calculation.

In the present formulation, each ¥ is dependent on the dislocation driving force and
current internal structure. The expression used here for the shearing rate is of the power
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Figure 17.  The contour plots of 1SS shear strain for case 2 at {a) UfLy = 0.05. (&)
UfLy=010. (¢} U/La = 0.015. (&) U/Lg =0.20. (¢) U/Ly = 0.25,

law form used in [2, 18]

‘E'(a} (}/m)-1
-2

where 7 is the resolved shear stress, g is the current strain hardened state function
on the «th slip system, exponent 1/m characterizes the material rate sensitivity. a® is the
reference shearing rate on «th slip system.

o

7@
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Figure 18.  The contour plots of 255 shear strain for case 2 at (a) U/Lo = 0.05. (D)
U/Lg = 0.10. (¢) U/Ly = 0.15. (d) U/Lg = 0.20. (e} U/fLg = 0.25.

The evolution of the function g is specified by
g(u) = Zhdﬂ h‘,(ﬁ)l (9)
g

where hyg is the hardening moduli, and can be expressed by

hmﬁ =h{y)g+ (1 — Q)aaﬂ] (1
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o

.04 &

(9)

Figure 19.  The contour plots of 185 shear strain for case 3 at (a) U/Lg = 0.05. (b)
UfLg=0.10. (¢} U/Lg = 0.15. (d) UfLy =0.20. {¢) UfLp =10.25.

here, parameter g sets the levels of latent hardening as compared to the ‘self-hardening’ of

the slip systems.
h(y) is specified by [23]

(11)

h(y) = hy + (hg — k) sech® [M]

s —To

where
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(a)

(d)

Figure 20.  The contour plots of 258 shear strain for case 3 at (@) U/Lp = 0.05. (&)
UfLo=0.10. (¢} U/Lo = 0.15. (d) U/Log = 0.20. (e) U/Lg = 0.25.

y=2.r (12)

and 7; denotes a saturation strength /o represents an injtial hardening moduli, ty is initial
critical resolved shear stress, A, is the saturation hardening moduli.
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Figure 21. The contour plots of localized shearing bands together with the slipping band
(dashed line) for case 4. (a} U/Lg = 0.13. () U/Lg = 0.20. {e} U/Lo = 0.25. Note that the
misosientation between the two kinds of bands.

3. Numerical calculations and discussions

3.1. Numerical method

The updated Lagrange method is adopted in the analysis with symmetrical Kirchhoff stress
S-Green strain E formulation. Taking ¢ = ty as the reference configuration, using Spyy = o,
ASqy = SAt, AEqy = EAs. Thus the virtual work incremental principle can be expressed
by (no body force is considered)

A aA n
j AS(N)kiaa %k v +j ou umSEbu dv - f ATp8Auy dA
V) o vy | dx Bxk AN
aﬂuk
= T.8An, dA — oyd dv. (13)
AN v 8xy

Employed (7) in conjunction with (13) leads to an extremely small time step to
ensure numerical stability. In order to increase the stable time step, so-called rate tangent
algorithm [2, 18] is employed in present calculation. This formulation gives a tangent-
modulus method for solving the governing rate equation. The method is explicit in that no

iterations are required. Once the displacement rate has been determined by solving the rate
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r_\/-.

&

Figure 22. The relation between the formation of LSB and cse, Note that the lattice rotations
due to necking play an important role, Note also that non-crystallographic effect involved in
(&) and (¢},

boundary-value problem, updating takes place using linear incremental procedure: F(fy41)
is computed directly as F{ty)+ AtF, FP(ty,1) is updated by (5P @m@y@y. FPAs,
then F*(ty41) is calculated as F(ty4)(FP(ty+1))"", using (7), § can be calculated, and
Smlne1) = o+ AtS, according to the stress transforming relation, & (fiv4+1y) can be
obtained. When the internal variables have all been updated, a new current state is defined,
and the process repeated.

Consideration s restricted to tensile deformation by prescribing the end-displacement
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rate. The tensile axis is aligned with y-direction. The boundary conditions on the calculated
model analyzed numerically are:

T, =0 T,=0 atx=0 y#0
T, = Ty = atx = Ly
Uy =0 atx =0 y=0
ity =0 T, =0 aty=0

iy =U T, =0 at y = Hy.

3.2. Numerical results and discussions

The finite element computation using DSM are carried out to analyze the five cases with
different inhomogeneities of CRSS. In each case, the following original data are used in
calculation: Cy; = 8427, Cja = 6071, Cas = 3771, @ = 0.001, m = 0.005, ¢ = 1.4,

= 897, T, = 1.8%, h; = 0. The values of material constants are typical of Al-Cu
alloys [11,19]. The crystal geometry is specified by Lo/Hy = ~'2/3.

In equation (1), 1p = 60.84 MPa, 7 = 50 MPa for case 1, 2 and 3, , == 20 MPa for
case 4, Ty = 5 MPa for case 5, 8 = 0.2, R%) is chosen as a random variable. The RWs, (i
is the number of discrete slip bands), along (111){121], along (111)[121] and combination
of (111)[101] and (111)[101] for five cases are shown in figures 7(a)~(e).

As for the intervals of the slip bands are usually several microns, using DSM to
calculate the macroscopic specimen requires large computer time. In the present paper,
only mesoscopic specimens are used in the calculation, where Lo = 90 um, Hy =
270/+/2 pm. Thus the effects of the discrete and inhomogeneous slip bands on the
mesoscopic deformation are reported here.

The finite element grids in the numerical investigations are based on constant-strain
triangular elements. The number of finite element discretizations is 2072 for case 1, 2 and
3, and 2460 for case 4 and 5.

The deformed meshes at U/Hy = 0.05, 0.1, 0.15, 0.20, 0.25 for five cases are shown
in figures 8(a)~{e)-figures 12(a)—(e). Except for case 3, the other four cases show a
similar deformation mode, i.e. when U/Hy < 0.10, the deformation pattern mesoscopically
exhibits uniform mode. Only slightest hints of imperfection at specimen boundary and of
microscopic inhomogeneity of slip deformation are observed. With continued straining, the
microscopic inhomogeneity gradually becomes apparent, and finally results in macroscopic
inhomogeneity. When U/Hy > .15, the necking is evidently developed. Therefore the
initiation of necking occurs between 0.10 and (.15. PFor case 3, there is more diffuse
necking. Several coarsely slipping bands accompany the necking development. Though
the distributions of tn’ for five cases are different, the deformation patterns are similar.
Comparison of case 1, case 4 and case 5, it is found that the level of material property
inhomogeneity does not affect the overall deformation patterns. The strain at initiation
of necking is insensitive to the level. As the level decreases, the ‘patchy’ deformation
gradually becomes less pronounced. Comparison of case 1, case 2 and case 3, it is also
found that the distribution of CRSS has an influence on the site of necking (case 1 is at
lower end and case 2 at upper end} and necking feature (case 3). The plastic deformation
patterns are insensitive to the initial material imperfection at deformation U/Hy < 0.1. As
the deformation increases, the insensitivity gradually decreases, and eventually results in
macroscopic inhomogeneity of plastic deformation.
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It is interesting to compare figure 8—figure 12 with figure 13 where the curves give the
load-extension plot for the crystals in different cases. The load P is given by

Xe
P= [ Tounex
X,

2

where x; is left side x-coordinate at loading-end, x. and y. are the right side x- and y-
coordinates at loading-end.

From figure 13, it seems that the maximum load is at U/Hy = 0.10-0.12. The variation
of cross conftraction at necking with end-displacement is shown in figure 14 for case 1
and case 2. It can be classified into two linear variation stages. The ‘knee’ of the curves
approximately corresponds to the initiation of necking and also to the maxima of loading.
It seems that this kind of material inhomogeneity does not modify the overall features of
deformation patterns. The differences induced by the inhomogeneity, such as yield stress,
shape of load-extension curve and maxima of loading, are common phenomena which can
also be observed in experiment.

The corresponding contour plots of slip activities for case 1, case 2 and case 3 are shown
in figure 15{a)—{e)-figure 20{a)-{(e). From these contour plots, the discrete deformation
patterns and discrete slip bands are clearly observed. For case I, comparing with the CRSS
as shown in figure 7{a), the CRSS at 1SS bands of 8-16 and 28-32 is lower, and that of
288 in bands from 6-12 and 30-38 is lower. The bands with the lower values of CRSS
correspond to the easily slipping bands (figure 15(a) and (&) and figure 16(a) and (b)). For
case 2, the CRSS at 188 bands of 11, 10, 15-17, 27-30, 38-40, and at 258 bands of 8, 10-11,
15-16, 23, 28-29, 36-37, 40 are lower (figure 7(b)). These bands are easily slipping bands
(figure 17(a) and (b} and figure 18(a) and (&)). For case 3, the CRSS at 188 bands of 8-10,
16-20, 34-35 and at 2SS bands of 2, 4, 7, 11, 20, 24, 28-29 are lower {figure 7(c)), the
corresponding bands also show easily slipping bands (figure 19(2) and (b) and figure 20(a)
and (b)). For case 4 and case 5, similar phenomena can also be observed (figures 7{e) and
(), figure 11 and figure 12). As loading proceeds the deformation pattern becomes localized
in some bands which correspond to a package of contiguous bands with lower CRSS. With
continued straining, the localized deformation bands develop into localized zones which
may be called csBs (figure 15() and (c)-figure 20(b) and (c}). The CSBs may result in
the formation of LSBs and necking. Figure 15{(c)—(e)~figure 20(c)—{e) show developments
of necking and formation of L$Bs. The similar results can also be obtained for case 4
and case 5. The contour plots of 255 for case 4 in figure 21{a)—(c) clearly exhibit the
development of LSBs. It does not involve a single band, but generally consists of several
LsBs. It is also shown that the LSBs are misaligned with slip bands (dashed line). This
can also be observed from experiment results (figure 2). The 388 for all five cases is only
active after necking and focuses in small regions,

The experiments show that the CSBs play an important role in the formation of localized
bands and necking. From our calculated results, it can be seen that the lower CRSS bands
exhibit easily slipping bands. The closely-packed lower CRSS bands may induce the CSBs.
CSBs may serve as imperfections to promote the necking and formation of LSBs; this is
consistent with experimental results [11]). The calculated results also show that the initial
inhomogeneity of material property results in the heterogeneity of plastic deformation which
associated with the patchy slip. The patchy slip zones evidently exist in deformed meshes.
The patchy slip may also be promoted by the latent hardening effects. In present calculation,
g = 1.4.

The lattice rotation can be seen from figures 8-12, which shows very inhomogeneous.
The inhomogeneous rotation may result in geometrical softening and hardening in crystal.
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The softening promotes the ship activity, and the hardening prohibits the slip activity. This
inhomogeneous rotation also results in the curved slip bands at neck. This is consistent with
the experimental results as shown in figure 5(5). A geometrical softening due to the rotation
near free surface at neck is observed in both experimental and our calculated results. The
calculated results indicate that the geometrical hardening occurs in the middle of the neck.
The experimental result shown in figure 2 confirms the caleulated results. Our results also
demonstrate that the curved slip bands depend on the amount of conjugate slip therein. The
conjugate slip activity may promote the curving of the slip bands. It is also shown that the
most inhomogeneous strains locate at neck and the highest slip strain is at the specimen’s
center, not at the specimen’s free surface.

it has been known that the L$Bs usually develop from the CSBs and initialize at the free
surface. The CSBs at free surface may serve as preferential position to induce the formation
of LsBs. Thus the length scale of the fluctuation distributions has an apparent relationship
with the formation of the ¢SBs and r5Bs. The width of CSB usually contains several
contiguous slip bands with lower CRSS, so the width of LSB may be at same magnitude.

The experiments show that the LSBs on one hand may exhibit a straight mode, and on
the other hand, may exhibit a curved mode. In present calculation, we conclude that when
LsBs form before necking, they are straight and aligned with the ¢sBs. When the LSBs
form just after necking, the LSBs are also straight but misaligned with csBs. When necking
continues developing after the formation of L$Bs, the LSBs become curved and misaligned
with the C5Bs. These three forms of LSBs are schematically shown in figure 22(a)—(c). The
experimental results [11] confirm our present calculation. The experiment [11] also shows
that formations of ¢8Bs do not involve the nucleation of voids, but the formations of L$Bs do.
This means that the non-crystallographic effect exists in the formation of LSBs, but not in the
formation of €SBs. Qur calculated results show that, in the first mode, the formation of LSBs
is a crystallographic process, but for the other two modes, the non-crystallographic effect is
involved in formation of L3Bs. If the LSBs form after necking, the slip lines already become
curved. Generally, the LsBs just forming exhibit straight fashion, thus it is impossible for
LSBs to be aligned with the curved slip lines.

The straining and microstructure induced anisotropy can be observed in figures 8-12
and figures 15-20. As the deformation proceeds, the initial single crystal becomes ‘patchy’
and is divided into many zones with different crystal orientation, called subgrain. This
kind of deformation pattern can also be found in experiment. The subgrains result from the
inhomogeneity of lattice rotation.

4, Conclusions

Our rate-dependent finite element calculations based on the DSM show the vital role of non-
uniformity of material property on inhomogeneous deformation. The following conclusions
are drawn:

(1) The psM which describes the initial non-uniformity of material property for
dislocation moving reasonably reflects the micromechanism in plastic deformation
inhomogeneity. But the determination of CRSS distribution from the experiment should
be accentuated.

(2) The reduction of cross contraction at neck as a function of loading can be classified
into two linear change stages. The ‘knee’ or the transition of the two stages approximately
corresponds to maxima of loading and also corresponds to the initiation of necking.

(3) The bands with lower CRSS are the easily slipping bands. A group of contiguous
bands with lower CRSS may result in CSBs which may induce the formation of LSBs and
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necking. The deformation patterns are insensitive to the level of CrSS. The distribution of
CRSS may change the site of necking and feature of necking.

(4) When LSEs form before necking, they exhibit a linear fashion and the shearing
failure is along certain crystallographic planes. When the LSBs form just after necking and
immediately result in shearing failure, the LSBs are also straight but misaligned with CSBs.
When the LsBs form after a well-developed diffuse necking and develop after formation,
the LSBs are curved and misaligned with the CSBs, The latter two shearing failures involve
the non-crystallographic effect. These results are consistent with the experimental results,

(5) The ‘patchy ’ deformation patterns are observed in present calculation. The
deformation is related to the inhomogeneity of material property and also related with
the high latent hardening rate, Subgrains form due to the ‘patchy’ deformation in single
crystal,
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