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Torsion/Simple Shear of Single
Crystal Copper
We analyze simple shear and torsion of single crystal copper by employing experim
molecular dynamics simulations, and finite element simulations in order to focus o
kinematic responses and the apparent yield strengths at different length scales
specimens. In order to compare torsion with simple shear, the specimens were desig
be of similar size. To accomplish this, the ratio of the cylinder circumference to the
gage length in torsion equaled the ratio of the length to height of the simple s
specimens (0.43). With the [110] crystallographic direction parallel to the rotational a
of the specimen, we observed a deformation wave of material that oscillated aroun
specimen in torsion and through the length of the specimen in simple shear. In torsio
ratio of the wave amplitude divided by cylinder circumference ranged from 0.02–0.07 for
the three different methods of analysis: experiments, molecular dynamics simulation
finite element simulations. In simple shear, the ratio of the deformation wave ampl
divided by the specimen length and the corresponding values predicted by the mol
dynamics and finite element simulations (simple shear experiments were not perfo
ranged from 0.23–0.26. Although each different analysis method gave similar results
each type boundary condition, the simple shear case gave approximately five times
amplitude than torsion. We attributed this observation to the plastic spin behaving d
ently as the simple shear case constrained the dislocation activity to planar double
but the torsion specimen experienced quadruple slip. The finite element simula
showed a clear relation with the plastic spin and the oscillation of the material wave
for the yield stress in simple shear, a size scale dependence was found regardin
different size atomistic simulations for copper (332 atoms and 23628 atoms). We ex
lated the atomistic yield stresses to the order of a centimeter, and these comparison
close to experimental data in the literature and the present study.
@DOI: 10.1115/1.1480407#
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Introduction

Pure FCC Cu has enjoyed a breadth of mechanical prop
studies. Polycrystalline Cu studies have been performed in tor
~cf., Shrivastava et al.@1#; Johnson et al.@2#; Montheillet et al.
@3#; Canova et al.@4#; Field and Adams@5#; Horstemeyer and
McDowell @6#!, tension~cf., Khan and Parkh@7#!, compression
~cf., Hecker et al.@8#, Horstemeyer and McDowell@6#; Butler
et al. @9#; Tanner and McDowell@10#!, and non-monotonic path
sequences~cf., Yakou et al.@11#; Khan and Parikh@7#; Franciosi
et al.@12#; Khan and Wang@13#; Tanner and McDowell@10#!. For
single crystal Cu,@14#, Phillips @15#, Jackson and Basinski@16#,
Honeycombe@17#, and Quilici et al.@18# have noted critical re-
solved shear stresses under various loading conditions. E
boundary value problems with single crystal copper have b
performed. For example, a high strain rate analyses/experime
study with the single crystal oriented for planar double slip
Rashid et al.@19#. Although single crystal Cu compression an
tension tests have been conducted, few torsion and simple s
tests have been conducted. In this work, we perform torsion t
of solid bars of single crystal Cu. Historically, little research h
been presented with this type of test for several reasons. First,
a difficult test to achieve accurate load-rotation responses. In
paper, we describe how our method yields repeatable respo
Second, researchers typically use compression or tension tes
determine the yield stress. Third, researchers typically used t
walled torsion tests to achieve large strains and avoid stress
dients that require plasticity analysis. By performing the sin

Contributed by the Materials Division for publication in the JOURNAL OF ENGI-
NEERING MATERIALS AND TECHNOLOGY. Manuscript received by the Material
Division April 11, 2001; revised manuscript received December 11, 2001. G
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crystal solid bar torsion test with a ‘‘minimal’’ amount of disloca
tions present, we show qualitatively the effects of dislocat
nucleation on the yield point.

A second aspect of this investigation is related to atomis
simulations. The single crystal torsion experiments are compa
to single crystal simple shear and torsion simulations using m
lecular dynamics~MD! in an effort to analyze the phenomenolog
cal behavior. Horstemeyer and Baskes@28# performed simple
shear MD simulations using embedded atom Method~EAM! po-
tentials for single crystal Ni but in this study an EAM potential
used for single crystal Cu~Foiles@21#! at two different size scales

A third aspect of this investigation includes a finite eleme
simulation using a crystal plasticity model~Horstemeyer et al.
@20#! of a single Cu crystal oriented in the same manner as
experiments and atomistic simulations. The crystal plastic
simulation of the torsion cylinder was used to relate the pheno
enological behavior with the experiments and atomistic simu
tions.

To the authors’ knowledge, the examination of the kinemat
and stress response by using a combination of physical exp
ments, MD simulations, and crystal plasticity finite element sim
lations for torsion/simple shear of single crystal Cu has not b
performed. One might ask why such a study is necessary.
type of study can serve a dual purpose: to relate microstruct
mechanisms to mechanical properties and help guide contin
modeling at various scales. In particular, the experiments, M
simulations, and crystal plasticity finite element simulations p
vide different and unique perspectives and understanding
torsion/simple shear that when synergized generate a clear pi
of the cause-effect relations of the microstructure-property re
tions. Experiments give the stress-strain response and mat
rotation phenomena but cannot provide the understanding of
mechanisms. It is the crystal plasticity finite element simulatio
and MD simulations that provide the understanding of the mec

est
002 by ASME Transactions of the ASME
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nisms of the plastic spin and dislocation nucleation and inte
tion. The crystal plasticity formalism starts at the scale of
crystal grain but does not inherently include subgrain division
much about substructures within grains. As such, crystal plast
can provide information regarding the plastic spin with respec
the stress-strain response and rotations but not about the m
nisms related to detailed dislocation nucleation and interac
effects. The MD simulations are limited to small sizes and h
applied strain rates but provide the mechanistic observat
needed to relate the dislocation nucleation and interaction with
plastic spin and stress-strain responses at the higher scales
thermore, when combining these three independent methods
similarities and differences between torsion and simple shear
come clearly delineated.

Experiments
Two Cu single crystal bars with 99.999% purity were grow

from a seed. The diameter of the specimens was 12.7 mm an
length was 50 mm with â110& crystallographic direction paralle
to the axial direction of the specimen. This orientation allowed
quadruple slip. Referring to Fig. 1, in order to clamp the specim
to the torsional testing machine, each end of the specimen
epoxied inside an aluminum end cap. Figure 2 shows that
aluminum end caps were then clamped to a MTS multiaxial

Fig. 1 Pictures of two single Cu crystal torsional specimens

Fig. 2 Schematic of MTS multiaxial test system
Journal of Engineering Materials and Technology
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system with one end clamped to the torque cell and the other
to the torsional actuator. The effective gage length of the specim
then became 17.6 mm.

Rotations were applied by the torsional actuator at a rate
0.25°/s. The torque-rotation curves of two different specimens~1
and 2! are plotted in Fig. 3. The stress state can be accura
calculated using an elastic analysis at yield but becomes m
inaccurate as the deformation proceeds into the plastic regime
such, we quote only stresses using the elastic formula near y
Both curves in Fig. 3 show that Cu single crystal yields at a v
low stress level~near 10 MPa! but the work hardening rate afte
yield is very high. In the context of this writing, we define tw
yield points. Macroyield is defined from the 0.2% strain offs
Microyield is defined at the proportional limit, when deviatio
from linearity starts. Table 1 shows the microyield and macroyi
values for the two specimens. The stress values in Table 1 w
evaluated at the outer radius of the specimen since the specim
experienced a stress gradient as the deformation proceeded.

An observation related to the kinematics of deformation on
outside surface of the specimen was made. As evidenced in F
from the machining marks on the surface of the specimen
wavy deformation pattern developed around the circumfere
during torsion. These machining marks were initially straight b
fore torsion. The sinusoidal wave comprises of four periods
lieved to result from the fourfold symmetry of the dislocatio
glide planes around the circumference with an average ‘‘am
tude’’ of approximately 0.35 mm at the center of the gage sect
This wavy periodic deformation is shown in Fig. 4 at a strain lev
of 35%.

Fig. 3 Torque-rotation curves for two different single crys-
tal Cu specimens that had an axial orientation in the †110‡
direction

Table 1 Yield values of the torsion specimen

Specimen # Microyield Macroyield

1 3.5 MPa 9.8 MPa
2 4.8 MPa 10.6 MPa
JULY 2002, Vol. 124 Õ 323
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Fig. 4 Close-up view of specimens at 35% shear strain illustrating wavy pattern on outside
of bar
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Atomistic Analysis
Atomistic calculations have been used for a wide variety

materials. All start from atomic pair potentials or some rela
modification. Brenner@22# summarized the class of bond ord
formalism which has proven valuable for covalently bonded s
tems. Stoneham et al.@23# summarized the shell model, which
a modification of a pair potential, used for ceramics. Daw a
Baskes developed the Embedded Atom Method~EAM!, which
employs a pair potential augmented by a function of another p
wise sum, for metals. We used EAM potentials~Daw and Baskes
@24#; Daw et al.@25#; Angelo et al.@26#; Baskes et al.@27#! for
single crystal Cu~Foiles@21#!. Table 2 summarizes the simulatio
parameters.

Molecular dynamics~MD! simulations of single crystal Cu
were performed under fixed-end simple shear and torsion bo
ary conditions to give insight into the torsional experiments
scribed earlier. Strictly speaking, simple shear requires that
traction-free face of the continuum point remain planar and p
allel. We loosen that requirement to analyze potential inhomo
neous deformation predicted by our chosen modeling framewo
Our ultimate goal was to examine simple shear experime
which do not constrain the x-faces to be planar and parallel~see
Fig. 5!.

The simple shear simulation had free surfaces in thex- and
y-directions with periodicity in the z-direction as shown in Fig.
, JULY 2002
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5.

The aspect ratio (x/y) of the atomistic simulations was identica
to the ratio of the circumference to gage length of the tors
specimen. For simple shear, the atoms in the top row in
y-direction were prescribed to move in thex-direction and the
bottom row of atoms was fixed. For the torsion simulation t
computational block of material was fixed on one end with
rotation prescribed at the other end, also shown in Fig. 5.
applied strain rate of;1e9/s was used for both types of simul
tions. A full discussion of strain rate effects can be found
Horstemeyer et al.@28#. The high applied strain rate arises b
cause a femtosecond (10215 s) time step is needed to resolv
dynamic simulation equilibrium. Hence, large simulation tim
are not possible. As a result, high strain rates are needed to r
large strains. A constant periodic length, a fixed number of ato
and temperature of 300 K were used for the material that w
oriented initially for quadruple slip. No initial defects were intro
duced into the material. An initial velocity in thex-direction
scaled according to the height~y-direction! was introduced to al-
leviate a potential shock. The interior atoms were used to de
mine the average stress of the specimen. Figure 6 shows the
tive displacement results from a simulation at 35% shear st
under simple shear. Similarly, Fig. 7 shows relative displacem
results from the hollow and solid cylinder simulations at 35
shear strain under torsion. The vectors show the relative displ
ments from the original positions. One can see that the sinuso
Table 2 Summary of information regarding specimen geometries and test conditions

Attribute Experiment Atomistics Atomistics Atomistics

solid cylinder solid cylinder hollow cylinder simple shear
number of

atoms
- 46,619 15,210 23,628

length ~x-dir! - - - 250 Å
height ~y-dir! 17.6 mm 108 Å 108 Å 108 Å
depth~z-dir!,

periodic
- 40 Å 7 Å 7 Å

radius 6.35 mm 40 Å 40 Å -
aspect ratio 2.27 2.33 2.33 2.31

loading
condition

torsion
^110&

torsion
^110&

torsion
^110&

simple shear
^100&

applied strain
rate

1023 s21 109 s21 109 s21 109 s21

crystal
orientation

(001,110,11̄0) (001,110,11̄0) (001,110,11̄0) (001,110,11̄0)
Transactions of the ASME



Journal of Engi
Fig. 5 Schematic of simulation block of atoms for „a… simple shear initial state,
„b… simple shear at large strain, „c… torsion initial state, and „d… torsion at large
strain in which the clear circles represent the active atoms and dark circles
represent the boundary atoms

Fig. 6 Plot of atoms showing relative displacements from original positions for a specimen
under simple shear

Fig. 7 Plot of atoms showing relative displacements from original positions for „a… hollow
cylinder and „b… solid cylinder under torsion. Lines show relative displacements
neering Materials and Technology JULY 2002, Vol. 124 Õ 325
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wave observed in the torsional experiment is also observed he
both types of simulations. One thing is clear: that dislocations
emitted from the corners of the block of material~cf. Horstemeyer
and Baskes@29#!. After the dislocations are nucleated, they prop
gate into the interior of the block of material and the oscillato
deformation pattern results.

To determine the yield stress of the atomistic simulation sp
mens, a volume average of the shear component dipole force
sor ~cf., Horstemeyer and Baskes@29#! is used. The simple shea
atomistic simulation showed that the microyield and macroyi
stresses from the atomistic simulations were 1.95 and 3.1 G
respectively. The determination of a yield stress was difficult
determine for a torsion atomistic simulation because a stress
dient exists with respect to the radial distance. If one consid
just the outside cylinder perimeter~same as the experiments!, two
problems arise:~1! the boundary conditions are prescribed by
thermal velocity and in doing so, the force determination is in
propriate to use for a stress calculation, and~2! surface atoms
cannot be expected to yield bulk effects because of the la
volume-to-surface area. Hence, in this study we simply use
simple shear yield stress values.

Finite Element Analysis With Crystal Plasticity
Finite element simulations employing a crystal plasticity co

stitutive model ~cf, Cuitino and Ortiz@30#, Horstemeyer et al.
@20#! within ABAQUS ~Hibbitt et al. @31#! was used to give in-
sight into the underlying substructural physical mechanisms p
sibly responsible for the deformations related to the oscillat
pattern observed on the outside surface of the experimental
sion specimen. The crystal orientation, rotational rate, g
length, and diameter were the same as the experiment. Note
there is no inherent size scale in these calculations. A simple s
simulation was also performed with the corresponding geome
Results for these simulations were almost identical when sin
Gauss point elements and higher order elements were used
the simple shear simulation, elements had an initial aspect rat
one-to-one with fifteen elements aligned vertically and thirty e
ments aligned horizontally. A mesh refinement study of doubl
326 Õ Vol. 124, JULY 2002
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both sides showed no quantitative differences in the results.
the torsion simulations, eight elements were used with a one
one aspect ratio through the diameter, and sixteen elements
aligned through the specimen length. No mesh refinement s
was performed.

Figures 8 and 9 show the relation of one of the Euler angles
the relative displacement of the material at large strain un
simple shear and torsion, respectively. For the simple shear c
note that two peaks are observed in the specimen~Fig. 8~b!! and
this arises because of the plastic spin drives crystal reorienta
~Fig. 8~a!!. For the torsion simulation shown in Fig. 9, we obser
that rotation angles are of opposite sign on opposite sides of
specimen. On the left hand side, we see a peak clockwise~CW!
rotation and on the right hand side, we see a peak countercl
wise ~CCW! rotation. These opposing rotations push material
and down in the specimen to induce the oscillatory deformat
pattern. Note that the minimum and maximum rotation ang
correlate with the peaks and troughs of the displacem
oscillations.

Discussion
We now discuss the similarities and differences in the exp

ments, molecular dynamics simulations, and finite element si
lations. First, we will discuss the oscillatory deformation patte
observed on the outside circumference of the specimen and
differences in the kinematics and in micro/macro-yield~stress!
response. Before we make comparisons though, we must
clarify a point regarding simple shear and torsion. If one assum
that the curvature related to the circumferential normal strain
negligible, then the stress response in simple shear and torsi
the same from a continuum perspective. In moving from the
lindrical coordinate system for torsion to the Cartesian coordin
system for simple shear the coordinatesr, u, z map to z, x, y,
respectively. Note then that in the torsion experiments and si
lations, the free surface is theuz plane, but the free surface in th
simple shear simulations is thezy plane.
Fig. 8 Finite element simulation of single crystal Cu showing „a… one Euler angle and „b… the
correlating displacements to illustrate the oscillating pattern in simple shear
Transactions of the ASME
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Fig. 9 Finite element simulation of single crystal Cu showing „a… one Euler angle and „b… the correlating displace-
ments to illustrate the oscillating pattern in torsion
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Kinematics and Deformation. The main similarity observed
in all the simulations and experiments was an oscillatory de
mation pattern that was observed on the outer surface of the s
men. The oscillatory pattern occurred because the kinematics
qualitatively the same in the MD, finite element simulations, a
experiments. However, the magnitude and period of the oscilla
waves are different in simple shear and torsion. This arises
cause the cubic symmetry of the FCC crystal and the symmetr
the loading are not identical, since theuz shear plane change
orientation around the circumference of the specimen. The fi
element simulation shows this in Figs. 8 and 9. For the tors
case~experiments, MD simulations, and finite element simu
tions!, four peaks were observed, but in the simple shear c
~MD simulations and finite element simulations! only two peaks
were observed. The differences between torsion and simple s
were also observed by Boukadia and Sidoroff@32# but at much
larger strains. In this study, the four peaks in the torsion and
peaks in the simple shear start to develop at the beginning o
deformation. This reflects the fourfold slip activity revealed in t
torsion experiment and planar double slip exhibited in the sim
shear simulations. These two types of slip activity clearly refl
that the plastic spin operates differently when comparing sim
shear to torsion.

Not only are the number of periods different between tors
and simple shear, but the wave amplitudes were also diffe
when we compare the ratio of the wave amplitude divided by
cylinder circumference for torsion and length for simple shear.
kept the ratio of the circumference of the cylinder to the ax
gage length of the torsion equal to the ratio of the length to he
in the atomistic simulation~0.43!. Similarly, we kept the same
ratio for simple shear when comparing the length-to-height. Ta
3 shows a comparison of the wave amplitude ratios at 35% str
The peak and trough values are readily determined in the exp
ment, whereas these values need to be considered only app
mate for the MD simulations and finite element simulations. N
that both the torsion wave amplitude ratio and simple shear w
amplitude ratio were consistent within their own domains, b
different when comparing torsion to simple shear. For torsion,
wave amplitude was much smaller than in simple shear. T
l of Engineering Materials and Technology
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difference may have to do with either the differences in plas
spin related to slip activity as discussed earlier or related to
ferent free surfaces in each type of boundary condition. Althou
both have traction free planes orthogonal to the loading direct
the planes are opposite to the coordinate mapping from a cy
drical to the Cartesian coordinate system asr, u, z map toz, x, y,
respectively.

If torsion and simple shear were identical, theuz plane in tor-
sion would map to thexy plane in simple shear. Theuz plane in
torsion is traction free, but thexy plane is not traction free but is
constrained by periodic conditions. Theyzplane in simple shear is
traction free.

Table 3 makes three points.~1! Simple shear and torsion bound
ary conditions incur different kinematics as expressed by the w
amplitude ratio.~2! The wave amplitude is very similar in torsio
for the experiments, finite elements, and atomistic simulatio
although there is minor variation within the different method
The difference between the hollow and solid cylinders for t
atomistic simulations may be due to the extra internal surface
allow dislocation nucleation for the hollow cylinder. Also, the
exists a difference between the crystal plasticity simulation a
the experiment from 0.02 to 0.05, respectively, even though th
two simulations are considered to be on the same scale. The
ference could arise for several reasons, but the main one is p
ably that the crystal plasticity formulation does not explicit

Table 3 Ratio of wave amplitude divided by circumference
„torsion … or length „simple shear … of different boundary condi-
tions and methods at large strain

Condition/method Wave amplitude ratio

Torsion
experiment 0.02

finite elements 0.05
molecular dynamics~solid cylinder! 0.06

molecular dynamics~hollow cylinder! 0.025
Simple shear

finite elements 0.25
molecular dynamics 0.23
JULY 2002, Vol. 124 Õ 327
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account for substructural development that is observed in fi
deformations.~3! The simple shear wave amplitude ratio is ess
tially the same for the finite element simulations and the atomi
simulations. This result reveals that no specimen size scale e
exists related to the kinematics in torsion.

Stress Response. When comparing the stress response of
MD simulations to the experiments and finite element simulati
of single crystal Cu, two main differences need to be addres
the applied strain rate and specimen size. In the MD simulatio
very high strain rates are present because the atomic period
on the order of femtoseconds in the simulations. Lower app
strain rates lower the magnitude of the stress response due t
lessening of phonon drag~cf. Follansbee@33#!.

The specimen size is also expected to change the stres
sponse. Horstemeyer and Baskes showed that at the nano
there exists a size dependency; as the size increases, the
stress decreases. For the MD simulations in this study, the m
macroyield stresses were 1.95/3.1 GPa in simple shear, 0.4
GPa for the solid torsion specimen, and 0.2/0.21 GPa for
hollow torsion specimen. The solid torsion experimental valu
were 3.5/4.8 MPa. Approximately three orders of magnitu
difference in the yield stress exists with approximately six ord
of magnitude difference in size when comparing the atomi
to experimental results and specimens. Thus a simple sq
root size scaling is consistent with the observed strength dif
ence. This size scaling is approximately what was found
Horstemeyer et al.@28#.

Other experiments qualitatively validate the experimental yi
stresses observed in our experiments. Schmid and Boas@14# ex-
perimentally showed a microyield stress of 4.5 MPa for sin
crystal Cu in tension. Phillips@15# performed direct shear on
single crystal Cu with different orientations and observed a va
of 0.6 MPa for yield. Jackson and Basinski@16# conducted tension
tests on single crystal Cu specimens with different crystal ori
tations and found a range of 0.50–1.24 MPa for the critical
solved shear stress. Honeycombe@17# experimentally showed a
critical resolved shear stress of 0.34–0.98 MPa for single cry
Cu depending on the purity level. These values are on the s
order as our large scale torsion results. More recently, Qu
et al. @18# obtained a critical resolved shear stress of 0.8 MPa
1 mm diameter torsion specimens of single crystal Cu.

Even for polycrystalline Cu this size scale trend has been
served. Fleck et al.@34# performed micron scale solid torsion ex
periments of polycrystalline Cu with different radii. The rad
were 12, 15, 20, 30, and 170mm, and the corresponding yiel
stresses taken from a 0.2% strain offset were 229, 205, 140,
and 120 MPa, respectively. Again, as the size increased, the
stress decreased.

The much larger value for the MD simulations was expec
because of the small size and higher applied strain rate, but
does not address the effect of initial dislocation density. In the M
simulations, a pristine block of material without initial defects w
used. In the torsion experiment, the initial defect density was
pected to be low because of the method of producing the si
crystals, but realistically~though not measured! one would antici-
pate some dislocations to be present in the material before
sional testing.

Conclusions
In this investigation, we analyzed simple shear and torsion

single crystal copper by employing experiments, molecular
namics simulations, and finite element simulations. In particu
we focused on micro/macroyield and the kinematic response.
amining samples with aspect ratios of the circumference of
cylinder to the axial gauge length of the torsion specimen equa
the ratio of the length to height in simple shear, we observed
oscillatory deformation pattern in simple shear and torsion t
relates to the underlying crystalline nature of discrete slip~plastic
spin!. The ratio of wave amplitude divided by cylinder circumfe
328 Õ Vol. 124, JULY 2002
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ence in torsion ranged from 0.02–0.06 for the three differ
methods of analysis: experiments, molecular dynamics sim
tions, and finite element simulations. For the molecular dynam
and finite element simulation simple shear case, the ratio of w
amplitude divided by the specimen length and ranged from 0.2
0.26. Although each method gave similar results for each t
boundary condition, it is clear that the simple shear case resu
in amplitudes that were approximately five times larger than t
sion. We attributed this to a different crystalline lattice reorien
tion torsion ~rate! in torsion and simple shear. The simple she
case constrains the dislocation activity to planar double slip
torsion experiences quadruple slip. Finally, we extrapolated
atomistic yield stresses to a much larger scale and these com
sons were close to the experimental data in the literature an
our study.
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