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When a metallic specimen is plastically deformed, its underlying crystal structure must often rotate in order to
comply with its macroscopic boundary conditions. There is growing interest within the dynamic compression
community in exploiting x-ray diffraction measurements of lattice rotation to infer which combinations of
plasticity mechanisms are operative in uniaxially shock- or ramp-compressed crystals, thus informing materials
science at the greatest extremes of pressure and strain rate. However, it is not widely appreciated that several
of the existing models linking rotation to slip activity are fundamentally inapplicable to a planar compression
scenario. We present molecular dynamics simulations of single crystals suffering true uniaxial strain, and
show that the Schmid and Taylor analyses used in traditional materials science fail to predict the ensuing
lattice rotation. We propose a simple alternative framework based on the elastoplastic decomposition that
successfully recovers the observed rotation for these single crystals, and can further be used to identify the
operative slip systems and the amount of activity upon them in the idealized cases of single and double slip.

I. INTRODUCTION

When a crystalline specimen is loaded to stresses ex-
ceeding its elastic limit, the plastic deformation that en-
sues causes its underlying crystal structure to rotate.
That is to say that plasticity is usually accompanied by
changes in crystallographic texture. Since this observa-
tion was first made nearly a century ago,"? tremendous
progress has been made on both the modelling and exper-
imental measurement of slip-induced rotation. Modern
structural characterization techniques, such as electron
backscatter diffraction (EBSD) and three-dimensional x-
ray diffraction®® (3DXRD), now make it possible to
track the crystallographic orientation of individual grains
in quasistatically deforming specimens with microscopic
resolution. By comparing such experimental measure-
ments with the predictions of crystal plasticity theory,
one can infer the combination of plasticity mechanisms
responsible for an observed reorientation of the crystal
structure, 12 and thus effectively use texture evolution
as a slip-system diagnostic.

It is only very recently that analysis of this kind has
been attempted on targets subjected to the dramatic
loading conditions of rapid dynamic compression. Mod-
ern high-intensity laser-compression platforms allow us to
load solid specimens rapidly and reproducibly to the kind
of megabar pressure states encountered in planetary inte-
riors. Compression of this kind has historically taken the
form of a shock, in which the compression wave is allowed
to steepen into a near-discontinuity, resulting in the gen-
eration of high-density but also high-entropy material
that eventually melts once the shock pressure exceeds
a few hundred gigapascals. Increasingly, though, so-
called quasi-isentropic compression (QI) techniques are
being used that, by the use of temporally shaped laser
pulses, multiple shocks, or multilayered targets,'® allow
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the sample to be uniaxially compressed in a ramped man-
ner, and thus be kept solid far into the terapascal pres-
sure regime.'»1® These compression platforms often per-
mit simultaneous use of ultrabright x-ray sources [such
as laser-plasma backlighters,'18 synchrotrons,'® 2! or,
more recently, hard x-ray free electron lasers®? (XFELSs)]
to generate time-resolved diffraction images of specimens
in the extremely short-lived (i.e. nanosecond-long) dy-
namically compressed state. Indeed, it is vital that such
measurements are obtained within this nanosecond win-
dow, and not ex post facto: during the subsequent dy-
namic release process, it is possible for both compression-
induced plasticity?® and phase transitions®*2® to be re-
versed, meaning recovery experiments can provide only
limited information about the properties of the sample
in its high-pressure state. Ultrafast x-ray diffraction as a
probe of transiently compressed matter is now a mature
diagnostic technique, and has facilitated a great number
of studies of crystal plasticity®*25733 and polymorphic
phase transitions®* 39 under extreme loading conditions.

Certain of these studies have focused on the texture
evolution of shock-driven specimens. In the seminal
work of Wehrenberg et. al.,*? the authors obtained in
situ, diffraction measurements of plasticity-induced ro-
tation in polycrystalline tantalum foils shock-driven to
over 200 GPa. The degree of rotation was quantita-
tively reconciled — with moderate success — with the total
compression suffered by the samples using a kinematic
framework owed to Schmid.*®*! In a similar study by
Suggit. et. al.,?® shock-induced lattice rotation of single-
crystal copper loaded to around 50 GPa was measured
by means of nanosecond Laue diffraction. These results
were numerically interpreted*? using an alternative rota-
tion model attributed to Taylor.*>#* These two studies
clearly demonstrated that the lattice rotation measure-
ments that have been performed for a century in a tra-
ditional materials context can also be performed in the
shock-loading regime, and further reflect a growing inter-
est in the dynamic compression community in exploiting


mailto:patrick.heighway@physics.ox.ac.uk

texture measurements to study crystal plasticity under
the most extreme pressures and deformation rates.

Before advancing these studies, however, it is essential
to ensure going forward that the mathematical frame-
work upon which any quantitative texture analysis is
based is sound. The two above-mentioned studies ap-
pealed to the classic Schmid and Taylor models of slip-
induced rotation for a quantitative understanding of the
degree of rotation observed. These rotation models were
formulated in the context of conventional materials test-
ing scenarios quite unlike that encountered in a shock-
or ramp-compression experiment. It is not immedi-
ately obvious, then, which of these models (if either) is
truly applicable to a uniaxially loaded specimen; indeed
Hosford*® and others*®47 have indicated that there is ap-
parently some degree of confusion even in the traditional
texture community about when each rotation model is
appropriate, and when alternative models might be war-
ranted. The purpose of the present study is to identify
and investigate the kinematic description of slip-induced
rotation appropriate to uniaxial compression conditions,
which does not appear to have been the subject of a ded-
icated study in the existing literature.

The study is set out as follows. We begin with an intro-
ductory qualitative discussion of the physics of plasticity-
induced texture evolution in Sec. II. We then review
in Sec. ITI the Schmid and Taylor rotation rules often
used to predict texture evolution in a quasistatic con-
text, and show that they are fundamentally unequipped
to treat the uniaxially compressed material encountered
in dynamic-compression experiments. In Sec. IIIC, we
put forward our alternative rotation model based on the
elastoplastic decomposition, whose accuracy we verify by
testing its predictions against the results of small-scale
molecular dynamics simulations. In Sec. IV, we demon-
strate how this simple model may be used to calculate the
slip activity of crystals undergoing single and double slip
under uniaxial strain conditions. We then discuss those
aspects of the model that require further development in
Sec. V, before concluding in Sec. VI.

Il.  PLASTICITY-INDUCED TEXTURE EVOLUTION

The essential physics of plasticity-induced texture evo-
lution is frequently illustrated by means of a diagram like
Fig. 1, which depicts a ductile metallic sample undergo-
ing a simple tensile test. As the specimen is drawn into
tension, shear stress accumulates on planes oblique to the
loading axis until reaching such a level that sample yields.
The specimen subsequently undergoes localized shearing
motion on a set of atomic planes (generally assumed to
be those under the greatest resolved shear stress at the
point of yield) via the glide of dislocations. Depending
on the loading conditions and on the material in ques-
tion, this shearing motion could be realized through full
dislocation slip, or via the generation of stacking faults
or deformation twins. There is a substantive difference
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FIG. 1. Rotation attending plastic deformation in a tensile
test of a single-crystal sample. A specimen drawn into tension
along its long axis suffers plastic deformation F'* via shear mo-
tion of its atomic planes. In order to respect the constraints
imposed by the total deformation F', the specimen must also
suffer some degree of elastic deformation, F°. In this instance,
the sample must rotate about an axis normal to the slip di-
rection to ensure the ends of the specimen do not become
laterally displaced from one another.

between these two scenarios that will be discussed later
(see Sec. V), but in either case the specimen will, after
shearing, resemble the sample pictured in Fig. 1(b). The
plastic deformation causes the sample to extend along the
direction of glide (which has components both parallel to
and perpendicular to the tension axis), but does not, in
and of itself, change the crystal structure or orientation
of the material between the sheared planes.

Generally, the plastic deformation mediated by the
gliding dislocations is incompatible with the total de-
formation to which the sample is subjected — whatever
the loading geometry, there will always be at least one
macroscopic constraint upon the sample’s orientation, or
upon its total dimension in certain directions. To respect
these boundary conditions, the specimen must inevitably
undergo some degree of elastic deformation. This latter
kind of deformation encompasses both lattice rotation
and changes to the size or shape of the unit cell. In the
case of the tension test pictured in Fig. 1, the ends of
the sample are held by grips whose motion is confined to
the vertical axis. This means that as the sample extends
it must also rotate, in order to counteract the transverse
displacement caused by the plastic strain. The sense of
the rotation (which is conventionally visualized using an
inverse pole figure) is such as to cause the glide direc-
tion to rotate towards the tension axis, as illustrated in
Fig. 1(c); if the specimen were instead compressed, the



glide direction would rotate away from the loading axis.

While it represents just one contrived loading scenario,
the uniaxial tension test neatly illustrates a fundamental
point about the deformation of materials in general: the
elastic deformation suffered by a specimen as it is loaded
(which can often be measured directly in experiment)
encodes information about its plastic deformation state
(which, in many cases, cannot). In the case of the tension
test, the amount of glide on the active slip or twin plane
could in principle be inferred from the extent of the lat-
tice rotation, if one also knew the distance through which
the grips had moved, i.e. the total deformation to which
the sample had been subjected. This idea can be mathe-
matically expressed using an elastoplastic decomposition,
in which the total deformation, expressed by the matrix
F, is multiplicatively decomposed into a plastic deforma-
tion FP followed by an elastic deformation F°:

F =F°F". (1)

If one can claim to know F' from the loading conditions
and F° from an experimental measurement, one can de-
duce the plastic deformation state simply by inverting
Eq. (1). From there, one can in principle use the kinemat-
ics of crystal plasticity to deduce which combination(s) of
plasticity mechanisms would yield the calculated plastic
deformation state FP. Eq. (1) thus provides a theoretical
framework through which one can garner an understand-
ing of crystal plasticity directly from measurements of a
specimen’s texture evolution.

For this line of reasoning to work, it is essential that the
total deformation gradient F', which provides the kine-
matic link between F¢ and FP, is chosen appropriately,
so that it accurately reflects the given loading condi-
tions. Different materials testing and processing scenar-
ios (e.g. tensile testing, channel-die compression, sheet
rolling) are described by different experimental bound-
ary conditions, meaning F' takes a distinct mathematical
form in each case. This in turn alters the manner in
which the elements of F® and FP and interrelated, and
thus the rotation rule one uses to derive slip activity from
a given change in crystallographic texture. As stated in
Sec. I, texture evolution in dynamic compression exper-
iments is currently treated using either the Schmid or
Taylor analyses,?83242 the same treatments one would
use to describe the uniaxial tension test. The purpose
of the present study is to show that this approach is
flawed. While pictures like Fig. 1 are often used as a
visual aid when describing shock-induced rotation, they
capture only partially the physics of true uniaxial com-
pression, and therefore give a misleading picture of what
is actually taking place at the lattice level behind a pla-
nar compression wave. The rotation models and associ-
ated formulae that have been ‘borrowed’ from traditional
materials science are thus fundamentally inapplicable to
shock- and ramp-compression experiments.

In the following section, we recap the derivation of the
Schmid and Taylor rotation rules, and demonstrate that
they fail to predict the texture evolution of a single crys-

tal undergoing uniaxial compression. We then put for-
ward a simple alternative model using an appropriate
elastoplastic decomposition, and show that it succeeds
where the Schmid and Taylor analyses fail.

Il.  ROTATION RULES

Before we begin, we wish to draw the reader’s atten-
tion to a few technical details about the following deriva-
tions. First, we will be using linearized (i.e. infinitesi-
mal) strain theory throughout. Second, we will restrict
our attention to plastic deformation mediated solely by
full dislocation slip, rather than deformation twinning or
the formation of stacking faults. Third, we will assume
implicitly that the modelled specimens, be they mono-
or polycrystalline, deform homogeneously. This is to say
that the local deformation gradient F' at every material
point in the sample is identical to the macroscopic de-
formation gradient, which is in turn determined by the
sample’s boundary conditions. This is the so-called full-
constraints model, first put forward by Taylor.*® Doing so
gives us a starting point from which to build the simplest
model possible, which may be iterated upon in subse-
quent studies. A discussion of these simplifying assump-
tions will be reserved for Sec. V.

Shown in Fig. 2(a) is a rectangular element of material
situated within the bulk of a crystal about to be loaded
along the z direction. It will be assumed for now that
when the crystal is loaded, only a single slip system be-
comes active, whose slip direction and slip plane normal
will be denoted by m and n, respectively, with m-n = 0.
For the material pictured in Fig. 2, the loading direction,
slip direction, and slip plane normal all lie in the same
plane. We note that this simplification is made only to
make the underlying physics more transparent, and all of
the following theory holds even in the more general case
where (m x n) - e, # 0.

Upon being compressed along the z direction, the ma-
terial element responds by shearing on its slip planes,
so as to decrease its extent along the loading axis. The
mathematical description of this plastic portion of the
deformation is well known:*° each material point in the
element is displaced in a direction parallel to the slip di-
rection m, and by an amount directly proportional to its
distance along the slip-plane-normal direction n. This
is to say that any line element connecting two material
points separated by the vector rg is transformed to

r=ro+y(ro-n)m, (2)

where the glide v expresses the amount of shear motion
on the operative slip system. One can show that the
transformation above can also be expressed in the form
r = FPrg, where the linear operator FP is the plastic
deformation gradient. Explicitly, the elements of FP read

P = ymyng 14+ ymyn,  ymyn, ,  (3)
YM Ny YmMny 1+ym,n,
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FIG. 2. Schematic of a material element compressed along the z direction in three different loading scenarios. (a) Element
pictured before compression. Diagonal black lines are the intersections of viewing plane with the slip planes about to be
activated. The grey grid represents the underlying crystal structure. (b) Element pictured in a hypothetical intermediate state
just after plastic deformation via single slip. Vectors m and n represent the slip direction and slip plane normal, respectively.
(c) Angles and lengths considered in the Schmid and Taylor rotation models. Length o is the distance between the two ends
of the element before compression; lengths ¢ and ¢ are the post-plastic-deformation separation of two material points and of
two material planes at either end of the sample, respectively. Angles ¢y and ¢ are those made by the slip plane normal with
initially vertical line elements before and after compression, respectively. Angles Ao and A are those made by the slip direction
with initially vertical plane normals before and after compression, respectively. (d) Element pictured after rotating through
angle wschmia = ¢o — ¢ so as to preserve the orientation of line elements parallel to z. (e) Element pictured after rotating
through angle wrayior = A — Ao S0 as to preserve the orientation of planar elements normal to z. (f) Element pictured after
suffering uniaxial strain along z, in which both vertical line elements and plane normals retain their orientation.

To accommodate its boundary conditions, the element
must also undergo elastic deformation, which is repre-
sented by the elastic deformation gradient F¢. As noted
in the previous section, F'° encodes not only true defor-

which may be written more succinctly as

FP=1+~ym®n), (4)

where ® is the outer product operator. As shown in
Fig. 2(b), the plastic deformation changes the shape and
orientation of the material element, but leaves its under-
lying crystal structure unaltered. Note also that the plas-
tic deformation conserves the material’s volume, which
follows immediately from det FP = 1.

mation of the crystal structure (i.e. changes to the length
of and angles between the lattice vectors), but also local
rotation. To disentangle these two effects, F'¢ is usually
further decomposed into a pure elastic strain followed by
a rotation (or vice versa) via a polar decomposition. The



decomposition we opt for here reads
F¢ = R°U®, (5)

where the symmetric right elastic stretch tensor U® ac-
counts for changes to the size and shape of the unit cell,
and the rotation matrix R¢ expresses the sense and the
magnitude of the subsequent lattice reorientation.
When composed, the elastic and plastic parts of the
deformation must match the total deformation gradient:

F = RUF”. (6)

The value of F is thus the key to linking F° to FP, and so
to constructing the mathematical framework from which
one can derive information about a sample’s plastic re-
sponse from the distortion and rotation of its unit cell.

A. Schmid analysis

The Schmid analysis*®*! asserts that as the material

plastically deforms, it simultaneously rotates in such a
way as to preserve the direction of line elements initially
aligned with the loading axis, as pictured in Fig. 2(d).
This is the behavior exhibited by the bulk of a long sam-
ple that is compressed or stretched along its longest axis,
and is allowed to expand or contract freely in the trans-
verse directions (as in the tensile test, for example).

The amount of rotation expected within the Schmid
treatment can be derived by applying Eq. (2) to a verti-
cal line element joining material points at either end of
the sample. The projection of this vector onto the slip
plane normal n before and after deformation satisfies the
equation

r-n=rp-n+~vy(ro-n)(m-n); (7a)
r-n=rp-n. (7b)

Therefore if the distance between the ends of the sample
before and after the plastic stage of deformation are £y
and ¢, respectively, it follows that

£cos ¢ = £y cos ¢, (8)

where ¢¢ and ¢ are the angles made by the slip plane
normal with the compression direction before and after
compression, respectively. As illustrated in the right-
hand side of Fig. 2(c), to preserve the direction of its
vertical axis, the specimen must rotate through angle
Wschmid = o — ¢. It then follows from Eq. (8) that

. B [ cos o)
WSchmid = $o — arccos < 7t ) : 9)

In the context of the experimental arrangement for which
the Schmid analysis was intended, the quantity £/¢y coin-
cides with the total engineering strain along the loading
direction, which is readily measured in experiment.

B. Taylor analysis
The Taylor analysis*>**°0 is predicated on the idea
that it is not line elements parallel to the loading axis that
retain their orientation during compression, but planes
normal to z that do so. This is the behavior one would ex-
pect of a short, wide sample (with well-lubricated ends®®)
that is loaded along its short axis — in this instance, the
boundary conditions ‘prioritize’ keeping the faces of the
specimen in contact with those of the plates loading it.
To derive the rotation expected within the Taylor
treatment, one can exploit the fact that there exists an
equation analogous to Eq. (2) for the transformation of
planar material elements. Under the action of a linear
operator F', the vector sy that is normal to a particular
set of material planes and whose magnitude is inversely
proportional to their separation transforms according to
so — [FT]7!sg. It may be shown using Eq. (3) that for
the present case of plastic deformation,

[(FP)T]7' =1 —y(n@m). (10)

Hence, for the purposes of transforming material planes,
one can exchange the roles of m and n, and invert the
sign of the glide . This implies that

s =89 —Y(sp - m)n. (11)

We can now apply Eq. (11) to the vector normal to the
planes at either end of the sample. The projection of
this vector onto the slip direction m before and after
deformation satisfies the equation

(12a)
(12b)

s-m=sp-m—y(sg-m)(n-m)

S-m =S8y -m

Therefore if the distance between the ends of the sample
before and after deformation are £y, and ¢’ respectively,
it follows that

COSA  cosAg

7
where )y and A are the angles made by the slip direction
with the compression direction before and after compres-
sion, respectively. As illustrated in the left-hand side of
Fig. 2(c), to preserve the orientation of the vertical faces,

the specimen must rotate through angle wrayior = A — Ag.
It follows from Eq. (13) that

(13)

gl
WTaylor = aICCOS (cos Ao €) - Ao, (14)
0

where ¢/l is, again, the engineering strain.

C. Uniaxial analysis

The uniaxial compression conditions encountered in a
planar shock- or ramp-loading scenario differ fundamen-
tally from those treated by the Schmid and Taylor analy-
ses. The mathematical expression of true uniaxial strain



reads

F = , (15)

OO =
o= O
< OO

where v = V/V} is the ratio of the specimen’s volumes
before and after compression. This form for the total
deformation gradient reflects the assumption that ma-
terial within the bulk of the sample is everywhere pre-
vented from expanding or contracting in the directions
perpendicular the compression direction by the material
surrounding it — this is termed lateral confinement. In
fact, the bulk material is assumed to suffer no overall
distortion or rotation at all, but simply contracts along

J

the compression direction. For such material, it may be
said that both the Schmid and Taylor treatments are in
some sense true: vertical line elements retain their orien-
tation, as do material planes normal to the loading axis.
However, these conditions cannot be satisfied simultane-
ously if the underlying crystal structure is allowed only
to rotate. For the material to accommodate the uniax-
ial strain boundary conditions, it must also suffer some
degree of elastic pure shear strain. This is to say that
the unit cell not only rotates, but also changes shape.
This conclusion can be reached either by close inspec-
tion of Fig. 2(f), or by examination of the components of
the elastoplastic decomposition [Eq. (6)], which, for this
particular instance of single slip in the yz plane, read

100 1 0 0 1 0 0 0 0
010]=1]0 cosw —sinw 0 Uy, Uy, 0 1+ymyn, ymyn, , (16)
00w 0 sinw cosw 00Uy, U, 0 ymyny, 14ym.n,

F Re Ue Fp

where w measures the lattice rotation about the x axis.
One will find that the equation above cannot be solved
if one only permits the crystal structure to rotate — one
needs the additional degrees of freedom offered by the
elastic strains Uj; to find an internally consistent solution
that fulfils the uniaxial strain boundary conditions.

To derive an equation for the crystal rotation analo-
gous to Egs. (9) and (14) is a simple matter of inverting
the equation above to solve for the rotation matrix R¢,
and then using two of its elements to eliminate the un-
known glide v (as we will show shortly). However, it
should be borne in mind that for these uniaxial strain
conditions, the rotation w does not hold quite the same
meaning that it did in the Schmid and Taylor pictures,
because it no longer tells the whole story — the crystallo-
graphic texture now depends on both the rotation matrix
R¢ and on the nonzero deviatoric components of the elas-
tic stretch tensor U®€. This is to say that there is now a
real difference between rotation in the ‘technical’ sense
(that is, as the antisymmetric part of the elastic defor-
mation gradient, R¢) and rotation in the ‘generic’ sense
of anything that changes the orientation of a crystal’s
atomic planes. With this in mind, we now go on to com-
pare the rotation predictions from the Schmid, Taylor,
and uniaxial analyses with the results of classical molec-
ular dynamics (MD) simulations, which have become in-
dispensable tools for modelling dynamically, uniaxially
loaded matter over the length- and timescales pertinent
to shock and ramp compression.®' 7

(

D. Verification of kinematics via small-scale MD

To verify that the kinematics expressed by the elasto-
plastic decomposition [Eq. (16)] are sound, we performed
small-scale MD simulations of monocrystalline tantalum
uniaxially compressed so as to induce single slip. We used
a form of nearest-neighbor analysis to calculate the aver-
age rotation of the unit cell that ensued, and compared
its value with predictions based on both the traditional
Schmid and Taylor analyses, and on the full elastoplastic
decomposition for uniaxial strain. Predictions obtained
using the former approaches differ from the true rota-
tion by approximately 20%, while the latter method gives
agreement to within a few percent. Before discussing
these results, we will first describe the setup and charac-
terization of the simulations, all of which were executed
using the open-source code LAMMPS.?®

Fig. 3(a) pictures a typical crystal simulated here be-
fore compression. It consists of 27060 tantalum atoms
arranged in a body-centered-cubic (bcc) configuration
with a cubic lattice constant of ay = 3.309 A, found
within a simulation box spanning 70.2 x 99.3 x 70.3 A3
along the coordinate axes. The peculiar aspect ratio of
the box results from the low-symmetry choice of crystal-
lographic orientation (which will be explained shortly)
combined with the need for periodic boundary condi-
tions, which imitate the presence of surrounding material
that would confine matter deep in the bulk of a rapidly
loaded sample. A slightly elevated initial temperature
of 500 K for the crystal is chosen so as to encourage
full dislocation slip over deformation twinning. Interac-
tions between neighboring atoms are modelled using the
embedded-atom-method (EAM) potential Ta2 developed



by Ravelo et. al.,>* which was specifically developed for
high-pressure applications of the kind here.

The orientation of the crystal is chosen such that the
compression axis lies close to, but not quite parallel to,
the [101] direction. In a bce crystal compressed along
[101] exactly, there exist just two symmetrically equiva-
lent slip systems — [111](121) and [111](121) — that both
experience the greatest resolved shear stress. By tilting
the [101] direction slightly away from the compression
axis, one can break this symmetry, and thus encourage
the crystal to ‘choose’ one of these two slip systems over
the other when it yields. For this reason, we orient the
crystal such that [101], [1301], and [15115] are aligned
with the z, y, and z directions, respectively. This ori-
entation results in the [101] direction being pre-tilted
2.7° away from z. This, as we shall see, is enough to
ensure that only one of the above-mentioned primary
slip systems is activated. We note in passing that the
small dimensions of the crystal also tend to suppress
plasticity,®>®? and thus further encourage single slip.

The crystal is first briefly thermalized for one picosec-
ond under constant-NVE conditions to bring it to the
desired temperature. It is then uniaxially and uniformly
compressed along z (via a simple rescaling of its atomic
coordinates) until it reaches 88% of its original volume
over the course of 5 ps. While this timescale was chosen
to imitate shock-compression rates, the exact choice of
strain rate is largely unimportant here, since the kine-
matic model we are testing does not depend explicitly
on time. The pressure in the crystal following compres-
sion is just under 33 GPa. The now-metastable crystal
is then held at constant volume for 20 ps, during which
time it yields and deforms plastically until the resolved
shear stress acting on the active slip system drops be-
low the flow stress. Once the crystal has equilibrated, its
temperature is then reduced to approximately 100 K over
the course of 20 ps with a Langevin thermostat, to damp
out thermal fluctuations that would otherwise broaden
the distribution of local strain and rotation states. The
final atomistic configuration is pictured in Fig. 3(b); this
visualization and all others herein are from Ovito.%°

To confirm that the crystal does indeed slip on only
a single slip system in response to the uniaxial compres-
sion, we employ a variant of slip vector analysis (SVA).5!
This technique, whose implementation is described in full
in Ref. [62], categorizes each atom according to the slip
event(s) in which it has participated by examining the
displacements of its nearest neighbors from their original
positions. In this instance, SVA reveals that a subset
of the atoms have had some of their neighbors displaced
by a vector consistent with +[111]. When these atoms
are shaded distinctly, as in Fig. 3(b), one observes that
they form planes of the type (121), and none other. This
allows us to identify [111](121) as the sole active slip sys-
tem. We hence deduce the appropriate components of
the slip direction and slip plane normal in the simula-
tion box basis, which read m = (0,0.6152, —0.7884) and
n = (0,0.7884,0.6152), respectively.

FIG. 3. Small-scale molecular dynamics simulation of a block
of bce tantalum uniaxially compressed so as to induce single
slip, visualized using Ovito.5° (a) The sample before compres-
sion, spanning 70.2 x 99.3 x 70.3 A® along the coordinate axes
and subjected to periodic boundary conditions on every one
of its faces. The crystallographic directions initially aligned
with z, y, and z are [101], [1301], and [15 1 15], respectively.
(b) The sample after compression by 12% along z. Darker
atoms are those whose original neighbors have been displaced
by vector £[111], which are found on the (121) planes.

To calculate the elastic deformation gradient of the
crystal, we use a form of nearest-neighbor analysis that
characterizes each atom’s unit cell. Again, the algorithm
is described in full in Ref. [62], but we will recap the
essential details here. Atoms in noncrystalline environ-
ments (i.e. those located near crystal defects, for which
an elastic deformation gradient cannot be uniquely de-
fined) are first excluded from the computation with an
adaptive common neighbor analysis (a-CNA)53 prefilter.
The algorithm then takes each nondefective atom in turn,
and pairs each of its neighbors with a nearest-neighbor
vector taken from a ‘template’ bee structure representing
the original shape and orientation of the unit cell. The
linear operator F'® that maps the original structure onto
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and R° for a uniaxially compressed tantalum crystal under-
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shear strains v;; = 2U;. (c) Rotation about z, calculated
via w = arcsin(R%,). Also shown are predictions of the mean
rotation based on the Schmid and Taylor analyses, and from
the full elastoplastic decomposition. The mean of the rotation
distribution is indicated by the hollow triangle.

the current structure is then calculated, and subsequently
decomposed into the stretch and rotation tensors U¢ and
R¢, per Eq. (5). These per-atom tensors may then be
binned in order to calculate the distribution of elastic
strain and rotation states present in the crystal.

Fig. 4 shows the distributions of elements of the ten-
sors U¢ and R° for the plastically strained crystal. Sev-
eral features are immediately apparent. First, Fig. 4(a)
shows that the normal elastic strains in the yz plane are
approximately equal, owing to the plastic deformation
taking place in that plane. Elastic strain component €5,
meanwhile, is still centered on zero, which is to be ex-
pected given that the plasticity causes no motion in the
x direction. Second, we see from Fig. 4(b) that there
is indeed a nonzero amount of elastic pure shear strain
in the yz plane. This, as discussed in Sec. III C, follows
inevitably from the uniaxial strain boundary conditions.
The degree of shear strain is such that the angle between
lattice vectors initially aligned with y and z would change
by just under 2°. Third, we observe in Fig. 4(c) that the
crystal does indeed rotate about the x axis (by approxi-

mately 4°) such that the slip direction rotates away from
z. The physics expressed by the elastoplastic decomposi-
tion therefore appears to be borne out by the simulations.
To verify that Eq. (16) is also quantitatively correct,
we can calculate the rotation w that it predicts given
a particular state of elastic strain. This can be done
by inverting Eq. (16) such that R¢ is isolated, and then
eliminating + between equations for two of its compo-
nents. By combining the on-diagonal components of R¢,
one obtains the following expression for the rotation:

WAUS, — WaUE,

COS Weos = W Wao (17)
where

Wi =Uy,myn, + U;,m.n., (18a)

Wy = Uy, m.ny + Ug myn,,. (18b)

If instead one combines the off-diagonal components, one
arrives at

. Wiz — Wy
sin — -U z ) 19
sin w W W (19)
where
Ws = Uy, myn, + Uy, m.n., (20a)
Wy =U;,m.ny + Uy myny. (20Db)

If the kinematics are correct, weos and wsyy should of
course be identical to within thermal noise. For com-
parison, we can also derive rotation predictions based on
the Schmid and Taylor analyses. For material exhibit-
ing pronounced elastic-plastic behavior under uniaxial
strain conditions, the combined quantity ¢/¢; appearing
in Egs. (9) and (14) can be shown to be equal to

L
= (Fygy)? + (Fy.)?, (21)
where the elements of F'¢ can be derived from those of
U¢ and R° via Eq. (5). As noted previously, the Schmid
and Taylor treatments are, strictly speaking, fundamen-
tally inapplicable to the uniaxial strain scenario, but it
is informative to see the degree of rotation they predict
when they are applied in good faith.

In Fig. 4(c), we compare rotations predicted by the
different rotation models with the true rotation distribu-
tion. As anticipated, neither the Schmid nor the Tay-
lor analyses predict quite the right rotation. They do,
however, bound the correct answer. The intuition for
this follows from Fig. 2(b): the sense of the elastic shear
strain must be such as to reduce the obtuse angle between
the edges of the material element, meaning the element
must rotate further than the Schmid analysis would sug-
gest in order to keep its vertical edge aligned with z,
but somewhat less than in the Taylor picture to preserve
the orientation of its upper and lower faces. Meanwhile,
the predictions from the full elastoplastic decomposition,



Weos and wgin, agree with the mean rotation to within
better than 2%. Note also that wees and wg;, agree with
one another to within a few percent. We have repeated
these small-scale compression simulations several times
with different thermal seeds, and verified that this level
of agreement is reproducible. From these results, we con-
clude that the kinematic framework expressed by Eq. (16)
is both internally consistent and accurate for the case of
single slip under uniaxial strain conditions.

IV. GLIDE EXTRACTION

Now that we have verified our simple model of rotation
under uniaxial strain conditions, we can attempt to use
it for its intended purpose: to calculate the amount of
glide on the active slip system(s) from the crystal’s state
of elastic deformation. We will first revisit the case of
single slip, before moving onto an idealized case of equal
slip on two complementary systems in Sec. IV B.

A. Single slip

In the previous section, we took several measures to
guarantee that just one slip system became active under
uniaxial compression. These measures included limiting
the dimensions of the crystal, and selecting a very partic-
ular crystallographic orientation and compression ratio v.
While it happens to succeed in bringing about the desired
plastic deformation mode in bcc tantalum compressed
along ~ [101], this scheme does not readily generalize to
arbitrary orientations and compressions. For this reason,
we shall hereon no longer rely on homogeneous nucleation
to generate the dislocations we require, but instead adopt
the technique of deliberately injecting one or more dislo-
cations into the crystal before compression begins. This
is a well-established technique in molecular dynamics (of-
ten used to study dislocation mobility®* %) that allows
us to exercise far greater control over the manner in which
the crystal plastically deforms. The first case we shall ex-
amine is single slip in a somewhat-larger-scale tantalum
crystal, this time with its [001] direction aligned with z,
which was constructed as follows.

A fully periodic block of defect-free bee tantalum with
dimensions of 16.5 x 16.5 x 29.8 nm? is first built with its
(100) directions collinear with the coordinate axes and
with an initial temperature of 300 K. Before any time
integration takes place, two 16-nm-wide circular layers
of atoms situated on adjacent (112) planes are identi-
fied and ‘frozen’, such that they no longer respond to
interatomic forces. Following the prescription of Ver-
schueren et. al.,”' these adjacent planes are then sym-
metrically displaced from one another through vectors
+%[111] over the course of 5 ps, while the remainder of
the crystal evolves under an NVE scheme as usual. Once
the planes are fully separated, the entire crystal is sim-
ulated for a further 5 ps under NVE conditions with an

Compression axis
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FIG. 5. Evolution of a fully periodic block of tantalum con-
taining a pre-existing dislocation loop of the type [111](112)
when compressed by 10% along [001]. The crystal initially has
dimensions of 16.5 x 16.5 x 29.8nm?®, and has its (100) crys-
tallographic directions aligned with the simulation cell axes.
Shown are both the dislocation loop, which was characterized
using the dislocation extraction algorithm (DXA),**™ and
the slipped atoms left in its wake as it propagates, which were
identified using slip vector analysis (SVA).%! Atoms slipped
during the injection of the loop itself have been omitted. Vi-
sualizations were performed using Ovito.®
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added Langevin thermostat, whose purpose is to damp
out the strain waves emitted by the nascent dislocation.
A visualization of the relaxed £[111] dislocation loop ob-
tained immediately before compression begins is shown
at the top of Fig. 5.

The crystal is then instantaneously compressed by 10%
along its [001] axis. The attendant shear stress is insuffi-
cient to create any new dislocations, but is great enough
to drive the existing dislocation loop, and thus cause slip
on the [111](112) system. The progression of the dislo-
cation loop and the slipped atoms left in its wake are
illustrated in Fig. 5. We observe that during the first few
picoseconds of the simulation, the dislocation loop grows
principally along a direction collinear with its Burgers
vector £[111]. This is consistent with the general trend
for edgelike dislocations to be considerably more mo-
bile than their screwlike counterparts in bec crystals. ™27
During the following 30 ps, the edgelike segments of the
dislocation loop rapidly propagate and traverse the pe-
riodic boundaries several times, all the while relieving
the very shear stress driving them. After approximately
60 ps, an equilibrium state is reached in which slip planes
pervade the crystal uniformly, and the shear stress act-
ing on the dislocation has dropped to such a level that
further plastic flow is inhibited.

We should note that crystal does not in fact undergo
perfect single slip — close inspection of Fig. 5 reveals sev-
eral ‘wrinkles’ in the slip planes. These are formed wher-
ever screwlike segments of the dislocation loop undergo
cross-slip, i.e. temporarily transfer to a slip plane other
than (112). The relatively low temperature and shear
stress state of the crystal means the degree of cross-slip
is low enough that the results of our analysis, which as-
sumes perfect single slip, are not adversely affected. In a
sample dynamically compressed to much greater stresses,
however, the dislocations may not be so forgiving, and it
might be necessary to formulate a more general model
allowing for glide on unanticipated slip systems — this is
the subject of Sec. IV C.

If we neglect the relatively small amount of ‘con-
taminant’ cross-slip, we may appeal once again to the
single-slip form of the elastoplastic decomposition for a
kinematic description of the plastic deformation process.
Rather than using this framework to look for internal
consistency between the elastic strains and rotation, as in
the previous section, we shall instead use it to connect di-
rectly the elastic and plastic deformation states. By sim-
ple inversion of Eq. (1), one finds the elastic deformation
state for a given state of plastic strain reads F¢ = FFP~1,
For the present case of m = [111], n = (112), one may
show that, explicitly,

1 —ﬁv — 2y —ﬁv
Fi()=| —F7 1-%7 =% (22)
%’yv %71} (1 + gv) v,

where in this instance v = 0.90. The equation above
essentially parametrizes the locus of elastic deformation

10

1.00 o ]
2 [ l-l-l—l-.,._._.. .
~H—-g-
» (a) -
3 098] ]
@
=i
=
g 096! ]
o
g
o
= 0.04
g Fr,
e

k4 0.92 = Ly
T U A |
i
S

0.90 ]

0.01 f ' ' ' '

0.00

-0.01 ¢

-0.02

Off-diagonal components of F*

-0.03 ' : : :
000 001 002 003 004 005

Glide ~

FIG. 6. Evolution of the elements of the average elastic de-
formation gradient F for a tantalum crystal uniaxially com-
pressed by 10% along [001], deforming predominantly on its
[111](112) slip system. Elements of F° are plotted as a func-
tion of the instantaneous glide + fitted from the elastoplastic
decomposition. Solid lines are the loci to which the elements
of F¢ should theoretically adhere. (a) Evolution of the on-
diagonal elements. (b) Evolution of the off-diagonal elements.

states accessible to the crystal, given its single degree of
freedom ~. Our objective here is to invert the equation
above and solve for v (in a least-squares sense) using
known values of F, and in so doing infer the degree of
activity on the operative slip plane from the size, shape,
and orientation of the crystal’s unit cell.

Shown in Fig. 6 are the nine elements of the elas-
tic deformation gradient F'¢ calculated at 2.5 ps inter-
vals, where the abscissa is the fitted glide obtained from
Eq. (22) at each instant of time. These data points are
plotted over the theoretical variations of F; with v ex-
pected from Eq. (22). We observe that the observed elas-
tic deformation state does indeed adhere very closely to
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FIG. 7. Distributions of the elements of F* for a tantalum
crystal uniaxially compressed by 10% along [001], deforming
predominantly on its [111](112) slip system. Distributions
have been vertically offset for clarity, and ordered in such a
way as to make the symmetries of F'® clearer. Distributions
were taken from the latest simulation timestep at t = 60 ps.

the theoretical locus of states, from the initial unrelaxed
state in which F¢ ~ F = diag(1,1,v), to the final re-
laxed state of relatively low elastic shear strain. All of
the symmetries expected from Eq. (22), namely

(Fra) = (Fgy), (23a)
(Fry) = (Fyz), (23b)
(Fiz) = (Fy2), (23¢)
(Fo) = (F%,)- (23d)

are correctly borne out by the simulations. This is made
particularly apparent when one inspects the full distri-
butions of the elements of F¢, an example of which is
provided by Fig. 7. We see that the distributions of F,
and Fy, , for instance, are practically identical to within
thermal noise, just as expected.

We can now compare the glide extracted from the
elastoplastic decomposition with the ‘true’ amount of
glide calculated from the total area of faulted material.
The latter measurement can be performed simply by
counting up the number of slipped atoms detected using
SVA, including those resulting from the initial injection
of the dislocation. We show in Fig. 8 the fitted glide
as a function of time, 7(t), alongside the total number
of slipped atoms, expressed as a percentage of the total
population of the crystal. The two independently calcu-
lated measurements of slip activity show almost identical
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FIG. 8. Measurements of slip activity in a tantalum crystal
uniaxially compressed along [001], deforming predominantly
on its [111](112) slip system. Discrete points show the glide
derived from the elastic deformation gradient, while the solid
curve shows the total number of slipped atoms. The inset il-
lustrates the correlation between these two independent mea-
sures of slip activity.

trends. We can therefore assert that the scheme works as
intended: given the average elastic deformation state of a
uniaxially compressed single crystal, we can calculate the
total amount of slip accrued on a single, predetermined
slip system.

B. Double slip

While it makes for a useful test case, single slip is
arguably of limited relevance to dynamic uniaxial com-
pression. This is because under the conditions of lateral
confinement, a single slip system can only relieve certain
components of the shear stress. For the [101] crystal stud-
ied in Sec. ITII D, for instance, we observed that single slip
left the atomic spacing normal to m and n completely
unchanged. We note in passing that there exists some
evidence that grains in a shock-loaded nanocrystalline
specimen might be able to relieve remaining shear stress
components elastically, by deforming cooperatively with
the grains surrounding them,%? and thus sustain single
slip. However, this mechanism does not extend to coarse-
grained polycrystals, nor to single crystals; to reach the
quasihydrostatic stress states typically observed in exper-
iment, these specimens must generally deform on at least
two slip systems. For this reason, we shall now consider
the next-simplest case of idealized plastic deformation,
namely equal slip on two complementary slip systems.

To treat double slip, one needs to generalize Eq. (4)
to the case of slip on N slip systems. If we imagine that



an incremental amount of slip occurs sequentially on slip
systems labelled 1 to IV, the resulting plastic deformation
gradient reads

FP = (I +9nvSn) o (1+7252)(1 +7151), (24)

where ~; is the amount of glide on slip system ¢ and
S; = m,; ® n; is its corresponding Schmid matriz. While
exact, this expression is inconvenient to work with due to
the presence of its many cross-terms. For the purposes
of developing a simple model, we shall take the leading-
order approximation of Eq. (24), which reads

N
FP =1+ Z%Si. (25)

i=1

The leading-order expression for the inverse of F'P reads

N
Fp_l :I—Z%S’z (26)
i=1

Note that in this approximation, the order of the plas-
tic strains is immaterial. The ratio between the terms
in Eq. (25) and the largest cross-terms it neglects scale
with the typical glide 74, which, in a shock-compression
context, will typically be of order 10% or so. This figure
gives an idea of the size of the error we introduce by using
this linearized form of FP for our model.

The simulation we use to investigate double slip dif-
fers from that described in the previous section in only
two regards: the crystal is somewhat larger, with dimen-
sions of 19.9 x 19.9 x 29.8 nm?; and the crystal is injected
with two different dislocations of the types [111](112) and
[111](112), which are deliberately offset from one another
in the y direction so that they can pass through one an-
other freely. We show in Fig. 9 the evolution of the dis-
locations loops and slip planes for the crystal deforming
via conjugate slip. Much like the single-slip case, the
dislocation loops rapidly expand along the direction of
their respective Burgers vectors, and halt after around
30 ps when their corresponding slip planes uniformly fill
the crystal. We observe again that the slip planes are
rumpled in several places, indicating a limited degree of
cross-slip has taken place.

For the present case of idealized conjugate slip, it may
be shown using Eq. (26) that the locus of accessible elas-
tic deformation states is this time given by

1—‘/?57 —\/757 0
Fe(y)= | %7 1-% 0 . (2n)
0 0 (1+22y)0

where 7y is the amount of glide on the two slip systems. In
Fig. 10, we compare once again the predictions of Eq. (27)
with the measured variation in the elastic deformation
gradient. Unlike in the single-slip case, we observe that
the elements of F'¢ depart slightly from their expected
paths at intermediate times. This indicates the crystal
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FIG. 9. Evolution of a fully periodic block of tantalum con-
taining pre-existing dislocation loops of the types [111](112)
and [111](112) when compressed by 10% along [001]. The
crystal initially has dimensions of 19.9 x 19.9 x 29.8nm?,
and has its (100) crystallographic directions aligned with the
simulation cell axes. Shown are both the dislocation loops,
which were characterized using the dislocation extraction al-
gorithm (DXA),%>™ and the slipped atoms left in their wake
as they propagate, which were identified using slip vector
analysis (SVA).5! Atoms belonging to slip systems [111)(112)
and [111](112) are colored dark and light grey, respectively.
Atoms slipped during the injection of the loops have been
omitted. Visualizations were performed using Ovito.%°
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FIG. 10. Evolution of the elements of the average elastic de-
formation gradient F° for a tantalum crystal uniaxially com-
pressed by 10% along [001], deforming predominantly on its
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plotted as a function of the instantaneous glide v fitted from
the elastoplastic decomposition. Solid lines are the loci to
which the elements of F° should adhere. (a) Evolution of
the on-diagonal elements. (b) Evolution of the off-diagonal
elements.

is not deforming by perfect double slip, either because
slip on one system slightly outpaces that on the other, or
because the amount of cross slip alone is great enough to
significantly change F'¢. That being said, the agreement
is convincing at early and late times, and, on the whole,
the elements of F'¢ follow their expected trajectories.

In Fig. 11, we compare the glide inferred from Eq. (27)
with the number of slipped atoms detected using SVA.
The correlation between these two independent measures
of slip activity is very strong once again. As noted above,
the slip is not exactly conjugate, at least not beyond 30 ps
— according to the SVA, there is 13% more cumulative
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FIG. 11. Measurements of slip activity in a tantalum crystal
uniaxially compressed along [001], deforming predominantly
on its [111](112) and [111](112) slip systems. Discrete points
show the glide derived from the elastic deformation gradient,
while the curves show the number of atoms slipped along each
Burgers vector, and the total number of slipped atoms.

activity on slip systems with Burgers vector [111] than
on those with Burgers vector [111]. Our model functions
fairly well in spite of this complication, and still allows
us to infer the total slip activity from the evolution of
this single crystal’s unit cell.

C. The Taylor ambiguity

We have established that a simple model based upon
the elastoplastic decomposition can be used to calculate
the total amount of slip suffered by uniaxially strained
crystals in the idealized cases of single and double slip.
However, the success of the model was implicitly reliant
on our knowing in advance which slip systems were op-
erative. Suppose we were to approach these simulations
‘blind’, without knowing a priori which subset of the
(say) (111){112} slip systems would become active un-
der compression. Is it possible simultaneously to identify
the active slip systems and to deduce how much glide has
taken place upon them?

Given a measurement of the elastic deformation gradi-
ent F'°, one can calculate the plastic deformation gradient
directly using Eq. (1):

FP =F'F
= F°!diag(1,1,detF®),

(28a)
(28b)
assuming as usual that the material is everywhere uniax-

ially strained. According to Eq. (25), this plastic defor-
mation gradient is (to leading order) a point function of



the glides {;} on N independent slip systems:

N

i=1

If we consider only slip systems of the type (111){112},
there are 9 elements of F? (only 8 of which are indepen-
dent, since det F? = 1) that are each a function of N = 12
glides. The problem of identifying the operative slip sys-
tems is thus mathematically underconstrained. That is
to say that there are infinitely many ways of combining
slip on the 12 (111){112} slip systems to yield the ob-
served plastic strain state, and thus no way of uniquely
determining the subset of slip systems responsible. This
is the well-known Taylor ambiguity.*®"" To arrive at a
unique solution for the set of glides {v;}, one must use
additional mathematical constraints derived from phys-
ical arguments about the mechanical properties of the
material in question.

The solution we will test here is a variant of the
minimum work principle, first put forward by Taylor
in the same paper that he proposed the full-constraints
model.*® Taylor argued that the crystal would deform in
the least ‘wasteful’ way possible, taking the pathway that
dissipated the least amount of internal plastic work. In
the special case that the flow stress of every slip system
is identical (which, after work hardening begins, is by no
means guaranteed), this postulate reduces to the mini-
mum slip principle. This states that the crystal reaches
the final plastic strain state via the least amount of glide
possible. Though highly simplistic, this argument is at-
tractive because it is purely kinematic, and is therefore
very easy to implement. We will show that while the
minimum slip principle might in general represent an un-
warranted oversimplification, it happens to be sufficient
for the single- and double-slip cases considered here.

To implement the minimum slip principle, we first note
that Eq. (25) relating F? to the glides {v;}, which reads

1+ Zi ViSi,;cac e Zi 'Yz'Si,a:z
F? = : : . (29)
may be recast into the form
Egc)x Sl,xac t SN,acx Y1
=0 o ] e
E,Zz)z Sl,zz e SN,zz YN
EPr S ¥

where EP is a 9-dimensional vector related to the plastic

strain (whose components are defined such that Ej; =
Fi’; —d;;), S is a 9 x N matrix encoding the geometry
of the slip systems, and ~ is an N-dimensional vector
containing the glides. The locus of solutions to Eq. (30)

can be expressed as’®

~ = SIEP + (I — 895w, (31)
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FIG. 12. Calculated glides on the 12 (111){112} slip systems
in crystals containing (a) a single [111](112) dislocation loop
and (b) a [111](112) loop and a [111](112) loop after being
compressed by 10% along [001]. Glides were calculated from
the crystals’ average elastic deformation gradient F'¢, assum-
ing this deformation state was reached via the least possible
amount of total glide, summed over all the slip systems.

where 59 is the pseudoinverse of .S, and the auxiliary V-
dimensional vector w varies over all possible values. To
find the solution that satisfies the minimum slip principle
is simply a matter of locating the particular value of ~
that minimizes the ‘cost function’

N
Lev) = hl, (32)
i=1

which we do here using a covariance matrix adaptation
evolutionary strategy (CMA-ES).

In Fig. 12, we show the glides on the 12 (111){112}
slip systems inferred using the minimum slip criterion
for the tantalum crystals undergoing single or double
slip discussed in Secs. IV A and IV B. The slip activity
that the algorithm predicts is, on the whole, correct: in
the single-slip case, we predict activity almost exclusively
on the [111](112) system, while glide in the double-slip
case takes place overwhelmingly on the [111](112) and
[111](112) systems. Unsurprisingly, the prediction is not
perfect: for the double-slipping crystal, for instance, we
know from Fig. 9 that some degree of cross-slip takes
place, and might therefore hope to predict nonzero glides



on not only the [111](112) system, but also on [111](121)
and [111](211). This is not the case, however. It seems
that the plastic strain effected by this cross-slip has in-
stead been attributed to a small amount of activity on
slip systems with m = [111] or [111], systems that the
dislocation extraction algorithm (DXA)%%7 reveals to be
completely inactive. So, while we are able to recover the
gross features of the crystals’ plastic deformation modes,
the price we pay for using the simplistic minimum slip
principle is an inability to resolve their finer features,
namely limited amounts of cross-slip. Use of the fully-
fledged minimum work principle, accounting for the flow
stress of each individual slip system, might allow one to
capture these finer details.

In summary, when it is coupled to the minimum slip
constraint, our simple kinematic model of plastic defor-
mation under uniaxial strain conditions allows us both
to identify the dominant subset of slip systems operative
under compression and quantify their activity using only
measurements of the elastic deformation gradient F¢, at
least for the special cases of single and double slip.

V. DISCUSSION

We have presented a simple kinematic framework
based on the elastoplastic decomposition that we sub-
mit is better-suited to modelling the kind of uniax-
ially strained specimens encountered in a dynamic-
compression context than are the usual Schmid and Tay-
lor analyses. We have demonstrated how one might use
this framework to measure slip activity in a uniaxially
loaded monocrystal directly from measurements of its av-
erage elastic deformation F¢, the matrix that encodes the
changes in size, shape, and orientation suffered by its unit
cell. However, while we believe this in silico study con-
stitutes a small step in the right direction, more work will
be required before a model such as this one can be applied
with confidence to a real shock-compression experiment.
In this section, we recapitulate the wider experimental
context into which this model fits, and discuss which of
its aspects warrant further scrutiny.

The ultimate ambition of a kinematic model like the
one explored here is to enable one to gain an understand-
ing of materials behavior under extreme loading condi-
tions from experimental measurements of a sample’s tex-
ture evolution. A schematic of the idealized workflow one
might use to realize this ambition is shown in Fig. 13.
Using an ultrabright x-ray source, one would first obtain
time-resolved, in situ diffraction images of a dynamically
loaded crystalline sample. The angles at which the in-
coming x-rays are scattered depend on the separation
and orientation of the specimen’s atomic planes, and thus
it is possible in principle to extract the elastic deforma-
tion gradient F¢ from the form of the diffraction pattern.
With an appropriate kinematic model of the kind pre-
sented here, one can calculate the corresponding plastic
deformation gradient F?, from which one can (subject
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FIG. 13. Overview of the process by which experimental mea-
surements of x-ray diffraction patterns may be used to study
crystal plasticity under extreme conditions.

to the limits of the Taylor ambiguity) discern which slip
systems are activated by the shock-compression process.
Finally, these measurements could be compared with
the slip activity predicted by rate-dependent strength
models (such as the Steinberg-Lund™ or Preston-Tonks-
Wallace®® models), allowing one to measure the physical
properties governing plastic flow in a crystalline solid,
such as the rates of work hardening, dislocation nucle-
ation, and dislocation multiplication.

Steps one and two in this process are already well-
developed: ultrafast x-ray diffraction is a mature di-
agnostic technique, and in situ experimental measure-
ment of the elastic deformation gradient®! (or select com-
ponents thereof, such as the rotation?%2%32 or individ-
ual elastic strain components?326:27:29-31) ghtained from
diffraction data is becoming routine. The latter two
steps, in which these elastic deformation gradients are
converted into information about crystal plasticity, are
relatively underdeveloped. As discussed in Sec. I, in
the two instances where analysis of this kind has been
attempted in the past,?83242 treatments based on the
Schmid and Taylor analyses were used, which, for the
reasons laid in Sec. III, we contend is not the correct
approach. We believe the model presented here gives a
more faithful description of the kinematics of plasticity-
induced texture evolution during planar compression.
However, our model is incomplete, and we see three out-
standing issues with it that require further investigation.

First, we have assumed throughout that the total de-
formation gradient F is everywhere equal to the macro-
scopic deformation gradient to which the sample as a
whole is subjected, namely diag(1l,1,v). While this as-
sumption might be reasonable for single crystals, whether



or not this should be true of a shock- or ramp-compressed
polycrystal is very much an open question. In gen-
eral, one would expect the total deformation gradi-
ent F' to vary locally from grain to grain (and indeed
within grains) due to the forces that each crystallite in-
evitably exerts upon its neighbors. The key question is
whether the local deviations caused by such grain-grain
interactions are ‘appreciable’. While there have in re-
cent years been a few studies attempting to elucidate
the nature of dynamic grain interactions under shock
conditions,%%%%:%3 our understanding of this physics is far
from complete. There is therefore, to the knowledge of
the authors, no clear consensus about whether the full-
constraints Taylor model used here is more valid than any
other (such as the isostress model®* or the self-consistent
approach® %) for loading to the megabar pressures of
interest to the dynamic compression community. Conse-
quently, there is no obvious way of knowing — short of
performing a spatially resolved and potentially very ex-
pensive simulation of the target in question — whether
the uniaxial form of F' is appropriate at the local level.

There is a pressing need, then, for systematic investi-
gations of polycrystals with a range of crystallographic
and morphological textures undergoing dynamic com-
pression, to ascertain when the Taylor model is adequate,
and when finer adjustments to the mathematical form of
F are needed. These studies would likely be conducted
using computational models that treat longer length-
scales than molecular dynamics simulations — the crystal-
plasticity finite-element-method (CPFEM), for instance,
is well-suited to treating large polycrystalline aggregates,
and can also model true uniaxial compression conditions
faithfully. In principle, these computational investiga-
tions could be supplemented by direct x-ray diffraction
measurements: already, there exist models capable of
predicting the expected form of the diffraction pattern
from a textured sample in the limiting cases of uniform
stress? or elastic strain.”’°? However, these models do
not yet account for the plasticity-induced rotation suf-
fered by each individual grain, limiting their applicability
to cases in which such rotation is small.

Second, we have drawn attention to the fundamental
limitation placed upon our approach by the Taylor am-
biguity. This ambiguity means that if more than eight
slip systems could conceivably be operative in a given
target, one cannot uniquely determine the combination
of glides {~;} from purely kinematic considerations — one
must appeal to arguments about the material’s mechan-
ical properties to constrain the proportion of activity on
each slip system. It so happened for the simple cases of
single- and double-slip considered here that the simplest
possible physical constraint (the least slip principle) was
sufficient to arrive at approximately the correct answer,
but this will not always be the case, particularly if many
more than two slip systems are active. Certain bcc met-
als, for instance, are liable to slip not only on their {112}
planes, but also on {110} or {123},72 giving a total of 48
potentially active slip systems. In instances such as this
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where the glides {~;} are hugely underconstrained, it is
necessary to eliminate as many slip systems as possible
from consideration (on the basis of their orientation rela-
tive to the compression axis, for example, or on their dis-
location kinetics) before attempting to extract the glides
on the operative systems. This procedure would call for a
faithful strength model of the material in question, capa-
ble of capturing the strong pressure- and work-hardening
effects that manifest under extreme loading conditions.%”

Third, we have restricted our attention here to plastic
strain mediated by full dislocation slip. The situation in
which plastic deformation is realized by the formation of
stacking faults or deformation twins is more complicated,
because there is no guarantee that the elastic deforma-
tion gradient F'¢ describing the faulted material (defined
with respect to its ideal configuration) will be equal to
that of the bulk material. That is to say that the elastic
deformation gradient of the bulk material (which is what
one directly measures from bulk diffraction peaks) differs
from the volume-averaged elastic deformation gradient
(which is what features in the elastoplastic decomposi-
tion). This subtle distinction could, if left unaccounted
for, lead to spurious predictions of either the slip activity
or the attending crystal rotation. Nonuniformity in F'*©
caused by the creation of partial dislocations is another
aspect of this model that would benefit from further ded-
icated computational study.

VI. CONCLUSION

We have shown using molecular dynamics simulations
that the Schmid and Taylor treatments of plasticity-
induced rotation are fundamentally unsuited to uniaxial
dynamic compression conditions. We proposed an alter-
native treatment based on the full elastoplastic decompo-
sition that we show correctly recovers the rotation and
shear state of uniaxially strained single crystals under-
going single slip. We have further shown how such a
framework may be used to infer the combination of slip
systems responsible for the observed change in texture in
the idealized cases of single and double slip. These re-
sults represent a modest but important step on the path
towards a complete model with which one could deduce
the slip activity of specimens dynamically loaded to ex-
treme pressures via the evolution of their crystallographic
texture.

ACKNOWLEDGMENTS

The authors would like to thank P. Avraam and D. Mc-
Gonegle for fruitful discussions, and M. F. Kasim for pro-
viding the implementation of the CMA-ES routine used
here. Both P. G. H. and J. S. W. gratefully acknowl-
edge the support of AWE via the Oxford Centre for High
Energy Density Science (OxCHEDS), and J. S. W. is



further grateful to support from EPSRC under grant
EP/S025065/1.

DATA AVAILABILITY

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.

1G. 1. Taylor and C. F. Elam, Proceedings of the Royal Society of
London, Series A 102, 643 (1923).

2H. Mark, M. Polanyi, and E. Schmid, Zeitschrift fiir Physik 12,
78 (1923).

3H. F. Poulsen, S. F. Nielsen, E. M. Lauridsen, S. Schmidt,
R. M. Suter, U. Lienert, L. Margulies, T. Lorentzen, and
D. Juul Jensen, Journal of Applied Crystallography 34, 751
(2001).

4E. M. Lauridsen, S. Schmidt, R. M. Suter, and H. F. Poulsen,
Journal of Applied Crystallography 34, 744 (2001).

5H. Poulsen, L. Margulies, S. Schmidt, and G. Winther, Acta
Materialia 51, 3821 (2003).

6L. Margulies, G. Winther, and H. F. Poulsen, Science 291, 2392
(2001).

77. S. Basinski and S. J. Basinski, Philosophical Magazine 84, 213
(2004).

8J. N. Florando, M. Rhee, A. Arsenlis, M. M. LeBlanc, and D. H.
Lassila, Philosophical Magazine Letters 86, 795 (2006).

9G. Winther, Acta Materialia 56, 1919 (2008).

10P, Chen, S. Mao, Y. Liu, F. Wang, Y. Zhang, Z. Zhang, and
X. Han, Materials Science and Engineering: A 580, 114 (2013).

11J. Oddershede, J. Wright, A. Beaudoin, and G. Winther, Acta
Materialia 85, 301 (2015).

123, Hémery and P. Villechaise, Acta Materialia 171, 261 (2019).

13D. McGonegle, P. G. Heighway, M. Sliwa, C. A. Bolme, A. J.
Comley, L. E. Dresselhaus-Maras, A. Higginbotham, A. J. Poole,
E. E. McBride, B. Nagler, I. Nam, M. H. Seaberg, B. A. Reming-
ton, R. E. Rudd, C. E. Wehrenberg, and J. S. Wark, Scientific
Reports 10, 13172 (2020).

1D, K. Bradley, J. H. Eggert, R. F. Smith, S. T. Prisbrey, D. G.
Hicks, D. G. Braun, J. Biener, A. V. Hamza, R. E. Rudd, and
G. W. Collins, Physical Review Letters 102, 075503 (2009).

15R. Smith, J. Eggert, R. Jeanloz, T. Duffy, D. Braun, J. Patterson,
R. Rudd, J. Biener, A. Lazicki, A. Hamza, J. Wang, T. Braun,
L. Benedict, P. Celliers, and G. Collins, Nature 511, 330 (2014).

16J. S. Wark, R. R. Whitlock, A. A. Hauer, J. E. Swain, and P. J.
Solone, Physical Review B 40, 5705 (1989).

7M. M. Murnane, H. C. Kapteyn, M. D. Rosen, and R. W. Fal-
cone, Science 251, 531 (1991).

I8F. Girard, Physics of Plasmas 23, 040501 (2016).

9R. W. Schoenlein, S. Chattopadhyay, H. H. W. Chong, T. E.
Glover, P. A. Heimann, C. V. Shank, A. A. Zholents, and M. S.
Zolotorev, Science 287, 2237 (2000).

208, Khan, K. Holldack, T. Kachel, R. Mitzner, and T. Quast,
Physical Review Letters 97, 074801 (2006).

21P. Beaud, S. L. Johnson, A. Streun, R. Abela, D. Abramsohn,
D. Grolimund, F. Krasniqi, T. Schmidt, V. Schlott, and G. In-
gold, Physical Review Letters 99, 174801 (2007).

22B. McNeil and N. Thompson, Nature Photon 4, 814 (2010).

23M. Sliwa, D. McGonegle, C. Wehrenberg, C. A. Bolme, P. G.
Heighway, A. Higginbotham, A. Lazicki, H. J. Lee, B. Nagler,
H. S. Park, R. E. Rudd, M. J. Suggit, D. Swift, F. Tavella,
L. Zepeda-Ruiz, B. A. Remington, and J. S. Wark, Physical
Review Letters 120, 265502 (2018).

24M. G. Gorman, A. L. Coleman, R. Briggs, R. S. McWilliams,
A. Hermann, D. McGonegle, C. A. Bolme, A. E. Gleason,
E. Galtier, H. J. Lee, E. Granados, E. E. McBride, S. Rothman,
D. E. Fratanduono, R. F. Smith, G. W. Collins, J. H. Eggert,

17

J. S. Wark, and M. I. McMahon, Applied Physics Letters 114,
120601 (2019).

25M. G. Gorman, D. McGonegle, S. J. Tracy, S. M. Clarke, C. A.
Bolme, A. E. Gleason, S. J. Ali, S. Hok, C. W. Greeff, P. G.
Heighway, K. Hulpach, B. Glam, E. Galtier, H. J. Lee, J. S.
Wark, J. H. Eggert, J. K. Wicks, and R. F. Smith, Physical
Review B 102, 024101 (2020).

263, J. Turneaure, Y. M. Gupta, K. Zimmerman, K. Perkins, C. S.
Yoo, and G. Shen, Journal of Applied Physics 105, 053520
(2009).

27TW. J. Murphy, A. Higginbotham, G. Kimminau, B. Barbrel,
E. M. Bringa, J. Hawreliak, R. Kodama, M. Koenig, W. McBar-
ron, M. A. Meyers, B. Nagler, N. Ozaki, N. Park, B. Remington,
S. Rothman, S. M. Vinko, T. Whitcher, and J. S. Wark, Journal
of Physics: Condensed Matter 22, 065404 (2010).

28M. J. Suggit, A. Higginbotham, J. A. Hawreliak, G. Mogni,
G. Kimminau, P. Dunne, A. J. Comley, N. Park, B. A. Rem-
ington, and J. S. Wark, Nature Communications 3, 1224 (2012).

29D. Milathianaki, S. Boutet, G. J. Williams, A. Higginbotham,
D. Ratner, A. E. Gleason, M. Messerschmidt, M. M. Seibert,
D. C. Swift, P. Hering, J. Robinson, W. E. White, and J. S.
Wark, Science 342, 220 (2013).

30A. J. Comley, B. R. Maddox, R. E. Rudd, S. T. Prisbrey, J. A.
Hawreliak, D. A. Orlikowski, S. C. Peterson, J. H. Satcher, A. J.
Elsholz, H.-S. Park, B. A. Remington, N. Bazin, J. M. Foster,
P. Graham, N. Park, P. A. Rosen, S. R. Rothman, A. Higgin-
botham, M. Suggit, and J. S. Wark, Physical Review Letters
110, 115501 (2013).

31C. E. Wehrenberg, A. J. Comley, N. R. Barton, F. Coppari,
D. Fratanduono, C. M. Huntington, B. R. Maddox, H.-S. Park,
C. Plechaty, S. T. Prisbrey, B. A. Remington, and R. E. Rudd,
Physical Review B 92, 104305 (2015).

32C. E. Wehrenberg, D. McGonegle, C. Bolme, A. Higginbotham,
A. Lazicki, H. J. Lee, B. Nagler, H.-S. Park, B. A. Remington,
R. E. Rudd, M. Sliwa, M. Suggit, D. Swift, F. Tavella, L. Zepeda-
Ruiz, and J. S. Wark, Nature 550, 496 (2017).

33S. M. Sharma, S. J. Turneaure, J. M. Winey, P. A. Rigg, N. Sin-
clair, X. Wang, Y. Toyoda, and Y. M. Gupta, Physical Review
X 10, 011010 (2020).

34D, H. Kalantar, J. F. Belak, G. W. Collins, J. D. Colvin, H. M.
Davies, J. H. Eggert, T. C. Germann, J. Hawreliak, B. L. Ho-
lian, K. Kadau, P. S. Lomdahl, H. E. Lorenzana, M. A. Meyers,
K. Rosolankova, M. S. Schneider, J. Sheppard, J. S. Stélken, and
J. S. Wark, Physical Review Letters 95, 075502 (2005).

35R. Briggs, M. G. Gorman, A. L. Coleman, R. S. McWilliams,
E. E. McBride, D. McGonegle, J. S. Wark, L. Peacock, S. Roth-
man, S. G. Macleod, C. A. Bolme, A. E. Gleason, G. W. Collins,
J. H. Eggert, D. E. Fratanduono, R. F. Smith, E. Galtier,
E. Granados, H. J. Lee, B. Nagler, I. Nam, Z. Xing, and M. IL.
McMahon, Physical Review Letters 118, 025501 (2017).

36M. G. Gorman, A. L. Coleman, R. Briggs, R. S. McWilliams,
D. McGonegle, C. A. Bolme, A. E. Gleason, E. Galtier, H. J.
Lee, E. Granados, M. Sliwa, C. Sanloup, S. Rothman, D. E.
Fratanduono, R. F. Smith, G. W. Collins, J. H. Eggert, J. S.
Wark, and M. I. McMahon, Scientific Reports 8, 16927 (2018).

3TA. L. Coleman, M. G. Gorman, R. Briggs, R. S. McWilliams,
D. McGonegle, C. A. Bolme, A. E. Gleason, D. E. Fratanduono,
R. F. Smith, E. Galtier, H. J. Lee, B. Nagler, E. Granados, G. W.
Collins, J. H. Eggert, J. S. Wark, and M. I. McMahon, Physical
Review Letters 122, 255704 (2019).

383, M. Sharma, S. J. Turneaure, J. M. Winey, Y. Li, P. Rigg,
A. Schuman, N. Sinclair, Y. Toyoda, X. Wang, N. Weir, J. Zhang,
and Y. M. Gupta, Physical Review Letters 123, 045702 (2019).

39R. Briggs, F. Coppari, M. G. Gorman, R. F. Smith, S. J. Tracy,
A. L. Coleman, A. Fernandez-Panella, M. Millot, J. H. Eggert,
and D. E. Fratanduono, Physical Review Letters 123, 045701
(2019).

40E. Schmid, Zeitschrift fiir Physik 40, 54 (1926).

41E. Schmid and W. Boas, Kristallplastizitit: Mit Besonderer
Bericksichtigung der Metalle (Springer-Verlag, Berlin, 1935) pp.


http://dx.doi.org/10.1098/rspa.1923.0023
http://dx.doi.org/10.1098/rspa.1923.0023
http://dx.doi.org/ 10.1107/S0021889801014273
http://dx.doi.org/ 10.1107/S0021889801014273
http://dx.doi.org/10.1107/S0021889801014170
http://dx.doi.org/10.1016/S1359-6454(03)00206-4
http://dx.doi.org/10.1016/S1359-6454(03)00206-4
http://dx.doi.org/10.1126/science.1057956
http://dx.doi.org/10.1126/science.1057956
http://dx.doi.org/10.1080/14786430310001612184
http://dx.doi.org/10.1080/14786430310001612184
http://dx.doi.org/ 10.1080/09500830601047695
http://dx.doi.org/10.1016/j.actamat.2007.12.026
http://dx.doi.org/10.1016/j.msea.2013.05.046
http://dx.doi.org/10.1016/j.actamat.2014.11.038
http://dx.doi.org/10.1016/j.actamat.2014.11.038
http://dx.doi.org/10.1016/j.actamat.2019.04.033
http://dx.doi.org/10.1038/s41598-020-68544-8
http://dx.doi.org/10.1038/s41598-020-68544-8
http://dx.doi.org/10.1103/PhysRevLett.102.075503
http://dx.doi.org/10.1038/nature13526
http://dx.doi.org/ 10.1103/PhysRevB.40.5705
http://dx.doi.org/10.1126/science.251.4993.531
http://dx.doi.org/10.1063/1.4947306
http://dx.doi.org/ 10.1126/science.287.5461.2237
http://dx.doi.org/ 10.1103/PhysRevLett.97.074801
http://dx.doi.org/10.1103/PhysRevLett.99.174801
http://dx.doi.org/10.1038/nphoton.2010.239
http://dx.doi.org/ 10.1103/PhysRevLett.120.265502
http://dx.doi.org/ 10.1103/PhysRevLett.120.265502
http://dx.doi.org/ 10.1063/1.5085678
http://dx.doi.org/ 10.1063/1.5085678
http://dx.doi.org/ 10.1103/PhysRevB.102.024101
http://dx.doi.org/ 10.1103/PhysRevB.102.024101
http://dx.doi.org/ 10.1063/1.3080176
http://dx.doi.org/ 10.1063/1.3080176
http://dx.doi.org/ 10.1088/0953-8984/22/6/065404
http://dx.doi.org/ 10.1088/0953-8984/22/6/065404
http://dx.doi.org/10.1038/ncomms2225
http://dx.doi.org/10.1126/science.1239566
http://dx.doi.org/10.1103/PhysRevLett.110.115501
http://dx.doi.org/10.1103/PhysRevLett.110.115501
http://dx.doi.org/ 10.1103/PhysRevB.92.104305
http://dx.doi.org/10.1038/nature24061
http://dx.doi.org/ 10.1103/PhysRevX.10.011010
http://dx.doi.org/ 10.1103/PhysRevX.10.011010
http://dx.doi.org/10.1103/PhysRevLett.95.075502
http://dx.doi.org/10.1103/PhysRevLett.118.025501
http://dx.doi.org/10.1038/s41598-018-35260-3
http://dx.doi.org/10.1103/PhysRevLett.122.255704
http://dx.doi.org/10.1103/PhysRevLett.122.255704
http://dx.doi.org/10.1103/PhysRevLett.123.045702
http://dx.doi.org/ 10.1103/PhysRevLett.123.045701
http://dx.doi.org/ 10.1103/PhysRevLett.123.045701
http://dx.doi.org/10.1007/BF01390836

59-62.

42M. J. Suggit, Shocked single crystals studied via nanosecond Laue
diffraction and Molecular Dynamics, Ph.D. thesis, University of
Oxford (2012).

43G. L. Taylor and W. S. Farren, Proceedings of the Royal Society
of London A 111, 529 (1926).

44@. 1. Taylor, Proceedings of the Royal Society of London A 116,
16 (1927).

45W. F. Hosford, Texture of Crystalline Solids 2, 175 (1976).

46K. Wierzbanowski, P. Lipinski, M. Wronski, A. Baczmariski,
B. Bacroix, and A. Lodini, Archives of Metallurgy and Materials
56, 575 (2011).

47M. Wroniski, K. Wierzbanowski, and T. Leffers, Materials Sci-
ence and Technology 29, 129 (2013).

48G. I. Taylor, Journal of the Institute of Metals 62, 307 (1937).

49G. Y. Chin, R. N. Thurston, and E. A. Nesbitt, TMS-AIME
236, 69 (1966).

50R. Fleischer, Journal of the Mechanics and Physics of Solids 6,
301 (1958).

51B. L. Holian and P. S. Lomdahl, Science 280, 2085 (1998).

527, C. Germann, B. L. Holian, P. S. Lomdahl, and R. Ravelo,
Phys. Rev. Lett. 84, 5351 (2000).

53E. M. Bringa, K. Rosolankova, R. E. Rudd, B. A. Remington,
J. S. Wark, M. Duchaineau, D. H. Kalantar, J. Hawreliak, and
J. Belak, Nature Materials 5, 805 (2006).

54R. Ravelo, T. C. Germann, O. Guerrero, Q. An,
Holian, Physical Review B 88, 134101 (2013).

55N. Gunkelmann, E. M. Bringa, and H. M. Urbassek, Journal of
Applied Physics 118, 185902 (2015).

56 A. Higginbotham, P. G. Stubley, A. J. Comley, J. H. Eggert, J. M.
Foster, D. H. Kalantar, D. McGonegle, S. Patel, L. J. Peacock,
S. D. Rothman, R. F. Smith, M. J. Suggit, and J. S. Wark,
Scientific Reports 6, 24211 (2016).

57M. X. Tang, J. C. E, L. Wang, and S. N. Luo, Journal of Applied
Physics 121, 115901 (2017).

583. Plimpton, Journal of Computational Physics 117, 1 (1995).

59G. Kimminau, P. Erhart, E. M. Bringa, B. Remington, and J. S.
Wark, Physical Review B 81, 092102 (2010).

60 A Stukowski, Modelling and Simulation in Materials Science and
Engineering 18, 015012 (2010).

617, A. Zimmerman, C. L. Kelchner, P. A. Klein, J. C. Hamilton,
and S. M. Foiles, Physical Review Letters 87, 165507 (2001).
62p. G. Heighway, D. McGonegle, N. Park, A. Higginbotham, and

J. S. Wark, Physical Review Materials 3, 083602 (2019).

63 A. Stukowski, Modelling and Simulation in Materials Science and
Engineering 20, 045021 (2012).

64J. Chang, W. Cai, V. V. Bulatov, and S. Yip, Computational
Materials Science 23, 111 (2002).

65J. Marian, W. Cai, and V. V. Bulatov, Nature Materials 3, 158
(2004).

66J. Marian and A. Caro, Physical Review B 74, 024113 (2006).

and B. L.

18

67N. R. Barton, J. V. Bernier, R. Becker, A. Arsenlis, R. Cavallo,
J. Marian, M. Rhee, H.-S. Park, B. A. Remington, and R. T.
Olson, Journal of Applied Physics 109, 073501 (2011).

68F. Maresca, D. Dragoni, G. Csanyi, N. Marzari, and W. A.
Curtin, NPJ Computational Materials 4, 69 (2018).

69 A. Stukowski and K. Albe, Modelling and Simulation in Materials
Science and Engineering 18, 085001 (2010).

7T0A. Stukowski, V. V. Bulatov, and A. Arsenlis, Modelling and
Simulation in Materials Science and Engineering 20, 085007
(2012).

71]. Verschueren, B. Gurrutxaga-Lerma, D. Balint, D. Dini, and
A. Sutton, Journal of the Mechanics and Physics of Solids 98,
366 (2017).

72D. Hull and D. J. Bacon, Introduction to Dislocations, 5th ed.
(Elsevier Science, 2011) pp. 118-119.

73S. Queyreau, J. Marian, M. R. Gilbert, and B. D. Wirth, Phys-
ical Review B 84, 064106 (2011).

74]J. Chaussidon, M. Fivel, and D. Rodney, Acta Materialia 54,
3407 (2006).

75G. Monnet and D. Terentyev, Acta Materialia 57, 1416 (2009).

76B. Chen, S. Li, H. Zong, X. Ding, J. Sun, and E. Ma, Proceedings
of the National Academy of Sciences 117, 16199 (2020).

77]. Bishop and R. Hill, The London, Edinburgh, and Dublin Philo-
sophical Magazine and Journal of Science 42, 414 (1951).

78M. James, The Mathematical Gazette 62, 109 (1978).

7D. J. Steinberg and C. M. Lund, Journal of Applied Physics 65,
1528 (1989).

80D, L. Preston, D. L. Tonks, and D. C. Wallace, Journal of Ap-
plied Physics 93, 211 (2003).

81F. Zaretsky, Journal of Applied Physics 93, 2496 (2003).

82N. Park, Modelling Shocks using Molecular Dynamics, Ph.D. the-
sis, Cranfield University (2009).

833 _N. Luo, T. C. Germann, D. L. Tonks, and Q. An, Journal of
Applied Physics 108, 093526 (2010).

84, Sachs, Zeitschrift des Vereines Deutscher Ingenieure 72, 734
(1928).

85F. Krner, Acta Metallurgica 9, 155 (1961).

86B. Budiansky and T. T. Wu, in Proc. 4th U.S. Natn. Congr.
Appl. Mech. (American Society of Mechanical Engineers, 1962)
p. 1175.

87R. Hill, Journal of the Mechanics and Physics of Solids 13, 213
(1965).

88J. W. Hutchinson and R. Hill, Proceedings of the Royal Society
of London A 319, 247 (1970).

89R. Lebensohn and C. Tom, Acta Metallurgica et Materialia 41,
2611 (1993).

90M. J. MacDonald, J. Vorberger, E. J. Gamboa, R. P. Drake,
S. H. Glenzer, and L. B. Fletcher, Journal of Applied Physics
119, 215902 (2016).

91 A. Higginbotham and D. McGonegle, Journal of Applied Physics
115, 174906 (2014).

92D. McGonegle, D. Milathianaki, B. A. Remington, J. S. Wark,
and A. Higginbotham, Journal of Applied Physics 118, 065902
(2015).


http://dx.doi.org/10.1098/rspa.1926.0080
http://dx.doi.org/10.1098/rspa.1926.0080
http://dx.doi.org/10.1098/rspa.1927.0120
http://dx.doi.org/10.1098/rspa.1927.0120
http://dx.doi.org/10.2478/v10172-011-0061-5
http://dx.doi.org/10.2478/v10172-011-0061-5
http://dx.doi.org/10.1179/1743284712Y.0000000142
http://dx.doi.org/10.1179/1743284712Y.0000000142
http://dx.doi.org/10.1016/0022-5096(58)90005-X
http://dx.doi.org/10.1016/0022-5096(58)90005-X
http://dx.doi.org/10.1126/science.280.5372.2085
http://dx.doi.org/10.1103/PhysRevLett.84.5351
http://dx.doi.org/ 10.1038/nmat1735
http://dx.doi.org/ 10.1103/PhysRevB.88.134101
http://dx.doi.org/10.1063/1.4935452
http://dx.doi.org/10.1063/1.4935452
http://dx.doi.org/10.1038/srep24211
http://dx.doi.org/ 10.1063/1.4978359
http://dx.doi.org/ 10.1063/1.4978359
http://dx.doi.org/10.1006/jcph.1995.1039
http://dx.doi.org/ 10.1103/PhysRevB.81.092102
http://dx.doi.org/10.1088/0965-0393/18/1/015012
http://dx.doi.org/10.1088/0965-0393/18/1/015012
http://dx.doi.org/10.1103/PhysRevLett.87.165507
http://dx.doi.org/ 10.1103/PhysRevMaterials.3.083602
http://dx.doi.org/10.1088/0965-0393/20/4/045021
http://dx.doi.org/10.1088/0965-0393/20/4/045021
http://dx.doi.org/ 10.1016/S0927-0256(01)00221-X
http://dx.doi.org/ 10.1016/S0927-0256(01)00221-X
http://dx.doi.org/10.1038/nmat1072
http://dx.doi.org/10.1038/nmat1072
http://dx.doi.org/10.1103/PhysRevB.74.024113
http://dx.doi.org/10.1063/1.3553718
http://dx.doi.org/ 10.1038/s41524-018-0125-4
http://dx.doi.org/10.1088/0965-0393/18/8/085001
http://dx.doi.org/10.1088/0965-0393/18/8/085001
http://dx.doi.org/10.1088/0965-0393/20/8/085007
http://dx.doi.org/10.1088/0965-0393/20/8/085007
http://dx.doi.org/10.1088/0965-0393/20/8/085007
http://dx.doi.org/10.1016/j.jmps.2016.10.004
http://dx.doi.org/10.1016/j.jmps.2016.10.004
http://dx.doi.org/10.1103/PhysRevB.84.064106
http://dx.doi.org/10.1103/PhysRevB.84.064106
http://dx.doi.org/10.1016/j.actamat.2006.03.044
http://dx.doi.org/10.1016/j.actamat.2006.03.044
http://dx.doi.org/10.1016/j.actamat.2008.11.030
http://dx.doi.org/10.1073/pnas.1919136117
http://dx.doi.org/10.1073/pnas.1919136117
http://dx.doi.org/10.1080/14786445108561065
http://dx.doi.org/10.1080/14786445108561065
http://dx.doi.org/10.1063/1.342968
http://dx.doi.org/10.1063/1.342968
http://dx.doi.org/10.1063/1.1524706
http://dx.doi.org/10.1063/1.1524706
http://dx.doi.org/10.1063/1.1539284
http://dx.doi.org/ 10.1063/1.3506707
http://dx.doi.org/ 10.1063/1.3506707
http://dx.doi.org/10.1016/0001-6160(61)90060-8
http://dx.doi.org/10.1016/0022-5096(65)90010-4
http://dx.doi.org/10.1016/0022-5096(65)90010-4
http://dx.doi.org/10.1098/rspa.1970.0177
http://dx.doi.org/10.1098/rspa.1970.0177
http://dx.doi.org/10.1016/0956-7151(93)90130-K
http://dx.doi.org/10.1016/0956-7151(93)90130-K
http://dx.doi.org/10.1063/1.4953028
http://dx.doi.org/10.1063/1.4953028
http://dx.doi.org/10.1063/1.4874656
http://dx.doi.org/10.1063/1.4874656
http://dx.doi.org/10.1063/1.4927275
http://dx.doi.org/10.1063/1.4927275

	Kinematics of slip-induced rotation for uniaxial shock or ramp compression
	Abstract
	 Introduction
	 Plasticity-induced texture evolution
	 Rotation rules
	Schmid analysis
	Taylor analysis
	Uniaxial analysis
	 Verification of kinematics via small-scale MD

	 Glide extraction
	 Single slip
	 Double slip
	 The Taylor ambiguity

	 Discussion
	 Conclusion
	Acknowledgments
	Data availability


