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Low-temperature deformation of body-centered cubic metals shows a significant amount of plastic slip
on planes with low shear stresses, a phenomenon called anomalous slip. Despite progress in atomistic
modeling of the consequences of complex stress states on dislocation mobility, the phenomenon of
anomalous slip remained elusive. Using in situ Laue microdiffraction and discrete dislocation dynamics in
micrometer sized tungsten single crystals, we demonstrate the occurrence of significant anomalous slip. It
occurs as a consequence of cross kinks, topological configurations generated by prior dislocation
interactions. This clearly identifies anomalous slip as a multidislocation process and not a property of
isolated dislocations. The cross-kink mechanism also explains the ambiguous reporting of anomalous slip
traces in the past and directs us to ways of including anomalous slip in continuum crystal plasticity
formulations.
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Plastic deformation of metals as the consequence of
dislocation glide appears as a well-understood phenomenon
which can be directly modeled by dislocation based simu-
lations. Nevertheless, it is still not possible to systematically
describe macroscopic plastic response as a consequence of
dislocation motion. This is particularly so for bcc metals
where many of the relevant phenomena are not sufficiently
understood. It is well established that the flow stress in bcc
metals deformed at low temperature is governed by the
mobility of h111i screw dislocations. Usually dislocations
glide on planes in which the shear stress resolved in the slip
direction exceeds a critical value [1]. The stress state can be
resolved onto each slip system by projecting it onto the
slip direction and slip plane normal, commonly described by
the Schmid factor. In bcc metals, screw dislocations have a
nonplanar core structure [2,3] which can make their glide
susceptible to other stress components, usually called non-
Schmid stresses [4]. While they can explain the tension-
compression asymmetry [5,6], for example, they cannot
explain the experimental observation of a significant amount
of plastic slip on slip systems with very low resolved shear
stresses, a phenomenon called anomalous slip [7]. It was
first reported in niobium [8] and later established to be a
characteristic feature of low-temperature deformation of
most bcc metals [9–12]. Past experiments indicate that
anomalous slip occurs at small strains in molybdenum and
tungsten [9,11] and as a persistent mechanism in the absence
of visible equal slip traces on the primary plane in niobium
and tantalum [10,12]. To clarify the role of anomalous slip in
tungsten, we performed in situ Laue diffraction experiments
on single crystals andmimicked the experimentwith discrete
dislocation dynamics simulations.

Tungsten single crystals in the ½−1 5 10 � orientation
were compressed during Laue diffraction at MicroXAS
(Swiss Light Source). Details on the setup are given in [13]
and [14]. The primary ð−101Þ½111� and the conjugate
ð101Þ½−111� slip systems are expected to be the most active
in this orientation. Figure 1(a) shows the orientation of theW
crystal in stereographic projection aswell as the relevant slip
planes and directions. Table I in the Supplemental Material
[13] details the pillar geometry and the Schmid factors
together with the initial Laue peak profiles prior to defor-
mation. The absence of any streaking indicates the absence
of excess dislocations [14].
Figure 1(a) provides the stress-strain curves of two

pillars, showing significant hardening. Pillar 1 is deformed
until 16% strain reaching a flow stress of 2000MPa, pillar 2
until 23% strain reaching 1700 MPa. Such a difference in
flow stress is not unusual formicrocompression experiments
[15]. Following the movement of diffraction spots during
deformation provides information on the crystal rotation
causedby dislocations slipping on particular planes [16–18].
The rotation directions expected for slip on the six f110g
planes are drawn on the Laue plots. Figure 1(b) shows the
evolution of the (−10 −1) diffraction spot of pillar 2. The
corresponding stress levels are indicated with image num-
bers on the stress-strain curve: before loading (1), at the end
of the elastic region (82), at 9% total strain (123), just before
unloading at 20% strain (145), and in the unloaded state.
During elastic loading, the compression axis rotates slightly.
This is ascribed to elastic distortion of the crystal and to
initial unavoidable small misalignments between pillar
and indenter [19]. At pattern 82 (900 MPa), a significant
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change in the rotation direction occurs, which is ascribed to
yielding. The peak moves back towards a direction indica-
tive for slip on the anomalous (0 −11) plane till 23% strain.
Such a rotation is very close to the (001), which may
describe an equal active slip on the primary (−101) and the
conjugate (101) planes. Analysis of the other Laue reflec-
tions confirms these trends.
Figure 1(c) shows the peak path of the (20 −2)

reflection spot during compression of pillar 1. Round
circles represent its center of mass at stress levels marked
on the stress-strain curve [Fig. 1(a)]. Until pattern 42
(750 MPa), the peak moves slightly between the (−101)
and (0 −11) rotation lines. Then the peak path changes
direction corresponding now to a rotation according to
slip on the anomalous (0 −11), or to an equal amount of
slip on (101) and (−101). The sudden change in move-
ment observed between patterns 50 and 65, where the
rotation is due to single slip on (−101), testifies that slip
is not exclusively on the anomalous plane. Note that this
region is also marked by a different hardening rate in the
stress-strain curve.

Slip trace analysis is performed in the SEM and shown
in Fig. 1(d) (pillar 2) and in Fig. S1 in the Supplemental
Material [13] (pillar 1). In both cases, the surface exhibits
multiple slip traces resulting from slip on the (−101)
primary plane (purple) and on the (101) conjugate plane
(blue). Analyzing all sides of the pillar reveals more slip
traces for the primary than the conjugate system. A zoom-in
on the front face of pillar 2 shows a clear slip trace
corresponding to the anomalous (0 −11) plane (orange).
The step directions at the intersections between the anoma-
lous, the primary, and the conjugate traces demonstrate
activity on the primary slip system before (arrow 1), during
(arrow 2), and after the anomalous slip trace was formed
(arrow 3).
To summarize, Laue diffraction and slip trace analysis

demonstrate that primary, conjugate, and anomalous slip
systems are active. Coarse crystallographic slip traces occur
first on the primary and the conjugate planes. At larger
strains slip traces are also observed on the anomalous
(0 −11) plane and strain production is alternated with the
primary and secondary. These observations raise the
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FIG. 1 (color online). In situ microcompression results. (a) Mechanical results of tungsten pillars 1 and 2. The inset represents the
compression axis plotted in a stereographic projection with the slip systems of interest marked with a color code. The primary (−101),
conjugate (101), and anomalous slip (0 −11) planes are indicated in purple, blue, and orange, respectively, the corresponding slip
directions [111] and ½−111� in bold black. (b) Two-dimensional representation of the (−10 −1) diffraction spot plotted together with the
six possible f110g rotation directions (black lines) of pillar 2, at five different stages of the load indicated on the stress-strain curve.
(c) Path of the (20 −2) diffraction spot of pillar 1 with the six possible f110g rotation lines plotted in white at different stages of the load
indicated in (a): “1” for initial and “105” for final. (d) Slip traces on the surface of pillar 2 together with the indication of the
corresponding planes. See text for more details.
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fundamental question of how anomalous slip can be acti-
vated and lead to coarse crystallographic slip traces despite
the fact that the shear stresses on the anomalous plane are too
low to activate the motion of individual screw dislocations.
To analyze this question discrete dislocation dynamics

(DDD) simulations [20–22] are performed on a tungsten
micropillar in the same geometry as in the experiments.
DDD simulations are based on elastic dislocation inter-
actions and a constitutive law defining the stress-velocity
relationship. Viscous damping for edge and mixed disloca-
tions is assumed. Screwdislocationmotion by kink pairs [23]
is described by an Arrhenius law with a stress-dependent
activation enthalpy determined from atomistic simulations
[6,24] which naturally incorporates non-Schmid effects.
Purely based on the action of non-Schmid stresses, anoma-
lous slip due to the motion of screw dislocations only cannot
be explained in this orientation [25]. More details of the
simulation setup are given in [13], where also the activation
enthalpy for isolated screw dislocations on different glide
systems are shown in Fig. S4 for the ½−1 5 10 � loading
direction.
Figure 2 shows the total plastic slip activity in the

compression direction. The lines indicate the orientations
of the slip planes at the pillar surface using the color scheme
of Fig. 1. The primary and conjugate slip systems contribute
42% and 31% to the total deformation. The anomalous slip
plane (0 −11) contributes about 9% to the total deformation
(Fig. S5 in the Supplemental Material [13]) with clear slip
traces. The remaining plastic strain is contributed by the nine
remaining systems and does not lead to visible slip traces
in Fig. 2.

Slip on both the primary and conjugate slip systems
occurs primarily by motion of screw dislocations, as exp-
ected from the corresponding activation enthalpies. The slip
directions [111] and ½−111� are coplanar in the anomalous
plane. Observed slip on this plane can therefore only result
from the interaction of [111] and ½−111� dislocations. Two
mechanisms contribute to anomalous slip:
The first mechanism is stress-induced cross slip.

Dislocation interactions can cause stress variations along
both [111] and ½−111� screw dislocations and impose a
stress state, which favors cross slip via kink pair nucleation
on the anomalous plane. This local activation does occur
(see Fig. S6 [13]) but is short-lived and the screw part on
the anomalous plane will cross slip back to a plane parallel
to the initial plane, once the local stress is no longer
favorable. This mechanism contributes to about 40% of the
anomalous slip, but does not generate extended slip traces.
It also helps to generate localized slip on the other nine slip
systems.
A second mechanism is identified in our simulations

only on the anomalous plane. Stress induced kinks on
different f110g planes can migrate towards each other
along the screw dislocation and form a so-called cross
kink. Figure 3 shows snapshots extracted from the 3D
simulations. Two kink segments AB and BC make a sharp
angle with each other and form the cross kink. AB lies on
the anomalous plane, BC on the conjugate. The kinks
have in general different lengths and experience therefore
different driving forces, but they are geometrically con-
strained via the node B to glide together. Both nodes A
and B are kinematically constrained to move along the
Burgers vector direction. Their effective direction of
motion depends therefore on the resultant force: in the
particular case in Fig. 3(a), the kink segment AB glides on
the anomalous plane against the direction in which it
would want to move if it would have not been connected
to segment BC.
When node A reaches the surface [Fig. 3(b)] it is free to

glide along the intersection line of the surface with the
anomalous plane. Since the Peach-Koehler force on the
segment AB on the anomalous plane points inward, it
increases its length when A glides along the surface on the
anomalous plane [Fig. 3(c)]. As schematically shown in
Fig. 3(d), the motion of the dislocation segment AB
resembles a single armed dislocation source sweeping a
large area on the anomalous plane before it can again attain
screw orientation and possibly cross slip back to the low-
activation enthalpy plane. Since this mechanism produces
slip by the motion of mixed dislocations on the anomalous
plane, it generates coarse slip traces over a large region of
the surface.
Previousmodels envision anomalous slip due to (a) image

forces favoring perpetual kink nucleation on the anomalous
plane [26] and (b) suppression of screw dislocation motion
on primary and conjugate systems [27,28] while their

FIG. 2 (color online). The y component of the total plastic
displacement superimposed onto the deformed pillar after total
plastic strain of 0.8% in units of the lattice constant. The
deformations of the mesh are amplified by a factor of 15.
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continual interactions favor cooperative motion of screw
dislocations on the anomalous plane. Neither can be
identified in our simulations. Hsiung [29] advocates a
dislocation interaction based activation of anomalous slip
planes similar to our mechanism 1, which by itself does not
contribute significantly to the total slip.
None of the previous models can explain our observa-

tions of anomalous slip as a persistent mechanism in the
presence of visible slip traces also on the primary and/or
conjugate planes. On the contrary, our new mechanism for
anomalous slip, which is based on cross-kink formation
within the volume and the motion of mixed dislocations on
the anomalous plane, actually requires slip and dislocation-
dislocation interaction on the primary and conjugate
planes. The most important feature of the experimentally
observed characteristics of anomalous slip, i.e., coarse

crystallographic slip traces over a large specimen area, is
a natural consequence of the cross-kink mechanism since it
is caused by glide of mixed dislocations which cannot leave
their glide planes. It inherently is a multidislocation process
and cannot be explained from single dislocation behavior.
This explains the ambiguous reporting in the past of
concurrently primary and/or conjugate slip traces [9–12].
It explains as well why in our W samples anomalous slip
traces are observed after and during primary (dominant)
and conjugate slip.
This mechanistic understanding provides a completely

new starting point for the formulation of crystal plasticity
descriptions for low temperature deformation in bcc metals,
which hitherto had not been able to include anomalous
slip in any meaningful way. The cross-kink mechanism
clearly leads to ways of linking slip activity on different slip

FIG. 3 (color online). Mechanism of anomalous slip. Snapshots [(a)–(d)] of small sections of our sample showing the generation of
anomalous slip due to ½−111� dislocations on the (0 −11) plane. (a) scenario where the segments AB and BC form a cross kink. AB lies
on the (0 −11) plane, BC on the (101) plane, and the remaining kink complex M lies on different planes of the zone of the ½−111�
Burgers vector. The free surface (FS) of the pillar is indicated in gray color. The glide planes are indicated in orange (anomalous) and
blue (conjugate). Dislocation lines are colored according to their habit planes. Node A is attached to a screw dislocation while node B is
connected to a section of several small mixed segments lying over several planes. The resultant direction of motion of the entire complex
is indicated with the arrow M. In (b) node A reaches the surface and is released from the screw dislocation. The dislocation section AB
can rapidly increase in length, generating slip on the anomalous plane shown in (c). (d) an overlay of the dislocation structure at four
different time steps. The positions of the nodes A and B at the different time steps are marked as A1 to A4 and B1 to B4, respectively. The
mixed segment AB glides back in the direction of the orange arrow. Node A moves along the intersection line of the anomalous plane II
with the surface and B moves along the screw direction given by the intersection of planes I and II. The segment DE is screw oriented
and lies on plane III (which is parallel to II). Segment BC moves on plane I and CD represents schematically the kink complex attached
to BC and moves noncrystallographically. The area swept by segment AB on the anomalous plane II between time steps 1 to 4 is shown
in orange.

PRL 113, 025501 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
11 JULY 2014

025501-4



systems andmay therefore provide an essential ingredient to
improved dislocation-based crystal plasticity formulations.
This new view on anomalous slip provides a new

conceptual basis for the design of stronger bcc metals as
well as an explanation for solute softening. Since mixed
dislocations are involved in anomalous slip, the mechanism
can, once initiated, operate at moderate stresses. A mecha-
nistically guided approach in the search for efficient
alloying elements to increase strength is therefore to make
the motion of the cross kinks towards the surface more
difficult. This can possibly be achieved by either putting
obstacles in the way of the cross kinks, i.e., segregating
pinning obstacles to the screw dislocations themselves, or
by making kink formation easier so that plenty of cross
kinks are generated but all of them will necessarily be
short and therefore more or less immobile. For a rational
approach to such alloying, one may take guidance from the
experimental evidence that anomalous slip is suppressed
by particular impurities and alloying elements [7,26,30].
Finally, the new anomalous mechanism involves the sur-
face of the sample, and therefore should depend on system
size, but controversial observations are reported [31,32].
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