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ABSTRACT: We have revealed the fundamental embryonic structure of deformation twins using in situ mechanical testing of
magnesium single crystals in a transmission electron microscope. This structure consists of an array of twin-related laths on the
scale of several nanometers. A computational model demonstrates that this structure should be a generic feature at the incipient
stage of deformation twinning when there are correlated nucleation events. Our results shed light on the origin of twinning-
induced plasticity and transformation toughening, critical to the development of advanced structural alloys with high strength,
ductility, and toughness.
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exagonal close-packed magnesium alloys are only ~30% such as TWIP (twinning-induced plasticity) steels,'"
heavier than some common plastics, and their increased deformation twinning has been engineered to give significantly
use could greatly impact society in areas such as automotive enhanced ductility and toughness. Since twin boundaries
fuel economy.' However, coarse-grained Mg alloys have poor impede dislocation motion,">'® twin boundaries generated
formability and energy-absorbing characteristics due to the during deformation harden the material. However, the
absence of five “easy” dislocation slip systems in hexagonal reorientation of the crystal due to twinning changes the ability
close-packed crystals. In some alloys, energy absorption can be of dislocations to move, which can lead to softening.n’17 Thus,
greatly enhanced by deformation twinning, a collective inelastic deformation twinning can be used to fine-tune the mechanical
dissipation mode™ frequently seen in hexagonal close-packed properties of an alloy to achieve an optimal value of strength
metals.* ® There have been many efforts over the years to and ductility, and understanding the origin of deformation
provide a description for the fundamental nucleation and twinning could open up new avenues for alloy design.
growth mechanisms of deformation twinning,7_11 but a
consensus has not emerged. Certain deformation twinning Received: November 10, 2011
modes are thought to be beneficial to the ductility of Mg,'* Revised:  December 22, 2011
while others are considered detrimental.'>'® In advanced alloys Published: January 12, 2012
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Figure 1. (a) A schematic to illustrate different results from 1-tension, 2-bending, and 3-compression testing. (b) Stress—strain curves from in situ
tensile tests. Formation stress of twins can be read at the beginning of strain burst. Strong strain hardening was observed. (c) Stress—strain curves

from in situ compression tests. Strain softening is obvious.

b

Figure 2. TEM images from in situ tensile tests of [0001] oriented Mg. (a) Image of tensile deformation showing the region of extension twinning.
Fracture occurred at the end of the twinned region (the inset is an image of the sample before the test). The loading axis is normal to the basal plane
of the crystal. (b) A bright-field image showing a nanotwin array in a tensile sample. The related diffraction pattern is inset with beam direction along
[1210]. (c) A typical high-resolution TEM image of the nanotwinned structure from a near surface region where the finest twins were found.

Despite the critical importance of deformation twinning to
Mg alloys, historically its intricate dependences on ordinary
dislocation plasticity and grain size tended to confound alloy
developers. Because deformation twins grow so fast, the
nucleation structure is difficult to observe experimentally.>®~”
Also, it is commonly believed that deformation twinning would
lose out to ordinary dislocation plasticity at smaller
(submicrometer) grain sizes'>'® in Mg, Unlike nanoscale
twin laths in TWIP steels'®!® and nanotwinned Cu,"® dense
arrays of coherent twin boundaries are considered difficult to
introduce in pure Mgzo because the twin boundary energy y1g
is much higher (~120 mJ/m? in pure Mg,*' compared to ~15
mJ/m? in Cu"® or hexagonal close packed Co®). As the TWIP
effect scales with twin density,"> the lack of nanoscale twins
seems to limit the potential efficacy of TWIP for improving the
mechanical properties of Mg.

Here we report in situ transmission electron microscope
(TEM) observations of deformation twinning in pure Mg at
unprecedented spatial resolution where the crystal size,
orientation, and stress conditions at the nucleation of
deformation twinning are precisely known. A nanotwinned
structure is observed and its direct contribution to the
mechanical properties is quantitatively studied. The quantitative
compression, tension,”” and bending tests were carried out in a
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TEM on [0001]-oriented single crystal Mg prepared by focused
ion beam (FIB) milling. Figure la shows a schematic of the
three in situ mechanical test configurations. For details, see
Supporting Information. For this orientation, basal slip is
suppressed, {1011} “contraction” twinning is expected under
compression,” and {1012} “extension” twinning is favored
under tension. Several measured uniaxial tension and
compression stress—strain curves are plotted in Figure 1b,c,
where GPa-level flow stresses were achieved in our small
samples, far exceeding previously measured Mg bulk strengths.
On the basis of the TEM videos (see Supporting Information),
the real time mechanical data and subsequent diffraction
analyses, deformation twins initiated at ¢ ~ 800 MPa under
both tension and compression. The initiation of deformation
twinning can be observed by the local change of diffraction
contrast during the in situ test, since the lattice reorients in the
twinned region. These deformation twinning initiation stresses
are much larger than the previously reported critical resolved
shear stress for {1012}and {1011} deformation twinning, which
were ~3 MPa and ~100 MPa, respectively.13 Note, however,
that our stresses were measured from such small samples that
they can be considered as the “local” or microscopic stresses for
deformation twinning initiation, whereas the old values were
bulk averaged or macroscopic stresses that do not take into
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account stress amplifications needed to achieve deformation
twinning. In addition, prior to twinning initiation, both the
tension and compression tests demonstrated linear hardening.
However, after twinning initiation, we found significant
differences between the compression and tensile tests in
terms of both the twin structures and the corresponding
mechanical data, bringing us new insight into the mechanisms
of deformation twinning.

For the compression tests, the nucleation of a single {1011}
contraction twin always started from the corner of the contact
surface between the sample and the indenter (see movie 1 in
Supporting Information). The formation of only a single twin is
presumably due to the nanolevel roughness of the contact
surface, which results in stress concentrations leading to
preferred nucleation sites.”* This single twin grew gradually
as the stress increases continuously until the twin extended
across the entire width of the pillar. At this point, dislocation
activity can be fully accommodated and the escape of
dislocations at the surfaces results in significant strain softening,
as shown in Figure lc.

In tension, the initiation of {1012} twins results in a sudden
load drop and is accompanied by a 2—5% strain burst (Figure
1b). The strain burst indicates that the total twinning
nucleation volume is a large proportion of the sample volume
(roughly 50%, see Supporting Information for details), which is
confirmed by our TEM results. Figure 2 shows examples of the
formation and structure of nanotwinned arrays formed in
tension. After the nanotwins formed, homogeneous elongation
was observed, mainly from the twinned region, and the tensile
sample displayed a strain hardening response that led to 1300
MPa flow stress and ~20% strain. Fracture occurred at the end
of the twinned region (see movie 2 in Supporting Information;
Figure 2a captures one of the fracture events). Compared to the
ultimate tensile strength of ~120 MPa and ~5% strain in bulk
pure Mg,>® the mechanical properties of our small sample are
impressive: on a per-volume basis our sample absorbs 2000%
more mechanical energy (the average is ~1.5 X 10° J/m?) to
failure than microstructure-optimized bulk pure Mg’® We
regard this as approaching an upper-bound or “intrinsic”
toughness of pure Mg. Another interesting point is the strain
hardening process after the twin formation in tension, which is
significantly different from the large strain softening we
observed in compression. The near-linear strain hardening
stage after the strain burst can be observed in most of the
tensile curves. This response is similar to the stage 2 in plastic
deformation of some bulk materials where the increase in
“obstacles” produced by the activity of the primary deformation
system strongly influences the activation of the secondary
deformation modes.?® However, in our case, strong dislocation
interactions are not expected due to the small sample size and
ease of dislocations escaping to the nearby surfaces. What we
have instead is a large number of nanotwin boundaries that
could serve as “obstacles” and harden the material. As shown in
Figure 2b, in tension multiple nanotwins are distributed along
the gauge section. From all the tensile samples, the most
common nanotwin thickness was about 5—10 nm. High-
resolution TEM analysis revealed even finer twin structures
along the edge of the gage section where the spacing between
twins could be only several atomic layers as shown in Figure 2c.
The high density of twin boundaries restricts dislocation
motion and results in strain hardening, consistent with the
“TWIP” concept.
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Deformation nanotwins also appeared under bending at a
crack tip. One example is shown in Figure 3, where the abilities

Figure 3. TEM images from an in situ bending test of Mg in the
[0001] direction. (a) Bright-field TEM images taken from the video
showing the sample before bending, at the appearance of two cracks
and then at the formation of a nanotwinned region at the tip of the
largest crack. Diffraction patterns from the [2111] zone axis show the
single crystal sample before bending and the {1011} twin spots after
test from [1210] zone axis. (b) Bright-field TEM image showing the
deflection of the crack around the nanotwinned region. (c) A high-
resolution TEM image showing a {1011} nanotwinned structure at a
crack tip, zone axis [1210].

of the nanotwins to accommodate large strain and toughen the
sample are demonstrated. In the video (see Supporting
Information, movie 3), two cracks can be seen to form under
bending two-thirds of the way down the tensile side of the
sample from the tip. In general, the crack positions varied from
sample to sample, as a result of the surface roughness. In this
example, as larger crack fully opened, the nanotwinned region
nucleated and subsequently strongly deflected the crack as
shown in Figure 3b. This is similar to transformation
toughening in ceramics,”’ where martensitic transformations
near the crack tip increase the fracture toughness, and is also
consistent with previous modeling results in which a crack can
stimulate twin formation.”® Subsequent diffraction analysis
(Figure 3a) demonstrated that the twinned region was only
localized near the crack tip and was composed of {1011}
contraction twins, which is not surprising given the large stress
gradient."® The nanotwined structure can be clearly seen in the
HRTEM images (Figure 3c). Extension twins were also found
in some bending samples, an example of which is shown in
Supporting Information.

These tensile and bending experimental results give a very
different picture of deformation twinning as compared to the
traditional understanding where the entire lattice reorients
within a twinned region. The structures are also different from
so-called double twinning reported in bulk-textured Mg. In
order to elucidate the origin of this high-energy nanotwinned
structure, we have done a series of theoretical studies. We
performed molecular dynamics (MD) simulations of single-
crystal Mg tensile tests along (0001) direction (see Supporting
Information for details). The results show that {1012} twins
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Figure 4. Atomic and kinetic Monte Carlo simulation results of nanotwinned structure. (a) Atomic simulation results of the shear stress field of a
{1012} nanotwin in Mg nucleated from the surface. (b) Shear stress field produced by array of twinning dislocations (TD) from classical dislocation
elastic theory; these TDs produce the same nanotwin as in (a). (c) Two-dimensional model of nanotwin formation by twinning dislocation
nucleation and migration. The supercell is composed of parallel atomic layers as possible TD glide planes. All TDs are nucleated from the surface and
only allowed to glide on one slip plane. (d,e) Kinetic Monte Carlo simulation results of nanotwins nucleating from a surface (left side) and
corresponding shear stress fields based on model in (c). The twin boundaries are plotted in solid lines. Comparing the evolution from (d) to (e), we
can clearly see the new TDs nucleated from high stress areas (red color) but not from the low stress areas (blue).

nucleate from surface edges and we can extrapolate that the
critical nucleation stress should be about 800 + 200 MPa under
low strain rates (107> s7'), agreeing with our experiments.
However, since the high strain rates (>10° s') in direct MD
simulations are not appropriate for describing the kinetics of
multiple deformation twins, we need a mesoscopic model to
carefully consider the kinetics of twinning nucleation and
growth.

Deformation twinning is a perfectly coherent “stimulated
slip” phenomenon,* which is in contrast to the less coherent
“spontaneous slip” of ordinary dislocation plasticity. Slip
coherency is catalyzed by promoter defects of different
dimensions, which could be screw dislocations (as in the
various pole mechanisms of twin nucleation®*), surfaces or
grain boundaries.”” The promoter defects interact with a gliding
twinning dislocation, and subsequently “infect” an atomically
adjacent plane to start slipping by the same variant of the
twinning dislocation Burgers vector br. Promoters of different
dimensions can be dominant at different length scales.>*'®** In
small samples or near crack tips, the dominant promoter would
be the 2D free surface as shown in our MD simulations. On the
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basis of this “stimulated slip” concept, we have performed
mesoscale kinetic Monte Carlo (kMC) simulations to model
the nanotwinning process observed in our experiments. We
outline the key steps and results below, with more details in the
Supporting Information.

As shown in Figure 4a,b, atomic and continuum calculations
indicate that elastic incompatibilities of twinning dislocations in
the sample will generate a strong elastic field that biases the
nucleation rate of new twinning dislocations on a nearby
surface, as

Q(cg) ]

V= -
oeXP( ksT

where Q(og) is the stress-dependent activation energy for
surface-catalyzed twinning dislocation nucleation, and o is the
shear stress at the surface. Q(65) can be further approximated
by

Q(GS) = Q.() — G52
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where Q is the activation volume.>*3! As shown in Figure 4c,

the simulation supercell is composed of parallel atomic layers as
possible dislocation glide planes, and twinning dislocations can
be nucleated on each layer at the surface with the same Q, and
0 initially. Once nucleated, the dislocation glides on this layer
with velocity linearly dependent on o5, which is updated in the
kMC model by summing the stress fields of all twinning
dislocations based on classical elasticity theory. Consequently,
although a twinning dislocation nucleated adjacent to an
existing twin boundary has a smaller Q, than one nucleated
further from the boundary, since there would be no increase of
twin boundary if an existing twin thickens, the elastic field
generated by twinning dislocations of the same sign at the
nanotwin tip can suppress nucleation near the twin, but
promote nucleation at some distance away from the twin. As a
result, the stress field of the twinning dislocations at the tip
affects the nucleation of new twinning dislocations; the
formation of many nanotwins is actually favored over the
thickening of an individual twin (Figure 4d,e and movie 4 in
Supporting Information).

The above simulation indicates high-density nanotwins can
be “promoted” kinetically when high density of nucleation sites
are correlated by the stress fields of twinning dislocations.
Similar to surface sites in our samples, grain boundaries with
high densities of dislocations can also achieve this con-
dition,'®*° thus the correlated formation of nanotwins should
be a general phenomenon in deformation twinning nucleation.
However, in larger crystals/grain sizes, nanotwin embryos grow
to accommodate the same amount of strain, thus what is usually
observed in a twinned bulk sample is the final state where
multiple nanotwins have merged into a large twin, which is also
predicted by our kMC model (shown in Supporting
Information). In addition, inhomogeneous deformation can
lead to stress concentrations and preferential nucleation sites,
making it easier for a single twin to thicken, as in our
compression experiments.

In summary, we have observed the fundamental embryonic
structure of deformation twinning in situ in a TEM. We have
directly measured the local stress to nucleate deformation
twinning and the intrinsic toughness of pure Mg, both of which
are much larger than presently achieved in bulk Mg, indicating
large headroom for improvement. Combined with the
simulation results, we believe that the formation of dense
nanotwin arrays is kinetically favorable at the nucleation stage
of deformation twinning even in materials with high twin
boundary energies. This study develops our understanding on
the kinetic nucleation mechanisms of deformation twinning and
can further contribute to the future development of advanced
structural materials. For example, it is conceivable that new
alloys or processing schemes could be designed to take
advantage of kinetics factors that would preserve nanotwinned
structures to enhance strength and ductility.
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An explanation of experimental methods as well as three in situ
TEM movies for each of the three tests described and two
simulation movies. This material is available free of charge via
the Internet at http://pubs.acs.org.
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