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The impact of deformation twins on the mechanical response of metals derives from the fact that they are micro-
structural inhomogeneities that create lattice reorientation and introduce local stress fields. Efforts have begun
towards microstructural modeling of discrete twin domains within individual grains and the stress and strain
fields that result from them. The aim of this viewpoint article is to review these endeavors, highlighting the in-

sights gained by these studies, the advantages and disadvantages of the seemingly diverse approaches taken to
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date, and on this basis, offer our perspective on promising future steps.

© 2016 Elsevier Ltd. All rights reserved.

Twinning is one of the basic deformation mechanisms by which in-
dividual crystals accommodate mechanical strain [1,2]. Deformation
twins are discrete domains that are believed to begin as atomic scale
embryos that grow with applied strain to become grain-scale lamellae.
Twin domains are crystallographically reoriented with respect to the
parent grain, which introduces a boundary between parent and twin
domain a ‘twin boundary’. Formation of a twin shears the material by
a characteristic amount, the twin shear, on the twin plane and in the
twinning direction [1,3,4].

Plastic deformation in polycrystalline metals is most often accom-
modated by plastic slip, but under certain circumstances can be carried
by both twinning and slip. These conditions are specific to the material
and twin mode, but generally twinning is reported to occur easily at
high loading rates, low temperatures, and under particular states of
strain [1,5,6].

The macroscopically observed stress-strain response is radically dif-
ferent when twinning and slip together accommodate plastic deforma-
tion than when plastic slip acts alone. Fig. 1 shows examples of the
tension-compression asymmetry that can arise in materials that twin
readily under ambient pressures and quasi-static rates. These metals
possess a low symmetry crystal structure and are a-titanium (o-Ti)
[7], a-zirconium (a-Zr) [8], a magnesium alloy (AZ31) [9], and a-
uranium (a-U) [10]; all results are obtained from sheet material with
a strong texture. Due to the choice of applied load direction relative to
the sheet texture and allowed deformation modes, in each of the
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tension cases, deformation was accommodated by slip, whereas in com-
pression it was accommodated by slip and twinning. In the predomi-
nantly slip (tension) curves, the hardening rate reduces with applied
strain, while in the twinning and slip (compression) curves, there are
inflection points in the hardening rate, and over some periods the hard-
ening rate increases with applied strain.

Arguably many factors could be responsible for the differences seen
in the twinning responses but two are worth highlighting: the preferred
slip systems and the morphology of the twin domains. For the three HCP
crystal systems shown, in the Mg alloy (AZ31) the easiest slip system is
basal slip, whereas in a-Ti and o-Zr it is prismatic slip [2,13-15]. In a-U,
which has an orthorhombic crystal structure, the easier slip system is
floor slip [16-19]. Twin morphologies can be easily seen in EBSD
maps, such as those in Fig. 2, which correspond to the compressed ma-
terials in Fig. 1. As shown, the twins manifest as discrete domains within
a majority of grains. The crystal lattice within the twin domain has sig-
nificantly reoriented from that of the parent grain and hence both twin
volumes and twin boundaries can be easily exposed. Despite length
scale differences relative to parent grain size, some key differences can
be observed: in Mg, the twins are few and thick; in Zr and Ti, they are
many and thinner compared to Mg; in U, the twins are numerous and
very thin.

Such morphological details of the twin can locally affect which type
of slip is favored and hence influence the macroscopic stress-strain re-
sponse. The twin introduces a new crystallographic orientation into
the grain and within this domain, slip systems can be preferred that
are different from those in the parent. The directional boundaries intro-
duced by twins can pose obstacles against slip motion and depending on
the relative orientation of the slip mode and twin boundary, the barrier
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Fig. 1. Effect of deformation twinning on the compressive response of: (a) AZ31 [9], (b) a-Ti [11], (¢) a-Zr [12], and (d) o-U [10]. Response in tension for all these metals exhibits

characteristics of slip dominated deformation.

can be stronger for one slip system than another. A third way that twin
morphology can take affect, which is neglected, is through the local
stress states that are generated within the twin and surrounding matrix.
The localized stress-strain fields produced by twins, in addition to creat-
ing localized hardening, influence local slip activity within the parent
grain and twin itself, formation of additional twins, and twin expansion
rates [20]. Knowledge of these local stresses and strains could help ex-
plain the probability of other twin-related processes, such as twin-
twin transmission [21], secondary twinning, and de-twinning [22-24].
Furthermore, through the local stresses that they generate, twins are
thought to play a role in recrystallization kinetics [25,26], fatigue, [27],
and ductile fracture [28].

To date, we lack a constitutive model that accounts for the changing
morphology of the twin, the hardening effect introduced by twin
boundaries, and the activation of slip and twinning systems according
to the local stresses produced by twins. Most constitutive models for
metals that deform by combinations of slip and twinning utilize
mean-field polycrystal models, such as Taylor-type [29,30] and self-
consistent [31] schemes. In these approaches, the neighborhood is ho-
mogenized and hence the grain boundaries and grain neighbors are
not explicitly modeled.

Within mean-field codes, four micromechanics approaches current-
ly exist for introducing a reoriented twin phase: (i) predominant twin
reorientation (PTR) method [32,33], (ii) volume fraction transfer

Fig. 2. Inverse pole figure maps showing microstructure evolution in samples compressed along the in-plane rolling direction of sheets of (a) AZ31 to a true strain of 0.04 at 298 K9], (b) o~
Ti to a true strain of 0.1 at 298 K [11], (¢) a-Zr to a true strain of 0.08 at 76 K[12], and (d) o-U to a true strain of 0.05 at 298 K [10]. These maps indicate the orientation of the compression

axis with respect to the crystal reference frame.
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(VFT) scheme [33], (iii) total Lagrangian approach [34], and (iv)
composite-grain method [35,36]. The twin phase replaces some fraction
of the matrix phase and as the volume of the twin phase increases with
strain, the volume of the matrix phase shrinks accordingly. With such
sub-grain twinning models polycrystal models have been successful in
demonstrating many key effects of twins on the macroscopic stress-
strain response and texture evolution. However, such schemes assume
homogeneous stress states in the matrix and twin phases, which can
be expected to be very different from the actual highly localized stresses
produced by twin domains, as have been reported experimentally using
techniques such as far-field 3D-XRD [20,37-39] and differential-
aperture X-ray microscopy (DAXM) [40].

Localized stresses as a result of inhomogeneities, such as twins, can
be calculated using spatially resolved mechanics models. To date three
types have been used: phenomenological finite element (PFE) [41,42],
crystal plasticity fast Fourier transform (CPFFT) [43], and crystal plastic-
ity finite element (CPFE) [44]. These techniques can calculate the spa-
tially resolved mechanical fields within deformed microstructures,
thereby overcoming the local stress state limitations of mean-field tech-
niques. They account for grain-grain interactions and predict gradients
in strains, orientations, and stresses across grains and grain boundaries.
In the case of PFE, the material point is a continuum. In CPFFT and CPFE,
the material point could be a single crystal or a Taylor or VPSC polycrys-
tal [45-49]. Traditionally, however, deformation at each material point
has been governed solely by elasticity and plasticity, and not twinning.
Only recently have efforts begun towards modeling discrete twin lamel-
lae in a microstructural framework using such techniques.

For many reasons, incorporating twinning at each material (integra-
tion or grid) point in these techniques is not as straightforward as slip.
Unlike slip, twinning accommodates strain by creating an inhomogene-
ity. Also, understanding where a twin forms, how it expands and the rel-
evant driving forces is still not well developed. Last, advancement has
also been hampered by the lack of 3D microstructural representation
codes [50], computational power [51], and efficient geometry and
mesh manipulation tools.

One of the earliest studies to explicitly incorporate twins in an FE
setting was carried out by Zhang et al. [41,52]. The objective was to
study the local stress distributions surrounding a twin in Zr.

Some results from PFE example [41] are shown in Fig. 3. The
twinned grain was modeled as a thin lamella chosen to correspond to
a (1012)[1011] twin within a rectangular parallelepiped single crystal
parent grain inclusion. The twin planes span the entire grain. The
twin-parent ensemble was embedded in an isotropic, perfectly plastic
homogeneous effective medium representing the polycrystal. The
twin was an inhomogeneity possessing the elastic and plastic anisotro-
py associated with the orientation of the twin with respect to the ma-
trix, and a single crystal yield surface was approximated for the grain.
The ensemble was subjected to plane strain compression. The study
highlighted for the first time the highly heterogeneous stress fields as-
sociated with an inhomogeneous twin domain, and suggested a stress
driver for lenticular twin formation. Additionally, the study correlated
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the stress states that are energetically favorable for twinning with
twin volume fraction and morphology, and the conditions under
which multiple twins might be favored within a single grain as opposed
to a single larger twin.

More recently, the CPFFT method was used to study distributions of
local stress states around a twin in Mg [43] (Fig. 4). The model was a tri-
crystal comprised of a central grain containing a twin, flanked by two
identical neighboring grains. The method of solution is based on a
Green's function technique and hence the CPFFT model needs to be
discretized into a regular grid. The twin lamella was incepted into the
central grain while the tricrystal was placed under an applied compres-
sion stress of 40 MPa. The twin was in the shape of a lamella defined by
two parallel interfaces corresponding to a (0112)[0111] tensile twin
boundary. The twin connected the two ends of the grain, as in [40]. In
this study, the thickness of the twin, or the number of voxels that
spanned the twin, ranged from 7 to 13, corresponding to 0.5% to 1%
twin volume fraction in the parent. The preselected twin-domain voxels
are reoriented such that the proper twin-parent orientation relationship
is achieved. Then to every twin-domain voxel, the twin shear transfor-
mation is enforced. After the twin was incorporated, the authors studied
the stress and strain fields that had been generated. For each voxel, both
inside and outside the twin, the simulation used a crystal plasticity
based elastic-visco-plastic constitutive law with no hardening in the
CRSS for slip. The resulting distribution was predominantly controlled
by plastic relaxation.

In order to gain insight into further twin growth, the authors of [43]
studied the resolved shear stress contours corresponding to the twin
variant created. They found the stress state to be highly non-uniform,
as a result of the material's reaction of the localized shear imposed by
the twin domain. In particular, the twin-resolved shear stress compo-
nent was positive in the neighboring grain near the twin/grain bound-
ary junction, negative along the twin boundary in the parent grain,
and negative within the twin lamella (see Fig. 4, red line profile). The
local negative twin-resolved shear stresses represent a backstress im-
posed by the surrounding crystals, suggesting that the twin transforma-
tion itself hinders subsequent expansion of the twin and more applied
stress would be required to expand the twin further. The calculations
also showed that the backstress was lower in the central part of the
twin lamella, suggesting that if the applied stress were to increase the
twin would expand in the middle (see Fig. 4, the blue line profile).
They repeated simulations with the same parent/twin orientation but
with different neighbor orientations. They concluded that other neigh-
boring grain orientations produced the same qualitative results, with a
high backstress in the twin lamella at the twin/grain boundary junction
and a lower one at the center of the lamella.

Explicit twinning geometries have been studied in HCP materials
within a CPFE framework [44,53,54]; as an example, we discuss a recent
study on polycrystalline a-U. There, the CPFE technique is modified to
include discrete twin lamellae with their associated twin boundary,
twin-matrix reorientation relationship, and shear transformation strain
[44]. Polycrystalline a-U is highly elastically and plastically anisotropic
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Fig. 3. A 2D FE model for twinning with a square inclusion represents a grain embedded in an isotropic surrounding medium. Von Mises stress contour before (a) and after (b) twinning

under tension along the global X direction [41].

Please cite this article as: M. Knezevic, et al., Scripta Materialia (2016), http://dx.doi.org/10.1016/j.scriptamat.2016.04.026



http://dx.doi.org/10.1016/j.scriptamat.2016.04.026

4 M. Knezevic et al. / Scripta Materialia xxx (2016) XxX-XxX

Buffer
a
3
Preselected twin region
JENE
b
60
Region 2 Region | Region 2
40 ’_)
22— —
Z
g
'_'. o - —————————————— — - —————
<20 = before transformatio
after trancf
w— further stress Increasd
-40 -

-300 <150 0O 150 300 450 600 750 900
Distance from twin tip (voxel)

Fig. 4. (a) Schematic of the tricrystal unit cell compressed in the 2-direction with a twin
inside the central crystal and (b) the resolved shear stress profile along the twin-parent
grain boundary [43].

and hence the authors implemented a crystal plasticity based constitu-
tive law including elastic anisotropy and rate-dependent plasticity oc-
curring on possibly four distinct slip modes and two deformation
twinning modes [10]. Fig. 5 shows the model a-U grain structure, de-
fined using DREAM.3D [50]. Based on pre-specified grain size and
grain shape distributions this software generates a 3D synthetic,
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voxel-based structure and surface mesh for each individual grain. A
3D FE mesh is then built upon this microstructure for both grains and
grain boundaries, ensuring mesh conformance between grain bound-
aries. The latter feature of the CPFE mesh is often referred to as ‘confor-
mal’ grain boundaries.

The twin-free polycrystal in Fig. 5 was first compressed by imposing
displacement in the normal direction, ND, with the lateral sides
traction-free and, hence, free to expand. The stress state generated
was consistent with that needed to form the (130)[310] twinning sys-
tem in the central (red) grain. The twin lamella was then inserted in
the red grain at the point of highest stress concentration in the grain
boundary. As in the prior PBE and CPFFT studies described above, it
was assumed that the twin boundaries were planar and spanned the en-
tire grain cross-section. However in this case, the cross-sectional area
and shape of the two flanking twin boundary planes were defined by
the topology of the grain boundary they intersected, and their separa-
tion (thickness of the lamella), was calculated to produce a certain
twin volume fraction. The twin lamella taking up 1% volume fraction
of the central red grain is shown in Fig. 5b. Then, while the applied strain
is held constant, the plastic deformation for all integration points in the
twin lamella is enforced to correspond to the intrinsic twinning shear of
a given twin variant, while plasticity for all integration points in the par-
ent due to activity of the same variant is erased.

The CPFE discrete twinning model was used to study the effect of
twinning on the stress-strain fields and relative activities of the slip
families in a-U. As found in the prior studies, when the twin lamella
was introduced, the mechanical fields became highly heterogeneous,
not only near the twin, but even far away from it within the parent.
To expand the twin, an adjacent twin layer was added. In doing so,
they found that at a critical twin thickness the stress fields within the
twin changed. This observation led the authors to consider two possible
pathways for the parent grain to achieve 5% twin volume fraction: ei-
ther by thickening the original twin from 3% to 5% or keeping the orig-
inal 3% twin and forming a new lamella and growing it to 2%. Between
these two scenarios, the change in strain energy of the parent grain
(as well as the polycrystal) was lower for the second one, suggesting
that the formation of multiple twin lamellae would be energetically
more favorable-qualitatively in agreement with the predictions for
multiple twin formation in [40].

The three twin modeling methodologies reviewed above have dem-
onstrated important progress in modeling discrete twin lamella in a mi-
crostructural framework. To reach this stage, many numerical obstacles
have been overcome to introduce the characteristic twin reorientation
and shear imposed within a finite, relatively thin domain of the twin.
Much more progress is needed in order to model the evolution of defor-
mation twins with strain, and ultimately calculate the constitutive re-
sponse. First, we note that in all cases, the twins were inserted such
that the twin boundaries were planar and the lamellae extended from
one end of the grain to the other. This configuration represents a rather
mature stage in twin formation and neglects the earlier stages of em-
bryo creation and propagation of the twin. The pre-assigned twin
shape of a planar lamella may also be too ideal. Twin boundaries of
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Fig. 5. Twin formation and thickening with respect to the surrounding neighboring grains in the 3D model of o-U under compression in the Z direction with: (a) no twin, (b) 1% formed
twin, (c) 3% twin, (d) one 5% twin lamella, and (e) one of 2% and another of 3% volume fraction. The insert shows the distributions of normalized resolved shear stresses along the most

dominant twin plane in the twin direction for the red interior grain [44].
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variable morphology have been observed in 2D and 3D [10,12,55-58].
Second, the dynamics of twin expansion have not been treated realisti-
cally. For instance, it has been implicitly assumed that twins expand
layer by layer and homogeneously. Attempts have been made to capture
some of these effects [37,53,54,59], where twin nucleation and propaga-
tion was not chosen/pre-defined but instead controlled by a constitutive
law. Geometries resulted in which the twin lamella did not necessarily
extend completely across the parent grain, with propagation of twins
instead dependent on local stress state. While this formulation certainly
gave results in reasonable agreement with experimental observations, it
highlighted a number of issues needing consideration. Most important
of these are the criteria chosen for twin nucleation and propagation.
While most models use a Schmid factor formulation (identical to slip)
to determine when and which twins will form, it is recognized that a
Schmid factor based on far-field stress is insufficient to describe variant
selection [60]. The results from [54,59] further suggest that the Schmid
factor calculated based on local stress is insufficient to always correctly
determine which twin variants form. While some authors [61] have
suggested that it is the relative orientation of neighboring grain which
is the deciding factor as to which twin variant will form, others have
suggested [62] that it is local atomic scale mechanisms associated with
dislocation nucleation and propagation that are key to determining
which twin will form. Over the years, molecular dynamics simulation
has provided a great of insight on the mechanisms underlying twin nu-
cleation and growth [5]. Yet still, there is no widely accepted mecha-
nism for twin nucleation and twin expansion. Continued progress in
atomic-scale studies can provide the needed insight to develop physi-
cally based criteria for nucleating and propagating twins in the CPFE
and FFT frameworks.

Nevertheless, despite these current drawbacks, the techniques
discussed here are capable of studying local stress fields produced by
twins. In this way, they can be used to potentially infer the likely pro-
cesses that could occur later, such as void nucleation, double twinning,
separate twin nucleation, twin-twin transmission across a boundary.
Many of the key numerical barriers have been overcome making it rel-
atively easier in the future to use these techniques to study phase trans-
formations, other twin types in other crystal structures, growth twins,
and shear bands.
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