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Twinning Stress Prediction in
Face and Body Centered Cubic
Metals: Recent Progress

This paper recounts recent advances on the atomistic modeling of twinning in body-
centered cubic (bce) and face-centered cubic (fce) alloy. Specifically, we have reviewed:
(i) the experimental evidence of twinning-dominated deformation in single- and multi-
grain microstructures, (ii) calculation of generalized planar fault energy (GPFE) land-
scapes, and (iii) the prediction of critical friction stresses to initiate twinning-governed
plasticity (e.g., twin nucleation, twin—slip and twin—twin interactions). Possible avenues
for further research are outlined. [DOI: 10.1115/1.4038673]
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1 Introduction

Formation of various defects (e.g., slip, twin) and their interac-
tions with interfaces constitute the microscopic deformation sce-
nario [1]. At the atomic level, the stacking fault energy landscape
(also known as the y surface) is a crucial signature of a specific
fault nucleation. It is suggested that the exact nature of the y
energy surface would dictate the initiation of a specific defect
(i.e., slip or twinning) at the elasto-plastic juncture [2-5]. The
exact magnitude of this important energetic parameter is a func-
tion of the extent of solid solution, solute segregation, and volu-
metric misfit among atoms of different chemical species. Recent
studies have noted interesting utilization of the y surface in formu-
lating critical resolved shear stresses for twinning in face-centered
cubic (fcc) and body-centered cubic (bec) alloys. The phenom-
enon of twinning is of paramount importance due to the associated
enhanced toughening attributes as manifested in experiments
[6-8].

Significant physical contribution to the micromechanism of
deformation originates from the discrete lattice-scale governing
principles [9,10]. At continuum length scale, the current descrip-
tion of deformation mechanics is of phenomenological nature
[11-13]. At the smallest length scale, however, the material build-
ing blocks consist of discrete atoms. The laws of interatomic inter-
actions are drastically different from the continuum laws suitable
for describing bulk materials behaviors. The atomic-level defor-
mation scenario is governed by the Schrodinger’s equation [14]
addressing electronic structure while the laboratory-scale defor-
mation is best captured by empirical elasto-plastic laws. Despite
the apparent dissimilarity among these largely spanned physical
length scales, subtle effects at the atomic scale would reverberate
across the length scales, eventually contributing toward the
observed continuum-scale mechanical behaviors [2]. For instance,
the fault energetics is subjected to addition of certain solute types,
which would essentially modify the energies from the base metal
levels [3-5]. This in turn would alter what defect mechanism
would be predominant (such as slip versus twinning) during the
early plastic deformation periods. In particular, the defect forma-
tion propensity at the elasto-plastic juncture is crucial, in that the
subsequent evolution of plasticity would be largely controlled by
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the predominant defects. The outcomes of mesoscopic plastic
events would eventually decide the exact nature of the macroscale
constitutive behaviors. Thus, establishing the energy landscape is
an important step in the physical understanding of the alloy plastic
behavior. The physical mechanisms of deformations (e.g., slip,
twinning) can be qualitatively studied through atomic-scale simu-
lations. Moreover, the quantification of intrinsic defect generation
can be elucidated from atomistically based methods [15,16].

From a modeling perspective, it has long remained a challeng-
ing task to transition from atomic scales to meso- or to a higher
length scale [17,18]. Consideration of atomic phenomena in mod-
eling is nontrivial, in that the propensity to seek the energetic
ground state at the lattice scale dictates the exact nature of
nucleated defects during plastic deformation (i.e., slip or twin-
ning). Nonetheless, such theoretical efforts are compounded by
the requirement of high computational capacity to simulate the
mesoscale phenomena. Microscopically, there are the considera-
tion of material interfaces being intercepted by other propagating
defects (such as twin and/or slip) [19-21] to a gradually increasing
degree. The specific nature of the interception mechanism, and
their relative predominance, essentially plays a major role in the
local deformation on a grain by grain basis. For example, disloca-
tion transmission [22,23], lock formation [24,25], incorporation
into boundaries [26,27], and dislocation multiplication [28] at the
interfaces constitute some of the most significant interactions that
can physically occur. The energetic scenario of these physical
mechanisms, if extracted accurately, can provide a sound basis for
understanding their relative predilections. Depending on the
boundary type, texture, etc., certain reactions may be preferred.
However, the y surface can serve as a unique signature for a cer-
tain plastic mechanism in a pristine crystal setting. The two most
widely used simulation methods to study the foregoing problems
are molecular dynamics and density functional theory (DFT).
Interested readers are referred to the text books by Tadmor and
Miller [14] and Frenkel and Smit [29], which narrate the particu-
lars of these modeling methods.

To develop an in-depth understanding of such small length scale
phenomena, today one needs a synergy of experimental study and
computer simulations. For example, the changes in microstructure
due to deformation are manifested as strain gradients, which can be
detected with experimental techniques. The predominant defect
types can then be studied with advanced digital image correlation
(DIC), transmission electron microscopy (TEM), and scanning
electron microscopy (SEM), and electron backscatter diffraction
(EBSD). These experimental characterizations can form the basis
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of modeling. In the paper, we begin with examples on Co-Ni and
Fe-Cr alloys on the modeling ground; we will extensively discuss
the use of the y energetics concepts to rationalize twinning phenom-
ena. In that regard, it is important to note here that comprehensive
reviews related to deformation twinning are duly recorded in the lit-
erature. For example, the survey by Christian and Mahajan [30]
deals with experimental behaviors and phenomenological theories.
More recently, review works by Beyerlein et al. [31] and Zhu et al.
[32] describe the mechanisms of twinning in the nanocrystalline
microstructure. In the current paper, we discuss only the mechanis-
tic aspects related to the discrete lattice energetics. Overall, we
envision that superior predictive capabilities useful for industrial-
level applications would ultimately emerge through the sequential
multiscale studies, which combine atomic-scale physics with meso-
scale phenomenology (Fig. 1).

The paper is organized as follows: In Sec. 2, we briefly over-
view some latest experimental characterization results, which
reveal twinning-mediated plasticity in representative alloys. Then,
we summarily critique historically important models in Sec. 3,
and how these models motivated further refinement. Section 4
introduces the concept of the atomistic fault energetics and its sig-
nificance in the metal plasticity. In Sec. 5, we first overview his-
torical models for predicting twinning stress, and then describe
the latest stress-prediction schemes utilizing fault energetics. The
topic of annealing twins, their roles in slip transfer, extension of
energetic models in mechanistically interpreting plastic flow and
predicting critical stresses are discussed in Sec. 6. In Sec. 7, we out-
line potential avenues of further research, which are emerging along-
side the current topics such as polycrystalline deformation, fracture
mechanism, hexagonal close packed (hcp) deformation, and phase
transformation. We conclude in Sec. 8 by commenting on the proper
use of atomistics in further research and their potential usefulness in
understanding larger length scale plastic deformation.

2 Brief Discussion of Experimental Results

This section contains a brief overview of recent experimental
findings on the deformation behavior of: (a) single crystals and
polycrystals of bec Fe-47.8%Cr (atomic), (b) single crystals of fcc
Co-33%Ni alloys, and (c) polycrystals of Ni-x%Co alloys of vari-
ous Co contents (where x=1, 1.62, 2.9, and 5.6). The reason for
selecting these case studies for discussion is that comprehensive
atomistic modeling has also been undertaken on the same materi-
als. Hereafter, we refer to the materials as Fe-Cr, Co-Ni, and Ni-
Co alloys, respectively.

2.1 Deformation of Co-Ni Single Crystals and Nanotwinned
Ni-Co Polycrystals. In Fig. 2(a), the single-crystal Co-Ni alloys
of fec crystal structure are deformed in tension along (111) direc-
tion. The stress—strain response up to a resolved strain level of 1%

Y surface

Fig.1 A perspective on the goal of using atomistics to develop
physically based theories that can capture the phenomenology
of deformation, and thus formulate strategies for property
enhancement in novel alloys of wide technological importance
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is shown. Low-resolution DIC measurement conducted in situ
shows noninteracting parallel strain bands corresponding to
(111)[121] twin system. This system experienced the maximum
Schmid factor of 0.47. The EBSD scan indicates a crystal misor-
ientation of 60 deg between the strain band and the matrix mate-
rial (i.e., suggestive of twinning). The TEM micrographs further
confirm the presence of nanoscale deformation twins. Throughout
the deformation range, additional parallel and noninteracting
twins nucleate. These twins propagate and intercept slip substruc-
ture, resulting in the twin migration process. No twin—twin inter-
action is observed up to a resolved strain level of 1%. It should be
noted that at higher strain, the secondary systems are likely to
activate, resulting in more complex strain band patterns.

Similar observations are made for the specimens compressed
along (001) direction as in Fig. 2(b). The (resolved) stress—strain
curve along with the microstructure characterization (via DIC,
EBSD and TEM) is presented. The single crystal under (001)
compression deforms predominantly via twinning. In another
case, postdeformation microstructures of (123) tension and (111)
compression case unveil a plastic mechanism dominated entirely
by slip on the maximum Schmid factor system (not shown). In
other words, either slip or twinning is triggered only when the
maximum resolved shear stress for either system is reached.

Figure 2(c) presents the differences in the stress—strain
responses for four compositions of Ni-Co alloys (with 1%, 1.62%,
2.9%, and 5.52% Co contents) [33]. The microstructure of each
alloy is characterized by a significant presence of annealing twins
(unlike the Co-Ni cases, which experienced nucleation of twins
during deformation). The deformed microstructure of the Ni-
2.9%Co shows a build-up of slip around the twin boundaries as
the TEM image shows. Despite very similar microstructure (in
terms of twin and grain distributions), their plastic strengths, how-
ever, show a nonuniform trend with respect to Co content. The
flow stress increases from 1%Co to 2.9%Co and then drops for the
case of 5.52%Co. As we will discuss in Sec. 4, the physical origin
of twinning-dominated plasticity in Co-Ni alloys, the composition
effects in Ni-Co alloys, etc., can be rationalized in the light of
alloying-induced fault energy surfaces.

2.2 Deformation of Fe-Cr Single Crystals and Polycrystals.
As in Fig. 3(a), during tension along [010] direction, the single
crystal first undergoes slip nucleation on the [111](121) system
[34]. The critical resolved shear stress, ngss, for the active slip
system was determined to be 85 MPa. An abrupt load drop was
noted marking the point where twin nucleation occurs. The critical
resolved shear stress for twin nucleation tRifls was measured to
be 177 MPa. By determining the possible systems with the maxi-
mum Schmid factors, the interacting strain bands (in SEM and
DIC images) are identified as the twinning systems: [111](121)
and [111](121). The further confirmation of the strain bands of
the (111)(121) type twins is obtained from the EBSD scan. Subse-
quent rise in the flow stress leads to the twin migration process
(i.e., slip or another twin intercepting the previous twin).

Similarly, for the [101] compression, the slip nucleation occurs at
rscli';ss: 87 MPa and the twin nucleation at tl}i% = 202 MPa as in
Fig. 4. Prior to the initiation of twinning, there exists a flow stress
plateau, which is presumably caused by a significant build-up of the
slip localization, a precursor to the twinning process. This inference
is supported by the DIC observation that a greater distribution of
localized strain is noted for [101] compression. The active slip sys-
tems were determined as [111](121) type (not shown). Following
substantial amount of slip accumulation, twinning shear bands are
found to have nucleated as the [111](121) and [111](121) types.

The stress—strain response of the polycrystalline Fe-Cr alloys is
presented in Fig. 3(¢) [35]. No flow stress drop occurs in this case.
The DIC image demonstrates considerable degree of local strain-
ing in the form of noninteracting parallel bands (caused by slip) in
individual grains. The strain bands are deflected at the grain boun-
daries. The suppression of twinning is presumably facilitated by
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Fig. 2 (a) The Co-Ni crystal under (111) tension plastically deforms predominantly via twinning and twin-slip interactions as
confirmed by DIC, EBSD, and TEM [52]. (b) Co-Ni compressed along the (001) orientation demonstrates parallel twinning as the
primary deformation mechanism [52]. (c) The deformation of electrodeposited nanocrystalline (as indicated by EBSD analysis)
Ni-Co alloys with pre-existent annealing twins shows a strong composition effect [52]. The deformation behavior is found to be
characterized by massive slip—-twin boundary interactions via electron microscopy.

the presence of grain boundaries. It is worth recalling that higher
resolution images are typically required for resolving strains for
polycrystalline microstructure. This is because the primary pur-
pose is to determine how strain transfer occurs at the grain boun-
daries. To that end, a large area of interest spanning several grains
was selected for DIC measurement, which in turn required very
high resolution ex situ measurement. On the other hand, the strain
bands can be detected with more ease in single crystals with rela-
tively small resolution. The DIC images for the Fe-Cr polycrystal
in Fig. 2(c) are performed ex situ by digitally stitching 140 corre-
lated images to accurately map the strain contours. Such precision
was not employed for the case in Fig. 2(a), where only one image
(per load step) is analyzed to detect the presence of strain bands.

3 Brief Overview of Classical Mechanistic Models of
Twin Nucleation

3.1 Pole Mechanism (bcc). Cottrell and Bilby [36] originally
envisioned the formation of an embryonic mechanical twin in bcc
lattice via the so-called pole mechanism. Figure 5 illustrates the

Journal of Engineering Materials and Technology

mechanism leading to a three-layer twin nucleation. Triggered by
applied loads, a perfect dislocation of the type (a/2)[111] lying on
the (112) plane dissociates into two dislocations: (a/3)[112] and
(a/6)[111]. The dislocation (a/3)[112] is a sessile one of pure
edge type, and acts as an anchor, i.e., the so-called pole on the
(112) plane. The partial dislocation (a/6)[111] moves away from
the pole, i.e., bows out and creates a plane of stacking fault (gray
portion), which is co-planar with the pole. Since the (a/6)[111]
dislocation is curved, it would have segments consisting of pure
screw type. The pure screw portion of the expanding loop cross-
slips into another {112}-type plane, i.e., (121) or (211). The
cross-glided partial sweeps around the pole, and thus creates a
monolayer stacking fault. This sweeping dislocation climbs into
the adjacent parallel plane, and sweeps around the pole to create the
second layer of stacking fault. In the process, the twining partial
bypasses the previous layer by a separation distance of a/+/6. Under
continued applied loads, the twinning dislocation spiral upwards, and
in the process adds more layers to the initial one.

The expression for the critical twin nucleation stress based on

the pole mechanism is: T = y,,/b, where the 7, is the unstable
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Fig. 3 (a) Fe-Cr single crystal under [010] tension deforms via interacting deformation twins as evidenced in DIC, EBSD, and
SEM analyses [34]. (b) The deformation mechanism of Fe-Cr single crystal under [101] begins with slip activities followed by
twin nucleation, which causes a stress drop [34]. Subsequently, twin—-twin interactions give rise to hardening as substantiated
by DIC, EBSD, and TEM techniques. (c) Polycrystalline Fe-Cr stress—strain response is found to be governed by massive strain
transfer across grain boundaries [35] (as confirmed by combined EBSD and DIC studies).

stacking fault energy (maximum energy in generalized stacking
fault energy (GSFE) curve). For example, using y,, magnitude of
617mJ/m” [37] for pure bcc Fe, the TR is found to be
7050 MPa, which is considerably higher than the experimentally
determined value of 170 MPa [38]. In other words, the stress
required to operate the pole mechanism is very large. As a result,
the occurrence of pole mechanism is very unlikely to occur in
reality, and has never been substantiated experimentally. The
underlying reason is related with the requirement monolayer
stacking fault formation. The creation of a monolayer stacking
fault is unlikely owing to very high magnitude of stacking fault
energy in the bee lattice (e.g., 593 mJ/m? for pure ferritic Fe). Fur-
thermore, due to uni-directional nature of twinning shear [39], the
roundabout sweep of the partial around the pole would also
require overcoming very high energy barrier encountered in the
so-called anti-twinning direction [30].

3.2 Core Dissociation Model (bcc). The dissociation of a
pure screw dislocation core ultimately leading to the twin for-
mation was first proposed by Lagerlof [40] and Sleeswyk [41].
Figure 6 illustrates the process. Due to the instability of the
nonplanar core, a screw dislocation of (a/2)(111) type can

020801-4 / Vol. 140, APRIL 2018

dissociate into three (a/6)(111) fractional ones on the nonparal-
lel {112} planes. Such a configuration is stable without any
applied stress. However, when the applied mechanical forces
are sufficiently large, two of the fractional dislocations tend to
glide to the most stressed {112} plane. Thus, two (a/6)(111)
dislocations eventually cross-slip onto the planes parallel to the
one containing the third dislocation. Continuation of applied
loading results in the further gliding away of theses dislocations
in the same direction, generating the adjoining stacking faults.
These stacking faults separated only by one atomic layer consti-
tute a twin embryo. The concept of twin nucleation as a result
of slip dissociation is also discussed by Ogawa [42] and Priest-

ner and Leslie [43]. From the dislocation core dissociation
twin

mechanism, tRys is proposed to be 3y/b. Using yiy=
593 mJ/m* for pure Fe, tiiis is estimated to be 2500 MPa for

bce Fe (compare this with the experimentally found magnitude
of 170 MPa). As a result, this mechanism is also very unlikely
to occur in real materials.

3.3 Pole Mechanism (fcc). While it is quite improbable that
the single pole-based mechanism would ever transpire in bce lat-
tice, the fcc crystals with relatively low y;; are known for having
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Fig. 5 An illustration of twin nucleation model via pole mechanism in bcc lattice [30,36]. An
expanding slip loop stemming from sessile dislocation (pole) cross-slips into a perpendicular
plane. Subsequently, the dislocation continues to revolve around the pole assisted by further

cross-slips and hence generates layers of stacking faults, i.e., the twin embryo.

stable monolayer stacking faults. Modified versions for the pole-
induced twinning process are proposed by Venables [44,45] and
Sleeswyk [46] as illustrated in Fig. 4.

At the outset, there exists a pole dislocation with a long jog
from which a loop of Shockley partial of type (a/6)(112) emits
on a {111} plane. With applied loading, the expanding glissile
partials sweep around the two poles. Due to the sweeping at two
poles, portions of the expanding loop come in the close vicinity.

Journal of Engineering Materials and Technology

In addition, at the same time, two new jogs are created at both
poles. The meeting ends of the sweeping partial do not intercept
head-on; rather a vertical displacement of one atomic layer occurs
during the glide. Meanwhile, the newly created mobile jogs serve
as two new sources for two more Shockley partials in one atomic
layer below and above the first one. With moving jogs (toward
each other), new twining dislocations expand, and undergo a simi-
lar wrap-around the pole followed by an offset of atomic layer.
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Fig.6 The dissociation of a screw dislocation with three-fold core in bcc materials into three frac-
tion dislocations under applied stress [40-43]. Two of the fractional dislocations (the most stress
ones) cross-glide and become parallel to the third one, thereby forming a three-layer twin nucleus.

Now, one partial annihilates another loop, thus joining different
layers of stacking fault, forming a continuous spiral. With three
adjoining fault layers, a twin nucleus is formed.

3.4 Fault Pair Model (fcc). Noting the experimental evi-
dence of significant pretwinning slip activities, Mahajan and Chin
[47] proposed that deformation twins in fcc lattice would nucleate
due to the interaction between fault pairs (also known as extrinsic
stacking fault). Figure 7 describes a simplified version of the
model. Due to low yj, two full dislocations of (a/2)(110) type
dissociate into two pairs of Shockley partials separated by ribbons
of stacking fault on the same {111} twinning (or slip) plane. Inter-
action with other pairs of similar extended dislocations from the
adjacent layer leads to the creation of two extrinsic stacking faults
(i.e., two adjoining stacking fault layers). Under continued applied
stress, two such fault pairs further interact with each other, where-
upon mutual annihilation as well as further cross-glide results in
three consecutive layers of fault planes. This assembly constitutes
a twin embryo.

3.5 Atomistic Shear Model (fcc and bcc). Layer-by-layer
accumulation of stacking faults is the key to theorizing the
twinning process. Such phenomenon would essentially be sub-
jected to overcoming fault energy landscape from the discrete
crystal level. As Fig. 8 illustrates, the formation of an embry-
onic twin in a metallic lattice would encompass rigid shearing
of the parent crystal (matrix), leading to the mirrored atomic
arrangement. This process is aided by glissile twinning partials
[48,49].

Classically, the most important crystal-related parameter asso-
ciated with twinning has been the y,. It has been regarded for a
long time that the increased twinning propensity is associated
with a low y;, for example, in fcc metals and alloys. As a result
in the classical phenomenological literature [50], the parameter
7ist has been used extensively as the twinnability assessment met-
ric. However, the most recent experimental findings suggest that
the y,; alone cannot fully interpret the competition between the
slip versus twinning. As demonstrated in Fe-Cr and Co-Ni single
crystals, the fact that either mechanism is initiated only by the
maximum resolved shear stress (by varying loading/crystallo-
graphic directions) implies that the respective energy barriers

020801-6 / Vol. 140, APRIL 2018

must be of comparable magnitudes. To seek the answer to these
experimental discoveries, theoretical calculations of twinning
stresses are conducted using the 7y surface first introduced by
Vitek [51].

full dislocation

Shockley partial L

slip

¥ intrinsic stacking
fault

fault pair
(extrinsic stacking fault)

three layer twin
nucleus

Fig. 7 Full dislocations dissociate into partials connected by
intrinsic stacking faults [47]. Two extended dislocations from
adjoining planes form a two-layer fault, i.e., an extrinsic stack-
ing fault. Interaction between two extrinsic stacking faults leads
ultimately to twin formation.
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Atomistic shear

twinning
partials

Fig. 8 The atomistic configuration of a deformation twin pro-
duced from lattice shearing induced by consecutive glide of
slip [52]

4 Atomistic Fault Energetics of Slip and Twinning

4.1 Generalized Stacking Fault Energy (GSFE) or 7y
Surface. Figure 9 illustrates a cutaway view of a single slip plane
from the {111} family in an fcc lattice along with the calculated y
surface for fcc Ni-2.9%Co [52] from DFT simulations. Such
energy landscape can be computed from embedded atom method
(EAM) based on molecular statics simulations as well. It is gener-
ally known that the DFT methods produce more accurate results.
The accuracy of the EAM based calculations is a function of the
relaxation schemes (e.g., full relaxation, vertical relaxation, and
volume relaxation) and potential itself. For example, a comparison
of DFT versus EMA-based predictions is performed by Chowd-
hury et al. [33] considering the role of composition on the intrinsic
stacking fault energy in fcc Ni-Co alloys. The 7, value of pure Ni
was predicted to be about 128 mJm 2 both from DFT [53] and
EAM formalism [54]. However, DFT-predicted values for Ni-Co
alloys differ significantly from the EAM values computed using
two different potentials: by Zhou et al. [54] by Pun and Mishin
[55].

The physical significance of such energy landscape is related
with intrinsic material preference to follow the minimum energy

[010]
[100] L= =
e
«
°
— 0
)
°
° &
)

path for lattice shearing [56]. These energy descriptions are
important indicators of the competition among full/partial slip and
mechanical twinning. In an fcc lattice, to calculate the entire
energy landscape, two adjoining crystal blocks are rigidly sheared
by an incremental displacement of u = w1y + u(i12). For a full
dislocation of (a/2)(110) type, the shear displacement, uq, is
imposed between the two blocks. On the other hand, for a Shock-
ley dislocation of type (a/6)(112), the crystal is rigidly sheared
along a (112) direction by the displacement vector, uz). The
preference of (a/2)(110) slip over (a/6)(112) slip can be
predicted from comparing the respective peak energies [57].
The GSFE profile presented in Fig. 10 represents an
energy—displacement relationship for an extended dislocation in
Co-33%Ni [52].

4.2 Generalized Planar Fault Energy. The generalized pla-
nar fault energy (GPFE) is the energy—displacement curve, which
is created upon layer-by-layer shear displacement of atomic blocks
[3,57]. In Fig. 11(b), the GPFE for the Co-Ni is presented as an
example. Starting from a perfect fcc stacking, an intrinsic stacking
fault (corresponding to an energy y,) is first created by the shear-
ing the crystal by one Burgers vector. The energy barrier to over-
come the creation of the stacking fault is designated as the 7y, (the
so-called unstable stacking fault energy). The energy profile up to
this point in fact corresponds to that of the GSFE. However, unlike
the GSFE construction, the subsequent rigid shear (after one Bur-
gers vector of displacement along a certain plane) is conducted on
an adjacent parallel plane, which is one atomic layer above. The
displacement of one Burgers vector in the neighboring layer forms
a two-layer fault, which is also known as “the extrinsic stacking
fault.” The shear displacement by the same amount on the third
consecutive layer produces a twin nucleus. Further displacement of
adjoining planes adds more layers to the twin embryo, which is
known as the twin migration process.

Figure 11(c) presents both the GSFE and GPFE curves for pure
bee Fe and Fe-50%Cr materials for a (111){112} system. The
energy barrier to slip (from GSFE) is considerably higher than
that of twinning. However, unlike fcc twinning, bcc materials are
characterized by either perfectly reflective twin or the so-called
isosceles twin (which can be understood as a reflective atomic
arrangement, however, slightly displaced along the boundary). It
was discovered from the atomistic calculations that in pure bcc

Fig. 9 To generate a y surface, crystal blocks consisting of atoms are rigidly sheared in atomic simulations. The atomic struc-
tures of the perfect lattice and the one corresponding to an intrinsic stacking fault are shown [52] as computed from DFT

simulations.
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Ni-2.9%Co Fe, the isosceles boundary corresponds to the minimum energy
fec % path while the reflective one is favored in the Fe-50%Cr.

4.3 Generalized Stacking Fault Energy/Generalized Pla-
nar Fault Energy as Indicators for Preferred Deformation
Mechanism. The relative shapes of the GSFE and GPFE curves
could be used as a general indicator of which deformation
mode would be favored in a pristine crystal, i.e., free of grain
boundaries, texture, or any other source of local stress concen-
tration [57-59]. A definitive description of deformation trend
could be more physically rationalized by comparing the y land-
scapes [3,60]. Figure 12(a) illustrates various energy scenarios
and their implications regarding the defect nucleation propensity
in pristine fcc crystals. For the convenience of comparison, let
us consider three hypothetical cases with the same magnitude of
the y,, but varying y,; and y,. In a case where the 7y, is con-
siderably low and 7y, is high, the plastic deformation would be
characterized by dissociated slip. The lower magnitude of 7y
is, the more wide the stacking fault becomes. This effect can be
understood in terms of the nucleation energy barrier that the
Fig. 10 Evolution of energy barriers for various slip—twin inter-  second partial of an extended dislocation would need to over-
action mechanisms with respect to the number of incident slip come [57]. Upon the nucleation of the leading partial (by over-

(nsiip) and the predicted frictional stresses (1::"22;5"") [105] coming the energy barrier y,,), the second partial has to exceed
240 'Y -~
S GSFE L] GPFE
y CoNi Vus Vu oo
(fcc) (foc)
160 | 160 -
80 80 7 (1)
Vit 2y L’ (112)
0 -
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Fig. 11 (a) GSFE for Co-Ni alloys, which represents the energy pathway for the nucleation of an extended dislocation [52]
connected by an intrinsic stacking fault. (b) GPFE for Co-Ni alloys [52] as an example. The GPFE represents the twinning energy
pathway encompassing the formation of a single-layer intrinsic stacking fault first, then a two-layer extrinsic stacking fault, and
finally a three-layer twin nucleus. Further shearing on consecutive planes results in the twin growth (migration) process. (¢) Com-
parison among the GSFE and GPFE in bcc Fe and Fe-Cr alloys. There are two distinct types of twin boundaries in bcc alloys,
namely, isosceles and reflective ones [71], which are favored differently from one material (e.g., Fe) to another (e.g., Fe-Cr).
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Fig. 12 (a) Relative sizes of the fault energetics (GSFE and
GPFE) and their implication regarding the preference for a cer-
tain defect nucleation for fcc lattice [3,58-60] and (b) possible
shapes of fault energy surfaces and the likely defect mecha-
nism scenario in bec lattice

a quantity equal to (y,, — Vi) That is to say, a large difference
between 7y, and y,, would promote splitting of full dislocations
into partials. On the same rationale, in materials where both the
yu and the y,; have high magnitudes, the plasticity would be
dominated by full dislocations. The effect of high 7, corre-
sponds to the preclusion of twinning process, while the high 7y,
makes the creation of stacking fault difficult. In other words,
lower magnitudes of both 7y, and 7,y levels would favor
twinning.

Similar energetic rationale could also be employed for defect
nucleation in bece lattices as presented in Fig. 12(b). The y;; in bec
lattice is generally large, thus making the existence of a mono-
layer of stacking fault improbable. Therefore, we consider fault
energy scenario with a high and constant y;. With a considerably
large 7., the mechanical twinning would be a preferred defect
nucleation scenario. When the 7y, and the ), levels are compara-
ble, it is possible to have both slip and twinning. For the case
when the y is smaller, the material would tend to deform via slip
only. Table 1 lists a compilation of DFT and experimental data on
the parameters Y, Yy, and 7, (from Ref. [61]).

5 Prediction of Critical Stresses Related to
Deformation Twinning

5.1 Earlier Theories on Twin Nucleation. It is now
accepted that deformation twinning occurs via a succession of
Shockley partials on adjacent planes. Consecutive shearing of lat-
tice first creates an intrinsic stacking fault, then an extrinsic one
(i.e., a two-layer fault), and finally a three-layer twin. After the

Journal of Engineering Materials and Technology

nucleation of the twin embryo, the subsequent gliding results in
the twin migration process. These considerations are reflected in
numerous twin nucleation models in the earlier literature. On phe-
nomenological grounds, significant recent theoretical progresses
are made [62,63]. Mechanistically, a number of researches earlier
were geared at predicting twinning stress.

Venables [64] predicted the critical twin nucleation stress
founded on the overcoming of frictional resistance to generate an
intrinsic stacking fault. Afterward, Pirouz [65] considered the
motions of a leading and a trailing partial dislocation bound by a
stacking fault. Moreover, Miura et al. [66] introduced an extrinsic
stacking fault as a condition for the nucleation of a twin embryo.
Karaman et al. [50] built on these very ideas and extended to mod-
eling solute effects on the twinning stress. Extensive Eshelby type
analyses were undertaken by Meyers et al. [67]. Consequently,
there were able to incorporate deformation kinetics considerations
(i.e., strain rate, temperature, etc.). We note that all these theories
essentially take into account the role of intrinsic stacking fault
energy (7;r) as the primary material input for predicting twinning
stress.

Fischer et al. [68] formulated twinning stress based on
thermodynamics-based energy balance. This approach took note
of the geometrical considerations such as arrangement of disloca-
tions. The need for incorporating atomistic energetics was brought
into attention by Tadmor and coworkers [59,69]. They demon-
strated that material twinnability (via a case study in fcc materials)
can be evaluated with the aid of fault energies, i.e., i, 7y, and
Yu- It was evident from their work that the unstable energies (7,
and y,,) are equally crucial to establish a comprehensive twinning
criterion along with more traditionally used 7;;. Now, twin nucle-
ation, according to these models, is triggered by the presence of a
sufficiently high local stress concentration source (e.g., dislocation
pile-up [64], Lomer—Cottrell barrier [50,65], grain boundary [66],
dislocation wall [68], microcrack [59]). Twin nucleation propen-
sity in the bulk of the material would indicate the inherent mate-
rial propensity for such deformation mechanism. In the regard, the
recent developments on the utilization of GSFE or GPFE curves
are worth mentioning. For instance, Kibey et al. [70] proposed a
closed-form equation for the twinning stress prediction, which uti-
lized DFT-computed GPFE levels both in elemental metals and
alloys. Thus, intricate effects of interactions between substitu-
tional solutes and host atoms such as the so-called Suzuki segrega-
tion (discussed later) were captured.

5.2 Recent Models on Twin Nucleation. Recent models for
predicting twin nucleation stress in bulk crystal configuration (i.e.,
in absence of any source as mentioned earlier) utilized the atomis-
tic y surfaces [52,71]. These approaches consider the fundamental
Peierls—Nabarro-based assumptions of slip disregistry (i.e., elastic
distortion caused by the presence of slip) [72-75]. Such an
approach inherently permits the considerations of slip, intrinsic/
extrinsic stacking fault generation prior to twin formation. The
fundamental premise for predicting CRSS for twin nucleation
(tyin ) is that the applied mechanical work ought to overcome the
total energy expenditure as in the below equation:

Table 1 A summary of literature data on the y;g, y,s, and y,; for
various fcc metals for comparison [61]

Materials Y4 (MIm~?) Pys (MIM~2) Py (MImM 2
Pb 49 87 92
Ag 18 133 143
Au 33 134 148
Cu 41 180 200
Ni 110 273 324
Pd 168 287 361
Pt 324 339 486
Al 130 162 215
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Table2 Comparison of theoretical and experimental twin nucleation stresses in bcc materials [71] (see text for equation details)

Materials Major input parameters for prediction Predicted, %% (MPa) Experimental, 7% (MPa)
Fe-3%V a=0.2866 nm 109 90
Yus =615 mIm 2
Y= 596 mJm 2
Fe a=0.2851nm 190 170
Y4s =617 mIm >
Ju= 628 mJm >
Fe-50%Cr a=0.2851nm S 218 203+13
Yus= 1060 mJm™
Pu= 752 mJm >
Fe-25%Ni a=0.2882nm 377 398
Yus =525 mIm 2
Y= 549 mJm >

/ut

Note: The Burgers vector (b) for twinning partial is (a/6)(111) (i.e., b= a+/3/6), where a is the alloy-specific lattice constant.

twin
tdg[win TCrRSS — Eimeraclion + EGPFE—nuclealion (1 )
——
applied work energy cost

where t, d, and &, are twin thickness, length, and shear strain,
respectively. Typically, the relationship, d ~ 10, is considered
for an embryonic twin [76,77]. The elastic interaction energy
(Einteraction) among twinning dislocations can be obtained from
classical formulations as follows [78]:

H blzwin

D D D
Eineraction = —77—— | In—+In—-+In—r 2
nteraction 4n(1—v) (nd|_2+ nd2_3+ ndl—3> @

where D is the single crystal size; u is the shear modulus; and
d)_, is the distance between dislocation “1” and “2.” The spacings
among the twinning dislocations are: dy_3 = (ub%;,/27i)s
dyr—3 =0.732d,_3 and d,_» = d,_3 — d>_3 upon balancing the act-
ing elastic forces [41]. The term EGprg_nucleation represents the
area underneath the GPFE curve which corresponds to the portion
of twin nucleation. Equation (1) can be solved for . Thus,
predicted results on several bcc materials are compared with the
experimental values (pure bcc Fe, Fe-3%V, Fe-50%Cr, and Fe-
25%Ni) in Table 2 [71]. The predicted levels of I‘C“}’{gs fcc Co-Ni
alloys are presented in Table 3.

For the case of a pre-existent dislocation arrangement present
in the vicinity, the movement of an approaching twin nucleus
would be restricted (Fig. 13). Slip-twin interaction may lead to
twin migration process, which is the growth or shrinkage of a pre-
existent twin after the embryonic twin is nucleated [7,79]. Elastic

properties of dislocation arrays (i.e., their interaction with
approaching dislocations) have been studied extensively by Li
et al. [80-82]. Building on these foundations, a recent model [52]
included the GPFE considerations and predicted Toneg"® with
accuracy. As sketched in Fig. 13, such a problem essentially
involves interactions among the twinning slip (i =1, 2, and 3) and
the “wall” of dislocation dipoles (j =1, 2, 3,..., Naipole)-

The consideration of dipole array is rationalized on the basis of
energetic stability of the configuration as established earlier by

Neumann [83]. The amount of applied work, Wi
_ twin—slip .
= tdeéwinTepss > Needs to overcome the total energy expense: (i)

the interaction among the wall and the twinning dislocations
(Etwinfwallinteraction) and (11) the atomistic shear (EGPFEfmigralion)-
An exPression similar to Eq. (1) can be derived and solved for
twin—slip . . EENETS .
Terss - The term Ejyin_wallinteraction 18 €valuated in a similar man-
ner as in Eq. (2). The EGprE—migration T€presents the area under-
neath the GPFE curve corresponding to the migration portion. The
predicted level of twin—slip interaction (tpnes" ") for fcc Co-Ni
alloys is presented in Table 3. A comparison is made with a single
§lip nucleatior} stress (TéReg) and (rgg’ss) and the associated exper-
imental magnitudes.

6 Annealing Twins and Associated Modeling

6.1 Nanotwinned Microstructure. Experimental reports
[84,85] noted the superior strength and ductility of metallic mate-
rials rife with nanosized annealing twins (i.e., the pre-existent
ones). Given the limitations of the experimental techniques to

Table 3 Comparison between the theoretical and the experimental CRSS levels for slip nucleation, twin nucleation, and twin-slip

interaction in fcc Co-33%Ni alloy [52]

Mechanism Equations

Theoretical,
Tcrss (MPa)

Experimental,

Input parameters Tcrss (MPa)

Slip nucleation daip L OEGsrE (Vists Yus)

T, =
CRSS b ou ax

Twin nucleation

win _ Einteraction T EGPFE—nucleation (Vist> Vut)

T =
CRSS
Wéiwin

Onset of twin-slip

twin—slip __ Etwin—wall interaction EGPFE—migralion ("/mfs Vut)

. . T, =
CRSS
interaction tdéwin

P4 = 205 mJ/m? 14 15
it = 20mJ /m?
b= aceni/V6
AdCco—Ni = 3.521 A°
Ju = 216mJ/m? 26 27
Pir = 10mJ/m?
t = 3aco-ni/V3
w = 10t
Etwin = 1/\/z
Pu = 216mJ/m? 38 39
P = 10mJ/m?
d ~3nm
Etwin = 1/\/2
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slip
arrangement

Fig. 13 Modeling of twin—slip interaction based on dislocation
mechanics whereby a propagating three-layer twin approaches
a dislocation dipole arrangement [52]. The atomistic contribu-
tions are considered in the form of GPFE representing the dis-
crete lattice during the process.

capture the physical processes at the nanoscale, these findings
prompted various noncontinuum modeling approaches such as
molecular dynamics simulations [23,27,86]. From a mesoscale
perspective, the role of annealing twins on macroscopic mechani-
cal behavior has been also addressed on the ground of deformation
kinetics principles [87,88]. The primary effect of introducing sta-
ble nanotwins in the material microstructure is found to subdivide
host grains, leading to a markedly decreased activation volume
(on the order of several b*; b being the Burgers vector) for a
refined microstructure [89,90]. For conventional coarse-grained
material, the activation volume is typically on the order of
>1000p". Intuitively, a greater degree of applied shear stress
would be required to initiate and sustain plastic flow in a micro-
structural environment nonconductive to widespread slip. As a
result, the critical resolved shear stress (hence, macroscale yield
strength) would be considerably enhanced. It has been suggested
that a wide variation in the slip transfer mechanisms past a coher-
ent twin boundary plays a significant role in dictating toughness.

6.2 Slip Transfer Mechanisms past Coherent Twin
Boundaries. The nature of various slip-twin boundary interception
outcomes in fcc crystals has been scrutinized rigorously in the liter-
ature using experimental techniques [19,22,30,91,92], and also with
theoretical treatments [26,27,93-96]. The important roles of indi-
vidual mechanisms on the hardening behavior of fcc metals and
alloys have been predicted elaborately. These treatments bring into
attention the promise of considering different strain transfer mecha-
nisms across the interface into a comprehensive deformation theory
for nanotwinned materials. The occurrence of various slip-coherent
twin boundary reactions is found to be strongly dependent on the
relative Schmid factors on the twin boundary, incident, and out-
going slip systems [97]. Five most commonly observed slip transfer
mechanisms past a twin boundary are: (a) incorporation, (b) trans-
mission, (c) multiplication, (d) transmission and incorporation, and
(e) blockage by a Lomer lock formation. Molecular dynamics stud-
ies of these reactions by various researchers are presented in Fig.
14 (from Refs. [23], [25], [27], [94], and [98]).

The impinging slip results in incorporation upon the boundary,
provided the relative Schmid factor on the interface is very high
(i.e., a situation conducive to a twin migration process)
[26,27,99]. It is important to note that even though an incorpora-
tion process can be deemed as an effective blockage mechanism
for oncoming slip, it does not preclude the incorporated slip con-
tinuing in a glissile motion on the twin boundary, resulting in twin
growth/shrinkage [100]. On the other hand, direct transmission
[22,23] occurs when the slip systems inside the twinned crystal

Journal of Engineering Materials and Technology

experience relatively high Schmid factors. Multiplication of slip
[28] at the interception site transpires when the incident and the
outgoing slip systems are activated with similar Schmid factors. A
combination of both incorporation and transmission events
[92,101,102] arises under a comparable incident/outgoing stress
state, however, along with a high Schmid factor on the twin
boundary. Nucleation of a Lomer lock in conjunction with a stair
rod dislocation [24,25] occurs when the resolved shear stresses on
incident/outgoing/boundary slip systems are all rather low. We
note the fundamental difference between dislocation blockage due
to incorporation (which allows continuous straining on the inter-
face) and a Lomer lock (which precludes any glissile activity until
further incidence breaks the lock). It is interesting that two of the
aforementioned slip transfer mechanisms promote continuation of
local straining on the interface (i.e., contribute to the twin migration
process). Early literature [23] notes that the origin of considerable
ductility in nanotwinned materials can be attributed to the pervasive
incorporation process. We note that the most unique signature of
these reaction mechanisms is the magnitude of the residual disloca-
tion (b,) left onto the twin boundary following the impingement.

6.3 Significance of Reaction-Specific y,, and b, at a Twin
Boundary. It is intuitive that the magnitudes of the energy barrier
to slip (i.e., y,,) would differ to considerable extents for the indi-
vidual slip transfer mechanisms. In order to compute the y,, for
various reactions, the “tracing atoms” method can be used in
molecular dynamics simulations. As in Fig. 15, the potential
energy of the tracing atoms ahead of an oncoming slip is con-
stantly monitored. The differential between bulk and the slip-
influenced potential energy, AE = E — Epy, is computed as the
slip approaches [94,103]. The insets show the position of the
extended dislocation with respect to the tracing atoms, and the
corresponding y levels, which is equal to the ratio, AE/wl after
Vitek [51]. The dimensions of the tracing atomic area (w times 1)
are chosen judiciously to ensure convergence of the y energy,
which occurs at larger | and smaller w (Fig. 15) [104].

Using such method, Ezaz et al. [94] computed the entire GSFE
curve specific to a slip—twin boundary reaction (Fig. 16) in Cu.
They considered the incidence of a single dislocation upon a
coherent twin boundary in the molecular dynamics simulations. It
follows from their findings that the formation of Lomer lock
requires overcoming the maximum energy barrier while the incor-
poration process has the lowest. Subsequently, Chowdhury and
coworkers [52,103,105] determined the evolution of b, as well as
Y With respect to multiple slip incidence on the boundary
(Fig. 10).

The saturation in the y,, was attributed to the b, achieving a
steady-state magnitude with increasing incidence of slip. The ori-
gin of the saturation effect for individual case is related with pre-
cipitous rise in the local stress concentration (due to gradual
accumulation of b,) at the reaction site upon successive slip
impingement. The details of b, saturation mechanism with respect
to gradual slip incidence differ from case to case; however, the
fundamental mechanistic process is essentially similar. With
increasing pile-up stress from the oncoming slip, the accumulated
b, eventually breaks down into multiple glissile and/or sessile slip
at incidence site. With sufficiently large of approaching slip, the
magnitude of b, eventually reaches a point where a stable pattern
of residual slip dissociation occurs. In the process, new glissile
dislocation glide away leaving behind the b, of the saturated mag-
nitude. The correlations among the y,,, b,, and number of incident
slip (ng;p) as in Fig. 10 provide invaluable energetic perspectives
into the relative penetration resistances of the various strain trans-
fer mechanisms.

References [106] and [107] modeled bcc twin—twin interac-
tion using similar molecular dynamics simulations in Nb. Fur-
ther details of the interaction mechanism between an annealing
twin and a propagating one in bcc Fe-Cr lattice are investigated
by Ojha et al. [71]. Under [010] tensile loading (far field), an
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Fig. 14 Five different types of slip—twin boundary interaction mechanisms studied in molecular dynamics simulations: trans-
mission [23], incorporation [27] (shown after 1.3 picoseconds from the beginning, {,) Lomer lock formation [25], transmission-

incorporation [98] and multiplication [94]

incoming twin consisting of three fractional dislocations of type
(a/6)(111) impinges on the existing twin boundary as presented
in Fig. 17. The ensuing process involves the incorporation of
the approaching twinning partials onto the twin boundary

Ni —— varying!{ —— varyingw
400 — w
N\ N\
N\
300 - tracing
o atoms -
£
el
E 200
3
100
0 -
T T
0 8

(4 ()

Fig. 15 The “tracing atom” method for computing the extrinsic
magnitude of y,; from molecular dynamics simulations [104].
The convergence criteria of the energy parameter are obtained
at high | and low w, which are the length and width of the trac-
ing area, respectively.
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leaving a residual dislocation with Burgers vector, b, (of magni-
tude equal to 1.0a). A compressive load along the [111] crystal-
lographic direction results in a similar incorporate process,
however, with a different b, (equal to 0.82a). The apparent dif-
ferent outcomes for tension and compression cases can be
attributed to the differences in the levels of Schmid factors on
the activated systems.

6.4 Predicting Friction Stresses for Twin-Slip or
Twin-Twin Reactions. The frictional stress specific to any reac-
tion outcome of slip intercepting a twin (r'ceﬁcstis"") in the presence
of b, can be predicted by considering two distinct forms of energy
contributions: (a) the extrinsic level of fault energy subjected to
local stresses, Egsre/gpre (note that GPFE is applicable for incor-
poration process only) and (b) the residual elastic energy due to
b;, Eresidual = Eresiauat () [33]. The applied stress T30 required
to move an oncoming dislocation toward the boundary by a dis-
tance of Od is derived based on the work—energy balance as
follows:

bincidemfrceﬁcsﬁso"ad = OEGsre/cpre (fuisregisy, 7) + OE(b,) 3)

work done

energy expense

The predicted stresses using Eq. (3) in fcc Ni-Co alloy are pre-
sented in Table 4 (also Fig. 10). Similarly, in bce materials, the
ToREs™™ is predicted and compared with experimental values

based on single-crystal studies as in Fig. 18 [71].
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Fig. 16 Fault energy profile for various slip-coherent twin boundary interaction mechanism in fcc Cu [94]. Incorporation pro-
cess has the lowest energy barrier while the blockage case has the highest. The curves designated “baseline” represents the
GSFE profile for bulk lattice shearing (i.e., absence of residual slip b,). The reason the GSFE curves specific to the reactions are
elevated is that b, creates local stress, which makes glide difficult for subsequent incidence.

To predict the ‘L'lé(;i)és for the polycrystalline nanotwinned Ni-Co
alloys, three major flow contributions are considered: (a) the free
glide stress Tfieeglige, (b) slip-twin boundary interaction stress,
rieadion and (c) the forest hardening stress (at a predeformation
dislocation density) Trorest = otith/p [108,109]; where o is a mate-
rial constant (from 0.5 to 1) and p the forest dislocation density
(assumed to be 10"*/m?* which is the typical predeformation litera-
ture value). The 7iS3on js observed to be the most dominating.
Using Eq. (4), we calculate the 1205 levels for different Ni-Co

alloys based on iso-strain type mixing formulations

2[1 17)(127)
x [100]

A4

(twinning partial)

a -
3><E[11 1](121)

(incident twin)

y [010]

poly . reaction _reaction
Terss = (1= V) Trree glide + Z Ve ip—twin
reaction

“

where Vyis the total volume fraction of the material region hosting
the aggregate slip—twin reactions; V}e“‘l““ is the assigned volume
fraction for a specific reaction, i.e., Vi =" . ion Vf'-eac“"“. The
predicted CRSS for polycrystalline Ni-Co alloys is compared in
Fig. 19 with experimental ones (determined by using Taylor factor
normalization for the uniaxial stress—strain data in Fig. 2(c)).

+ (1 - Vf)rforesl

Twin-twin interaction

1200 |
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Fig. 17 An approaching twin consisting of three (a/6)[111] type twinning partials intercept a
pre-existent twin boundary [71] in bec Fe-Cr alloy. The resultant reaction is the incorporation of
the twinning partials on the boundary leaving a residual dislocation (b,) behind at the intercep-
tion site. Depending on the magnitude of b, (which can be obtained by modulating the Schmid
factor or changing single crystal loading direction), the GSFE profile will be altered as shown

on the right.
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Table 4 The molecular dynamics approach of computing the z‘c"gggS“P in Ni-Co alloys [52]

Twin boundary-slip interaction mechanisms Dislocation type

b,/a (saturated after multiple incidence) i Slip (Vpa)

Incorporation Screw
Transmission Edge
Multiplication Mixed
Transmission-incorporation Mixed
Blockage by Lomer lock Mixed

0.55 175
0.76 230
1.02 280
1.27 336
1.70 445

7 Further Problems: Polycrystalline Deformation,
Fracture Behavior, Phase Transformation, Hexagonal
Close Packed Deformation

The foregoing models have examined the single-crystal behav-
ior without the presence of multiple grains. It is important to char-
acterize single crystals to understand polycrystalline deformation,
in that they provide insight into inherent defect evolution circum-
venting the effects of texture and interfaces. The plastic
stress—strain behaviors of single crystals consist of three mechanis-
tically distinct hardening regimes such as stage I, II, and III
[110-112]. The initial plasticity (stage I) is dominated by massive
defect nucleation (e.g., slip or twin) followed by the ensuing hard-
ening stages characterized by more complex defect interplays. For
example, the fluctuating nature of the flow is more pronounced in
bec than in fee [30]. This could be attributed to the considerable
difference in the energy barriers between twin nucleation and
migration in bce than fcc materials. These trends may be subjected
to significant modifications due to the presence of material interfa-
ces. In a multigrain environment, the presence of grain boundaries
would considerably affect the overall material behaviors. The role
of interfaces as obstacles to flow and/or sources of defect nuclea-
tion would give rise to different macroscale constitutive responses.
For example, upon studying polycrystalline Co-33%Ni with low
stacking fault energy, Remy [8] attributed the increased hardening
response to the slip obstruction due to an abundance of newly gen-
erated twin boundaries. It was argued that extensive twinning sub-
divides a particular grain in multiple segments restricting the slip
mobility, therefore, giving rise to Hall-Petch type strengthening
effects. In general, conventional fcc single crystals shows twinning
behavior only at very high stress [113,114] and strain rate. From a
continuum standpoint, Meyers et al. [67] utilized Eshelby type
analysis to theorize the strain rate, temperature effects on twinning.
Similarly, in molecular dynamics-based simulations with high
strain rate, many researchers investigated the mechanistic aspect of
deformation in nanocrystalline multigrain configurations.

Yamakov et al. [115] considered the deformation behaviors of
Al multigrained structure (Fig. 20) with an average grain diameter
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Fig. 18 Comparison between the predicted twin—twin interac-
tion stress (c35™") and the experimental one in several bcc
alloys [71]
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of 70 nm. Deformation twins are found to form at the grain bounda-
ries. The mechanism is initiated in the form of a single partial dis-
location nucleation followed by parallel and adjacent slip.
Consecutive gliding of Shockley partials eventually results in a
deformation twin. Similarly, Shabib and Miller uncovered the
nucleation of extended stacking fault generation aided by gliding
of Shockley partial dislocation, which originated at a grain bound-
ary [116]. In an different approach, Li et al. and Zhu and Gao
[117,118] studied Cu polycrystalline structures with inherent
annealing twins of nanometer size. Two distinct mechanistic trends
were observed as a function of twin spacing. For thinner twins (of
1.62 nm), slip nucleated parallel to the twin boundaries with no sig-
nificant hardening contribution from the presence of twins. On the
other hand, when the twin spacing was about 6 nm slip crisscrossed
the grain and intercepted the twin boundaries giving rise to signifi-
cant hardening. Upon sufficient deformation, massive slip nuclea-
tion occurs from the grain boundaries, which intercept the twins.
These studies have provided important mechanistic understanding
of twinning-based deformation in nanocrystalline microstructure.
Energetic representation of polycrystalline deformation poses, as
we envision, a promising future endeavor, which would further
reveal the relative strengths of, say, various interface types, defect
interaction, etc., for polycrystal deformation.

Another interesting and important application of the atomistic
aspects of plasticity lies in understanding crack propagation
behavior, which is a significant engineering concern in a wide
range of materials [6,105,119,120]. Damage response under static
or cyclic loading is decided by the irreversible plastic phenomena
at the crack tip in the form of slip or twinning. Earlier Rice and
coworkers [121,122] established the importance of atomistic
description of crack-tip behavior. In particular, their analysis high-
lighted the use of the unstable stacking fault energy 7, in the con-
text of modeling cracking behavior. Subsequently, Tadmor and
coworkers [59,69] conceptualized the twinnability in front of a
propagating crack considering a comprehensive treatment of fault
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Fig. 19 Comparison between the predicted and experimental
critical resolved shear stresses in polycrystalline NiCo alloys
(in the presence of annealing twins) [52]
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Fig. 20 Molecular dynamics simulation of polycrystalline deformation behaviors. From left to right: Nucleation of twins from
grain boundaries in nanocrystalline Al [115]; a nanocrystalline Cu structure with annealing twins, which upon deformation
results in massive slip-interface interactions [117]; Shockley partials emerging from grain boundaries in Cu [116].

energy parameters (i.e., Yis, 7y, and 7, as in Fig. 21. They dem-
onstrated that density functional theory-based fault energy param-
eters can be used to predict twinning propensity for mesoscale
crack propagation. This is a significant advancement in the model-
ing of crack behaviors, in that they pave the way for further
advancing crack modeling using atomistically computed y surface.
On molecular dynamics frontier, there have been significant pro-
gresses on fracture behaviors as well. One of the earlier studies of
twinning-mediated crack propagation using molecular dynamics
simulations was undertaken by deCelis et al. [123]. In their work,
the critical stress intensity factor was established on the basis of
atomistically sharp crack advancing via twinning in copper (Fig.
21). More recently, using molecular dynamics modeling, Warner
et al. [60] study the completion of twinning with slip at a crack
tip. They proposed that the relative size/shape of GSFE/GPFE
curves would strongly dictate one plastic mechanism (e.g., twin-
ning) over another (e.g., slip). Founded on these works, recent
modeling efforts [124,125] have noted the incorporation of the
atomistically predicted slip glide strengths into a formalism to
predict cyclic damage metrics. Similarly, the friction stresses for
twinning mechanism also hold considerable promise for theoriz-
ing the crack advancement problem. For materials which predom-
inantly deform via twinning (e.g., hcp metals and alloys), such
modeling can shed new light in terms of physical mechanism(s) of

Warner et al. (2007)

Fig. 21

deCelis, Argon and Yip (1983)

cracking [126]. For the readers’ benefit, a summary of relevant
works discussed in the paper is provided in Table 5.

Atomistic modeling can also benefit the area of phase transfor-
mation materials such as the shape memory alloys behaviors
[127-131]. For instance, the shape memory alloys (e.g., NiTi)
undergo martensitic phase transformation, which is also accompa-
nied by deformation twinning. In the last decade, a number of
molecular dynamics based studies have emerged depicting the
twinning phenomena [132-134] in shape recovering alloys. A
comprehensive GSFE- or GPFE-based analysis could be particu-
larly useful to understand materials deformation predilection
such as competition among slip, twining, and transformation phe-
nomena [135]. Similarly, metallic materials with hcp lattice
undergo twinning dominated plasticity [136,137], which can ben-
efit from atomistic energetics modeling [138].

8 Appropriate Use of Atomistics and Modeling
Larger-Scale Deformation

One ought to account for the uncertainty of the calculations
while employing atomistic quantities to derive continuum models.
Applicable to both molecular dynamics and DFT-based energy cal-
culations is the sensitivity of: (i) the method adopted for atomic
relaxation and (ii) simulation supercell size. Atomic positions can

Tadmor (2003, 2004)

\
win (473
\

Study of crack-tip twinning behavior using atomistics concept. Competition between

twin and slip nucleation from a crack is correlated with the relative size/shape of GSFE/GPFE

curves [59,60,69,123].
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Table 5 Summary of theories reviewed in this paper contributing to twining energetics and critical stress prediction in fcc and

bcc materials

Investigators

Model description

Model impact

Continuum  Meyers et al. [67]

Kalidindi [62], Staroselsky and Anand [63],
Fischer et al. [68]

Miura et al. [66], Karaman et al. [50]

Mesoscale Sleeswyk [41,46], Ogawa [42], Priestner and

Leslie [43], Lagerlof [40]

Cottrell and Bilby [36]

Venables [44,45,64]

Remy [7,8,19]

Mahajan and Chin [47]

Atomistics
Siegel [56], Cai et al. [58]

Yamakov et al. [115] Asaro and Suresh [87], Jin

etal. [5,27], Zhu et al. [23], Deng and Sansoz
[86], Kulkarni and Asaro [98], Shabib and
Miller [116], Li et al. [117], Ezaz et al. [94]

deCelis et al. [123], Tadmor and Bernstein [59],

Warner et al. [60]

Kibey et al. [39,76], Chowdhury et al. [52],
Ojhaetal. [71]

Ogata et al. [3,4], Van Swygenhoven et al. [57],

Formulating deformation kinetics of
twinning

Thermodynamic analysis of defor-
mation twinning

Rationalization of twining propensity
originating from alloying

Mechanism of twin embryo nuclea-
tion in bce materials

Mechanism of twin nucleus forma-
tion in bec lattice

Nucleation of twin embryo in fcc lat-
tice via double-pole mechanism

Geometry of twinning dislocations
intercepting another twin

Mechanism of twin nucleus forma-
tion in fcc lattice

Prediction of twinning y energies
(i.e., GPFE)

Annealing twins (with coherent twin
boundaries) influencing deformation
mechanism at nanoscale

Atomistics of twining as relates to
crack-tip plasticity

Atomistics of twinning and twin-slip
interaction and prediction of critical
stress

Lays foundation for continuum-based analy-
sis of temperature and strain-rate effects of
deformation twinning

Establishes a work-energy balance for twin
embryo formation based on continuum dis-
location mechanics

Utilize y;; to predict critical stress for twin
nucleation

Provides a mechanistic interpretation of twin
nucleation considering dissociation of a
three-fold slip core

Explains twin nucleation with the aid of a
slip acting as a source (pole) of stacking
fault emission

Proposes a double pole to account for the
relative ease of layer-by-layer stacking fault
piling leading to twin embryo

Provides detailed analysis of Burgers vector
conservation in twin—twin interactions in
postyield behavior

Explains fcc twinning mechanism which
occurs via interaction between two extrinsic
stacking faults

Demonstrates feasibility of utilizing modern
atomistic simulations tools to compute twin-
ning energy barriers (by rigid shear of crys-
tal half-spaces)

Investigates roles of pre-existent annealing
twins on mechanical response

Explores slip-coherent twin boundary inter-
actions, their energetics, and eventual role of
controlling strength and ductility

Introduces a detailed model using energy
barriers (}, ) in addressing fracture prob-
lem in fcc materials

Predicts GPFE profiles for twinning in pris-
tine lattice and also subjected to residual slip
accumulation

Predicts critical stresses for intrinsic or
extrinsic twinning mechanisms

be allowed to adjust all x, y, and z coordinates (full relaxation) or
the adjustments can occur only in the direction vertical to the fault
plane (partial relaxation). It is important to note that the empirical
potential-based fault energies can be particularly sensitive to the
choice of relaxation scheme [139,140]. One reasonable method of
validating empirical potential obtained calculations would be to
compare them density functional theory calculations, which are
considerably less susceptible to such artifacts. One should also be
careful regarding the simulation supercell size as well as the
boundary conditions. For instance, the number of layers in the
direction vertical to the glide plane considered during the rigid
shear simulations needs to large enough to reach energetic conver-
gence. To simulate bulk properties in molecular dynamics, the sys-
tem size ought to be sufficiently large such that physical
observables (i.e., the total energy, entropy) converge regardless of
further increase in the supercell volume. This can be established by
conducting multiple simulations with varying dimensions (x, y,
and z) of representative volume element. Once the correct level of
convergence of atomistic parameters is ascertained, their incorpo-
ration into the prediction of continuum-scale CRSS levels would
lead to better agreement with the experimental values. Another
concern of importance is the introduction of nonsystematic error in
DFT calculations. For example, the small errors in lattice constant

020801-16 / Vol. 140, APRIL 2018

of the defect plane can move since the interplanar spacing is a func-
tion of lattice constant, a small error in the lattice constant magni-
tude can lead to over- or under-estimation of atomic distances. One
possible way to eliminate accumulation of such errors is the usage
of average experimental lattice constant in establishing the large
deformation cell while permitting local relaxations [141].

From modeling standpoint, the CRSS levels represent the
initial stage of plasticity, i.e., immediately following the elastic
deformation. The macroscopic yielding of materials is primarily
decided by overcoming the critical resolved shear stresses at the
microscale. Hence, it is reasonable and sufficient to consider only
the lattice friction resistance. Evidently, the scope of such
approach does not yet address the entire spectrum of the material
stress—strain behavior particularly the aspect of massive defect
evolution. The current length scales associated with atomistic
modeling are confined to nanometers. However, the postyield
deformation mechanics would be primarily governed by extensive
defect interactions, the exact nature of which nature will decide
the macroscopic flow behavior. The strengthening attributes dur-
ing the dynamic evolution of defects are large decided by the
complex assortment of plastic mechanisms. As promising future
refinement in modeling efforts, the development of a combined
atomistic and mesoscopic modeling platform would serve such a
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need. For instance, the discrete lattice effects need to be bridged
via extensive mesoscale defect modeling (e.g., dislocation dynam-
ics) [142-144] and/or deformation kinetics [145]. It should be
noted that the models address within atomistic framework do not
incorporate the role of thermal and rate-dependent phenomena. In
order to address the temperature and strain-rate effects, the atom-
istic theory could be modified with the principles of the deforma-
tion kinetics [145,146]. The plastic flow mechanisms that are
dependent on the deformation rate/temperature abide by the
Arrhenius laws, which dictate an exponential dependence on an
energy barrier to be overcome. In that regard, the current calcula-
tions consider the efficacy of the unstable stacking fault energy,
Yus» Deing the most deciding energy barrier parameter to quantify
the resistance to plastic flow.
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