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Abstract 

This article recounts recent advances on the atomistic modeling of twinning in bcc and 

fcc 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 landscapes, 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. 
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1. Introduction 

Formation of various defects (e.g. slip, twin) and their interactions with interfaces 

constitute the microscopic deformation scenario [1]. At the atomic level, the stacking fault 

energy landscape (also known as the J  surface) is a crucial signature of a specific fault 

nucleation. It is suggested that the exact nature of the J  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 function of the extent of solid solution, 

solute segregation, and volumetric misfit among atoms of different chemical species. Recent 
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studies have noted interesting utilization of the J  surface in formulating critical resolved shear 

stresses for twinning in fcc and bcc alloys. The phenomenon 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 lengthscale, the current 

description of deformation mechanics is of phenomenological nature [11-13]. At the smallest 

lengthscale, however, the material building blocks consist of discrete atoms. The laws of inter-

atomic interactions are drastically different from the continuum laws suitable for describing bulk 

materials behaviors. The atomic-level deformation scenario is governed by the Schrodinger’s 

equation [14] addressing electronic structure while the laboratory-scale deformation are best 

captured by empirical elasto-plastic laws. Despite the apparent dissimilarity among these largely 

spanned physical lengthscales, subtle effects at the atomic-scale would reverberate across the 

length scales, eventually contributing towards 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 formation propensity at the elasto-

plastic juncture is crucial, in that the subsequent evolution of plasticity would be largely 

controlled by 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 simulations. Moreover, the quantification of intrinsic defect 

generation can be elucidated from an atomistically-based methods [15, 16].  

From a modeling perspective, it has long remained a challenging task to transition from 

atomic scales to meso- or to a higher lengthscale [17, 18]. Consideration of atomic phenomena 

in modeling is non-trivial, 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 

twinning). Nonetheless, such theoretical efforts are compounded by the requirement of high 

computational capacity to simulate the mesoscale phenomena. Microscopically, there are the 

consideration 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 
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mechanism, and their relative predominance essentially plays a major role in the local 

deformation on a grain by grain basis. For example, dislocation 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 J  surface can serve as a unique 

signature for a certain plastic mechanism in a pristine crystal setting. The two most widely used 

simulation methods to study the foregoing problems are molecular dynamics (MD) and density 

functional theory (DFT). Interested readers are referred to the text books By Tadmor-Miller and 

Frenkel-Smit [14, 29], which narrate the particulars 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), electron microscopy (TEM and SEM) and electron backscatter 

diffraction (EBSD). These experimental characterizations can form the basis 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 J  energetics concepts to rationalize twinning phenomena. In 

that regard, it is important to note here that comprehensive reviews related to deformation 

twinning are duly recorded in the literature. For example, the survey by Christian [30] deals with 

experimental behaviors and phenomenological theories. More recently, review works by 

Beyerlein, Zhu and their co-workers [31, 32] describe the mechanisms of twinning in the 

nanocrystalline microstructure. In the current paper, we discuss only the mechanistic 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 mesoscale phenomenology (Figure 1).  

 The paper is organized as follows. In section 2, we briefly overview some latest 

experimental characterization results, which reveal twinning-mediated plasticity in 

representative alloys. Then, we summarily critique historically important models in section 3, 

and how these models motivated further refinement. Section 4 introduces the concept of the 

atomistic fault energetics and its significance in the metal plasticity. In section 5, we first 

overview historical models for predicting twinning stress, and then describe the latest stress-



4 
 

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 section 6. In section 7, we outline potential avenues of further 

research, which are emerging alongside the current topics such as polycrystalline deformation, 

fracture mechanism, hcp deformation, phase transformation. We conclude in section 8 by 

commenting on the proper use of atomistics in further research and their potential usefulness in 

understanding larger lengthscale 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 bcc Fe-47.8%Cr (atomic), (b) single crystals 

of fcc Co-33%Ni alloys and (c) polycrystals of Ni-x%Co alloys of various 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 materials. 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 nano-twinned Ni-Co polycrystals 

In Figure 2(a), the single-crystal Co-Ni alloys of fcc crystal structure is deformed in 

tension along 111  direction. The stress-strain response up to a resolved strain level of 1% is 

shown. Low-resolution DIC measurement conducted in-situ shows non-interacting 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 misorientation of 60o between the 

strain band and the matrix material (i.e. suggestive of twinning). The TEM micrographs further 

confirm the presence of nano-scale deformation twins. Throughout the deformation range, 

additional parallel and non-interacting twins nucleate. These twins propagate and intercept slip 

sub-structure, resulting in the twin migration process. No twin-twin interaction 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 Figure 2(b). The (resolved) stress-strain curve along with the microstructure characterization 

(via DIC, EBSD and TEM) are presented. The single crystal under 001  compression deforms 

predominantly via twinning.  In another case, post-deformation microstructures of 123  tension 
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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 buildup 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, however, show a non-uniform 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 

subsequent sections, 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 Figure 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, slip
CRSSW , 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 twin
CRSSW

was measured to be 177 MPa.  By determining the possible systems with the maximum 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. Subsequent 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 slip
CRSSW = 87 MPa and 

the twin nucleation at twin
CRSSW = 202 MPa as in Figure 6(b). 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 
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active slip systems 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 Figure 3(c) 

[35]. No flow stress drop occurs in this case. The DIC image demonstrates considerable degree 

of local straining in the form of non-interacting parallel bands (caused by slip) in individual 

grains. The strain bands are deflected at the grain boundaries. The suppression of twinning is 

presumably facilitated by 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 purpose is to determine how strain transfer occurs at the grain 

boundaries. To that end, a large area of interest spanning several grains were 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 relatively small 

resolution. The DIC images for the Fe-Cr polycrystal in Fig 2(c) are performed ex-situ by digitally 

stitching 140 correlated 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 4 illustrates the mechanism leading 

to a three-layer twin nucleation. Triggered by applied loads, a perfect dislocation of the type 

a [111]
2  

lying on the � �112  plane dissociates into two dislocations: a [112]
3

 and a [111]
6

. The 

dislocation a [112]
3  

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 [111]
6

 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 [111]
6

 dislocation is curved, it would have segments consisting of pure screw type. The 
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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 mono-layer 

stacking fault (red). This sweeping dislocation climbs into the adjacent parallel plane, and 

sweeps around the pole to create the second layer of stacking fault (blue). 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: twin
CRSSW

= us

b
J , where the usJ  is the unstable stacking fault energy (maximum energy in generalized 

stacking fault energy curve). For example, using usJ magnitude of 617 mJ/m2 [37] for pure bcc 

Fe,  the twin
CRSSW  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 mono-layer stacking fault formation. The creation of a mono-layer stacking 

fault is unlikely owing to very high magnitude of stacking fault energy in the bcc lattice (e.g. 593 

mJ/m2 for pure ferritic Fe). Furthermore, 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 formation 

was first proposed by Sleeswyk, Lagerlof [40, 41]. Figure 5 illustrates the process. Due to the 

instability of the non-planar core, a screw dislocation of a 111
2

 type can dissociate into three 

a 111
6

 fractional ones on the non-parallel ^ `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 111
6
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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 constitute a twin embryo. The concept of twin nucleation as 

a result of slip dissociation is also discussed by Ogawa and Priestner [42, 43]. From the 

dislocation core dissociation mechanism, the twin
CRSSW  is proposed to be isf3

b
J .   Using  isfJ = 593 

mJ/m2 for pure Fe, the twin
CRSSW  is estimated to be 2500MPa for bcc 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 bcc lattice, the fcc crystals with relatively low isfJ  are known for having stable mono-layer 

stacking faults. Modified versions for the pole-induced twinning process are proposed by 

Venables and Sleeswyk [44-46] as illustrated in Figure 6.  

At the outset, there exists a pole dislocation with a long jog (blue line) from which a loop 

of Shockley partial of type a 112
6

 emits on a ^ `111  plane. With applied loading, the expanding 

glissile partial (yellow) sweep around the two poles. Due to the sweeping at two poles, portions 

of the expanding loop come in the close vicinity. In addition, at the same time, two new jogs (red 

lines) 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 (towards each other), new twining 

dislocations (orange and blue) expand, and undergo a similar wrap-around the pole followed by 

an offset of atomic layer. 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 evidence of significant pre-twinning slip activities, Mahajan [47] 

proposed that deformation twins in fcc lattice would nucleate due to the interaction between fault 
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pairs (also known as extrinsic stacking fault). Figure 7 describes a simplified version of the 

model. Due to low isfJ , two full dislocations of a 110
2

 type dissociates into two pairs of 

Shockley partials separated by ribbons of stacking fault (red and green) on the same ^ `111  

twinning (or slip) plane. Interaction 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, whereupon mutual annihilation as well as further cross-glide results in three consecutive 

layers of fault planes. This assembly constitutes a twin embryo.                     

3.4 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 subjected to overcoming fault energy 

landscape from the discrete crystal level. As Figure 8 illustrates, the formation of an embryonic 

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 associated with twinning has 

been the isfJ . It has been regarded for a long time that the increased twinning propensity is 

associated with a low isfJ , for example, in fcc metals and alloys. As a result in the classical 

phenomenological literature [50], the parameter isfJ  has been used extensively as the 

twinnability assessment metric. However, the most recent experimental findings suggest that 

the  isfJ  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/crystallographic directions) implies 

that the respective energy barriers must be of comparable magnitudes. To seek the answer to 

these experimental discoveries, theoretical calculations of twinning stresses are conducted 

using the J  surface first introduced by Vitek [51].  

4. Atomistic fault energetics of slip and twinning 

4.1 Generalized stacking fault energy (GSFE) or J  surface 
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Figure 9 illustrates a cutaway view of a single slip plane from the^ `111 family in an fcc 

lattice along with the calculated the J  surface for fcc Ni-2.9%Co [52] from density functional 

theory (DFT) simulations. Such energy landscape can be computed from embedded atom 

method (EAM) based on molecular statics simulations as well. It is generally 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 Chowdhury et al. [33] considering the role of composition on the intrinsic stacking 

fault energy in fcc Ni-Co alloys. The  isfJ  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 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 . For a full dislocation of 

a 1102  type, the shear displacement,  is imposed between the two blocks. On the other 

hand, for a Shockley dislocation of type a 1126 , the crystal is rigidly sheared along a 112  

direction by the displacement vector, . The preference of a 1102  slip over  a 1126  slip 

can be predicted from comparing the respective peak energies [57]. The generalized stacking 

fault energy (GSFE) profile presented in Figure 16(a) represents an energy-displacement 

relationship for an extended dislocation in Co-33%Ni [52].  

4.2 Generalized planar fault energy (GPFE) 

The GPFE is the energy-displacement curve, which is created upon layer-by-layer shear 

displacement of atomic blocks [3, 57]. In Figure 10(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 isfJ ) is first created by the shearing the crystal by one Burgers vector. The energy barrier 

to overcome the creation of the stacking fault is designated as the usJ  (the so-called unstable 
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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 Burgers 

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 10(c) presents both the GSFE and GPFE curves for pure bcc 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 Fe the isosceles boundary 

corresponds to the minimum energy path while the reflective one is favored in the Fe-50%Cr. 

 
4.3 GSFE/GPFE 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 concentration [57-59]. A definitive description of 

deformation trend could be more physically rationalized by comparing the J  landscapes [3, 60]. 

Figure 11(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 usJ but varying isfJ  and utJ . In a case 

where the isfJ  is considerably low and utJ  is high, the plastic deformation would be characterized 

by dissociated slip.  The lower magnitude of isfJ  is, the more wide the stacking fault becomes. 

This effect can be understood in terms of the nucleation energy barrier that the second partial of 

an extended dislocation would need to overcome [57].  Upon the nucleation of the leading 
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partial (by overcoming the energy barrier usJ ), the second partial has to exceed a quantity equal 

to ( us isfJ � J ). That is to say, a large difference between isfJ and usJ  would promote splitting of full 

dislocations into partials. On the same rationale, in materials where both the utJ  and the isfJ  

have high magnitudes, the plasticity would be dominated by full dislocations. The effect of high 

utJ  corresponds to the preclusion of twinning process, while the high isfJ makes the creation of 

stacking fault difficult. In other words, lower magnitudes of both utJ and isfJ  levels would favor 

twinning.    

Similar energetic rationale could also be employed for defect nucleation in bcc lattices as 

presented in Figure 11(b). The isfJ in bcc lattice is generally large, thus making the existence of a 

monolayer of stacking fault improbable. Therefore, we consider fault energy scenario with a high 

and constant isfJ . With a considerably large usJ , the mechanical twinning would be a preferred 

defect nucleation scenario. When the usJ  and the utJ  levels are comparable, it is possible to 

have both slip and twinning. For the case when the usJ  is smaller, the material would tend to 

deform via slip only. Table 1 lists a compilation of DFT and experimental data on the parameters 

 gisf , usJ  and  gut  (from [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 lattice first creates an intrinsic stacking fault, then 

an extrinsic one (i.e. a two-layer fault), and finally a three-layer twin. After the 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 phenomenological 

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. Afterwards, Pirouz [65] considered 

the motions of a leading and a trailing partial dislocation bound by a stacking fault. Moreover,  
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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 modeling 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 are essentially took into account the role 

of intrinsic stacking fault energy ( J isf ) 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 

dislocations. The need for incorporating atomistic energetics was brought into attention by 

Tadmor and co-workers [59, 69]. They demonstrated that material twinnability (via a case study 

in fcc materials) can evaluated with the aid of fault energies, i.e. J isf , Jus   and Jut . It was evident 

from their work that the unstable energies ( Jus  and Jut ) are equally crucial to establish a 

comprehensive twinning criterion along with more traditionally used J isf . Now, twin nucleation, 

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], micro-crack [59]). Twin nucleation propensity in the bulk of 

the material would indicate the inherent material 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 at al. [70] proposed a closed-form equation for the twinning 

stress prediction, which utilized DFT-computed GPFE levels both in elemental metals and  

alloys. Thus, intricate effects of interactions between substitutional solutes and host atoms such 

as the so-called Suzuki segregation (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 atomistic J  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, 73]. [74, 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 ( twin
CRSSW ) is that 

the applied mechanical work ought to overcome the total energy expenditure as in Equation (1):  
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   (1) 

where, t, d and twinH  are twin thickness, length and shear strain respectively. Typically, the 

relationship, d 10t| , is considered for an embryonic twin [76, 77]. The elastic interaction 

energy ( interactionE ) among twinning dislocations can be obtained from classical formulations as 

follows [78].  

2

interaction
twin

1 2 2 3 1 3

D D DE ln ln ln
d d d
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§ ·
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Where, D is the single crystal size; P  is the shear modulus, 1 2d � distance between 

dislocation “1” and “2”. The spacings among the twinning dislocations are: 
2
twin

1 3
isf

d b
2�  
P
SJ

, 

2 3 1 3d 0.732d� �  and 1 2 1 3 2 3d d d� � � �  upon balancing the acting elastic forces [41].  The term 

GPFE nucleationE �  represents the area underneath the GPFE curve corresponding the portion of 

twin nucleation.  Equation (1) can be solved for twin
CRSSW . 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(a) [71]. The predicted levels of twin
CRSSW  fcc Co-Ni alloys are presented on Table 

2(b).  

For the case of a pre-existent dislocaiton arrangement present in the vicinity, the 

movement of an approaching twin nucleus would be restricted (Figure 12). 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 and co-workers 

[80-82]. Building on these foundations, a recent model [52] included the GPFE considerations 

and predicted twin slip
CRSS

�W  with accuracy. As sketched in Figure 12, 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, … Ndipole).  
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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, 

applied
twin slip

twin CRSSW td � H W  needs to overcome the total energy expense: (i) the interaction among 

the wall and the twinning dislocations ( twin-wall interactionE ) and (ii) the atomistic shear (

GPFE migration E � ). An expression similar to Equation (1)  can be derived and solved for twin slip
CRSS

�W . 

The term twin-wall interactionE  is evaluated in a similar manner as in Equation (2). The GPFE migration E �  

represents the area underneath the GPFE curve corresponding to the migration portion. The 

predicted level of twin-slip interaction ( twin slip
CRSS

�W ) for fcc Co-Ni alloys are presented in Table 2(b). 

A comparison is made with a single slip nucleation stress ( twin
CRSSW ) and  ( slip

CRSSW ) and the 

associated experimental magnitudes.  

6 Annealing twins and associated modeling  

6.1 Nanotwinned Microstructure 

Experimental reports [84, 85] noted the superior strength and ductility of metallic 

materials rife with nano-sized annealing twins (i.e. the pre-existent ones). Given the limitations 

of the experimental techniques to capture the physical processes at the nanoscale, these 

findings prompted various non-continuum modeling approaches such as molecular dynamics 

simulations [23, 27, 86]. From a mesoscale perspective, the role of annealing twins on 

macroscopic mechanical behavior has been also addressed on the ground of deformation 

kinetics principles [87, 88].  The primary effect of introducing stable nanotwins in the material 

microstructure is found to sub-divide host grains, leading to a markedly decreased activation 

volume (on the order of several b3 ; 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 

>1000b3. Intuitively, a greater degree of applied shear stress would be required to initiate and 

sustain plastic flow in a microstructural environment non-conducive 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 coherent twin boundary plays a significant role in dictating toughness.  

6.2 Slip transfer mechanisms past coherent twin boundaries 
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The nature of various slip-twin boundary interception outcomes in fcc crystals has been 

scrutinized rigorously in the literature using experimental techniques [19, 22, 30, 91, 92], and 

also with theoretical treatments [26, 27, 93-96]. The important roles of individual 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 mechanisms 

across the interface into a comprehensive deformation theory for nano-twinned 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 outgoing slip systems [97]. 

Five most commonly observed slip transfer mechanisms past a twin boundary are: (a) 

incorporation, (b) transmission, (c) multiplication, (d) transmission and incorporation and (e) 

blockage by a Lomer lock formation. Molecular dynamics studies of these reactions by various 

researchers are presented in Figure 13 (from [23, 25, 27, 94, 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 incorporation process can be 

deemed as an effective blockage mechanism for oncoming slip, it does not preclude the 

incorporated slip continuing 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 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 interface) 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 

nano-twinned 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 

dislocation (br) left onto the twin boundary following the impingement.  
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6.3 Significance of reaction-specific Jus  and br at a twin boundary  

It is intuitive that the magnitudes of the energy barrier to slip (i.e. usJ ) would differ to 

considerable extents for the individual slip transfer mechanisms. In order to compute the usJ  

for various reactions, the “tracing atoms” method can be used in molecular dynamics 

simulations. As in Figure 14, the potential energy of the tracing atoms ahead of an oncoming 

slip are constantly monitored. The differential between bulk and the slip-influenced potential 

energy, bulkE E E'  � 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 J  

levels which is equal to the ratio, E'
w l  after Vitek [51]. The dimensions of the tracing atomic 

area (w times l) are chosen judiciously to ensure convergence of the J   energy which occurs at 

larger l and smaller w (Figure 14) [104].  

Using such method, [94] computed the entire GSFE curve specific to a slip-twin 

boundary reaction (Figure 15) 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 

incorporation process has the lowest. Subsequently, [52, 103, 105] determined the evolution of 

br as well as usJ  with respect to multiple slip incidence on the boundary (Figure 16).  

The saturation in the usJ  was attributed to the br achieving a steady-state magnitude 

with increasing incidence of slip.  The origin of the saturation effect for individual case is related 

with precipitous rise in the local stress concentration (due to gradual accumulation of br) at the 

reaction site upon successive slip impingement. The details of br 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 br eventually breaks down into multiple glissile and/or sessile slip at incidence 

site. With sufficiently large of approaching slip, the magnitude of br eventually reaches a point 

where a stable pattern of residual slip dissociation occurs. In the process, new glissile 

dislocation glide away leaving behind the br of  the saturated magnitude. The correlations 

among the usJ , br and number of incident slip (nslip) as in Figure 16 provide invaluable 
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energetic perspectives into the relative penetration resistances of the various strain transfer 

mechanisms.  

The ref [106] and [107] modeled bcc twin-twin interaction using similar molecular 

dynamics simulations in Nb. Further details of the interaction mechanism between an annealing 

twin and a propagating one in bcc Fe-Cr lattice is investigated by [71]. Under [010]  tensile 

loading (farfield), an incoming twin consisting of three fractional dislocations of type a 1116  

impinges on the existing twin boundary as presented in Figure 17. The ensuing process 

involves the incorporation of the approaching twinning partials onto the twin boundary leaving a 

residual dislocation with Burgers vector, rb (of magnitude equal to 1.0a). A compressive load 

along the  [111]  crystallographic direction results in a similar incorporate process, however, with 

a different br (equal to 0.82a). The apparent different 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 reaction outcome of slip intercepting a twin ( reaction
CRSSW ) 

in presence of rb  can be predicted by considering two distinct forms of energy contributions: (a) 

the extrinsic level of fault energy subjected to local stresses, GSFE/GPFEE  (note that GPFE is 

applicable for incorporation process only) and (b) the residual elastic energy due to rb ,  

� �residual residual rE E b [33]. The applied stress reaction
CRSSW  required to move an oncoming dislocation 

towards the boundary by a distance of dw  is derived based on the work-energy balance as 

follows.  

  (3) 

The predicted stresses using Equation (3) in fcc Ni-Co alloy is presented in Table 3 (also 

Figure 16). Similarly, in bcc materials, the twin twin
CRSS

�W  is predicted and compared with experimental 

values based on single-crystal studies as in  Figure 18 [71].  
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To predict the poly
CRSSW  for the polycrystalline nano-twinned Ni-Co alloys, three major flow 

contributions are considered:  (a) the free glide stress free glideW , (b) slip-twin boundary interaction 

stress, reaction
CRSSW , and (c) the forest hardening stress (at a pre-deformation dislocation density) 

forest bW  DP U  [108, 109]; where D  is a material constant (from 0.5 to 1) and U  the forest 

dislocation density (assumed to be 1014 /m2 which is the typical pre-deformation literature 

value). The reaction
CRSSW  is observed to be the most dominating. Using Equation (4), we calculate the 

poly
CRSSW levels for different Ni-Co alloys based on iso-strain type mixing formulations.  

� � � �f f
poly reaction reaction
CRSS free glide f slip-twin forest

reaction
1- V 1- V= VW W � W � W¦   (4) 

where, Vf is the total volume fraction of the material region hosting the aggregate slip-twin 

reactions; reaction
fV is the assigned volume fraction for a specific reaction i.e. reaction

f f
reaction

V = V¦ . 

The predicted CRSS for polycrystalline Ni-Co alloys are compared in Figure 19with 

experimental ones (determined by using Taylor factor normalization for the uniaxial stress-strain 

data in Figure 2(c)).  

7. Further problems: polycrystalline deformation, fracture behavior, phase 
transformation, hcp deformation 

The foregoing models have examined the single crystal behavior without the presence of 

multiple grains. It is important to characterize single crystals to understand polycrystalline 

deformation, in that they provide insight into inherent defect evolution circumventing the effects 

of texture and interfaces. The plastic stress-strain behaviors of single crystals consist of three 

mechanistically 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 hardening stages characterized by more complex defect interplays. For example, the 

fluctuating nature of the flow is more pronounced in bcc than in fcc [30]. This could be attributed 

to the considerable difference in the energy barriers between twin nucleation and migration in 

bcc than fcc materials. These trends may be subjected to significant modifications due to the 

presence of material interfaces. In a multi-grain 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 nucleation would give rise to different macroscale constitutive 
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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 generated 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, [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 multi-grain 

configurations.  

Yamakov et al. [115] considered the deformation behaviors of Al multi-grained structure 

(Figure 20) with an average grain diameter of 70 nanometers. Deformation twins are found to 

form at the grain boundaries. The mechanism is initiated in the form of a single partial 

dislocation nucleation followed by parallel and adjacent slip.  Consecutive gliding of Shockley 

partials eventually result 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 boundary [116]. In an different approach, [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 significant 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 significant hardening. Upon sufficient 

deformation, massive slip nucleation 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 cracktip in the form of slip or twinning. Earlier Rice 

and co-workers [121, 122] established the importance of atomistic description of cracktip 
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behavior. In particular, their analysis highlighted the use of the unstable stacking fault energy 

usJ  in the context of modeling cracking behavior. Subsequently, Tadmor and co-workers [59, 

69] conceptualized the twinnability in front of a propagating crack considering a comprehensive 

treatment of fault energy parameters (i.e. isfJ , usJ  and utJ ). They demonstrated that density 

functional theory based fault energy parameters can be used to predict twinning propensity for 

mesoscale crack propagation. This is a significant advancement in the modeling of crack 

behaviors, in that they pave the way for further advancing crack modeling using atomistically 

computed J  surface. On molecular dynamics frontier, there have been significant progresses on 

fracture behaviors as well. One of the earlier studies of twinning-mediated crack propagation 

using molecular dynamics simulations was undertaken by [123]. In their work, the critical stress 

intensity factor was established on the basis of atomistically sharp crack advancing via twinning 

in copper. More recently, using molecular dynamics modeling, [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. twinning) 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 

theorizing the crack advancement problem.  For materials which predominantly deform via 

twinning (e.g. hcp metals and alloys), such modeling can shed new light in terms of physical 

mechanism(s) of cracking [126]. For the readers benefit, a summary of relevant works 

discussed in the paper is provided in Table 4.  

Atomistic modeling can also benefit the area of phase transformation 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 accompanied 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 there could be particularly useful to understand materials 

deformation predilection such as competition among slip, twining and transformation 

phenomena [135]. Similarly, metallic materials with hexagonal close packed (hcp) lattice 

undergo twinning dominated plasticity [136, 137], which can benefit from atomistic energetics 

modeling [138]. 

 
8. Appropriate use of atomistics and modeling larger-scale deformation 
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One ought to account for the uncertainty of the calculations while employing atomistic 

quantities to derive continuum models. Applicable to both MD and DFT based energy 

calculations is the sensitivity of: (i) the method adopted for atomic relaxation and (ii) simulation 

supercell size. Atomic positions can 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 convergence. To simulate bulk 

properties in molecular dynamics, the system 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 incorporation 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 non-systematic error in DFT calculations. 

For example, the small errors in lattice constant of the defect plane can move since the inter-

planar spacing is a function of lattice constant, a small error in the lattice constant magnitude 

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 lengthscales associated with 

atomistic modeling is confined to nanometers. However, the post-yield 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 during the dynamic 
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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 need. For instance, the discrete lattice 

effects need to be bridged via extensive mesoscale defect modeling (e.g. dislocation dynamics) 

[142] [143, 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 atomistic theory 

could be modified with the principles of the deformation 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 calculations consider the efficacy of the unstable stacking fault energy, Jus , 

being the most deciding energy barrier parameter to quantify the resistance to plastic flow.  
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Figure captions 

Figure 1 – A perspective on the goal of using atom
istics to develop physically based theories that can capture the phenom

enology of 
deform

ation, and thus form
ulate strategies for property enhancem

ent in novel alloys of w
ide technological im

portance.  

Figure 2(a) -  The C
o-N

i crystal under  111
 tension plastically deform

s predom
inantly via tw

inning and tw
in-slip slip interactions as 

confirm
ed by D

IC
, EBSD

 and TEM
 [52].  

Figure 2(b) – C
o-N

i com
pressed along the  001

orientation dem
onstrates parallel tw

inning as the prim
ary deform

ation m
echanism

 
[52]. 

Figure 2(c) – The deform
ation of electrodeposited nanocrystalline (as indicated by EBSD

 analysis) N
i-C

o alloys w
ith pre-existent 

annealing tw
ins show

s a strong com
position effect [52]. The deform

ation behavior is found to be characterized by m
assive slip-tw

in 
boundary interactions via electron m

icroscopy.   

Figure 3(a) -  Fe-C
r single crystal under  [0

10
]  tension deform

s via interacting deform
ation tw

ins as evidenced in D
IC

, EBSD
 and 

SE
M

 analyses [34].  

Figure 3(b) – The deform
ation m

echanism
 of Fe-C

r single crystal under  [101]  begins w
ith slip activities follow

ed by tw
in nucleation, 

w
hich causes a stress drop [34]. Subsequently, tw

in-tw
in interactions gives rise to hardening as substantiated by D

IC
, EBSD

 and 
TEM

 techniques.  

Figure 3(c) - Polycrystalline Fe-C
r stress-strain response is found to be governed by m

assive strain transfer across grain boundaries 
[35] (as confirm

ed by com
bined E

BSD
 and D

IC
 studies).  

Figure 4 – An illustration of tw
in nucleation m

odel via pole m
echanism

 in bcc lattice [30, 36].  An expanding slip loop stem
m

ing from
 

a 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 tw

in em
bryo.  

Figure 5 -   The dissociation of a screw
 dislocation w

ith three-fold core in bcc m
aterials into three fraction dislocations under applied 

stress [40-43]. Tw
o of the fractional dislocations (the m

ost stress ones) cross-glides and becom
es parallel to the third one, thereby 

form
ing a three-layer tw

in nucleus.  

Figure 6 – N
ucleation of a tw

in em
bryo through the pole m

echanism
 in fcc lattice is proposed to be controlled by a sim

ultaneous 
process of m

obile jog form
ation and dislocation loop expansion [44-46]. Expanding slip loops from

 tw
o adjoining planes eventually 

interconnect to form
 a continuous spiral, ultim

ately leading to the tw
in nucleation.  
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 Figure 7 – Full dislocations dissociate into partials connected by intrinsic stacking faults [47]. Tw

o extended dislocations from
 

adjoining planes form
 a tw

o-layer fault i.e. an extrinsic stacking fault. Interaction betw
een tw

o extrinsic stacking faults leads ultim
ately 

to tw
in form

ation.  

Figure 8 – The atom
istic configuration of a deform

ation tw
in produced from

 lattice shearing induced by consecutive glide of slip [52].  

Figure 9 – To generate a J
 surface, crystal blocks consisting of atom

s are rigidly sheared in atom
ic sim

ulations. The atom
ic 

structures of the perfect lattice and the one corresponding to an intrinsic stacking fault are show
n [52] as com

puted from
 D

FT 
sim

ulations.  

Figure 10(a) – G
eneralized stacking fault energy (G

SFE) for C
o-N

i alloys w
hich represents the energy pathw

ay for the nucleation of 
an extended dislocation [52] connected by an intrinsic stacking fault.  

Figure 10(b) - G
eneralized planar fault energy (G

PFE) for C
o-N

i alloys[52] as an exam
ple. The G

PFE represents the tw
inning energy 

pathw
ay encom

passing the form
ation of a single-layer intrinsic stacking fault first, then a tw

o-layer extrinsic stacking fault and finally 
a three-layer tw

in nucleus. Further shearing on consecutive planes results in the tw
in grow

th (m
igration) process.   

Figure 10(c) – C
om

parison am
ong the G

SFE and G
PFE in bcc Fe and Fe-C

r alloys. There are tw
o distinct types of tw

in boundaries 
in bcc alloys, nam

ely, isosceles and reflective ones [71] w
hich are favored differently from

 one m
aterial (e.g. Fe) to another (e.g. Fe-

C
r).  

Figure 11(a) – R
elative sizes of the fault energetics (G

SFE and G
PFE) and their im

plication regarding the preference for a certain 
defect nucleation for fcc lattice [3, 58-60].  

Figure 11(b) -  Possible shapes of fault energy surfaces and the likely defect m
echanism

 scenario in bcc lattice. 

Figure 12 -  M
odeling of tw

in-slip interaction based on dislocation m
echanics w

hereby a propagating three-layer tw
in approaches a 

dislocation dipole arrangem
ent [52]. The atom

istic contributions are considered in the form
 of G

PFE representing the discrete lattice 
during the process.  

Figure 13 – Five different types of slip-tw
in boundary interaction m

echanism
s studied in m

olecular dynam
ics sim

ulations: 
transm

ission [23], incorporation [27] (show
n after 1.3 picoseconds from

 the beginning, to ) Lom
er lock form

ation  [25], transm
ission-

incorporation [98] and m
ultiplication [94]. 

Figure 14 – The “tracing atom
” m

ethod for com
puting the extrinsic m

agnitude of 
us
J

 from
 m

olecular dynam
ics sim

ulations [104].  
The convergence criteria of the energy param

eter is obtained at high l and low
 w

 , w
hich are the length and w

idth of the tracing area 
respectively.  
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 Figure 15 – Fault energy profile for various slip-coherent tw

in boundary interaction m
echanism

 in fcc C
u [94]. Incorporation process 

has the low
est energy barrier w

hile the blockage case the highest. The blue curves designated “baseline” represents the G
SFE 

profile for bulk lattice shearing (i.e. absence of residual slip b
r ). The reason the G

SFE curves specific to the reactions are elevated is 
that b

r  creates local stress, w
hich m

akes glide difficult for subsequent incidence.  
 Figure 16 – Evolution of energy barriers for various slip-tw

in interaction m
echanism

s w
ith respect to the num

ber of incident slip (n
slip ) 

and the predicted frictional stresses (
twin

slip
CRSS �
W

) [105].  

Figure 17 – An approaching tw
in consisting of three 

 
a[111]
6

 type tw
inning partials intercept a pre-existent tw

in boundary [71] in bcc 

Fe-C
r alloy. The resultant reaction is the incorporation of the tw

inning partials on the boundary leaving a residual dislocaiton (br) 
behind at the interception site. D

epending on the m
agnitude of br (w

hich can be obtained by m
odulating the Schm

id factor or 
changing single crystal loading direction), the G

SFE profile w
ill be altered as show

n on the right.    

Figure 18 – C
om

parison betw
een the predicted tw

in-tw
in interaction stress (

tw
in

tw
in

C
R

SS �
W

) and the experim
ental one in several  bcc alloys 

[71].  

Figure 19 – C
om

parison betw
een the predicted and experim

ental critical resolved shear stresses in polycrystalline N
iC

o alloys (in the 
presence of annealing tw

ins) [52].  

Figure 20 – M
olecular dynam

ics sim
ulation of polycrystalline deform

ation behaviors. From
 left to right: N

ucleation of tw
ins from

 grain 
boundaries in nanocrystalline Al [115];  a nanocrystalline C

u structure w
ith annealing tw

ins, w
hich upon deform

ation results in 
m

assive slip-interface interactions [117]; Shockley partials em
erging from

 grain boundaries in C
u [116].  

Figure 21 – Study of cracktip tw
inning behavior using atom

istics concept. C
om

petition betw
een tw

in and slip nucleation from
 a crack 

is correlated w
ith the relative size/shape of G

SFE/G
PFE curves [59, 60, 69, 123].    
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 Table 1 – A sum

m
ary of literature data on the  g

isf , 
us
J

 and  g
ut for various fcc m

etals for com
parison [61].  

M
aterials 

 g
isf 

(m
Jm

-2)  
us
J

 
(m

Jm
-2)  

 g
ut 

(m
Jm

-2)  

Pb 
49 

87 
92 

Ag 
18 

133 
143 

Au 
33 

134 
148 

C
u 

41 
180 

200 

N
i 

110 
273 

324 

Pd 
168 

287 
361 

Pt 
324 

339 
486 

Al 
130 

162 
215 

 Table 2(a) – C
om

parison of theoretical and experim
ental tw

in nucleation stresses in bcc m
aterials [71] (see text for equation details). 

The Burgers vector ( b
) for tw

inning partial is a
111

6
 (i.e. b = a

36
), w

here a is the alloy-specific lattice constant. 

M
echanism

 
M

aterials 
M

ajor input param
eters 

for prediction 
Predicted

tw
in

C
R

S
S

W

(M
Pa) 

Experim
ental

tw
in

C
R

S
S

W

(M
Pa) 

 

Fe-3%
V 

a = 0.2866 nm
 

us
J

 = 615 m
Jm

-2 

ut
J

= 596 m
Jm

-2 

109 
90 
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Fe 

a = 0.2851 nm
 

us
J

 = 617 m
Jm

-2 

ut
J

= 628 m
Jm

-2 

190 
170 

Fe-50%
C

r 

a = 0.2851 nm
 

us
J

= 1060 m
Jm

-2 

ut
J

= 752 m
Jm

-2 

218 
203 ± 13 

Fe-25%
N

i 

a = 0.2882 nm
 

us
J

 = 525 m
Jm

-2 

ut
J

= 549 m
Jm

-2 

377 
398 

 Table 2(b) – C
om

parison betw
een the theoretical and the experim

ental C
R

SS levels for slip nucleation, tw
in nucleation and tw

in-slip 

interaction in fcc C
o-33%

N
i alloy [52]. 

  
M

echanism
 

 

  
Equations 

  
Input param

eters 

 
Theoretical 
W

C
R

S
S

 
(M

Pa) 
 

 
Experim

ental 
W

C
R

S
S

 
(M

Pa) 

   
Slip nucleation 

  �
�

w
J

J
 

w
W

isf
us

slip
G

S
FE

C
R

S
S

E
,

1b
u

m
ax  

�

�

J
 

J
 

 

 

2
us

2
isf

C
o

N
i

o

C
o

N
i 205 m

J
m

20 m
J

m

b
a

6

a
3.521 A

 

 

   14 

   15 
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Tw
in nucleation 

 

  
�

�
�

�
J

J
W

 
H

tsf
ut

tw
in

interaction
G

PFE
nucleation

C
R

SS
tw

in

E
 E

,
tw

 
�

J
 

J
 

 |

H
 

2
ut

2
tsf

C
o

N
i

tw
in

216 m
J

m

10 m
J

m

t
3a

3
w

10t1
2

 
   26 

   27 

 
O

nset of tw
in-slip 

interaction 

 

 
�

�
�

�
�

J
J

W
 

H
tsf

ut
tw

in-w
all interaction

G
P

FE
m

igration
tw

in
slip

C
R

S
S

tw
in

E
 E

,

td
 

 
J

 

J
 

|

H
 

2
ut

2
tsf

tw
in

216 m
J

m

10 m
J

m
d

3 nm1
2

 

 

  38 

  39 

  Table 3 – The m
olecular dynam

ics approach of com
puting the 

tw
in

slip
C

R
SS �

W
 in N

i-C
o alloys [52].  
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Tw
in boundary-slip interaction m

echanism
s 

D
islocaiton type 

b
r /a

 

(saturated after m
ultiple 

incidence) 

tw
in

slip
C

R
SS �

W
 

(M
Pa) 

Incorporation 
 

Screw
 

0.55 
175 

Transm
ission 

 

Edge 
0.76 

230 

M
ultiplication 

 

M
ixed 

1.02 
280 

Transm
ission-

incorporation 
 

M
ixed 

1.27 
336 

Blockage by  

Lom
er lock 

 
M

ixed 
1.70 

445 

 Table 4 – Sum
m

ary of theories review
ed in this paper contributing to tw

ining energetics and critical stress prediction in fcc and bcc 
m

aterials.   
 

 
Investigators 

M
odel description 

M
odel im

pact 

C
ontinuum

 

M
eyers et al.  

[67] 
Form

ulating deform
ation kinetics of tw

inning 

- lays foundation for continuum
-

based analysis of tem
perature 

and strain-rate effects of 
deform

ation tw
inning 

Kalidindi et al., Staroselsky 
Therm

odynam
ic analysis of deform

ation tw
inning   

- establishes a w
ork-energy 
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et al., Fischer et al. [62, 63, 
68] 

balance for tw
in em

bryo 
form

ation based on continuum
 

dislocation m
echanics 

M
iura et al., Karam

an et al. 
[50, 66] 

R
ationalization of tw

ining propensity originating 
from

 alloying 
- utilize 

isf
J

 to predict critical 
stress for tw

in nucleation 

M
esoscale  

Sleesw
yk et al., O

gaw
a et 

al., Priestner and Leslie, 
Lagerlof [40-43, 46] 

M
echanism

 of Tw
in em

bryo nucleation in bcc 
m

aterials  

- provides a m
echanistic 

interpretation of tw
in nucleation 

considering dissociation of a 
three-fold slip core 

C
ottrell and Bilby [36] 

M
echanism

 of tw
in nucleus form

ation in bcc lattice 

- explains tw
in nucleation w

ith 
the aid of a slip acting as a 
source (pole) of stacking fault 
em

ission  

Venables [44, 45, 64] 
N

ucleation of tw
in em

bryo in fcc lattice via double-
pole m

echanism
 

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

in em
bryo 

R
em

y [7, 8, 19] 
G

eom
etry of tw

inning dislocations intercepting 
another tw

in 

- provides detailed analysis of 
Burgers vector conservation in 
tw

in-tw
in interactions in post-

yield behavior 

M
ahajan and C

hin [47] 
M

echanism
 of tw

in nucleus form
ation in fcc lattice  

- explains fcc tw
inning 

m
echanism

 w
hich occurs via 

interaction betw
een tw

o 
extrinsic stacking faults 

Atom
istics 

O
gata et al., Sw

ygenhoven 
et al., Siegel et al., C

ai et 
al. [3, 4, 56-58] 

Prediction of tw
inning J

 energies (i.e. G
PFE) 

- dem
onstrates feasibility of 

utilizing m
odern atom

istic 
sim

ulations tools to com
pute 

tw
inning energy barriers (by 

rigid shear of crystal half-
spaces) 
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Yam
akov et al. Asaro and 

Suresh, Jin et al., Zhu et 
al., D

eng and S
ansoz, 

Kulkarni et al. Shabib et 
al., Li et al., Ezaz et al. [5, 
23, 27, 86, 87, 94, 98, 115-
117] 

Annealing tw
ins (w

ith coherent tw
in boundaries) 

influencing deform
ation m

echanism
 at nanoscale 

- investigates roles of pre-
existent annealing tw

ins on  

m
echanical response 

- explores slip-coherent tw
in 

boundary interactions, their 
energetics, and eventual role of 
controlling strength and ductility 

deC
elis et al., Tadm

or et 
al., W

arner et al. [59, 60, 
123] 

Atom
istics of tw

ining as relates to cracktip 
plasticity 

- introduces a detailed m
odel 

using energy barriers (
us
J

,
ut
J

) 
in addressing fracture problem

 
in fcc m

aterials 

Kibey et al., C
how

dhury et 
al., O

jha et al. [39, 52, 71, 
76] 

- Atom
istics of tw

inning and tw
in-slip interaction 

and prediction of critical stress 

- predicts G
PFE profiles for 

tw
inning in pristine lattice and 

also subjected to residual slip 
accum

ulation 

- predicts critical stresses for 
intrinsic or extrinsic tw

inning 
m

echanism
s 

    


