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The energetics of slip-coherent twin boundary (CTB) interactions are
established under tensile deformation in face centered cubic (fcc) copper
with molecular dynamics simulations, exploring the entire stereographic
triangle. The CTBs serve as effective barriers in some crystal orientations
more than others, consistent with experimental observations. The resulting
dislocation structures upon slip—twin reactions are identified in terms of
Burgers vector analysis. Visualization of the dislocation transmission, lock
formation, dislocation incorporation to twin boundaries, dislocation
multiplication at the matrix—twin interface and twin translation, growth,
and contraction behaviors cover the most significant reactions that can
physically occur providing a deeper understanding of the mechanical
behavior of fcc alloys in the presence of twin boundaries. The results make
a distinction between deformation and annealing twins interacting with
incident dislocations and point to the considerable role both types of twins
can play in strengthening of fcc metals.

Keywords: twinning; molecular dynamics; copper; slip; dislocations;
energy; energy barrier; twin boundary

1. Introduction

Since the early observations of twinning in face centered cubic (fcc) materials [1],
there have been numerous research studies on characterizing slip—coherent twin
boundary interactions. These interactions have a profound influence on the
mechanical behavior of fcc metals and alloys [2-5] with high strain-hardening
coefficients and strong crystallographic orientation dependence [2—4,6—8]. The issue
of slip—coherent twin boundary (CTB) reactions is complex because, depending on
the loading axis with respect to the slip system, dislocations with different partial
separation distances [9] and screw versus edge components are activated. In these
reactions, the incident leading dislocation is of (112){111} type; the outgoing
dislocation can take various planes and directions with residual dislocations forming
based on the reactions at the CTB. The trailing partial can facilitate dislocation
multiplication at the CTB upon interaction with the residual dislocations. The planar
fault energies are modified depending on the internal stress fields; for example, due
to stair rod and Frank partial dislocations, and, in some cases, the CTB acts as a
source for dislocation multiplication. Our aim is to quantify the energetics of
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Figure 1. Double Thompson’s tetrahedron for the twin—matrix orientation relationship. The
(111) or 8 is the coherent twin plane. The twinned directions and planes are expressed with
a subscript 7. Here, B§ = [211](111), DB =[211](111), and BrD" = [211](111);.

dislocation glide in the presence of slip—twin interactions revealing the crystallo-
graphic loading orientation dependence.

The reactions involving partial dislocations can be best understood with the
double Thompson tetrahedron. A double tetrahedron representation of the twin—
matrix system configuration is shown in Figure 1 [10]. In this representation, & or
(111) is the twin plane, «, 8,y and a7, 87, yr represent the glide planes for partial
dislocations in the matrix and twin, respectively. For instance, f represents the (111)
plane in the matrix and 87 characterizes the (1 ﬁ)T glide plane in the twin. It is noted
that the coherent twin boundaries (deformation and annealing types) are a special
type of grain boundary, classified with a high degree of coincidence, ¥ = 3, where &
denotes the ratio of the volume of coincidence site lattice to the regular lattice.

The interaction of incident dislocations with CTB can result in incorporation
[11-15] on the § plane, transmission following incorporation [16-20] on the a7, B7, yr
planes, or glide plane transmission [17,21-24] on the a7, 87, yr planes. Short-range
transmission on cube planes can occur when the other slip systems are not available
[25-28]. In addition, the incident dislocation-CTB reactions can also trigger
dislocation multiplication [10,13,18,19,29] on «,«ar planes and twin translation
[30,31] on the 8 plane; these represent two mechanisms that are not well studied. The
culmination of these cases underscores the complexity of dislocation—CTB interac-
tions that need to be considered on a case-by-case basis. The Burgers vector reactions
for these mechanisms can be devised based on the Thompson tetrahedra. However,
the energy barriers associated with glide are influenced by the reaction, specifically
stair rod dislocation of sessile configurations, locks, and Frank dislocations at the
twin boundaries analogous to those that form inside the grains, which require further
calculation as we consider in this work.

During the incorporation process (Figure 2a, Case (1)), the leading partial on any
of the «, B, y planes (shown with brown arrow; the coloring is consistent with the
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Figure 2. Schematic of most significant dislocation —twin interactions: Case (i) is depicted

in (a), Case (ii) in (b), Case (iii) in (c) and (d), Case (iv) in (e), and Case (v) in (f). Coloring of
the arrows is consistent with the double Thompson tetrahedra. See text for details.

arrows in Thompson double tetrahedra shown later for each case) impinges at the
CTB (8). Then, a twinning partial nucleates and glides along the CTB (shown with
orange arrow). Therefore, the incident dislocation is incorporated in the twin by
transverse (or lateral) growth as illustrated in Figure 2a. In general, the dislocation—
twin boundary reactions can result in both twin shrinkage [12] or twin growth
depending on the direction of the twinning partial in the twin plane [19]. The following
additional interactions can develop at the CTB. Case (ii): {111} glide plane (glide plane
transmission, ar, B, yr; Figure 2b); this is the case of transmission (shown with blue
arrow) following dislocation incorporation. Case (iii): short-range {100} cube
transmission (shown with green arrow) and {111} glide (Figures 2¢ and d,
respectively). Glide transmission follows from the reaction of trailing partial with a
residual dislocation in Case (iii) [12,13,19], with elevated energy barriers for glide
transmission (Figure 2d), as we will see later. In addition to the aforementioned
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reactions, CTB translations can occur (Case (iv), Figure 2e), which move the upper
and lower twin—matrix interfaces in the transverse direction [30-35]. An important
ramification of the incorporation and transmission processes is that several disloca-
tion multiplication (nucleation) events can occur at the interaction site [10,13,18,19,29]
(Case (v), Figure 2f). By dislocation multiplication (Case (v)), we mean remission into
the matrix (double brown arrow indicates incident and reemitted) and new dislocation
generation in the twin. This multiplication process (illustrated in Figure 2f) is
governed by the type of the incident dislocation [36] and the magnitude of the Schmid
factor [21]. Nucleation of a perfect dislocation in the twin and a partial in the matrix
occurs; meanwhile, a twinning partial is incorporated in the CTB [19] in this case.

A noteworthy outcome of slip—twin interaction is that a mixed or perfect edge
dislocation leaves a residual dislocation at the CTB. The residual dislocation
significantly elevates the local stresses and energy barrier for dislocation nucleation
at the CTB. However, a perfect screw dislocation can be incorporated within the twin
boundary or transmitted via a cross-slip process without any residual dislocation at
the CTB [37-39]. The only energy barrier that a screw dislocation needs to overcome
is the elastic mismatch and distortion of the deformation field [40]. Hence, screw
dislocation—CTB reaction contribution is expected to be small compared to the cases
studied here.

The types of twins seen under the microscope prior to external loading are termed
annealing or growth twins [41]. A distinction is noteworthy among the deformation
twins and the annealing/growth (non-deformation) twins in fcc metals. The
deformation twins are formed under the prevailing stress state (loading direction)
in the material. The non-deformation twins are also on the {111} planes, but would
not necessarily be favorable for further growth under the given loading orientation.
To achieve a complete understanding of twin—slip encounters, one needs to study the
pre-existing non-deformation twin cases as well. Recent works on nanocrystals [27,28]
point to additional strengthening in the [111] loading orientation due to the presence
of nanoscale non-deformation twins. We show this as a special case and explore
its energy barrier. The primary contribution of this work is to develop a unique
methodology for tracking short-range planar fault energies in the vicinity of CTBs.

Dislocation—CTB interactions involve complex dislocation reactions with the
underlying physics at the atomic length scale, so continuum dislocation theory has
limitations in descriptions at this level. Experimental techniques cannot easily
provide dynamic evolution information and also cannot reveal unstable states (such
as the unstable stacking fault energies). We devise a special method for tracking the
energy of atoms during the deformation, and the results reproduce the baseline
generalized stacking fault energy (GSFE) curves as a limiting case under ‘static’
conditions. We provide a brief overview of GSFE and generalized planar fault
energy (GPFE) in Section 2.

In summary, it is evident through previous knowledge that the loading orientation,
type of incident dislocation (screw and edge components) and the Schmid factor at the
CTB influence the dislocation—CTB interaction. Despite numerous investigations on
twin—slip interactions, we cannot, a priori, predict the outcome of the reaction. The
present study is aimed at identifying the dislocation—CTB interactions through a
systematic investigation with the help of a Burgers circuit analysis, detailed
identification of slip—twin planes/directions and the energetics of the dislocation
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glide, thereby identifying the energy barriers corresponding to dislocation motion as a
function of the underlying screw and edge components of the incident dislocation.
A unifying treatment of the most significant CTB-slip interaction scenarios is needed
to assist with modeling efforts and to put the observations into a generalized
framework. This paper will focus on addressing this need.

2. Methods
2.1. Description of GSFE and GPFE

The GSFE is the interplanar potential energy required to slide one elastic half space
of the crystal relative to the other along the {111} glide plane in the (112) slip
direction [42]. The schematic GSFE and GPFE curves are illustrated in Figure 3a.
The first peak in this energy curve is termed the unstable stacking fault energy (yus)
associated with the leading partial. The stable configuration is known as the intrinsic
stacking fault energy (y;y), corresponding to the normalized displacement (reaction
coordinate) equalling one. The GPFE portrays the twin fault energy by extending the
energy barrier from the intrinsic stacking fault to a finite number of twin layers.
Thus, a GPFE calculation requires shearing of consecutive {111} elastic planes along
the (112) direction relative to the pre-existing stacking fault or twin. A GPFE curve
is characterized (in addition to the yys, yiy mentioned above) by the magnitudes of
unstable twin energies (yyr) and stable twin energies (2y,y).

The solid line in Figure 3a represents the planar fault energy curve under a stress
field. In this study, the short-range planar fault energy near the CTB is determined
dynamically alongside the conventional molecular statics method. In the case of
dislocation multiplication at the CTB, the dislocation experiences a higher Yys_uureiax
compared to the baseline yys peak. For the case of incorporation of the incoming
dislocation at the CTB, the curve peaks at yyr_uureisx cOmpared to the baseline yyr
peak. The unrelaxed energies approach the relaxed curves as one moves away from
the local stress field created by sessile dislocations at the CTB. We note that the
GSFE curve for the trailing partial yyg is the same as the leading in a perfect lattice,
while the yys_umreiax associated with the trailing may differ due to the presence of the
reactions and residual dislocations at the CTB.

2.2. Simulation procedures

The EAM potential for Cu developed by Mishin et al. [43] provides planar fault
energies in good agreement with the values provided by density functional theory
[44,45]; hence, this potential is selected for this study. As stated earlier, calculations
of planar fault energy curves are conducted with both molecular statics and a
dynamical method in this current study. During energy minimization in the statics
method, the atoms are relaxed partially in the (111) direction but no relaxation is
allowed in the (211) or (011) directions, thus fixing the positions of the atoms in these
directions. This is essential to maintain the atoms at their relevant positions,
otherwise the atoms move to stable energy positions near the fault during relaxation.
The energy barrier is then calculated comparing the total internal energy of the
crystal with lattice misfit to that of a perfect fcc crystal. The relaxed results obtained
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by molecular statics are designated as the baseline GSFE or GPFE in this paper. For
Cu, the magnitudes of yys and y;y are calculated to be 167 and 44 mJ m 2 in the
current study. These magnitudes are consistent with ab initio calculations. For Cu,
the magnitude of yyr is calculated as 187 mJ m 2 consistent with ab initio results [45],
and we note that 2y, ~ yjy.

During the molecular dynamics (MD) based short range planar energy
calculation near the twin boundary, fixation of atoms in any particular direction is
not enforced as the motion of the atoms during dislocation nucleation is reaction
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Figure 3. (a) Schematic of the generalized stacking fault energy (GSFE) and generalized
planar fault energy (GPFE) curves, illustrating the position of the barriers and energy wells
that the atoms glide through during its motion. Also, schematic of the unrelaxed GSFE
exhibits the possible stress contribution in the curve. (b) Atomic structure of a matrix—twin—
matrix configuration viewed from the [011] direction. The line indicates the direction of a
Shockley partial in the {111} glide plane. (¢) A Burgers circuit UVWX is drawn around a
perfect fec lattice, which exhibits perfect closure, whereas Burgers circuit ABCDEF drawn
around a dislocation points out a closure misfit EF. Burgers vector confirms this dislocation is
of 4[211] type, which is a leading partial in (111) plane.
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path-dependent and follows the minimum energy direction in the closed packed
plane. Both the potential energy and position of an array of atoms in the slip plane
are monitored at a small timestep (0.01fs). Energy barriers during dislocation
nucleation and transmission are calculated from the potential energy difference
between the lattices with defects and the perfect lattices at a particular time step.

Throughout the molecular statics and dynamics calculations, the temperature of
the system is maintained at 10K; hence, providing a consistent baseline. Internal
energy fluctuation of the monitored atoms due to entropy is measured to be very small
at this temperature — in the order of 0.0011 eV. The long-range hydrostatic stress field
is removed from the energy calculation by comparing the energy of perfect fcc atoms
under the same external stress field. This provides a consistent framework for
comparison of different loading conditions in this study. Thus, any deviation for yyg
or yyr peak points to the effect of the internal stresses nearby the CTBs.

The MD simulation consists of a box of dimension 50 x 50 x 50 nm with a 10 layer
thick twin. The twin orientations for various loading conditions provide different twin
Schmid factors for tension, as expected. Our aim is to explore all the significant
possibilities of twin orientations to capture the prevailing twin—slip interaction
scenarios. Table 1 shows the various twin systems employed in these simulations and
their corresponding twin Schmid factors for different loading (lattice) orientations.
For a particular loading direction, only the twin systems with maximum or minimum
twin Schmid factor are presented, as discussed in Section 3, although all twin systems
are analyzed. Figure 3b displays the atomic structure of a matrix—twin configuration
loaded in the [111] direction. The {111} glide planes in the matrix and twin are shown
and the CTB atoms are colored differently than the matrix.

A parallel molecular dynamics program, LAMMPS [46], is used for both
molecular statics and dynamics calculation. The atoms are first equilibrated statically
to maintain a minimum energy configuration using the conjugate gradient method.
This ensures a stress free crystal prior to loading. During dynamic loading, uniaxial
tension is applied up to 15% engineering strain at a strain rate of 10°s . The high
strain rate is inherent in the simulations for computational efficiency to have the
desired amount of deformation within a given simulation time. An NPT ensemble

Table 1. Twin systems and the corresponding Schmid factor of the twin
boundary and the incident dislocation in different loading orientation,
where (/mn)[pqr] represents a matrix crystallographic orientation of x [pgr],
v [Imn), z [pgr x Imn]. Non-deformation twins are indicated.

Loading Twin Twin Schmid factor
orientation system Schmid for incident
(Tension) (Imn)[pqr] factor dislocation
[010] (11D[211] 0.24 0.24
[111] (11nr21] 0.31 0.31
[111] (11D[211] 0.0* 0.31
[101] (1rnpr21] 0.47 0.47
[321] (11D[112] 0.47 0.47
[321] (11n211] 0.0* 0.47

Note: *Non-deformation twins.
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is utilized during the dynamic deformation where the number of atoms in the
simulation box, N, the pressure/stress in the three directions, P, and the system
temperature, 7, are held constant throughout the simulation.

The simulation box is created with the (/mn)(pgr) twin system, as outlined in
Table 1, maintaining periodic boundary condition in all three directions. The system
is then rotated to the appropriate loading direction and subjected to a uniaxial
tension loading. The matrix and the twin descriptions are consistent with the
Thompson tetrahedra described in Figure 1 earlier. For cases when periodicity
cannot be invoked due to the geometry of twin boundaries, we ensure that the box
size is chosen to achieve convergence of results without effects from the free surfaces.
The atomic positions, reactions and the energetics are explored circumventing effects
from the box size, image forces and free surfaces on the reactions and energy levels.
In particular, the twin lengths are long compared to the finite domains, where slip—
twin interactions occur.

We note that the presence of the void in the matrix ensured the nucleation of the
incident dislocation at a stress magnitude considerably lower than in defect-free
single crystal copper. The glide of the partial dislocation occurred at stress levels
below 2 GPa depending on the loading orientation. The dislocation—-CTB reactions
and energy barriers are checked by conducting simulations with 3,5, 10, 20 and 100
atomic layers yielding the same results for all these cases.

2.3. Visualization of results

Special codes are written to visualize the details of the dislocation—CTB interactions
with visual molecular dynamics (VMD) [47], an atomistic configuration viewer
program. In the images of the simulation cell (Figure 3c), the centro-symmetry
parameter is utilized [48]. Using this parameter, atoms which do not participate in
the active slip processes are deleted to aid in visualizing the pertinent defects. The
color red is assigned to partial dislocations, while stacking faults and twin
boundaries are denoted in gold. Only the slip—CTB intersections are focused in the
figures for a clear comprehension.

To obtain an estimate of the magnitude and direction of the dislocations, a
special code for determining the Burgers vector is developed, which relies on an array
of translational vectors that help to draw a Burgers circuit around the dislocation as
illustrated in Figure 3c. Note that the non-closure of the circuit reveals the
dislocation types reported in this work. Particularly revealing are the magnitudes of
the glissile and sessile dislocations and their edge and screw components.

3. Results

Figure 4 illustrates the position of the loading directions in a stereographic triangle
along with the Schmid factors for the twin systems in tension. These loading
directions are carefully selected based on the relative resolved shear stress on the
leading and trailing partials of the incident dislocations and the number of systems
with maximum Schmid factor. A distinction is made based upon the Schmid factor
of twin systems in a given loading direction. The twin system with the maximum
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Figure 4. Schmid factor contours of the leading Shockley partials. Under tension, the leading
Shockley partials serve as the twinning dislocations. The circles within the triangle display the
position of the crystal loading direction analyzed in this paper.

Schmid factor for the leading partial is labelled as a ‘deformation twin’ in this study.
Non-deformation twins can arise from previous loading/temperature history on the
material, as previously discussed.

For the [010], [111], [101], and [321] crystal loading orientations loaded in tension,
there are a total of 8, 3, 2 and 1 systems with the highest Schmid factor for the
leading partial, respectively. We note that for the [010] loading, the trailing partial
has a Schmid factor even higher than the leading, which inactivates this system.
Therefore, for the [010] orientation, we consider ‘non-deformation twins’ only. Based
on the loading orientations and type of twin, multiple categories of incident
dislocation—-CTB interactions are examined, which cover the most significant
possibilities. Other stress states including compression (and the associated tension-
compression asymmetry findings) and multi-axial stress states are not investigated in
this current study. Different stress states would modify dislocation—-CTB reactions;
however, the basic concepts presented in this paper remain valid. The incident
dislocations are nucleated from a stress concentrator (a void) sufficiently far from the
CTB to negate stress field interactions, and this distance is systematically varied to
ensure no size effects on the results. From this nucleation site, the dislocation glides
and intersects with the CTB. Due to the incident dislocation nucleation from the
void, the stress levels are lower than the ideal strength levels obtained from first
principle calculations [49]. The incident dislocation varies between a mixed 60°
dislocation, 30° partial and 90° partial dislocation depending upon the loading
orientation within the crystal. Table 2 illustrates the screw and edge components of
these incident dislocations observed during the dislocation CTB interaction, the
reactions and the outgoing dislocations. In this study, we explore different regions of
the stereographic triangle to categorize the dislocation—CTB interactions.
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3.1. Dislocation transmission following CTB incorporation

Upon tensile loading in the [010] crystal orientation, two mechanisms are operative.
The incident dislocation reacts with a (111)[211] CTB, which has the maximum twin
Schmid factor for the [010] loading orientation. This is shown in Figure 5a, where
a leading and trailing bowed partials are noted. A CTB incorporation of the
incident dislocation results in transverse twin growth of the lamella followed by a
transmission of the dislocation inside the twinned region (Figures 5b and c; Case (i)
and (ii)). The CTB with the highest Schmid factor for the [010] loading is depicted in
these figures, and the outgoing slip system also corresponds to the maximum
resolved shear stress. The incident dislocation is a 60° mixed dislocation type with
a 30° leading and a 90° trailing partial based on Burgers circuit analysis. The leading
30° partial glides in the %[211] direction on the (111) plane as it leaves a widening
intrinsic stacking fault behind. The Burgers vector of the dislocation is invariant
along the dislocation line, although the character of dislocation changes along the
dislocation front. At the line of intersection, the 30° leading partial is found to have
screw and edge components of %[101] and {5[121], respectively. This can be
summarized in Equation (1):

a -
12[121] [101]—> HEI I (1)

Edge Screw 30” leading partial

A 90° trailing partial follows the leading partial as ¢[121] (111) as noted in Figure 5a.
Once the 30° leading partial with a ¢[211] Burgers vector is incorporated in the
deformation CTB, the £[010] type stalr rod dislocation is generated along with a
”[211] twinning partial at the CTB (Figure 5b). The ¢ [211] r(111)7 twin system has
the maximum Schmid factor for the [010] loading dlrectlon and is thus favorable for
glide. This twinning partial glides along the CTB and, thus, causes an increase in the
transverse thickness of the twin lamella according to the following reaction:

g[zli] - ‘é[ill]T + %’[010] : ®)
Leading partial Twinning partial ~ Stair rod dislocation

which is illustrated in the double Thompson tetrahedra in Figure 5d with dashed
lines and also summarized in Table 2. The GSFE curve for the twinless case is shown
in Figure 6a. The GPFE for the incorporation process in the [010] and [111] loading
cases are shown in Figure 6b and discussed in the next section. The transmission
following incorporation energies are given in Figure 6c.

The configuration that Equation (2) represents is referred to as an i-lock [36].
When the trailing partial ¢[121] reacts with the stair rod, this causes nucleation of a
glissile partial penetrating the twin and a Frank partial dislocation at the intersection
(see Figure 5¢). This can be summarized as follows (also shown in Figure 5d as a
dashed line and depicted in Table 2):

a a a [V ——
Jo100+ 22— L2y o Sy 3)

Stair rod Trailing Partial Glissile Dislocation  Frank Dislocation
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Figure 6. (a) Baseline GSFE curve along %(é]l) direction in {111} plane for incident
dislocation. (b) GPFE curve along ¢ (211) direction on the {111} plane for the twinning partial

in the incorporation process during [010] and [111] loading
curve of transmission of the partial inside the twin after an

orientation (Case (i)). (c) GSFE
incorporation process along the

¢(211) direction on the {111} plane in the [010] loading orientation (Case (ii)). (d) GSFE curve
along the §[110] direction in the (100) plane for cube transmission in the [111] loading
orientation (Case (iii)). (¢) GSFE curve along the ¢ (211) direction on the {I11} glide plane
measured near a Lomer dislocation in [111] loading (Case (iv)). (f) GSFE curve for the
nucleated partials at the twin boundary during multiplication event in the [321] loading
orientation (Case (v)); one of the dislocations is remitted to the matrix and the other into the

twin.
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Figure 6. Continued.

The ¢[121]; penetrates the twin as it glides on the (111); plane. The Frank
dislocation (Equation (3)) is a sessile imperfect dislocation and its Burgers vector is
directed normal to the {111} plane. In Figure 6¢ (Case (ii)) the elevation of the
unstable energies for the transmission within the twin (§[121]7) are particularly
noteworthy.

3.2. Incorporation and dislocation blockage at the CTB

A [111] tensile loading orientation results in dislocation incorporation in the twin but
no transmission. Only the leading partial is observed in this orientation as noted
in Figure 7a. The leading partial glides on the (ﬁl) plane in the ¢[112] direction
creating an angle of 30° with the line of intersection. The leading partial has both
a screw and an edge component, where the screw component is of §[101] type and
the edge component is {5[121]. The non-screw component, upon impinging at a
(111)[121] CTB, nucleates a twinning dislocation along the CTB, which increases the
twin lamella by one layer. In the process, a stair rod dislocation is generated
according to (illustrated in Figure 7a; Case (1)):

a a - a -
c2 - g2l o+ i) 4)

Leading partial Twinning partial  Stair rod dislocation

Note that nucleation of a %[013] stair rod makes an acute angle with the CTB,
different than the £[010] case discussed earlier. The stair rod dislocation does not
dissociate and remains sessile at the interaction site, as illustrated in Figure 7a.
The lock produced in this way is also termed an “i-type” twin lock or “i-lock” (same
as the earlier definition and Table 2).
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(a) Twin boundary
111

3.2- Dislocation incorporation

(b)

Figure 7. (a) Dislocation—deformation twin boundary interaction for the [111] loading
direction in tension (Case (i)). The incident 30° dislocation interacts with a deformation twin
boundary creating a twinning partial ¢[121] and a sessile stair-rod ¢[013] nucleates at the
intersection. No trailing partial is observed for this loading as the trailing partial remains
pinned in the dislocation source throughout the deformation. (b) Incident and twinning
partials are shown in the double Thompson tetrahedron.

Figure 6b displays the energy barrier the twinning partial has to overcome in the
[111] loading orientation. The yy7 of magnitude 232 mJ m > was obtained for this
loading orientation, which is higher than the [0101] case and the baseline yyr levels.
This difference in magnitude has an important implication on the hardening
behavior of the material as it indicates a higher barrier in nucleating twinning
partials for the [111] orientation than the [010] orientation.

3.3. Lomer dislocation generation and glide plane transmission

For a similar [111] tension crystal loading orientation, as discussed in Section 3.2,
an entirely different interaction mechanism is observed when a different type of
dislocation interacts with a CTB of lower Schmid factor (i.e. a non-deformation
twin). The incident dislocation for this reaction is a 90° leading partial, which
glides in the [211] direction on the (111) plane. The trailing partial is again pinned
at the source and not observed throughout the loading for this case (Figure 8a);
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(a) Twin boundary
(111)

(b) Twin boundary
(111)

Figure 8. Dislocation—non-deformation twin boundary interaction for the [111] loading
direction in tension (Case (iii)). (a) Incident edge dislocation interacts with a non-deformation
twin boundary, which creates a Lomer dislocation §[011]7(100)7 and a sessile stair-rod §[101]
dislocation nucleates at the intersection. No trailing partial is observed for this loading as the
trailing partial remain pinned in the dislocation source throughout the deformation. (b) [101]
stair-rod finally dissociates into_two more glissile dislocation, one in twinned region of type
¢[211]7(111)7 and the other §[011](100) in matrix region. (c) Double Thompson tetrahedron
illustrating all the dislocations involved during the reaction. The cube (100)7 plane is also
shown with the tetrahedron which makes an angle of 125° with the (111) twin boundary plane.

thus, the trace of the intrinsic stacking fault is always visible behind the leading
partial. However, the dislocation impinges on the (111)[211] CTB with zero
Schmid factor for this loading orientation. The incident partial, once it reacts with
this CTB, nucleates a Lomer type dislocation at the intersection, which glides in
the twinned region in the [011]7 direction. This is illustrated in Figure 8b, Case
(iii). Rather than gliding in the regular slip plane, this Lomer-type dislocation
glides in the (100); cube plane. As the 90° partial is of edge character, once it
reacts with the CTB, it creates a jog at the intersection site. This jog produces an
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additional step at the intersection and no twinning partial is observed at the CTB.
In fact, the Schmid factor for the non-deformation CTB is not favorable for twin
partial nucleation in this orientation. Hence, an impinging partial dislocation at
the CTB creates a Lomer dislocation and a stair rod dislocation of £[100] type.
The slip transfer across the CTB is shown in Figure 8a and can be expressed as
follows:

2[211] = g[ou]r + %’[100] . (5)
Leading partial Lomer dislocation  Stair rod dislocation

This §[100] stair rod dislocation, however, is not stable and further dissociates into
new dislocations:

a a  -- a
Fl00] - — 5[011] + 33 (©6)
Stair rod dislocation Remitted Lomer dislocation  Stair rod dislocation

which is illustrated in Figure 8b. The (100) plane in a fcc material is not a closed
packed plane; hence, the unstable stacking fault energy barrier in this cube plane is
significantly higher than the conventional (111) glide plane. We calculated this
energy barrier as 1614mJm ? as illustrated in Figure 6d. The dissociation of the
¢[233] results in an ¢[211] that nucleates and glides within the twinned region on the
regular (lll)T plane as seen in Figure 8b. The reaction process of these two
dislocations can be summarized as follows:

2[233] — g[zll]T v 2y 7)

Stair rod dislocation Leading partial ~ Frank Partial dislocation

The reactions are reviewed in Table 2 and also illustrated in Figure 8c, Case (iii).
A unique feature of this mechanism is dislocation multiplication. The dislocation
reaction at the CTB gives rise to three dislocations while leaving the boundary intact.
The a/6[233]-type dislocation is a sessile dislocation and is not observed experimen-
tally. This is partly because this dislocation is energetically highly unstable, and
immediately breaks down into two more dislocations as noted above. On the
other hand, we note that the 2a/9[111]-type dislocations have been observed in
experiments [23,24].

The Schmid factor of the CTB has a significant influence in the twin-slip
interactions. In addition to that, the GSFE curve for glide transmission inside the
twin demonstrates the presence of a high stress field both for stair rod dissociation
and the presence of a Lomer dislocation discussed above. The yys of 314mJ m>
(Figure 6e) for ¢[211]; indicates a much higher energy barrier compared to
the incident (211){111} system (Figure 6a). This magnitude, however, decreases once
the partial moves away from the interaction site and reduces to 210mJ m 2.

3.4. CTB translation, growth and contraction

Upon loading in the [321] or the [101] tension orientations in the presence of
deformation twins, coplanar twinning dislocations glide at the CTB. This behavior is
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(a)

New position

Original position

3.4- Twin translation

Twin boundary
(111)

a T3
ST

Figure 9. (a) Coplanar dislocation with a deformation twin boundary loaded in the [321]
crystal orientation in tension as only one system is activated in this loading direction (Case
(iv)). The twinning partial is nucleated at both the twin boundaries. The solid line shows the
new position of the twin boundary, since the dislocation glides and causes twin migration by
one Burgers vector from the original position shown by the dotted line. (b) Traversing
twinning partials shown in a double Thompson tetrahedron.

anticipated in view of the limited systems activated in these two cases. The leading
partial nucleating from the source is in the same system as the deformation CTB and,
consequently, no interaction is expected. In the case, when the source is one of the
twin boundaries, the twin lamella grows or contracts by one layer depending upon
the direction of the dislocation motion. At high strains, the partials nucleate at the
same end of both the boundaries and glide in the same direction, which causes a rigid
body translation of the CTB by one layer as shown in Figure 9a, Case (iv). The
Thompson tetrahedron representation is given in Figure 9b.

In case of the [101] loading direction, the twinning partials are nucleated from
opposite ends; the twin lamella thickens or contracts by two layers depending on
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the glide direction of the twinning partial. Twinning partial glides in this case in
the [112](111) and [112](111) directions in upper and lower CTB, respectively. As
these two directions are mutually opposite in nature, this thickens the twin by
two layers. However, if nucleation and glide of these partials are opposite, i.e. if
dislocations glide in [112](111) and [112](111) directions in the upper and lower
CTB, the twin would contract by two layers. The energetics for this case
corresponds to the relaxed curve in Figure 6b. The growth and translation
processes can be observed in [010] and [111] tension as well. However, a higher
number of activated systems dominate in these cases leading to the interactions as

discussed earlier.

3.5. Glide plane transmission of dislocation at the CTB

A material volume with a non-deformation twin is subjected to the [321] tension
loading orientation. In this case, the incident dislocation encounters a CTB with a
low Schmid factor. This behavior differs from a CTB with the maximum Schmid
factor (studied in Section 3.4). A 30° leading partial dislocation nucleates from the
source during deformation and glides in the [112] direction on the (111) glide plane.
In this crystal loading orientation, the trailing partial does not have a significant a
role. The incident mixed dislocation, once reacted with the CTB, continues to form
a larger dislocation segment in the reacting [011] line direction at the intersection, as
shown in Figure 10a, Case (v). At this segment, a 30° partial nucleates within the
CTB in the form of a loop. During this reaction, a Frank partial is created at
the CTB:

2a -
g[nz] - g[lzl]T + 5"[111] . (8)
Leading partial in matrix Leading partial in twin ~ Frank partial

The motion of the leading partial in the twin undergoes an energy barrier elevated
from that of a twin-free matrix.

The Frank partial, which is directed normal to (111) plane, is unstable and
further dissociates into two more partials — one glides in the twinned region and the
other partial is reemitted in matrix (see Figure 10b and Table 2).

2a - - .
3"[111] - g[zll]T + 2[211] 9)
Frank Partial Trailing Partial in Twin ~ Reemitted Partial in Matrix

The ¢ [211] partial, upon reemission, removes the stacking fault left by the leading
partial. The energetics of this case is given in Figure 6f, corresponding to the trailing
partial in the twin and the reemitted partial in the matrix. It is shown that the
barriers for glide through a CTB are significantly higher compared to a regular
dislocation glide case (Figure 6a) supporting a significant level of strengthening
associated with non-deformation twins. The reemission behavior of an incident
dislocation from a CTB is reported experimentally [50]; in this study, we provide the
associated energy barrier.
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(a) Twin Boundary
(@)

3.5- Glide Transmission ©)

%[121JT(T1T)T

a —
—[112](111
6[ 1(111)

Twin Boundary
(11

A= — ——
—[211](111
6[ 1111

Figure 10. Dislocation—non-deformation twin boundary interaction for the [321] loading
direction in tension (Case (v)). (a) The incident 30° partial dislocation ¢[211](111) interacts
with a non-deformation twin boundary, which creates a partial dislocation ¢[121]7(111)7 and
a sessile Frank dislocation 27"[111] at the intersection. No trailing partial is observed for this
loading as the trailing partial remains pinned in the dislocation source throughout the
deformation. (b) A 2@“[111] Frank partial dissociates into two more glissile dislocation and
causes a dislocation multiplication. One dislocation glides in the twinned region, which acts
as a trailing partial of ¢[211](111)7 type, and the other partial dislocation ¢[211](111) glides
and annihilate the partial dislocation left by the original incident dislocation ¢[112](111).
(c) Double Thompson tetrahedron illustrating the dislocations involved during the reaction.

4. Discussion of results

The simulations determined precisely the energetics of slip—twin interactions under
tensile deformation, particularly in the presence of sessile dislocations. The twin
boundaries serve as effective barriers in all cases, but the energy barriers are higher in
some crystal orientations than others. Compared to dislocation glide in the perfect
lattice, the glide of partials along twin boundaries (incorporation) requires crossing a
higher energy barrier. This is clearly illustrated in Figure 6b. Transmission following
incorporation also faces a high-energy barrier as illustrated in Figure 6¢. Glide
transmission near a Lomer dislocation (Figure 6d) requires surmounting higher
energy barriers hence considerable strengthening can occur in these cases.
Dislocation multiplication at the CTB (Figure 6f) and transmission near a Frank
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dislocation (Figure 6¢) also produce substantial elevations in the planar fault energy
curves. Twin translation with coplanar slip provides the least effective barrier to slip
among all cases. We note that, all these five different dislocation—CTB reaction
cases (Cases (i)—(v)) have been observed previously in experimental research
[12,14,16-21,24-26,30,31].

The results clearly point to the role of loading orientation and Schmid factor on
dislocation—CTB interactions. A classification of these interaction mechanisms into
different categories and identifying the energy barriers for slip is achieved in this
work. This improves the current understanding of strain-hardening behavior of low
SFE materials as a function of crystallographic orientation. Orientations near the
[111] pole of the stereographic triangle are expected to provide the highest resistance
to slip, as a consequence are hard orientations. In this case, glide transmission near a
Lomer dislocation is associated with high energy barriers. The residual dislocations
encountered in the [111] and the [010] loading cases eclevate the energy barrier
associated with incorporation. The presence of deformation twins for loading
orientations near the [101] pole and near the [321] (inside the stereographic triangle)
also provide resistance to flow but to a lesser extent than the [111] and [010] cases.

These simulations on the orientation dependence of strain hardening are in
agreement with the significant amount of experimental evidence obtained on
deformation of single crystals with twins [2—4,6-8]. In these studies, there have been
significant emphases on the magnitude of the intrinsic stacking fault energy and its
role in strengthening. The present study points to the considerable elevation of the
unstable twin and unstable stacking fault energies. For example, the simplified
twinning stress equation proposed in our earlier work [45] for twin nucleation and
early growth points to a stronger dependence on the unstable twin energy (relevant
to incorporation) compared to the intrinsic stacking fault energy We also note that
based on the earlier work of Rice [36], the nucleation stress increases proportional to
the unstable fault energy to a first approximation. Hence, any increase in unstable
fault energy would require an increase in the stress magnitudes for slip motion.

The results are consistent with the early works of Mahajan [18], Remy et al.
[13], Hartley et al. [10] and, recently, by Jin et al. [51] on the incorporation process
and that of Robertson [52] regarding the choice of active systems at CTBs.
Robertson et al. [52] proposed three criteria to predict which system is activated
after the intersection. These criteria were developed initially for full dislocations;
our results show that these criteria hold for partial dislocations interacting with
CTB as well. The first is a geometric criterion, which ensures that the angle
between the line of intersection at the boundary of the incoming and outgoing
dislocation is minimized. In all our results, this angle is zero, as expected for the
CTBs, which is the absolute minimum. Also, our results satisfy the second
condition, which requires a maximum value of the resolved shear stress acting on
the outgoing slip system. The third criterion requires the residual boundary
dislocation be a minimum. Our analyses reveal that in all the cases, residual
dislocations are created either in the form of a stair rod or Frank dislocation with
different Burgers vector magnitudes. We note that the internal stress fields
associated with these residual dislocations elevate the unstable fault energies and
contribute to the strengthening associated with CTBs.
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The loading orientation influences dislocation—CTB interactions in three ways. It
affects the critical resolved shear stress factor of the CTB, influences dislocation
separation distance determined by the stacking fault energy and determines the screw
and edge components of the incident dislocation. For example, in the [111] loading
orientation, no trailing partial is observed (in Cu) and this prevents further
dissociation of the sessile dislocations at the boundary, leading to further hardening
as observed in our case. Apart from the orientation dependence [9,53], the yy/yus
ratio is a factor in deciding the presence of the trailing partial [54]. Lower ratios favor
higher separation distances such that the leading partial plays a major role in
interactions with CTBs. We expect that other low stacking fault energy metals to
behave similarly to copper.

The i-locks formed at the dislocation—CTB junction trap incoming dislocations
to form dislocation pileups at the twin boundaries. In addition to i-lock
formation in the [111] loading orientation, a glissile Lomer dislocation is also
observed in this orientation when the incident dislocation interacts with a non-
deformation twin. The value of yys for a Lomer dislocation is found to be
1614mJm 2, which is significantly higher than that of the normal glide plane
(167mJ m ). Hence, its translation is confined to a short distance across the twin
transverse direction. The flow proceeds upon a stair rod disassociation, which
leads to a Frank partial and glide transmission with significant elevation of the
unstable energy levels (Figure 6e).

The unrelaxed energy curves represent the role of internal stress fields on the
energy barrier [42]. The unrelaxed and relaxed baseline GPFE curves in Figure 6b
illustrate the energy barriers that the twinning partials must overcome in an
incorporation process after forming the i-lock in the [010] and the [111] loading
orientations, respectively. A relaxed GPFE signifies the energy barrier for dislocation
nucleation in the stress-free state similar to the simulations conducted in our earlier
work using density functional theory [45]. The increase in magnitude of yyr was
measured as 47 and 27mJm 2 for the [111] and the [010] loading orientations,
respectively. This increase in energy barrier is attributed to the local stress field
generated, due to the presence of sessile stair-rod dislocation at the interaction site.
In both of these loading directions, the stair-rod dislocations create an angle of 54°
with the CTB. In the [010] loading direction, the magnitude of stair-rod dislocation is
0.33a, whereas in the [111] orientation, it is found to be 0.527a. Thus, this difference
in energy barrier explains the efficacy of the residual dislocation in the hardening
process as observed experimentally [52]. These results provide an additional rationale
for higher strain-hardening behavior observed in the [111] orientations in fcc metals
[55] and alloys [2,56-58]. Unlike stair-rod dislocations, a Frank partial dislocation
creates an angle of 90° with the close packed planes. Hence, the Frank partial
dislocation generates a much higher local stress concentration at the barrier. This
is reflected in the increase of yys of the nucleated dislocation at the boundary by
158 mJm 2 (from baseline y,,) in Figure 6f and by 178 mJ m 2 in Figure 6c.

Also, our results clarify the lower hardening observed in the [321] and the [101]
tension crystal orientation in the presence of deformation twins. After the nucleation
of a deformation twin, additional dislocation-twin interactions are limited in the
[321] and [101] cases, due to the coplanar nature of the dislocation with the
deformation twin. Twin migration and twin growth (or shrinkage) is observed in



15:46 13 March 2011

[University of Illinois] At:

Downl oaded By:

Philosophical Magazine 23

these loading cases as CTB motion has a strong dependency on the shear direction
along CTB [35]. Migration or growth (shrinkage) only occurs for the deformation
twin in the [321] and the [101] loading orientation, as this enforces a maximum shear
stress in the (112){111} direction along the CTB. For the non-deformation case in the
[321] loading orientation, the maximum shear is in the (101){111} direction and no
migration or growth (shrinkage) is expected. TEM images in low SFE materials [2,4]
verify these results in these loading orientations. On the other hand, the results point
to the possibility that a non-deformation twin with a low Schmid factor may be a
source of dislocation multiplication (Figures 10a and b). This is observed in both the
[111] and [321] loading orientations. In this case, one of the nucleated dislocations at
the CTB is reemitted to the matrix region (with a high energy barrier (Figure 6f),
thus annihilating the stacking fault that trails the leading incident partial.

In summary, in the calculation of GPFE, all fault energies are determined relative
to the energy of the fcc structure under the same external stress. Overall, the results
point to a significant contribution of the internal stresses on the energy barriers and
ultimately the reaction-induced (complex) stress states at the twin boundaries, which
govern the resulting dislocation glide behavior.

5. Conclusions

The present work extends our understanding of the role of crystal loading direction
on dislocation—CTB interactions, introduced a novel technique for tracking energy
barriers during deformation, and provided a rationale for CTB strengthening in fcc
crystals. The results support the following conclusions:

(1) The results provide quantitative evidence of enhanced energy barriers in
twin-slip interactions and prove that twins are strong barriers to dislocation
glide in fcc metals. The results point to the exact interaction that occurs under
the given loading conditions among a wide range of slip—twin interactions.
The work addresses a number of cases that have been observed experimen-
tally, but have not received wide attention, and also introduces previously
unreported reactions and multiplication cases.

(2) Dislocation reemission in the matrix, glide at the CTB or inside the twin
present varying energy barriers that decide the strengthening in fcc metals
undergoing slip—twin interactions. Lomer, stair-rod, and Frank partial
dislocations are nucleated during dislocation—CTB interactions with varying
dislocation vectors, which modify the local stress fields and elevate the energy
barriers for glide in the matrix and in the twin. The conditions under which
these residual dislocations occur are determined precisely in this paper. The
work extends previous treatments by providing a unifying ‘energy barrier’
framework to understand all possible interactions and reactions.

(3) Under [111] tensile loading, a considerably higher energy barrier has been
observed under various scenarios including incorporation and short-range
cube transmission of the leading partial dislocation. A modest amount of
hardening is expected in the [010] case with the incident dislocation
undergoing incorporation and transmission. The lack of multiple slip and
deformation twin systems in the [321] and [101] tension orientations causes
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coplanar dislocations resulting in twin growth, contraction, or rigid body
translation with modest effects on strain hardening. Interestingly, the non-
deformation twins, resulting in Frank partials in the [321] case, can be very
effective in elevating the energy barriers for dislocation multiplication and
reemission.
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