Atomic Structures of [0110] Symmetric Tilt Grain Boundaries

in Hexagonal Close-Packed (hcp) Crystals

JIAN WANG and IRENE J. BEYERLEIN

Molecular dynamics simulation and interface defect theory are used to determine the relaxed
equilibrium atomic structures of symmetric tilt grain boundaries (STGBs) in hexagonal close-
packed (hep) crystals with a [0110] tilt axis. STGBs of all possible rotation angles 0 from 0 deg
to 90 deg are found to have an ordered atomic structure. They correspond either to a coherent,
defect-free boundary or to a tilt wall containing an array of distinct and discrete intrinsic grain

boundary dislocations (GBDs). The STGBs adopt one of six base structures, P(i), i=1,..,6,
and the Burgers vector of the GBDs is related to the interplanar spacing of the base structure on

which it lies. The base structures correspond to the basal plane (6 = 0 deg, Pg)); one of four
minimum-energy, coherent boundaries, (2111), (2112), (2114), and (2116) (P(Bz) - PS)); and

the (1120) plane (0 = 90 deg, P¥). Based on these features, STGBs can be classified into one
of six possible structural sets, wherein STGBs belonging to the same set i contain the same base
boundary structure Pg) and an array of GBDs with the same Burgers vector bg)B, which vary
only in spacing and sign with 6. This classification is shown to apply to both Mg and Ti, two
metals with different ¢/a ratios and employing different interatomic potentials in simulation. We
use a simple model to forecast the misorientation range of each set for hcp crystals of general ¢/a
ratio, the predictions of which are shown to agree well with the molecular dynamics (MD)

simulations for Mg and Ti.
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I. INTRODUCTION

GRAIN boundaries (GBs) that possess long-range
atomic structural order tend to exhibit properties that
strongly depend on the details of their structure. Details
of interest include the atomic structure of the coherent
regions (atomic density and periodicity) and the char-
acteristics of the intrinsic grain boundary defects (such
as screw/edge character, spacing, step height, and
Burgers vector).!""?! Based on these structural features,
ordered GBs can potentially be grouped, with the intent
of eventually correlating a group of GBs to a particular
reaction response, for instance with an impinging lattice
dislocation, or a response to an applied normal or shear
traction.*™! In the current work, the atomic structures
of symmetrical tilt grain boundaries (STGBs) in hexag-
onal close-packed (hcp) structures are studied. STGBs
are simple grain boundaries that are fully described
crystallographically by a tilt axis and tilt angle 260. For
this class of boundaries, prior studies have investigated,
for instance, the effect of GB defect structure on the
propensity for sliding,*'” partial transmission and
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entropies.!'>!3)

Most atomic-scale structural models for STGBs have
been developed for high-symmetr?/ face-centered-cubic
and body-centered-cubic crystals.!™'* 2" In this large
body of work, the atomic structures of cubic STGBs,
differing in tilt axis and continually varying over a wide
range of 6, have been characterized using structural unit
models or coincident site lattice (CSL) concepts. For hep
crystals, most atomistic studies, involving atomic-scale
topological models, density functional theory, or molec-
ular dynamics (MD),??3% have focused on coherent
STGBs free of intrinsic grain boundary dislocations,
such as twin boundaries (TBs). Among those studies
using MD simulations, the structure predictions of the
more common hcp (1012), (1011), (2112), and (2111)
TBs emplo;ing different interatomic potentials and c/a
ratios!! >3 28303738 \were consistent, suggesting that
their basic structural characteristics are properties of
hep topology. Additional coherent boundaries struc-
tures, such as (2115), (2116), (3032), (3034), (1014),
and (2021), not associated with experimentally observed
hep twins, have also been modeled.*” 4"

Less comprehensively studied for hep crystals are the
changes in dislocation structure of STGBs as 6 is
continually varied in orientation space, in particular, as
0 deviates from that of a coherent boundary. Generally,
as 0 tilts off coherency, intrinsic GBDs should form to
accommodate the deviation, an expectation that has
been confirmed experimentally.® ! Prior studies

and vacancy migration energies and
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involving extensions of theories based on CSLs and
structure unit models (SUMs) postulate that the STGBs
that deviate from a nearby coherent (“favored”!'®))
boundary in orientation space should contain some
fundamental units or resemble that of the favored
boundary,!"'373%42 47 apart from the distortions that
result from the GBDs. Recently, we carried out a
systematic study of STGB structure spanning the entire
range of misorientations: 0 deg <2 0 < 180 deg in
Reference 3. In that work, we used molecular dynamics
(MD) with interatomic potentials for Mg and Ti to
create STGBs by rotating about the [1210] axis an
arbitrary rotation angle 6 and employed interfacial
defect theory® to characterize their dislocation struc-
ture. In orientation space, six special rotation angles 95;)
corresponding to six crystallographic planes, PS;), i=1,
..., 6, arose in simulation, which were associated with
GB planes of zero or local minimum-energy STGBs. A
key finding was that STGBs whose 6 were close in
orientation to one of these six Pg) shared the same GB
plane as Pg) and contained GBDs with the same Burgers
vectors. Significantly, based on this, we classify the
[1210] STGBs into six structural sets.

In this work, we use the same tools to examine the
dislocation structure of STGBs in hcp crystals generated
by rotating about the [0110] axes. Our interest is to
determine the changes in the relaxed atomic structures
of [0110] STGBs as 0 is varied continuously and whether
the resulting assortment can be conveniently classified
into, at most, a handful of distinct structural sets with
fundamental features in common.

II. ATOMISTIC MODEL OF AN STGB

MD simulations are employed to calculate the relaxed
atomic structures of STGBs with a tilt axis of [0110] over
the entire range of 0. The model consists of a single grain
boundary, as shown in Figure 1(a), which divides the
top hep crystal from the bottom one. The z axis is the tilt
axis and the y axis is the GB plane normal. The top
crystal rotates 6 clockwise and the bottom one rotates 0
counterclockwise about the z axis. We also introduce a
local coordinate system, x’-y’-z’, for each crystal that
rotates with 0, where x’-)’-z" is [2110] — [0001] — [0110]
and z° = z, the tilt axis [0110]. Figure 1(b) presents the
corresponding MD simulation cell. The simulation
model contains an internal moveable region 1 and an
outer semirigid region 2 that acts as a flexible boundar
to mimic the bulk response during relaxation.*%4"!
Periodic boundary conditions are applied in the x and
z directions. The x dimension varies with 6 such that
periodic boundary conditions are satisfied. For this
work, the length of the periodic unit in x is less than
5.0 nm, and the x dimension is a few times the length of
the periodic unit but not less than 10 nm. The height in y
of the bi-crystal is 8.0 nm and the thickness in y of semi-
rigid region is 1.2 nm, which is twice the cutoff of the
potential used. The dimension in the z direction is
~2.2 nm containing eight periodic units.

The current M D calculations use interatomic potentials
benchmarked either for magnesium (c¢/a = 1.623)P% or
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alpha-titanium (c/a = 1.5873).°% To create the STGB,
the bicrystal model with a given tilt axis and angle is
relaxed at 0 K (-273 °C) by quenching molecular dynam-
ics. The relaxation process occurs in two steps to achieve
the lowest energy structure.>>>* First, during relaxation,
the two crystals attain favorable positions and interface
spacing by translating relative to one another as rigid
bodies in the three orthogonal x-y-z directions. Rotation
about the boundary normal, however, is prevented. A fine
grid of 0.025 nmin x and zis used within a boundary-unit-
cell (BUC)* for the displacements in the x-z plane.

*For STGBs in the double lattice structure of the hcp crystal, the
grain boundary planes (terrace planes) in both grains are the same even
when a CSL does not exist. In this case, a BUC can be defined as the
periodicity of the terrace plane. The periodicity along the z direction,
Pz, is [0110]. The periodicity along the x direction, Px, depends on the
tilt angle 0.
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Fig. 1—(a) Illustration of a symmetrical tilt grain boundary. The
green rectangles indicate the unit cell of the top and low crystals.
The two crystals with initially the same orientation are rotated
around the tilt axis by an angle 0. The grain boundary plane is the
x-z plane. (b) The atomistic simulation cell. Periodic boundary con-
ditions are adopted in both the x and z directions. The semirigid
regions serve as a flexible boundary in the y direction and mimic the
properties of the bulk material (Color figure online).
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Relaxation is performed for each interface structure
corresponding to the displacement, leaving a series of
different relaxed configurations varying in energy.
Second, we select the five lowest energy configurations
from the first step and relax each further by allowing all
atoms to relax independently so that the net forces
acting both parallel and perpendicular to the interface
are minimized. A fully relaxed state is achieved when the
maximum force acting on any atom in the system does
not exceed 5 pN. The configuration with the lowest
energy among the five is considered the relaxed atomic
structure of the STGB.

III. ATOMISTIC CALCULATIONS
OF ENERGY VS TILT ANGLE 20

Figure 2 presents the calculated excess potential energy
of STGBs in Mg as a function of 0. At the two extreme
ends of the plot, 0 = 0 deg and 90 deg, are zero-energy
states corresponding to perfect crystals in which the GB
y = y’-plane coincides with the basal plane when
0 = 0 deg and the (2110) plane when 6 = 90 deg. In
between these two states, we observe cusps in the excess
potential energy vs 6 plot, which are associated with
coherent STGBs. These four STGBs have tilts
Op = 28.41 deg, 39.06 deg, 58.36 deg, and 72.88 deg,
and these values correspond to planes Pp = (2116),
(2114), (2112), and (2111), respectively (Figure 3). The
atomic structures of these four STGBs are shown in
Figure 4. The TB structures for (2114), (2112), and
(2111) agree with those predicted by other MD simula-
tions using alternative potentials, which were developed
for other ¢/a ratios.'*3°) The current calculations find
that their formation energies vary substantially from
322.4 mJ/m? and 351.6 mJ/m? for (2116) and (2114) to
123.8 mJ/m?* and 71.1 mJ/m? for (2112) and (2111). The
same order in GB energy, i.e., (2111)<(2112)<(2116)
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Fig. 2—Excess potential energies of [0110] STGBs in Mg as a func-
tion of 0. The colored regions mark six sets, S-1 to S-6, and their ran-
ges of 0 within which STGBs can be viewed as having similar atomic
structure. S-1 and S-6: an array of GBDs; S-2 to S-5: minimum-energy
boundaries plus an array of GBDs (Color figure online).
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<(2114), is also calculated by MD simulations in
References 12, 24, 31, 39 using potentials designed for
other hcp metals, Co, Zr, or Ti. Interestingly, for both the
Mg and Ti potentials (described subsequently), neither
the coherent (2115) STGB (6 = 33 deg) nor the coherent
(2113) TB (6 = 47.26 deg) manifests. As will be dis-
cussed next, it seems to be more energetically favorable
for the bicrystal to accommodate these two misorienta-
tions (0 = 33 deg and 0 = 47.26 deg) with a GB plane
consisting of intrinsic GBDs than as a coherent (2115)
STGB or (2113) TB.

IV. STRUCTURAL SETS OF STGBs

The six special misorientation/GB plane pairs dis-
cussed previously, which are hereinafter denoted by

(Pg)7 Gg)), i =1, ..., 6, are defect free: two correspond
to a perfect crystal, with the virtual GB plane parallel to
the basal plane (0} = 0 deg) or the (1120) plane

(6536) = 90 deg), and four correspond to coherent
STGBs (Figures 3 and 4). MD simulations of STGBs
that do not correspond to one of these six predict the
development of a periodic array of discrete GBD. All
[0110] STGBs over the entire range of possible 0,
therefore, have an ordered atomic structure and can be
described as tilt walls. The GBDs in all cases are
oriented parallel to the tilt axis and are superimposed on
the same boundary plane Py of the special STGB

(Pg), 05;)) closest to it in orientation space. In other

words, the plane Py serves as the base boundary
structure of the STGB. Formation of the GBDs causes
the significantly higher formation energies compared

a;=[2110] a,=[1210] a;=[1120]

Fig. 3—An hcp crystal lattice showing the four planes
(2111), (2112), (2114), and (2116) that share a zonal axis parallel to
[0110]. The intermediate basis layers of the hcp crystal are omitted
for clarity.
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Fig. 4—Atomic structures of four minimum-energy STGBs in Mg: () (2116) boundary, (b) (2114) twin boundary, (¢) (2112) twin boundary,
and (d) (2111) twin boundary. The left side shows the atomic structure of STGBs in the x-y plane, and the right side shows the atomic structure
of STGBs in the y-z plane. When showing the y-z projection (right), it is necessary to use smaller sized atoms than the x-y projection (left) to re-
veal all atoms and any structural detail because the x direction is not along the compact direction. The red line indicates the twin boundary
plane. Atoms are colored according their excess potential energy (Color figure online).

with those for its nearest minimum-energy STGB entire misorientation space (0 deg, 90 deg) can be
P(i), 9(1'))' Because everv STGB lies within the neigh- diV_ided intp si>§ distinct strpctural sets. These sets are
( B> "B Y & delineated in Figure 2 by different colors. As we show

borhood of one of the six special STGBs (Pg), Qg)), the next, STGBs belonging to different sets do not contain
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GBDs with the same Burgers vectors. Because of the
fundamental differences in defect structure, a discontin-
uous change in STGB structure must occur as 0 varies
from one (PE;), Gg)) to an adjacent one (PE& 0?).
An analysis of the Burgers vectors of the GBDs bgp in
the off-coherency STGBs is carried out using the
topological models of References 1, 2, and 55-57. We
find that the defect structure of these STGBs can be
described by one of two possible tilt wall models, the
type 1 in Figure 5(a) or type 2 in Figure 5(b). Repre-
sentations of the same type 1 and type 2 tilt boundaries
in terms of the perfect lattice vectors ™ and #® of the
adjoining crystals are shown in Figures 5(a’) and (b’),
respectively. In these, the arrows indicate the direction
of Burgers vectors. In both cases, the mean separation
between dislocations follows Frank’s formula.l’->3%

L=b/[2 sin (¢/2)] = bos/P tan (9/2)] 1]

where ¢ = 2 6 is the tilt angle, b is the perfect lattice
Burgers length, and bgp is the grain boundary dislocation
Burgers length. For the type 1 tilt boundary, the grain
boundary Burgers vector is one half the sum of the two
perfect lattice dislocations, bgs = (b™ + b%)2, ie.,
b* = (by, by, b.) = (bsing, bcosO, 0), b® = (b,, b,,
b.) = (—bsin6, bcosh, 0), and thus, bgg = (0, bcosb, 0).
In this case, GBDs accommodate small rotations 0 >
0 deg from the base structure plane by reorienting one Py
plane, either above or below the GB plane, to align it with
the GB plane, as illustrated in Figure 5(a’). The affected
Py plane alternates between two consecutive GBDs to
keep the boundary nominally flat, albeit with a slight
rumple. For the type 2 tilt wall in Figure 5(b), bgg = (0,
2bcost, 0). The GBDs in a type 2 tilt wall correct the 0
deviations from coherency by rotating the Pg plane both

above and below the GB plane to achieve coherency over
large portions of the boundary. To accomplish this, b, of
each GBD must produce a displacement of dcosA0
normal to the boundary plane in both the top and bottom
crystals, where dis the interplanar spacing of the Pg plane,
A0 is the absolute difference between 0 and 0y, and cosA0
takes the projection of 2d normal to the GB plane. In
other words, by must sum to 2dcosAf, which is ~2d for A0
within +10 deg. Type 1 represents the lowest energy
configuration when the formation energy of the Py plane
isnegligible and can be ignored. Type 2, in contrast, likely
forms when the base boundary plane has the lower
formation energy.

Using the preceding topological model, we find that a
cluster of STGBs that deviate in § more or less about the
same special STGB (6g, Pg) and share the same Pp are
also found to have approximately the same bgg. Thus,
STGBs belonging to the same set share acommon Pg base
boundary structure and characteristic bgg. In all cases,
the bgp does not correspond to a lattice dislocation
belonging to the bulk crystal and has a component b,
directed normal to the boundary plane (along the y
direction in the MD model). Within each set, STGBs only
vary in GBD spacing L and the sign of bgg. Significantly,
[1210] STGBs can be classified in a similar fashion.”!

In what follows, for each STGB, we report an average
GBD spacing, calculated by simply dividing the periodic
length in x (Px) by the number of GBDs N in each
BUC, ie., L = Px/N. This alternative definition is
necessary because generally the spacing between adja-
cent GBDs within one periodic length along is nonuni-
form. This occurs in part because in the hcp crystal, the
interplanar spacing between consecutive Py planes is not
always equal, although the distribution of GBDs within
different BUCs is the same.
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Fig. 5—Tilt walls. (¢) One formation mechanism of a tilt wall, and («’) the corresponding tilt wall model, (b) the other formation mechanism of
a tilt wall, and () the corresponding tilt wall model. Burgers vectors b* and b® are perfect lattice vectors, and bgy is the Burgers vector of a

grain boundary dislocation.
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V. ATOMIC STRUCTURES OF [0110] STGBs

In this section, we describe the relaxed atomic
structures of the simulated STGBs belonging to each
of the six distinct structural sets. The results of these
calculations are summarized in Table I for Mg and
Table II for Ti.

The rotation angle and the spacing are measured from
molecular dynamics simulations, and b, is calculated
from Eq. [1].

The rotation angle and the spacing are measured from
molecular dynamics simulations, and b, is calculated
from Eq. [1].

A. Set 1 in Mg

Set 1 STGBs lie at the extreme low end of the 0 range up
to 24 deg (Table I), belong to type 1 tilt wall. The base
structure Pg) is the basal plane base structure and Burgers
vector of GBDs follow |by| = ¢/2 cos0 (Figures 6(a) and
(b)). Even as 0 increases to 24 deg, these set 1 STGBs
maintain an ordered atomic structure with no GBD core
overlap. As 0 increases above 24 deg, the STGB converts
to a set 2 structure, which is discussed next.

B. Sets 2 to 5 in Mg

Sets 2 to 5 STGBs cover the wide range of interme-
diate rotation angles 6 from 24 deg to 76 deg. Each set
includes one of the four minimum-energy STGBs with
Pg), Py )P%), P%), and it belongs to the type 2 tilt wall.
The 6 range of each set is approximately £+ 10 deg or
less from the rotation angle g of the nearest minimum
energy structure. For set 2 (Figures 7(a) through (c)),

24 deg < 0 < 32 deg, the (2116) boundary makes up the
base coherent structure (Figure 7(b)), and ’by| =
0.304 nm. For set 3 (Figures 7(d) through (f)),
32 deg < 0 < 48 deg, the (2114) twin boundary forms
the base structure (Figure 7(e)), and ‘by| = 0.403 nm.
For set 4 (Figures 8(a) through (c)), 48 deg <0 <
68 deg, the (2112) twin boundary constitutes the base
structure (Figure 8(b)), and ’by| = 0.543 nm. For set 5
(Figures 8(d) through (f)), 68 deg <0 < 76 deg, the
(2111) twin boundary represents the base structure
(Figure 8(e)) and }b { = 0.305 nm. A similar structural
change in an imperfect STGB twin boundary was
calculated via MD simulations by Fernandez et al.l'?
for an asymmetric (2112) TB, which was observed to
consist of an array of edge GBDs separating coherent
(2112) twin regions. Moreover, the asymmetric (2112)
TB has the formation energy nearly three times higher
than the symmetric (2112) TB.

Set 2-5 STGBs are type 2 tilt walls (Figure 5(b)); thus,
the GB plane may look like a twin plane. Figure 9 shows
the y-z projection of several set 3 STGBs, clearly
indicating that the twin plane acts as the base structure
in these STGBs. Corresponding to the type 2 tilt wall,
the Burgers vectors b, of the GBDs equal 2dcosA0, or
approximately twice the interplanar spacing of the
corresponding Py plane, because Af = (6- Og) tends
to be at most 10 deg. Accordingly, within a given set,
the sign of b, switches from negative to positive as 0
1n(c)reds(e)s (4)fror(r51) below to above 0. For the
P_B Py’Py’, Py’ planes, respectively (2116) (2114),
(2112) and (2111), the interplanar spacings d as a
function of «, the c¢/a ratio, are determined using
Figure 3.

Table I.  Structural Properties of [0110] Symmetrical Tilt Grain Boundaries in Mg: Rotation Angle 0 (deg), the Average Spacing

of Grain Boundary Dislocations < L > (nm), and the y Component of Burgers Vectors of Grain Boundary Dislocations, b, (nm)

Set 1 Set 2 Set 3
0 L by 0 L by 0 L by
11.46 0.652 0.255 24.88 2.466 —0.303 32.99 1.905 —0.401
13.05 0.574 0.253 28.41 (2116) 34.82 2.725 —0.402
15.14 0.497 0.251 31.33 2.993 0.303 35.80 3.546 —0.402
16.44 0.458 0.249 39.06 (2114)
17.98 0.420 0.247 42.84 3.051 0.402
22.08 0.345 0.241 44.24 2.230 0.401
24.88 0.308 0.236 47.25 1.413 0.399
Set 4 Set 5 Set 6
0 L by 0 L by 0 L by
49.22 1.712 —0.536 69.71 2765 —0.305 78.39 0.397 —0.158
50.60 2.014 —0.538 72.88 (2111) 80.02 0.461 —0.158
52.40 2.619 —0.540 75.21 3.755 0.305 81.24 0.525 —0.158
53.52 3225 —0.541 76.15 2.671 0.305 82.97 0.653 —0.159
58.36 (2112) 84.14 0.782 —-0.159
62.82 3.498 0.542 84.97 0911 —0.159
63.76 2.892 0.541
65.20 2.285 0.539
67.67 1.682 0.536
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Table II. Structural Properties of [0110] Symmetrical Tilt Grain Boundaries in Ti: Rotation Angle 0 (deg), the Average Spacing
of Grain Boundary Dislocations <L > (nm), and the y Component of Burgers Vectors of Grain Boundary Dislocations, b, (nm)

Set 1 Set 2 Set 3
0 L by 0 L by 0 L by
6.95 0.966 0.231 25.44 2179 —0.280 34.19 2.498 -0.369
8.20 0.820 0.231 27.85 (2116) 35.17 3250 —0.369
9.99 0.675 0.230 30.73 2.747 0.280 38.40 (2114)
12.76 0.529 0.228 32.38 1.748 0.280 42.17 2.788 0.369
14.80 0.458 0.226 43.56 2.037 0.368
19.40 0.352 0.220 44.74 1.622 0.368
21.62 0.317 0.220

Set 4 Set 5 Set 6
0 L by 0 L by 0 L by
49.94 1.834 -0.497 72.49 (2111) 79.78 0.416 —0.148
51.75 2.384 —0.497 74.87 3.393 0.280 81.04 0.474 —0.148
52.88 2.935 —0.498 75.84 2.413 0.279 82.81 0.590 —0.149
53.65 3.486 —0.499 76.69 1.924 0.278 83.99 0.706 —0.149
57.76 (2112) 84.85 0.822 —0.149
61.60 3.724 0.499 85.49 0.939 —0.150
62.27 3.172 0.499
64.68 2.071 0.496
65.75 1.797 0.496

Fig. 6—Atomic structures of set 1 and set 6 in [0110] STGBs in Mg. (a) and (b) correspond to set 1 STGBs with 0 = 15.1 deg and 22.1 deg; (c)
and (d) correspond to set 6 STGBs with 0 = 78.4 deg and 82.9 deg. Atoms are colored according their excess potential energy. The symbol “1”
indicates the position and sign of grain boundary dislocation (Color figure online).

421 — ¢ 4212) ¢
1+ 412 VIt )
4214) — ¢ 42116) [

0.403 nm, 0.543 nm, and 0.305 nm, respectively, which
are equal to the ‘by] of sets 2, 3, 4, and 5, respectively,

C. Set 6

obtained from MD (Table I).

~From Eq. [2], two times the interplanar spacings for
(2116), (2114), (2112), and (2111) in Mg are 0.304 nm,
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At the other end of the spectrum lie the set 6 STGBs,
representing the highest angle STGBs with tilts 6
exceeding 76 deg (Figure 6(c) and (d)). STGBs in this
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Fig. 7—Atomic structures of set 2 and set 3 in [0110] STGBs in Mg. (a), (), and (c) correspond to set 2 STGBs with 6 = 24.9 deg, 28.4 deg, and
31.3 deg, respectively. (b) The (2116) twin boundary is the base structure for STGBs in (a) and (c). (d), (e), and (f) correspond to set 3 STGBs with
0 = 35.8 deg, 39.1 deg and 44.2 deg, respectively. (¢) The (2114) twin boundary is the base structure for STGBs in (d) and (f). Atoms are colored
according their excess potential energy. The symbol “_L” indicates the position and sign of grain boundary dislocation (Color figure online).

set consist of an array of GBDs in a type 1 tilt wall
configuration (see figure 5(a)). The base plane P% i
this case is the (1120) plane, which lies normal to the
basal plane, 0y = 90 deg, and it intersects it along the
[0110] axis. Achieving coherent Pp regions between
the GBDs requires that ‘by‘ is equal to the interplanar
spacing of the (1120) plane, a/2, e.g., |by| = 0.16 nm
for Mg (Table I).

D. Six Structural Sets for Ti

To test whether the MD results for Mg are applicable
to other hcp c¢/a materials and other interatomic
potentials, the calculations are repeated for STGBs in
Ti (¢/a = 1.5873) over the entire space of 6 using the
EAM potential for «-Ti." We find that the same six
structural sets develop with the same base structures as
Mg. The calculated excess potential energy as a function
of 0 is plotted in Figure 10, with the misorientation
ranges for the six structural sets indicated by different
colors. As shown, four energy cusps arise at the same
GB planes Pg as in Mg: Four STGBs have tilts
O = 27.9 deg, 38.4 deg, 57.8 deg, and 72.5 deg, and
correspond to planes Pg = (2116), (2114), (2112), and
(2111), respectively, and their formatlon energies vary
substantially from 753.3 mJ/m? and 815.4 mJ/m> for
(2116) and (2114) to 521.4 mJ/m* and 519.1 mJ/m? for
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(2112) and (2111). Regarding the misorientation range
for each, the simulation finds that 0 deg < 0 < 24 deg for
set 1,24 deg < 6 < 34 deg for set 2, 34 deg < 6 < 50 deg
for set 3, 50 deg < 6 < 63 deg for set 4, 63 deg < 0 <
79 deg for set 5, and 79 deg < 0 < 90 deg for set 6.
The rotation angles, Burgers vectors, and GBD spacing
for each simulated STGB in Ti are summarized in
Table II.

To demonstrate the structural similarity with STGBs
in Mg, we present a few examples of relaxed equilibrium
structures of STGBs in Ti. Figure 11 shows the dislo-
cation structures of some STGBs belonging to set 1
corresponding to angles 0 = 6.95 deg, 9.01 deg and
12.8 deg. Figures 12 and 13 show the dislocation struc-
tures of some STGBs that are tilted off from the
minimum-energy state. Figures 12(a) and (c) show set 4
STGBs with angles 0 = 51.7 deg and 62.3 deg, respec-
tively. Figure 12(b) (6 = 57.8 deg) is the (2112) twin
boundary acting as the base structure for STGBs in
Figures 12(a) and (c). Set 5 STGBs with angles
0 = 67.29 deg and 75.9 deg are shown in Figures 13(a)
and (c), respectively, with a (2111) twin boundary acting
as their base structure (Figure 13(b)). The magnitude of
Burgers vectors of GBDs presented in these STGBs are
also calculated by using Eq. [1] with the input of the
average spacings L between GBDs measured in MD
simulations.
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Fig. 8—Atomic structures of set 4 and set 5 in [0110] STGBs in Mg. (a), (b), and (¢) correspond to set 4 STGBs with 0 = 52.4 deg, 58.4 deg and
63.8 deg, respectively. (b) The (2112) twin boundary is the base structure for STGBs in (a) and (c). (d), (e), and (f) correspond to set 5 STGBs with
0 = 69.7 deg, 72.8 deg, and 75.2 deg, respectively. (¢) The (2111) twin boundary is the base structure for STGBs in () and (f). The atoms are col-
ored according their excess potential energy. The symbol “_L” indicates the position and sign of grain boundary dislocation (Color figure online).

BRI B RS (b))}

1

AR B Ds. 8. 5. #5385, S8, BB,

Fig. 9—Atomic structures of set 3 in [0110] STGBs in the y-z projection: from the left to the right corresponding to 0 = 34.8 deg, 35.8 deg,
39.1 deg, 42.8 deg, and 44.3 deg, respectively. The red line indicates the GB plane, showing that the (2114) twin boundary plane acts as the base
structure. The atoms are colored by their excess potential energy (Color figure online).

VI. hcep STGB STRUCTURE FOR GENERAL c/a

We have shown in Sections III through V that the
defect structure of an STGB can be fully characterized
once the structural set to which an STGB belongs is
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known. Every STGB containing GBDs lies within the
misorientation range between two coherent (GBD-free)
boundaries, which are ecither zero-energy or minimum-
energy STGBs. Furthermore, each one belongs to a
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Fig. 10—Excess potential energies of [0110] STGBs in Ti as a func-
tion of 6. The colored regions mark six sets, S-1 to S-6, and their
ranges of 0 within which STGBs can be viewed as having similar
atomic structure. S-1 and S-6: an array of GBDs; S-2 to S-5: mini-
mum-energy boundaries plus an array of GBDs (Color figure online).

distinct structural set that derives its fundamental
structure from one or the other one of its bounding
neighboring boundaries. Thus, determining the struc-
tural set to which an STGB with a given rotation angle 0
belongs translates to predicting the misorientation range

AW = (02), 0([? for each structural set i. A simple

model to predict qualitatively the critical misorienta-
tions at which the STGB structure transitions from one
set to another was introduced previously®® and in this
section, it is briefly reviewed and applied to treat the
[0110] STGBs studied here.

The analytical model is based on the concept that the
STGRB structure that develops is the one with the lowest
dislocation strain energy term, E/u = pb°, where the
GBD density p is approximately 1/L, b = |by ,and p is
the shear modulus. As 6 changes continuously, the
STGB transitions to another structural set when accom-
modating larger deviations outside of A0Y with the
same base crystallo(%raphic plane P} would require a
larger multiple of 4, or much higher GBD density.

Let L be the average GBD spacing for an STGB in

set i. From Eq. [1], L7(0) is
LY(0) =Y /2sin(0 - 03)),i=1,...,6 3]

where L? is observed to increase to infinity as 0
approaches 60p from greater or less than 60g. When
the misorientation 0 for a given STGB lies within =
<92), 9([’,)), the GBD spacing is simply given by

L(0) = L9(0), 0 € (67,0))) 4]
The lower limit Hg) is_defined by equality between
[pb?(0)]“~" and [pb*(0)]

i i—1 i

0\ = 0s.t. [ph?(0)]" "= [pp2(0)]" [5]

and the upper limit 0\, given when [ph*(0)]"" " is

equal to [pb*(0)]?
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Fig. 11—Atomic structures of set 1 in [0110] STGBs in Ti. (a), (b),
and (c¢) correspond to the angle 6 = 6.95 deg, 9.01 deg, and
12.8 deg, respectively. The atoms are colored according their excess
potential energy. The symbol “L” indicates the position and sign of
grain boundary dislocation (Color figure online).

o) = 0s.t. [pbz(e)] (1) — [pbz(G)] v [6]

This model is simple in that it neglects GBD interac-
tion energies, base structure formation energies, and
GBD core energies. Consequently, the model outlined
previously can be expected at best to forecast the
structure to first order,

The angle 0%) and b;’) for each set i are related to the
corresponding base structure Pp. Given the Miller-
Bravais index {uviw} for the crystallographic plane Pé)
and the k = c¢/a ratio for the hcp material of interest,

05;) is given by
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Table III.

Model Predictions for the Misorientation Range (to nearest 1 deg) and the y Component of Burgers Vectors of Grain

Boundary Dislocations, b, (nm), for [0110] Symmetrical Tilt Grain Boundaries in Mg, Ti, Zr, and Zn

Mg c/a = 1.623 (Pg, 0p) 0 range |by| (nm)
Set 1 (0001), 0 deg (0 deg, 16 deg) 0.26cos0

Set 2 (2116), 28 deg (16 deg, 34 deg) 0.30cosAfd
Set 3 (2114), 39 deg (34 deg, 50 deg) 0.40cosA0
Set 4 (2112), 58 deg (50 deg, 64 deg) 0.55cosAf
Set 5 (2111), 73 deg (64 deg, 79 deg) 0.31cosAf
Set 6 (2110), 90 deg (79 deg, 90 deg) 0.16cosA0
Ti ¢a = 1.5873 (Ps. On) 0 range [by| (nm)
Set 1 (0001), 0 deg (0 deg, 15 deg) 0.23cos0

Set 2 (2116), 28 deg (15 deg, 34 deg) 0.28cosA0
Set 3 (2114), 39.1 deg (34 deg, 50 deg) 0.37cosAf
Set 4 (2112), 58 deg (50 deg, 63 deg) 0.50cosA0
Set 5 (2111), 72.5 deg (63 deg, 79 deg) 0.28cosAd
Set 6 (2110), 90 deg (79 deg, 90 deg) 0.15cosAf
Zr c¢ja = 1.593 (Pg, 0g) 0 range |by| (nm)
Set 1 (0001), 0 deg (0 deg, 15 deg) 0.26cos0

Set 2 (2116), 28 deg (15 deg, 34 deg) 0.30cosAf
Set 3 (2114), 38.5 deg (34 deg, 50 deg) 0.40cosA0
Set 4 (2112), 58 deg (50 deg, 63 deg) 0.55cosA0
Set 5 (2111), 73 deg (63 deg, 79 deg) 0.31cosAf
Set 6 (2110), 90 deg (79 deg, 90 deg) 0.16cosA0
Zn c/a = 1.8563 (Pg, 0B) 0 range |by| (nm)
Set 1 (0001), 0 deg (0 deg, 17 deg) 0.25cos0

Set 2 (2116), 32 deg (17 deg, 38 deg) 0.28cosA0
Set 3 (2114), 43 deg (38 deg, 54 deg) 0.36cosA0
Set 4 (2112), 62 deg (54 deg, 66 deg) 0.47cosA0
Set 5 (2111), 75 deg (66 deg, 80 deg) 0.26cosA0
Set 6 (2110), 90 deg (80 deg, 90 deg) 0.13cosA0

Sets 2 through 5 STGBs adopt a type 2 tilt structure
(Figure 5(b)). In these cases, Pg is a pyramidal plane,
e.g., (2112), (2116), and by is approximately twice d

b_g,") = 2d"cosAQ [10]

where ¢ is given in Eq. [2].

The model equations (Egs. [3] through [10]) requlre
identifying first the base structures PB), which are given
by boundary energy vs 6 plots such as in Figures 2 and
10. These boundaries are favorable energetically, includ-
ing trivially the zero-energy states of a perfect crystal and
nontrivially the local minima in formation energy with
respect to 0. These are coherent boundaries that corre-
spond not only to twin boundaries observed experimen-
tally. It should be noted that some coherent STGBs are
not associated with local minima in this curve. _

In Table 111, we report the misorientation ranges AOD
for Mg, Zr, Ti, and Zn, assuming the [0110] STGBs of
these metals possess the same set of minimum-energy
boundaries.

Despite simplifying assumptions, the misorientation
ranges provided by the model for Mg and Ti are in
reasonable agreement with MD simulations and exper-
imental measurements for most of the misorientation
range. Significantly, the current MD simulations show
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and the model proves that the AGY for hep STGBs is
unrelated to the critical rotation angle that leads to
GBD core overlap. The most noticeable consequence of
neglecting the other energetlc terms in the model is the
underestimate of (9( 0 Equations [5] and [6]
predict that the 11m1t 0 D Hf) is ~15 deg to 17 deg
for both Mg and Ti, Wthh would correspond to a very
small GBD spacing (ranging between by and c) for a set
2 STGB with 0 slightly above 0 2 MD calculations
show that the set 1/set 2 transmon actually occurs at a
much higher misorientation angle, ~24 deg to 28 deg,
and the GBD spacing in the newly transformed set 2
STGB is much wider, nearly 2¢ to 4¢. Apparently, it is
more energetically favorable to have an array of closely
spaced GBDs than an array of more widely spaced
GBDs with Burgers vectors approximately twice as
large. Last, it is worth mentioning that Komninou
et al¥! observed an array varying in spacing from 4 to
8 nmina (2112) TB rotated a few degrees off ideal in Ti.
According to our model, a +2 deg deviation would lead
to GBDs spaced 7.15 nm apart in a (2112) TB in Ti
(Table II), which is in good agreement with the reported
data.

Note that both the rotation angles corresponding to
the high-energy coherent (2115) STGB (0p = 33 deg)
and (2113) STGB (6 = 47.26 deg) lic near the
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estimated 0 0L and HU , respectively. Thus, at these
mlsorlentatlons set 1 and set 2 STGBs boundaries
consisting of an array of GBDs are energetically
preferred over these two coherent STGBs.

VII. CONCLUSIONS

In this work, we use atomistic simulations and
interfacial defect theory to examine the atomic structure
of STGBs in hep crystals with a [0110] tilt axis. Both Mg
and Ti were studied and for both metals, the following
conclusions apply:

1. All [0110] STGBs studied here have an ordered
atomic structure containing either no intrinsic grain
boundary dislocations (GBDs) or an array of dis-
crete and distinct GBDs oriented along the tilt axis.

2. For Mg and Ti, not all possible coherent
[0110]STGBs are observed; only four manifest as
minimum-energy coherent (GBD free) STGB:s:
(2111), (2112), (2114), and (2116). These four
STGBs, in addition to the two zero-energy bound-
aries corresponding to a perfect crystal: the (0001)
basal plane at 0 = 0deg and (1120) plane at
0 = 90 deg, give rise to six special boundaries, with
GB plane and rotation angle denoted as
(P 05), i=1.....6.

3. [0110]STGBs that deviate from one of these six spe-
cial boundaries can be described as a tilt wall con-
taining a single array of GBDs oriented along the
tilt axis.

4. Like <1210> STGBs,”! every [0110]STGB with a
glven 0 falls into one of six distinct structural sets i,
i =1, ..., 6. The misorientation range of set i,

A0V = (097 0(3) is more or less centered about its
special boundary (Pg), 0?). STGBs within each set

possess an ordered structure with Pg) serving as the
base plane, share the same characteristic bﬁ,’), and

only vary in GBD spacing as 0 tilts away from (9%)

5. Sets 1 (low angle) and 6 (high angle) have a type 1
tilt wall configuration and the magnitude of the
GBD Burgers vector approximately equals one
interplanar spacing of this plane.

6. Sets 2 through 5 (intermediate angles) are associ-
ated with one of the four local minimum-energy,
coherent STGBs. STGBs tilted off from one of
these four are type 2 tilt boundaries containing
GBDs, whose magnitude is approximately two
times the interplanar spacing of Pg.

7. Within each set, the array spacing and sign of
GBDs varies with 0, as expected from Frank’s
formula.>®!

8. A simple model for the misorientation range of
each set is employed to forecast the structures of
other c¢/a hcp metals and shown to achieve reason-
able agreement with MD simulation and experimen-
tal data in the literature.
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It will be important in the future to test whether the
structural sets discovered for [0110] STGBs translate
directly with reaction groups, wherein two STGBs
belonging to the same structural set respond in the
same Wd§/ to incoming lattice dislocations or other
defects.® Studies of the kinetics and energetics under-
lying particular dislocation/boundary interactions such
as slip or twin transmission across boundaries!® ® and
slip or twin nucleation from boundaries®”® % are
particularly important in developing atomistically
informed and, hence, more reliable mesoscale disloca-
tion dynamics approaches; see, for example, References
65 and 66.

ACKNOWLEDGMENTS

The authors gratefully acknowledge support from
Office of Basic Energy Sciences, Project FWP
06SCPE401, under U.S. DOE Contract No. W-7405-
ENG-36. The authors acknowledge the valuable
discussion with Dr. Carlos N. Tomé and Prof.
John P. Hirth.

OPEN ACCESS

This article is distributed under the terms of the
Creative Commons Attribution License which permits
any use, distribution, and reproduction in any med-
ium, provided the original author(s) and the source are
credited.

REFERENCES

1. A.P. Sutton and R.W. Balluffi: Interface in Crystalline Materi-
als, 1st ed., Oxford University Press, Oxford, U.K., 1995,
p. 1995.

2. J.P. Hirth and R.C. Pond: Progr. Mater. Sci., 2011, vol. 56 (6),
pp- 586-636.

3. J. Wang and 1.J. Beyerlein: Model. Simulat. Mater. Sci. Eng., 2012,
vol. 20 (22), p. 024002.

4. J. Wang, A. Misra, and J.P. Hirth: Phys. Rev. B, 2011, vol. 83,
p. 064106.

5. J. Wang, N. Li, O. Anderoglu, X. Zhang, A. Misra, J.Y. Huang,
and J.P. Hirth: Acta Mater., 2010, vol. 58, pp. 2262-70.

6. J. Wang, O. Anderoglu, J.P. Hirth, A. Misra, and X. Zhang: Appl.
Phys. Lett., 2009, vol. 95, p. 21908.

7. JLA. Brown and N.M. Ghoniem: Acta Mater., 2009, vol. 57,
pp. 4454-62.

8. M.A. Tschopp, D.E. Spearot, and D.L. McDowell: Dislocations in
Solids, vol. 14, J.P. Hirth, ed., Elsevier/North-Holland, Amster-
dam, the Netherlands, 2008, pp. 43—139.

9. D.E. Spearot, K.I. Jacob, and D.L. McDowell: Acta Mater., 2005,
vol. 53, pp. 3579-89.

10. T. Watanabe, K.K. Shin-Ichiro, and S. Karashima: Phil. Mag. A.,
1984, vol. 49, pp. 845-64.

11. F.R. Chen and A.H. King: Acta Cryst. B, 1987, vol. 43, pp. 416
22.

12. J.R. Fernandez, A.M. Monti, and R.C. Pasianot: Metall. Mater.
Trans. A, 2002, vol. 33A, pp. 791-96.

13. J. Wang, R.G. Hoagland, and A. Misra: Appl. Phys. Lett., 2009,
vol. 94, p. 131910.

14. J.W. Christian: The Theory of Transformations in Metals and
Alloys, Pergamon Press, Oxford, U.K., 1975.

METALLURGICAL AND MATERIALS TRANSACTIONS A



15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
217.
28.
29.
30.
31
32.
33.
34.
3s.
36.

37.
. T. Braisaz, P. Ruterana, B. Lebouvier, and G. Nouet: Phys. Sta-

39
40
41

D.A. Smith, V. Vitek, and R.C. Pond: Acta Metall., 1977, vol. 25,
pp. 475-84.

R.C. Pond and V. Vitek: Proc. R. Soc. Lond. A, 1977, vol. 357,
pp. 453-70.

V. Vitek, A.P. Sutton, D.A. Smith, and R.C. Pond: Phil. Mag. A,
1980, vol. 39, pp. 213-24.

A.P. Sutton and V. Vitek: Phil. Trans. R. Soc. Lond. A, 1983,
vol. 309, pp. 1-30.

R.C. Pond, V. Vitek, and D.A. Smith: Acta Cryst., 1979, vol. A35,
pp. 689-93.

T. Ochs, C. Elsasser, M. Mrovec, V. Vitek, J. Belak, and J.A.
Moriarty: Phil. Mag. A, 2000, vol. 80, pp. 2405-23.

L. Zhang, X.L. Shu, S. Jin, Y. Zhang, and G.H. Lu: J. Phys.:
Condens. Matter, 2010, vol. 22, p. 375401.

N.J. Lane, S.I. Simak, A.S. Mikhaylushkin, I.A. Abrikosov, L.
Hultman, and M.W. Barsoum: Phys. Rev. B, 2011, vol. 84 (7),
p. 184101.

A. Serra and D.J. Bacon: Phil. Mag., 1986, vol. 54, pp. 793-804.
A. Serra, D.J. Bacon, and R.C. Pond: Acta Metall., 1988, vol. 36,
pp- 3186-3203.

S. Hagege, M. Mori, and Y. Ishida: Coll. Phys. Coll. C1, 1990, vol.
51, pp. 161-66.

J.R. Morris, Y.Y. Ye, K.M. Ho, C.T. Chan, and M.H. Yoo: Phil.
Mag. Lett., 1994, vol. 69, pp. 189-95.

A. Serra, R.C. Pond, and D.J. Bacon: Acta Metall. Mater., 1991,
vol. 39, pp. 1469-80.

R.C. Pond, D.J. Bacon, A. Serra, and A.P. Sutton: Metall. Trans.
A, 1991, vol. 22A, pp. 1185-96.

A. Serra and D.J. Bacon: Phil. Mag. A, 1996, vol. 73, pp. 333—
43,

J.R. Fernandez, A.M. Monti, R.C. Pasianott, and V. Vitek: Phil.
Mag. A, 2000, vol. 80, pp. 1349-64.

R.C. Pond, D.J. Bacon, and A. Serra: Phil. Mag. Lett., 1995,
vol. 71, pp. 275-84.

A. Serra, D.J. Bacon, and R.C. Pond: Acta Mater., 1999, vol. 47,
pp. 1425-39.

J. Wang, 1.J. Beyerlein, and J.P. Hirth: Model. Simulat. Mater. Sci.
Eng., 2012, vol. 20 (14), p. 024001.

J. Wang, J.P. Hirth, and C.N. Tomé: Acta Mater., 2009, vol. 57,
pp. 5521-30.

J. Wang, R.G. Hoagland, J.P. Hirth, L. Capolungo, I.J. Beyerlein,
and C.N. Tomé: Scripta Mater., 2009, vol. 61, pp. 903-06.

J. Wang, 1.J. Beyerlein, J.P. Hirth, and C.N. Tomé: Acta Mater.,
2011, vol. 59, pp. 3990—4001.

D. Farkas: Metall. Trans. A, 1994, vol. 25A, pp. 1337-46.

tus. Solidi, 1995, vol. 191, pp. 267-81.

S. Mendelson: Mater. Sci. Eng., 1969, vol. 4, pp. 231-42.
S. Mendelson: J. Appl. Phys., 1970, vol. 41, pp. 1893-1910.
P. Delavignette: J. Phys. Coll. C6, 1982, vol. 43, pp. 1-13.

METALLURGICAL AND MATERIALS TRANSACTIONS A

42.

43.

44.
45.

46: H. Grimmer and D.H. Warrington: Acta Cryst. A, 1987, vol. 43,
48.
49.
50.
51.

52.
. J. Wang, R.G. Hoagland, J.P. Hirth, and A. Misra: Acta Mater.,

54.
S55.
56.
57.

58.

59.
60.
6l.
62.
63.
64.
65.

66.

A.H. King and K. Shin: Coll. Phys. Coll. CI, 1990, vol. 51,
pp. 203-08.

P.H. Komninou, E. Polychroniadis, J.G. Antonopoulos, T.H.
Karakostas, and P. Delavignette: Coll. Phys. Coll. CI, 1990,
vol. 51, pp. 215-19.

A. Loberg and D.A. Smith: J. Microsc., 1974, vol. 102, pp. 317-22.
G.A. Bruggeman, G.H. Bishop, and W.H. Hart: The Nature and
Behavior of Grain Boundaries, H. Hu, ed., AIME, New York, NY,
1972.

F.R. Chen and A.H. King: Phil. Mag. A, 1988, vol. 57, pp. 431-55.

pp. 232-43.

J. Wang, C.H. Woo, and H. Huang: Appl. Phys. Lett., 2001,
vol. 79, pp. 3621-23.

J. Wang and H.C. Huang: Appl. Phys. Lett., 2006, vol. 88,
p. 203112.

X.Y. Liu, J.B. Adams, F. Ercolessi, and J.A. Moriarty: Model.
Simulat. Mater. Sci. Eng., 1996, vol. 4, pp. 293-303.

Y. Wang, L.Q. Chen, Z.K. Liu, and S.N. Mathaudhu: Scripta
Mater., 2010, vol. 62, pp. 646-49.

R.R. Zope and Y. Mishin: Phys. Rev. B, 2003, vol. 68, p. 024102.

2008, vol. 56, pp. 3109-19.

J. Wang, R.G. Hoagland, J.P. Hirth, and A. Misra: Acta Mater.,
2008, vol. 56, pp. 5685-93.

B.A. Bilby, R. Bullough, and E. Smith: Proc. Roy. A, 1955,
vol. 231, pp. 263-73.

R.C. Pond, X. Ma, Y.W. Chai, and J.P. Hirth: Dislocations in
Solids, vol. 13, J.P. Hirth, ed., Elsevier, Atlanta, GA, 2007, p. 225.
J. Wang, J.P. Hirth, R.C. Pond, and J.M. Howe: Acta Mater.,
2011, vol. 59, pp. 241-51.

F.C. Frank: Report of the Symposium on the Plastic Deformation of
Crystalline Solids, Carnegie Institute of Technology, Pittsburgh,
PA, 1950.

J. Wang, 1.J. Beyerlein, and C.N. Tomé: Scripta Mater., 2010,
vol. 63, pp. 741-46.

J. Wang, A. Misra, R.G. Hoagland, and J.P. Hirth: Acta Mater.,
2012, vol. 60, pp. 1503-13.

J. Wang, R.G. Hoagland, X.Y. Liu, and A. Misra: Acta Mater.,
2011, vol. 59, pp. 3164-73.

J. Wang, 1.J. Beyerlein, N.A. Mara, and D. Bhattacharyya: Scripta
Mater., 2011, vol. 64, pp. 1083-86.

1.J. Beyerlein, R.J. McCabe, and C.N. Tomé: J. Mech. Phys.
Solids, 2011, vol. 59, pp. 988—1003.

R.F. Zhang, J. Wang, 1.J. Beyerlein, and T.C. Germann: Scripta
Mater., 2011, vol. 65, pp. 1022-25.

1.J. Beyerlein, J. Wang, M.R. Barnett, and C.N. Tomé: Proc. R.
Soc. A4, 2012, vol. 370, pp. 1281-1312.

Z.Q. Wang and 1.J. Beyerlein: Int. J. Plastic., 2011, vol. 27,
pp. 1471-84.

VOLUME 43A, OCTOBER 2012—3569



	Atomic Structures of [0\bar{1}10] Symmetric Tilt Grain Boundaries in Hexagonal Close-Packed (hcp) Crystals
	Abstract
	Introduction
	Atomistic Model of an STGB
	Atomistic Calculations of Energy VS Tilt Angle 2 theta 
	Structural Sets of STGBs
	Atomic Structures of [0\bar{1}10] STGBs
	Set 1 in Mg
	Sets 2 to 5 in Mg
	Set 6
	Six Structural Sets for Ti

	hcp STGB Structure for General c/a
	Conclusions
	Acknowledgments


