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Boron carbide nanowires with a fivefold twinned structure have been shown to have regular spaced
microtwin lamellas localized in one of the crystalline segments. This defect structure is interpreted
as incoherent structural relaxation to relieve the angular excess. A structural model, in terms of a
disclination core surrounded by a small angle grain boundary with an intersecting microtwin lamella
pair structure, has been proposed and strain analyses suggest it could be a common phenomena for
nanowires with large angular mismatch and small twinning formation energy. © 2008 American

Institute of Physics. [DOI: 10.1063/1.2963352]

Angular mismatch is a key issue in fivefold twinned
nanowires'* (FTNWs) due to the failure of the regular com-
bination of single crystalline units to satisfy the space filling
requirement.3’4 The thermodynamic drive for the formation
of FTNW is the compensation of the intrinsic elastic energy
associated with the angular mismatch by the reduction in
surface energy either due to minimization of surface areas or
through the exposure of favorable low energy surface facets
in materials with large surface energy anisotropy.5 The elas-
tic energy however depends strongly on the mode of struc-
tural relaxation adopted by FTNWs. In FTNWs with small
diameters, elastic energy consideration has lead to either co-
herent lattice transformation (homogeneous strain)5 or a star-
disclination distortion (inhomogeneous strain).® Above a
critical diameter, we expect that the nanowires either revert
back to a single crystalline structure or adopt an incoherently
relaxed structure involving extended defects’ such as
dislocations.” Kinetics is expected to blur but not change this
picture much. However, systematic experimental investiga-
tion for structural relaxation in FTNW systems is currently
lacking.8 As many properties of FTNWs depend critically on
the defects present,9 a through study is vital to the scientific
understanding of these materials.

In this paper, we report a detailed experimental study of
the structural relaxation in boron carbide (B,C) nanowires.'’
We show that the internal structure of the nanowires is con-
sistent with a fivefold cyclic twinning and the localized mi-
crotwin (MT) lamellas can be interpreted quantitatively as
evidence for the negative angular mismatch being relieved
by a set of small angle grain boundary (SAGB) in one of the
crystalline segments. We also show by internal strain energy
analysis that this structural relaxation mode can be energeti-
cally favorable, hence a common feature for FTNWs with a
large angular mismatch and small twinning energy.

Figure 1 shows the result of a side-view transmission
electron microscopy (TEM) of a B,C nanowire. The electron
diffraction pattern in Fig. 1(a) can be successfully interpreted
as a composite of diffraction patterns from all five crystal-
lites individually labeled as T1-T5, respectively, where the
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twinning systems between them are assumed being {100},
(011), (the subscript r refers to the rhombohedral represen-
tation of B4C unit cells). This is structurally related to the
FTNW discovered in boron suboxide.” The dark-field (DF)
electron microscopy images using the marked diffracted
beams in Fig. 1(a) show a reasonable correspondence be-
tween the diffracting regions and the projection from the
proposed cross-section of the nanowire [Figs. 1(b)-1(f)], par-
ticularly so for T1, T3, and T4. The patched diffraction con-
trasts for T2 and T5 may be due to their overlap with the
strongly diffracting T3 and T4, respectively.

The crystallography analysis suggests that there is a
negative angular mismatch of 5° for the unrelaxed B,C

FIG. 1. (Color online) (a) The bright field image and the corresponding
diffraction patterns of a B,C FTNW. (b)—(f) The DF images of five crystal-
lites aligned with the corresponding segments in the cross-sectional model.
In (a)—(f), the scale bar is 50 nm. (g) The HR image of the same regions
shown in (a). The dashed blue line indicates the interface between T3 and
T4. The Fourier filtered images are also displayed in the lower part of (g),
the (112), planes of T3 and the MTs are marked by the zigzag solid line.
(h)—(j) FFT results from the areas enclosed by colored squares.
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FIG. 2. (Color online) [(a) and (b)] The schematics of the two structural
relaxation models of the B4,C FTNW SAGB+MT and SAGB respectively.
[(c) and (d)] The cross-sectional view of the atomic structure of the dislo-
cation cores, respectively, together with the effective Burgers circuits and
the unbalanced displacements drawn by black arrowed lines. (e) The rela-
tionship between the nanowire axis (the [001], direction) and the side view

observation direction (the [021],, direction). (f) The direct comparison of
HRTEM observation with the projecting atomic structure of the SAGB
+MT model.

FTNW.'” The first evidence suggesting an incoherent struc-
tural relaxation mechanism to relieve the resulting stress is
the observation of four distinct parallel dark lines along the
growth direction in the DF image of T3 [Fig. 1(d)]. To un-
derstand their origin, a high-resolution TEM (HRTEM) im-
age [Fig. 1(g)] of the FTNW has been recorded. Because of
the overlap of T1, T2 (T5), with T3 (T4), the HRTEM im-
ages have information from T1 and T2 (T5) superimposed.
To extract the original information specific to T3 and T4, the
HRTEM images are Fourier filtered to only include two sets
of parallel Fourier spatial frequencies corresponding to the

(100), and (112), spots in the [021], zone-axis diffraction
pattern and the result is shown in the lower part of Fig. 1(g).
The filtered HRTEM image clearly demonstrates that the lat-
tice image of T4 is almost homogeneous outside of a core
region delimitated by two white arrows, but that of T3 shows
lattice distortion such as planar defects corresponding to the
dark lines in the DF image of T3. The fast Fourier transform
(FFT) of the areas enclosed by colored squares in Fig. 1(g)
has also been displayed in Figs. 1(h)-1(j). The blurred (112),
spots in Fig. 1(j) are different from that in Fig. 1(h), but
similar to that in Fig. 1(j), which is taken from the
{100},-type twinning interface between T3 and T4. This re-
sult indicates that the planar defects in T3 are {100},-type
MT lamellas. The spacing between the primary twinning in-
terface (between T3 and T4) and the first MT lamella is
4.2 nm, and the spacing between the adjacent MT lamellas is
5.4, 3.2, and 3.2 nm, respectively [Fig. 1(g)].

The experimental result may be understood in terms of a
defect structural model proposed in Fig. 2(a). It consists of a
star-disclination core and a stress-reliving SAGB in the
middle of T3 augmented by a set of intersecting MT lamella
pairs (SAGB+MT). The twinning relationship within the
MT lamellas is the same as that between the five crystallites
of such a nanowire. The SAGB consists of an edge-
dislocation array. The existence of MT lamella pairs termi-
nating at each of the dislocation cores is a characteristic fea-
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ture of this model. One can show that the existence of MT
lamella pairs is favorable energetically by drawing an effec-
tive Burgers circuit around an edge dislocation with and
without the intersecting MT lamella pairs [Figs. 2(c) and
2(d)]. Without MT lamella pairs, the edge dislocations in the

SAGB have Burgers vector of [110],. With MTs (each MT
lamella has two layers of close packing boron clusters) con-
tributing displacements of 0.83[101] on the (010), plane and

0.83[011] on the (100), plane, the effective Burgers vector of
dislocation-MT-pair complex is 0.83[110],, determined from

a sum of 0.83[101] and 0.83[011]. This is consistent with the
Burgers circuit shown in Fig. 2(c), where the total displace-

ments of the kinks induced by the MT lamella are 0.17[101],
and 0.17[011],, respectively. As the dislocation energy scales
with the amplitude of the Burgers vector squared but the
density of the dislocations only scales inverse linearly with
the Burgers vector, the reduction of the effective Burgers
vector means a real reduction in the internal elastic energy.
The width of the MT lamella as small as two atomic layers is
most effective in relieving the atomic lattice compression
and dilation near the cores of the edge dislocations
[Fig. 2(¢)].

Experimental evidence supporting this model is the ex-
istence of MT lamella as well as the close match of their
theoretical width and spacing with the experimental observa-
tion. For this it is helpful to know that crystallographically
[Fig. 2(e)] the MT lamella seen in the [001], projection [Fig.
2(c)] is the same as MT lamella observed in the experiment

along the [021], projection. Thus, we see that a width of the
MT lamella of equivalently two layers of close packing bo-
ron clusters is consistent with the experimental finding [Fig.
1(g)]. The MT lamella spacing is further determined by the
dislocation spacing. The mismatch angle of 5° and the effec-

tive Burgers vector of 0.83[110], give rise to an average
dislocation spacing of 5.3 nm along the [110], direction cor-
responding to a MT lamella spacing of 3.2 nm from the side-
view observation [Fig. 2(f)]. This is exactly the same as ob-
served; except for the spacing between the inner most pair of
MT lamella [Fig. 1(g)]. The latter can also be qualitatively
understood as we think that a part of the stress could be
relieved by the core of the nanowire which could be coher-
ently relaxed as in a star-disclination model.® Experimen-
tally, this is consistent with the observed contrast difference
in the lattice image near the center of the nanowire compared
with that of the rest of T4 [Fig. 1(g)]. In our case, the spacing
of the first set of MT lamella is then determined by the com-
petition of the relaxation via star-disclination in the core and
the SAGB+MT defect complex inside the shell.

The energetics of such a defect model can be compared
with other alternatives quantitatively by assuming that the
nanowire is an infinitely long cylinder with a constant sur-
face area and surface tension. Figure 3 shows the dependence
of internal strain energy (per unit length) as function of nano-
wire radius. In the pure star-disclination model, the internal
strain energy increases exponentially with the radius of the
nanowire.>!" According to the SAGB model [Fig. 2(b)], the
internal strain energy is dominated by the elastic energy of
the dislocation array. This can be estimated'? and is found to
increase linearly with the radius of the nanowire (the SAGB1
curve in Fig. 3). To estimate the strain energy for the
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FIG. 3. (Color online) The internal strain energies as a function of the
nanowire radius for the star-disclination model, the pure SAGB model
(SAGB1) and the SAGB+MT model respectively (SAGB2 did not include
the additional twin boundary energy). The arrows indicate the expected
positions of the edge dislocation.

SAGB+MT model [Fig. 2(a)], we have modified the simple
SAGB theory12 by treating the strain energy of the
dislocation-MT-pair complex in terms of two contributions:
one is the strain energy of the dislocation array with an

equivalent Burgers vector of 0.83[110], and the other is the
twin boundary energy. Thus, the former is again a linear
relationship with the nanowire radius, but with a reduced
slope because of the smaller effective Burger vector (the
SAGB2 curve in Fig. 3). The inclusion of the additional twin
boundary energy results in an upward bend of the strain en-
ergy curve (the SAGB+MT curve in Fig. 3), which eventu-
ally crosses with the upper linear relationship for the defect
model involving SAGB only. This implies that the proposed
SAGM+MT defect systems can potentially be stable over a
finite range of nanowire radius and is particularly favorable
in material systems with a small energy for the twinning
surfaces. To check out this, we may assume that the cross-
over into the pure SAGB defect system happens at the radius
of the currently examined nanowire [26.9 nm corresponding
to about 16 nm in the viewing plane of Fig. 1(g)]. This gives
an upper limit to the {100}, twin boundary energy (per unit
area) being only 25% of that of SAGB. We can also use the
disclination theory6’11 to calculate the crossover from pure
star-disclination to SAGB+MT complex. If we define the
distance of the first dislocation to the center of the nanowire
as the crossover from star-disclination type relaxation model
to the SAGB+MT complex, we find that an assumption of
dislocation core radius of 1.7 nm is then sufficient to produce
an experimentally inspired critical radius of 7.1 nm [or

4.2 nm when viewed in the [021], orientation in Fig. 1(g)].
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The dislocation core radius used is a reasonable value for the
validity of the dislocation model used and is also consistent
with the atomic structure of boron carbide."

It is clear that the proposed structural model is energeti-
cally more favorable for multiply twinned nanowires with a
large radius and a large angular mismatch. This is consistent
with the lack of such MT defects in boron suboxide multiply
twinned nanowires with an even larger radius of 40 nm,2
another superhard materials but with almost zero angular
mismatch. Due to the similar close-packing structure our re-
sult should also be relevant to fcc-based multiply twinned
nanowire systems. For example, our model is consistent with
the defect structure observed in multiply twinned nanopar-
ticles of silicon'* and germanium3 where the role of MTs is
taken up by stacking faults, even though the relaxation is
more complicated because of the complex interaction of de-
fect with the surface.'

Traditionally, the exceptional property of nanowires and
nanowiskers are thought to be the absence of lattice defects
common in their bulk counterpart.16 Our result clear shows
that this is not valid for nanowires with intrinsic growth de-
fects such as discussed here. We hope that our detailed re-
laxation model provide a realistic starting point to take these
defects into account in understanding of the physical proper-
ties of incoherently relaxed nanowire structure.
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