




We considered two cases: (i) an incoherent fcc-
bcc interface formed by a diffusive transforma-
tion and (ii) a coherent interface formed by an
athermal reversed Bain transformation from
bcc to fcc (displacive transformation) (26). For
the second case, the newly formed fcc zone
(austenite) should hold an orientation relation-
ship, for which the maximummisfit direction is
nearly parallel to the Burgers vector of the dis-
location (27, 28). For the case of the incoherent
fcc-bcc interface, we considered as an upper
bound the removal of the dislocation’s strain
energy (25); the formation of a new incoherent
interface; and a free-energy term associated with
the transition from the bcc into the fcc state. For
the special case of a coherent, athermal trans-
formation, we added an additional energy pen-
alty term for themisfit distortion associated with
the reverse transformation. Including these con-

tributions, we calculated the free energy per unit
length of a cylinder surrounding an infinite
straight dislocation

F ¼ −A logðr=RÞ þ 2pgr − pfr2 þBpr2
� � ð1Þ

where r is the spatial coordinate perpendicular
to the dislocation line, R is the inner cut-off radius
for the dislocation core (~b), A = [Gb2/4p(1 – v)] is
the energy of an edge dislocation (G, shear mod-
ulus; b, Burgers vector; and v, Poisson ratio), g is
the interfacial energy between the newly formed
confined fcc zone and the bccmatrix, f=DFv is the
bcc-fcc transformation energy, and B =Gs2(2 – v)/
8(1 – v) is the distortion energy for the special case
of a displacive transformation (s, net shear in a
plane). The latter term is in brackets because it
applies only in the case of a diffusionless trans-
formation from bcc to fcc. The transformation

free energy DFv was taken from (18, 29). For the
fcc-bcc interface energy (g), we used values rang-
ing from 0.2 Jm−2 for a coherent interface with
a specific orientation match, which is expected
for the case of a displacive transformation, up to
1.2 Jm−2 for a less ordered one, which is expected
for a diffusive transformation (Fig. 4) (30).
Indications for either a diffusive or displacive

transformation mechanism exist. The pronounced
partitioning of Mn suggests at first view a dif-
fusional mechanism. However, the initial segre-
gation occurs before the transformation, and the
partitioning could go on after a displacive trans-
formation. The crystallographic coherency be-
tween the two structures (matrix, bcc; dislocation
core, fcc) observed in TEM seems to support a
displacive transformation mechanism; however,
K-S relationships can occur for diffusive trans-
formations, too.
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Fig. 1. Fe–9 atomic % Mn solid solution, 50% cold-rolled and annealed at 450°C for 6 hours to trigger Mn segregation. (A) Bright-field STEM
image. (B) Correlative atom probe tomography results of the same tip shown in (A) using 12.5 atomic % Mn isoconcentration surfaces (12.5 atomic % Mn
was chosen as a threshold value to highlight Mn-enriched regions).The blue arrows mark grain boundaries and dislocation lines that are visible in both the
STEM micrograph and the atom probe tomography map. Not all dislocations visible in STEM are also visible in the atom probe data and vice versa (red
arrows). (C) Overlay of (A) and (B). (D) Magnification of two subregions taken from (B). (E) 1D compositional profiles along 1 (perpendicular to dislocation
line) and 2 (along dislocation line).
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For the case of a displacive confined trans-
formation at a dislocation in conjunction with a
coherent fcc-bcc low-energy interface, the energy
balance reaches a steep local minimum at an
austenite size of ~0.4 nm. We interpret this as a
stable austenitic state that remains confined to
the defect.
The colored curves indicate solutions for a

diffusive mechanism in conjunction with an in-
coherent interface by using different fcc-bcc in-
terface energies. Both types of scenarios could
in principal explain our observations (Fig. 4).
The activation barrier for such a linear structure
to be turned into a conventional phase, when in
a two-phase region of the phase diagram, is rath-

er small for the diffusive cases or—for interface
energies <1 J/m2—even absent. In such cases, a
spontaneous (pseudospinodal) phase formation
could occur (31). The coherency between the
matrix and the austenitic dislocation core and
the fact that these fcc zones remain strictly
confined at the defects without any temporal
changes in size or composition (18) are the rea-
sons why we use the term “linear complexions”
to describe the current phenomena.
We also observed that the segregation of Mn

forms alternating regions of high and low Mn
concentration along a dislocation line (Fig. 1E).
We attribute this necklace-like arrangement of
the transformation zones to a Rayleigh insta-

bility, which is driven by the minimization of the
interface area and occurs if their wavelength
exceeds their circumference, as observed in the
present case.
Our results confirm confined austenitic states

at martensitic dislocation cores. The observa-
tions rest on atomic-scale structural and chem-
ical analysis, thermodynamic calculations, and
an analytical model that accounts for the free-
energy gain obtained when rendering dislo-
cation cores into undistorted spatially confined
austenite zones. We suggest extending the re-
cently introduced planar complexion concept
phenomenologically to the linear case. The effect
observed fulfills all characteristics of a linear
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Fig. 3. Confined austenitic states at dislocation segments in a martensitic matrix imaged with TEM. (A) Selected area diffraction pattern (SADP) from
the enlarged region shown in (B).The diffraction patterns are indexed as [001]bcc; the positions of fcc diffraction spots for a N-Worientation relationship are drawn
into the image. (B) BF-TEM and dark-field (DF)–TEMmicrographs of a small-angle grain boundary.The DFmicrograph was taken from the region marked by the
yellow circle in (A), indicating austenitic edge dislocation core regions.

Fig. 2. Partitioning of Mn among the matrix and the dis-
location cores. Proxigram of the local Mn concentration at
dislocation lines in the binary Fe–9 atomic%Mnmodel alloy,
annealed at 400°C for 336hours (2weeks) (blue line),450°C
for 6 hours (black line), and 540°C for 6 hours (red line).The
parameters used for the isoconcentration surface values and
for the proxigram calculations (18) were identical for all data
sets (delocalization, 2 nm; voxel size, 0.7 nm; Mn isoconcen-
tration value, 14 atomic % as threshold value). The thermo-
dynamically predicted equilibrium concentrations of Mn in
austenite at the respective annealing temperatures are
marked by dashed lines (18).
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complexion (8)—namely, equilibrium structural
and chemical states through defect stabilization,
geometrical confinement to the defect region,
individual structural and compositional state, as
well as dimensional and compositional stability.
The thermodynamic driving forces for the for-
mation of planar and linear complexions may
be different, though, owing to the associated dif-
ferences in structure and distortion of the un-
derlying lattice defects. The discovery of linear
complexions provides opportunities to nano-
structure alloys via targeted segregation and
confined structural states of dislocations.
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Highly thermally conductive and
mechanically strong graphene fibers
Guoqing Xin,1 Tiankai Yao,1 Hongtao Sun,1 Spencer Michael Scott,1 Dali Shao,2

Gongkai Wang,1 Jie Lian1*

Graphene, a single layer of carbon atoms bonded in a hexagonal lattice, is the thinnest,
strongest, and stiffest known material and an excellent conductor of heat and electricity.
However, these superior properties have yet to be realized for graphene-derived
macroscopic structures such as graphene fibers. We report the fabrication of graphene
fibers with high thermal and electrical conductivity and enhanced mechanical strength.
The inner fiber structure consists of large-sized graphene sheets forming a highly ordered
arrangement intercalated with small-sized graphene sheets filling the space and
microvoids. The graphene fibers exhibit a submicrometer crystallite domain size through
high-temperature treatment, achieving an enhanced thermal conductivity up to 1290 watts
per meter per kelvin.The tensile strength of the graphene fiber reaches 1080 megapascals.

A
s one of carbon’s allotropes, single-layer
graphene has the highest thermal conduc-
tivity ever reported, up to ∼5000Wm−1 K−1

at room temperature (1–3); it also has the
highest Young’s modulus (~1100 GPa) (4),

fracture strength (130 GPa) (4), and mobility of

charge carriers (200,000 cm2 V−1 s−1) (5). How-
ever, such remarkable properties of single-layer
graphene are on a molecular level and have not
been achieved when processed into fibers. Mac-
roscopic graphene oxide (GO) fibers can be as-
sembled from a dispersion of GO in aqueous
media, with graphene fibers produced upon
reduction of the GO fibers (6, 7). The aniso-
tropic liquid crystalline behavior of the GO sheets
can lead to a prealigned orientation, which can
further be directed under shear flow to form an
ordered assembly in amacroscopic fiber structure
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Fig. 4. Modeling
supports a confined
austenitic state at
a dislocation core in
martensite. Free
energy per unit length
of an austenitic (fcc)
cylinder in a surrounding
Fe–9 atomic % Mn
martensite (bcc)
matrix formed along
an infinite straight-
edge dislocation
line, calculated for
a range of interface
energies between
1.2 and 0.2 J/m2 for
the case of a diffusive
and a displacive
confined transformation,
respectively, at a temperature of 450°C.The black line applies to a displacive transformation at a dislocation
in conjunction with a coherent fcc-bcc low-energy interface, and the colored curves indicate solutions for a
diffusive transformation in conjunction with an incoherent fcc-bcc interface by using different interface
energies.The local minima in several of these curves indicate the size of a confined austenitic (fcc) state.
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