
Acta Materialia 185 (2020) 129–141 

Contents lists available at ScienceDirect 

Acta Materialia 

journal homepage: www.elsevier.com/locate/actamat 

Full length article 

Prediction of a wide variety of linear complexions in face centered 

cubic alloys 

Vladyslav Turlo 

a , Timothy J. Rupert a , b , ∗

a Department of Mechanical and Aerospace Engineering, University of California, Irvine 92697, CA, United States 
b Department of Materials Science and Engineering, University of California, Irvine 92697, CA, United States 

a r t i c l e i n f o 

Article history: 

Received 5 August 2019 

Revised 18 November 2019 

Accepted 29 November 2019 

Available online 3 December 2019 

Keywords: 

Dislocations 

Stacking faults 

Complexions 

Phase transformations 

Atomistic simulations 

a b s t r a c t 

Linear complexions are defect states that have been recently discovered along dislocations in body cen- 

tered cubic Fe-based alloys. In this work, we use atomistic simulations to extend this concept and ex- 

plore segregation-driven structural transitions at dislocations in face centered cubic alloys. We identify a 

variety of stable, nanoscale-size structural and chemical states, which are confined near dislocations and 

can be classified as linear complexions. Depending on the alloy system and thermodynamic conditions, 

such new states can preserve, partially modify, or relax the original dislocation cores they were born 

at. By considering different temperatures and compositions, we construct linear complexion diagrams that 

are similar to bulk phase diagrams, defining the important conditions for complexion formation while 

also specifying an expected complexion size and type. Several notable new complexion types were pre- 

dicted here: (1) nanoparticle arrays comprised of L1 2 phases in Ni-Fe, Ni-Al, and Al-Zr, (2) replacement 

of stacking faults with layered complexions comprised of (111) planes from the Cu 5 Zr intermetallic phase 

in Cu-Zr, (3) platelet arrays comprised of two-dimensional Guinier-Preston zones in Al-Cu, and finally 

(4) coexistence of multiple linear complexions containing both Guinier-Preston zones and L1 2 phases in 

ternary Al-Cu-Zr. All of these new complexion states are expected to alter material properties and affect 

the stability of the dislocations themselves, offering a unique opportunity for future materials design. 

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Complexions are thermodynamically-stable chemical and struc- 

ural states confined to crystalline defects [1–4] . To date, the vast

ajority of research on complexions has been mainly focused on

lanar complexions , or two-dimensional defect states at interfaces

uch as grain boundaries, interphases, or surfaces [3–14] . With

arying thermodynamic parameters such as temperature and com-

osition, interfacial regions may abruptly change their structure

nd composition, switching among complexion types in a manner

hat is similar to a bulk phase transition [9–18] . The differentiating

actor is that a complexion transition is dependent on the defect to

ocally alter the crystal structure, stress, composition, or another

hermodynamic variable in a way that stabilizes the nanoscale

hase in the local environment. Such complexion transitions may

ignificantly affect the mechanical [19–22] and atomic transport

9] properties as well as thermal stability [15 , 22–24] of polycrys-

alline materials. For example, a transition to disordered nanolayer
∗ Corresponding author at: Department of Materials Science and Engineering, 
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omplexions, also be called amorphous intergranular films, im-

roves both the strength and ductility of nanocrystalline Cu-Zr

20] . Disordered complexions can accommodate an unexpected

egion of high-temperature nanocrystalline stability against grain

rowth [24] . As another example, the transition from a monolayer

o bilayer complexions is able to explain an abrupt change in acti-

ation energy for grain boundary diffusion in the Cu-Ag system [9] .

In contrast to the more widely investigated planar complexions,

inear complexions (one-dimensional defect states confined along

 dislocation line) have only been recently discovered. The term

inear complexion was first proposed in the recent experimen-

al work of Kuzmina et al. [1] to describe arrays of nanoscale

recipitates of the austenite phase that were formed along the

islocation lines in body centered cubic Fe-9 at.% Mn. Kwiatkowski

a Silva et al. [25] subsequently performed a thermodynamic

nalysis of the Fe-Mn system, suggesting a novel phase transfor-

ation path of spinodal decomposition in a defect segregation

one followed by austenite phase nucleation in the regions with

levated composition. Such regions limit the growth of the pre-

ipitates, explaining the formation of the nanoscale precipitate

rrays along dislocations. Despite such progress, a systematic

xperimental investigation of alloys in relation to temperature and

https://doi.org/10.1016/j.actamat.2019.11.069
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
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composition is very difficult, while thermodynamic models require

many important parameters to be defined ahead of time, slowing

the identification of new types of linear complexions. 

On the other hand, atomistic simulations have proven to be a

powerful tool for investigating complexion formation phenomenon,

as they capture all of the chemical and structural information as-

sociated with nanoscale phase transformations. For example,

atomistic models have provided great insight into grain boundary

complexion transformations such as a “split-kite”-to-“filled-kite”

transitions at tilt grain boundaries in Cu-Ag [10] , ordered-to-

disordered complexion transitions and the formation of nanoscale

amorphous intergranular films in Cu-Zr [16] , and a symmetric-

to-asymmetric structural transition at Mo-Ni tilt grain boundaries

[17] . Yang et al. [17] were even able to construct a grain boundary

complexion (phase) diagram by finding the transition line and

critical inflection point, which would require an enormous amount

of time and effort if tackled experimentally. Moreover, atomistic

simulations have recently been used to study linear complexion

formation in the body centered cubic Fe-Ni system by Turlo and

Rupert [26] . These authors chose the Fe-Ni system because its bulk

phase diagram was similar to that of Fe-Mn system, where linear

complexions were first discovered, and due to the availability of

a reliable Fe-Ni interatomic potential. Investigating the solute seg-

regation and second-phase precipitation for a wide range of com-

positions and temperatures, Turlo and Rupert constructed a linear

complexion phase diagram to describe the conditions needed to

enable a complexion transition. Nucleation of nanoscale precipitate

arrays, comprised of metastable B2-FeNi and stable L1 0 -FeNi, were

uncovered. In later work, these same authors [27] demonstrated

that, due to the low interfacial energy with the matrix phase, the

metastable B2-FeNi phase is more thermodynamically-favorable

at the nanoscale. The metastable phase is formed first, occupying

the dislocation segregation zone, and then the stable phase pre-

cipitates nucleate inside of the metastable phase, resulting in the

linear complexion structure with dual phase coexistence that was

observed in atomistic simulations [26 , 27] . 

A common aspect of the existing literature on linear com-

plexions is that it is focused on body centered cubic metals

[1 , 25 , 26 , 28] . While linear complexions in face centered cubic met-

als have not yet been reported, they should be different from those

in body centered cubic metals. Dislocations in face centered cu-

bic metals are typically made of two Shockley partial dislocations

with a stacking fault between them, providing a fundamentally dif-

ferent template for segregation and linear complexion formation.

Since all dislocation dissociate into Shockley partials and all Shock-

ley partials have an edge component, all dislocations will have a

hydrostatic stress to promote local solute segregation. Moreover,

solute absorption by stacking faults or so-called Suzuki segrega-

tion [29] may also be active. Suzuki segregation is not driven by a

local stress field but instead results from the different local crys-

tal structure and is strongly dependent on the degree of super-

saturation [30] , affecting the dissociation width of extended dis-

locations in face centered cubic alloys [31] . Using modern high-

resolution electron microscopy and atom-probe tomography, recent

experimental works report atomic-scale evidence for more com-

plex segregation patterns and dislocation behavior [32–34] . For ex-

ample, Kontis et al. [32] investigated Ni-based superalloys with

Al, Ti, Co, and Cr addition, finding Co and Cr segregation to dis-

locations. This segregation provided a path for a pipe diffusion

while attached to the γ / γ ′ interface, leading to complete dissolu-

tion of the γ ′ precipitates. Another study of Ni-based superalloys

performed by Smith et al. [34] shows evidence of solute segrega-

tion to superlattice intrinsic stacking faults followed by a nanoscale

γ ′ -to- D0 19 phase transformation. Investigating CoNi-based superal-

loys, Makineni et al. [33] reported the same nanoscale γ ′ -to- D0 19 

transformation, while provided better chemical mapping using
hree-dimensional atom-probe tomography. These authors demon-

trated that the stacking fault is enriched with W and Co, while the

orresponding leading partial dislocation is enriched with Cr and

o and creates Cottrell atmosphere in the adjoining planes ahead

hat are enriched with Al [33] . Thus, by demonstrating different

egregation patterns, local compositions and structures, stacking

aults and also partial dislocations should be considered in some

ases as independent candidates for linear complexion formation. 

In this study, we use atomistic modeling to investigate the

ocal structure and chemistry near dislocations under a wide

ange of compositions and temperatures, predict a variety of linear

omplexions, and construct the corresponding linear complexion

iagrams for multiple face centered cubic alloys. First, we study

he Ni-Fe system, where we find linear complexions in the form of

anoparticle arrays made of an intermetallic L1 2 -FeNi 3 phase. Sim-

lar complexions were also found in the Ni-Al and Al-Zr systems.

ext, we observe Zr segregation to partial dislocations and stack-

ng faults in the Cu-Zr system that leads to the formation of both

rdered and disordered complexion states. We also uncover the

ormation of platelet precipitates that resemble Guinier-Preston

GP) zones in Al-Cu that experience directional growth starting at

artial dislocations following by faceting of the dislocation line.

inally, we demonstrate the formation of linear complexion com-

ounds comprised of both nanoscale precipitate arrays (L1 2 -Al 3 Zr

hase) and GP zone platelets in the ternary Al-Zr-Cu system. As a

hole, our modeling results indicate that a vast material design

pace is available for linear complexion engineering. 

. Methods 

Atomistic simulations were performed with the Large-scale

tomic/Molecular Massively Parallel Simulator (LAMMPS) software

35] using many-body interatomic potentials for binary systems

i-Fe [36] , Cu-Zr [37] , Ni-Al [38] , Al-Zr [39] , Al-Cu [39] , and for

ernary Al-Cu-Zr [39] . While the Ni-Fe potential has already been

sed to investigate linear complexion formation in body centered

ubic alloys [26] (i.e., in the Fe-rich side of the phase diagram),

he potentials for the Cu-Zr, Al-Zr, and Al-Cu systems have all been

sed to capture planar complexion transitions at grain boundaries

n face centered cubic alloys in prior studies [16 , 40 , 41] . Since the

tructure and chemistry of the nanoscale complexions were of pri-

ary interest, interatomic potentials were chosen that accurately

ecreate the major features of the experimental phase diagrams

uch as stable second phases and solubility limits. Equilibrium

tates were obtained with hybrid Monte Carlo/molecular dynam-

cs simulations using a parallel algorithm proposed by Sadigh

t al. [42] . One Monte Carlo step was performed for every 100

olecular dynamics time steps. A variance-constrained semi-grand

anonical ensemble was used during the Monte Carlo portion to

arget a specific composition, while structural relaxation during

he molecular dynamics equilibration procedure allowed for phase

r complexion transformation. Each initial system was first heated

rom 0 K to a target temperature over 0.1 ns and then relaxed at

his temperature for another 0.1 ns. A Nosé-Hoover thermostat and

 Parrinello-Rahman barostat with zero external pressure were ap-

lied throughout. The thermostatting and barostatting times were

djusted to be 0.1 and 1.0 ps, respectively, and the integration

ime step was chosen to be 1 fs. Fig. 1 (a) shows an example of the

otential energy evolution of the total simulation cell during the

ybrid Monte Carlo/molecular dynamics procedure. We count the

ystem as relaxed when the corresponding energy gradient for the

ast 20 ps is less than 0.1 eV/ps (inset to Fig. 1 (a)). The equilibrated

amples were analyzed and visualized using the OVITO software

43] , in which dislocations were analyzed by the dislocation

xtraction algorithm [44] and the local atomic order around each

tom was determined by the polyhedral template matching (PTM)
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Fig. 1. (a) The time evolution of the potential energy during the equilibration of a Ni-2 at.% Fe sample at 400 K. The embedded green box shows the potential energy 

gradient, with the dotted line denoting the threshold value of 0.1 eV/ps. (b) XY view of the initial system simulation cell with edge dislocations. Atoms are colored according 

to their local atomic order: green – fcc and red – hcp. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 

article.) 
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ethod [45] . For atomic snapshots presented in this paper, solute

toms are shown as black while atoms of the matrix element are

olored according to their local atomic order: face centered cubic

fcc) – green, body centered cubic (bcc) – blue, hexagonal close

acked (hcp) – red, icosahedral – yellow and other – white. Atoms

f the intermetallic phase L1 2 are shown in magenta. 

Orthogonal simulation cells were created ( Fig. 1 (b)) containing

wo edge dislocations of opposite character, with each full disloca-

ion relaxing into two Shockley partial dislocations with a stacking

ault in between. While the partial dislocations resulting from a

ull edge or full screw dislocation have different Bur gers vectors,

hey are of mixed character in both cases, having both screw and

dge components. This means that the local stress field, while

uantitatively different (i.e., stress tensor components will have

ifferent magnitudes), will be qualitatively the same (i.e., have

he same non-zero normal and shear stress components). The

imilarity between the stress tensors means that dislocations in

cc materials provide a consistent template for linear complexion

ormation. We performed additional simulations with dissociated

crew dislocations and confirmed the same types of complexion

ransitions as for dissociated edge dislocations. Thus, for simplicity,

e focus on reporting the results of simulations of the edge dis-

ocation configuration in this manuscript. A consistent simulation

ell was created for the various alloy systems by fixing the number

f atomic planes in each direction. Each simulation cell is 60 
√ 

2 a

n the X direction, 48 
√ 

3 a in the Y direction, and 10 
√ 

6 a in the Z

irection, where a is the face centered cubic lattice parameter cor-

esponding to the base element of interest. Additional “long” sim-

lation cells that extended 5 times further in the Z direction were

sed to verify the periodicity of the complexion structure along

he line defect. The edge dislocations were inserted into the simu-

ation cell by removing one half of the atomic plane in the middle

f the sample and equilibrating the system with molecular statics.

reating two edge dislocations with opposite Burgers vectors

nables periodic boundary conditions to be used in all directions. 

. Results and discussion 

We explored local complexion transitions near dislocations in

ve different alloy systems, predicting three types of linear com-

lexions: (1) nanoparticle arrays, (2) stacking fault complexions,

nd (3) platelet arrays. Thus, this section is divided into four sub-

ections, three corresponding to a given complexion type and a

ourth to discuss the possibility of multiple complexion coexis-
ence. In the first subsection, we discuss in detail the forma-

ion of nanoparticles of an L1 2 intermetallic phase along dislo-

ations in the Ni-Fe system. We then confirm the existence of

imilar L1 2 nanoparticle linear complexion arrays in long samples

or Ni-Fe, Ni-Al, and Al-Zr, demonstrating that this type of behav-

or should be expected in many fcc alloys. In the second subsec-

ion, we discuss how solute segregation to stacking faults in Cu-

r results in local chemical and structural transitions to the new

wo-dimensional, ordered features. We show that an increase in

r composition leads to thickening of these features into three-

imensional objects and eventually a transformation to a disor-

ered phase that completely delocalizes the original dislocation

ore. This final step may be associated with a premelting transi-

ion or a bulk liquid phase depending on the temperature and lo-

al Zr composition. In the third section, we uncover the formation

f two-dimensional platelets in the Al-Cu system that grow from

he partial dislocations along the {100} crystalline planes. These

anolayer features form in arrays along the dislocation lines and

ause faceting of the dissociated dislocation, which is confirmed in

ong Al-Cu samples. Finally, we demonstrate that more than one of

hese linear complexion types can be sustained in a ternary Al-Cu-

r alloy. 

.1. Nanoparticle array linear complexions (Dislocation core 

naffected) 

First, we explore linear complexion formation in fcc Ni-Fe al-

oys. Fig. 2 (a) shows the pure Ni sample heated up to the target

emperature of 500 K, in which extended edge dislocations have

tacking fault widths of ~7–10 nm. Some variation in stacking fault

idth is observed because the dislocations slightly interact with

ach other due to their stress fields. Fig. 2 (b) shows the local hy-

rostatic stress for the same sample; only the partial dislocations

ause local stress concentrations. Generally, tensile stresses occur

n the direction where the extra half-plane has been removed (i.e.,

n the middle of the sample) and compressive stresses occur in

he other region (i.e., in the top and bottom sections of the cell).

ig. 2 (c) presents a similar simulation cell but with 1 at.% Fe added,

here the solute atoms segregate to the compression side of the

artial dislocations and form nanometer-sized, ordered structures.

hese linear complexions have the same crystallographic structure

nd orientation as the matrix phase and do not destroy the par-

ial dislocations, which are still recognized by the DXA algorithm.

dditional analysis these particles with the PTM method indicates
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Fig. 2. XY atomic snapshot of the (a,b) pure Ni, (c,d) Ni-1 at.% Fe, and (e,f) Ni-2 at.% Fe samples at 500 K. In (a,c,e), atoms are colored according to their local crystal 

structure obtained by the PTM method, with the atoms corresponding to the L1 2 phase shown in magenta. The embedded box in (c) demonstrates the chemical order of the 

L1 2 phase. In (b,d,f), atoms are colored according to the local hydrostatic stress. (For interpretation of the references to color in this figure legend, the reader is referred to 

the web version of this article.) 
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that the local atomic order and compositional patterning corre-

sponds to the L1 2 -FeNi 3 phase (see the embedded box in Fig. 2 (c)),

which has coherent interfaces with the matrix phase in this case

and grows into the viewing direction, along with the dislocation

lines. With progressive doping of Fe into the base Ni, two distinct

particles of the L1 2 -FeNi 3 phase first form, one at each partial, then

continue to grow as composition increases. Eventually, one large,

coalesced particle is found above the partial dislocation-stacking

fault collection. This process can be seen in Fig. 2 (c), where the

bottom pair of partial dislocations has two distinct particles in the

intermediate growth stage. The Fe atoms appear yellow in Fig. 2 (d),

with the different appearance of the two particles resulting from

the viewing plane cutting each at a different place, proving that

they are distinct particles in the early stages. The top pair of par-

tial dislocations shows the later stage of growth where two parti-

cles have coalesced to become one. Fig. 2 (e) shows an even higher

dopant concentration where single particles are found at both sets

of partial dislocation pairs. The particles are also larger on average

than they were in the sample with less dopant. In all cases, the

formation of the ordered structures relaxes the local hydrostatic

compression stress, as shown in Fig. 2 (d) and (f). It is interesting

to note that, with an increase in the Fe concentration and with the

growth of the ordered complexions, the stacking fault width de-

creases. This promotes the merging of the nanoscale size particles

formed at the opposite sides of the dissociated dislocation but also

provides a testable hypothesis for future experiments. While lo-

cal chemical ordering can be difficult to observe with transmission

electron microscopy, a reduction in stacking fault width would be

a sign that such a linear complexion transformation has occurred. 

For a systematic investigation of linear complexion nucleation

in Ni-Fe, we considered a wider range of compositions and temper-

atures. Equilibrium states with global compositions ranging from 1

to 8 at.% Fe and temperatures ranging from 300 to 800 K were

created. The results are summarized in Fig. 3 (a), creating a sec-

tion of the linear complexion diagram for Ni-Fe that is analogous
o a bulk phase diagram. The samples which show no precipita-

ion, where only a random solid solution fcc phase is observed, are

enoted as black dots. Samples with nanoscale L1 2 -FeNi 3 precipi-

ates are shown as magenta circles with the size of the data point

roportional to the atomic fraction of the intermetallic phase in

he simulation cell. Since the number of possible nucleation sites

here precipitates can form in our computational cells is constant

the two dissociated dislocations), an increasing atomic fraction of

he cell signals that particles are becoming larger. The average size

f the precipitates increases with an increase in a global com-

osition and/or a decrease in temperature. Depending on the an-

ealing temperature and global composition, the local composition

f the L1 2 -FeNi 3 precipitates varies from 24 to 27 at.% Fe, values

hich are within the correct range for the L1 2 phase given by the

ulk phase diagram for this potential [36] . The bounds of the two-

hase (fcc + L1 2 ) coexistence zone on the bulk Fe-Ni phase di-

gram is shown in Fig. 3 (a) as a solid black line. The L1 2 parti-

les that formed inside of this region are expected from the bulk

hase diagram but just happened to form at the dislocation due

o the local segregation of Fe atoms. This can be viewed as a

ase of dislocation-assisted heterogeneous nucleation. In contrast,

he nanometer-sized precipitates outside of the two-phase coexis-

ence region are stabilized by a dislocation’ stress field and repre-

ent unique defect states associated with linear complexions. The

order between the solid solution and linear complexion regions

dashed line in Fig. 3 (a)) can be defined by finding the solute satu-

ation in the bulk of the lattice, away from the dislocations, which

e fit with an Arrhenius formula x = x 0 · exp ( −�G/RT ) that ac-

ounts for the presence of dislocation stress field in the system

46 , 47] , where x and x o are the bulk solubility limits in the pres-

nce and the absence of dislocations, respectively, �G is the free

nergy change due to the presence of dislocations, R is the gas

onstant, and T is the temperature. The bulk composition is sim-

ly the sample composition after removing the L1 2 complexions

hown in Fig. 3 (b). Similar nanoparticle complexions were recently
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Fig. 3. (a) Linear complexion diagram representing the conditions at which formation of the nanoscale intermetallic phase is observed (magenta circles) and not observed 

(black circles). The radius of the magenta circles corresponds to the atomic fraction of the L1 2 -FeNi 3 phase in the simulation cell. The solid line shows the limit of the 

two-phase coexistence region on the bulk Ni-Fe phase diagram, computed for the potential used in this work [36] . The dashed line represents the solubility limit, x , in a 

presence of dislocations, obtained by adjusting the original solubility limit x o (solid line) using an Arrhenius formula: x = x 0 · exp ( −�G/RT ) . (b) The solubility limit in the 

presence of dislocations is obtained by calculating the saturation of the bulk region. (c) Energy per atom as a function of the atomic volume measured at 0 K for three 

different phases listed on top of the figure. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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tudied by Turlo and Rupert [26] on the opposite, Fe-rich side of

he phase diagram, where nanometer-sized precipitate arrays com-

rised of a metastable B2-FeNi phase and a stable L1 0 -FeNi phase

ere observed at the compression side of edge dislocation lines.

ince the matrix material was bcc in that case, the dislocation did

ot dissociate and no particle coalescence was observed. 

To explain why Fe atoms segregate to the compression side of

he dislocation, even though they have a larger atomic radius and

ould traditionally be expected to prefer the tension side, we es-

imated an equilibrium atomic volume corresponding to the min-

mum potential energy for the three phases: fcc Ni, an fcc solid

olution with composition Ni-25at.% Fe, and the ordered L1 2 -FeNi 3 
hase. The calculations were performed using the same simulation

ell but without dislocations. The simulation box sizes were pro-

ressively rescaled to vary the average atomic volume in the range

f 9 to 12.5 Å 

3 . Fig. 3 (c) shows the energy of the various phases

s a function of average atomic volume, where it is obvious that

he equilibrium atomic volumes of the solid solution alloy and of

he intermetallic phase are smaller than that of the pure Ni. This

reference for a smaller lattice spacing explains why the Fe solute

toms segregate to the compression side of dislocations. Another

mportant finding from Fig. 3 (c) is that the equilibrium energy of

he solid solution is much higher than that of the L1 2 -FeNi 3 . This

ifference in the bulk energies promotes the precipitation of the

ntermetallic phase, while the low-energy coherent interfaces with

he matrix phase keep the corresponding nucleation barrier low

or such a transition. 

Additional analysis can also epxlain the reduction in stacking

ault width with Fe segregation and linear complexion formation.

any theoretical and experimental investigations suggest stacking

ault size can be described as δ∝ G / γ SF , where δ is the equilibrium

tacking fault width, G is the shear modulus, and γ SF is the stack-

ng fault energy of the system [48] . The localized nature of the

olute segregation and phase transformation near the dislocations

eans that such changes occur in an inhomogeneous manner

round the stacking fault (see Fig. 2 ). Several additional simula-

ions were performed to measure how the alloying and different

ocal inhomogeneities influence key parameters such as the shear

odulus and the stacking fault energy, as shown in Fig. 4 (a). The

imulation cell, identical to the one shown in Fig. 1 (a) but without

islocations, was strained in one set of simulations to obtain the

hear modulus, while a stacking fault was inserted in another set

o extract the stacking fault energy for each system. We considered

our different systems: pure fcc Ni, a solid solution fcc phase with
omposition Ni-2 at.% Fe, a mixture of fcc Ni-4 at.% Fe and pure

cc Ni, and finally a mixture of L1 2 -FeNi 3 and pure fcc Ni. As

emonstrated in Fig. 4 (a), while both the shear modulus and the

tacking fault energy increases with solute and intermetallic phase

ddition, their ratio decreases. This means that the equilibrium

tacking fault width should decrease as well, which is consistent

ith our observations in Fig. 2 . Moreover, as shown in Fig. 4 (b),

he homogeneous Ni-2 at.% Fe and inhomogeneous Ni-4 at.% Fe/fcc

i systems, which have the same global composition, demonstrate

he same values of the key parameters, meaning that the segrega-

ion and depletion around a dislocation core should not affect the

quilibrium stacking fault width. Addition of Fe in either manner

ives the same effect. However, the local complexion transforma-

ion to a nanoscale L1 2 -FeNi 3 phase near the dislocations further

educes the equilibrium stacking fault width, making it a clear

ndicator of the complexion transition. 

By equilibrating additional long samples, we confirm the ex-

stence of stable particle arrays that initial form at the partial

islocations in Ni-Al and Al-Zr, where Ni-rich and Al-rich L1 2 
hases were found, respectively (see Fig. 5 (a-f)). The pure Ni

ample for the Ni-Al potential ( Fig. 5 (a)) has an extremely narrow

tacking fault. This starting stacking fault is very different than

hat was observed for the pure Ni sample simulated with the

i-Fe potential ( Fig. 2 (a)), highlighting that all atomistic modeling

bservations are dependent on the interatomic potential used. In

he case of Ni-Al and Al-Zr shown in Fig. 5 , the potentials were

reated with an emphasis on recreating the properties of the

ntermetallic phases, which may have resulted in some deviations

or the pure metal properties. Fig. 5 (b) and (c) shows the final

tructures of Ni-2.5 at.% Al and Ni-4.0 at.% Al samples equilibrated

t 400 K, where the stacking faults are slightly wider than in the

ure Ni and nanoparticle arrays of the L1 2 phase are confined

o the tension side of a pair of partial dislocations. The pure Al

ample in Fig. 5 (d) has much wider stacking faults than any of the

ther systems discussed above, due to the much lower stacking

ault energy in the simulated Al potential (again a deviation from

eality, as experimental observations show that Al has one of the

ighest stacking fault energies among the fcc metals [49] ). No

atter the issues for the pure metal potentials, the fundamental

bservation of an interplay between the equilibrium stacking fault

idth and the linear complexion form persists. Multiple separate

articles are found for the Al-Zr system ( Fig. 5 (e) and (f)). Second

hase precipitation and growth while maintaining coherent inter-

aces will cause a local stress increase due to a difference in the
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Fig. 4. (a) XY snapshots of the simulation cells used to determine shear modulus (top) and stacking fault energy (bottom) of the four different configurations. Ni atoms are 

colored according to their local crystal structure obtained by the PTM method. Fe atoms are shown in black. (b) The relative change of the shear modulus ( G ), the stacking 

fault energy ( γ ), and their ratio using pure fcc Ni as the reference state. (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 

Fig. 5. Perspective views of long simulation cells demonstrating nanoparticle arrays along the dislocation lines in (a-c) Ni-Al, and (d-f) Al-Zr. The atoms corresponding to an 

fcc solid solution were removed to increase the visibility of linear complexions. Red color shows stacking faults (hcp structure) and magenta color denotes an L1 2 phase. (g) 

A slice cut parallel and 2 nm above the slip plane of the area highlited as a dashed box in (e) with atoms colored according to their chemical ordering: green – fcc solid 

solution, magenta - L1 2 phase (left), and volumetric strain (right). Magenta lines highlight the limits of L1 2 precipitates, while white and red arrows indicate the regions of 

positive and negative strain, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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lattice parameters of the complexion and matrix phases. While

this excess stress is partially relieved inside of the dislocation

segregation zone, the stress/strain along the dislocation line would

became too high if the whole segregation zone is filled by the

second phase. Thus, the system introduces periodic segments of

altering second phase and solid solution, as it is demonstrated in

Fig. 5 (g). Taken as a whole, our findings from this section suggest
he existence of a distinct type of linear complexion: nanometer-

ized particle arrays constricted to the dislocation line, which

e term nanoparticle array linear complexions . This type of linear

omplexions preserves the original dislocations and is composed

f stable (and/or metastable) phases that maintain low-energy

nterfaces with the matrix phase in all directions. The structure of

his complexion appears to be simply determined by equilibrium
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Fig. 6. The cross-section and the bottom slip-plane views of (a,b) pure Cu at 900 K, (d,e) Cu-1 at.% Zr at 900 K, and (g,h) Cu-1 at.% Zr at 800 K. Cu atoms are colored 

according to their local crystal structure obtained by the PTM method, while Zr atoms are shown in black. The fcc Cu atoms are removed from (d) and (g) to demonstrate 

the Zr redistribution around dislocations. Atoms in the bottom frames of (b,e,h) are colored according to the local hydrostatic stress. (c) The hydrostatic stress profiles and (f) 

local composition profiles along the dislocation slip direction in the 0.7 nm layer next to the slip plane on the tension side of the dislocation core (shown as a violet dashed 

box in (a), (d), and (g)). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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hermodynamics, with the next phase on the bulk phase diagram

eing the chosen structure in most cases. 

.2. Stacking fault linear complexions (Dislocation core delocalized) 

Next, we explored local chemical and structural transitions at

islocations in Cu-Zr. As shown in Fig. 6 (a), the pure Cu sample

as an average stacking fault width of ~5 nm. Fig. 6 (b) shows the

ocal atomic order and local stress distributions at the tension side

f the dislocation slip plane indicated by the dashed purple box in

ig. 6 (a). As shown in Fig. 6 (b), the partial dislocations are sepa-

ated far enough apart that their stress fields do not strongly over-

ap. The green lines in Fig. 6 (c) represent the hydrostatic stress

rofiles in the pure Cu sample in a 0.7 nm thick layer on the ten-

ion side of the two dislocations, showing that the average stress

n the middle of the sample is small. Following our observations

n Section 3.1 above, we began investigating relatively high tem-

eratures and low Zr composition, at which only solute segrega-

ion is expected. Fig. 6 (d) presents the equilibrium distribution of

r atoms (black) around the partial dislocation pairs for Cu-1 at.%

r at 900 K, showing strong segregation on the tension side and
light depletion on the compression side of the dislocations. Sim-

lar to our Ni-Fe observations, doping reduces the stacking fault

idth ( Fig. 6 (e)). In addition, solute segregation to the stacking

aults is also observed ( Fig. 6 (e), top panel). This effect can also

e seen in the composition profiles (red lines) in Fig. 6 (f), where

here is an extensive Zr segregation to the partial dislocations and

 slightly less elevated Zr composition in the middle of the stack-

ng fault. These trends in the composition are generally consis-

ent with the corresponding hydrostatic stress profiles in Fig. 6 (c)

red lines), with higher tensile stresses leading to higher Zr con-

entrations. These observations allow one to build a mechanistic

escription of the doping process. First, doping with Zr leads to

he shrinkage of the stacking fault. This in turn leads to an over-

ap of the stress fields of the leading and trailing partial disloca-

ions, attracting more solutes to the tension side of the stacking

ault. A decrease in temperature to 800 K at the same composi-

ion leads to more intense solute segregation, as shown in Fig. 6 (g).

he top panel in Fig. 6 (h) shows that this increased segregation

auses parts of the stacking fault to no longer be indexed as hcp.

nstead, local chemical ordering is found at the stacking fault and

he stress fields associated with the original partial dislocation pair
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Fig. 7. (a) Cross-sectional and (b) slip plane views of the stacking fault complexion in Cu-1.2 at.% Zr at 800 K. (c) Normalized radial distribution functions of the stacking 

fault linear complexion, selected as shown by a yellow box in (b), and a (111) plane of the Cu 5 Zr phase (see the embedded box in (c)). Cu atoms are colored according to 

their local atomic structure (blue – bcc, green – fcc, red – hcp, yellow – icosahedral, and light gray - other), while Zr atoms are colored black. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.) 
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begin to be destroyed. At this point, the original partial disloca-

tions were not recognized anymore by the DXA method. This or-

dered structure produces one concentration peak with a compo-

sition of ~20 at.% Zr, as shown by the blue curves in the bottom

panel of Fig. 6 (f). Such an ordered two-dimensional structure can-

not be associated with any bulk phase since it requires the stack-

ing fault template. Here, we refer to these complexions as stacking

fault complexions , since they keep the shape of the stacking fault.

The new complexions have a planar geometry, similar to a grain

boundary complexion, but were created due to segregation and

transformation at line defects. Moreover, the new complexion is

limited in its width while the length goes through the simulation

cell. As such, we still refer to these features as linear complexions

here, but acknowledge that this terminology should be discussed

and evaluated further. 

A further increase in the Zr composition leads first to the

widening of the “ribbon-shaped” complexion, as shown in Fig. 7 (a).

The local atomic structure of this complexion is shown in Fig. 7 (b)

using the PTM method, where all of the Zr atoms are arranged

in a hexagonal pattern, with each surrounded predominantly by

Cu atoms with icosahedral atomic order. Fig. 7 (c) presents a ra-

dial distribution function (RDF) from the two-dimensional slice in-

dicated by the yellow box in Fig. 7 (b), showing that the stacking

fault complexion has a structure that is very similar to the struc-

ture of the (111) plane of the Cu 5 Zr intermetallic phase. While local

strains associated with the nanoscale phase transformation smooth

the peaks on the RDF profile corresponding to the ribbon complex-

ion, several crystalline peaks can be still recognized. This phase is

rich on icosahedral-ordered atoms (inset to Fig. 7 (c)) and the aver-

age local composition of the stacking fault complexions is ~16–19

at.% Zr, matching the nominal 16.7 at.% Zr expected from the Cu 5 Zr

intermetallic phase. The experimental work of Peng et al. [50] on

aging of a supersaturated Cu-Zr alloy also supports our findings.

These authors showed that Zr-rich nanoscale clusters with disc-

like shapes were formed on {111} planes and then Cu 5 Zr nanoscale

precipitates are created by adding more {111} planes, forming co-

herent {111} Cu5Zr ||{111} Cu interfaces. 

Thus, one might hypothesize that these stacking fault complex-

ions with order similar to a slice from the Cu 5 Zr phase might act

as a precursor to the formation of a bulk Cu 5 Zr phase or Cu 9 Zr 2 
phase. In fact, when one continues to increase the Zr concentra-

tion in the system, the stacking fault complexion thickens until it

appears to look more like a wire than a ribbon. In Fig. 8 (a) and

(b), the complexion has a noticeable thickness in both of the in-

plane dimensions. However, the Cu 5 Zr intermetallic phase has a

much higher atomic volume (13.6 Å 

3 ) than fcc Cu (11.9 Å 

3 ), mean-

ing precipitation of bulk intermetallic precipitates would result in a
ignificant strain energy penalty inside of the Cu lattice. Moreover,

he different crystal structure and lattice constants of the Cu 5 Zr

nd Cu 9 Zr 2 intermetallic phases would necessitate the formation

f high-energy incoherent interfaces (Cu 5 Zr has a cubic lattice with

 = b = c = 0.6870 nm while Cu 9 Zr 2 has a tetragonal lattice with

 = b = 0.6856 nm and c = 0.6882 nm [51] ). Instead, continued

oping with Zr or an increase in temperature leads to the for-

ation of a disordered phase. Fig. 8 (c) shows an atomic snapshot

rom a specimen with 2.2 at.% Zr at 10 0 0 K, where a second-phase

recipitate is formed that destroys any obvious signature of the

riginal defects. The inset to Fig. 8 (c) shows a radial distribution

unction for the atoms inside this phase, demonstrating the lack

f long-range order consistent with an amorphous structure. The

anoscale transition to a disordered phase might be energetically

avorable due to the relaxation of the strain energy of delocalized

islocations. However, it is possible that complete relaxation of the

ystem and release of any strain energy penalty would lead to the

ormation of an intermetallic particle. However, we do not explore

his possibility in any more details, since the behavior near the dis-

ocations is our focus in this study, not transformation pathways to

ulk phases. 

To classify and analyze the variety of structures obtained in

he Cu-Zr system, we construct a linear complexion phase diagram

n Fig. 9 (a). Three regions were identified corresponding to sam-

les with (1) solute segregation but no phase transformation (black

ots), (2) ordered complexion transformations (yellow circles) into

tacking fault complexions, and (3) heterogeneous precipitation of

 disordered phase (purple circles). The solid line in Fig. 9 (a) repre-

ents the bulk melting curve, obtained for the interatomic potential

sed in this work [52] . Fig. 9 (b) shows the data replotted against

he local composition, rather than the global composition, showing

hat the samples at 1200 K are locally above the melting curve and

hus correspond to a bulk liquid phase. However, other samples

ith disordered precipitates are below the bulk melting curve and

hus correspond to a premelting transition that does not appear

n the bulk phase diagram. Hence, these structures are complex-

ons, as they would not exist if it were not for the dislocations. It

s interesting to note that the local compositions of the disordered

omplexions do not overlap with the compositions of the ordered

omplexions, indicating an existence of a phase boundary for the

omplexion transition, which is schematically shown as a dashed

ine in Figure (b). However, such a transition is not expected to be

eversible because the formation of ordered complexions requires

he presence of the original defect. 

Finally, we confirm the existence of stacking fault linear com-

lexions using a long simulation cell for Cu-1 at.% Zr equilibrated

t 800 K. Fig. 10 shows the perspective, top, and zoomed views
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Fig. 8. (a) Cross-sectional and (b) in-plane views of the stacking fault complexion in Cu-2.2 at.% Zr at 900 K. (c) Cross-sectional view of the disordered complexions in Cu-2.2 

at.% Zr at 10 0 0 K. The Cu atoms are colored according to their local atomic structure (blue – bcc, green – fcc, red – hcp, yellow – icosahedral, and light grey - other), while 

Zr atoms are colored black. The inset in (c) demonstrates the radial distribution function for the disordered phase. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 

Fig. 9. Linear complexion diagrams for the Cu-Zr system represented in terms of (a) global and (b) local (complexion) compositions. Ordered complexions are shown in 

yellow, while disordered complexions and bulk phases are shown in magenta. The solid black line represents the melting curve for Cu-Zr computed for the interatomic 

potential used in this work [52] . The dashed line was added to schematically demonstrate that the local compositions of ordered and disordered complexions can be 

separated from each other and do not overlap. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 10. (a) Perspective and (b) top views of the long Cu-1 at.% Zr sample equilibrated at 800 K. (c) Zoomed regions of the lower dislocation indicated by dashed boxes in 

(b). The atoms corresponding to an fcc solid solution were removed to increase the visibility of linear complexions. Cu atoms are colored according to their local atomic 

order and Zr atoms are shown in black. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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f this system, where the stacking fault complexion transforma-

ion happens all along the dislocation line. As shown in Fig. 10 (c),

he final structure of the linear complexion is made of the wide

hemically ordered zones comprised of Zr atoms surrounded by Cu

toms with icosahedral atomic order, connected by narrow “neck-

ng” zones of different local atomic ordering. Such necking zones
ight represent the intermediate transition state from the original

cp structure of the stacking fault to the icosahedral structure of

he stacking fault complexion. The stacking fault complexions rep-

esent an extreme type of linear complexion transition, where the

riginal dislocation cores are delocalized, even though they were

nstrumental in driving the transition. 
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Fig. 11. Perspective view of (a) Al-0.1 at.% Cu at 300 K, (b-d) Al-0.1 at.% Cu at 250 K, and (e) a long simulation cell of Al-0.3 at.% Cu at 300 K. The Al atoms are colored 

according to their local atomic structure, while Cu dopant atoms are shown in black. The fcc Al atoms are removed from the snapshots (a-c) and (e). Partial dislocations, 

identified by the DXA method, are shown as green lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 

article.) 
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3.3. Platelet array linear complexions (Dislocation core restructured) 

Fig. 11 (a) shows an equilibrated simulation cell for Al-0.1 at.%

Cu at 300 K. The relatively large spacing between partial disloca-

tions means that their stress fields do not overlap, similar to what

was observed in Cu-Zr before doping. Due to the low atomic vol-

ume of Cu relative to Al, the Cu atoms segregate to the compres-

sion side of the partial dislocations while no noticeable segregation

to the stacking faults was observed in this alloy system. Lower-

ing the simulation temperature or increasing dopant composition

promotes more intense segregation in the form of local cluster-

ing of Cu atoms along the dislocation lines ( Fig. 11 (b)). The Cu

atoms cluster in the shape of half of a disk, occupying only one

atomic plane while causing a local structural transition that ap-

pears as bcc structural ordering according to the PTM method (see

Fig. 11 (c)). This structural transition shifts the partial dislocation

lines out of their glide planes in the growth direction of the bcc

planes, with the dislocations identified by DXA shown as green

lines in Fig. 11 (c). In addition, this structural transition causes a

faceting of the partial dislocation lines that can be sen in Fig. 11 (b)

and (e). 

Made of one Cu plane, these features resemble as the well-

known Guinier-Preston (GP) zones. GP zones are usually observed

during the aging of Al-Cu binary alloys and appear as thin platelets

with a {100} orientation [53] , as a precursor to precipitation. A

closer look at the growth plane ( Fig. 11 (d)) demonstrates that, like

GP zones, the clusters form coherent interfaces with the matrix

phase along the (100) plane. GP zones can also be identified by

a significant difference in the local atomic volume, a feature again

shared with the platelets in Fig. 11 (d). Fig. 11 (e) presents the equi-

librium structure of a long simulation cell of Al-0.3 at.% Cu equili-

brated at 300 K, which confirms the formation of arrays of these
anoscale-size layered features. Based on these observations, we

enotes these linear complexions as platelet array linear complex-

ons . The result of this complexion transition is a regularly faceted

islocation line. As these GP zones are made of just one Cu layer,

hey are usually referred to in the literature as GPI zones or a θ ′′ 
hase [54] . Our atomistic simulations are in agreement with ob-

ervations by Liu et al. [55] of aging treatments in a supersatu-

ated Al-Cu alloy, in which the formation of arrays of GP zones

as found along the dislocation lines. 

A further increase in a global composition leads to the expan-

ion of these platelet structures, but growing slightly in thickness

ut also extending further into the material, as demonstrated in

ig. 12 (a). Fig. 12 (b) shows the slice perpendicular to the platelet

omplexions, demonstrating that the maximum thickness is three

tomic planes, comprised of two Cu planes with one Al plane in

etween. These layered features are thicker than GPI zones but

till cannot be associated with the bulk phase due to their two-

imensional nature. Similar nanolayer platelets in the Al-Cu system

re usually referred to in the literature as GPII zones or a θ ′ phase,

hile their precise structure is still debated [54] . The platelet com-

lexions observed in this figure are comprised of the three (001)

tomic planes of the θ − A l 2 Cu phase ( Fm3m space group, see

ig. 13 (a)). The magenta line in Fig. 13 (a) represents a coordination

nalysis of the trilayer feature shown in Fig. 12 , matching well the

DF for the θ − A l 2 Cu phase (black line in Fig. 13 (a)). These trilayer

eatures cause faceting of the stacking fault in the same way as one

ayer features observed at lower compositions ( Fig. 11 ), and would

lso be expected to form arrays along the dislocation line. Such ar-

ays of nanoscale trilayer features can be also denoted as platelet

rray linear complexions. However, if these features expand into

he bulk far beyond the dislocation stress field, they can exist

ndependently from the defect and should not be considered as a
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Fig. 12. (a) Perspective view of Al-0.6 at.% Cu equilibrated at 300 K. (b) The precipitate cross-section plane with the zoomed view shown by the magenta box. Al atoms are 

colored according to their local atomic structure, while Cu atoms are shown in black. (For interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.) 

Fig. 13. (a) Normalized radial distribution functions of the nanolayer linear complexion shown in Fig. 12 (a) and the θ − A l 2 Cu phase (inset shows the atomic structure). (b) 

Linear complexion diagram for the Al-Cu system, in terms of global composition and temperature. The dashed line schematically indicates the boundary for the complexion 

transition. 
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Fig. 14. Perspective view of the long Al-0.3 at.% Cu-4.5 at.% Zr sample equilibrated 

at 300 K. The fcc Al atoms are removed from the snapshot. Red color corresponds 

to stacking faults (hcp atoms), magenta color corresponds to an L1 2 phase, and blue 

color corresponds to GP zones. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) 
art of a complexion. Rather, the original linear complexion has

erved as a site for heterogeneous nucleation of a new phase. A

ange of temperatures and compositions were modeled to con-

truct an Al-Cu linear complexion diagram that is presented in

ig. 13 (b). There are no bulk phase transition lines on this fig-

re and the dotted line schematically defines the border for the

omplexion transition. Fig. 13 (b) shows that the atomic fraction

and therefore the complexion size) increases with an increase in

lobal composition or a decrease in temperature. The local com-

lexion composition mainly stays in the range of 60–70 at.% Cu,

ith some small complexions at low temperatures and low com-

ositions reaching local compositions as high as ~88 at.% Cu. 

.4. Coexistence of multiple complexion types 

As the number of dopant elements in an alloy increases, it

s possible that multiple types of linear complexions could be

ormed. Consider, for example, the case of dislocation in Al sam-

le doped with both Zr and Cu. Zr atoms segregate to the ten-

ion side of partial dislocations, making linear complexions in a

orm of nanoscale particle arrays of the L1 2 -Al 3 Zr phase ( Fig. 5 (e)).

n the other hand, Cu atoms segregate to the compression side

f partial dislocations, making linear complexions in the form of

latelet arrays of Cu-rich GP zones ( Fig. 11 (e)). As these two com-

lexion states are formed in different regions, it is reasonable to

ypothesize that they can coexist in a ternary Al-Cu-Zr alloy. To

est this hypothesis, additional Monte Carlo/molecular dynamics

imulations were performed on the ternary Al-Cu-Zr system, with
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Fig. 15. Schematic representation of all of the linear complexions discussed in this work, as well as the bulk phases that were probed. The middle frame defines the location 

of linear complexions among other features on a bulk phase diagram. 
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the same potential used for our studies of the binary constituents

[39] . 

As representative complexion states were previously observed

in Al-0.3 at.% Cu and Al-4.5 at.% Zr at 300 K, a first logical attempt

would be to investigate the ternary Al-0.3 at.% Cu-4.5 at.% Zr sys-

tem equilibrated at the same temperature. Fig. 14 shows the equi-

librium atomic configuration for this sample, where again linear

complexions that are confined at dislocations are observed. Simi-

larly to the binary Al-Cu system, GP zones are formed on the dis-

location compression side along the partial dislocation lines, re-

sulting in faceting of the stacking fault. However, the Zr-rich L1 2 
phase precipitates do not follow the partial dislocation line as ob-

served in the binary Al-Zr system, but instead prefer to grow near

the GP zones. While both complexion form as expected, the linear

complexions appear to be dependent on each other. Thus, linear

complexions can have higher level complexity in a manner which

is similar to interfacial complexions, when interactions of multiple

segregating species to crystalline defects can generate new phe-

nomena [56] . 

4. Conclusions 

In this work, we performed atomistic simulations to explore

linear complexions at dislocations in Ni-Fe, Ni-Al, Al-Zr, Cu-Zr, and

Al-Cu fcc alloys. The corresponding linear complexion diagrams

were constructed by investigating wide ranges of temperatures

and compositions for each system. The linear complexions as well

as the heterogeneously-nucleated bulk phases explored in this

work are summarized in Fig. 15 , which also schematically define

the place of linear complexions among other phases on a bulk

phase diagram. The existence of three different types of linear

complexions is predicted in this work: (1) nanoparticle array linear

complexions in Ni-Fe, Ni-Al, and Al-Zr, (2) stacking fault linear
omplexions in Cu-Zr, and (3) platelet array linear complexions

ade of GP zones in Al-Cu. These three complexion types can

e differentiated by their effect on the original dislocation core.

or example, the nanoparticle array linear complexions leave the

islocation core unaffected, while the platelet array linear com-

lexions restructure the dislocation core, forming facets comprised

f edge and screw dislocations. Finally, the stacking fault linear

omplexions delocalize the dislocation core into a more relaxed

tructure, so it is no longer localized in space. Multiple linear

omplexion coexistence was also predicted in the ternary Al-Cu-Zr,

ith nanoscale arrays of GP zones coincident with L1 2 -Al 3 Zr

anoparticles. In addition, a nanoscale complexion transition that

ompletely delocalizes the original dislocation core was observed

n the Cu-Zr system, eventually leading to an amorphous struc-

ure. This disordered phase was formed well below the melting

emperature and represents a nanoscale premelting transition. 

By investigating several model systems, some fundamental

onclusions regarding linear complexions and their types can be

erived. The complexion region on a phase diagram is determined

y the solubility limit curves in the presence and absence of

islocations. Nanoparticle array linear complexions are composed

f phases that are able to form low-energy interfaces (sometimes

hese are coherent interfaces) with the matrix phase in all direc-

ions. If low-energy interfaces can be maintained only at specific

tomic planes, the layered complexions such as stacking fault

inear complexions and platelet array linear complexions can be

ormed. Stacking fault linear complexions are expected to form if

ow-energy interfaces are maintained parallel to the dislocation

lip planes ({111} for face-centered cubic metals), while platelet

rray linear complexions are expected to form in other cases. It

s important to note that the complexion structure is typically

he same as the next phase on the bulk phase diagram, with

ome metastable phases also appearing due to the limited size
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nd/or shape near the dislocation. Taken as a whole, our work

emonstrates that linear complexions are an intriguing new class

f defect states, which allow for the creation of new materials

omprised of networks of nanoscale-size complexions that are in

hermodynamic equilibrium with the matrix phase. 
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