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ABSTRACT

Interfacial solute clustering is an essential step preceding grain boundary (GB)

precipitation. Both states, i.e., clusters and precipitates, alter the mechanical,

chemical, and corrosion properties of materials. Continuum models cannot

capture the atomic details of these phenomena, specifically of the transition from

clustering to precipitation. We thus use the structural phase-field crystal (XPFC)

model to study the compositional and structural evolution during GB clustering

in Al–Cu alloys. The results show that the compositional evolution is dominated

by solute segregation to lattice defects at the very beginning and then by con-

fined spinodal decomposition along the GBs. The latter leads to a steep increase

in the concentration and then the formation of disordered clusters. This struc-

ture acts as a precursor for phase nucleation, just like the decomposed solid

solution, and Guinier–Preston zones are the precursors of the thermodynami-

cally stable Al2Cu phase in the interior of grains. Two modes of spinodal

decomposition are found. (a) On low-angle tilt GBs, spinodal decomposition

occurs at the dislocations that constitute the GB. (b) On high-angle tilt GBs,

spinodal decomposition takes place inside the entire GB plane. In either case, the

structural transition from the disordered low-dimensional precursor states to an

ordered phase state takes place following the compositional enrichment. These

results shed light on atomic-scale early-stage GB decomposition and precipita-

tion processes in Al–Cu alloys and enrich our knowledge about the coupling

effects between compositional and structural evolution during GB phase

transformation phenomena.
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Introduction

In the early stage of precipitation, supersaturated

solid solution decomposes into a depleting solid

solution matrix and clusters of solute atoms. This

process is referred to as solute clustering and is a

crucial step for the formation of second phase pre-

cipitates [1, 2]. Solute clustering influences the com-

position, structure, size, morphology, and dispersion

of precipitates. Such characteristics can be employed

to strengthen alloys, especially precipitation-harden-

ing alloys [3, 4]. Generally, solute clustering occurs in

the bulk of grains and at lattice defects such as dis-

locations [5–7] and grain boundaries (GBs) of poly-

crystalline alloys [8, 9]. It is well known that a GB is

less coherent and more disordered compared to grain

interiors. The structural disturbance translates to an

interfacial excess free energy, referred to as GB

energy. Driven by the decrease in the GB energy,

solute atoms tend to segregate to GBs in multi-com-

ponent alloys, as expressed for the mean-field case by

the Gibbs adsorption isotherm [10]. The solute

enrichment at GBs marks a state of chemical parti-

tioning between GBs and the bulk. This affects the

nucleation and growth of precipitates [11, 12], quali-

fying GB clustering as a more complex phenomenon

compared to precipitation kinetics, precipitate mor-

phology, and distribution inside the bulk [13].

GB clustering often proceeds through a sequence of

evolution steps in terms of composition and

microstructure. Nevertheless, there is no clear theo-

retical understanding of the transition from the

oversaturated solute state to interfacial enrichment,

decomposition, and precipitates. Prior to precipita-

tion, the solute concentration increases at the GB

through equilibrium (or non-equilibrium) segrega-

tion. While the classical Gibbs isotherm assumes GB

segregation without chemical interactions, i.e., a

perfect regular solution of the segregating component

at the interface, the isotherm formulation of Hart and

Guttmann [14] also considers chemical interactions

among the segregated species. Such solute effects

imply the possibility of chemical decomposition and

phase transformation phenomena, similar to known

from bulk phase diagrams at the interfaces [7, 15].

This can, for instance, lead to the formation of low-

dimensional spinodal decomposition phenomena at

GBs, such as recently reported for aluminum alloys

[16], steel [17–20], and high entropy alloys [21].

Compared with the precipitation in the bulk where

the system may be even outside of a spinodal state

(compared to the GB region), the Gibbs decoration of

the defects and the high atomic mobilities in inter-

faces can promote (for instance, in Al–Cu alloys)

formation of Cu enrichment and a confined spinodal

decomposition [16]. Such low-dimensional spinodal

decomposition at GBs renders the distribution of the

interface composition inhomogeneous, thus affecting

the nucleation of GB precipitates [22]. This implies

that the high solute enrichment and associated low-

dimensional compositional patterning along GBs are,

in some cases, not merely due to statistical solute

segregation but to planar spinodal decomposition

[7, 15, 19, 23]. The spinodal decomposition may also

lead to precursor states that precede and trigger

structural transitions, e.g., the emergence of disor-

dered states which acts as precursor states for GB

precipitation [24–26]. Therefore, understanding of the

compositional and structural evolution in GBs is

crucial to understand the physical mechanisms of

segregation, low-dimensional spinodal decomposi-

tion and solute clustering.

It is also essential to clarify the correlation between

GB structure and such GB chemistry effects. GBs

provide preferred nucleation sites through the

structural disorder and associated interfacial energy,

enabling heterogeneous nucleation [27–29]. Inter-

granular structures can significantly affect the com-

positional and structural evolution of clusters that

form on GBs. Unwin and Nicholson [17] have proven

experimentally that the nucleation and growth of GB

precipitates in Al alloys are strongly affected by the

structure of the interfaces. Regarding GB precipita-

tion in A1–Zn and A1–Zn–Mg alloys, Gronsky and

Furrer [30] found that individual dislocations act as

nucleation sites for precipitation at low-angle tilt GBs.

This resulted in a regular distribution of precipitates

along with the low-angle tilt GBs, while precipitates

at high-angle tilt GBs distributed less regularly. Also,

the phase constitution and growth modes for GB

precipitations vary with the type of GB [31–33]. These

phenomena demonstrate the profound influences of

GB structure on segregation, clustering, decomposi-

tion, and structural transformation. Yet, we still lack a

clear theoretical understanding of the inter-depen-

dence of composition and structure at GBs regarding

these decomposition and phase formation

phenomena.
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This is due to challenges in modeling and elec-

tronic microscopy characterization of such phenom-

ena, which must map several length scales on the one

hand and both structure and chemistry on the other

hand [34]. Purely continuum models such as the

phase-field method are unable to depict atomistic

details of such compositional and structural evolu-

tions [35, 36]. Molecular dynamics (MD) and Monte

Carlo (MC) simulations have been used to study

phase transitions in GBs [37, 38], but both are less

suited to simulate processes at diffusive time scales,

such as required for understanding nucleation and

growth at GBs. Recently, hybrid MC and MD ato-

mistic simulations have been conducted to study

linear complexions at dislocations [39, 40], yet, with

limitations regarding the full dynamical resolution of

the preceding solute partition and the structural

transformations. Diffusive molecular dynamics

(DMD) simulations of segregation and precipitation

phenomena in an Al–Mg binary alloy by Dontsova

et al. have the advantage of retaining atomistic details

while allowing for the treatment of diffusive time

scales [41, 42]. However, DMD faces challenges when

simulating multi-component systems because of the

limitations in describing solute concentrations for

more than two elements [43].

Here, we employ the structural phase-field crystal

model (also termed as XPFC) [44, 45] to simulate the

process of solute enrichment and nucleation of GB

precipitates, as this methodology can investigate

materials processes over diffusive time scales, yet, at

a near-atomic-scale resolution [44, 46, 47]. XPFC

simulations have been successfully used to study

materials processes such as crystal nucleation and

growth, precipitation at dislocations, crystal defect

dynamics, and microstructure evolution during

deformation [44, 46, 48, 49].

In this work, we investigate the solute clustering

phenomenon during the early stage of GB precipita-

tion by using the XPFC model for the binary alloy.

We focus on the correlation between GB structure

and GB clustering, as well as the mechanisms of

compositional and structural evolution during GB

clustering. This paper is organized by introducing the

XPFC model of Al–Cu binary alloy firstly and con-

structing the eutectic XPFC phase diagram for Al–Cu

alloy. Additionally, we analyze the relationship

between GB energy and GB structures by changing

the misorientation and GB plane inclination. Further,

we describe the compositional and structural

evolution during solute clustering at various GBs and

analyze the effects of intergranular structure on the

nucleation and growth of GB clusters. Finally, we

uncover the interaction between compositional evo-

lution and structural transformation during the pro-

cess of GB clustering.

Method

The XPFC model for a binary Al–Cu alloy

The free energy functional of the XPFC model for

binary alloy system is written as follows [49],

DF
kTq0

¼
Z

n2

2
� g

n3

6
þ v

n4

12
þ ðnþ 1ÞDFmix

�

� 1

2
n

Z
dr0Cn

effðjr� r0jÞn0 þ ajr~cj2
�
dr

ð1Þ

where q0 is the atom number density of the reference

state, n the reduced dimensionless atomic number

density defined by n ¼ q=qo � 1, c ¼ qB=q represents

the solute concentration field (qB the number density

of solute B), k is the Boltzmann constant, T is the

temperature, g and v are parameters introduced to fit

the ideal energy with a polynomial expansion, and

DFmix ¼ x c ln
c

c0

� �
þ ð1� cÞ ln 1� c

1� c0

� �� �
ð2Þ

where DFmix denotes the entropy of mixing. The

coefficient x is introduced to correct the entropy of

mixing away from the reference composition c0. The

gradient energy coefficient a sets the scale and energy

of compositional interfaces (a = 1 in this paper) [47].

In the XPFC model for binary alloys system [45],

the effective correlation function Cn
eff describes the

interaction between atoms and thus contributes to

excess energy that includes crystalline symmetry and

elasticity in the system. In the XPFC model, it shapes

the stability of the crystal structure and topological

defects such as dislocations and GBs, and is written

as

Cn
eff ¼ X1ðcÞCAA

2 þ X2ðcÞCBB
2 ð3Þ

where

X1 cð Þ ¼ 1� 3c2 þ 2c3

X2 cð Þ ¼ 1� 3 1� cð Þ2þ2 1� cð Þ3
ð4Þ
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are interpolation functions associated with the two

direct correlation functions CAA
2 and CBB

2 , which

interpolate between direct correlation functions of the

pure species, weighting each by the local composi-

tions [50]. These direct correlation functions assume

only inter-particle interactions, temporally averaged

over all particles. In Fourier space, they are written

as,

Ĉii
2 ¼

X
j

Ĉii
2j ¼

X
j

e
� r2

r2
Mje

�
ðk�kjÞ

2

2a2
j ð5Þ

where ii = AA and BB in the binary case, Ĉii
2j the jth

reciprocal space peaks or Gaussian peaks at position

kj determined by each component’s equilibrium

crystal unit cell structure. Each peak is represented

by the width of the Gaussian peak aj, modulated for

temperature by Debye–Waller prefactor which

accounts for the effective temperature r and an

effective transition temperature rMj. The interface

energy, elastic coefficients, and their anisotropy are

determined by setting aj appropriately [44, 51]. As

demonstrated in Eq. (5), the direct correlation func-

tion bCii

2 is the envelope of all peaks bCii

2j included to

represent the atomic interactions. The total atomic

density is defined as the summation of the density of

each component (q ¼ qA þ qB, q
o ¼ qoA þ qoB), that of

liquid at solid–liquid coexistence. The dynamic

equation of motion can be written as

on

ot
¼ r~ � Mnr~

dF
dn

� �� �
ð6Þ

oc

ot
¼ r~ � Mcr~

dF
dc

� �� �
ð7Þ

where t is the evolution time and Mn and Mc are the

dimensionless kinetic mobility parameters. In the

study, the mobility coefficients are considered as

constants at a given temperature (i.e., equal to 1 for

all mobilities) [52]. These dynamic equations in the

XPFC methodology are similar to traditional phase-

field methods in terms of the representation of mass

as a continuous density field and a concentration

field evolving at diffusive time scales. Moreover, it

goes beyond a phase-field description by capturing

atomic-scale details of systems.

Results and discussion

Computation of the Al–Cu phase diagram
and simulation details

We focus on the transformation from an Al–Cu solid

solution (fcc-A1) into a decomposed mixture of an

Al–Cu solid solution and the precipitated phase

Al2Cu. for all solid phases, the widths of the corre-

lations peaks are taken a111 ¼ 0:8 and

a100 ¼
ffiffiffi
3

p
=2a111. The primary vectors in the reciprocal

lattice of pure Al and h-Al2Cu phase k111Al ¼ 2p,

k100Al ¼ 2=
ffiffiffi
3

p
k111Al, k111h ¼ ð81=38Þp, k100h ¼ 2=

ffiffiffi
3

p
k111h

[52]. Though some atomistic scale information is

smeared by this simplicity, the square lattice could at

least roughly reveal some atomic information such as

dislocation, GB structures, and fcc-A1/h-Al2Cu

interface structure in the direction of 001h i orienta-

tion. The initial condition of the XPFC simulation is

determined by the effective temperature r and the

system’s average composition �
c . Both are chosen

based on the XPFC eutectic phase diagram of a binary

Al–Cu alloy with respect to r and �
c . The phase dia-

gram is calculated as follows. Firstly, we employ the

dynamic equations to equilibrate the phases placed in

the simulation box. The free energy curves of the

solid phases are calculated using a two-mode

approximation of the density fields [52], as shown in

Fig. 1a, b. Secondly, by fixing r to constants spanning

from 0 to 0.5, we obtain the free energy curves of

effective temperature. The coexistence lines between

the respective phases are obtained by constructing

the common tangents to the free energy curves of

solid and liquid phases at the reference density.

Finally, the XPFC eutectic phase diagram in Fig. 1 is

constructed by connecting coexisting regions for

various values of r.
The obtained eutectic phase diagram agrees well

with the Al-rich side of the experimentally observed

Al–Cu phase diagram [53], which describes the rela-

tionship between fcc-Al and the intermetallic phase

Al2Cu (containing & 32.5 at% Cu [54]). Based on this

phase diagram, the initial concentration �
c of the

supersaturated Al–Cu solid solution is set as 4.5%,

and the quenched temperature r = 0.05 in all the

simulations in this work. There are two steps about
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the setting of the initial condition. Firstly, we initially

place two abutting crystals, separated by a liquid film

with a width of roughly 10 grid points. The purpose

of the introduction of the liquid film is to give rise

into a relaxed GB. Then we start the simulation; the

liquid film disappears soon and is replaced by the GB

we need. Secondly, we reset the initial value of the

composition of the whole simulation box and restart

the simulation of GB clustering. Figure 2 shows the

orientation of the two grains is determined based on

the two angles h and /, which are the GB misorien-

tation angle and GB plane’s orientation angle,

respectively. The size of the simulation box is set as

3840Dx 9 3840Dx (480 9 480 atoms). Grid spacing

Dx = 0.125, and time step Dt = 0.1 (the value of

parameters shown on the Table 1).

The correlation between GB structure
and GB clustering

GB clustering processes at various GBs

Figure 2 describes the formation of solute clusters at

various GBs of the Al–Cu binary alloy system. We

compare GB clustering in low-angle tilt GBs (h = 4�)
with that in high-angle tilt GBs (h = 36.5�), and GB

clustering in symmetric (/ = 0�) with that in asym-

metric tilt GBs (/ = 5�). The GB cluster formation

processes go through four steps: (a) solute enrich-

ment in the GBs, (b) the nucleation of clusters, (c) the

growth of clusters, and (d) coarsening and merging of

clusters.

The solute enrichment proceeds through GB solute

segregation and compositional spinodal decomposi-

tion in GBs. Figure 2 a, e shows that solute

Figure 1 Phase diagram. a–b Solid and liquid energy curves at

different temperatures calculated using XPFC mode

approximation. c Eutectic phase diagram for a binary Al–Cu

alloy in the frame of the present XPFC model. d the experimental

phase diagram of the Al–Cu system taken from Ref. [53]. The

polynomial fitting parameters were g = 1.4, v = 1 and x = 0.005,

while XPFC parameters rMi = 0.6, ai = 0.8, and the reference

composition c0 = 0.5.
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segregation to GBs occurs initially. Then, the increase

in Cu concentration around the dislocation (via the

uphill diffusion) triggers spinodal decomposition in

GBs. This process can be characterized on an atomic-

scale by local compositional variations confined to

several intergranular dislocations in Fig. 3a, b. It is

observed that these compositional variations have

become increasingly drastic with time. The concen-

tration profiles denoted by yellow lines in the right

panels of Fig. 3 indicate that the local compositional

variations pattern is quantified by an average

Figure 2 GB clustering processes. a–d GB misorientation angle

h = 4�, GB plane orientation / = 0�; e–h h = 4�, / = 5�; i–

l h = 36.5�, / = 0�; m–p h = 36.5�, / = 5�. The red circles and

labels a-d indicate precipitations in these four types of grain

boundaries. The atomic configurations of the four GBs are shown

in the inset figures I–IV respectively. The color is rendered only for

the characterization of the GB structures. q incubation time of

nucleation as a function of h and /; r number of clusters as a

function of time for different GBs; s the phase fraction of

precipitated phase as a function of time for different GBs. Note

that the atomic-scale information in a–p is smeared due to the over

the reduction of images’ size (for atomic-scale information, please

refer to the zoomed-in images in Figs. 3 and 4).

Table 1 Parameters used in PFC simulation about the GB

clustering of Al–Cu alloy

Parameters Symbols Values/expressions

Reference density q0 0.01

Reference composition c0 0.5

Polynomial fitting parameters g, v g = 1.4, v = 1

Entropy of mixing coefficient x 0.005

XPFC parameters rMi, ai rMi = 0.6, ai = 0.8

Gradient energy coefficient a 1

Grid spacing Dx 0.125*lattice constant

r0 the average atomic spacing (matrix phase)
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concentration of about 10 at% Cu as well as by fluc-

tuations ranging between 3 and 30 at% Cu. Then, the

nucleation of the GB cluster occurs at the peaks of

composition fluctuations. In contrast, we observe

another spinodal decomposition behavior in the

high-angle tilt GBs in Fig. 3c, d. Compositional vari-

ations distribute along with the entire high-angle tilt

GBs uniformly rather than on several preferred

positions (e.g., dislocations in low-angle tilt GBs).

Figure 3c, d shows that the segregation of Cu to the

high-angle tilt GB contributes to an average concen-

tration of about 10 at% Cu. Then GB spinodal

decomposition proceeds and leads to a bunch of

uniformly distributed compositional variations

ranging between 5 and 30 at% Cu. Similar composi-

tional variations have been termed as low-dimen-

sional spinodal decomposition in recent experimental

studies [55–58]. Our results indicate that the spinodal

decomposition in low-angle tilt GB differs from that

in high-angle tilt GB in terms of the range of fluctu-

ations along GBs.

Such GB spinodal decomposition processes can be

explained in the frame of the GB complexion theory.

The concept of GB complexion was invented in recent

years to explain the phase-like behaviors of GBs [40].

For instance, GB structure, chemistry, and properties

may change discontinuously at critical points of

thermodynamic status [59]. It is regarded GBs may

undergo a phase transformation as an ordinary phase

does base on the theory of GB complexions [60]. In

our simulations, the chemical composition of GBs is

initially altered by solute segregation to GBs. Then

GB spinodal decomposition greatly promotes solute

transportation along GBs. This leads to the onset of

the nucleation of the solute cluster as the concentra-

tion of the peaks of composition fluctuations reaches

a critical value (of about 30 at% Cu).

In the nucleation step, we find the nucleation

behavior depends strongly on the GB structure. Fig-

ure 2b presents that the nucleus appears firstly

around the dislocation due to local spinodal decom-

position in low-angle tilt GB. Being interesting, the

nucleation in high-angle tilt GB is very different. It

occurs at the peaks of the concentration profile. These

peaks are distributed periodically along with the

entire GB instead of being merely confined to dislo-

cations. This leads to the emergence of a bunch of

clusters simultaneously. Thus, we find an abrupt

increase of cluster number during the nucleation of

GB clustering in Fig. 2j, n, r. Furthermore, the kinetics

of nucleation, such as incubation time and nucleus

number, is affected by the misorientation angle (h) of

Figure 3 The time evolution of concentration profiles along

symmetrical GBs. a Low-angle tilt GB, b the evolution of the

morphology of low-angle tilt GB cluster formation, c high-angle

tilt GB, d the evolution of the morphology of high-angle tilt GB

cluster formation. Yellow solid lines in the right panels are

concentration profiles along the GBs (marked by dashed yellow

lines).
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GB and orientation (/) of the GB plane. Figure 2q

indicates that a small rotation of the GB plane sub-

stantially shortens the incubation time for low-angle

tilt GB while exerts limited influence on the incuba-

tion time for high-angle tilt GB. The time evolution of

the cluster number is shown in Fig. 2r. We can see

that cluster number shows strong dependences on h,
while little on /.

As to the growth and coarsening stages of GB

clustering, the average size of clusters on low-angle

tilt GBs is larger than that on high-angle tilt GBs.

Low-angle tilt GBs have fewer clusters competing for

feeding atoms than high-angle tilt GBs. Moreover,

Fig. 2s shows that the fractions of the precipitated

phase in these GBs gradually converge over time.

Also, we find that a small rotation of the GB plane

accelerates the growth of clusters in low-angle tilt

GBs substantially, while exerts little influence on the

growth of clusters in high-angle tilt GB. When com-

paring the cluster morphology in low-angle GB in

Figure 4 Microstructure evolution of nucleation sites at GBs. (a, b) GB misorientation angle h = 4�, GB plane orientation / = 0�; (c,
d) h = 4�, / = 5�; (e, f) h = 36.5�, / = 0�; (g, h) h = 36.5�, / = 5�.
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Figs. 3b and 2h with that in high-angle tilt GB in

Figs. 3d and 2l, the clusters in the low-angle tilt GB

are discrete and present nearly square shape, while

those in the high-angle tilt GB are connected and

present ellipsoidal shape. Sandeep Sahu found semi-

continuous and continuous shapes in the early stage

of precipitation in random high-angle tilt GBs, while

discrete precipitates in low-angle tilt GBs [61]. This is

in line with our simulations qualitatively.

The influence of intergranular structure
on the nucleation of clusters

The nucleation sites of cluster nucleation on the

symmetric and asymmetric low-angle tilt GB are

shown in Fig. 4. In the symmetrical low-angle tilt GB,

the clusters are mainly nucleated near the edge dis-

locations, as mentioned above. When the low-angle

tilt GB plane rotates by 5�, a small step formed in the

tilt GB. This small step is composed of two mutually

perpendicular dislocations. It has a stronger adsorp-

tion capacity for the solute and thus can greatly

promote the nucleation of clusters.

The symmetric high-angle tilt GB in Fig. 4a is

constituted of a chain of structural units with a dia-

mond shape. The structures of the nucleation site

show little difference from those of the adjacent

regions. For the asymmetric high-angle tilt GB, we

observe the structural unit consisting of six atoms

transforms into a structural unit with eight atoms.

Figure 2q–s presents that differences among GB

structures affect the strength of spinodal decompo-

sition and make the nucleation kinetics different from

that of the corresponding symmetric high-angle tilt

GB.

The dependence of work of formation
of nucleation on GB structure

The energy barrier of nucleation also changes with

GB structure. The total work of cluster nucleation is

calculated in the way proposed by Fallan et al. [52].

Figure 5 shows the total work of formation initially

increases with the size of the embryo and then

decreases when the embryo reaches its critical radius.

We find that the work of formation and critical radius

of the nucleus changes substantially with GB struc-

ture. The total work of formation during the process

of clustering on high-angle tilt GB is lower than that

of low-angle tilt GB, resulting in a smaller critical

radius for nucleation (about 10.4 atoms for low-angle

tilt GB and 9.5 atoms for high-angle tilt GB). In the

case of low-angle tilt GB, the rotation of GB can sig-

nificantly reduce the total work of formation. The

reasons behind this are the destruction of symmetri-

cal structures and the formation of the small step in

Fig. 4c. On the contrary, the rotation of the high-angle

tilt GB increases the work of formation. It can be

observed in Fig. 4e, g the variations of structural

units at the nucleation site in the high-angle tilt GB

due to the rotation of the GB plane, e.g., the transition

from the original six-atom structure unit A to eight-

atom structure unit B. However, cluster nucleation

occurs more easily at structure unit A, implying that

the formation of the structure unit B leads to the

increase of work of formation. This may be the reason

that leads to the opposite trends of the low-angle and

the high-angle tilt GBs with respect to rotation.

Mechanisms of cluster formation
in the early stage of GB precipitation

The formation of disordered intermediate precursor

As we mentioned above, the nucleation of the cluster

is trigger by GB spinodal decomposition, which

results in a steep increase in solute concentration at

nucleation sites. Figure 6b—t = 550 and 6d—t = 100

shows that the disorder precursor is generated in the

low-angle tilt GBs as the concentration rapidly

increases to 30 at% Cu. Then, the disordered struc-

ture evolves into a stable structure. In the case of

high-angle tilt GBs, due to the effect of spinodal

decomposition, the peaks of concentration fluctua-

tions firstly lead to the generation of disordered

Figure 5 Total work of formation DGtol for nucleation of clusters

versus cluster size R in various GBs. Note that to ensure the

reliability of data, three nuclei are investigated in each GB.
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precursors (Fig. 7a—t = 180 and 7c—t = 180). These

disorder clusters distribute periodically along with

the entire GB. Then, the new phase in Fig. 7b—

t = 200 and 7d—t = 200 evolved from disordered

Figure 6 Compositional and

structural evolution of cluster

formation processes in low-

angle tilt GBs. a A symmetric

low-angle tilt GB with

misorientation angle h = 4�
and GB plane orientation /
= 0�, c an asymmetric low-

angle tilt GB with h = 4� and
/ = 5�; b and d are atomic

configurations of clusters

corresponding to a and c,

respectively. The red boxes

represent the concentration

distribution corresponding to

the structure diagram on the

right panels.

Figure 7 Compositional and

structural evolution of cluster

formation processes in high-

angle tilt GBs. a A symmetric

high-angle tilt GB with

misorientation angle h = 36.5�
and GB plane orientation /
= 0�, c an asymmetric high-

angle tilt GB with h = 36.5�
and / = 5�; b and d are the

atomic configuration of cluster

corresponding to a and c,

respectively. The red boxes

represent the concentration

distribution corresponding to

the structure diagram on the

right panels.
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precursors grows toward both sides of the matrix

phase. Such disordered structure is characterized by

wide peaks in radial distribution functions (RDFs)

(Fig. 8). Similar disorder clusters have also been

observed in the transformation from the solid solu-

tion into final stable precipitates in aluminum alloys

[62–65]. However, the formation process and under-

lying physics about the disorder clusters are still

unclear, because it is still a formidable challenge to

characterize their formation process on an atomic

scale in real time. Our simulations help us to move

this issue forward by illustrating that such disorder

clusters are attributed to the GB spinodal decompo-

sition of solid solution around nucleation sites and by

systematically clarifying the correlation between GB

structure and such disorder clusters.

The coupling effect between compositional evolution

and structural evolution

Figure 9 presents in detail about the correlation

between compositional and structural evolution.

Black and red curves in Fig. 9a, b quantify the solute

evolution of symmetrical low-angle and high-angle

tilt GBs, respectively. The concentration enrichment

curve near the nucleation sites in our simulations can

be divided into a slow increase stage via solute seg-

regation and a rapid increase stage through GB

spinodal decomposition. We observe that the latter

stage is triggered when the concentration increases to

about 15 at% Cu by solute segregation. Particularly,

as mentioned above, the small step on the asym-

metric low-angle tilt GBs greatly promotes the solute

segregation. As a result, the solute content increases

to the critical nucleation concentration (30 at% Cu)

quickly.

The GB phase transformation is activated by the

abrupt change of solute concentration via GB spin-

odal decomposition. Figure 9b presents the atomic

configuration around the nucleation site versus con-

centration. In the first stage dominated by solute

segregation, the lattice structure of the nucleation site

in Fig. 9I, III changes little. In the second stage, as GB

spinodal decomposition proceeds, variations of the

ratio r/r0 arise and reflect the lattice distortion

around the nucleation site. The increase in solute

concentration aggravates lattice distortion in the Al–

Cu solid solution. Substantial lattice distortion leads

to the decomposition of the solid solution and then

the metastable disorder phase around the nucleation

sites. After points II and IV, when the solute con-

centration increases to about 30%, the ratio r/r0
begins to decrease steeply, corresponding to the

transition from the disordered precursor into the final

stable phase. Besides, the effect of lattice distortion in

structural evolution is analogous to that of propaga-

tion of strains in the elastic–plastic deformation pro-

cess. Here, the lattice distortion increases with solute

concentration initially. Disordered clusters, as shown

in Fig. 9II, IV, are formed when the increased lattice

distortion exceeds the capacity of the cluster to

accommodate misfit strain.

Figure 8 Radial distribution functions (RDFs) for nuclei during

the clustering process. a Low-angle tilt GB with h = 5o and

b high-angle tilt GB with h = 36.5�. The black, red, and blue

curves represent the RDFs of the matrix, intermediate disorder

precursor, and final stable new phase, respectively. The r/r0 is the

ratio of the average atomic spacing in the precipitation region to

that in the matrix phase.
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Conclusion

In this study, we employed the XPFC simulations to

analyze the compositional and structural evolution of

solute clustering during the early stage of GB pre-

cipitation in Al–Cu alloys. The main conclusions are

as follows:

1. The nucleation of clustering in the early stage of

GBs clustering undergoes three steps: (I) the first

stage is the segregation of Cu to the GBs, driven

by the Gibbs isotherm adsorption; (II) once Cu is

enriched at the GBs, it does not behave like an

ideal solid solution. However, it undergoes a GB

local spinodal decomposition confined to the

defects; (III) the maxima of the low-dimensional

spinodal decomposition appear at the GBs and

form first nuclei.

2. The influence of GB structure on cluster forma-

tion is clarified. We quantified that the nucleation

barrier, nucleation site, and growth rate of the

nucleated cluster depend closely on the misori-

entation of GBs and, in particular, the orientation

of the GB plane of low-angle tilt GBs.

3. The coupling effect between compositional and

structural evolutions is uncovered. The enrich-

ment and transportation of solute concentration

in GB are initially dominated by GB segregation

and then by low-dimensional spinodal decompo-

sition in GBs. The former results in a slow

increase of Cu concentration, while the latter

causes an abrupt increase in concentration and

triggers the onset of structural transformation of

clustering, e.g., the formation of disorder precur-

sor due to abundant misfit strain caused by a

steep increase of concentration.

These results have shed light on the poorly known

microscopic mechanisms of chemical and structural

evolution during the early stage of GB clustering.

This work demonstrates that precipitation doesn’t

occur ‘‘randomly’’ at both low- and high-angle tilt

GBs. Instead, nucleation sites distributed regularly

along GBs are determined by the heterogeneities in

intergranular structure and the inhomogeneous dis-

tribution of concentration along GBs. And not only

that, the mechanism and kinetics of GB cluster

nucleation and growth are also dominated by the

coupling effect between the two factors.

Figure 9 The coupling between compositional and structural

evolution during cluster formation in GBs. a Compositional

evolution of Cu at nucleation sites as a function of time and GB

structure; b the change of the ratio of average cluster atomic

spacing r to lattice constant of matrix phase (amatrix = 1) as a

function of the concentration of Cu (the r/r0 is the ratio of the

average atomic spacing in the precipitation region to that in the

matrix phase.) Inset figures (I) and (III) are, respectively, the

atomic configurations around the nucleation site on the low-angle

symmetric tilt GB before disorder appears (point I in (a) and (b))

and after disorder appears [point II in (a) and (b)]. Similarly, inset

figures (III) and (IV) are the atomic configurations for the case of

the high-angle symmetric tilt GB.
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Nevertheless, in the framework of the current

XPFC model, it is still a great challenge to describe

the overall picture of the structural transformations

during GB precipitation. We need to construct a

modified formulation of the correlation kernel for a

new XPFC model that can describe the chemical and

structural ordering of intermediate phases more

clearly. Moreover, although the two-dimensional

simulations in this work can qualitatively describe

the thermodynamic forces and kinetics of precipita-

tion as reported in previous studies, it is still needed

to conduct three-dimensional simulations due to the

fact that more intergranular structures and struc-

turally assisted nucleation events can be captured.
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