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ABSTRACT

The properties of aluminum alloys are profoundly affected by a rich variety of

precipitates. Their precipitation behaviors are often very different from each

other due to a wide range of lattice misfits between the precipitates and the

matrix. This makes the study of mechanisms of the formation of aluminum alloy

precipitates very complex and often controversial. Here, the phase-field crystal

methodology is used to study grain boundary (GB) precipitation under different

lattice misfits. We find that the growth mode of GB precipitation changes from

island growth mode to layer growth mode with increasing lattice misfit. At a

relatively low lattice misfit, GB segregation and spinodal decomposition first

lead to the heterogeneous distribution of solute and then nucleation events at

solute-enriched sites, which is conducive to the island growth of the nuclei. In

contrast, at a sufficiently high lattice misfit, a layer with a high solute concen-

tration is formed soon along the entire GB due to a great amount of solute

segregation, which gives rise to the rapid merging of densely distributed nuclei,

and then layer growth occurs. Quantitative analysis reveals that the increase in

lattice misfit decreases the nucleation barrier and the critical concentration

required by the onset of structural transformation. Our study contributes to a

systematic understanding of the formation of diversified precipitates in alu-

minum alloys in terms of lattice misfit.
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GRAPHICAL ABSTRACT

Introduction

Elastic strain exists widely in polycrystalline materi-

als, especially in grain boundaries (GBs) [1–4]. It

plays a crucial role in the solid–solid phase trans-

formations of alloys [5–10]. Lattice misfit can induce

coherent elastic strain between the matrix and pre-

cipitated phases [5, 8] and thus exert substantial

influences on the microstructure of precipitates. This

is particularly significant for precipitation-strength-

ening alloys such as aluminum alloys, which are

characterized by a rich variety of precipitates. The

coherency of the precipitate-matrix interface, number

density, size, and precipitation behaviors of such

precipitates may be very different from each other

and depend profoundly on the magnitude of the

lattice misfit [11–16]. It has been estimated that the

lattice misfits at the precipitate-matrix interface range

from approximately 1% to over 20% [11, 12, 16]. Such

a wide range of lattice misfits leads to very different

pictures of precipitation in aluminum alloys. Previ-

ous studies have elucidated the kinetics and mecha-

nisms about precipitation of some precipitates, e.g.,

the precipitation sequence of the Al2Cu phase.

However, we lack a comprehensive understanding of

the formation of such diversified precipitates. The

key is to acquire the dependence of precipitation

behaviors on the magnitude of lattice misfit.

Lattice misfit has considerable impacts on the

misfit strain and coherence of interfaces, which pro-

foundly influences the growth mode of GB precipi-

tation [17, 18]. Kim et al. [19, 20] reported that a

microstructure with a low-level lattice misfit shows a

typical core/rim structure with faceted grains in

Ti(C0.7N0.3)–WC–Ni systems. However, increasing

the lattice misfit results in the formation of solid

solution grains without Ti(C, N) cores. Wen H. et al.

also observed the layer and island growth modes in

the case of M23C6 precipitates in GBs and regarded

that such an apparent discrepancy could be partly

attributed to the variation of the magnitude of lattice
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misfits between precipitates and the matrix grains

[21]. Experimental and modeling studies have

revealed that the coarsening behaviors of GB pre-

cipitates are also influenced by lattice misfit [22–24].

The coarsening constant of multicomponent L12 par-

ticles decreases with the increasing lattice misfit in

high entropy alloys [25]. These previous studies have

demonstrated the profound influences of lattice

misfits on precipitation. Nevertheless, the quantifi-

cation of such influences is still challenging because it

is often difficult to change the magnitude of lattice

misfits over a wide range in real alloys. As a result,

the microscopic mechanisms related to such influ-

ences are still unclear. These problems prevent us

from a deep understanding of precipitation processes

affected by lattice misfit. Clarifying the dependences

of precipitation behaviors on lattice misfit can help us

to obtain a systematic understanding of the mecha-

nisms for the nucleation and growth of precipitates in

aluminum alloys.

Recently, many studies have demonstrated that

low-dimensional spinodal decomposition along the

GB plays a crucial role in GB precipitation [26–29]. It

was reported that GB segregation and spinodal

decomposition are strongly affected by the local

strain in the GB [30–32]. The lattice misfit greatly

changes the local strains in the GB and brings about

more unexpected effects on compositional evolution

along the GB [33, 34]. A systematic study of the

interactions among structural, compositional, and

coherent strain evolutions during GB precipitation is

the key to revealing the microscopic mechanisms

related to the effect of lattice misfits. Atomic-scale

studies of GB precipitation can provide the most

direct picture of such evolution.

There are formidable challenges for the experi-

mental characterization of GB precipitation in real-

time on the atomic scale [35, 36]. Continuum

numerical simulation methodologies such as the

phase-field method are unable to reveal atomic scale

information of compositional and structural evolu-

tion [37]. Molecular dynamics (MD) [38, 39] and

Monte Carlo (MC) [40, 41] simulations have been

used to study phase transitions in GBs, but none of

these methods can reveal the dynamic evolution on

the diffusion time scale. The phase-field crystal (PFC)

model [42–46] can describe material processes over

diffusion time scales with resolutions up to the

atomic scale. Over the last decades, this methodology

has been utilized to successfully study crystal

nucleation [46, 47], grain growth [44, 48–51], precip-

itation [52–54], crystal defect dynamics [55–57], and

so on.

In this work, the PFC model was employed to

study GB precipitation of the precipitates in alu-

minum alloys with magnitudes of lattice misfits

spanning a wide range. The changes in GB precipi-

tation behavior with lattice misfit are focused. Firstly,

we investigate the processes of GB precipitation

under various lattice misfits. A schematic map of the

selection of the growth mode of precipitates with

respect to lattice misfit and GB structure is summa-

rized accordingly. Then, we analyze the evolution of

the atomic configuration structure, composition, and

misfit strain energy during the early stage of pre-

cipitation. These results contribute to a deep under-

standing of the influences of lattice misfit on GB

precipitation by revealing microscopic views for such

evolution processes.

Method

Structural phase-field crystal model (XPFC
model)

The free energy functional in the binary PFC model is

written as follows [58]:

DF
kTqo

¼
Z

fdr

¼
Z n2

2
� g

n3

6
þ v

n4

12
þ ðnþ 1ÞDFmix

� 1

2
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>>;
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where n represents the reduced dimensionless atomic

number density and c the solute concentration fields.

g and v are introduced to fit the ideal energy to a

polynomial expansion. a is related to the energy of

compositional interfaces (assume a = 1). The entropy

of mixing

DFmix ¼ x c ln
c

co

� �
þ ð1� cÞ ln 1� c

1� co

� �� �
; ; ð2Þ

where the coefficient x is used to fit the entropic

energy away from the reference composition c0.

These parameters are discussed further in Ref [44].

For a binary alloy, Greenwood et al. [45] defined the

effective correlation function,
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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

CAA
2 and CBB

2 are correlation functions for pure

elements A and B, respectively. The correlation

functions bCii

2 i ¼ AorBð Þ are defined to include recip-

rocal space peaks at positions determined by each

component’s equilibrium crystal unit cell structure.

Each peak is represented by the following Gaussian

form reading:

Ĉii
2j ¼ e

� r2

r2
Mje

�
ðk�kjÞ2

2r2
j ; ð5Þ

where ii = AA, BB, rMj is the sufficient transition

temperature and aj is the width of the Gaussian peak,

which is modulated for temperature by a Debye–

Waller prefactor. The total kernel bCii

2j is taken as the

envelope of all peaks bCii

2j included to represent the

atomic interactions. The total density is defined as the

accumulation of the density of each component

(q ¼ qA þ qB,q
o ¼ qoA þ qoB). The equations of motion

are written as

on

ot
¼ r~ � Mnr~

dF
dn

� �� �
ð6Þ

oc

ot
¼ r~ � Mcr~

dF
dc

� �� �
ð7Þ

where n ¼ q=qo � 1 and c ¼ qB=q. Mn and Mc are

dimensionless kinetic mobility parameters (assumed

to be equal to 1).

Simulation details

Four samples containing two-grain boundaries were

prepared on a 2-D rectangular mesh with a grid

spacing dx = 0.125 and a time step dt = 0.05. The size

of the simulation box was 3840*3840 grid spacing

(equivalent to 480*480 atoms). Each atomic spacing

was resolved by eight mesh spacings considering a

lattice parameter of 1 for a 2-D square structure. To

solve the dynamic equations, a semi-implicit algo-

rithm was used in Fourier space for high efficiency

[59]. The initial condition is two grains separated by a

tilt symmetric GB. Two steps are needed to generate

this initial condition. First, we place two abutting

crystals, which are separated by a liquid film with a

width of approximately 10 grid points. The purpose

of the introduction of the liquid film is to give rise to

a relaxed GB. Once the simulation starts, the liquid

film disappears soon and is replaced by the GB we

need. Second, we reset the initial value within the

composition of the whole simulation box and restart

the simulation of GB precipitation. The GB misori-

entation angles of the low-angle GB and the high-

angle GB are 4� and 36.5�, respectively. Both GBs are

along the Y direction, with one located at x = L/4 and

the other at x = 3L/4. The initial concentration is a

uniform field with a solute concentration of c0. Other

parameters for PFC simulations are listed in Table 1.

Results and discussion

In this section, we discuss the growth modes of GB

clusters as a function of lattice misfit and GB

misorientation. The lattice misfit f is defined as

f ¼ ða0 � a1Þ=a0, where a0 and a1 are the lattice con-

stants of the matrix and precipitates, respectively.

The magnitudes of lattice misfits range from 14 to

25%. This is based on aluminum alloys with plenty of

precipitates. The lattice misfits between the matrix

and precipitates in Al-based alloys range from very

small (Al3Zr, 0.27%) to very large (d-AlLi, 21.4%)

[11, 12, 60]. Our simulations are not limited to the

formation of a specific precipitate of aluminum

Table 1 Parameters of PFC

simulations 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

Parameters for correlation function rMi, ai rMi = 0.6, ai = 0.8

Gradient energy coefficient a 1
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alloys. However, in the pursuit of the generality of

generality in this study, plenty of precipitates of

aluminum alloys are included in our simulation in

the clue of lattice misfit.

The growth modes and kinetics of GB
precipitation under different lattice misfits

Figure 1 presents the nucleation and growth of GB

precipitates under different magnitudes of lattice

misfit at low and high angles tilt GB. At the nucle-

ation stage, the number of nuclei increases with lat-

tice misfits, and the nuclei distribute discretely even

in the case of relatively high lattice misfits. In con-

trast, at the growth stage, two distinct modes—island

growth and layer growth—are observed. Island

growth has been widely observed in many alloy

systems [61], while layered growth has only been

observed in some special maraging alloys [62] and

superalloys [63, 64]. Our PFC simulations reveal in

detail the scenario of the two growth modes. The

island growth mode in Fig. 1b and d corresponding

to a relatively low lattice misfit (f = 15%) is charac-

terized by a bunch of individual precipitates.

Neighboring precipitates are separated by the matrix

phase. The extension of a cluster along the GB is

hindered because the growth of clusters normal to

the GB has priority in the competition for feeding

solutes diffused from the bulk of abutting gains. The

layer growth mode in Fig. 1a and b first undergo the

rapid coalesce of neighboring clusters due to suffi-

ciently segregated solute and then the prevalence of

the layer growth mode. Layer growth becomes

increasingly prevalent as lattice misfit increases.

There are two reasons to explain this. First, by com-

paring Fig. 1a with b or c with d, we can see that a

sufficiently high lattice misfit (f = 19%) can promote

the nucleation of GB clusters (this will be explained

later). Thus, neighboring clusters merge soon due to

very small distances between them. Second, the

increase of lattice misfit makes lattice distortion more

severe and promotes solute enrichment at GBs.

However, the degree of lattice misfit is not the sole

factor. The GB structure also affects the growth mode

of GB clusters. We summarize in Fig. 2 the selection

map of the growth mode with respect to lattice misfit

and GB misorientation. It is demonstrated that the

layer growth mode becomes more popular with the

increasing misorientation of GBs at a fixed lattice

misfit. A sufficient and homogeneous solute film

tends to form at high angle tilt GBs, which is con-

ducive to the layer growth mode.

Although the nucleation mechanism at the onset of

the two growth modes does not vary with lattice

misfit, the nucleation kinetics depend closely on it. As

shown in Fig. 1, the number density of nuclei

increases with the magnitude of lattice misfit. Addi-

tionally, the incubation time decreases exponentially

(Fig. 3a), suggesting the strong influences of lattice

misfit on the nucleation of GB precipitates. These

influences are attributed to the total work of

formation.

Figure 1 GB precipitation

processes with different lattice

misfits. a Low-angle tilt GB

with lattice misfit 19%;

b Low-angle tilt GB with

lattice misfit 15%; c High-

angle tilt GB with lattice misfit

19%; d High-angle tilt GB

with lattice misfit 15%.

Figure 2 The sketch about the selection of growth modes of GB

clusters with respect to GB misorientation angle and lattice misfit.
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The total work of formation was calculated based

on the variation of the energy of the local area around

the nucleation site during GB precipitation [53, 54].

We calculated the change in the grand potential

within some small boxes, including nucleated clus-

ters in these samples. A total of 32 nucleated clusters

are considered in the calculation. DGtol is expressed as

follows:

DGtot ¼
Z

V

x�
Z

V

xb

¼
Z

V

½f � lc � c� ln � n�

�
Z

V

½fb � lbc � cb � lbn � nb�: ð8Þ

where f is the free energy functional calculated by

Eq. 2, lc ¼ df=dc and ln ¼ df=dn are the diffusion

potentials of the concentration and density fields,

respectively, and V is the total volume [54]. c is the

concentration, and the subscribe b represents the bulk

phase. The total work of formation, as shown in

Fig. 3b, is calculated at various misfits and GB

structures. The abscissa corresponding to the peak of

the total work of formation represents the critical

nucleation radius. The critical nucleation radius

decreases as lattice misfit increases. Thus, an increase

in lattice misfit favors cluster nucleation. Next, we

will discuss the underlying mechanisms of the two

growth modes related to structural evolution, solute

transportation, and the evolution of coherent strain.

The atomic-scale mechanism of structural
evolution

The low-angle tilt GB in Fig. 4 is constituted by an

array of dislocation pairs. Sites A and B correspond to

paring dislocations. As quantified in Fig. 4a and d,

the concentration of site B is much higher than that of

site A before the nucleation of clusters. Normally, as

shown in Fig. 4d–f, nucleation usually does not occur

at site A because of insufficient concentration. Nev-

ertheless, the scenario may change as lattice misfit

increases. Figures 4a–c shows that clusters form at

both sites A and B with a higher lattice misfit of 19%.

At site A of Fig. 4a, we observe that the structural

evolution in these dislocations first undergoes a short

stage of a disordered state and then the formation of

a precipitated phase (Fig. 4b). However, no disor-

dered structure appears at site B in the case of both

lattice misfits. The evolution of the compositional

profiles suggests that lattice misfit strongly influences

the mass transportation along the GB, which pro-

motes nucleation at sites (sites A, for example) having

no priority in the case of relatively low lattice misfit

(15%). Interestingly, two distinct growth modes cor-

responding to the two cases of lattice misfits are

observed after nucleation. The neighboring clusters

coalesce into a layer in the case of the relatively high

lattice misfit (19%), while the clusters in the case of

the lower lattice misfit (15%) tend to grow into the

abutting grains, resulting in island-shaped

precipitates.

Figure 5 shows the nucleation of clusters at high-

angle tilt GBs. At the early stage of nucleation, the

solute shows uniform enrichment along the GB and

forms a continuous precipitation layer on the high-

angle tilt GB when the lattice misfit is 19%. The initial

clusters, also called embryos, show structural disor-

der. Then, the disorder precursors transform into a

stable square phase structure. The cluster nucleation

at the high-angle tilt GB with a lower lattice misfit of

15% is a different picture. The solute enrichment

controlled by segregation and spinodal decomposi-

tion contributes to the formation of small discon-

nected clusters, as shown in Fig. 5d. First, the matrix

is decomposed into disordered structures. Then, two

nuclei are nucleated at the matrix-disordered struc-

ture interfaces, and a new GB is formed when the two

nuclei meet, as shown in Fig. 5e. Experimental evi-

dence for such two-layer GB precipitates has been

found in several alloy systems [21, 62]. We conjecture

that a perfect symmetric tilt GB may be conducive to

the formation of such double precipitates.

To confirm the lattice structure during the GB

phase transformation, we calculated the radial dis-

tribution function (RDF) around nucleation sites. The

Figure 3 The kinetics analysis of GB precipitation. a The

nucleation incubation time vs. lattice misfit for a high angle tilt GB

(HGB) and a low angle tilt GB (LGB), and the curve with triangle

symbol shows the change of critical nucleation radius (CNR) with

lattice misfit. b The total formation work.
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RDFs of a low-angle tilt GB with lattice misfits of 19%

(Fig. 6a) and 15% (Fig. 6b) have sharp peaks, which

indicates that the lattice structure maintains a certain

degree of order during the process of precipitation.

This can be verified by the atomic configurations of

the structural transformation in Fig. 4. The red curves

in Fig. 6c and d present a relatively gentle secondary

peak, suggesting a disordered structure. The green

curves indicate that the lattice structures evolve into a

new square structure with a different lattice constant.

Figure 4 The structural and

compositional evolution of GB

precipitation in the low-angle

tilt GB. Relatively high lattice

misfit: a t = 10; b t = 50;

c t = 100. Relatively low

lattice misfit: d t = 20;

e t = 50; f t = 100. The yellow

curves represent the

concentration of solute around

the GB.

Figure 5 The structural and

compositional evolution of GB

precipitation in the high-angle

tilt GB. Relatively high lattice

misfit: a t = 10; b t = 50;

c t = 100. Relatively low

lattice misfit: d t = 20;

e t = 50; f t = 100. The yellow

curves represent the

concentration of solute around

the GB.
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Compositional evolution

Atomic-scale structural evolution cannot be realized

without mass transportation. We quantify the solute

transportation for the two growth modes observed

above. Figure 7 describes the concentration evolution

around nucleation sites at the low-angle tilt GB and

the high-angle tilt GB. The evolution of concentration

can be divided into two stages according to the

increase in concentration with time. During stage I,

the concentration increases linearly to a critical con-

centration (approximately 10% for the low-angle tilt

GB and 14% for the high-angle tilt GB). The influence

of the lattice misfit on the concentration enrichment

rate at this stage is not distinct. We speculate that the

concentration evolution in this stage is mainly

attributed to solute segregation from the abutting

grains to the GBs. In stage II, the concentration

increases nonlinearly, and the concentration

enrichment rate increases with the magnitude of lat-

tice misfit. The compositional evolution in this stage

is mainly controlled by the low-dimensional spinodal

decomposition along the GBs [52, 65], which results

in a rapid increase in solute concentration at nucle-

ation sites.

The evolution of solute concentration demonstrates

that the competition between island growth and layer

growth mode is determined by the amount of solute

segregated from the bulk of grains. The increase in

lattice misfit greatly promotes such mass transporta-

tion. Figure 8 presents the concentration profiles

along the low-angle and high-angle tilt GBs obtained

under different lattice misfits. At the initial stage of

compositional evolution, all the solute concentration

profiles oscillate periodically. Subsequently, in the

case of the higher lattice misfit (Fig. 8a, c), the

amplitude of the concentration profiles decreases

because of the rapid increase in the concentration at

the valleys (regions between nuclei). Finally, a uni-

form concentration is attained, corresponding to the

layer growth mode. However, in the case of the lower

lattice misfit (Fig. 8b, d), the peaks and valleys of

concentration profiles are alternately distributed

along GBs, and the amplitudes of the oscillating

concentration profiles increase with time. The low

concentration regions (valleys) inhibit the merging of

neighboring nuclei, which contributes to the island

growth mode. It is demonstrated that a higher lattice

Figure 6 Time evolution of radial distribution functions of GB

clusters. a Low-angle tilt GB with lattice misfit 19%; b Low-angle

tilt GB with lattice misfit 15%; c high-angle tilt GB with lattice

misfit 19%; d High-angle tilt GB with lattice misfit 15%.

Figure 7 The averaged concentration evolution around the entire

GB. a Low-angle tilt GB; b High-angle tilt GB.

Figure 8 The time evolution of composition field along GB. a

Low-angle tilt GB with lattice misfit 19%; b Low-angle tilt GB

with lattice misfit 15%; c high-angle tilt GB with lattice misfit

19%; d High-angle tilt GB with lattice misfit 15%.

J Mater Sci (2022) 57:2744–2757 2751



misfit tends to cause GBs to absorb more solutes and

form a more homogeneous concentration layer.

The evolution of coherent strain

The lattice misfit can directly influence the misfit

strain distribution of GBs before precipitation and the

coherent strain of the interface between the matrix

and precipitates after precipitation. We calculate the

strain energy distribution around GB clusters during

the whole nucleation process by the peak pair algo-

rithm [66, 67]. As shown in Fig. 9a–d, the enriched

solute atoms greatly distort the lattice structure at the

GBs, making the misfit strain in the GB region

increase profoundly. In return, the increase in misfit

strains promotes GB solute enrichment, contributing

to a positive feedback effect. There are many vacan-

cies at the interface between the precipitate phase and

the matrix phase in the case of high lattice misfit. As a

classical model of precipitation, the precipitation

sequence in Al-Cu alloys Al SS ? G.Pzone ? h’’-

Al3Cu ? h’ -Al2Cu ? h-Al2Cu also involves differ-

ent magnitudes of lattice misfits between precipitates

and matrix. h’’-Al3Cu (L12 lattice, a = 0.405 nm,

c = 0.770 nm) [12] with a misfit of 0.25% (The Al

matrix is an fcc structure with lattice constant

a = 0.406 nm) is coherent with matrix. h’-Al2Cu (fcc

lattice, a = 0.404 nm,c = 0.580 nm) [12] with a misfit

of 0.5%, is semi-coherent with matrix. h-Al2Cu (C16

lattice, a = 0.607 nm,c = 0.487 nm) with a misfit of

20%, is incoherent with matrix [11]. Such interfaces

are generated to release the misfit strain.

Figure 9e–g quantify the correlation among the

evolutions of structure, strain energy, and composi-

tion. Here, we calculate the averaged misfit strain

energy around nucleation sites. All the strain energy

curves initially increase gently at the stage of solute

segregation, then reach a maximum due to spinodal

decomposition, and finally decrease after the forma-

tion of new solid phases. By combining the atomic

configurations in Fig. 9a–d and the time evolution of

Figure 9 The strain

distribution during GB

precipitation. a Low-angle tilt

GB with lattice misfit 19%; b

Low-angle tilt GB with lattice

misfit 15%; c high-angle tilt

GB with lattice misfit 19%; d

High-angle tilt GB with lattice

misfit 15%. e The time

evolution of strain (e1 and e2)
and concentration evolution

(c1 and c2) on low angle GB. f

The time evolution of strain

(e1 and e2) and concentration

(c1 and c2) on high angle GB.

g The critical concentration of

structure transformation and

the lattice misfit. The curves e1
and e2 indicate the strain

evolution on relatively low

lattice misfit (15%) and

relatively high lattice misfit

(19%) samples, respectively.

The curves c1 and c2 indicate

the concentration evolution on

relatively low lattice misfit

(15%) and relatively high

lattice misfit (19%) samples,

respectively.
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misfit strain energy in Fig. 9e and f, we find that the

accumulation of solute concentration at the early

stage of nucleation increases the local strain sub-

stantially, and then, on the contrary, the structure

evolution involving the formation of new phases

(e.g., amorphous phase and precipitates) can release

some misfit strain. A higher lattice misfit results in a

higher enrichment rate of concentration at the early

stage of clustering, as we mentioned above in Fig. 7;

thus, a higher increase rate of misfit strain simulta-

neously, as shown in Fig. 9e and f, and finally shorter

incubation time for new solid phases. The formation

of a new solid phase can relax the misfit strain.

Therefore, the increased rate of misfit strain of the

samples with higher lattice misfits slows down much

earlier.

Finally, we investigate in Fig. 9g the dependence of

the critical concentration at the onset of cluster

nucleation on lattice misfit. The critical concentration

required by the triggering of structure transformation

tends to decrease as the lattice misfit increases. A

higher lattice misfit means that a smaller amount of

solute can bring sufficient strain energy to trigger

structure transformation, contributing to a smaller

nucleation barrier. This is consistent with the results

that the work of formation decreases with lattice

misfit, as shown in Fig. 3b. These results explain why

the increase in lattice misfit is more conducive to the

nucleation of precipitates and favors the layer growth

mode.

Conclusion

In this work, we systematically investigate the effects

of lattice misfits on GB precipitation by using the PFC

model. GB precipitation processes tuned by the

magnitude of lattice misfit and GB structures are

successfully simulated on the atomic scale in the

context of aluminum alloys. Our main conclusions

are as follows.

We find that lattice misfit correlate closely with the

growth modes of GB precipitates. The island growth

mode tends to be prevalent with decreasing lattice

misfits or GB misorientation, while the layer growth

tends to be prevalent with increasing lattice misfits or

GB misorientation. At a relatively low lattice misfit,

GB segregation and spinodal decomposition first lead

to the periodic distribution of solute, then nucleation

events at solute-enriched sites, and island growth

mode consequently. In contrast, at a sufficiently high

lattice misfit, the increase in lattice misfits makes

nucleation occur at a lower concentration, which

gives rise to the rapid merging of densely distributed

nuclei, and then layer growth occurs. It is quantified

that a higher lattice misfit makes a smaller amount of

solute able to bring sufficient strain energy to trigger

structure transformation, contributing to a smaller

nucleation barrier.

Taken as a whole, our work reveals that lattice

misfit can profoundly affect the nucleation kinetics,

growth mode, and morphology of precipitates, and,

more subtly, the interactions among structural, com-

positional, and misfit strain evolutions. This work

theoretically suggests that the precipitation behavior

and precipitation microstructure vary substantially

with the lattice misfit between the precipitates and

the matrix phase. As a result, the formation and

microstructure of precipitates in aluminum alloys are

often very different. Moreover, a comprehensive

understanding of the dependences of precipitation on

lattice misfit can potentially provide clues in the

composition design and microstructure control for

precipitation-strengthening aluminum alloys.
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Pizarro J, Guerrero E, Ben T, Molina SI (2007) The peak

pairs algorithm for strain mapping from HRTEM images.

Ultramicroscopy 107(12):1186–1193. https://doi.org/10.101

6/j.ultramic.2007.01.019

Publisher’s Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.

J Mater Sci (2022) 57:2744–2757 2757

https://doi.org/10.1080/14786435.2015.1011250
https://doi.org/10.1080/14786435.2015.1011250
https://doi.org/10.1016/j.ultramic.2007.01.019
https://doi.org/10.1016/j.ultramic.2007.01.019

	Growth modes of grain boundary precipitate in aluminum alloys under different lattice misfits
	Abstract
	Graphical abstract
	Introduction
	Method
	Structural phase-field crystal model (XPFC model)
	Simulation details

	Results and discussion
	The growth modes and kinetics of GB precipitation under different lattice misfits
	The atomic-scale mechanism of structural evolution
	Compositional evolution
	The evolution of coherent strain

	Conclusion
	Code availability
	References




