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Abstract: An atomic-scale approach is employed to simulate the formation of precipitates with
different lattice misfits in the early stages of aging of supersaturated aluminum alloys. Simulation
results reveal that the increase of lattice misfit could significantly promote the nucleation rate of
precipitates, which results in a larger number and smaller size of the precipitates. The morphologies
of the precipitates also vary with the degree of lattice misfit. Moreover, the higher the lattice misfit,
the earlier the nucleation of the second phase occurs, which can substantially inhibit the movement
of dislocations. The research on the lattice misfit of precipitation can provide theoretical guidance
for the design of high-strength aluminum alloy.
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1. Introduction

Dislocations, as common crystal defects, are widely present in metals. Compared to perfect
crystals, the regions around dislocations are more favorable for the adsorption of solute atoms,
thereby inducing precipitation [1,2]. The precipitation caused by dislocations in supersaturated alloys
has a significant impact on the microstructure and mechanical properties of the alloys [3].
Dislocation-induced precipitation can lead to a pinning effect, where dislocations are pinned by the
precipitate phase, hindering their slip motion. This pinning effect can significantly enhance the
strength, hardness, and deformation resistance of the alloy [4]. To control the size and morphology
of dislocation-induced precipitation, various methods such as adjusting the alloy composition, heat
treatment conditions, and applied stress can be employed. Precise control over the process of
dislocation-induced precipitation can result in the formation of high-density nano-sized precipitates.
These nano-sized precipitates act as dispersion strengtheners in the alloy, impeding the slip of
crystals and the motion of dislocations, thus significantly improving the mechanical properties of the
alloy [1,5]. The lattice mismatch between the matrix phase and the precipitate phase is a crucial factor
influencing the process of dislocation-induced precipitation. When there is a lattice mismatch
between the matrix and precipitate phases, it induces coherent elastic strains. These strains can affect
the microstructure of the precipitates, such as altering their grain size, shape, and orientation. The
lattice mismatch can be controlled by adjusting the alloy composition and heat treatment conditions,
enabling the control of the microstructure of the precipitates [6,7]. In conclusion, dislocations are
common crystal defects in metals, and dislocation-induced precipitation plays a significant role in
the microstructure and mechanical properties of metal alloys. By controlling the size and morphology
of dislocation-induced precipitation and adjusting the lattice mismatch, precise control over the
microstructure of the alloy can be achieved, leading to significant improvements in its performance.

It has been reported in recent research that the popularity and size of precipitates could be
manipulated by tuning the magnitude of the lattice misfit between the matrix and precipitated phases
to enhance the mechanical properties of the alloy [8-10]. The lattice misfit not only determines the
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structure and stress state of the two-phase interface but also has an assignable influence on the
microstructure and mechanical properties of the alloys.Nickel-based alloys are widely used in high
temperature and high strength environments. One of the common precipitates is the y ' phase. The
formation of y' phase can be achieved by adding appropriate alloying elements, such as aluminum
and titanium. When the lattice mismatch between the v ' phase in the nickel-based alloy and the
matrix is small, when the lattice mismatch is less than 1 %, the compatibility between the y ' phase
and the matrix is higher. In this case, the y ' phase usually precipitates in the form of high density,
forming uniform nanoparticles distributed in the matrix. These nanoparticles can effectively hinder
the movement of dislocations and the slip of grain boundaries, thereby significantly improving the
strength and deformation resistance of the alloy. On the contrary, when the lattice mismatch is large,
when the lattice mismatch is greater than 1 %, the compatibility between the v ' phase and the matrix
is low. In this case, the number density of v ' phase may decrease and the size may increase. Such
lattice mismatch will lead to an increase in interface stress, which will promote the growth and
coalescence of v ' phase and form a larger precipitate. These larger precipitates may lead to a decrease
in the mechanical properties of the alloy, because they may become the source of dislocations and the
starting point of cracks. Therefore, by adjusting the lattice mismatch between the matrix and the
precipitated phase in the nickel-based alloy, the microstructure of the alloy can be significantly
affected. Reasonable control of lattice mismatch can achieve high density and uniform distribution of
nano-precipitates, thereby improving the mechanical properties of the alloy. For example, Jiang et
al.obtained high-density nano-precipitates by minimizing the lattice mismatch, thereby significantly
improving the mechanical properties of the alloy [11]. In addition, this is particularly significant for
precipitation strengthening alloys such as aluminum alloys, because aluminum alloys are
strengthened by a wide variety of precipitated phases. The coherency, number density, size and
precipitation behavior of the precipitate-matrix interface may be different and deeply depend on the
lattice mismatch [10,12-16].

However, due to the limitations of experimental conditions, these studies have remained at a
preliminary qualitative stage, and our understanding of the micro-mechanisms of lattice mismatch
on precipitation and precipitation processes is limited [17]. Firstly, changing the lattice mismatch in
experimental studies often requires the addition of some auxiliary substances, which inevitably
introduces unpredictable errors and is not conducive to studying the influence of lattice mismatch
on the morphology of precipitation phases. In addition, observing the interaction between
dislocations and precipitation phases in experiments is challenging. To overcome the limitations of
experiments, numerical simulations have become a powerful tool for studying the micro-mechanisms
of lattice mismatch on precipitation and precipitation processes. Many phase-field simulations have
been used to reveal the evolution and kinetics of precipitation morphology under different lattice
mismatch sizes [18-20]. These simulation methods simulate the evolution of crystal structures by
describing the phase-field variables in the material. However, phase-field methods have some
limitations in observing the micro-mechanisms of precipitation processes, as they blur the atomic-
scale details of the solid phase. Another commonly used simulation method is molecular dynamics,
which can simulate atomic-scale motion and interactions. However, the simulation time scale of
molecular dynamics limits our ability to observe complete precipitation processes [21]. To reveal the
micro-mechanisms of precipitation processes, we need a method that can describe atomic-scale
precipitation processes on diffusion time scales. The phase-field crystal model is an ideal choice. In
the past two decades, the phase-field crystal model has been successfully used to simulate the
microstructural evolution phenomena of various materials, including nucleation [22], crystal growth
[23], grain growth, defect dynamics [24], and precipitation [25]. The phase-field crystal model can
simulate the phase-field variables in the material, and the evolution of these variables can be
determined by minimizing the free energy function. By adjusting the parameters of the free energy
function, we can simulate the characteristics and behaviors of different materials. In the precipitation
process, the phase-field crystal model can describe the diffusion and interactions of atoms. It can
simulate the motion and phase transformation of atoms in the material, thus revealing the micro-
mechanisms of precipitation processes. Through this model, we can observe the aggregation and
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arrangement of atoms, as well as the formation and evolution process of precipitation phases. By
studying the phase-field crystal model, we can gain a deeper understanding of the influence of lattice
mismatch on precipitation and precipitation processes. These models can describe diffusion and
interactions in precipitation processes at the atomic scale, thus revealing micro-mechanisms. This is
of great significance for alloy design and material performance improvement in the field of materials
science and engineering. Although there are limitations in experimental conditions, through
numerical simulations, we can better understand the influence of lattice mismatch on precipitation
and precipitation processes.

In this paper, we use the structure phase field crystal (SPFC) model, as the most recent PFC
formalism, to perform atomistic simulations of dislocation precipitation in samples with various
lattice misfits. Our work aims to (1) determine how lattice misfits affect the micro-mechanism during
dislocation precipitation and (2) analyse the effect of lattice misfits on the role of dislocation in
nucleation and growth of precipitates. We found that a high lattice misfit can lower the nucleation
energy barrier for precipitation, making it easier to form new nano precipitates. This leads to an
increase in the number density of nano precipitates and a reduction in their size. This is of significant
importance for improving the properties of materials and controlling nanostructures. Additionally,
our study revealed the role of lattice misfit in the precipitation and growth processes of dislocations.
We observed that a high lattice misfit can accelerate the rate of dislocation precipitation, thereby
hindering the movement of dislocations within the material. This implies that lattice misfit can
influence the mechanical properties and deformation behavior of materials by affecting the motion
of dislocations. Through these research findings, we can better understand the micro-mechanisms of
dislocation precipitation influenced by lattice misfit. This is of great significance for materials design
and performance improvement, especially in the fields of alloys and nanomaterials. Our study
provides a foundation for further investigation into the impact of lattice misfit on material properties
and serves as a valuable reference for materials engineering.

2. Methods

2.1. SPFC model and simulations

The SPFC model approximates the classical density functional theory (CDFT) of freezing,
simplifying the calculation by fitting the two-point correlation function in the CDFT with the
Gaussian function. The free energy functional in the binary SPFC model [26],

2 3 4
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A= [ A e DAF =[Gy (= i v Ve[ )
Here, n and c are the rescaled particle number density field and solute concentration fields,
respectively. = =1 describes a Taylor series expansion of the bulk free energy around the reference
density, and AF,;, denotes the entropy of mixing;:
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The coefficient w is a fitting parameter to fit the entropic energy away from the reference
composition co. The parameter « is a coefficient considered the energy of compositional interfaces
(assume «a equals 1). These parameters are discussed further in Ref [25].
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are interpolation functions associated with the two correlation functions €44 and %5, which
contribute to the excess free energy for the cases where A atoms are in a crystalline structure preferred
by B atoms and B atoms, which are in a structure preferred by A atoms. The correlation functions C%
is defined as reciprocal space peaks at positions determined by each component's equilibrium crystal
unit structure. Each peak is represented by the following Gaussian form of width aj, modulated for
temperature by a Debye-Waller prefactor accounting for a sufficient transition temperature ow;.

o’ (k)

2

CA’;/- —e Oﬁlje 207 (6)

Where ii=AA, BB. The total kernel C¥ is taken as the envelope of all peaks C} included to
represent the atomic interactions. The total density is defined as the accumulation of the density of
each component (p = p, + pp,p° = p3 + pg)- The equation of motion can be written as

on = - OF
—=V-{M V(—
y M, (5n )i +1,(0,1) @)
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M, and M, are dimensionless kinetic mobility parameters (assumed to be equal to 1). n,(o,t)
and 7.(o,t) represent the Gaussian noise response to the effect of fast atomic vibrations in density
and concentration fields, respectively. Here Mn and Mc are 0.1 and 10, respectively.

2.2. Simulation detail

The work aims to investigate the effect of lattice misfits on dislocation precipitation by counting
the evolution process of a large number of dislocation precipitates on various alloy samples with
different lattice misfits. Thus, the initial condition is a supersaturated solid solution distorted by
introducing a uniform distribution of partial edge dislocations with a number density of =1
dislocation per 200 atoms [27]. The initial concentration is c0.

The lattice misfit is defined as f = (a; — a,)/a,, where a, and a, are the lattice constants of
the matrix and precipitates, respectively. As we know, aluminum alloys are characterized by
diversified precipitates, and the lattice misfits between the matrix and precipitates range from small
(AlsZr, 0.27%) to large (AlLi, 21.4%) [10,12,28]. To pursue the generality in this study, we investigate
the precipitation processes of precipitates with magnitudes of lattice misfits spanning from 7.5% to
20% rather than a unique precipitate. Thus, the dependence of precipitation behaviors on lattice
misfits could be revealed.

The simulation was performed on a 2-D rectangular mesh with grid spacing dx=0.125 and time
step dt=0.5. The simulation domain consisted of 3840*3840 grid spacings (equivalent to 480%480
atoms). Setting the lattice parameter of 1 for the matrix phase, each lattice spacing was divided into
8 mesh spacings. A Semi-Implicit Fourier-Spectral method was used to solve the dynamic equations
[29].

3. Results and Discussion

3.1. Precipitation simulations

Figure 1 shows the PFC simulation results for dislocation precipitation's concentration evolution
and morphology evolution on three kinds of lattice misfits: 10%, 15%, and 17%. Labeled on these
images are the typical stable clusters “a” and “a0” in the alloys with different lattice misfits that
survived the growing competition among the other clusters. As can be inferred from Figure 1, the
number of observed clusters within the unit area of simulation at each time step is much more
significant for the alloy with higher lattice misfit. Clusters can be observed in the alloy with 15% or
17% lattice misfit before t=500 but not in the alloy with lower lattice misfit (10%) until t=2000, which
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means that the increasing lattice misfit can reduce the nucleation incubation time of clusters. The
zoomed-in images of the area within the box labeled cluster “a” (in Figure 1) are shown in Figure 2.
As illustrated in Figure 1, the system undergoes a process of rearrangement and annihilation of
dislocations within the matrix, leading to the formation of cluster “a0”.

(@) ' Lattice misfit=10%

0% 25% 50% 75% 100%

Figure 1. Dislocation precipitation. relatively low lattice misfit (10%) alloy: (a) t=100;(b) t=2000; (c)
t=5000;(d) t=10000; relatively high lattice misfit (15%) alloy: (e) t=100;(f) t=500; (g) t=5000;(h) t=10000.
The higher lattice misfit (17%) alloy: (i) t=100; (j) t=300; (k) t=5000; (1) t=10000.

Figure 2 shows the microstructure of the precipitates of the alloys after the same aging (t=10000).
Figures 1 and 2 demonstrate that the increase in lattice misfit changes from irregular to spherical
precipitate morphology, while a higher lattice misfit causes a change from spherical to cuboidal
precipitate morphology. Ferreiros observed a similar morphological change of cuboidal Li2
precipitates in alloys of the Fe-Al-Ti system [30,31]. They considered it a consequence of the increase
in lattice misfit between the matrix and precipitate in the alloy containing Ti [32]. In our simulation,
this phenomenon can be further attributed to the role of the misfit strain at the boundary of
precipitates. As shown in Figure 2, the incoherency increases with the magnitude of lattice misfit. The
lattice misfit between the precipitate and matrix phases increases the elastic interaction and
determines the precipitate shape and alignment.
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Figure 2. Morphology of precipitates and elastic field under various lattice misfit: (a) f=10%; (b) =13%;
(©)f=15%; (d) £=17%. (t= 10000).

In addition to the change in morphology, there is a tendency to increase the coarsening rate with
increasing lattice misfit from Figures 1 and 2. A quantitative evaluation of this trend was made by
measuring the average precipitate size from the total simulation area in each alloy. The statistical
analysis of this information provides us with the number of nuclei, phase fraction, average radius,
and dispersion of the precipitate size distribution for precipitates. The whole precipitation simulation
is a continuous process, so it is easy to obtain the data at any time point.

3.2. Kinetic analyses

Figure 3a shows the trend of the number of clusters in the process of dislocation precipitation in
four different misfit alloys. In general, these four alloys show similar characteristics in terms of the
number of nuclei. Firstly, in the initial stage, a large number of nucleation sites are formed, which
provides the basis for the formation of clusters. With the passage of time, the number of clusters
gradually decreases, showing an exponential downward trend. As the dislocation precipitation
process proceeds, the number of clusters gradually stabilizes. This indicates that the formation and
disappearance of dislocations reach an equilibrium state, and the number of clusters does not change
significantly. This stable state is due to the influence of energy balance and kinetic factors in the
process of dislocation precipitation. In addition, the degree of lattice mismatch also affects the
number of clusters. With the increase of lattice mismatch, a large number of misfit dislocations are
generated, and the increase of dislocations leads to the increase of the number of clusters, thus
promoting the formation and growth of clusters.
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Figure 3. Dynamic analysis of dislocation precipitation. (1) the number of nuclei. (2) The phase
fractions. (3) The average radius of clusters. k1=0.0067; k2=0.0056; k3=0.0039; k4=0.0023. (4) Cluster
size distribution.

Figure 3b shows the change of phase fraction in the process of dislocation precipitation. Among
them, the green light curve represents the alloy with a lattice mismatch of 13 %. In the final state, the
phase fraction of the alloy is about 20 %. The results show that the alloy phase fraction with the
highest lattice mismatch can quickly reach a stable state, and as the lattice mismatch decreases, the
time required for the alloy to reach a stable state increases significantly. The change of phase fraction
reflects the formation and disappearance of phase. The alloy with high lattice mismatch forms more
dislocations due to lattice mismatch. The formation of dislocations promotes the formation of phases,
which makes the phase fraction increase rapidly and stabilize. On the contrary, alloys with smaller
lattice mismatch need longer time to reach a stable state. This is because the alloy with smaller lattice
mismatch has a lower rate of dislocation formation, resulting in a slower rate of change in phase
fraction.

Figure 3c shows the coarsening curve of the cluster, which describes the change of the cluster
radius with the evolution time. At the initial stage of nucleation, the average radius of the cluster
increases linearly, and the larger the phase fraction is, the larger the slope of the linear growth is. It
can be seen from Figure 3b that the larger the phase fraction is, the more obvious the lattice mismatch
is, that is, the slope of the linear growth decreases with the decrease of the lattice mismatch. When
the average radius of the cluster is close to a certain threshold, the growth rate of precipitation begins
to slow down until it stops growing. When the average radii of the clusters with different phase
fractions are stable, it can be seen that the green curve with the smallest phase fraction represents the
largest average radius of the cluster. It can be seen that the average radius of the stable cluster
increases with the decrease of lattice mismatch.

Figure 3d describes the particle size distribution of stable clusters. The most common cluster
radii of the three alloys with lattice mismatch of 20 %, 17 % and 15 % correspond to 7,8 and 10 atoms,
respectively. The mode number of the alloy with lattice mismatch of 20 % is larger than that of the
two alloys with lattice mismatch of 17 % and 15 %, indicating that more precipitates can be produced
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in the alloy with high lattice mismatch, resulting in smaller average size. It is worth noting that the
number of different cluster radii of the alloy with a lattice mismatch of 13 % is almost stable at a very
low level, and even some cluster radii have tended to 0. This indicates that when the lattice mismatch
of the alloy is lower than a certain value, the radius of different clusters is stable and maintains a very
low level, that is, a small number of precipitates are produced.

3.3. The interaction between dislocation and solute

Dislocation movement and solute migration are bound to occur in the process of dislocation
precipitation and also affect each other. To further explore the role of lattice misfits in this process,
we studied the dislocation movement and solute migration under different lattice misfits during the
early stage of aging. Figure 4 shows the zoomed-in images of the area within the box labeled clusters
“a” and “a0” in Figure 1. Interestingly, these two graphs show two completely different ways of
nucleation. We observed that in alloys with high lattice mismatch, solute atoms are easy to
accumulate near dislocations and form precipitates due to lattice mismatch. These solute atoms will
quickly aggregate at the dislocation to form two independent precipitates. As time goes on, these two
precipitates will begin to coarsen and gradually increase in volume. When they contact and merge
with each other, they form a larger precipitate. . However, in alloys with low lattice mismatch, it is
difficult for dislocations to attract enough solute atoms for nucleation. In order to increase the amount
of solute adsorption, these two dislocations will be close to each other. By approaching each other,
they can share the solute atoms adsorbed on them, and these solute atoms will accumulate near the
dislocations to form precipitates. This difference is caused by the degree of lattice mismatch. When
the lattice mismatch is high, the stress field near the dislocation is more complex, and the solute atoms
are more likely to adhere and form precipitates.

=100 =200 t=1,000 2,000
[ - .
0% 25% 50% 75% 100%

"1

Figure 4. (a-d) The zoomed-in images of the area within the box labeled cluster “a” in Figure 1. (e-h)
The zoomed-in images of the area within the box labeled cluster “a0” in Figure 1.
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Figure 5. Evolution of dislocation during early aging.

In the samples with high lattice mismatch, the number of dislocations decreases significantly in
the early stage of aging, and then increases gradually. Specifically, when there is a high lattice
mismatch in the alloy, the stress field near the dislocation will be more complex. This makes it easier
for solute atoms to adhere to the vicinity of dislocations, thereby forming precipitates. In the early
stage of aging, the precipitates begin to coarsen and gradually increase in volume. This causes some
of the smaller precipitates to dissolve and re-transform into dislocations. Therefore, the number of
dislocations will decrease. However, as the aging continues, the precipitates continue to coarsen and
increase in volume. This makes the stress field around the dislocation more complex, and the number
of solute atoms adsorbed near the dislocation increases. Therefore, the number of dislocations began
to increase. It should be noted that the increase of lattice mismatch will only increase the high
dislocation precipitation rate on the basis of the alloy with relatively high lattice mismatch. The
subsequent decrease in the number of dislocations can be attributed to the precipitation of
dislocations and the adsorption of dislocations at the two-phase interface.

4. Conclusions

In summary, we studied the influence of lattice misfits on dislocation precipitation by atomic-
scale analysis. Our study contributes to an atomic scale insight into the formation of diversified
precipitates in aluminum alloys in terms of lattice misfit. The main conclusions are as follows,

1. During the dislocation precipitation process, the high lattice misfit can significantly increase the
concentration rate of solute atoms around dislocations and induce nucleation in a short time.

2. The increasing misfit leads to decreased critical nucleation radius, making more small
precipitation continue to grow. However, the total amount of solutes is limited, and more
precipitates mean a smaller size.

3. Dislocation precipitation can act as pinning and hinder dislocation motion. In addition, the
aggregation of dislocations can accelerate dislocation precipitation. A relatively high lattice
misfit will produce many precipitates during the early stage of aging, and the subsequent
coarsening process will lead to the dissolution of some precipitates and the formation of
dislocations.
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