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ABSTRACT

A universal numerical model based on the particle size distribution (PSD) approach has been developed
for the simulation of precipitation kinetics in multicomponent alloys during isothermal ageing. Nucleation
was implemented utilizing the classical nucleation theory (CNT). Growth and coarsening were modeled
by a single growth kinetics equation, which is constructed based on the interfacial diffusion flux balance
and the capillarity effect. Only partial off-diagonal terms in the diffusion matrix (diffusion of individual
components in the matrix) were taken into account in the calculations to minimize the computational
cost while coupling with CALPHAD to extract thermodynamics equilibrium around the interface. A new
feature of the model is the incorporation of a more realistic spatial site distribution via a Voronoi con-
struction in the characteristic cell, for the purpose of modifying the diffusion distance. Computational
predictions of the precipitate dimensions and the precipitation kinetics were compared with the atom
probe tomography (APT) measurements on ternary Ni-Al-Cr alloys isothermally aged at 873 K. It is found
that the temporal evolution of the dimensions and composition of the precipitates is well captured, as
is the dependence on changes in the alloy composition. The new modification with Voronoi construction
demonstrates that the overall precipitation kinetics depends on the density and the spatial site distribu-
tion of precipitates. The ability to handle sophisticated alloy chemistries by quantitative equations, the
compositional sensitivity of microstructural characteristics emerging from the simulation results, and the
ability to visualize the spatial distribution of precipitates make the work very promising for multicompo-

nent alloy design and optimization.
© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &
Technology.

1. Introduction

work is also based on this approach but adds a new topological
feature not present in the existing models.

Accurate and versatile models for the precipitation kinetics in
multicomponent metallic alloys are of vital importance for opti-
mizing the composition-microstructure-mechanical properties re-
lationship in commercialized alloys. Various approaches based on
the Ab initio modelling [1], the phase-field method [2], and the
numerical particle size distribution (PSD) approach [3,4] have been
applied successfully to capture the precipitation kinetics in multi-
component alloys. Out of the reported models, the PSD approach
is the most widely used because it can easily be coupled to
CALPHAD-linked thermodynamics databases and is based on solid
well-established physical principles. The numerical model in this
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Kampmann and Wagner [5] were the first to propose the
PSD model (or Kampmann and Wagner numerical (KWN) model),
which relies on the full evolution of particle size distribution and
accounts for the simultaneous nucleation, growth, and coarsening
of precipitates in dilute binary alloys. In such models, the initial
number density and size of the precipitates in each newly created
class are computed using classical nucleation theory (CNT). Gov-
erned by a growth kinetics equation and accounting for the cap-
illarity effect, the precipitates in PSD classes will grow and shrink
depending on their interface curvatures. Later modifications of the
growth kinetics equation made the PSD approach applicable to a
wide range of multicomponent non-dilute alloy systems includ-
ing Ni-based alloys, Fe-based alloys, and Al-based alloys [3,6,7]. It
has been shown that nucleation, growth, and coarsening regimes
emerge naturally without making any arbitrary separation, but fol-

1005-0302/© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & Technology.
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low from the statistical analysis of the average size, the total num-
ber density, and the volume fraction of precipitates over all classes.
The PSD implementation can be dealt with in the Lagrange-like
or Euler-like approach. The first approach creates number density
classes by nucleation and deals with the average size evolution in
each class while the second approach predefines the average size
classes and deals with number density evolution in each class. The
equivalence of both approaches has been demonstrated by Perez
et al. [8].

One difficulty in modelling multicomponent precipitation kinet-
ics is to establish a quantitative growth kinetics formulation that
is capable of coping with complicated alloy chemistry while keep-
ing a good computational efficiency, especially when the model is
coupled with CALPHAD to extract thermodynamics and mobility
databases. Chen et al. [9], Rougier et al. [4], and Bonvalet et al.
[3] proposed growth rate equations that take into account all off-
diagonal terms (i.e., cross-diffusion terms) in the diffusivity matrix.
While very accurate, these models are computationally demand-
ing in the case of a high-dimensional diffusivity matrix. In addi-
tion, because of the coexistence of positive precipitation and nega-
tive precipitation in multicomponent systems [10], it is difficult to
characterize the driving force of interface advancement in compo-
sitional concentration gradients of individual components directly.
Another challenge is associated with the setting of diffusion dis-
tance in growth kinetics formulation. Traditionally, this quantita-
tive value is set as its own radius for a specific precipitate class in
the PSD approach [3,4,5]. However, due to the effect of spatial site
distribution of precipitates on the diffusion kinetics, this simple as-
sumption is not valid in reality.

Considering the aforementioned problems, this work presents
a universal multicomponent growth rate equation, which deals
with off-diagonal diffusion partially (i.e., diffusion of individual
components in the matrix phase) and whose driving force is
merely determined by thermodynamics quantities (i.e., composi-
tional concentration and chemical potential distribution in ma-
trix/precipitate) of the diffusion field surrounding the interface
while assuming local equilibrium, to maintain computational effi-
ciency and accuracy. Voronoi construction was introduced to pic-
ture the spatial distribution of precipitates in a characteristic cell,
and then to introduce the diffusion distance in the growth rate
equation for each specific precipitate. Firstly, the equation’s capa-
bility of predicting precipitation pathways in complex multicom-
ponent alloys was demonstrated using the most used Lagrange-
like PSD approach. Subsequently, the modified version based on
the Voronoi construction was implemented to highlight the impor-
tance of modifying local diffusion distances in a controlled manner.

2. Model
2.1. Nucleation equation

The classical nucleation theory (CNT) [11] is taken to calculate
the nucleation rate of precipitates, I (m=3 s™1):

I=No(1- f"')ZB*exp (_AG*>

T (1)

where Ny (m~3) is the number density of potential nucleation sites,
f7’ is the volume fraction of precipitates, Z is the Zeldovich factor
that accounts for the decay of partial supercritical clusters, 8* is
the condensation rate of solute atoms on a cluster with a critical
radius r* (s71), AG* is the nucleation barrier (]), kg is the Boltz-
mann constant (J K1), and T is the temperature (K). Assuming a
spherical nucleus, Z and B8* can be written as:

2
,_ VaAG)

S A (2)
8m+/o3kgT
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. Amrr 1
b= Ly 3)
where V; is the atomic volume (m3) of matrix and precipitate (as-
sumed to be equal), AG&’ is the chemical driving force for nu-
cleation or precipitation (] m=3) (and will emerge naturally from
growth kinetics equation deduction), m has its usual meaning, o
is the interfacial energy between matrix and precipitate (J m=2), a
is the lattice parameter of precipitate (m), and D; and x,?’ are the
diffusion coefficient (m? s7!) and atom concentration (at.%) of el-
ement i in the matrix. r* and AG* for nucleation may be written
as:

20
= —— (4)
AG)’
3
AC — 167 o ; (5)
3 Agy

Nuclei are assumed to be stabilized numerically only beyond
the effective radius, re; (m), which accounts for the size fluctua-
tions of critical clusters [3]:

1 [leT
2V o

2.2. Growth kinetics equation

Teff =T +

(6)

The growth rate for a precipitate is controlled by its radius, the
degree of supersaturation in the matrix, and the interfacial com-
position distribution. Following the mean-field approximation, the
element concentrations in the matrix are assumed to be uniform.
The definition of the diffusion flux used in the present work is in-
spired by Ref. [12]. Neglecting the concentration gradient in the
precipitate itself and assuming that molar volumes of matrix and
precipitate are equal, the diffusion flux in the matrix and the flux
balance of growing precipitate at the interface for element i could
be written separately as:

/v’
o Dol (7)
: ReTVY' Or
! 1 dR 12 v/
B e A L (8)
1 VI%/ dt 1 1

where xl?”/ ¥ is the atom concentration of element i at the inter-

face, Rg is the gas constant, V.Y is the molar volume of precipitate,
8,u,?’/8r is the chemical potential gradient of element i between
far-field matrix and interface, dr is the diffusion distance, R is the
radius of precipitate, dR/dt is the growth rate of precipitate, and
x}” is the atom concentration of element i in the precipitate. Re-
arranging Eq. (7), multiplying by (x)” —x!/""), and summing up to
overall element i yields:

£

i=1

N
i) - =0

y/
D77 8 Vi F ®
1

Assume that ],?'/V, =J7, and insert Eq. (8) into Eq. (9), then the
growth rate is obtained:

c o Ly v’
drR_ Y 5 (& =«

de c (xiy'—x}'/y')2
i=1 X7V'D; /RgT

(10)
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Due to the Gibbs-Duhem equation:

ad
Z H’l J//)// -0 (1])
Eq. (10) may be written as:
d—R: Zl 1 E)r i (-12)
de c oWy

i=1 XY7V'D, /Ry T

The chemical potential difference between far-field matrix and
interface for element 0i, ,u,?’, is then estimated with the following
equation:

v/v!

Al = u R (13)

o =
where /i) and Ml?/(/RV)’ are the chemical potentials in the far-field
matrix (i.e., supersaturation) and at the interface of precipitate
with radius R for element i. The modified capillarity effect is intro-
duced to account for the effect of interfacial energy and precipitate
size on the interfacial composition:

oy
20V,
R
where ,ul?’ is the local equilibrium chemical potential of element i
near to the interface in the matrix (equal to the equilibrium chem-

ical potential of element i in the precipitate, ul?”), Vﬂ is the partial
molar volume of precipitate and follows the relationship:

1244

:u, (R) (]4)

= +

ZxV’vV’ =V (15)

i=1

Inserting Eq. (13-15) into Eq. (12), and taking dr as precipitate
radius R in terms of the traditional way, Eq. (12) may be rewritten
as:

20V}

dR_ X0 (A =W = 25 (16)
dt — @ 'y R
Zl 1 xV/V’D /RT

Because the chosen strategy in this work is to decompose the
precipitation behavior into successive kinetics steps, whose ther-
modynamics parameters are at local equilibrium near to interface,
n! and x//" are set as !’ and x (local equilibrium atom con-
centration of element i near to the interface in the matrix), sepa-
rately. This simplification offers the advantages of higher numerical
stability and lower computational cost. Eventually, the growth rate
of a precipitate with radius R can be given by:

dR X0 (R = = 25 1 (17)
dt c (xiV'—xiy)2 R
Dict X/'Di/RyT

The precipitate will grow or shrink accordingly when its R is
larger or smaller than the critical radius, Rc, defined by dR/dt = 0:
20V}

Y A =
One should notice that Rc is equal to the r* for nucleation, and
that Z ([,L

[13], Wthh means that the model can account for the coexistence
of nucleation, growth, and coarsening physically and numerically.
Alternatively, Eq. (17) may be written as:

Rc = (18)

— !X V" is also the AG))” for nucleation exactly

dR AGY - 29Va 4

kg 1

de c & xl?’) R (19)
i=1 %' D;/R,T
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As shown in Eq. (19), since the competition between the pre-
cipitation driving force and the capillarity effect emerges naturally,
the model can be also called “competitive growth” [14].

2.3. Lagrange like PSD implementation

At each time step, a new nuclei class, whose number density
and critical radius are both a function of the transient matrix su-
persaturation, is created by the nucleation rate equation (Eq. (1)).
The earlier generated classes in the PSD along with the new nu-
clei class evolve together during the same time step, following the
growth rate equation and current matrix supersaturation. If the
precipitate size is reduced to zero due to the capillarity effect, the
corresponding class will be erased in the PSD. The total number
density and the total volume fraction were calculated by summing
those of each class, and meanwhile, the average radius and the
average concentration in precipitates were calculated by averaging
concentrations over all classes in the system. The left matrix super-
saturation for element i may be calculated using the mass balance
equation:
xR
X = ﬁ (20)

where x(})’ is the initial matrix supersaturation, ;21?” is the average

atom concentration in precipitates at time step n, and fnw is the

total volume fraction of precipitates at time step n.

2.4. Modification based on Voronoi construction

The Voronoi construction is taken as a microstructurally de-
fendable optimization strategy to modify the diffusion distance in
growth kinetics equation for a specific particle. The whole precip-
itation kinetics is still divided into multiple time steps. Firstly, the
precipitates are confined artificially in a 100 nm x 100 nm x 100
nm characteristic cell in order to keep computational efficiency of
building Voronoi cells. The number density and critical radius of
precipitates are still determined by the nucleation rate equation
(Eg. (1)) based on the volume of characteristic cell, however, the
compartmentalization and sites of particle distribution follow the
definition of Voronoi construction and meet the criteria that each
particle is within one independent Voronoi cell. The specific math-
ematical procedure is to generate the coordinates of particles ran-
domly, and meanwhile make sure that, for any two particles in PSD
of the characteristic cell, their radii are smaller than the half of the
center to center distance. The integral Voronoi cells can thus be
constructed graphically according to the coordinate array of PSD
in the characteristic cell, using Multi-Parametric Toolbox in Mat-
lab environment [15]. The diffusion field of each particle is seen
within the corresponding Voronoi cell at each time step. The dif-
fusion distance for one specific particle could be thus set as Ry -
R (Ry is the average distance between the center and vertices in
one Voronoi cell, and R is the radius of particle). It should be em-
phasized that, unlike the appraoch in the Lagrange-like PSD imple-
mentation, each particle is assumed to be one class under this case
and will evolve separately at each time step, according to its own
size and diffusion distance. However, the statistical computation
of the dimensional properties of entire precipitates, the composi-
tional properties in precipitates and the left matrix supersaturation
is still based on methods in section 2.3. When each new time step
starts, the spatial distribution of precipitates and the Voronoi con-
struction in the characteristic cell will be reconstructed in order to
demonstrate randomness. Thermodynamics quantities emerged in
the growth rate equation are extracted by coupling with the TQ-
interface in Thermo-Calc. The framework is written in Fortran en-
vironment. The construction of Voronoi cells are achieved through
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Fig. 1. Temporal evolution of (a) and (b) number density, N;, (c) and (d) average radius, Rayg, and (e) and (f) volume fraction, f[V', of ' precipitates in alloys (A) Ni-7.5A1-8.5Cr
at.% and (B) Ni-5.2A1-14.2Cr at.% at 873 K isothermal ageing. The black dots correspond to the experimental data of Booth-Morrison et al. [16].

Table 1
Input parameters for alloys (A) Ni-7.5Al-8.5Cr at.% and (B) Ni-5.2A1-14.2Cr at.%.

No (m3) o (mjm?) Vo (m?) V' (m* mol™)  a(m)
(A) 3 x1027 285 1.09 x 102 6.59 x 107 34 x 10710
(B) 8x107 30 1.09 x 102 6.59 x 10 34 x 10710

the hybrid programming of Multi-Parametric Toolbox of Matlab in
the Fortran framework.

3. Results and discussion
3.1. Capability of numerical model

To demonstrate the capability of the model, the kinetics equa-
tions in sections 2.1 and 2.2 were applied to simulating the tem-
poral evolution of the dimensional and compositional properties
of the precipitates in a set of ternary Ni-Al-Cr alloys during 1024
h isothermal ageing at 873 K. The experimental data for valida-
tion were extracted from two-atom probe tomography (APT) stud-
ies performed by either Booth-Morrison et al. [16] or Mao et al.
[17]. It is noteworthy that the morphology of y’ precipitates are
irregular and quasi-spherical in these two Ni-Al-Cr alloys, so we
assume the isotropic scenario and ignore the effect of mismatch
strain field between y and y’ on the morphology transformation
from spherical to cuboidal, which is common in the complicated
Ni-based superalloys. Initially, the alloys were assumed to be fully
austenitic without any y’ precipitates. The potential nucleation site

101

density Ng for homogeneous nucleation theory and the interfacial
energy o are taken as fitting parameters so that to get the best
fitting results for the two alloys in this work. The actual values
for the two alloys are listed in Table 1. Subsequently, a sensitiv-
ity analysis of compositional changes in the temporal evolution of
dimensional properties was presented to demonstrate the prospect
of applying the model for compositional optimization of multicom-
ponent alloys.

3.1.1. Temporal evolution of dimensional and compositional properties
As shown in Fig. 1, it is found that the simulated temporal evo-

lution of N, Ravg, and fty/ during 1024 h isothermal ageing at 873
K fits well the APT data for alloys (A) Ni-7.5Al-8.5Cr at.% and (B)
Ni-5.2A1-14.2Cr at.%. Owing to the similarity of the evolutional fea-

tures of N, Ravg, and ft"/, in both alloys, the simulation results will
only be discussed in detail for alloy (A) Ni-7.5A1-8.5Cr at.%. Nat-
urally, the overall precipitation kinetics can be divided into three
regimes showing the typical characteristics of nucleation, growth,
and coarsening, without making arbitrary separations. During the
first regime corresponding to the nucleation of y’ precipitates (t <
500 s), the number density increases dramatically, whilst the aver-
age radius and the total volume fraction remain close to zero be-
cause of the tiny size of the precipitates. As shown in Fig. 1 (a),
in the time interval 500 < t < 10 s, the nucleation rate dimin-
ishes gradually until the maximum number density is reached, in-
dicating that the matrix supersaturation has nearly come to an
end due to the massive precipitation of y’ precipitates during this
period. Fig. 1(c, e) shows that the average radius and the total
volume fraction of precipitates increase concurrently because the
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Fig. 2. Temporal evolution of the relationship between average radius, Rayg, and ef-
fective radius, regr (which can be seen equally as critical radius, r*), in the alloy (A)
Ni-7.5Al1-8.5Cr at.% at 873 K isothermal ageing.

diffusion-controlled growth becomes dominant. As the matrix su-
persaturation continues to decrease, the capillarity effect will have
a larger effect on the evolution of number density, average radius,
and volume fraction of y’ precipitates. The appearance of coars-
ening characteristics can be better recognized from the evolution
of the relationship between Rayg and re displayed in Fig. 2. After
about 10 s, the value of re starts to exceed that of Rayg but in a
gentle way until these two values become almost equal. This re-
sult indicates that the sizes of quite a few precipitate classes are
lower than the critical radius during this regime, and thus, quan-
tities of relatively smaller precipitates are shrinking accompanied
by the growth of larger precipitates, i.e., larger precipitates grow at
the expense of smaller ones. The time dependencies of N; and Rayg
in alloy (A) Ni-7.5A1-8.5Cr at.% after 10% s are illustrated further by
dotted curves in Fig. 3. Evidently, the alloy system is in the quasi-
stationary stage after long-time ageing and follows the classical Lif-
shitz and Slyozov, Wagner (LSW) theory (i.e. N;™! ~ t and Rayg® ~ t)
[18], which means that coarsening has become the dominant
process.

One can also note that ft”, still keeps increasing at a very slow
rate after 10* s, then the equilibrium value is reached according
to Fig. 1(e, f). This phenomenon indicates that coarsening is not
the only mechanism functioning here. As a matter of fact, because
of the effect of residual supersaturation in the matrix, the fresh
y’ phase is still precipitating after 10* s by the overlap between
growth and coarsening [4,19]. The traditional viewpoint about ex-
plicit isolation between growth and coarsening is not fully appro-

. (a) 1.0x1022 Afier 10*s
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4 H'_E, 6040
C 102 EPYNT
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==== Thermol-Calc & Saunders
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30 Ni-5.2A1-14.2Cr at. % (Lixp)
—— Ni-7.5A1-8.5Cr at. % (Modcl)
—— Ni-5.2A1-14.2Cr at. % (Modcl)

Y , , >0
Cr 70 80 90 100 Ni

Fig. 4. Compositional trajectories of y matrix and y’ phase for alloys (A) Ni-7.5Al-
8.5Cr at.% (red line) and (B) Ni-5.2Al-14.2Cr at.% (blue line) during isothermal age-
ing, in a partial Ni-Al-Cr ternary phase diagram at 873K, calculated by Thermo-Calc,
employing the TCNi8 database. Two types of drawn equilibrium solvus curves are
determined by Thermo-Calc utilizing databases from Saunders [28] (black dash line)
and Dupin and Sundman [29] (gray line), respectively. The experimental APT data of
compositional evolution in the y matrix and y’ phase for alloys (A) Ni-7.5A1-8.5Cr
at.% (open red circles) and (B) Ni-5.2A1-14.2Cr at.% (open blue circles) are extracted
from the work of Booth-Morrison et al. [16].

priate in this case. Indeed, the foundation of LSW theory is based
on the assumption of an ideal dilute solution (i.e. the effect of vol-
ume fraction is not incorporated) and thus is more suitable for the
pure equilibrium state [18,20,21].

Fig. 4 shows the comparison between simulated compositional
trajectories of the y matrix and the y’ phase and the measured
one during 1024 h isothermal ageing at 873 K in alloys (A) Ni-
7.5A1-8.5Cr at.% and (B) Ni-5.2Al-14.2Cr at.%. It is clear that the
compositional evolution of the y matrix is well predicted by the
numerical model as the final concentrations lie on the equilib-
rium solvus values, whereas the simulated compositional evolution
in the ¢’ phase does not superimpose exactly with the measured
one. The reason why this occurs is that the simulated composi-
tional evolution in the y’ phase and final equilibrium composition
of the y’ phase are mainly determined by the accuracy of the ther-
modynamics database (i.e., equilibrium composition prediction in
the y’ phase under different supersaturation), owing to the local
equilibrium assumption used for diffusion field and the method of
decomposing overall precipitation into equilibrium kinetics steps.
Nevertheless, the compositional evolution in the y matrix (i.e.
overall precipitation kinetics) can be easily controlled by adjusting
parameters like Ny and o in the numerical model [22,23], in spite
of the thermodynamics database shortcomings. The specific tem-

-5
10 (b) 304107 | After 107 g
2.5%10°%4
1064 '; 2.0x10
<y 150 :
é = 1.0x1074
5 1074 50x107
x« 0.0 4
<100 2«0 30 4x10¢
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Fig. 3. Time dependencies of (a) number density, N;, and (b) average radius, Rayg, in alloy (A) Ni-7.5A1-8.5Cr at.% at 873 K isothermal ageing, after 10% s.
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Fig. 5. Temporal evolution of compositions in y matrix and y’ phase for alloys (A) Ni-7.5A1-8.5Cr at.% (red line) and (B) Ni-5.2Al-14.2Cr at.% (blue line) at 873 K isothermal
ageing. The equilibrium compositions at 873K for alloys (A) Ni-7.5A1-8.5Cr at.% (red short dash line) and (B) Ni-5.2Al-14.2Cr at.% (blue short dash line) are calculated by

Thermo-Calc and TCNi8 database.

poral evolution of compositions in the y matrix and y’ phase for
alloys (A) Ni-7.5A1-8.5Cr at. % and (B) Ni-5.2Al-14.2Cr at. % during
1024 h isothermal ageing at 873 K is shown in Fig. 5. As shown in
Fig. 5 (a, b), compositions in the y matrix evolve from the nomi-
nal alloy compositions to the equilibrium values given by Thermo-
Calc and TCNi8 database. However, for the temporal evolution of
compositions in the y’ phase in Fig. 5 (c, d), the initial setting of
critical nucleus compositions during nucleation would also signif-
icantly influence the trend and values of compositional evolution.
The critical nucleus composition is reported to be related to the
preferential segregation in the cluster, the chemical fluctuation in
the matrix, and the internal stress [24,25,26,27], which are diffi-
cult to calculate by CALPHAD. Here, to satisfy the compositional
evolution trend measured by Booth-Morrison et al. [16] (i.e., com-
positions of Al and Cr in the y’ phase decrease with time), the
y’ phase compositions that can give one of the maximum pre-
cipitation driving force values and meanwhile are higher than the
equilibrium values are taken as the critical nucleus compositions in
this work for two alloys. Although simulated compositional trajec-
tories of the y’ phase deviate slightly from the experimental one
numerically in Fig. 4, the overall compositional evolution trend of
the y matrix and y’ phase in Fig. 5 fits the measurement of Booth-
Morrison et al. [16] rather well.

Compared with the temporal evolution of dimensional proper-
ties shown in Fig. 1, a high synchronization of the temporal evo-
lution of compositional properties is achieved as shown in Fig. 5.
For alloy (A) Ni-7.5A1-8.5Cr at.%, the compositions in the y ma-
trix and y’ phase during the nucleation regime (t < 500 s) are
the nominal alloy compositions and the calculated critical nucleus
compositions, respectively. When growth regime (500 < t < 10% s)
occurs, conspicuous compositional evolution in both y matrix and
y' phase is observed because of the extensive precipitation of y’
precipitates. After that (¢t > 104 s), as reflected in the slight changes
in volume fraction shown in Fig. 1(e), the compositions in the y
matrix and y’ phase still evolve at a very low rate until the equi-
librium states are reached. This phenomenon indicates that the y’

103

Ni-7.25A1-8.5Cr at. %
— Ni-7.5A1-8.5Cr at. %
Ni-8.0A1-8.5Cr at. %
10'8 . . . . .

254 (¢)
20 o=285mIm”> e
= 5] Mo=3x107m?
% i0)
54
1) ESS——

0 10t 108 10°

1(s)

Fig. 6. Influence of compositional variation of Al on (a) number density, N, (b)
average radius, Rayg, and (c) volume fraction, f, of y’ precipitates as a function of
time in the alloy (A) Ni-7.5Al-8.5Cr at. % at 873 K isothermal ageing.

10° 100 10?



K. Xu, J.D. Liu, S. van der Zwaag et al.

(a)
E‘:"/'
<]
107174 Ni-7.25A1-8.5Cr at.%
——Ni-7.5A1-8.5Cr at.%
£ 18] = Ni-8.0A1-8.5Cr al.%
s 1
<]
10" 2
..................................... =285 m}m™
" N=3x10"m?
102 ; : . : .
10%
~ 10
TE 10'?
~
10°
10° ; . . - ;
10 100 102 100 100 100 108
{(8)

Fig. 7. Influence of compositional variation of Al on (a) chemical driving force for
precipitation, AGVV’, (b) nucleation barrier, AG*, and (c) nucleation rate, I, of y’ pre-
cipitates as a function of time in the alloy (A) Ni-7.5Al-8.5Cr at.% at 873 K isother-
mal ageing. The inserted zoom shows the time points when nucleation finish and
their positions on chemical driving force curves, for different Al content.

phase is still precipitating, corresponding to the overlap between
growth and coarsening that we mentioned above.

3.1.2. Sensitivity analysis of compositional variation

A plot of the simulated dimensional properties evolution as a
function of the change in Al concentration for alloy (A) Ni-7.5Al-
8.5Cr at.% at 873 K isothermal ageing is shown in Fig. 6. As ex-
pected, as the Al content increases, the overall precipitation kinet-
ics is accelerated. For a higher Al content, a higher number den-
sity and a smaller average radius during the nucleation regime are
shown in Fig. 6(a, b), respectively. Fig. 6(c) illustrates that the pre-
dicted volume fraction of ’ precipitates is elevated because of the
overall increment in supersaturation in the y matrix, and as a re-
sult, the increase of volume fraction of )’ precipitates is brought
forward as well. To better explain these characteristics above, it is
useful to primarily consider the effect of changes in the Al con-
centration on the evolution of AG\}’ " (the overall supersaturation
in the y matrix) of y’ precipitates during the precipitation pro-
cess, i.e., Fig. 7(a). For the case of the higher Al content, the smaller
average radius during the nucleation regime can be easily under-
stood by the numerical relationship shown in Eq. (4), because the
initial AG\}’/ is raised by the increment of Al content in the ternary
Ni-Al-Cr alloy system, as shown in Fig. 7(a). The appearance of
higher number density during the nucleation regime can thus be
ascribed to the variation of nucleation rate correspondingly. Ac-
cording to the internal correlation between Eqs. (1) and (5), if the
AG\}” is raised, the AG* will be decreased (which can also be seen
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Fig. 8. Influence of modifying diffusion distance on (a) number density, N;, (b) av-
erage radius, Rayg, and (c) volume fraction, ft”/, of y’ precipitates as a function of
time in the alloy (A) Ni-7.5A1-8.5Cr at.% at 873 K isothermal ageing (traditional dif-
fusion distance setting, dr=R: red lines, modified diffusion distance, dr=Ry - R:
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in Fig. 7(b)), and hence the nucleation rate will be increased. In
addition to the change of nucleation kinetics, a faster growth rate
equation, i.e., Eq. (19), can also be acquired through the higher ini-
tial AG\}’/, therefore speeding up the increment of volume fraction
of y’ precipitates shown in Fig. 6(c) and the decrease of AG\}’ " (the
depletion of supersaturation in the y matrix) in Fig. 7(a).

For the case of the lower Al content, i.e., alloy Ni-7.25A1-8.5Cr
at.%, there are pronounced plateaus in the number density and the
average radius of about 7000 s, as shown in Fig. 6(a, b), indicating
that there is a gap between the termination of nucleation and the
onset of coarsening. As shown in the inserted zoom in Fig. 7(a), the
time point when nucleation stops lies within the stage in which
the AG\}/ " curve has not turned obviously into coarsening for al-
loy Ni-7.25AI1-8.5Cr at.%. This means that nucleation has terminated
before the massive coarsening becomes dominant, therefore show-
ing the interim period accompanied by the number density plateau
[23]. The average radius plateau can therefore be explained as a
numerical issue that the growth of large particles compensates for
and even exceeds the shrinkage of small particles while the small
particles are not fully dissolved.

3.2. Importance of modifying diffusion distance

The influence of modifying the local diffusion distance with the

Voronoi construction on the temporal evolution of N, Ravg, and ft}’/
in the alloy (A) Ni-7.5A1-8.5Cr at.% at 873 K isothermal ageing is il-
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Fig. 9. Spatial distribution of precipitates and Voronoi cells within a 100 nm x 100 nm x 100 nm characteristic cell at different time points in the alloy (A) Ni-7.5Al-8.5Cr
at.% at 873 K isothermal ageing (the compartmentalization of particle distribution can meet the criteria that each particle is within one Voronoi cell).

lustrated in Fig. 8. It is worth noting that the kinetics steps are ciency and accuracy when predicting the temporal evolution of

set short enough to keep precipitates from growing beyond corre- dimensional and compositional properties of multicomponent al-
sponding Voronoi cells. So, interactions among neighboring parti- loys during isothermal ageing. Voronoi construction is taken as a
cles are ignored here. Compared with simulated results based on new optimization to picture the spatial distribution of precipitates
traditional diffusion distance setting (dr=R), the simulated precip- and modify the local diffusion distance. It is shown that the sim-

itation pathways (dr=Ry - R) fit better with the APT experimental ulation with modified diffusion distance fits the experimental APT

data, especially for the evolution of Ruyg and fty’ shown in Fig. 8(b, data bgtter. More irpportantly, the low comput.agional cost .r(.eﬂ.ected
c). As a matter of fact, due to the influence of modified non-equal ~ from simple kinetics equations, the compositional sensitivity of

diffusion distance on the growth kinetics equation, the overall pre- microstructural characteristics, and the visualization of the spatial
cipitation kinetics decelerates. This can be understood qualitatively distribution of precipitates may highlight the models’ capability in
as follows. As shown in Fig. 9, the average modified diffusion dis- the area of materials optimization and design. The source code and
tance, (Ry - R)ayg, is much higher than the average traditional dif- instruction are available at http://github.com/KeXuMSE/Voronoi-
fusion distance, Rayg, during the overall precipitation process. Con- Construction-based-Kampmann-and-Wagner-numerical-model.
sequently, the growth rate is reduced, leading to lower values for

Ravg and fg’/. The higher N; can thus be ascribed to the higher nu-  Conflict of Interest

cleation kinetics induced by the higher degree of supersaturation

in the matrix. It is also worth mentioning that the average diffu- All of the authors declare no conflict of interests.
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