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Abstract: The reprecipitation and evolution of γ’ precipitates during various cooling approaches from
supersolvus temperature are studied experimentally and via phase field simulation in nickel-based
single crystal superalloys. The focus of this paper is to explore the influence of cooling methods on
the evolution of the morphology and the distribution of γ’ precipitates. It is demonstrated that small
and uniform spherical shape γ’ particles formed with air cooling method. When the average cooling
rate decreases, the particle number decreases while the average matrix and precipitate channel
widths increase. The shape of γ’ precipitates which changed from spherical to cubic and irregular
characteristics due to the elastic interaction and elements diffusion are observed with the decrease
of the average cooling rate. The phase field simulation results are in good agreement with the
experimental results in this paper. The research is a benefit for the study of the rejuvenation heat
treatment in re-service nickel-based superalloys.

Keywords: γ/γ’ microstructure; nickel-based superalloys; phase field simulation; cooling

1. Introduction

As an important high-temperature structural material, nickel-based single crystal
superalloys have excellent high-temperature mechanical properties and are widely used
as turbine blade materials for modern aviation gas turbine engines [1]. The excellent
mechanical properties of this kind of single crystal superalloys mainly come from the
precipitation strengthening effect of the γ’ precipitates in the microstructure composed
of the L12 type Ni3Al phase (γ’ precipitates) and the fcc Ni-rich phase (γ matrix). A
large number of experiments have shown that the characteristic parameters of the γ’
precipitates, such as shape, size, volume fraction and spatial arrangement, play an extremely
important role in the mechanical properties of nickel-based single crystal superalloys during
application [2–5]. During the manufacturing and repairing process of turbine blades, the
temperature of different parts of the blade will be higher or lower than the solid solution
temperature of the γ’ precipitates [6]. Therefore, the dissolution and reprecipitation of
the γ’ precipitates will always accompany the heat treatment process. By optimizing the
process parameters in the heat treatment process, the mechanical properties of the material
can be improved. Therefore, it is very necessary to study the precipitation kinetics of the γ’
precipitates and the morphology of the γ’ precipitates at different cooling rates during the
cooling process.

The distribution of the size of the γ’ precipitates is closely related to the cooling rate
after solid solution or aging treatment. Babu et al. [7] studied the effect of different cooling
rates on the evolution of precipitate morphology during the continuous cooling stage in
the welding process. Studies have been shown that the composition of the precipitate is
not significantly different at different rates; as the cooling rate increases, the density of the
precipitate will increase. Roncery et al. [8] found that nickel-based single crystal turbine
blades had large casting pores after uniform heat treatment. Through hot isostatic pressing
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(HIP) and controlling the cooling rate, a fine and uniformly distributed γ’ precipitates
can be obtained. Masoumi et al. [9] studied the reprecipition mechanisms and kinetics
of γ’ particles during cooling from supersolvus and subsolvus temperature in AD730TM
Ni-based superalloy. With the condition of rapid cooling rate 120 K/min, the γ’ precipitates
can maintain a spherical uniform distribution; the γ’ precipitates begin to coarsen and
still remain spherical shape at a medium speed of 65 K/min; the γ’ precipitates undergo
a transition from sphere to cube when the cooling rate is further reduced to 15 K/min.
When the cooling rate drops to 10 K/min, the γ’ precipitates become the irregular shape
of “butterfly”. According to the study by Singh et al. [10], the size of the primary and
secondary γ’ precipitates decreases with the increasing of the cooling rate after solution
treatment, which is due to the limitation of diffusion time and element mobility. When
the cooling rate is quite fast, a large amount of fine γ’ precipitates are formed without
significant size difference. Changing the cooling rate after the first aging will also affect
the performance of the secondary γ’ precipitates, and this performance is different for
variable alloy systems. Xue et al. [3] studied the precipitation behavior of the secondary
γ’ precipitates of the DD6 single crystal superalloy after the first aging, and showed that
there were a large number of small secondary γ’ precipitates in the air-cooled γ matrix
channels after aging, but no secondary γ’ precipitates observable after the furnace cooling.
During the secondary aging, the secondary γ’ precipitates usually dissolves and disappears
with the aging time increases. Sarosi et al. [11] studied the evolution of γ’ precipitates
microstructure in different cooling systems through experiments and computer simulations.
The study found that a bimodal distribution of γ’ precipitates was obtained at high and
low interruption temperatures, while larger γ’ precipitates mono-modal distribution was
obtained at intermediate interruption temperatures. In recent years, computer simulation
of the precipitation behavior for the γ’ precipitates has become one of the most important
approaches to study γ’ precipitation kinetics [12–17]. Wen et al. [12] used the phase field
method of explicit nucleation algorithm to study the microstructure evolution during
continuous cooling at different cooling rates. The results demonstrated that bimodal
particle distribution can be achieved at an intermediate cooling rate due to the coupling
between diffusion and undercooling. At high cooling rate, the microstructure becomes
unimodal because undercooling always exceeds diffusion and the microstructure never
reaches soft impingement. Yang et al. [13] studied the effect of different cooling rates
on the morphology evolution of the primary and secondary precipitates after the first
aging of the nickel-based single crystal superalloys during continuous two step aging
with phase field method. The research results show that with the increase of cooling rate,
the amount and growth rate of secondary precipitates will increase during the secondary
aging process. A number of studies have been performed on the γ’ precipitation behavior
for the nickel-based single crystal superalloys, but the research on the kinetic mechanism
of precipitation of the γ’ precipitates combined experimental and simulation methods
is relatively rare in recent years. Therefore, it is necessary to pay attention to study the
behavior of the γ’ precipitates evolution of single crystal superalloys via both experimental
and simulation approaches. Furthermore, the studies are extremely important to guide the
rejuvenation heat treatment procedure for recover the performance of nickel-based single
crystal superalloys turbine blades.

2. Materials and Methods
2.1. Materials

The nickel-based single crystal superalloys samples from Beijing institute of aeronau-
tical materials after standard heat treatment (1290 ◦C × 1 h + 1300 ◦C × 2 h + 1315 ◦C ×
4 h/AC + 1120 ◦C × 4 h/AC + 870 ◦C × 32 h/AC) was applied in this paper. The chemical
compositions of the alloy are listed in Table 1. The volume fraction of the equilibrium γ’
precipitates is close to 70%. The precipitation particle is a regular fcc cubic structure with
an average side length of 530 nm, and the average width of the matrix channel before the γ’
precipitates is about 70nm. The microstructure of the original sample is shown in Figure 1.
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Table 1. Chemical composition of single crystal superalloys (wt.%).

Phase Al Cr Co Ni Mo Ta W Re

γ’ 5.18 4.52 9.21 61.33 0.79 7.16 7.48 3.09
γ 4.64 5.21 10.57 60.67 1.73 5.31 8.74 3.13

Figure 1. The {001} plane γ/γ’ microstructure of single crystal superalloys with standard heat
treatment. The grey region is precipitate phases and the black is matrix channel.

2.2. Test

All experiments were carried out in a vacuum high-temperature furnace. The size
of the sample was 4 mm × 5 mm × 6 mm. As the heating rate has slightly effect on
the microstructure of the nickel-based single crystal when heated above the dissolution
temperature of the γ’ precipitates, all the experiments were heated to 1608 K at rate of
10 K/min, hold for 4 h, and then different cooling scenarios (air cooling, nitrogen cooling,
argon cooling and furnace cooling with the average cooling rate 300, 47, 20, 10 K/min
respectively) were used to 1073 K, and finally air cooling to room temperature. The change
of temperature was recorded by the display system in the furnace. In the air cooling scheme,
the sample was taken out from the furnace with protective clothing. For the nitrogen and
argon cooling scenarios, the gas was introduced into the furnace to cooling the samples.
The microstructures of all samples were observed by electron scanning microscope (SEM),
and the observed surface was selected to be a plane perpendicular to the single crystal
axis (that is, parallel to the {001} plane). The sample was first sanded with 800, 1200 and
2000 gradation sandpaper respectively, then polished with 0.5 micron diamond grinding
paste to eliminate small scratches, and finally etched for about 40 s in a solution of 20 g
CuSO4·5H2O, 5 mL H2SO4, 50 mL HCl in 100 mL H2O. Put the corroded samples into the
acetone solution and put them together in an ultrasonic cleaner to clean them. The JSM-
6390A SEM was used to observe the microstructure and arrangement of the γ’ precipitates
and matrix phase on the polished plane of the sample.

2.3. Model
2.3.1. Phase Field Model

In this paper, the phase field model is introduced to simulate the effect of different
cooling rates on the microstructure and morphology evolution of nickel-based single crystal
superalloys. In order to simulate the microstructure evolution of the γ/γ’ phases, we chose
the Ni-Al binary alloy system, ignoring the influence of other elements and also the chemical
effect. In nickel-based superalloys, a conservative local concentration field c(r, t) (c is
expressed as at.%Al, r is the position of the Al atom and t is the evaluation time) and three
non-conservative structural order parameters ηi=1,2,3(r, t) are used to describe the model.
The concentration field is used to describe the local concentration distribution of different
phases in the microstructure. The long-range ordered parametric field is used to describe
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four possible L12 ordered phases. When η1= η2= η3= 0, it represents the matrix phase;
when, {η 1, η2, η3} = η0{1, 1, 1}, η0{1,−1,−1}, η0{−1, 1,−1}, η0{−1,−1, 1} it represents
four different phase variants. In the continuous phase field dynamics equations, in order
to describe the dynamic evolution of the structural transformations at different stages
(nucleation, growth, and coarsening), simplify the complexity of the calculation, and
retain the main characteristics of the phase transformation process, the Ginzburg-Landau
phenomenological “coarse- grained” free energy functional including concentration and
order parameters and characterizing the total free energy of the system is used. The
functional usually includes bulk free energy, interface energy and elastic energy.

F = Fch(c, {η i}) + Fel(c, {η i}, εel) (1)

where Fch is chemical free energy, Fel is elastic energy, and εel is elastic strain tensor.
The chemical free energy which related to the phase transformation includes the

bulk free energy and the interface energy and can be written by the Ginzburg-Landau
polynomial:

Fch(c, {η i}) =
∫

V

[
fhom(c, {η i})+

λ

2
|∇c|2 + β

2
|∇ηi|2

]
dV (2)

where V is the volume, λ and β are the gradient energy coefficients, fhom(c, {η i}) is the
free energy density function of the uniform system described by the concentration and
order parameters. Generally, it can be approximated by the Landau extended polynomial
related to the order parameters. In order to better describe the symmetrical loss of the
system from the phase transition process, the simplest extended polynomial is adopted as
follows [14]:

fhom(c, {η i}) = ∆ f

[
1
2
(c− c γ

)2
+

B
6
(c 2 − c)∑

i
η2

i −
D
3

η1η2η3 +
E
12 ∑

i
η4

i

]
(3)

where ∆ f is an energy density scale and c2 is an arbitrary value between the equilibrium
concentration cγ and cγ’. cγ is the equilibrium matrix concentration, and cγ’ is the equilib-
rium precipitates concentration. B, D and E are the constants related to the equilibrium
long-order parameter η0, c2 and the coexisting phases equilibrium concentration cγ and cγ’.
In order to ensure that the γ phase and the γ′ phase have the same free energy potential
well depth, the values of the constants are:

B = 2
η2

0
(c γ’ − cγ

)
D = 6

η3
0
(c γ’ − cγ)(c 2 − cγ

)
E = 2

η4
0
(c γ’ − cγ)(c γ’+2c2 − 3cγ

) (4)

When establishing the realistic kinetic theory of the morphological pattern formation
in solid state phase transformations, one key factor to consider is the elastic strain due to
the difference in the atomic radius of the solute and the solvent or the lattice mismatch
between the new phase and the parent phase. This strain effect is the main factor that
controls the morphological evolution of the two-phase system. The interaction between
the phases caused by lattice relaxation is quite different from the chemical interaction, it
belongs to the long-range interaction. The elastic energy of this long-range interaction
is different from the interfacial energy and depends on the volume and morphology of
the multiphase mixtures (such as the shape, size, orientation, concentration, structural



Crystals 2022, 12, 74 5 of 15

order parameters, and the mutual position of the new phase particles). According to linear
elasticity theory, elastic potential energy can be written in the following form:

Fel(ε
el) = Fa

el(ε)+
1
2

∫
V

C : εel : εeldV (5)

where ε represents the average strain and Fa
el(ε) is the isotropic elastic energy related

to the selection of boundary conditions. Without external stress, the value of Fa
el(ε) is

0. In the second term on the right side of Equation (5), C represents local elastic ten-
sor which related to the local position and concentration. According to Vegard’s law,

Cijkl(r) = c(r)Cγ’

ijkl+[1 − c(r)]Cγ
ijkl . According to the Young’s modulus, Shear modulus

and Poisson’s ratio given in Ref. [18], the values of the anisotropic elastic tensor can be
calculated and shown in the Table 2. It has to be noted that the elastic tensor values were
set as constants when the temperature changed in this simulation, which means that the
influence of the elastic moduli is neglected.

Table 2. Values of two-phase stiffness coefficient of anisotropic nickel-based single crystal superalloys.

Phase C11 (Gpa) C12 (Gpa) C44 (Gpa)

γ 165 112 114
γ’ 175 117 101

In small deformation theory, without considering plastic deformation, the total strain
can be written as follows:

ε(r) = εel(r) + ε0(r) (6)

where ε0(r) is the stress-free strain tensor, which caused by the change in lattice constant
during the phase transformation. According to Vegard’s law, the concentration field is used
to represent the strain tensor in the stress-free state:

ε0(r) = εT∆c(r)E (7)

where E is the identity matrix, εT is the diagonal γ→ γ’ transformation strain matrix
εT

ij= εTδij, εT= δ/(cγ’−cγ) and ∆c = c(r)−c(r). The lattice mismatch is related to the
lattice constants of the matrix phase and the precipitated phase in the stress-free state. The
relationship is as follows:

δ = 2
aγ’ − aγ

aγ’+aγ
(8)

where aγ’ and aγ are the lattice constants of γ’ and γ phases, respectively. According to
Vegard’s law of the composition elements in each single phase, the lattice constant can be
written as:

aγ= a0
γ + ∑

i
Γγ

i xγ
i

aγ’= a0
γ’ + ∑

i
Γγ’

i xγ’
i

(9)

The lattice constants of the two phases at room temperature are a0
γ= 0.3524 nm and

a0
γ’= 0.3570 nm [1]. The vegard coefficients Γγ

i and Γγ’
i depend on the position of the added

element in the periodic table [19].
According to the small deformation theory, the total strain can be given by the dis-

placement vector U of the material:

ε(r) =∇ ⊗ U (10)

In this paper, the phase transformation is assumed to be controlled by atomic diffusion.
Since the elastic wave relaxes instantaneously with respect to the concentration field, it
can be assumed that the system is in a static elasticity (elastic equilibrium), so the sound
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speed can be considered infinite. For a given boundary condition, the elastic equilibrium
solution is obtained by minimizing the elastic energy of the elastic displacement field. The
mechanical equilibrium equation can be read as:

∇·σ = 0 (11)

where σ is stress tensor, and σ = C : εel .
The evolution of the kinetic equation can be obtained by the phenomenological dy-

namic approaches, assuming that the changing rates of these field variables (concentration
field and order parameter fields) are linearly related to the thermodynamic driving forces.
Based on the principle of minimum potential energy, the driving force can be expressed by
the variation of functional field F to the corresponding field variables. Assuming that the
conservative concentration field satisfies the Cahn-Hilliard nonlinear diffusion equation,
the non-conservative order parameter field satisfies the Allen-Cahn equation:

∂c(r,t)
∂t = M∇2 δF

δc(r,t)+ξ(r, t)
∂ηi(r,t)

∂t = −L δF
δηi(r,t)+ξ i(r, t)

(12)

where M is the atomic mobility coefficient, which is related to the diffusion rate of atoms; L
is the mobility coefficient at the interface, which is related to structural relaxation; ξ(r, t)
and ξi(r, t) are the random noise terms that satisfy the Gaussian distribution, corresponding
to the thermal fluctuation of the molecule. It is assumed here that both mobility coefficients
are constant. Referring to [15], it is assumed that the atomic mobility coefficient and the
experimentally measured diffusion coefficient D = D0exp(−∆U/kT) satisfy the following
relationship:

M =
D

∂2 fhom/∂c2 =
D
∆ f

(13)

where D0= 1.45 × 10−4 m2s−1 and ∆U = 2.8 eVatom−1 [20]. In order to ensure that the
structure relaxation is several orders of magnitude faster than the diffusion relaxation, the
two mobility coefficients satisfy the following relationship χ(T) = M/Ld2= 1.91 × 1010

exp(−2.80 × 105 /RT) in this paper [12]. According to Ref. [16], the energy scale ∆f can be
calculated with the express σexp= σd∆ f where σ = 0.66 × 10−3 and σexp= 4mJ/m2 [21].

In nickel-aluminum alloys, the steady-state microstructure is asymmetric. When the
two phases are in equilibrium, the concentration of aluminum atoms in the precipitated
phase is not greatly affected by temperature. Follow Ref. [22], it can be assumed that
the equilibrium concentration of the matrix phase at different temperatures satisfies the
following relationship:

cγ(T) = 1.5 × 10−4T − 0.05095 (14)

In this paper, the Fourier spectrum method is introduced to solve the time-variable
system of Günzburg Landau equation. An implicit algorithm is used for the main ellipse
operator to reduce the stability-related constraints, and the nonlinear terms are explicit to
avoid excessive time spent for solving nonlinear equations [23].

2.3.2. Numerical Inputs

In the numerical simulation, we use dimensionless time τ = µt and dimensionless
space coordinate points r∗= r/d. In this simulation, we take µ = L∆ f and the mesh grid
space d = 5 nm, the number of two-dimensional simulating meshes is 512 × 512 and the
size of the model is 2.56 × 2.56 µm2. The grid is square, along [01] and [10], respectively.
In the Ni-Al binary phase field modeling, assuming that the initial state is a disordered
supersaturated solid solution, the concentration value at each position is arbitrary value
between the equilibrium concentration of matrix and precipitate. Following the Ni-Al
phase diagram results of Ref. [22], we set the concentration value as c(r) = 0.2. The initial
state order parameter is ηi(r) = 0, where i = 1, 2, 3. In this simulation we take η0= 1.
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Dimensionless coefficients: λ̃ = λ/(∆ f d
2)

, β̃ = β/(∆ f d
2)

where d is the grid spacing.

The non-dimension coefficients are chosen as λ̃ = 0.21, β̃ = 9.75 × 10−4 at 1223 K and
λ̃ = 0.28 β̃= 1.3 × 10−3 at 1073K and we assume that these two parameters are exponential
functions of the temperature. This choice can ensure that there is a sufficiently large
diffusion interface and that the anti-phase boundary (APB) energy is two times greater
than the interface energy.

3. Results
3.1. Test Result

Reprecipitation from the Ultra-Solid Solution Temperature with Different Cooling
Approaches.

Figure 2 demonstrates the microstructure of the nickel-based single crystal superalloys
which was heated above the dissolution temperature of the precipitates and then cooled
with different cooling methods. The image J software is used to count the number and
size of the γ’ particles for the variable cooling approaches and the results are shown in
Figures 3 and 4.

Figure 2. Microstructure of standard heat treatment nickel-based superalloys samples after solution
treatment and hold for 4 hours, cooling from super solution temperature (1608 K) to 1073 K continu-
ously in different cooling methods and then air-cooled to environment temperature. (a) Air cooling,
(b) Cooling with nitrogen, (c) Cooling with argon, (d) Cooling in a high temperature furnace.

Figure 3. Statistical characteristics chart of microstructures for experiments and simulations. (a) The
precipitates area fractions, (b) The average length of the precipitates and matrix channels.
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Figure 4. Statistical chart of γ’ particle numbers and areas for variable cooling procedures via
experimental (a) and simulation (b) approaches.

During air-cooling (Figure 2a), the precipitates are small-spherical types. The particles
are randomly and homogenously distributed in the whole domain, and the size difference
between the particles is not significant. For the nitrogen cooling (Figure 2b), the precipitates
are mainly elliptical, some of them form a rectangle structure, but the edges and corners are
not obvious, and some of them are still spherical. The ratio of length to diameter is from 1.0
to 1.7, which indicates that the precipitates have begun to evolve from spherical to rectangle
in some area. For the argon-cooled case (Figure 2c), the precipitate grew further and became
cubic. The direction of the wider matrix channels are mostly along <01> direction. In the
furnace cooling (Figure 2d), the morphology of the precipitates are mainly cubic, a large
part of the precipitates does not have regular geometry, the arrangement of the precipitates
are obvious irregular, the difference of the area of the precipitates is further expanded,
the area ratio of the large cube precipitate to the small one is 7.05 times. The widths of
matrix channels are also very different. The small precipitates can be observed in the wide
part of matrix. In some places, the precipitates fused, and the morphology became “L”
type. In other places, the matrix channels become “islands”, it seems that the precipitate
phase surrounds the matrix phase, that is, the so-called topological structure inversion [24].
When the matrix is relatively wide, the curvature of the interface changes greatly, showing
a “wavy” shape. In some domain, as shown in the red rectangular box in Figure 2d, the
area of matrix is even larger than the near precipitates.

3.2. Simulation Results
3.2.1. Morphology Microstructure for Different Cooling Approaches

The phase field microstructure morphology diagrams of Ni-Al binary alloy with
different cooling methods from the super solid solution temperature to 1073K are shown in
Figure 5. The order parameters ηi=1,2,3(r, t) are used to describe the various γ’ variants.
The four crystallographic variants of the γ’ phase are distinguished by four colors blue,
orange, red and yellow respectively. In order to simulate the evolution of the precipitates
for different cooling scenarios, the same concentration and order parameters are introduced
for the initial conditions. For the air cooling as shown in Figure 5a, the variants are small
enough, and the shapes are irregular. The size will become large and the shapes will become
regular with the decrease of the cooling rate as shown in Figure 5b–d. The precipitates of
the same variant will fuse together in the process of growing up as the yellow variant in the
green box in Figure 5a,b, and different variants of precipitates will not fuse with each other,
as the yellow, orange and blue variants in the black box in Figure 5c,d. With the decrease of
cooling rate, the precipitates of the same type merge first and then cubic as the variants
1, 2 and 3 shown in Figure 5b,d. With the decrease of cooling rate, the different types of
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precipitates between the large precipitates do not grow up gradually, but become smaller
or even disappear under the action of the large precipitates. The variant 6 and 7 become
smaller and the variant number 4 and 5 disappear in Figure 5c compared to these variants
in Figure 5d. The statistical characteristic information was demonstrated in Figures 3 and 4.

Figure 5. Phase field simulated microstructure morphologies for different cooling methods; the four
crystallographic variants of the γ’ phase are distinguished by the colors blue, orange, red and yellow.
(a) Air cooling, (b) Cooling with nitrogen, (c) Cooling with argon, (d) Cooling in a high temperature
furnace. All the simulations are evaluated with the same initial conditions.

3.2.2. The Particle Sizes and Area Fractions Evolution during the Cooling Process for
Various Cooling Approaches

The precipitates numbers and area fractions evolution during the cooling procedure
are shown in Figure 6. With the decrease of temperature, the area fraction increases but
the number of precipitates decreases gradually (except for the air cooling approach). The
number of precipitates in air cooling is obvious higher than other cooling methods, but the
area fraction of precipitates is basically the same level at the end of the continuous cooling.
With the decrease of cooling rate, the area fraction of precipitates increased gradually. The
number of precipitates increase first and then decrease during air-cooled process.
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Figure 6. The simulated evolution trend of precipitates area fraction (a) and precipitates number (b)
aspect to temperature under different cooling approaches.

4. Discussion
4.1. Effect of Cooling Approaches on the Particles Distribution

In the Ni-Al binary alloy, the growth of the new precipitates requires the diffusion of
solute atoms, which belongs to the growth of diffusion control. During the cooling process,
undercooling offers the driving force for precipitation. The relationship between driving
force ∆GV and undercooling ∆T can be demonstrated as follows:

∆GV =
∆H f (T m − T)

Tm
(15)

where ∆H f is the latent heat of solution, Tm is the solid solution temperature of the
precipitates, T is current temperature and undercooling ∆T is equal to Tm − T.

According to the classical nucleation theory [25] and the knowledge of phase transform
dynamics, the critical nucleation radius rcr and activation free energy ∆Gcr can be calculated
as follows:

rcr= − 2σ
(∆G V+∆Gε)

∝ 1
∆T

∆Gcr = 16πσ3

3(∆G V+∆Gε)
2

(16)

where σ is the interface free energy between γ and γ’. ∆GS is the strain energy for the
production of the unit new phase, and it can be read as ∆GS= 4µδ2.

Combined Equations (15) and (16), it can be seen that critical nucleation radius has
the inverse proportion with the undercooling. It means that the nucleation behavior will
becomes easier as the decrease of the temperature T.

During air cooling, the cooling rate is the largest and the temperature drops sharply.
The supersaturation in the whole domain is at a fairly high level. For the highest cooling
rate, the starting of precipitation was delayed [2]. Therefore, the nucleation rate increased
faster with the increasing undercooling. When the transform temperature reached, the
nucleation behavior happened in the whole domain, and the number of the precipitates is
huge. As the nucleation rate is higher than the growth rate, the growth of the precipitates
and the irregular growth can be inhibited during the nucleation phase. This is the reason
why homogeneous and small precipitates could be observed in the whole domain with
the air-cooled procedure. As the decreasing of temperature, the degree of undercooling
increases, the diffusion coefficient decreases rapidly, and the ability of particles to diffuse
through long-range atoms weakens. The critical length for the transform from spherical to
cubic cannot be reached.

In the nitrogen gas cooled procedure, smaller cooling rate compared to air cooling, the
precipitates growth and coarsen at the same time. Therefore, it can be observed that the
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size of the precipitates is larger than that in air cooling. During the phase transformation,
the strain energy caused by lattice mismatch and interface energy between the two phases
occur. The phase transform will follow the direction of decreasing the two energies. The
mutual competition between them has a great influence on the final microstructure of
the precipitates. When the nucleus of the new phase is very small, the ratio of surface
area to volume of the new phase is very large, and the interface energy plays a major role
in the evolution of the microstructure. Due to the isotropic surface tension, the resulting
precipitates appear spherical. When the size of the crystal nucleus becomes larger, the strain
energy plays an important role in the evolution of the precipitates. Due to the anisotropy of
the elastic modulus, the precipitate changes from spherical to cubic or cuboid with the long
side perpendicular to the direction of elastic softening. During cooling with nitrogen, some
particles changed its shape from spherical to cubic due to the elastic anisotropy. However,
the degree of undercooling is still very large, the rate of nucleation was still greater than
the rate of growth, and most of the particles are still spherical in Figure 2b.

When argon gas is used for cooling, the growth rate of the crystal nucleus gradually
increases due to the further reduction of the cooling rate. With the anisotropy of the elastic
modulus, the precipitates have high cubic degree and the area fraction of the precipitates
gradually increases. During the phase transform progresses, in order to further reduce the
interfacial energy, the precipitates will also merge in the direction of elastic softening <10>,
which is also the reason for the difference in the size of the precipitates.

In the furnace cooling approaches, the rate of temperature decrease is the lowest
and the rate of nucleation is slow. But after the nucleus is precipitated, it will quickly
grow and coarsen, and then cubic. Finally, the microstructure of the precipitates appears
irregular due to the non-directional long-range diffusion of solute atoms. Therefore, it can
be found that the number of precipitates is lower, the area fraction is larger, and the shape
is more irregular. The long holding time at high temperature could cause the movement
of edge dislocations, and the phenomenon of dislocation pinning occurs at the interface
between the matrix and the precipitation phase, making the coherent absence become a
non-coherent interface [2]. Coupled with the elastic interaction between the precipitates
and the long-range diffusion of solute atoms, the final microstructure appears irregular.
Due to the slower nucleation rate, the total number of crystal nuclei will also decrease, and
the width of the matrix could be large in some domain. When the temperature is lowered
sufficiently, the undercooling degree in these places reaches the critical crystal nuclei radius
value, it will lead to the formation of small secondary precipitates. This phenomenon has
been reported in a large number of studies [9–13]. Since the quench temperature is low
enough, the secondary precipitates have gradually merged with the primary precipitates
and disappeared with time. Finally, the occurrence of secondary precipitates has not been
observed in this paper. And it also might be too small to observe by SEM.

4.2. Effect of Energy Distribution on the Morphology Evolution during Cooling Procedures

Following Figure 6b, it can be found that the temperature range of nucleation is wider
than other cooling methods for air cooling. In the process from 1300 K to 1250 K, the
increase of the number of precipitates is due to the fact that the supersaturation of the
whole field is still large in this temperature range, and the precipitation of precipitates
inhibits the growth processes. For other cooling methods, in this temperature range, the
growth of precipitates is dominant, small precipitates will gradually disappear, and the
number of precipitates will decrease. In Figure 6a, the area fraction increasing rate for air
cooling is significantly higher than other cooling methods, which is also because the area
fraction increasing in air cooling is mainly caused by continuous nucleation, while the
increase of area fraction in other cooling methods is caused by the growth of precipitates.

The energy evolution with temperature is introduced to illustrate the morphology
changes in different cooling approaches as shown in Figure 7. It can be found that the
change of free energy and elastic energy play the major roles in morphology evolution,
and the change of gradient energies has a slight effect. It also can be observed that the
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homogeneous free energy decreases sharply during the nucleation progress in Figure 7a.
And the free energy will be increased slightly during the growth progress. The shape from
spherical to cubic is due to the contribution of the elastic energy caused by the lattice misfit
in the interface of γ/γ’ microstructure. As precipitates grow, the part of elastic energy
increases and the cubic particles formed. It also can be demonstrated that the surface
energy decreases with the decreases of the cooling rate, which is the result of the decrease
of the particle numbers. Compared to Figures 5c and 8a, the morphology evolution of γ/γ’
microstructure from 1200 K to 1073 K with argon cooling procedure can be observed. It can
be found that the small particle in the black rectangle boxes will disappear due to higher
driven force around the surface and the same type of precipitates could be merged together
due to the small energy barrier as shown in Figure 8b. And the anti-phase boundary energy
between the different variants is large enough to prevent merging.

Figure 7. Various dimensionless energy evolution with different cooling approaches. Fhom is homo-
geneous free energy, Fel is elastic energy, F∇c and F∇η are interface energies relate to concentration
gradient and orders gradient respectively. (a) Air cooling, (b) Cooling with nitrogen, (c) Cooling with
argon, (d) Cooling in a high temperature furnace.
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Figure 8. The microstructure morphology (a) and the deviation of total energy (δF/δc) (b) for argon
cooling procedure at 1200 K.

4.3. Comparison between the Experiment and Numerical Results

Compared to the experimental and simulation results in Figures 2 and 5, it can be
found that the phase field simulation can be used to describe the nucleation and growth
process well during the cooling procedure. For the air cooling, the precipitates are almost
spherical and homogenous in both experimental and simulation results. The difference of
morphologies is that the merging phenomenon of the same variants can be observed in
the simulation results, which is mainly because the morphology of the simulation results
is presented as order parameters field rather than concentration field. In the process of
nitrogen cooling, the particle size begins to change from spherical to cubic; in the process
of argon cooling, the cubic degree of particles becomes higher; in the process of furnace
cooling, the channel of matrix phase begins to widen. These phenomena can be found in the
simulation process and also the experimental SEM figures. All the morphology evolution
characteristics are in good agreement with the experimental results. The evolution of
the average channel length of matrix and precipitate phase and the area fraction of the
precipitates for the four different cooling approaches are demonstrated in Figure 3. It can
be clearly seen that as the cooling rate decreases, the average channel lengths of the γ/γ’
two phases are enlarged. The increasing rate of the average length for the matrix phases
is smaller than that for the precipitate phases. The area fraction of the precipitates first
increases and then decreases with the decrease of the average cooling rate. All the changing
directions are the same between the experimental and simulation cooling procedures. All
the changing directions are the same except for the area fraction of the precipitates in the
furnace cooling, which is due to the neglect of the diffusion effect of other elements in
the simulation model. It also can be observed that the particle numbers decrease and the
particle sizes increase with the decrease of the average cooling rate in Figure 4 for both
experimental and simulation results. Therefore, the phase field model selected in this paper
can well simulate the effect of cooling rate on the evolution of microstructure morphology.

5. Conclusions

In this paper, the effect of cooling rate on the evolution of the microstructure and
morphology of nickel-based single crystal superalloys was studied with four different
cooling approaches, including air cooling, nitrogen cooling, argon cooling, and high tem-
perature furnace cooling. The phase field model simulation was also introduced to study
the characteristic during the evolution with the variable cooling processes. The research
found that:

1. The cooling rate has a significant effect on the evolution of the microstructure and
morphology of the nickel-based single crystal superalloys. Under the condition of
air cooling, the precipitate formed is a uniformly distributed precipitate of small and
spherical particles. As the cooling rate decreases, the number of precipitates gradually
decreases, and the cubic degree of particulates gradually increases.

2. By comparing the simulation and experimental results, it is found that the morpho-
logical results obtained by the simulation can well correspond to the morphological
evolution trend of the microstructure in the experiment. It shows that the numer-
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ical model in this paper is effective for simulating the evolution of microstructure
morphology with various cooling rates.

3. As the cooling rate decreases, the size distribution of the precipitates gradually dis-
cretized, showing different sizes, which is the result of the evolution of the energy
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