
1

Re-precipitation mechanisms of the γ′ phase with sphere,1

near-sphere, cubic, octets and finally-dendrite in as-cast Ni-based2

superalloys3

4

Hao Yu a, Zhaotian Wang a, Baoyun Zhang a, Yongquan Ning a*, M.W. Fu b5

6

a School of Materials Science & Engineering, Northwestern Polytechnical University, Xi’an7

710072, P.R. China8

bDepartment of Mechanical Engineering, The Hong Kong Polytechnic University, Hung Hom,9

Kowloon, Hong Kong, P.R. China10

11

*CORRESPONDING AUTHOR:12

Tel: +86 29 8849374413

Fax: +86 29 8849264214

E-mail: ningke521@163.com; luckyning@nwpu.edu.cn (Y.Q. Ning)15

This is the Pre-Published Version.http://dx.doi.org/10.1016/j.jallcom.2021.160104

© 2021 This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



2

ABSTRACT:16

The morphology and size distribution of γ' phases have a significant impact on the thermal17

processing and manufacturing of components made of superalloys and their service18

performance under adverse conditions. The homogenization treatment of as-cast superalloys19

ingot is the first modulation of the morphology, size distribution and other characters of γ'20

phase. Therefore, investigation on the re-precipitation mechanism of γ′ phase is of critical21

theoretical value and engineering significance. In this research, the morphology evolution and22

size distribution of re-precipitation γ′ phase in an as-cast Ni-based superalloy during23

homogenizing treatment were investigated extensively and systematically. The24

re-precipitation mechanism of γ′ phase with sphere, near-sphere, cubic, octets and25

finally-dendrites was identified under various cooling conditions. The γ′ phase size is26

increased while the nucleation density is decreased with the cooling conditions changing from27

air cooling (AC) to furnace cooling (FC). The γ′ phase stability during growth was discussed28

and the reprecipitation γ′ phase is generated from a refine spherical shape at fast cooling29

condition (AC); while irregularity growth even splitting happened at slow cooling condition30

(FC). The findings help understand the re-precipitation mechanism of the γ′ phase of Ni-based31

superalloys and provide a basis for controlling of the microstructure and tailoring of the32

properties of the alloys.33

34
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1. Introduction38

Ni-based superalloys are extensively used in making turbine discs in jet-engine due to39

their excellent strength, ductility, fatigue resistance and oxidation resistance at elevated40

temperature [1]. The outstanding mechanical properties are closely related to the internal41

microstructure, which is a combination of a FCC γ matrix and a coherent L12-ordered Ni3(Al,42

Ti) particles (γ′ phase) [2-5]. The microstructure evolution of the Ni-based superalloys in hot43

processing is completely dependent on various processing parameters including solution44

temperature, soaking time, and cooling rate, etc. [1]. Therefore, it is crucial to understand and45

determine the morphology and size distribution of γ' phases. Depending on the cooling rate,46

the morphology of these particles varies from simple spheres over cubes, octocubes, and47

eventually to the complex structures, such as octodendrites and dendrites [3]. The lattice48

misfit is considered to be the main reason for a large variety of dissimilar morphologies49

[4-11].50

To understand the details of the formation of γ′ phases, many investigations have been51

done to know more about the morphology of the γ′ phases and different morphologies were52

identified [12]. Dendritic shape γ′ phases have been observed when the cooling rate was53

slowly [12-14]. The lattice mismatch between γ matrix and γ′ phase depends on the54

morphology of the γ′ phases [15]. When the lattice mismatch is positive, the γ′ cuboids get55

coarsened along the direction of the applied stress. However, the γ′ cuboids become coarsened56

along the vertical direction to the direction of the applied stress when the lattice mismatch is57

negative [16]. In addition, the lattice mismatch also influences the γ′ phase directional58

coarsening rate [12, 16]. According to the conducted experiment and simulation [17-21], the59
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γ′ phases are initially spheres and, as becoming coarsened, they grow into cubes and then are60

split into eight smaller cuboids (octets). After splitting, the coherent strain energy is released61

and the dendritic shape γ′ phases begin to form [22]. Furthermore, the precipitation behavior62

and mechanisms of γ′ phases during the cooling process have been extensively studied. In the63

continuous cooling process, the generated γ′ phases in Rene 88 DT are strongly dependent on64

cooling rates [23]. After solutionizing in the single phase field, a monomodal size distribution65

of refined γ′ phases with a high nucleation density and non-equilibrium compositions can be66

obtained under fast cooling conditions [23-25]. In contrast, a bimodal size distribution or in67

some cases even a multimodal size distribution of γ′ phases is observed under the relatively68

slower cooling rate [23-25, 26]. A.R.P. Singh et al [27] developed a mechanistic69

understanding of the process of multiple nucleation bursts. It leads to the formation of70

multiple generations of γ′ phases during the continuous cooling. These multiple nucleation71

bursts, on the other hand, are generated via the continuously increasing thermodynamic72

driving force for nucleation. These processes are closely related to the undercooling [24, 25].73

At lower undercooling, lower driving force for nucleation with high diffusivity levels enables74

the formation of the primary γ′ phase. However, high undercooling facilitates the75

supersaturation of γ′ forming elements and the thermodynamic driving force results in the76

formation of the secondary or tertiary γ′ phase with a high nucleation density. These77

mechanisms were studied and discussed by using the phase field modeling [27]. In addition,78

the experimental superalloy in this research is a newly developed cast-wrought Ni-based79

superalloy for its superior mechanical properties at high temperatures (700-750 ℃) and the80

good properties-versus-cost balance due to its recycling and forging ability [28-30]. The81
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mechanical properties of this superalloy are very sensitive to the solution heat-treatment and82

strongly depend on γ′ phases [30]. Therefore, it is crucial to have an in-depth understanding83

and physical insight into the process and mechanism of the re-precipitation γ′ phases of this84

alloy.85

In this research, the homogenization treatments were conducted at the γ′ super-solvus86

temperature under various conditions. The process of secondary γ′ phases re-precipitated from87

single γ phase-field was thoroughly explored and discussed. The γ′ phase morphology88

transformed from sphere to near-sphere, cubic, octets and finally dendrites under various89

cooling condition. The re-precipitation mechanisms of the γ′ phase were then identified and90

the γ′ phase stability during growth under various cooling conditions was discussed. The91

researches thus help understand the re-precipitation mechanisms of the γ′ phase of this unique92

Ni-based superalloys during homogenization treatment and provide a basis for determination93

of the process for homogenizing treatment of as-cast Ni-based superalloys and tailoring of94

re-precipitation and microstructures of the alloys.95

2. Material and experimental procedure96

The experimental material is an innovative cast and wrought Ni-based superalloy of the97

Ni-Co-Cr type, which went through vacuum induction-melting, electroslag remelting and98

followed by vacuum arc-remelting. Table 1 shows the chemical composition and Fig. 199

presents the initial microstructure of the experimental superalloy. It reveals that the typical100

dendritic microstructure of the as-received superalloy with the secondary dendrite spacing of101

56.6 μm. Element segregation occurs when the alloy with high Ti content and the γ + γ′102

eutectic reaction happens with the continuous increase of the Ti content in the interdendritic103
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liquid phase. Moreover, the γ′ phase of the as-cast superalloy at different locations was104

identified. Its morphology is a typical butterfly shape. The sizes of the γ′ phase in the105

dendritic arm region and the interdendritic region are 1.125 and 0.75 μm, respectively. It106

reveals that the size of γ′ phase is different and the distribution is uneven at different locations107

of the experimental superalloy.108

Table 1 Chemical composition of the Ni-based superalloy109
Ni Fe Co Cr Mo W Al Ti Nb B C Zr

Base 4 8.5 15.7 3.1 2.7 2.25 3.4 1.1 0.01 0.015 0.03

110

111

Fig. 1. Typical microstructure of the experimental Ni-based superalloys: (a) dendritic microstructure;112

(b) γ + γ′ eutectic phase; (c) and (d) butterfly γ′ phase at the dendrite-arm and the interdendritic.113

Homogenization samples with 10 mm×14 mm×14 mm in size were cut from the edge of114

ingot. The parameters of homogenization was generated according to the dissolution115
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temperature of the γ′ phase. Fig. 2(a) displays a DSC diagram obtained by heating from room116

temperature (RT) to 700 ℃ at a constant rate of 20 ℃/s, and then from 700 to 1200 ℃ at117

10 ℃/s. The figure shows there is an endothermic peak around 1110 ℃, and peak A indicating118

the dissolution of primary γ′ phase at around 1115 ℃. It should be noted that the γ′ phase119

dissolution is affected by the combination of heating temperature and soaking time. Fig. 2(b)120

shows the γ′ phase is almost completely dissolved after homogenization treatment at the121

temperature of 1110 ℃ with soaking time of 15 h. Above all, the γ′ phase solvus temperature122

is identified to be about 1110 ℃.123

124

Fig. 2. (a) DSC diagram obtained by heating from room temperature (RT) to 1200 ℃; (b) the γ′ phase after125

homogenization treatment at temperature of 1110 ℃ with soaking time of 15 h.126

The homogenization treatments were conducted in a resistance furnace at the127

temperatures of 1110, 1130, 1160, and 1190 ℃ with the soaking times of 15, 30, 45 and 60 h.128

The homogenized samples were then cooled down by furnace cooling (FC), slowing cooling129

in insulating asbestos (SC), air cooling (AC) and water quenching (WQ). WQ cooling130

condition reveals the γ′ phase is almost completely dissolved at the experimental temperature131

(from 1110 to 1190 ℃). The cooling rate of AC, SC and FC is determined to be about132
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250~300, 60~80 and 4 ℃/min, respectively. It should be highlighted that the determined133

cooling rates of AC and SC cooling conditions has error in measurement process due to the134

drop of temperature during the samples taken out from high temperature box resistance135

furnace. Upon homogenization treatment, all specimens were separated into two parts for136

microstructure examination. For optical microscope (OM) examination, the samples were137

etched in a solution of 10 mL HCl+10 mL CH3CH2OH+0.5 g CuCl2 at room temperature. For138

scanning electron microscope (SEM) observation, the samples were etched using two139

different methods to reveal the γ′ phase characteristics. The first method was electroetched in140

a mixture of 45% H2SO4+42% HNO3+13% H3PO4, with electrolytic etching parameters as 3.5141

V and 3-5 s. The second method was electroetched with 150 mL H3PO4+10 mL H2SO4+15 g142

CrO3 for 4-10 s at room temperature. Morphology of the γ′ phases was conducted using143

TESCAN SEM in the secondary electron (SE) or In-beam mode. OM and SEM images were144

analyses by using Image-Pro-Plus software. The mean equivalent diameter of each particle145

was measured in order to measure the γ′ phase size. The secondary γ′ phase partied size146

distribution (more than 100 γ′ phases were measured) and particle number density were147

determined by Image-J software. In addition, the measurements of the γ′ phase size are related148

to the γ′ phase morphology. For sphere and near-spherical, the γ′ phase size is its diameter;149

while the size is the mean of the length and the width for cubic, octets and dendrites shape.150

Moreover, the γ′ phase characteristics were also identified by transmission electron151

microscope (TEM). The compositions of the γ matrix and the γ′ phase were analysed by using152

an energy dispersive spectroscopy detector equipped on the TEM.153

3. Effect of homogenizing parameters on the morphology and size154
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distribution of the re-precipitation γ' phase155

Fig. 3 shows the γ′ phase of the studied superalloy under the homogenization treatment at156

the temperature of 1160 ℃ with the soaking time of 30 h, and then cooled down by FC. Two157

types of γ′ phases were visible, which can be defined based on the average size, morphology158

and nucleation density. The secondary γ′ precipitate with a relatively large size, irregular159

shape and low nucleation density, is shown in Fig. 3(a). The dendritic and octets phases were160

measured to have the mean equivalent diameters of 742.7 and 420.2 nm, respectively. Since161

the γ′ particles initially grew and then split during cooling process upon homogenization162

treatment, there is also a small number of near-spherical γ′ phase. The tertiary γ′ precipitate163

with a relatively small size, spherical shape and high nucleation density, as shown in Fig. 3(b).164

It precipitated around the secondary γ′ phase and was measured to have the mean equivalent165

diameter ranged from 30 to 50 nm. In addition, it was found that the size, morphology and166

distribution of the γ' phase have a huge difference under various conditions upon167

homogenization treatment. As well known, homogenization treatment is dependent on various168

factors, mainly including homogenization temperature, soaking time and cooling condition.169

Therefore, the influence of these three homogenizing parameters on the microstructure170

evolution is a focus to be discussed.171

172
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Fig. 3. Two types of γ′ phases upon the homogenization treatment: (a) cuboids, octets and dendrites shape173

secondary γ′ phases; (b) tertiary γ′ phases distributed around the secondary γ′ phase.174

Fig. 4 shows the effect of homogenization time on the morphology, size and distribution175

of the γ′ phases at the temperature of 1160 ℃ with different homogenization soaking times.176

As shown in Fig. 4(a), the γ′ phase is a mixture of octets and near-spherical when the177

homogenization soaking time is 15 h. The size of γ′ phase is quite similar and the distribution178

is more uniform with the increase of the soaking time. When the homogenization soaking179

time approaches 60 h, the γ′ phase is almost all octets. The detailed statistics analyses are180

presented in Table 2 and show that the secondary γ′ phase gets smaller with the decrease of181

soaking time. With the soaking time of 15 h, the average size of γ′ phase is 296 nm, and it is182

about 339 nm when the soaking time is about 60 h.183

Fig. 5 presents the particle size distribution (PSD) of γ′ phase homogenized at the184

temperature of 1160 ℃ with different homogenization soaking times. The relative frequency185

and cumulative frequency with the γ′ phase size histograms were obtained. It can be seen that186

the peak values of each histogram are close to the statistics results presented in Table 2. The187

size of γ′ phase has a unimodal distribution for all the conditions. When the soaking time is 15188

h, the range of γ′ phase diameter (about 140-580 nm) is wider than that of the soaking time of189

60 h (about 200-460 nm). It reveals that the distribution of γ′ phase is more uniform with the190

increase of soaking time. When homogenizing treatment was performed at the γ′ super-solvus191

temperature and the soaking time was increased, the γ′ phase dissolved completely. This is192

beneficial to the uniform distribution of the re-precipitation γ′ phase. In addition, it should be193

highlighted that the quantification of the γ′ phase has an error in statistical analysis of phase194
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size due to the limit of SEM.195
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Table 2 The size statistics of γ′ phase upon homogenization treatment at the temperature of 1160 ℃ with196
various soaking times197

198

199

Fig. 4. The γ′ phases of the studied alloy homogenized at the temperature of 1160 ℃ with different200

homogenization soaking times: (a) 15 h; (b) 30 h; (c) 60 h.201

202

Fig. 5. Secondary γ′ precipitates size distribution plot of the alloy homogenized at the temperature of203

1160 ℃ with different soaking times: (a) 15 h; (b) 60 h.204

Fig. 6 presents the octets γ′ phases of the studied alloy under different homogenization205

temperatures with soaking time of 60 h. With the increase of homogenization temperature, the206

morphology of the γ′ phase did not change much. The detailed statistics analyses are listed in207

Table 3 and reveal that the γ′ phase size is apparently increased with the homogenization208

temperature. At the homogenization temperature of 1110 ℃, the average size of γ′ phase was209

306 nm, while it became 397 nm when the homogenization temperature approached 1190 ℃.210

Temperature/℃ Time/h Phase size (nm)

1160
15
30
60

296
308
339
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The relative frequency and cumulative frequency with the secondary γ′ precipitate size211

histograms were obtained, as shown in Fig. 7. The peak value of each histogram is also212

closely to the statistics results presented in Table 3. The above analysis shows that213

homogenization temperature has an important effect on the γ′ phase size. With the increase of214

the homogenization temperature, the size of secondary γ′ precipitate is increased.215

Table 3 The size statistics of γ′ phase at various temperatures with the soaking time of 60h216

217

218

Fig. 6. The γ′ phases of the studied alloy at different homogenization temperatures with the soaking219

time of 60 h: (a) 1110 ℃; (b) 1160 ℃; (c) 1190 ℃.220

221

Fig. 7. Secondary γ′ phases size distribution plot of the samples at different homogenization temperatures222

with soaking time of 60 h: (a) 1110 ℃; (b) 1190 ℃.223

Temperature/℃ Time/h Phase size (nm)
1110
1160
1190

60
306
339
397



14

224

Fig. 8. Typical microstructures of the re-precipitation γ′ phases under various cooling conditions:225

(a) AC; (b) SC; (c) FC; (d) the size (red line) and nucleation density (black line) of the γ′ phases under226

various cooling methods.227

Fig. 8 shows the morphology and size distribution of γ′ phases under different cooling228

conditions. The microstructure of the γ′ phase is significantly affected by the cooling229

conditions and is transformed from sphere to near-sphere, octets shape with the change of the230

cooling rate. When the cooling condition was AC, the sphere shape γ′ phase was formed.231

When the cooling condition was SC, the γ′ phase was changed from sphere to near-spherical.232

With the decrease of cooling rate and the cooling condition was FC, the γ′ phase was mostly233

the octets. Fig. 8(d) shows size distribution of the γ′ phase under various cooling conditions.234

The detailed statistics analyses reveal that the γ′ phase size at FC is about 302 nm, about six235

times the phase size at AC. The nucleation density of the γ′ phase at FC is about 4/μm2, far236
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less than the nucleation density of the γ′ phase at AC. The γ′ phase with low nucleation237

density under slow cooling condition. This would result in the lower total coherent strain238

energy and thus the coarsening γ′ phases. In fact, the secondary γ′ precipitates are transformed239

from sphere to near-spherical, cube, octets and dendrites with the slow cooling rate.240

The microstructure and distribution of γ′ phases under two different cooling conditions241

are shown in Fig. 9. It is found that the sphere γ′ phases are distributed randomly under AC242

cooling condition. When the cooling condition was FC, a large number of octets shape γ′243

phases and some cuboids particles existed. Cuboidal γ′ phases distributed along <100>244

direction and it is revealed that there was a strong interaction between the γ′ phases, as shown245

in Fig. 9(b). For Ni-based superalloys, the orientation relationship can be described by:246

{100}γ//{100}γ′ and <010>γ//<010>γ′. The γ′ phases often align along the elastically soft247

<100> direction to keep the system at a state with the minimum strain energy [1]. Slow248

cooling rate (FC) promoted the diffusion of solution atoms, thus the γ′ phases forming249

elements had sufficient time to reach the interface of the phases and beneficial to the octets γ′250

phases formation. These γ′ phases are instable and with apparent concaves at the edge [31].251

This is due to the fact that with the growth of the precipitates, the elastic lattice strain is252

increased as well and far outweighs the reduced interfacial energy [32]. Fig. 9(d) presents the253

dislocation pile-up at the interface of the γ/γ′. It is found that some γ′ phases had lost the254

coherency with γ matrix but most of them are still coherent. For tertiary γ′ phases, the cooling255

condition is irrelevant to its morphology. No tertiary γ′ phases were found under the fast256

cooling condition (AC). However, lots of dense and fine tertiary γ′ phases were observed in257

the matrix corridors for the slow cooling rate (FC), and mostly tertiary γ′ phases are sphere258



16

with the size of 30-50 nm.259

260

Fig. 9. The morphology and size distribution of γ′ phases: (a) AC and (b) FC; (c) and (d) the octets and261

cuboids γ′ phase under the cooling condition of FC.262

The particle size distribution (PSD) of γ′ phases at the temperature of 1130 ℃, with the263

soaking time of 30 h and under different cooling conditions, were obtained and shown in Fig.264

10. It is found that the γ′ phases have the size range from 150 to 430 nm for the FC and 30 to265

70 nm for the AC. The detailed particle size distribution analysis of 100 particles reveals a266

unimodal distribution for the FC and AC condition, as shown in Fig. 10(c) and (d). The size of267

γ′ phases was determined based on TEM images. For the spherical or near-spherical γ′ phases,268

the size is the equivalent diameter; while for cubic, octets and irregular γ′ phases, the size is269

the mean of the length and the width. The size distribution of γ′ phases mainly distributes in270

the range from 230 to 330 nm (64%) when the cooling condition is FC. When the cooling271

condition is AC, the size distribution of γ′ phases mainly distributes around 45 nm (45%) and272
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55 nm (42%). It reveals that the faster cooling rate is beneficial to obtain the fine γ′ phases273

and a more uniform size distribution.274

275

Fig. 10. The γ′ phases at the temperature of 1130 ℃ with the soaking time of 30 h under different cooling276

conditions: (a) FC; (b) AC; (c) and (d) the number of precipitates-size histograms of γ′ phases in (a) and (b)277

respectively.278

4. Discussion279

4.1 Re-precipitation mechanism of the γ′ phase with sphere, near-sphere, cubic, octets280

and finally-dendrites shape281

The detailed experimental results show that the influence of the cooling condition is282

predominant to the morphology evolution of the re-precipitation γ′ phases. In this research,283

the γ′ phase morphology was transformed from spheres to near-sphere, and further changed to284

cubic and octets with concave faces, and finally became rather complex structures like285
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dendrites under various cooling conditions. The process of the morphology evolution of γ′286

phase is schematically illustrated in Fig. 11. It is found that the primary γ′ precipitates in the287

as-received alloy kept a butterfly shape. Upon homogenizing treatment at γ′ super-solvus288

temperatures, the primary γ′ precipitate dissolution was completely done, as shown in Fig.289

2(b). The secondary γ′ phase re-precipitation started from a sphere shape under fast cooling290

condition (AC). The γ′ phases got coarse, and changed from sphere to near-spherical shapes at291

SC. When the cooling condition was FC, the γ′ phases get coarsened very rapidly and grew292

irregularly, transformed to cuboids, octets with concave faces, and finally the dendrites. The293

coherent strain energy has a great effect on the evolution of the γ′ phases shape. In fact, the γ′294

phases are mainly sphere since the anisotropic coherent strain energy can be negligible when295

the lattice misfit is small. When γ′ phases get coarse, the coherent strain energy was increased296

and the γ′ phases were transformed to cubic and octets with concave feature. The size of the γ′297

phases was found to be larger, as shown in Fig. 10(c). This reveals that when the magnitude of298

the misfit is small, the γ′ phases must grow to a larger size before the cuboids or octets shape299

is formed. The research done by A. Maheshwari et al. [33] showed that the sphere γ′ phases300

firstly underwent Ostward ripening when the γ′ phases get coarse. The influence of the strain301

energy was thus predominant. The lattice mismatch was also ultimately responsible for strong302

spatial correlations during coarsening. Fig. 12(a) shows a high-resolution TEM image of the303

γ/γ′ interface, indicating a good coherence of the interface between γ matrix and γ′ phase. The304

inserts of Fig. 12(b) and (d) show the Fast Fourier Transformation (FFT) of the HR-TEM305

images. It can be seen that the interplanar spacing of γ matrix was different from that of the γ′306

phase leading to the lattice misfit in the γ/γ′ interface, as shown in Fig. 12(c) and (e). These307
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correlations exist through elastic interaction energy, and significantly influence the308

microstructure of the aged Ni-based superalloys, leading to the dramatic alignment of γ′309

phases along elastically soft <100> directions [34], as shown in Fig. 9(b).310

311

Fig. 11. The re-precipitation mechanism of the γ′ phases with sphere, near-sphere, cubic, octets and finally312

dendrites shape under various cooling conditions.313

The low nucleation density and the sufficient diffusivity between γ′ phase and γ matrix314

are other essential factors for irregular growth of γ′ phase under slow cooling condition (FC).315

Yoo and Doherty [35, 36] concluded that the isotropic interfacial energy, the low lattice316

mismatch between the two phases, and a low density of nucleation for the formation of317

protrusions lead to the irregular growth of γ′ phase. Fig. 12(f) shows the HAADF image and318

the EDS map of the γ′ phases. It reveals that the secondary γ′ precipitate was rich in Ni, Al319

and Ti, while poor in Cr and Co. Since the atomic sizes of Al and Ti are 15% and 18% larger320

than that of Ni, respectively [37], the difference in the element content and atom size are also321

closely related to the γ′ phase shape.322
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323

Fig. 12. High-resolution TEM image of the sample cooled at a slow cooling rate (FC): (a) high-resolution324

TEM image of the γ/γ′ interface; (b) and (d) high-resolution TEM image of γ and γ′, respectively, the insets325

of (b) and (d) show the FFT of the HR-TEM images and the zone axis is [011]; (c) and (e) show the IFFT326

of the HR-TEM images of γ and γ′, respectively; (f) HAADF image and the EDS map of the γ′ phases.327

4.2 Morphological stability of the γ′ phase under FC and AC cooling condition328

In this research, the irregular growth of γ′ phases at the slow cooling (FC) was observed329

and shown in Fig. 11. To simplify the analysis, it is assumed that there are negligibly small330

elastic strain energy, isotropic interface properties, relatively small composition change in the331

matrix during the re-precipitation, and local equilibrium at the interface in the process. The332

irregular growth of γ′ phases was thus analyzed based on the Mullins and Sekerka (MS)333

model [38]. In the model, the critical value (Rc(L)) was defined by the radius of the spherical334

particles:335

Rc L = 1/2 � + 1 � + 2 + 1 �∗ (1)336
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where L is the number of protrusions, R*= 2ΓD/S. The quantity R* is the critical337

nucleation radius (corresponding to CR=C∞) above which the sphere itself grows; while below338

which it shrinks. With S= (C∞–C0)/ C0 referring to supersaturation, C∞ is the initial solute339

concentration in the supersaturated matrix, and C0 is the equilibrium solute concentration at340

the precipitate/solid solution interface. ΓD= σΩ/RT showing capillary constant, which is a key341

factor determining the stability; σ is the γ/γ′ interfacial energy, and Ω is the increment of342

precipitate volume per mole of added solute; R is the gas constant, and T is the absolute343

temperature. Using σ and Ω values for superalloys reported by Ricks [39], the value of ΓD was344

determined to be 9.7×10-4 μm. In addition, F. Masoumi et al [31] investigated the kinetics and345

mechanisms of γ′ reprecipitation in AD730 alloy and the maximum value of 0.4 for346

supersaturation constant ‘S’ was obtained by using the Thermo-calc® software. In this paper,347

the composition of the experimental superalloy is similar to AD730 alloy, and therefore, the348

value of S was determined to be 0.4.349

The number of protrusions, L, was 4 for the specimens under slow cooling condition350

(FC). Using the above data and Eq. (1), the critical radius of the γ′ phase re-precipitation from351

γ′ super-solvus temperature under slow cooling rate (FC) was calculated to be 77.6 nm. In352

tandem with these analyses, the shape change of the γ′ phase critical radius versus353

supersaturation in this alloy was observed under various conditions and shown in Fig. 13. It354

reveals that the γ′ phases are stable below the critical radius; while instable above the critical355

radius. The γ′ phase growth trajectories for fast cooling (AC) and slow cooling (FC)356

conditions are schematically shown by Path-1 and Path-2, respectively. Under the slow357

cooling condition (FC), the γ′ phase re-precipitation from Ts is represented by Path-2 and the358
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nucleation density is low. The γ′ phases grow with the increasing supersaturation into the359

unstable region, and it thus has an irregular growth to the octets or dendritic shape. If the360

slowly cooled samples are isothermally aged at the high temperature, the octets or dendritic361

shape phases may be partially dissolved. These phases will have a transition to spherical362

precipitate by a relatively slow coarsening process. The process of splitting up or completion363

of the splitting process of γ′ phases under FC condition provides some evidences for this364

result. This phenomenon has a good agreement with the results obtained by Chen [40], who365

found that with the γ′ phase initially grew and then split into the smaller spherical phases. Of366

course, morphological instability should be decreased once the level of supersaturation is367

decreased. However, Fig. 3(a) reveals that the γ′ phase still keeps morphological instable. The368

reason is probably that most of the supersaturation is consumed for the nucleation of the third369

γ′ precipitates, rather than for the growth of secondary γ′ precipitates. Moreover, it shows that370

the γ′ phases are formed with the increasing supersaturation, and grow rapidly due to the high371

diffusion at high temperature, leading to the irregular shapes or morphological instability.372

In addition, as shown by Path-2 in Fig. 13, it reveals that the octets with concave γ′373

phases are formed in the unstable zone. Fan et al. [37] revealed that cuboidal γ′ phase exhibits374

protrusions in <111> directions, and the growth rate at these corners is faster than that at the375

center of the {100} planes, resulting in the morphology of γ′ phase transition from cuboid to376

concave shapes. In fact, the γ/γ′ interface curvature is negative in the concave region such that,377

the concave has a high strain energy, and causes the octets with the concave γ′ phase378

dissolution. This splitting process is favored thermodynamically [22].379

In contrast, the effect of fast cooling condition (AC) on Ts is represented by Path-1 in Fig.380
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13 and the morphological instable is prevented. Under fast cooling condition (AC), the high381

number of fine γ′ phase is formed. A few nuclei formed at the temperature close to Ts grow382

with the increasing supersaturation. Fast cooling condition results in the increasing383

undercooling below the γ′-solvus temperature, which facilitates the nucleation of γ′ phase.384

Moreover, the supersaturation is quickly decreased because of the overlap of the diffusion385

fields. This overlapping inhibits the instable growth of γ′ phases and the spherical shape γ′386

phases are formed. On the other hand, a mass of tiny γ′ phases are randomly distributed in the387

matrix since the interfacial energy is predominant under fast cooling condition (AC).388

389

Fig. 13. The morphological stability of the re-precipitation γ′ phase under FC and AC cooling condition390

5. Conclusions391

In this work, the homogenization treatment of an as-cast Ni-based superalloy was392

conducted at γ′ super-solvus temperature under various conditions to investigate the393

morphology and size distribution of the re-precipitation γ′ phases. The re-precipitation394

mechanism of the γ′ phase in the as-cast Ni-based superalloy during the homogenizing395
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treatment was identified. Through extensive observation and analyses, the concluding remarks396

are summarized in the following:397

(1) The homogenization temperature and soaking time are closely related to the size398

distribution of the γ′ phases. The mean size become larger and the distribution is more399

uniform with the increase of the homogenization temperature or soaking time.400

(2) Depending on cooling conditions, the γ′ phase morphology is transformed from sphere to401

near-spherical, cubic, octets with concave features and finally dendrites. The γ′ phase size402

is increased while the nucleation density is decreased with the cooling methods changed403

from AC to FC.404

(3) The re-precipitation mechanism of the γ′ phase with sphere, near-sphere, cubic, octets and405

finally-dendrites shape under various cooling conditions was identified. The γ′ phase got406

coarsening and irregular growth during different re-precipitation process.407

(4) The γ′ phase shows the morphological instability under which re-precipitation is408

generated from a refine spherical shape at the fast cooling condition (AC); while409

irregularity growth even splitting happening at the slow cooling condition (FC) since the410

supersaturation is sufficiently built up.411
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