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Abstract: The microstructure evolution and coarsening behaviors of disordered γ phase in the inverse Co-19.7Ti alloy have 

been investigated by experiments and a phase-field method. Both the experimental and simulated results show that the 

morphologies of γ phase evolve from near-spherical shape to plate-like shape as the aging time increases. The coarsening 

kinetics for the mean particle size obeys the cube law r

3 

= kt, and it can be obtained as: 

3 19

1.126 10  exp[ 349890 ]= × −

t

r t RT

. 

There exist two distinct stages of the mean particle size increase versus aging time, the growth rate is dramatically larger in 

the stage I and has a relatively slower increase in the stage II. The summit of precipitate size distributions becomes larger 

and the breadth of the distributions decreases from 700 °C to 750 °C. The simulated results reproduce well the experimental 

results. 
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The Co-based superalloys have attracted much attention of 

many researchers due to the discovery of the new L1

2

 ordered 

strengthening γ′ phase, that is Co

3

(Al,W), which precipitates 

from the disordered γ matrix in the Co-Al-W system

[1]

. Up to 

now, various efforts have been made to the alloying of 

Co-Al-W based alloys, in order to improve its strength and γ′ 

solvus temperature

[2-4]

.

 

It is believed that Co-based superalloys 

may have the possibility to replace Ni-based superalloys to be 

utilized at high temperature environment. 

Nevertheless, Kobayashi et al.

[5]

 noted that the Co

3

(Al,W) 

phase is metastable. The mechanical properties of alloys will 

be reduced due to the low thermodynamic stability of γ′ phase 

at high temperatures. For the Co-Ti binary system, there exists 

a stable γ′-Co

3

Ti phase. Moreover, Co-Ti alloys have a good 

resistance to corrosion and positive temperature dependence 

of flow stress

[6]

. Nonetheless, the applications of the Co-Ti al-

loys are restricted due to the low melting temperature and the 

large misfit between γ and γ′ phases

[7, 8]

. Recently, in pursu-

ance of improving the strength, ductility and creep resistance 

of Co-Ti alloys, the ductile γ phase precipitated from γ′ phase 

has been introduced by researchers

[9, 10]

. Takesue et al.

[10]

 re-

ported that the creep strength of Co-Ti alloys increased owing 

to the precipitation of disordered γ phase. It is well known that 

the properties of the alloys are greatly dependent upon the 

morphology, size and coarsening behaviors of the precipitates. 

The coarsening behaviors of disordered γ phase in inverse 

Ni-Al alloys have been studied in recent years

[11, 12]

. However, 

there are few reports of the coarsening behaviors of disordered 

γ phase in inverse Co-Ti alloys available in the literature. 

The understanding of microstructure evolution during the 

aging process is necessary to improve the heat treatment 

process. The phase-field method is served to predict the com-

plex microstructure evolution, and its practical applications 

are successful in various materials. To date, numerous re-

searchers have studied the microstructure evolution of the 

precipitates by phase field simulation in Ni-based superal-

loys

[13-17]

. Consequently, this paper aims to combine the ex-

periment and phase field method to investigate the coarsening 

behaviors of γ phase in inverse Co-Ti alloys. 
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1 Methodology 

1.1  Experimental methods 

In this work, the Co-19.7Ti alloy (nominal composition) was 

selected to investigate the microstructure. Because the mass 

losses of the alloy were less than 0.1%, this work considered the 

alloy composition equal to the nominal composition. The cast 

Co-19.7Ti alloy was enclosed in a quartz tube, which was filled 

with argon. Then it was put into a vacuum furnace at 1150 °C 

for 24 h to obtain the homogenized samples. Subsequently, the 

homogenized samples were put into the vacuum furnace at 700, 

750 and 800 °C for different times and then quenched into icy 

water. The samples were treated by standard metallographic 

techniques and then etched in a solution of HCl (75vol%) + 

HNO

3

 (25vol%) for 5~10 s at room temperature. Scanning elec-

tron microscope (SEM) was used to investigate the microstruc-

ture of Co-19.7Ti alloy. The IMAGE Je software was used to 

measure the volume fraction and the size of the γ precipitates. 

1.2  Simulation model 

In this work, the concentration profile is characterized by 

using the composition field. The phase transformation is de-

scribed by using three order parameter fields. The temporal 

evolution of the composition field and order parameter fields 

is obtainable by the Cahn-Hilliard diffusion equation and the 

Ginzburg-Landau equation, respectively

[18]

: 

2

c

δ

ξ

δ

∂

= ∇ +

∂

c F

M

t c

                             (1) 

1, 2,3

η δ

ξ

δη

∂

= − + =

∂

i

i

i

F

L i

t

                    (2) 

where c is the composition, η

i

 is the order parameter, L and F 

are the structural relaxation and the total free energy, respec-

tively, and M is diffusion mobilities, as 

0 0

(1 )= −M c c D RT

[13]

. 

c

ξ

 and 

ξ

i

 are the random noise terms, which are mainly 

for nucleation. 

1.2.1  Free energy 

Taking into consideration the coherent precipitation, the to-

tal free energy can be expressed as F= F

c

 + F

el

, where F

c

 is 

chemical free energy, and F

el

 is the elastic strain energy. 

The chemical free energy of the γ (αCo) phase in the Co-Ti 

alloys can be characterized as follows: 

ex mag

Co

Co,Ti Co,Ti

ln

= =

= + + +

∑ ∑

i i i i

i i

F c G RT c c G G

         (3) 

where c

i

 is the mole concentration of Co or Ti, G

i

 is the molar 

free energy of Co or Ti, 

ex

G is the excess energy and 

mag

G is 

magnetic free energy. The thermodynamic data in Eqs.(3) are 

obtained from the Co-Ti thermodynamic database

[8]

.

 

 

Consequently, the chemical free energy of the γ (αCo) phase 

at T=700 °C is obtained as follows: 

Ti

4 3 2

( ) Ti Ti Ti

Ti Ti

Ti Ti

489000 233400 87156.2

( 67780.23 8089.522 ln( ) 8089.522

ln(1 )) 8089.522 ln(1 ) 42688

γ

= − + +

− + −

− + − −

c

F c c c

c c

c c

        (4) 

The chemical free energy of γ′ phase in Co-Ti alloys at  

700

 

°C can be simplified by an eight-order polynomial: 

Ti

8 7

( ) Ti Ti

6 5 4

Ti Ti Ti

3 2

Ti Ti Ti

6831000000 +8389000000

4056000000 +981700000 119300000

+5082000 +238200 109700 42700

γ ′

= − −

−

− −

c

F c c

c c c

c c c

       (5) 

The comparison of the Gibbs energy obtained from the Eqs. 

(4) and Eqs. (5) with that obtained by the Pandat calculation in 

Co-Ti alloys at 700 °C is shown in Fig.1. This indicates that 

the free energy curve in this work agrees well with that of the 

Pandat calculation. The same method is used to deal with 

chemical free energy at 750 °C. 

In order to connect the free energy of the two-phase through 

the structural order parameters, an interpolation function 

3 2

( ) (10 15 6 )

i i i i

H η η η η= − +

is used in this work, which satisfies 

H(0)=0, H(1)=1, and 

0 1

d /d d /d 0

η η

η η

= =

= =H H

[19]

. Be-

cause the γ phase has the disordered fcc structure, the order 

parameters are equivalent, e.g. 

1 2 3

= = =η η η η

. Thus, the bulk 

chemical free energy density can be expressed as: 

( )

Ti T i

-1

T i m ( ) '( )

( , ) 1 ( ) ( )

γ γ

η η η

 

= − +

 

c c

f c V H F H F

       (6) 

where V

m

 is molar volume, V

m

=5.42×10

-5 

m

3

·mol

-1

 in this 

work.  

Including the gradient energy terms, the chemical free en-

ergy of the system could be expressed as follows

[20]

: 

2 2

ch Ti c

v

1 1

( , ) ( ) ( ) d

2 2

η η

η

 

= + ∇ + ∇

 

 

∫

F f c k k c V

       (7) 

where k

c

 and k

η

 are the gradient energy coefficients for con-

centration and order parameter fields. 

Khachaturyan’s model is used to describe the elastic strain 

energy, which can be expressed as

[21]

: 

3

2

el

3

1 d

( ) ( )

2 (2π)

=

∫

�

k

F B cn k

                        (8) 

where 

( )

�

c k

 is the Fourier transform of c(r) and k is the 

wave vector, n=k/k is a unit vector in reciprocal space. 

For the 2-D case, B(n) can be approximated as follows

[22]

: 

2 2 2

el 0

( ) ε≈

x y

B B n nn

                               (9) 

where ε

0

 is an arbitrary stress-free transformation strain. n

x 

and 

n

y

 are the components of n along the x-axis and y-axis in the 

reciprocal space. B

el

 is a material constant to describe the elas-

tic properties, and is expressed as: 

2

11 12

el

11 11 12 44

-4 ( 2 )

=

( 2 )

ζ +

+ +

C C

B

C C C C

                       (10) 

11 12 44

= - -2ζ C C C

 is a constant to describe the elastic anisot-

ropy of the system. C

11

, C

12

 and C

44

 are the elastic constants. 

1.2.2  Dimensionless phase-field kinetic equations 

A reduced time t

*

 and reduced spatial coordinates r

*

 have 

been introduced to transform Eq.(1) and Eq.(2) into a dimen-

sionless form. The t

*

 and r

*

are given by 

*

m

= ∆t Lt f V

 and 

*

= /r r l . In this work, ∆f =1.07×10

8 

J·m

-3

 is used to normalize 

the Gibbs free energy, and l=2.87×10

-9

 m is the length  
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Fig.1  Comparison of chemical free energy obtained in this work 

with that obtained by the pandat calculation at 700 °C 

 

unit in the simulation

[14]

. The dimensionless form is shown as 

follows: 
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where

2

χ =M Ll

,

* 2

c c

= ∆k k f l , 

* 2

η η

= ∆k k f l ,

*

el el

= ∆F F f . 

k

c

=7.05×10

-9

 J·m

-1

, k

η

=1.23×10

-10

 J·m

-1

. Similar to the varia-

tion of diffusion mobilities M with temperature, this work as-

sumes χ as a function of temperature following an exponential 

law

0 0 0

( ) ( ) 1 exp( )χ χ= ⋅ − −T c c Q RT RT

. To get a reasonable 

microstructure, this work employs a fixed value 1.32c

0

(1�c

0

) 

for χ at 700 °C in the Co-Ti system, and L=4.31×10

-8

 

mol·J

-1

·s

-1

 guarantees a diffusion-controlled process. The Q 

used in this work is 349.89 kJ·mol

-1

. As a result, χ

0

 is deter-

mined to be 6.49×10

22

, and χ can be given by χ(T)=[6.49×10

22

 

c

0

(1�c

0

)exp(�3.4989×10

5

/RT)]/RT. The lattice misfit δ=1.67% 

at 700 °C and δ=1.36% at 800 °C

[7]

. In this work, we suppose 

the δ is linearly related to temperature between T=700 °C and 

T=800 °C. Therefore, δ=1.51% can be obtained at T=750 °C. 

The parameters ε

0 

can be estimated by ε

0

=δ/(c

γ′

�c

γ

). The elastic 

constants for Co-Ti system are C

11

=2.686×10

11

 J·m

-3

, 

C

12

=1.678×10

11

 J·m

-3

, C

44

=1.186×10

11

 J·m

-3 [23]

. 

2  Results and Discussion 

2.1  Experimental observations 

2.1.1  Morphology and evolution 

The microstructure evolution of γ precipitates in Co-19.7Ti 

alloy, aged at 700, 750 and 800 °C for different times is shown 

in Fig.2. According to Fig.2a~Fig.2j, it can be seen that the 

morphology of the γ phase is near-spherical in the early period 

of aging, and grows from near-spherical to plate-like shape as 

the aging time increases. For long aging time, such as in 

Fig.2c, 2f and 2j, many plate-like precipitates are obvious. 

Fig.2g shows that spatial correlations do not exist in the early 

period of aging, but in alignment evidently at long aging time. 

As the temperature increases, the γ precipitates coarsen ap-

parently. Unlike the microstructure evolution of γ precipitates 

in Ni-Al alloys, almost none are equiaxed in shape after 48 h 

in Co-19.7Ti alloy

[11, 12]

. 

2.1.2  Coarsening kinetics of γ particles  

The mean size of the γ precipitates in Co-19.7Ti alloy can 

be obtained by

[16]

 

f

π ( )=r V N t

                              (13) 

where V

f

 and N(t) are the volume fraction and the particle 

number of γ precipitates, respectively. The mean size of γ pre-

cipitates with different aging time at 700, 750 and 800 °C is 

listed in Table 1. It can be seen that the larger size of γ pre-

cipitates can be acquired with higher temperature. Fig.3a 

shows the mean size of γ precipitates plotted as r

3

 versus t. 

Apparently, the growth of particles in Co-Ti alloys follows the 

linear relationship, r

3

=kt, where k is the coarsening rate con-

stant. The relationship illustrates that the coalescence of γ par-

ticles in the γ′ phase obeys the diffusion-controlled growth 

behavior. Therefore, k can be calculated, as 1.89, 14.03 and 

107.95 nm

3

/min at 700, 750 and 800 °C, respectively. 

The coarsening kinetics in superalloys can be described 

well on the basis of the classical Lifshitz-Slyozov-Wagner 

(LSW) theory

[24, 25]

. Accordingly, the k can be formulated as 

follows: 

2

e m

8

9

σ

=

D C V

k

RT

                                (14) 

where

0

exp( )= −D D Q RT  is the temperature-dependent dif-

fusion coefficient of the rate controlling solute in the matrix, 

Q is the activation energy for γ particles coarsening, C

e

 is the 

equilibrium concentration of the solute in the matrix, σ is the 

matrix/precipitate interfacial energy, and V

m

 is the molar vol-

ume of the precipitate. Considering these experimentally 

determined parameters, Eq.(15) can be written as follows: 

e

ln cons tan

 

= −

 

 

T Q

k t

C RT

                      (15) 

 

Table 1  Comparison of the mean size of γ precipitates with ag-

ing time when aging at 700, 750 and 800 °C 

Mean size/nm 

Aging time/h 

700 °C 750 °C 800 °C 

8 - - 39.05 

24 - - 55.12 

48 12.28 32.94 70.06 

196 24.07 55.51 105.22 

480 35.64 73.78 146.36 

750 43.23 - - 

0.00 0.05 0.10 0.15 0.20 0.25
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T/C

e

 can be ignored in this work because it has no signifi-

cant change from 700 °C to 800 °C

[26]

. Fig.3b shows the lnk as 

a function of T

-1

. The expression lnk=43.868-42085.164/T can 

be obtained from the fitted line in Fig.3b. The value of Q is 

gained to be 349.89 kJ·mol

-1

 for Co-Ti alloys. The coar-    

sening rate constant k of γ precipitates is calculated by 

43.868

e exp( 349890 )= −k RT  according to the expression ob-

tained in Fig.3b. Consequently, the linear relationship, which 

is related to the coarsening of γ particles, can be expressed as 

3 19

t

1.126 10 exp[ 349890 ]= × −r t RT

, where t is aging time. 

This expression can be used to predict the change of γ pre-

cipitates size in the process of aging. 

2.2  Simulation results and discussion 

The simulation domain has a square form with a domain 

size of 512×512 cells for Co-19.7Ti alloy at 700 and 750 °C. 

The dimensionless time step and grid spacing used in the 

simulation are set as 

* 4

1.0 10t

−

∆ = ×  and 

* *

1x y∆ = ∆ = , re-

spectively. 

2.2.1  Morphology evolution of γ particles 

The morphology evolution of γ phase starting from nuclea-

tion is simulated for the Co-19.7Ti alloy at 700 and 750 °C, as 

shown in Fig.4. Fig.4a

1

~a

4

 shows that the morphology of γ 

phase is nearly spherical in shape at the initial stage, rectangle 

and plate-shaped particles merge regularly along the elasti-

cally soft [10] or [01] directions as the aging time increases. 

By comparing Fig.4a with Fig.4b, quite evidently, the mor-

phology of γ phase changes significantly with increasing tem-

perature. The morphology evolution indicates that the interfa-

cial energy is dominant when the particle size is small at the 

initial stage, and the elastic energy begins to play a dominant 

role when the particle size becomes larger as the aging time 

increases. The growth and coalescence of the γ phase are 

through two mechanisms, such as the γ particles inside the el-

lipse A and B growing into the ellipse A

*

 and B

*

, as demon-

strated in Fig.4a

2 

and a

3

. The specific evolution of coarsening 

of γ particles is presented in Fig.4c and 4d. The former process 

is related to the merging of particles on each other to form 

larger particles. The later form is connected with the atomic 

exchange between the γ precipitates by means of the diffusion 

through the γ′ matrix, which causes the smaller particles 

dwindling gradually and larger particles growing. Compared 

with the experimental results shown in Fig. 2, it is clear that 

the simulation results agree well with the experimental obser-

vation. 

2.2.2  Composition evolution of γ particles 

Fig.5 demonstrates the composition evolution of γ phase for 

Co-19.7Ti alloy at different temperatures. The γ phase compo-

sition decreases with the increase of aging time, and then 

reaches the equilibrium value c

Ti

=0.048 and 0.042, where the 

equilibrium value shows little deviation from the Co-Ti ther-

modynamic phase diagram (~0.039 and 0.033) at 750 and 700 

°C, respectively

[8]

. The time, when the composition reaches

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  SEM micrographs of γ precipitates in Co-19.7Ti alloy aged at 700 °C for 48 h (a), 196 h (b), 480 h (c); aged at 750 °C for 48 h (d), 196 h (e),   

480 h (f); aged at 800 °C for 8 h (g), 24 h (h), 196 h (i), 480 h (j) 
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Fig.3  Cube of the mean particle sizes (r) versus aging time for the 

Co-19.7Ti alloy aged at 700, 750 and 800 °C (a), and 

Arrhenius plots of the activation energy for γ particles 

coarsening (b) 

the equilibrium value, is approximately 40 and 60 h at 750 and 

700 °C, respectively. The results illustrate the increase of 

temperature causes the fast phase transformation. When t=480 

h, the distribution of Ti equilibrium content at 750 °C is wider 

than that at 700 °C. It indicates that the increasing temperature 

accelerates the coarsening of the γ precipitates. 

2.2.3  Variation of volume fraction and particle number of 

γ particles 

Fig.6a shows the volume fraction of γ phase changes 

versus aging time in the Co-19.7Ti alloy at different aging 

temperatures, including experimental results, simulation 

results and the results obtained by the Co-Ti phase dia-

gram

[8]

. The volume fraction of γ phase increases rapidly at 

the initial stage, then tends to be smooth and finally reaches 

stability as the aging time increases. This variation trend is 

similar to γ′ phase

[17]

. The equilibrium volume fraction of γ 

phase is 0.165 and 0.134 at 700 and 750 °C, respectively, 

which is lower than that of the Co-Ti phase diagram

[8]

. 

However, the calculated results are close to the experimen-

tal results (~ 0.171 and 0.129). The precipitation of γ parti-

cles is suppressed because the elastic strain field induced 

by the large misfit between γ and γ �  phases in Co-Ti alloys. 

The larger the misfit increment, the lower the last volume 

fraction can be obtained

[27]

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Morphologies evolution of γ precipitates in Co-19.7Ti alloy at different temperatures: (a) T=700 °C, (b) T=750 °C, (1-4) t=2, 48, 196, 480 h;    

(c) the γ precipitates inside the ellipse A in Fig.4a

2

 grow into the ellipse A

*

 in Fig.4a

3

; (d) the γ precipitates inside the ellipse B in Fig.4a
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grow into the ellipse B
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 in Fig.4a

3

, (1-4) t=48, 100, 150, 196 h 
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Fig.5  Composition evolution of γ phase in Co-19.7Ti alloy at 

different temperatures (l=2.87×10

-9 

m): (a) T=700 °C and (b) 

T=750 °C 

 

Fig.6b reveals the particle number changes versus time in 

the Co-19.7Ti alloy at different aging temperatures. The num-

ber of particles increases rapidly as the aging time increases, 

then decreases sharply and finally reaches stability. The parti-

cles merge and decrease faster as the temperature rises. 

2.2.4  Variation of mean size of γ particles 

The evolution of the mean size of γ phase with increasing 

time in Co-19.7Ti alloy at different temperatures, as revealed 

in Fig.7a, including both the experimental and simulation re-

sults. The simulation results show that there are two distinct 

stages of the mean particle size of γ phase increase versus time. 

The growth rate of the mean particle size in the stage I is dra-

matically larger as a result of the growth of newly emerged 

particles from nucleation. Stage II has a relatively slower in-

crease in mean particle size associated with the soft impinge-

ment of the diffusion field in the later growth and coarsening 

regimes. The division of the evolution of γ particle size is 

similar to the evolution of γ′ particle size

[17]

. 

The cube of the mean size <r>

3

 versus t at different aging 

temperatures is shown in Fig.7b, with both the experimental 

and simulation results included. It can be seen that the data 

from the simulations can be well fitted to the cubic growth law, 

and k obtained from simulations is 1.85, and 13.76 nm

3

/min 

for aging at 700 and 750 °C, respectively. The comparison in-

dicates that the simulation results are in good agreement with 

the experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Evolution of volume fraction (a) and particle number (b) of γ 

precipitates versus time in Co-19.7Ti alloy at different 

temperatures 

 

2.2.5  Variation of mean aspect ratio of γ particles 

Aspect ratio is defined as the ratio of the long axis to the 

short axis of the γ particles. The dependence of mean aspect 

ratio on aging time for the Co-19.7Ti alloy at different tem-

peratures is shown in Fig.8, as well as the experimental results. 

It is apparent that the mean aspect ratio also shows two stages 

with increasing aging time which is similar to the change of 

the mean size. The comparison reveals that the variation 

trends of the mean aspect ratio between simulations and ex-

periments are very similar. 

The mean aspect ratio of the γ phase in the Co-19.7Ti alloy 

largely outweighs that in the Ni-Al alloys

[12]

. Because the mis-

fit between γ and γ′ phases in Co-Ti system is larger than that 

in Ni-Al system. Accordingly, the larger elastic energy in 

Co-Ti system and the γ precipitates are unrestricted by the an-

tiphase domains, which may cause the γ precipitates to merge 

more easily along the soft direction. Therefore, the micro-

structure of the γ phase in Co-19.7Ti alloy presents plate-like 

shape, while the γ phase in Ni-Al alloys exhibits square and 

rectangle shape at the same aging time. 

2.2.6  Particle size distributions of γ phase 

The particle size distributions of γ phase in the Co-19.7Ti al-

loy are shown in Fig.9, where the Y axis represents PSDs of γ 

phase, which is expressed as g(x), and the x =r/<r> represents 

the relative size of the particles, (r is the particle size, <r> is the 

mean particle size). The PSDs were calculated as

[15]

: 
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Fig.7  Evolution of mean size (a) and cube of size (b) of γ 

precipitates versus time in Co-19.7Ti alloy at different 

temperatures

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Comparison of the mean aspect radio as a function of time 

obtained by simulations and experiments in Co-19.7Ti alloy 

at different temperatures

 

 

( )

( ) =

∆

N x x

g x

xN

                               (16) 

where N(x) is the number of particles in the range x ± ∆x /2 

with =0.2∆x and N is the total number of particles. The ex-

periments (dots), simulations (histograms), and the LSW the-

ory (dashed-dotted lines) are shown. Fig.9a~9d shows the 

PSDs of γ particles versus aging time in the Co-19.7Ti alloy at 

700 °C. It can be seen that the summit of the PSDs falls 

gradually, the position of the PSDs summit shifts from 0.8 to 

1.0 and the breadth of the distributions increases as the time 

increases. Because the size of γ particles is small and similar 

at the initial stage, as shown in Fig.4a

1

. The growth and 

coarsening progresses of γ particles, as shown in Fig.4c and 4d, 

lead to the distributions of particles size broadened. 

Fig.9e illustrates the PSDs of γ particles for t=196 h at 750 °C 

in the Co-19.7Ti alloy. Compared with Fig.9c, the summit of 

PSDs increases with the rise of aging temperature. In addition, 

the smaller precipitates disappear from experimental and simu-

lated PSDs at 750 °C. This phenomenon is also found from 

Boisse et al

[15]

, the smaller precipitates disappear with decreas-

ing γ phase volume fraction. According to Boisse et al, the 

growth and coarsening of the γ particles are dependent on the 

diffusional and elastic interactions between the particles if or-

dering is not considered in the kinetics. In this work, the γ phase 

volume fraction at 750 °C is lower than that at 700 °C and the 

diffusion rate of alloying elements at 750 °C is higher than that 

at 700 °C, which cause the small neighboring particles merge 

quickly in the stage I of coarsening. 

In this work, the simulated PSDs do not agree with the 

PSDs predicted by the LSW theory, but fit well the PSDs of 

the experimental results. The PSDs of the experimental and 

simulation results are both with smaller summits which are 

shifted to the left side (smaller size) by comparison with the 

PSDs predicted by the LSW theory. Generally, the PSDs pre-

dicted by the LSW theory do not consider the effect of elastic 

energy and are only applicable for the case of the spherical 

shape precipitates with an infinitesimally small volume frac-

tion. Nevertheless, in this work, the volume fraction of γ pre-

cipitates is large enough. Large elastic strain field is induced 

because the lattice misfit between γ and γ′ phases in the Co-Ti 

system could not be ignored. 

3 Conclusions 

1) Both the experimental and simulated results show that 

the morphologies of γ phase in Co-19.7Ti alloy evolve from 

near-spherical to plate-like shape as the aging time increases.  

2) As the temperature rises, the γ precipitates coarsen ap-

parently. The coarsening kinetics for the mean particle size 

obeys the cube law r

3

=kt, and it can be obtained as: 

3 19

1.126 10= ×

t

r t

exp[ 349890 ]RT−

. The coarsening rate 

constant k obtained from simulations is 1.85 and 13.76 

nm

3

/min for 700 and 750 °C, respectively, which is close to 

the experimental results (1.89 and 14.03 nm

3

/min).  

3) Both the evolution of the mean particle size and mean 

aspect ratio have two distinct stages. The growth rate is dra-

matically larger in the stage I and has a relatively slower in-

crease in the stage II. The summit of PSDs becomes smaller 

and the position of the PSDs summit shifts from 0.8 to 1.0 

with the increase of aging time. The summit of PSDs becomes 

larger and the breadth of the distribution decreases from 700 

to 750 °C at the same time. The simulation results fit well with 

the experimental results. 
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Fig.9  Comparison of the particle size distributions obtained by simulations, experiments and LSW theory in Co-19.7Ti alloy versus time (10 h, 

48 h, 196 h and 480 h) at 700 °C (a~d), and 196 h at 750 °C (e) 
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