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Nanovoid dynamics based on temperature dependent Young modulus and void 
formation energy in Nickel: a phase field study
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ABSTRACT: In the present work, a phase field method is used to study the growth/annihilation of 
nanovoids under thermal and mechanical loadings. To do so, the coupled system of the Cahn-Hilliard 
and elasticity equations is solved using the nonlinear finite element method in 2 dimensional. This 
coupling is due to the presence of elastic energy in the Cahn-Hilliard free energy and the dependence 
of total strain on the void misfit strain. The novel point in the present physical model is including the 
temperature dependence of elastic properties and void formation energy. Then, examples of nanovoid 
structure evolution are presented consisting of planar gas-solid interface formation and evolution, 
growth/annihilation of circular nanovoids at different temperatures, growth/annihilation of nanovoids 
under biaxial compression and at different temperatures and nanovoid structure evolution with initially, 
randomly distributed void pattern. The obtained results show a faster growth with larger amounts of void 
concentration at lower temperatures. Also, the stress field significantly varies during nanovoids growth/
annihilation especially inside the solid-gas interface and its value depends on the nanovoid size and the 
concentration.
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1. Introduction
Voids appear in materials by natural activities, and aging

in working environments. When voids are behave as defects, 
they are regarded as having a bad result on material properties. 
In the most highly engineered dense materials, defects such 
as voids will make trouble for the design of real structures. 
Nanovoid were discovered in nickel in 1970 [1]. Several 
models were built based on the rate theory to simulate void 
evolution [2,3]. While rate theory is an important method for 
forecast the average behavior of the material, cannot prepare 
information on the micro/nanostructure property evolution. 
The computational cost of rate theory high, and therefore is 
primarily done in 1 Dimensional (1D) for sizes up to 100 nm. 

Phase Field Approach (PFA) has been extensively used 
to simulate evolution of nano/microstructure [4,5]. The 
essential advantage of the PFA is to obtain the microstructure 
without need to track interfaces. The PFA, as an intermediate 
between continuum thermodynamic and the atomistic 
approaches, resolves issue at the nanoscale and also allows 
one to consider case and time much larger than in atomistic 
modeling. It also consist of much more information than 
traditional thermodynamic approaches since the Phase 
Field (PF) potential is determined for all intermediate states 
between phases and at interfaces.  

In this paper PFA is used to study the evolution of 
nanovoids under thermal and mechanical loadings. To do 

so, the coupled system of the Cahn-Hilliard and elasticity 
equations is solved using the nonlinear finite element method 
in 2D. This coupling is due to the presence of elastic energy 
in the Cahn-Hilliard free energy and the dependence of total 
strain on the void misfit strain. The novel point in the present 
physical model including the temperature dependence of 
elastic properties and void formation energy, the obtained 
results show a faster growth with larger amounts of void 
concentration at lower temperatures. Also, the stress field 
significantly varies during nanovoids evolution especially 
inside the solid-gas interface and its value depends on the 
nanovoid size and the concentration.

2. Coupled Mechanic and Phase Field Equation
The total free energy of the system is:

 eψ  is the elastic energy and ψ   is the chemical free energy 
employed to describe the equilibrium between the matrix and 

nanovoids, ψ̂  is the free energy of mixing and ψ ∇  shows the 
solid-gas gradient energy as [6,7]:

*Corresponding author’s email: javanbakht@cc.iut.ac.ir

Copyrights for this article are retained by the author(s) with publishing rights granted to Amirkabir University Press. The content of this article                                                  
is subject to the terms and conditions of the Creative Commons Attribution 4.0 International (CC-BY-NC 4.0) License. For more information, 

please visit https://www.creativecommons.org/licenses/by-nc/4.0/legalcode.

(2)

(1)(1)ˆ( , , , ) [ ]e

V

c c T dV          

(2) 
2

 1

(1 ) ln (1 ) ln ( )

( )
ˆ 1

( )

v
f

v B

ag c c
E c c k T c c c

c

c
g



 

  

  



  



(3)

2ˆ( ). ( 2 )
ec M c

t c
   

    
      

01 ( )
2

e
e     (4)

1 ( )
2

T     u u (5)

:

(6)0 0(1 )( )e c    C

(1)ˆ( , , , ) [ ]e

V

c c T dV         

(2) 
2

 1

(1 ) ln (1 ) ln ( )

( )
ˆ 1

( )

v
f

v B

ag c c
E c c k T c c c

c

c
g



 

  

  



  



 

(3)

2ˆ( ). ( 2 )
ec M c

t c
   

    
      

01 ( )
2

e
e     (4)

1 ( )
2

T     u u (5)

:

(6)0 0(1 )( )e c    C



M. S. Ghaedi and M. Javanbakht., Amirkabir J. Mech. Eng., 52(12) (2021) 869-872, DOI:   10.22060/mej.2019.16169.6293

870

where κ is the constant of gradient energy for the void
matrix interface, gv is the chemical energy of vacancy and ga 
the chemical energy of matrix atom per unit volume. kB is the 
Boltzmann’s constant, T is the absolute temperature and f

vE
is vacancy formation energy. 
The Cahn-Hilliard equation can be written as:

The elastic energy can be expressed as

where ε  is total strain, u is the displacement vector and   
0ε  describes the misfit strain between nanovoid surface 

and matrix with form of 0
02 (1 )ij ij c cε ε δ= −  . A positive 

0ε   describes pressure operating on a bubble surface and a 
negative   describes a force toward the center of a nanovoid. 
Thus, the elastic stress from Eq. (4) can be written as:

where 0C  is the elastic tensor of solid.

3. Result
The finite element method and the COMSOL code are

used to solve the coupled mechanics and Cahn-Hilliard 
equations. An adoptive remeshing is used to prevent mesh 
divergence. The mesh size is chosen fine enough and equal to 
0.1 so that the solution is mesh-independent. The following 
material property have been used (Table 1) for nanovoid 
dynamics modeling in Nickel [8];

In order to validate, concentration profile of present work 
in stationary situation compared with the analytical solution 
[9] in Fig. 1 which show good agreement.

A square sample with the size of 10 10×  nm2 and periodic
boundary conditions is considered. For the initial conditions, 
a circular void with the radius of 1 nm and the value of  0.4c =  
is located at the center of the square and the rest of the sample 
is 0.15c =  . The misfit strain for the void is  0 0.1%ε = − .  The 
evolution of void in three different temperature are represented 
in Fig. 2.  Fig. 2 represent amount effect of temperature and 

consequently change in elastic modulus and energy barrier in 
growth/annihilation of void in different time. As can be seen, 
void shrinkage in 1500 K but grow at 900 K and 300 K with 
different velocity. 

4. Conclusions
In the present work, a phase field method is used to

research the evolution of void under thermal and mechanical 
loadings. For this goal, the coupled system of the Cahn-
Hilliard and elasticity equations is solved using the finite 
element method. This coupling is due to the presence of elastic 
energy in the Cahn-Hilliard free energy and the dependence 
of total strain on the void misfit strain. Results show a faster 
growth with larger amounts of void concentration at lower 
temperatures. Also, the stress field significantly varies during 
void evolution inside the solid-gas interface and its value 
depends on the void size and the concentration.

References
[1] D. Norris, Voids in nickel irradiated with electrons after

previous argon ion bombardment, Nature, 227(5260)
(1970) 830.

[2] K. Russell, Thermodynamics of gas-containing voids in
metals, Acta Metallurgica, 20(7) (1972) 899-907.

(1)ˆ( , , , ) [ ]e

V

c c T dV         

(2) 
2

 1

(1 ) ln (1 ) ln ( )

( )
ˆ 1

( )

v
f

v B

ag c c
E c c k T c c c

c

c
g



 

  

  



  



(3)

2ˆ( ). ( 2 )
ec M c

t c
   

    
      

01 ( )
2

e
e     (4)

1 ( )
2

T     u u (5)

:

(6)0 0(1 )( )e c    C

(3)

(1)ˆ( , , , ) [ ]e

V

c c T dV         

(2) 
2

 1

(1 ) ln (1 ) ln ( )

( )
ˆ 1

( )

v
f

v B

ag c c
E c c k T c c c

c

c
g



 

  

  



  



(3)

2ˆ( ). ( 2 )
ec M c

t c
   

    
      

01 ( )
2

e
e     (4)

1 ( )
2

T     u u (5)

:

(6)0 0(1 )( )e c    C

(4)

(1)ˆ( , , , ) [ ]e

V

c c T dV         

(2) 
2

 1

(1 ) ln (1 ) ln ( )

( )
ˆ 1

( )

v
f

v B

ag c c
E c c k T c c c

c

c
g



 

  

  



  



(3)

2ˆ( ). ( 2 )
ec M c

t c
   

    
      

01 ( )
2

e
e     (4)

1 ( )
2

T     u u (5)

:

(6)0 0(1 )( )e c    C

(5)

(1)ˆ( , , , ) [ ]e

V

c c T dV         

(2) 
2

 1

(1 ) ln (1 ) ln ( )

( )
ˆ 1

( )

v
f

v B

ag c c
E c c k T c c c

c

c
g



 

  

  



  



(3)

2ˆ( ). ( 2 )
ec M c

t c
   

    
      

01 ( )
2

e
e     (4)

1 ( )
2

T     u u (5)

:

(6)0 0(1 )( )e c    C (6)

Table 1. Nano nickel property Table 1. Nano nickel property

( )E T  f
vE   M

0.004 8.4T   8 2 56.6 10 3.3 10 14T T      0.25 0.3 

Fig. 2. Effect of temperature on void evolution.

.

Fig. 1. Comparison of concentration of void between Numerical and analytical solution.

. 

Fig. 2. Effect of temperature on void evolution.

Fig. 1. Comparison of concentration of void between Numerical 
and analytical solution.

.

Fig. 1. Comparison of concentration of void between Numerical and analytical solution.

. 

Fig. 2. Effect of temperature on void evolution.



S. Ghaedi and M. Javanbakht., Amirkabir J. Mech. Eng., 52(12) (2021) 869-872, DOI:   10.22060/mej.2019.16169.6293

871

[7] Y. Gao, Y. Zhang, D. Schwen, C. Jiang, C. Sun, J. Gan, X.-
M. Bai, Theoretical prediction and atomic kinetic Monte
Carlo simulations of void superlattice self-organization
under irradiation, Scientific reports, 8(1) (2018) 6629.

[8] Y. Gong, B. Grabowski, A. Glensk, F. Körmann, J.
Neugebauer, R.C. Reed, Temperature dependence of the
Gibbs energy of vacancy formation of fcc Ni, Physical
Review B, 97(21) (2018) 214106.

[9] D. Schwen, L.K. Aagesen, J.W. Peterson, M.R. Tonks,
Rapid multiphase-field model development using a
modular free energy based approach with automatic
differentiation in MOOSE/MARMOT, Computational
Materials Science, 132 (2017) 36-45.

[3] A. Semenov, C. Woo, Void lattice formation as a
nonequilibrium phase transition, Physical Review B,
74(2) (2006) 024108.

[4] H. Henry, H. Levine, Dynamic instabilities of fracture
under biaxial strain using a phase field model, Physical
review letters, 93(10) (2004) 105504.

[5] V.I. Levitas, M. Javanbakht, Advanced phase-field
approach to dislocation evolution, Physical Review B,
86(14) (2012) 140101.

[6] H.-C. Yu, W. Lu, Dynamics of the self-assembly of
nanovoids and nanobubbles in solids, Acta Materialia,
53(6) (2005) 1799-1807.



This
 pa

ge
 in

ten
tio

na
lly

 le
ft b

lan
k



3532 3521
DOI: 10.22060/mej.2019.16169.6293  

3521

javanbakht@cc.iut.ac.ir

Creative Commons License
https://www.creativecommons.org/licenses/by-nc/4.0/legalcode

 -          
  

  

   
 

   
    

 



3532 3521

3522

 

 
 

  
      

 
          

   

     
 

 

  
] [

 

 
 



3523

  
     

 
  

  
   
  

 -

( , , , ) [ ]e

V

c c T dV

3532 3521



3524

T c
e

ˆ

ga gv
kB

f
vE

 

J t

P M

c

0å u
0

02 (1 )ij ij c c

0

0

0C

c n

n

 -

1  Phase Field
2  Stationary Structural

2

 1

(1 ) ln (1 ) ln ( )

( )

1

( )

v
f
v B

ag c c

E c c k T c c c

c

c

gvg cvg c

c J
t

J MP

2( ). 2
e

P c
c

) 2)) 2) 2)

2( ). ( 2 )
ec M c

t c
) 2) 2) 2) 2) 2)

01 ( )
2

e
e

1 ( )
2

Tu u

0 0(1 )( )e cC

3532 3521



3525

e.V/nm3

ms nm

 

1  Segregated

 nm2
x y x

 nm2 

 Table 1. Material property of nano-nickel

M
f
vE( )E T

8 2 56.6 10 3.3 10 14T T0.004 8.4T

 Fig. 2. Comparison of void evolution with temperature
change in nickel between simulation and experimental data. t

 Fig. 1. Comparison of concentration profile of stationary void
between Numerical and analytical solution.t

3532 3521



3526

c

–

–

K

K

K

x y

–

K

–

Fig. 3. Void evolution in nanostructure and stress distribution in 1500, 900 and 300K

3532 3521



3527

 –

–

 

–

nm2

K

K K

.

x y

ms x y

e.V/nm3

 K

ms

Fig. 4. Void concentration profile for sample 3-1 at 50ms

Fig. 5. Effect of temperature on void annihilation and growth.t

3532 3521



3528

 
 nm2

nm2   
  

 
 

K K

ms
 Fig. 6. Presentation of total stress field variation with temperature

and elastic modulus change in 25ms

Fig. 7.Effect of temperature and elastic modulus change on void growth under biaxial compression.t
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