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ABSTRACT

Metal–graphene (Gr) nanocomposites are regarded as potential anti-irradiation advanced materials for Gen-IV nuclear reactors. In this
work, a phase-field model was proposed to simulate helium (He) bubble evolution of nickel–Gr (Ni/Gr) nanocomposite during constant
irradiation at 800 K. Ni/Gr nanocomposite presented an earlier onset time of He bubble nucleation but eventually formed bubbles with
smaller size and lower density than those of pure Ni. The early He bubbles nucleated along Ni/Gr interfaces, while a He depletion zone
formed nearby consequently, which confirmed that Ni/Gr interfaces inhibit He bubble growth. The effects of vacancies and He atoms on
the He bubble growth rate were also quantitatively analyzed. The amount of irradiation-induced vacancies acted as an effective rate-control-
ling factor that determined the bubble growth rate with respect to the He atoms.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5084238

I. INTRODUCTION

Since graphene (Gr) was first isolated in 2004, it has received
wide attention due to its high mechanical properties, superior elec-
trical and thermal conductivity, and large surface area.1 Metal–Gr
nanocomposites can be prepared by incorporating Gr nanoparticles
into the metal matrix.2 This treatment can not only significantly
enhance the mechanical properties of the original metal matrix but
also effectively improve the corrosion resistance and radiation toler-
ance of the material. Many research groups have proven this phe-
nomenon. For example, Yang et al.3 demonstrated that the
interface in the Cu/Gr/Cu composite provides a strong sink in trap-
ping defects and selecting sites for their recombination by ab initio
calculations. Using molecular dynamics simulations, Gonzalez
et al.4 found that carbon nanotubes in the nickel (Ni) matrix act as
nanochimneys, thereby allowing helium (He) atoms to escape the
damaged zone and reduce bubble formation in the matrix. Kim
et al.5 revealed that ultrahigh-strength V–Gr nanolayers have excel-
lent radiation tolerance on the basis of He+ irradiation study. The
ability of Gr to hinder crack propagation also suppresses failure.
Therefore, metal–Gr nanocomposites are regarded as a new genera-
tion of advanced anti-irradiation materials for nuclear power with
substantial potential for application.

Future Gen-IV nuclear reactors with good functionality and
capability pose considerable challenges to structural materials
because of their extreme operating conditions. Particularly in
the molten salt reactor, demanding materials both can resist
molten fluoride corrosion and adapt to high neutron doses at
elevated temperatures.6–8 Ni-based superalloy is the candidate
material at present. However, the study of the irradiation effect
found that Hastelloy also exhibits substantial high-temperature
embrittlement during service.9 At high temperatures, the
diffusion of vacancies produced by neutron cascade collisions
and the He atoms from (n, α) transmutation reaction is acceler-
ated. They are easy to combine to form He bubbles and facilitate
growth with constant absorbing point defects, thereby resulting
in material swelling and embrittlement.10 To enhance the radia-
tion tolerance of Ni-based alloy further, researchers proposed
the Ni/Gr nanocomposite. Huang et al.11 performed He+ irradi-
ation experiments on Ni/Gr, which exhibits lesser crystal defects
than its pure counterpart.

Further research is needed to simulate the evolution of
He bubbles in Ni/Gr under irradiation conditions to clarify
the experimentally observed phenomena. Given the limitation
of space and time scale, molecular dynamics cannot reflect the
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morphological evolution and overall distribution of bubbles
well. Among the methods of mesoscopic simulation, rate theory,
cluster dynamics, and kinetic Monte Carlo are commonly used,
but these methods are still difficult to predict the complex
microstructure evolution accurately; meanwhile, the cost of cal-
culation is large.12

Since 2009, the phase-field method has been gradually
applied to simulate the irradiation effects of materials. This
method is beneficial because it enables the investigation of the
microstructural evolution driven by the free energy minimiza-
tion of the multiphase structures that interact via diffusion.13

Implementing a large spatial and time scale simulation in a
limited computation time is also possible. In simulating the irra-
diation effects, the phase-field method bridges from atomistic
simulations to macroscale simulations of material behavior,
through combining the kinetic and thermodynamic parameters
of defects calculated by atomic simulation with the defect gener-
ation and absorption terms used in rate theory.14 Hence, this
method can accurately predict the evolution of the microstruc-
ture of the material under irradiation conditions. For example,
Ahmed et al.15 demonstrated that phase-field model predictions
agree with grain growth classical theory in UO2. Ma et al.16

investigated the morphology of γ-hydride precipitation in Zr by
using a phase-field kinetic model, and the results agree well with
those of the TEM observations. Chang et al.17 found that the
magnitude of the applied tensile stress accelerated the void
swelling in the austenitic stainless steel, which is consistent with
former experimental observations.

In this work, we investigated the evolution of He bubbles in
Ni/Gr by using the phase-field method by combining with the
molecular dynamics calculation results and rate theory terms.
Elevated temperature and different irradiation conditions were
studied to understand the radiation tolerance of Ni/Gr.

II. THEORIES AND METHODS

A. Principle of the phase-field method

Instead of using atoms (molecular dynamics simulation), the
phase-field method describes the microstructure of materials by
one or several continuum variables, which are called field vari-
ables.18 For example, in the void growth in materials, the concen-
trations of vacancies and interstitials were used as field variables to
describe the distribution of voids in materials.17 The field variables
can be substituted into corresponding time-dependent kinetic
equations, as shown in Eqs. (1) and (2). A series of time-varying
variables can be obtained by solving the kinetic equations, thereby
reflecting the microstructure evolution.

The phase-field simulations of He bubble growth in Ni/Gr
were conducted based on three assumptions, as follows: (1) He
bubbles comprise the combination of He atoms and vacancies and
(2) the bubble and solid phases can be distinguished by continu-
ously varying order parameters η(x, y). When η(x, y) � 0, the
phase state of the point is the solid phase. Meanwhile, when
η(x, y) � 1, the phase state is the bubble phase.18 (3) Given that the
diffusion rate of the interstitial atoms is much larger than the
vacancies, most of the atoms migrate to the surface and disappear

or absorbed by other defects.19 Therefore, the interstitial atoms
were disregarded in this study.

On the basis of the assumptions above, we selected the
vacancy concentration cv, He atom concentration cg, and order
parameter η as the field variables to describe He bubble evolution.
The temporal evolution and spatial distribution of the three vari-
ables were calculated using the corresponding kinetic equations:

@cv
@t

¼ r Mvr 1
N

δF
δcv

� �
þ ξv(r, t)þ Pv(r, t)� Sv(r, t), (1)

@cg
@t

¼ r Mgr 1
N

δF
δcg

� �
þ ξg(r, t)þ Pg(r, t)� Sg(r, t), (2)

@η

@t
¼ �L

δF
δη

þ ξη(r, t): (3)

Equations (1) and (2) are the Cahn–Hilliard-type equations20

modified by the inclusion of point defect source and sink terms,
respectively. Meanwhile, Eq. (3) is an Allen–Cahn-type equation.21

The first terms in the right-hand sides of Eqs. (1) and (2) capture
chemical diffusion and are typically used in the phase-field models,
in which M represents the defects mobility. These equations are
as follows:

Mv ¼ Dvcv
kBT

, (4)

Mg ¼ Dgcg
kBT

: (5)

The terms added onto Eqs. (1) and (2) represented the
various defect performances that exist in a material undergoing
irradiation damage. First, the stochastic functions ξ represent
thermal fluctuations that can be thought as terms that represent the
trapping and release of mobile point defects by subcritical clusters
within the matrix.22

The ongoing production of vacancies and gas atoms due to
irradiation was incorporated into the model via the source terms P.
They are simply described as a linear function of vacancy concen-
tration Pi ¼ P0

i (1� cv), (i ¼ vac, gas), so that the production of
vacancies and gas atoms is zero in bubbles. The main source of
vacancies was the displacement damage caused by the neutron
cascade collisions, and He atoms came from the (n, α) transmuta-
tion reaction. Therefore, the P0

v and P0
g values represent the degree

of displacement damage and the rate of transmutation reaction
caused by irradiation, respectively. In this study, we assume that an
atomic displacement has a 20% probability of generating a vacancy.
The final terms S were the defect sink terms, which are defined
as follows:

Sv ¼ SIntv (1� w)cv , (6)

Sg ¼ SIntg (1� w)cg , (7)

where the parameter SInti describes the annihilation efficiency of
defects that can vary for different interface types. The parameter w
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was used to spatially distinguish matrix regions (w ¼ 1) from the
interface regions (w , 1),23 and is defined as w ¼ Pp

i¼ 1 w
2
i , where

fi are order parameters representing unique grain orientations.
The main driving force of the microstructure evolution was the
minimization of the multiphase structures’ free energy F. The func-
tion of F with respect to the field variables is defined as follows:

F ¼ N
ð
[ h(η) f solid(c)þ j(η) f bubble(c)þ f grad(c, η)] dV : (8)

The multiphase structure consists of three parts of free energy,
namely, bulk solid, bubble, and gradient energies that were
expressed cv, cg, and η, respectively. η can distinguish the bubble
regions from the solid regions. Thus, the expression of η can be
used to differentiate solid and bubble phases’ contribution to
the total free energy of the system, that is, in the bubble phase, if
η ¼ 1 and h(η) ¼ (η� 1)2 ¼ 0, then the contribution of the solid
energy is 0. Similarly, in the solid phase, if η ¼ 0 and
j(η) ¼ η2 ¼ 0, then the contribution of the bubble energy is
also 0. The three types of free energy are specifically defined as
follows:

f solid ¼ Ef
vcv þ Ef

gcg þ kBT[cvln(cv)þ cg ln(cg)

þ (1� cv � cg)ln(1� cv � cg)], (9)

f bubble ¼ (cv � 1)2 þ [μ0gcg þ cgkBT ln(cg)þ cgkBT ln(kBT)], (10)

f grad ¼
X κψ

2
jrψj2, ψ ¼ cv , cg , η: (11)

The free energy of the solid and bubble phases was mainly
generated by the concentration of their heterogeneous constituents,
where Ef is the formation energy of the defect, and μ0g is the refer-
ence chemical potential of the gas atoms in the gas phase. The gra-
dient energy was generated by the difference in the concentration
at the heterophase interface.

B. Phase-field model of Ni/Gr

According to a previous study,24 the formation energies of
defects Ef at Ni matrix and Ni/Gr interface are different, which
will lead to the different morphological evolutions of defects
from those in pure Ni. Therefore, we can simulate the heteroge-
neous material by setting different defect formation energies at
the matrix and interface. We also endue the interface with the
ability of annihilating defects; therefore, the parameter SInti
mainly accounts for the annihilation efficiency of vacancies and
He atoms at the Ni/Gr interface, which is given in Table I as
constant. The defect sink term only works on the Ni/Gr interface,
and the value in the matrix is 0 (w ¼ 1). Four models were estab-
lished, as shown in Fig. 1. Model A was pure Ni with a size of
128l*× 128l*, l* is the characteristic length, and l* = 1 nm.
Model A was used to explore whether the variation trends of the
three field variables are consistent. The simulation size of model
B was 256l*× 256l*, and three Grs of different morphologies were
incorporated to compare the radiation tolerance of Ni/Gr
with pure Ni. Model C was a simplified Ni/Gr model, which

incorporated only one Gr in the central region and a variety of
irradiation conditions were set to explore the evolution regularity
of He bubbles on the Ni/Gr interface. The width of the Ni/Gr
interface is the same as the characteristic length. The Gr is

FIG. 1. Four phase-field models of pure Ni and Ni/Gr: (a) pure Ni, (b) Ni/Gr
with three Gr, (c) Ni/Gr with one Gr, and (d) polycrystalline Ni.

TABLE I. Material properties of Ni/Gr used in the simulations.

Physical parameter Symbol Value Reference

Temperature T 800 K This work
Characteristic length l* 1 nm This work
Vacancy diffusivity Dv 5.69 ×

10−10 m2/s
19

He diffusivity Dg 9.10 ×
10−6 m2/s

29

Vacancy formation energy
in Ni

Ef
v 1.4 eV 24

He formation energy in Ni Ef
g 4.5 eV Unpublished

result
Vacancy formation energy in
the Ni/Gr interface

E*
v 1.0 eV 24

He formation energy in the
Ni/Gr interface

E*
g 3.5 eV Unpublished

result
Vacancy annihilation
efficiency

SIntv 0.05 This work

He annihilation efficiency SIntg 0.01 This work
Gradient energy coefficients kv, g,h 1.15 ×

10−7 J/m
This work
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included in the Ni/Gr interface because the width of Gr is so
small compared to its interface. The Ni/Gr interface distinguishes
from the matrix by setting different w values as Model C shows.
Model D was polycrystalline Ni with a size of 512l*× 512l*. In
this model, the value of l* was chosen as 10 nm and different
grains had corresponding fi values.25 Model D was used to
investigate the role of different formation energy play in the evo-
lution of He bubble.

In this work, we adopted the finite difference discretization
to obtain the numerical solution of Eqs. (1)–(3). Solving equa-
tions in reduced from with nondimensionalized value. Thus, all
parameters are normalized and can be derived as follows: length
scale λ ¼ l=l* , time scale τ ¼ t=t* (t*¼λ2=Dv), and energy scale
ε ¼ E=kBT . The parameters used in the simulation are listed in
Table I. The study on the He formation energy in the Ni and
Ni/Gr interfaces has been previously conducted by our group.
The gradient energy coefficients (κ) for vacancies, gas atoms, and
η are assumed to be the same. The interfacial energy (γ) between
Ni and He bubble can be numerically determined by κ following
the approach of Cahn,20 its derivation is given in the supplementary
material. Throughout this paper, we use κv= κg= κη= 1.15× 10−7 J/m,
resulting in γ = 2.48 J/m2, which is close to the value obtained from
the previous study.26–28

III. RESULTS AND DISCUSSION

A. Bubble evolution in pure Ni and polycrystalline Ni

We first simulated the evolution of He bubbles in pure Ni
(model A) and imaged the time-varying field variables obtained by
solving the kinetic Eqs. (1)–(3). Figure 2 shows the change in cv, cg,
and η at progressive instances in time during an irradiation simula-
tion. With the continuous generation of vacancies and He atoms,
He bubbles nucleated randomly in space and grow. In this process,
the cv value inside the bubbles was close to 1, and the cg value was
approximately 0.1. The change in η corresponded to the distribu-
tion and evolution of the He bubbles, which was consistent with cv
and cg. These results confirmed that the simulated He bubble
comprises vacancies and He atoms, and η can distinguish the
bubble phase from the solid phase, which proved the accuracy of
the phase-field model. In the follow-up simulations, we used η to
reflect the evolution of the bubble.

In addition to monocrystalline Ni, we also investigated
polycrystalline Ni. The source term of vacancy and He induced
from irradiation remained the same as above. As shown in Fig. 3,
bubbles were mainly formed at the grain boundary, which agreed
with the experimental results. The slightly lower formation energy
of defects at grain boundaries than that of matrix30 in our work

FIG. 2. Simulation snapshots of He
bubble nucleation and growth in pure
Ni. The top-to-bottom rows represent
the contour plots of (a)–(c) vacancy
concentration cv, (d)–(f ) He atom con-
centration cg, and (g)–(i) order parame-
ter η.
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played an important role in boundary segregation. Therefore, we
believe that this characterization can also be used to describe the
Ni/Gr interface if the accurate formation energy of defects
is provided.

B. Comparison of Ni/Gr with pure Ni

After demonstrating the feasibility of the phase-field method
in the He bubble growth simulation, we conducted a case study
by comparing the radiation tolerance of Ni/Gr with pure Ni.
As described above, a Ni/Gr model (model B) was constructed in
the simulation. The irradiation condition was 1 dpa for displace-
ment damage and 2 at. % for the total concentration of He atoms.
The simulated duration was 4000 τ; thus, P0

v ¼ 5� 10�5τ�1 and
P0
g ¼ 5� 10�6τ�1.

To compare He bubble evolution of Ni/Gr and pure Ni
quantitatively, we calculated the porosity, final number, and mean
size of bubbles via field variables, and the data are shown in Fig. 4.
The nucleation time of bubbles in Ni/Gr was much earlier than
that of pure Ni, and the final porosity and the number of He
bubbles were less than those of pure Ni. The porosity of Ni/Gr
slightly increased at 1100 τ, which indicated the formation of
some small bubbles. According to a previous study,28 nucleation
time is the key factor affecting the final morphologies of bubbles.
Those early formed bubbles began the absorption of vacancies
and He atoms, thereby inhibiting the increase in the defect con-
centration of matrix, which resulted in lower final porosity and
bubble number than those of pure Ni. Therefore, the early nucle-
ation time is the origin of anti-irradiation properties of Ni/Gr.
However, some questions, such as where the first nucleation
occurs and why does the porosity decrease before stabilization,
remain unanswered.

We imaged the time-varying field variable η to investigate the
evolution of He bubbles, as shown in Fig. 5. Bubbles were preferen-
tially nucleated at the Ni/Gr interface, where the formation energies
of vacancies and He atoms are lower than those of matrix (Table I).
With the continuous generation of irradiation-induced vacancies,
the next round of nucleation started in the Ni matrix at

approximately 2400 τ. Finally, bubbles formed in the entire irradi-
ated bulk, but a depletion region of bubbles existed around the
interface. This phenomenon was observed due to the defect
absorption of preferentially formed bubbles at the Ni/Gr interface
as mentioned above, thereby resulting in the extremely low con-
centrations of vacancies and He atoms nearby to be nucleated.

Some bubbles disappeared from 2600 τ to 2800 τ, as shown in
Figs. 5(d) and 5(e). This finding corresponded exactly to the
decrease in Ni/Gr porosity. He bubbles can grow through the
Ostwald ripening mechanism, that is, bubbles can absorb vacancies
and He atoms dissociated from the small bubbles nearby.32

Therefore, the total porosity may present a decreasing trend at a
stage due to the disappearance of small bubbles, but the size of the
large bubbles does not rapidly change. A similar phenomenon
occurs after the first nucleation of bubbles in pure nickel. But soon,
its porosity began to rise again.

C. Bubble evolution under different irradiation
conditions

To explore the regularity of bubble evolution and determine
the role of interface further, we constructed a simplified Ni/Gr
model (model C) with different irradiations. We varied two key
parameters in this set of simulations. Three different P0

g values with
the same P0

v were established to reflect the evolution of the bubble
under different transmutation reaction rates, whereas three different
P0
v values with the same P0

g were set to study the influence of the
displacement damage of the materials.

As shown in Fig. 6, porosity was first calculated, and the varia-
tion trend was consistent with the bubble evolution presented in
Fig. 5. The first slight increase in porosity corresponded to bubble
nucleation at the Ni/Gr interface, and the subsequent increased
corresponded to the nucleation and growth process in the Ni
matrix. The higher the intensity of irradiation is, the higher the

FIG. 3. (a) Simulation snapshot of the intergranular bubbles in polycrystalline
Ni. (b) Microscopy image of the intergranular bubbles from a previous study.31

Reproduced with permission from Zacharie et al., J. Nucl. Mater. 255, 85
(1998). Copyright 1998 Elsevier.

FIG. 4. Evolution of the porosity of Ni/Gr and pure Ni. The final number and
mean size of bubbles are listed in the upper table.
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FIG. 5. Simulation snapshots of bubble nucleation and growth in Ni/Gr with three Gr. The simulation times are (a) 1000, (b) 2000, (c) 2400, (d) 2600, (e) 2700, and (f )
2800 τ. The red arrow points to the vanishing bubble.

FIG. 6. Evolution of porosity in the presence of different (a) transmutation reaction rates and (b) degree of displacement damages.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 125, 215304 (2019); doi: 10.1063/1.5084238 125, 215304-6

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


final stable porosity will be. Comparing Figs. 6(a) and 6(b)
showed that the influence of the displacement damage on the
bubble evolution was more evident than those of different trans-
mutation reaction rates, which were mainly manifested by the differ-
ence in nucleation time. Thus, the change in material properties
caused by displacement damage is significant. According to the
bubble mechanics, the number of He atoms contained in a bubble of
radius R can be described as ng= 8πγR2/3kT, whereas the number of
vacancies was nv= 4πR3/3Ω. The ng value increased as R2 increased,
but nv increased with the increase in R3. This phenomenon indicated
that with the increase in the bubble radius R, much more vacancies
were needed than the He atoms. Therefore, we can easily understand
why vacancies act as an effective rate-controlling factor to determine
the rate of bubble growth.

The final bubble number and mean size were calculated and
shown in Fig. 7. As shown in Fig. 7(a), both numbers and sizes

increased with the increase in He atom production rate when the
displacement damage was constant. The generally accepted expla-
nation for this phenomenon is that whether bubble can be nucle-
ated is dominated by the fluctuation in free energy. We calculated
the free energy at each grid by using Eqs. (8)–(11), and the results
are shown in Fig. 8. A high cg corresponded to high free energy,
which indicated the considerable extent of system deviation from
the equilibrium. Gas atoms act as trapping sites for vacancies and
simultaneously represent the nucleation sites for bubbles.33 Thus, a
slight disturbance, such as defect concentration gradient, which
comes from the stochastic functions ξ, can promote He bubble
nucleation. Therefore, the number density of bubbles is large with
high cg. This also explained the presence of more bubbles in pure
Ni than those in Ni/Gr. The late nucleation time will cause an
increase in the overall cg, corresponding to high free energy. Hence,
the number and size of bubbles are large, thereby resulting in

FIG. 7. Final number and mean size of He bubbles in the presence of different (a) transmutation reaction rates and (b) degree of displacement damages.

FIG. 8. Plot of the free energy at each grid with different P0
g values: (a) P0

g ¼ 2:5� 10�6τ�1, (b) P0
g ¼ 5� 10�6τ�1, and (c) P0

g ¼ 2:5� 10�5τ�1 when simulation
time was 1200 τ.
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considerable radiation-induced swelling and embrittlement in pure
Ni. In Fig. 7(b), the bubble size increased more significantly with
the rate of vacancy increased. As mentioned above, vacancies domi-
nate the size change of the bubble.

IV. CONCLUSION

A phase-field model was proposed to investigate the He bubble
evolution of the Ni/Gr nanocomposite in this work. The time evolu-
tion of the vacancy and He atoms concentration cv, cg, and the order
parameter η were selected to describe the He bubble growth. First,
several preliminary simulations were performed on the Ni system,
which proved the feasibility of the phase-field model on the He
growth problem. Afterward, simulations on the He bubble evolution
of the Ni/Gr during constant irradiation were carried out. The results
showed that Ni/Gr presented an earlier bubble nucleation time than
pure Ni but formed bubbles of smaller size and lower quantity
density eventually. Based on the image of bubble evolution in Ni/Gr,
we can observe that the bubbles nucleated along the Ni/Gr interfaces
preferentially, and the He depletion zone formed in the nearby
interfaces, which confirmed that Ni/Gr interfaces inhibit He bubble
growth. Combining the knowledge of bubble growth mechanisms,
the results demonstrated that the number of irradiation-induced
vacancies acted as an effective rate-controlling factor that determined
the rate of bubble growth with respect to the He atoms. The higher
bubble number in pure Ni than that in Ni/Gr was explained in terms
of free energy. Finally, the simulation results and analysis may
provide a reference for the design of the structural materials for
Gen-IV nuclear reactors.

SUPPLEMENTARY MATERIAL

See the supplementary material for the calculation of interfa-
cial energy between the solid and the bubble phase.
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