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In the present work, the effects of Ni atoms and vacancy concentrations (0.1%, 0.5%, 1.0%) on the formation process
of Cu solute clusters are investigated for Fe–1.24%Cu–0.62%Ni alloys by molecular dynamics (MD) simulations. The
presence of Ni is beneficial to the nucleation of Cu precipitates and has little effect on coarsening rate in the later stage
of aging. This result is caused by reducing the diffusion coefficient of Cu clusters and the dynamic migration of Ni
atoms. Additionally, there are little effects of Ni on Cu precipitates as the vacancy concentration reaches up to 1.0%,
thereby explaining the embrittlement for reactor pressure vessel (RPV) steel. As a result, the findings can hopefully provide
the important information about the essential mechanism of Cu cluster formation and a better understanding of ageing
phenomenon of RPV steel. Furthermore, these original results are analyzed with a simple model of Cu diffusion, which
suggests that the same behavior could be observed in Cu-containing alloys.
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1. Introduction
The nucleation and growth of Cu-rich clusters have been

proved to play an important role in the microstructural and
mechanical properties in RPV steel. Dislocation glide is im-
peded and yield strength is increased due to the formation
of Cu clusters, which leads to the embrittlement in RPV
steel.[1,2] The continuous irradiation by fast neutrons causes
a super-saturation of vacancies and self-interstitials and en-
hances the diffusion of Cu, which occurs via the vacancy
mechanism. Over the last sixty years, Cu precipitates have
been extensively studied in experiment and theory. In the
experimental aspect, small-angle x-ray neutron scattering,[3]

transmission electron microscopy (TEM),[4,5] atom probe to-
mography (APT),[6,7] etc. have been utilized to analyze the
structural, compositional, and morphological evolutions of Cu
precipitates.[8–15] In the theoretical aspect, multi-scale simu-
lations have been performed to study the formation and evo-
lution of Cu-rich clusters or precipitates, phase transition, Cu
diffusion in α-Fe[16–22] and interactions between Cu clusters
and vacancies.[23–33]

Investigations have shown that Cu nano-clusters may
consist of not only pure Cu but also complexes, such as
CumNin clusters,[29,31] which have the lower formation en-
ergies than that of pure Cu cluster.[19,34] In general, the lit-
erature data show that the main function of Ni atoms in the

Cu-contained ferric alloys can accelerate the precipitation of
Cu clusters[35–37] and increase the quantity of Cu clusters[38]

during ageing. High vacancy concentration can also increase
Cu clusters precipitating.[39] However, according to Wang et
al.’s study,[40] Ni atom has a temporal delay effect on Cu pre-
cipitate with a specific behavior of inhibiting Cu precipitation
during ageing, which is poorly explained. Moreover, recently
published calculations only focus on the influence of vacancy
concentration or Ni atom on Cu precipitate, and few studies
show consideration of the interaction between vacancy con-
centration and Ni atom for Cu precipitate on an atomic scale.

In the present work, MD simulations are employed to in-
vestigate the influences of vacancy concentration and Ni atom
on the formation process of Cu solute cluster in Fe–Cu–Ni
ternary alloy. The diffusion coefficient as well as the size of
Cu cluster is calculated to evaluate the Cu diffusivity. Results
of Fe–Cu–Ni alloy and Fe–Cu alloy under different vacancy
concentrations are compared to explain the promotion and in-
hibition effect of Ni atom on Cu precipitation with ageing time
increasing. Ni atoms accelerate Cu precipitation at the nucle-
ation stage, while inhibit Cu precipitation at the coarsening
stage. Moreover, for the alloy with 1.0% vacancy concentra-
tion, Ni atoms, compared with vacancy concentration, have
little effect on Cu diffusion. These results provide important
information about essential mechanism for Cu enriched cluster
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formation to understand ageing phenomenon of RPV steel.

2. Molecular dynamics simulation details
The MD simulations are carried out by using the

large-scale atomic molecular massively parallel simulator
(LAMMPS) code.[40,41] For metals, the interaction between
atoms are typically described by the embedded-atom method
(EAM) potential. The Fe–Cu–Ni EAM potential,[35] which is
well suitable for the present study, is employed to describe the
alloy thermodynamic properties and the interactions between
solute atoms and point defects. The equilibrium solubility of
Cu in Fe-matrix, obtained through this potential agrees well
with the experimental value.

Cu clusters in Fe–1.24%Cu–0.62%Ni (Fe–Cu–Ni) alloys
with vacancy concentrations of 0.1% (0.1%v), 0.5% (0.5% v),
and 1.0% (1.0% v), and in Fe–1.24%Cu (Fe–Cu) alloys with
vacancy concentrations of 0.1% (0.1% v) and 1.0% (1.0% v)
have been studied at 773 K. All percentages mentioned in this
paper are atomic percentages unless otherwise stated. The va-
cancy concentration values of about 0.1% to 1.0% adopted
in this paper are necessary, because otherwise MD simula-
tions would be too slow. According to previous studies,[42]

the vacancy concentration range is rational, which does not
change the Cu cluster formation mechanism. A cubic sim-
ulation cell containing the bcc-Fe lattice with x direction, y
direction, and z direction parallel to the [100], [010], and
[001] axes is constructed. The dimensions of the cube are
35a× 35a× 35a (85750 lattice sites), where a is the lattice
constant (a = 2.855 Å) of bcc-Fe. Three-dimensional peri-
odic boundary conditions are used to avoid the surfaces ef-
fects. In order to obtain Cu-rich clusters, simulation systems
are relaxed in 2×105 steps with NPT ensemble. Subsequently,
simulations are carried out in 2.5×108 steps with NVT ensem-
ble under the same temperature and pressure conditions. The
MD time step is 2 fs. The specific simulation parameters are
presented in Table 1. To visualize the formation process of Cu
cluster, OVITO[43] and VMD[44] are used.

Table 1. General conditions of the molecular dynamics (MD) simula-
tions.

Parameter Simulation value

Alloy Fe–1.24%Cu–0.62%Ni alloy
Potential of alloy EAM
Model size 35a×35a×35a (a = 2.855 Å)
Boundary condition PPP
MD time step 2 fs
Vacancy concentration 0.1%, 0.5%, 1.0%

In the present work, the radial distribution function (RDF)
is calculated to indicate the phase transition process. The mean
square displacement (MSD) of Cu atoms is calculated to indi-
cate the diffusion process. The MSD is defined by the follow-

ing equation:[27]

〈
R2(t)

〉
=

NCu
∑
j

[
r j(t)− r j(0)]

2

NCu
, (1)

where t is the simulation time, r j (0) is the initial position of
the j-th atom, r j(t) is the position at times t of the j-th atoms,
〈R2(t)〉 is MSD, and NCu is the total number of Cu atoms in
the system.

The diffusion coefficient D∗ (at a given temperature and
vacancy concentration) in α-Fe can be obtained from the fol-
lowing equation:[45]

D∗ =

〈
R2(t)

〉
6t

. (2)

In order to analyze the evolution of Cu cluster, the size
and atom number of Cu cluster are determined based on the
study of Miller.[46] The cutoff distance for the interatomic po-
tential is equal to 4.0 Å. This value is determined by the third
nearest neighbor interaction of Cu atom. That is to say, atoms
whose interatomic distance is less than 4.0 Å are considered
to have interatomic interactions and form Cu cluster. Cux is
defined as the number of Cu atoms contained in a Cu cluster,
which is equal to or greater than x. Cumax represents the num-
ber of Cu atoms contained in the largest cluster and CuNimax

represents the atom number in maximum co-composed cluster
of Cu atoms and Ni atoms.

3. Results and discussion
3.1. Effect of Ni atoms on Cu diffusion in Fe–Cu–Ni

ternary alloy

The MSDs of Fe, Cu, and Ni atoms in Fe–Cu–Ni ternary
alloy with a vacancy concentration of 0.1% at 773 K are shown
in Fig. 1(a). It can be obviously found that the MSD of Cu
atoms is much greater than those of Ni and Fe atoms, which
implies that Cu atoms of Fe–Cu–Ni alloy have longer distance
diffusion capability. Therefore, Cu atoms are the main compo-
nent of cluster in Fe–Cu–Ni ternary alloy. The MSDs of Fe and
Ni atoms in Fe–Ni binary alloy can be seen in Fig. 1(b). The
MSDs of Ni and Fe atoms, different from those in Fig. 1(a), are
essentially coincident. While the MSD of Ni atoms in Fig. 1(a)
is higher than that of Fe atoms in Fig. 1(a) and Ni atoms in
Fig. 1(b), we can conclude that Cu atoms can promote the pro-
liferation of Ni atoms, which fits well to the results of Wei et
al.[47]

The Cu MSD curves in Fe–Cu–Ni and Fe–Cu alloys with
a vacancy concentration of 0.1% are shown in Fig. 2. Obvi-
ously, between points A and B, the value of Cu MSD in Fe–
Cu–Ni ternary alloy is larger than that in Fe–Cu binary alloy,
which indicates that Ni atoms accelerate Cu diffusion in ferric
alloy. Moreover, in the respect of energy, the cohesive en-
ergies of Cu and Ni are 3.49 eV/atom and 4.44 eV/atom,[48]

083601-2



Chin. Phys. B Vol. 26, No. 8 (2017) 083601

respectively, which means that the Cu clusters formed in Fe–
Cu–Ni alloy are more stable and more easy to grow into larger
clusters due to the addition of Ni atoms.
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Fig. 1. (color online) (a) MSDs of Fe, Cu, Ni atoms in Fe-1.24% Cu-
0.62% Ni alloy with vacancy concentration of 0.1%, (b) MSDs of Fe,
Ni atoms in Fe-0.62% Ni alloy with vacancy concentration of 0.1%.
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Fig. 2. (color online) MSDs of Cu atoms in Fe-1.24% Cu-0.62% Ni and
Fe-1.24% Cu alloys with vacancy concentration of 0.1%.

From the above discussion, we know that Cu atoms and
Ni atoms interact with each other during the formation of Cu
precipitates in Fe matrix. So we divide the Cu diffusion into
three stages according to different interaction behaviors be-
tween Cu and Ni atoms. Stage I is for the free diffusions of Cu
and Ni atoms, stage II is for the mutual promotion between Ni
and Cu atoms, and stage III is for the inhibition of Ni atoms on
Cu diffusion. These three stages correspond to 0–A segment,
A–B segment, and B afterward segment in Fig. 2. In 0–A seg-
ment, the Cu MSD curves in these two alloys are substantially
coincident. In A–B segment, it can be clearly found that the
addition of Ni atoms can significantly increase the Cu MSD
value. Thus, Ni atoms can promote Cu precipitation obviously

at the initial stage, which fits well to the results of Al-Motasem
et al.[34,49] From B afterward segment, it can be found that the
Cu MSD value of 0.1% v Fe–Cu–Ni alloy is less than that of
0.1% v Fe–Cu alloy. This phenomenon reveals that Ni atoms
have a temporal delay effect on Cu precipitation when the sim-
ulation is carried out to a certain time, which is 318.994 ns in
this paper. In other words, we conclude that Ni atoms accel-
erate Cu precipitation at the nucleation stage, and inhibit Cu
precipitation at the coarsening stage.

The composition of Cu precipitates during ageing has
been debated for a long time. The classical theory of nucle-
ation predicts the formation of precipitates with a composi-
tion close to the equilibrium one, i.e., the formation of almost
pure Cu cluster. In order to give an in-depth insight into the
influence of Ni on the formation of Cu cluster, the specific
configurations of Cu and Ni atoms are shown in Fig. 3. The
formation and annihilation of the clusters, which form in the
equilibrium process, are all undergoing in the whole simula-
tion process. Cu and Ni atoms gather into small clusters, and
then these small clusters grow into big ones, acting as precip-
itation precursors. The acceleration of Ni atoms on Cu dif-
fusion has been discussed before.[37] In this part, we explain
the inhabitation of Ni atoms on Cu diffusion. Therefore, the
visualization patterns of Cu diffusion after 200 ns have been
chosen. Additionally, Fe atoms are not displayed for clarity.
According to the study of Isheim et al.,[50] as the number of
solute atoms in one cluster is equal to seven, the number of
atoms in this cluster is more than ten in RPV steel. There-
fore, the clusters which we discuss in this part are not small.
Furthermore, the cluster analysis in this simulation has care-
fully performed to avoid detecting the statistical fluctuations
of solute atom concentration.

Figures 3(a) and 3(b) show the snapshots at 200 ns and
220 ns, respectively. These two moments are at stage II of Cu
diffusion. Small clusters coalesce into big ones by the interac-
tion between Cu–Cu and Cu–Ni bonds. Obviously Ni atoms
are located at the connection positions of three Cu clusters,
and then the three small Cu clusters merge into big ones as
shown in region I of Fig. 3(a). With the simulation process
progressing, Cu clusters gradually grow up. Accordingly, the
above process can be described as large Cu clusters growing
from small and subcritical clusters.

From region II through Figs. 3(a)–3(d), it can be seen that
the structure of Cu cluster is basically stable and the atoms of
some Cu clusters increase up to a certain number. Ni atoms are
rejected from the core to interface[47] and the stable structure
of Cu cluster presents a similar spherical appearance, where
Ni atoms scatter around the Cu core. These configurations
are core-shell structure,[34,36,37,51] which is due to the dynamic
migration of Ni atoms. Furthermore, Ni atoms have a strong
tendency toward forming Fe–Ni bonds in Fe–Cu–Ni ternary
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alloy,[52] and gradually Ni atoms are excluded from the Cu
cluster to the interface between the Cu cluster and Fe-matrix
over time.
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Fig. 3. (color online) Formation of Cu clusters of Fe-1.24% Cu-0.62% Ni
alloys with vacancy concentration of 0.1% (Fe atoms are not displayed for
clarity.) at (a) 200 ns, (b) 220 ns, (c) 300 ns, (d) 340 ns.
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Fig. 4. (color online) (a) Variations of Cu4 number with ageing time in
Fe-1.24% Cu-0.62% Ni alloy and Fe-1.24% Cu alloy with vacancy con-
centration of 0.1%, (b) variations of Cumax and CuNimax number with
ageing time in Fe-1.24% Cu-0.62% Ni alloys and Fe-1.24% Cu alloys
with vacancy concentration of 0.1%.

Ni segregates into the core region of the precipitate at
the initial formation stage and can be pushed away from the
core towards the interface of the precipitates for the follow-
ing growth stage. This is consistent with phase field,[53] first

principles[54] and Langer–Schwartz[38] simulations. These
phenomena were also observed experimentally.[51,55]

To compute the size of precipitate in the simulations, we
only take into account clusters, in which the number of solute
atoms is more than four, connected with at least one nearest
neighbor bond. The exact value of this critical size does not
significantly affect the results for time above 1 fs — it does
not change, in particular, the comparison with experimental
results. Figure 4 shows the changes of the numbers of Cu4,
Cumax, and CuNimax with time in Fe–Cu–Ni ternary alloy and
Fe–Cu binary alloy under a vacancy concentration of 0.1%.
It can be illustrated that the Cumax curves are unstable and
gradually increase along stage I and stage II, and the value
of Cumax becomes stable when the Cu diffusion enters into
stage III shown in Fig. 4(b). It can be concluded that Ni atoms
promote Cu precipitate in the early stages of ageing, and the
number of Cu4 in 0.1% v Fe–Cu–Ni alloy is more than that in
0.1% v Fe–Cu alloy as indicated from Fig. 4(a). The values
of Cumax in 0.1% v Fe–Cu–Ni alloy and 0.1% v Fe–Cu alloys
shown in Fig. 4(b) illustrate that there is no significant effect
of Ni atoms on Cumax at the stable stage after 260 ns in this
simulation.

3.2. Effect of vacancy concentration on Cu diffusion in Fe–
Cu–Ni ternary alloy

The MSD curves of Cu with three different vacancy con-
centrations in Fe–Cu–Ni ternary alloys are shown in Fig. 5.
Corresponding intersections of each curve are described as
points A, B, C, and D with coordinates presented in Table 2.
Before point A, the diffusion coefficients of Cu in 1.0% v Fe–
Cu–Ni alloy, 0.5% v Fe–Cu–Ni alloy, and 0.1% v Fe–Cu–Ni
alloy are DFeCuNi1.0%v = 0.261× 10−9 cm2/s, DFeCuNi0.5%v =

0.211× 10−9 cm2/s, and DFeCuNi0.1%v = 0.034× 10−9 cm2/s,
respectively, which lead to a ratio of 8:6:1. Hence it can be
inferred that the higher the vacancy concentration, the greater
the diffusion rate of Cu atoms at the early stage of ageing is.
After point A, the slopes of Cu MSD curves become sharply
lower with high vacancy concentration, for which the reason is
that with more vacancies in the initial model, it is more likely
to form vacancy clusters.[42] Furthermore, from the study of
Ludwig et al.,[16] the vacancy precipitates more easily in Cu
cluster than in α-Fe. Frédéric Soisson et al.[42] have also ob-
served that the trapping of the vacancy vibrates dramatically
during the Cu precipitation in pure iron. From then on, Cu
diffusion in Fe–Cu–Ni alloys decreases with vacancy density
increasing. In other words, vacancy dominantly precipitates
in higher vacancy concentration during ageing, which corre-
sponds with the previous study.[56] Between points B and D, it
can be found that the MSD value of Cu is larger in lower va-
cancy concentration. This difference can be explained by the
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vacancy–vacancy interaction, i.e., the mono-vacancies rapidly
aggregate into vacancy clusters, which leads to a decrease in
Cu diffusion. In general, the diffusions of Cu and Ni atoms in
α-Fe occur via a vacancy diffusion mechanism.[39,57] Accord-
ing to the comparison of MSD tendency in Fe–Cu–Ni alloy
between the vacancy concentration of 0.1% and 1.0%, 0.1%,
and 0.5%, the result is substantially similar to that obtained by
Osetsky et al.[39] But there is an intersection which appears af-
ter 150 ns in this simulation and is marked as point D in Fig. 5.
It can be traced that the vacancy concentration gap between
0.5% and 1.0% is small and the atomic configurations are more
stable after point B, so the trend-proliferation of Cu MSDs be-
comes closer with ageing time and the intersection point D
appears at 163.856 ns. It can be inferred that the fluctuation
of Cu MSDs around point D having a similar tendency is due
to the influence of mono-vacancy concentration. Through the
comparison between Cu MSDs in 0.5% v and 1.0% v, after
point D, the Cu MSDs increase with vacancy concentration
increasing For that, the Cu MSD for mono-vacancy concen-
tration with a 1.0% vacancy concentration is slightly higher
than that with a 0.5% vacancy concentration.

Table 2. Intersections of Cu MSDs with different vacancy concentra-
tions of Fe–1.24%Cu–0.62% Ni alloys.

Point Coordinates (t/ns, MSD/Å2)

A (13.498, 7.9611)

B (50.298, 11.3806)

C (53.598, 11.8157)

D (163.856, 15.3916)

In order to reveal what has happened more clearly around
intersections with different vacancy concentrations of Fe–Cu–
Ni alloys, gCu−Cu(r)s are calculated and shown in Fig. 6,
which correspond to 8 moments (0 ns, 10 ns, 20 ns, 40 ns,

60 ns, 140 ns, 180 ns, 200 ns) before and after each intersec-
tion in Fig. 5.
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Fig. 5. (color online) Time-dependent MSDs of Cu atoms in Fe–1.24%Cu–
0.62% Ni alloys with vacancy concentration of 0.1%, 0.5%, and 1.0%.

Figure 6(a) describes the gCu−Cu(r) with different va-
cancy concentrations at 0 ns. As reflected in Fig. 6(a), all
peaks of gCu−Cu(r) of Fe–Cu–Ni alloys with different vacancy
concentrations are homogeneous. It indicates that Cu atoms
in Fe–Cu–Ni alloys distribute uniformly at 0 ns. By compar-
ing Fig. 6(b) with Fig. 6(c), conclusion can be drawn that the
degree of Cu aggregation in 0.5% v Fe–Cu–Ni alloy is more
significant than that in 1.0% v Fe–Cu–Ni alloy after 13.498 ns.
The comparison between Figs. 6(d) and 6(e) illustrates that the
degrees of Cu aggregation with different vacancy concentra-
tions are changed around point C in Fig. 5. From Fig. 6(e), it
can be obtained that the degree of Cu aggregation in 0.1% v
Fe–Cu–Ni alloy is highest at 60 ns. By comprehensive com-
parison among curves of gCu−Cu(r) in Figs. 6(f)–6(h), the ex-
tent of Cu concentration changes little with vacancy concentra-
tion around 163.856 ns. And with the ageing time increasing
to 200 ns, the gCu−Cu(r) value of 1.0% v Fe–Cu–Ni alloy is
still highest. All these results are in good agreement with the
MSD curves in Fig. 5.
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Fig. 6. (color online) Partial pair distribution functions gCu−Cu(r) of Fe-1.24% Cu-0.62% Ni alloys for different time with different vacancy concentrations.
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The Cu4, Cumax, and CuNimax in Fe–Cu–Ni alloys with
different vacancy concentrations are shown in Fig. 7. From
Fig. 7(a), two trends can be revealed. Before point A, the
larger the vacancy concentration in Fe–Cu–Ni alloy, the more
the Cu4 precipitates. After point A, the tendencies of the two
curves are obviously different at first, and become the same
at the end of this simulation. Fig. 7(b) shows that between
the two different vacancy concentrations in Fe–Cu–Ni alloys,
Cumax changes distinguishably at the early stage of Cu diffu-
sion, and reaches consistence at the later stage. Meanwhile,
CuNimax and Cumax have the similar tendencies and CuNimax

becomes the same at the end of the simulation. Hence, it can
be concluded that the effect of vacancy concentration on Cu
cluster is obvious at early ageing stage, but insufficient at later
stage.
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Fig. 7. (color online) (a) Time-dependent Cu4 in Fe–1.24%Cu–0.62%
Ni alloys with different vacancy concentrations, and (b) time-dependent
Cumax and CuNimax in Fe–1.24%Cu–0.62% Ni alloys with different va-
cancy concentrations.
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Fig. 8. (color online) Time-dependent MSDs of Cu, Ni, and Fe atoms
in Fe–1.24%Cu–0.62% Ni alloys with vacancy concentrations of 0.1%
and 1.0%.

From Fig. 8, it can be found that the MSDs of Ni atoms
and Fe atoms coincide almost perfectly when the vacancy con-
centration increases to 1.0%, which is similar to the MSDs of
Ni and Fe atoms in Fe–Ni binary alloy shown in Fig. 1(b).
Therefore, it can be inferred that the promotion of Cu on Ni
decreases when the vacancy concentration increases to 1.0%.

Figure 9 illustrates the Cu MSD tendencies of Fe–Cu–Ni
and Fe–Cu alloys with a vacancy concentration of 1.0%. The
intersection between Fe–Cu–Ni and Fe–Cu alloys with 1.0%
v appears at point A. Before point A, the two curves are essen-
tially coincident. By comparing with Fig. 2, which is for the
same alloys but different vacancy concentrations, it is clearly
observed that the t-value of point A in Fig. 9 is more than seven
times that in Fig. 2. Thus, it can be inferred that the influence
of Ni on Cu diffusion decreases with vacancy concentration
increasing. Or the interaction between Ni and Cu decreases
when the vacancy concentration increases up to 1.0%.
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Fig. 9. (color online) Time-dependent MSDs of Cu in Fe–1.24%Cu–
0.62% Ni and Fe–1.24%Cu alloys with vacancy concentration of 1.0%.

4. Conclusions and perspectives
Based on molecular dynamics simulation, the influence

of vacancy concentration and Ni solute atoms on Cu precipi-
tate in Fe–1.24%Cu–0.62% Ni during ageing are investigated.
Ni atoms accelerate Cu precipitation at the nucleation stage,
while inhibit Cu precipitation at the coarsening stage. The
atom number and size of Cu cluster correspondingly increase
with vacancy concentration from 0.1% to 1.0%. As the va-
cancy concentration increases to 1.0%, Ni atoms have little
effect on the process of Cu diffusion compared with vacancy
concentration.
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