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Size and temperature dependence of the point defect binding free energy has numerically evaluated for
self-interstitial atom (SIA) clusters and vacancy clusters in bee Fe by using continuum models based on thermo-
dynamics and linear elasticity. The estimated binding free energy of SIAs to SIA-clusters is much higher than
that of vacancies to vacancy clusters, indicating that STA-clusters are more thermally stable than vacancy clusters.
For relatively small clusters, the estimated binding free energy at O K is comparably consistent with atomistic cal-
culation data; and then, the SIA binding free energy at 850 K is averagely about 35% lower than that at 0 K, while
the vacancy binding free energy is about 6% lower; which may remarkably affect the formation kinetics of those
defect clusters under irradiation. These kinds of information will be one of the basic parameters for a theoretical
model of the microstructural evolution of Fe-based materials in the nuclear fusion DEMO environment.
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F82H steel is expected as a blanket structural material
in a tokamak-type nuclear fusion DEMO reactor. The ma-
terial suffers from 14 MeV fusion neutron bombardments,
which induces a huge production of irradiation defects
such as vacancies, self-interstitial atoms (SIAs), helium
atoms and those clusters, and then causes the microstruc-
tural change with the property degradation. For a realistic
fusion DEMO design, it is necessary to develop a method-
ology that can mechanistically predict the material behav-
ior under irradiation. The energetics of lattice defects, es-
pecially the binding free energy of point defects to defect
clusters, is one of the key parameters to evaluate forma-
tion kinetics of defect clusters under irradiation because it
is a factor that determines the thermal stability of defect
clusters. In the previous theoretical studies [1-4] for bce
Fe that is the main component of F82H steel, the size de-
pendence of the point defect binding free energy has been
investigated, showing that the energy strongly depends on
the size of the cluster; however, the temperature depen-
dence of the binding free energy has not been well under-
stood; therefore, the binding free energy at O K has been
employed in numerical analysis of the formation kinetics
of those defect clusters. Since the temperature condition
of the fusion DEMO reactor in operation and maintenance
is widely ranging from around 300 K up to 850 K, informa-
tion on the thermal stability of defect clusters is required to
develop a theoretical model of the microstructural evalua-
tion of the blanket structural material in the fusion DEMO
environment. In this work, the size and temperature depen-
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dence of the point defect binding free energy in bcc Fe was
numerically evaluated for SIA-clusters and vacancy clus-
ters of typical irradiation defects.

Before deriving the binding free energy, let us de-
scribe the formation free energy of defect clusters as below.
The formation free energy of defect clusters is defined as
the energy required for embedding a defect cluster into an
otherwise perfect crystal. Assuming an SIA-cluster to be
a circular prismatic dislocation loop in a continuum model
based on thermodynamics and linear elasticity [5], the for-
mation free energy of SIA-clusters is given by
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where n is the number of SIAs in an SIA-cluster, Ry is
the radius of the cluster with a relationship with n as
Ry = (Qn/n/b)"/? in which Q is the mean atomic vol-
ume as Q = ag/Z, ap = 2.8665 x 1079 m[6] is the lat-
tice constant of bec Fe, b is the value of the Burgers vec-
tor of (ag/2) <111>. C is a number which takes into ac-
count the strain energy in the core of the dislocation. v is
the Poisson ratio, r. is the radius of the dislocation core
with . =~ b, G is the rigidity modulus. Notice that in
this work G and v are described as a function of tem-
perature by using the Voigt-Reuss-Hill approximation [7]
with the experimental data[8,9]: G(T) = go + giT +
g:2T? + g3T3, (OK < T < 900K), g9 = 86.05 x 10° Pa,
g1 = —7.44242 x 10°Pa/K, g, = —2.62880 x 10* Pa/K>,
g3 = 6.61478 Pa/K3; and W(T) = eg+ei T+er T2 +e3 T3, e =
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0.2838,¢; = 1.34091 x 10 K™, ¢; = 1.46282x 1078 K2,
e3 = 4.19036 x 1072K~3. The second term in Eq. (1)
is for the entropy of vibration and configuration of atoms
at the dislocation core with a ~ 1.4. Here, assuming
that C is not sensitive to temperature, fitting Eq. (1) to the
formation free energy of an isolated SIA at Ty = 0K,
F }Cl(l, To) = 3.94¢eV obtained from DFT calculation [1],
gives C = 2.09076.

In the same way, assuming a vacancy cluster to be a
spherical void in a continuum model [10], the formation
free energy of vacancy clusters is given by

FYm, T) = S (1 - Ri), ®)
where m is the number of vacancies in a vacancy cluster,
R; is the radius of the cluster with a relationship with m
as Ry = (3Qm/4/m)'3. S = 4znR? is the surface area
of the cluster. ¢ is the curvature correction coefficient of
the cluster surface. y is the mean surface free energy of
the flat surface. It is noted that in this work y was for-
malized with the experimental data[11] as a function of
temperature: y(T) = yo + hT, (OK < T < 1811K);
Yo = 241J/m? and h = —1.62341 x 107*J/m%/K. As-
suming that g is not sensitive to temperature, fitting Eq. (2)
to the formation free energy of an isolated vacancy at 0K,
FY9(1,Ty) = 2.02eV obtained from DFT calculation [1],
gives g = 6.54222 x 10~ m.

The binding free energy of point defects to a defect
cluster is defined as the energy required to remove a point
defect from a cluster. Using the formation free energies
derived above, the binding free energy of SIAs to an SIA-
cluster (n > 2) is described by

F]I)Jcl(n, T) = F%cl(l,T) n F%cl(n_l,T) _F%Cl(n, ),
)

and the binding free energy of vacancies to a vacancy clus-
ter (m > 2) is described by

F)Vm, T) = FY',T) + FYm - 1,T)
- FY(m,T). 4)

Figure 1 shows the binding free energies estimated
with Eq. (3) and (4) at 0K as a function of size of defect
clusters. Both the energy curves increase with the size,
where the SIA binding free energy is much higher than the
vacancy binding free energy, indicating that STIA-clusters
are more thermally stable than vacancy clusters. Here, we
focus on relatively small defect clusters with 2 < x < 20,
(x = n, m) that are corresponding to the critical nucleus
size of those clusters in nucleation process during irradia-
tion. As shown in the figure, the trend of the energy curves
with Eq. (3) and (4) is relatively consistent with the atom-
istic calculation data[2—-4] obtained from DFT and MD
methods. As to SIA-clusters, the energy value of the MD
data is a little higher than the energy curve; it is because

—_
N

ij 8 T T T T
193 .
3 11 (2<n<20 DFTH [ —Eq. (3)
(5 o MD
<= 10 6 {2<m<20 «prr|] —Eq. 4| T
-
Bt = D |
Q> SOV Y. . 4
o o o o oo o i
%&3 I TS A
o ° o
5 2//
550 Mo .
e 9 o=~ .
o E 2 4 6 8 10 12 14 16 18 20
Qo gl n,m _
g5t —
o0 @ SIA binding free energy
3
(=) to SIA clusters
B S 2f -
B g 4 Vacancy binding free energy
m = 0 ) ) to vacancy c]usterf

0 1000 2000 3000 4000 5000
Size of defect clusters n, m

Fig. 1 Size dependence of the binding free energy of point de-
fects to a defect cluster at 0 K in bee Fe.
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Fig. 2 Temperature dependence of the binding free energy of
point defects to small defect clusters in bce Fe.

there is a difference of about 1eV in F%Cl(l, Ty) between
this work and the MD data.

Figure 2 represents the temperature dependence of the
binding free energy for the small clusters estimated with
Eq. (3) and (4), in which the mean relative ratio is defined
in the following equation:

T Fy (x,T)
ot = —_— < < .
Arelat <Fb . To) 1> x 100 %, (2 <x<20)
®

Both the binding free energies considerably depend on
temperature and decrease with temperature, in which the
SIA binding free energy at 850K is averagely about 35%
lower than that at 0 K, while the vacancy binding free en-
ergy is about 6% lower; which may remarkably affect the
nucleation process of those defect clusters during irradi-
ation. These kinds of information will be one of the ba-
sic parameters to develop a theoretical model of the mi-
crostructural evolution of F82H steel in the fusion DEMO
environment.
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