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Abstract: Under irradiations, mechanical performance of nuclear alloys would degrade due to
irradiation induced defects. Different strengthening methods can play a different role in the
evolution of the defects. In this study, the effect of four typical strengthening methods including
fine grain strengthening, dislocation strengthening, second phase strengthening and solid solutions
strengthening on the defect evolutions in bcc iron-based alloys are investigated with rate theory
simulations, a technique capable of simulating a long-term evolution of defects caused by irradiations.
Simulations show that at high dose, irradiation induced voids become the dominating factor that
affect irradiation hardening. Strengthening methods with the enhancement of sink strength (fine
grain strengthening, dislocation strengthening and second phase strengthening) have little effects on
the evolution of voids, while strengthening method with impediment of migration of defects (solid
solutions strengthening) can effectively inhibit the nucleation and growth of voids. For fine grain
strengthening and dislocation strengthening, the irradiation hardening is almost kept unchanged
when changing grain size and initial dislocation density. For second phase strengthening, the
irradiation hardening can be inhibited to some extent by increasing mainly the number density
of precipitates. The solid solutions strengthening is the most proper method to inhibit irradiation
hardening of bcc iron-based alloy because it can inhibit the development of voids, especially at
high dose.
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1. Introduction

Material problems have been the major challenges for the development of advanced nuclear
systems. The mechanical properties of nuclear materials can be affected under high energy neutron
irradiation, which leads to irradiation hardening, irradiation embrittlement and the rise of ductile-brittle
transition temperature (DBTT). Bcc (body-centered cubic) iron-based alloys have become the main
candidate materials of advanced nuclear energy systems due to their better irradiation swelling
resistances compared to fcc (face-centered cubic) austenitic steel [1,2]. However, a large number of
voids were found in martensitic steels irradiated in high flux isotope reactor (HFIR) [3]. In addition,
irradiation hardening is the key factor that affects the application of bcc iron-based alloys. The
performance degradation of nuclear alloys is mainly due to various defects and defect clusters induced
by irradiation.

The appearance of irradiation hardening is attributed to the obstacle to the migration of dislocation,
which can be caused by dislocation loops, voids and precipitates [4]. Different strengthening methods
can be carried out to enhance irradiation hardening resistance of alloys with a different role played in
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the evolution of the defects. In this study, the effect of four typical strengthening methods including
fine grain strengthening, dislocation strengthening, second phase strengthening and solid solutions
strengthening on the defect evolutions in bcc iron-based alloy are investigated. Fine grain strengthening,
dislocation strengthening and second strengthening correspond to different sink strength of grain
boundaries, dislocations and precipitates, respectively, which can affect the absorption of defects. Solid
solutions strengthening can change the chemical composition of the nuclear alloy, which causes the
change of migration energy of defects, especially vacancies [5].

The investigation of the effects of strengthening methods brings many variables to be considered
and it is too difficult to manage solely by experiment. Theoretical simulation has been used as a
significant way to observe the evolution of defects and study the mechanism of irradiation effects for
its convenience and efficiency. Rate theory can be used to simulate the dynamic evolution of defects
and clusters under irradiation from microscopic to mesoscopic scales, and the results of simulation
can be directly compared with the experimental observations. A good agreement of rate theory
results and experiment for ferritic alloy under electron irradiation was obtained by A. Hardouin
Duparc [6]. However, different from the formation of isolated Frankel pairs in cascade under electron
irradiation, the cascade clustering should be considered in neutron and ion irradiation. In fact, the
simulation of microstructures in iron under Kr ion and neutron irradiation has been conducted by
Meslin [7], in which a set of parameters of cascade is also inputted as the initial defect configuration
from which long-term defect evolution starts. Cluster dynamics based on rate theory focus on the
concentration of point defects and various defect clusters by solving a system of coupling ordinary
differential equations (ODEs). T. Jourdan et al. have comprehensively investigated the Fokker–Planck
method, a numerical solution of rate equations [8,9]. The evolution of defects in α-Fe under helium
irradiation was studied with rate theory [10], in which an effective phase truncation method was
proposed. The effects of helium atoms on bubbles in RAFM steel were also simulated with rate
theory [11]. However, the simulation of strengthening methods about bcc iron-based alloys have not
been investigated systemically. In present work, the rate theory simulation of various strengthening
methods is implemented by using different grain sizes, dislocation densities, number densities and
sizes of precipitates, as well as migration energy of vacancies.

2. Method

2.1. Rate Equations

In this study, cluster dynamics code RADAFP (RAdiation DAmage simulation with Fokker–Planck
method) is used to simulate the evolution of microstructures in pure iron and bcc iron-based alloy
under neutron irradiation. RADAFP is developed by our team to simulate and predict the evolution of
irradiation induced defects/clusters, which is based on the model proposed by Jourdan in [8]. It is
written in Fortran and can be either compiled in Windows or Linux operating system for researchers
on different platforms. The main contents and methods in RADAFP code are to be described in this
section. In RADAFP code, the concentration Cn of clusters depends on their generation rate, the
transition rate with adjacent clusters and absorption rate to sinks, where n is the number of defects
contained in clusters. For interstitial clusters, n is positive, and for vacancy clusters n is negative. The
general form of rate equations can be written as

∂Cn(z,t)
∂t = Gn(z) +

∑
m∈M

(Jn−m,n − Jn,n+m) −
∑

p∈Ω
Jp,p+n

−

(
Sn

d + Sn
gb

)(
Cn −Ceq

n

)
Dn − Sn

cpCnDn +
∂
∂z

[
Dn(z)

∂Cn(z,t)
∂z

] (1)

where z is the coordinate in depth. Gn is the generation rate of cluster n. m means the mobile defects or
clusters here, andM is the set of all mobile species. Jn−m,n is the net flux between (n−m) and n. Ω is
the set of all clusters considered in this model. Sn

d, Sn
gb and Sn

cp are the sink strengths of dislocations,
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grain boundaries and precipitates. Dn is the diffusion coefficient of cluster n and Ceq
n is the thermal

equilibrium concentration. In general, Ceq
n = 0 except for vacancies. For neutron irradiation, spatial

dependency can be neglected due to the approximately balanced distribution of clusters in bulk.
Therefore, the last term of Equation (1) can be omitted in present study.

Generation rate Gn is obtained by considering the damage rate of neutron irradiation, which can
be calculated through NRT model. In fact, the clusters can be formed directly in cascade under neutron
irradiation. So Gn is given by

Gn =
ηGNRT fn
|n|

(2)

where GNRT is the damage rate of neutron irradiation. η is the survival fraction of defects in cascade
and fn is the clustering fraction of n in survived defects.

Jn−m,n and Jn,n+m is written as

Jn−m,n = βm
n−mCmCn−m − α

m
n Cn (3a)

Jn,n+m = βm
n CmCn − α

m
n+mCn+m (3b)

where βm
n is the absorption rate of m by n, and αm

n is the emission rate of m by n. The absorption rate
can be given as

βm
n =

{
2πZm

n Dm(rm + rn + r0), n ≥ 2
4πZm

n Dm(rm + rn + r0), n = 1 or n ≤ −1
(4)

where Zm
n is the efficiency factor for the absorption of m by n due to elastic interaction. rn is the radius

of cluster n, which accounts for the geometrical shape. r0 is the reaction distance with a normal value
of zero [12]. In present work, dislocation loop is considered as toroidal structure and void is spherical,
so we can get

rn =


√

nVat
πb⊥

, n ≥ 2(
3|n|Vat

4

) 1
3 , n = 1 or n ≤ −1

(5)

The form of efficiency factor Zm
n in ref. [13] is used here, which is given by

Zm
n =

 Zm
d max

{
1, 2π

ln 4rn
b⊥

}
, n ≥ 2

1, n = 1 or n ≤ −1
(6)

where Zm
d is the absorption efficiency of dislocation. The emission rate can be deduced from equilibrium

condition, so

αm
n =

βm
n−m
Vat

exp

−Eb
m,n

kBT

 (7)

where Eb
m,n is the binding energy of cluster m to cluster n−m, kB the Boltzmann constant and T the

temperature. In present work, only point defects (interstitial atoms and vacancies) can be emitted by
corresponding clusters.

The binding energy can be calculated from molecular dynamics (MD) or other atomistic
computations. However, a simpler method named capillary approximation can be used here to
obtain the binding energy [14]:

Eb
1,n = Ef

1 +
Eb

1,2 − Ef
1

2
2
3 − 1

[
n

2
3 − (n− 1)

2
3

]
, n ≥ 2 (8a)

Eb
−1,n = Ef

−1 +
Eb
−1,−2 − Ef

−1

2
2
3 − 1

[
|n|

2
3 − |n + 1|

2
3

]
, n ≤ −2 (8b)
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where Ef
1 and Ef

−1 are the formation energy of interstitial atoms and vacancies respectively, which can
be obtained from atomistic computations as input parameters of RADAFP code.

The diffusion coefficients of defects or clusters are functions of the jump frequencies, and they are
described with Arrhenius relationship:

Dn = D0
n exp

(
−

Em
n

kBT

)
(9)

where D0
n is the pre-exponential factor and Em

n the migration energy of cluster n.
The sink strength of dislocation, grain boundary and precipitate are given by

Sn
d = ρdZn

d (10a)

Sn
gb =

6
dgb

√√√∑
p∈Ω

βn
pCp

Dn
+ Sn

d (10b)

Sn
cp = 2πNcpdcpZn

cp (10c)

where ρd is dislocation density, Ncp the number density of precipitates, dcp the average size and Zn
cp

the efficiency factor of precipitates. It is noticed that precipitates are simply considered as spherical
sinks without the evolution of their density and size in present model.

2.2. Fokker–Planck Method

When long-term evolution is simulated, the size of clusters can be very large and the number of
coupled equations is also large, which make it unfeasible to solve the ODEs systems directly. Therefore,
the appropriate approximation is necessary for the sake of simplicity. The Fokker–Planck (FP) method
is used here to greatly decrease the number of ODEs [6,8,9]. Cluster n can be considered as a grid point
xn in cluster space. We can make a Taylor expansion for βm

n−mCn−m and αm
n+mCn+m in Equations (3a)

and (3b), then plug it to Equation (1) and obtain the following FP equation:

∂C(x, t)
∂t

= −
∂
∂x

{
F(x, t)C(x, t) −

∂
∂x

[D(x, t)C(x, t)]
}

(11)

where F(x, t) and D(x, t) are related to the growth and diffusion in cluster space respectively, which
can be written as

F(x, t) =
∑

m∈M

m[βm(x)Cm − αm(x)] (12a)

D(x, t) =
∑

m∈M

1
2

m2[βm(x)Cm + αm(x)] (12b)

The discretization of FP equation is carried out with central difference method, which change the
Equation (11) to the following form:

dCn

dt
= −

1
∆xn

(
Jn+ 1

2
− Jn− 1

2

)
(13a)

Jn+ 1
2
=

1
2
(FnCn + Fn+1Cn+1) −

1
∆xn + ∆xn+1

(Dn+1Cn+1 −DnCn) (13b)

with the grid points in cluster space set as

xn = xn−1 +
1
2
(∆xn−1 + ∆xn) (14)
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The width of uniform grid in interstitial cluster space is given by

∆xn =

{
1, 1 ≤ n ≤ N;

ε∆xn−1, N + 1 ≤ n ≤M.
(15)

where ε is a real number larger than 1 to control the mesh in cluster space. An analogous form can be
obtained in vacancy part.

2.3. Evolution of Dislocation Network

In the case that irradiation dose is high enough, the dislocation density in the matrix can be changed,
which has an effect on the evolution of microstructures. The neutron irradiation for solution-annealed
316 stainless steel had indicated that the low initial dislocation density would lead to the increase
of dislocation density and then a saturation, while the decrease of dislocation density would appear
for a cold-worked one, which has high initial dislocation density [15]. In present work, the model
for evolution of dislocation proposed by Jourdan in [16] is considered, in which two mechanism are
involved. The first mechanism is the incorporation of dislocation loops, and the second one is the
dipole annihilation.

The dislocations and loops are mobile under elevated temperature and stress. When the loops
meet with dislocations or other loops, they can interact with each other and incorporate to dislocation
network, which leads to the increase of dislocation density. Meanwhile, the rise of dislocation density
can inhibit the growth of loops in turn. To determine the incorporation of loops, the circumferences
of loops per unit volume are added to dislocation density. Therefore, the contribution of loops’
incorporation can be written as

dρd

dt

∣∣∣∣∣
i
=

∑
n≥2

pnFn2πrnCn (16)

where Fn discussed in the previous section corresponds to the net growth rates of loops, pn is the
fraction of interstitial cluster n to interact with dislocation network. The form of pn had been derived
in [16], which can be given as

pn = 1−
erfc

(
2rn−ht√

2σd

)
erfc

(
hmin−ht
√

2σd

) (17)

where ht = 2/
√
πρt with the total dislocation density (dislocation network and loops) ρt =∑

n≥2 2πrnCn + ρd. hmin is the minimum distance between dislocations and is set to zero in this
work, σd the standard deviation for the spatial distribution of dislocations.

The approach adopted by Wolfer and Glasgow [15] as well as Jourdan [16] is closely followed to
simulate dipole annihilation. The annihilation of converging dipole is determined by the average time
for two dislocations to climb. The climb velocity of one dislocation is written as

vcl(h) =

∣∣∣∣∣∣Vr + Vt

[
exp

(
Hb
h

)
− 1

]∣∣∣∣∣∣ (18)

with

H =
µVat

2π(1− ν)kT
(19)

Vr =
Vat

b

∑
n∈M

nZn
dDn

(
Cn −Ceq

n

)
(20)

Vt =
Vat

b

∑
n ∈M
n < 0

|n|Zn
dDnCeq

n # (21)
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where Vt and Vr are thermally activated velocity and irradiation-induced velocity respectively, µ the
shear modulus and ν the Poisson’s ratio. h is the distance between dipoles and can be given as the
following formula with the consideration of dipoles that are not converging:

h =
8
√

3
√
πρd

(22)

The time to climb and annihilation is

τa =

∫ h

b

dh′

2vcl(h′)
(23)

Then the contribution of dipole annihilation can be written as

dρd

dt

∣∣∣∣∣
a
= −ccl

ρd

τa(ρd)
(24)

where ccl is an adjustable parameter to fit the simulation results and experimental observations.
Finally, the change rate of dislocation density is the sum of these two parts:

dρd

dt
=

dρd

dt

∣∣∣∣∣
i
+

dρd

dt

∣∣∣∣∣
a

(25)

3. Results

3.1. Simulation of Pure Iron under Neutron Irradiation

In order to verify the validity of the model used in present work and RADAFP code, A simulation
of pure iron under neutron irradiation is implemented. The TEM results reported in [17] have been
used to make a comparison with simulation results. Pure iron was irradiated at 300 ◦C to the dose
of 0.2 dpa with the damage rate of 1.3 × 10−7 dpa/s. The parameters used for this test case are from
reference [7], and are listed in Table 1. The results of size distribution of dislocation loops at 0.2 dpa are
shown in Figure 1.

It can be seen that a very good agreement between simulation and experiment results is obtained,
except for the deviation for small clusters. The slightly higher distribution function of simulation
might be explained with the lack of statistics of small loops, because the observations of small and
almost invisible microstructures are difficult and can lead to the statistical error in the experiment. It is
noticed that the simulation results without evolution of dislocation network do not coincide with the
results of Meslin [7], due to the absence of some necessary information such as specific formulas about
absorption rates and efficiency factors and the numerical method to solve rate equations, which were
not reported in reference [7]. However, a better fit with experimental observation is obtained in our
model than the simulation of Meslin for the consideration of the evolution of the dislocation network.
The good fit with TEM results indicates that the model and parameters for pure iron are reliable. It is
noteworthy that parameters for the simulation of bcc iron-based alloy in next section can be obtained
by proper adjustment of migration energy in pure iron.



Metals 2019, 9, 735 7 of 18

Table 1. Parameters used for the simulation of pure iron under neutron irradiation.

Symbol Description Value Unit

a Lattice parameter 2.87 × 10−10 m
Vat Atomic volume 1.182 × 10−29 m−3

mi Index of the largest mobile interstitial cluster 3 -
mv Index of the largest mobile vacancy cluster 4 -
GNRT Damage rate 1.3 × 10−7 dpa/s
η Ratio of survival in cascade 0.3 -
f1, f4 Ratio of clustering for interstitial atoms 0.9997, 0.0003 -
f−1, f−8 Ratio of clustering for vacancies 0.2, 0.8 -
T Temperature 573.15 K
ε Parameter of mesh in cluster space 1.03 -
b⊥ Component of the burgers vector perpendicular to the loop 2.87 × 10−10 m
riv Recombination radius 6.5 × 10−10 m
D0

n Diffusion prefactor of clusters 8.2 × 10−7 m2/s
Em

1 , Em
2 , Em

3 Migration energy of interstitial clusters 0.34, 0.42, 0.43 eV
Em
−1, Em

−2, Em
−3, Em

−4 Migration energy of vacancy clusters 0.83, 0.62, 0.35, 0.48 eV
Zn

d(n ≥ 1) Absorption efficiency of dislocations 1.1 -
Zn

d(n ≤ −1) Absorption efficiency of dislocations 1.0 -
Ef

1 Formation energy of interstitial atom 3.64 eV
Ef
−1 Formation energy of vacancy 2.2 eV

Eb
1,2, Eb

1,3, Eb
1,4 Binding energy for interstitial clusters 0.83, 0.92, 1.64 eV

Eb
−1,−2, Eb

−1,−3, Eb
−1,−4, Eb

−1,−5 Binding energy for vacancy clusters 0.3, 0.37, 0.62, 0.73 eV
Eb

1,n(n ≥ 5) Binding energy for interstitial clusters Capillary law eV
Eb

1,n(n ≤ −5) Binding energy for vacancy clusters Capillary law eV
ρ0 Initial dislocation density 1.0 × 1012 m−2

dgb Grain size 2.0 × 10−4 m
b Burgers vector of dislocations 2.48 × 10−10 m
ccl Parameter for the annihilation rate of dipoles 100.0 -
σd Standard deviation for the distribution of dislocations 0.3ht -
µ Shear modulus 83.0 GPa
ν Poisson’s ratio 0.29 -
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Figure 1. Distribution of dislocation loops in pure iron under neutron irradiation at 0.2 dpa.

3.2. Simulation of bcc Iron-Based Alloy with Fine Grain Strengthening

The solutes and impurity atoms in alloy can combine with vacancies and reduce the mobility of
them, which cause the increase of migration energy of vacancies. In the present study, a representative
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value of the migration energy of vacancy Em
−1 in bcc iron-based alloy is selected as 0.9 eV, which is

higher than the value of 0.83 eV in pure iron. This value of 0.9 eV is obtained by N. Hashimoto in
reference [5] with the experiment of temperature dependence of loop growth in bcc Fe-8Cr alloy. In
addition, the number density and size of precipitates in bcc iron-based alloy are set as 2 × 1020 m−3

and 50 nm, respectively. To calculate irradiation induced hardening, the contributions of dislocation
loops, voids and precipitates are considered. The linear superposition [18] is used in this work and can
be given as

σy = αLMµb
√

NLdL + αVMµb
√

NVdV + αcpMµb
√

Ncpdcp (26)

where αL = 0.5, αV = 0.3, αcp = 0.3 are the obstacle strength factor of loops, voids and precipitates
respectively. The related descriptions about obstacle strength factors are from reference [4] (page 606),
in which the contributions of dislocation loops, voids and precipitates to hardening are analyzed and
various obstacle strength factors are listed with a table. M = 3.0 is Taylor factor. N and d are number
density and average diameter of obstacle.

For fine grain strengthening, different grain sizes are simulated. In present work, five values of
dgb as 0.5 µm, 1.0 µm, 10.0 µm, 50.0 µm and 200.0 µm are used to investigate the effects of grain size
on the evolution of microstructures. The number density and average diameter of loops (NI, DI) and
voids (NV, DV) in bcc iron-based alloy under neutron irradiation to the dose of 30 dpa are shown in
Figure 2a,b. With the development of irradiation, the number density of loops increases and then
tends to reach saturation, while the size of loops, the density and size of voids increase and the rates
of increases become slow at high dose. Meanwhile, with the decrease of grain size, the density of
loops increases while the size of loops just slightly changes. The size of loops and voids are almost
independent with grain size. The distributions of loops at 0.2 dpa, 5 dpa and 30 dpa are shown in
Figure 2c. We can find that the peak value increases and the distribution around the peak broadens
when grain size decreases, and the peak position keeps almost unchanged when the dose reaches
30 dpa.

The dislocation evolutions with irradiation dose for various grain sizes are shown in Figure 2d.
The dislocation density decreases slightly for the dipoles annihilation and then increases rapidly due
to incorporation of large number of loops. Finally, the annihilation and incorporation are balanced,
which lead to the saturation of dislocation networks. With the decrease of grain size, the dose which
corresponds to dramatic increasing dislocation density is higher, but the saturated dislocation densities
are the same for five grain sizes.

The hardening caused by dislocation loops and voids increases with the development of irradiation
and the increase rate is slower at high dose (Figure 2e). But the difference of hardening between five
grain sizes is too small to be observed. It is interesting to study the contribution of dislocation loops,
voids and precipitates to whole hardening with the development of irradiation. From Figure 2f, we
can see that the contribution of loops (L) and voids (V) are small while the contribution of precipitates
(P) is large in the early stage of irradiation. With the development of irradiation, the contribution of
loops to the hardening increases first and reaches to a peck value at around 0.01 dpa then decreases
and approaches to a small value of less than 15%. The contribution of voids increases with dose and
reaches a predominant value of approximately 85% due to large number of vacancies nucleate, while
the contribution from precipitates is suppressed quickly to a negligible value. It can be seen that the
effects of grain size on clusters’ contribution to hardening only exist before 1 dpa and disappear at
higher dose.
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Figure 2. Rate theory simulation results with various grain sizes. (a) Number density and diameter of
loops. (b) Number density and diameter of voids. (c) Distribution of loops at 0.2 dpa, 5 dpa and 30
dpa. (d) Dislocation density. (e) Hardening. (f) Contribution of loops (L), voids (V) and precipitates (P)
to hardening.

3.3. Simulation of bcc Iron-Based Alloy with Dislocation Strengthening

For dislocation strengthening, different initial dislocation densities are simulated. In the present
work, five values of initial dislocation densities ρ0 as 1012 m−2, 1013 m−2, 1014 m−2, 1015 m−2 and 1016

m−2 are used to investigate the effects of dislocation to the evolution of microstructures. In Figure 3a,b,
the trend of evolution of loops and voids are the same as the previous section. The number density of
loops increases with the initial dislocation density, while the density of voids decreases slightly. No
differences of the size of voids between various ρ0 are observed. It can be seen from Figure 3c that
the peak of distribution shifts towards a larger size with the development of irradiation. The slight
broadening of distribution can be seen with the initial dislocation density increases from 1012 m−2 to
1015 m−2, while the peak becomes narrow when ρ0 reaches to 1016 m−2.
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The dislocation density decreases at the original period of irradiation, and the decrease trend is
most obvious for ρ0 = 1016 m−2 (Figure 3d). Then, the dislocation densities increase rapidly and finally
reach to the same saturated value under various initial dislocation density values.

Similar to the unchanged hardening with various grain sizes, the hardening under different initial
dislocation densities can be seen as almost the same (Figure 3e). As we can see from Figure 3f, the high
ρ0 value cause some fluctuations in the contribution of loops and voids before 1 dpa, but the overall
trends at high dose are not affected by initial dislocation density.
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3.4. Simulation of bcc Iron-Based Alloy with Second Phase Strengthening

To simulate second phase strengthening, various values of densities and diameters of precipitates
in bcc iron-based alloy are considered. In fact, it is the product of precipitate density Ncp and diameter
dcp that has influences on the evolution of microstructures and hardening, without the evolution of
themselves in this model. Therefore, five values of Ncpdcp are set, which corresponds to sizes and
densities of precipitates as (50 nm, 2 × 1018 m−3), (5 nm, 2 × 1020 m−3), (50 nm, 2 × 1020 m−3), (250
nm, 2 × 1020 m−3) and (50 nm, 1 × 1022 m−3). The results with different values of Ncpdcp are shown in
Figure 4a–f. As we can see from Figure 4a, the number density of loops increases with the increase
of Ncpdcp, while the size of loops decreases slightly. The different results about voids are shown in
Figure 4b. The density and size of voids decrease slightly with the increase of Ncpdcp. The broadening
of loop distribution can be observed with the increase of Ncpdcp, but the highest value of Ncpdcp causes
the narrowing of loops’ distribution in Figure 4c. When dislocation density greatly increases, the
corresponding dose is higher with the bigger value of Ncpdcp (Figure 4d).
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The rise of Ncpdcp value can inhibit the irradiation hardening caused by loops and voids. Simulation
results in Figure 4e show that the hardening increases with the increase of Ncpdcp value, which can be
explained by DBH model that the precipitates can strengthen alloys and the corresponding hardening
is proportional to αcpMµb

√
Ncpdcp. After irradiation, loops and voids form and induce hardening,

but their contribution to hardening both decrease when the Ncpdcp value increases. This effect can
be ascribed to the fact that the density and size of voids decrease and size of loops also decreases
with the increase of Ncpdcp value of precipitates, because the increase of the precipitates means the
enhancement of defect sinks at the interface between precipitates and grains.

3.5. Simulation of bcc Iron-Based Alloy with Solid Solutions Strengthening

The addition of solute atoms can lead to the increase of migration energy of vacancy and affect
the radiation-induced segregation to grain boundaries [19]. The migration energy of vacancy varies
with the compositions of iron-based alloys. In present work, five values of Em

v as 0.9 eV, 1.0 eV, 1.1
eV, 1.2 eV, 1.3 eV are used to study the effects of solid solutions on the evolution of microstructures
(Figure 5). Results from Figure 5a show that higher Em

v can lead to an earlier saturation of number
density of loops and a higher steady-state density. The size of loops with Em

v = 1.1 eV is smallest
at 30 dpa, but the growth rate seems to decrease with the increase of Em

v . In contrary, the number
density and size of voids (Figure 5b) have a more distinct change than that of loops. We can see that
the density of voids with Em

v = 1.3 eV is smallest and the void size in that case is also smallest and
almost independent with dose. That is to say, in the case with Em

v = 1.3 eV, voids are barely growing.
Figure 5c also indicate that the increase of Em

v causes the peak value of distribution becomes higher.
There are no distinct differences of dislocation densities between different Em

v (Figure 5d).
The hardening is sensitive to Em

v , as shown in Figure 5e. We can find that with the increase of
Em

v , hardening increases first and then decreases greatly, and the smallest hardening appears when
Em

v = 1.3 eV. The fractions of microstructures’ contribution in Figure 5f demonstrate that the loops’
contribution becomes large while the void’s contribution becomes small with the increase of Em

v . In
addition, the contribution of precipitates does not show a significant difference between different Em

v .
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4. Discussion

4.1. Effects of Four Strengthening Methods to Microstructures

For fine grain strengthening, the simulation results show that the size of loops and voids are
almost independent with grain size. In fact, it correlates with grain boundaries and experimental
results have revealed complex effects of grain boundaries on defects. Some references reported that
irradiation could result in a depleted defect zone near grain boundaries, which was ascribed to the
absorption of defects by the boundary [20,21], while some other references reported that no depleted
defect zone was observed [22,23]. Even though the grain boundary could affect the defects, the effect is



Metals 2019, 9, 735 14 of 18

much weaker than that induced by the surface [20]. It seems that the simulation results present are not
at conflict with the reported experimental results.

The inhabitation of growth of dislocation loops has also been observed in steels with the addition
of precipitates such as MX phase or ODS particles [24,25]. For instance, the saturated size of dislocation
loops decreased from 54 nm to 21 nm in CLAM steel when the number density of MX phase increased
by 60 times through the addition of Si into the steel [25]. Even the nucleation and growth of dislocation
loops at the interfaces between the ODS particles and the matrix were directly observed [26]. In
addition, the nanostructured ferritic alloys show great resistance to irradiation swelling [27]. The
results of the experiment indicate that second phases may inhibit the growth of loops and voids, which
qualitatively supports the simulation results in our model.

The four strengthening methods discussed in the above section can be divided into two classes,
the one with enhancement of sink strength to point defects or mobile clusters (fine grain strengthening,
dislocation strengthening and second phase strengthening), and the other one with impediment of
migration of defects (solid solutions strengthening). We can find that the methods in first class almost
have no effects on hardening, while the method in second class can greatly improve the hardening
resistance of bcc iron-based alloy. The study of strengthening mechanisms is closely related to the
evolution of microstructures.

The strengthening methods in first class can promote the increase of number density of loops,
and inhibit the growth of loops slightly. Meanwhile, the number density of voids decreases with the
enhancement of sink strengths and the size of voids has very little change. To reveal the mechanisms
of these observations, the equilibrium concentrations of point defects are discussed. For simplicity, the
clustering in cascade and the thermal equilibrium concentration of vacancy are neglected, then the
balanced equations can be written as

dCi

dt
= ηG f1 −KivCiCv − k2

i DiCi (27a)

dCv

dt
= ηG f−1 −KivCiCv − k2

vDvCv (27b)

where Kiv is the recombination constant for interstitial and vacancy. k2
i and k2

v are total sink strengths
for interstitials and vacancies respectively. Considering the strengthening of sinks in this model, the
term of recombination is far smaller than absorption by sinks. Therefore, the recombination of defects
can be omitted approximately. Thus, for steady-state conditions, the concentration of interstitials and
vacancies can be obtained analytically as following expressions:

Ci =
ηG f1
k2

i Di
(28a)

Cv =
ηG f−1

k2
vDv

(28b)

Then the growth rate of dislocation loop and void can be given as

drL

dt
=

Vat

b⊥

(
Zi

LDiCi −Zv
LDvCv

)
(29a)

drC

dt
=

Vat

rC
(DiCi −DvCv) (29b)
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In fact, Ci and Cv decrease with the increase of sink strength, but DiCi −DvCv can considered
as independent with sink strength. Therefore, the size of voids almost has no change when the sink
strength varies. However, the growth rate of loops is changed, with the expression given as

drL

dt
=

Vat

b⊥
Zi

L

DiCi −DvCv +
Zi

L −Zv
L

Zi
L

DvCv

 (29c)

In this study, the dislocation loop would absorb interstitials preferentially, which indicates that
Zi

L −Zv
L is positive. DiCi −DvCv is not changed with the increase of sink strength, while Cv decreases.

Therefore, the growth of loops is inhibited by sink strengthening.
For strengthening methods in the second class, the growth of voids is greatly limited with the

increase of Em
v . This can be easily understood due to the harder aggregation of vacancies caused by

higher Em
v value. In addition, the growth rate of loops can be expressed as a function of Em

v [5]:

ln
drL

dt
= C−

Em
v

2kBT
(30)

where C is a constant. We can find that the increase of Em
v can lead to the decrease of growth rate of

loops, which can also be observed in Figure 5a. However, the effect of factor exp(− Em
v

2kBT ) to growth rate
of loops is small because Em

v > 0 and the limited range of Em
v . Therefore, the change of loops caused by

different Em
v is less distinct than that of voids. Considering the number density of voids simultaneously,

the effects of Em
v on voids is far more significant than that on loops at high dose.

Recently, we have performed ion irradiation experiment study on bcc FeCrAl alloys. Figure 6
shows the size and number density of dislocation loops in bcc Fe-12Cr-xAl (x = 0, 2, 4, 6) irradiated to
peak dose of 1dpa at 330 ◦C with argon ions. The experimental data were obtained with transmission
electron microscopy. It can be seen that size of dislocation loops is between 7–15 nm, and the number
density is between 2–5 × 1022/m3 (Detailed research results will be published elsewhere). With the
increase of Al content (which means the increase of migration energy of defects), the loop size decreased
and number density increased. The experimental results are consistent with the simulation results.
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4.2. The Selection of Strengthening Method

Through the above simulations, the response of hardening to four strengthening methods can
be observed. For fine grain strengthening and dislocation strengthening, the irradiation hardening is
almost kept unchanged when changing grain size and initial dislocation density. For second phase
strengthening, the irradiation hardening can be inhibited to some extent by mainly increasing the
number density of precipitates. Only the solid solutions strengthening can have significant effects
on irradiation hardening. Therefore, the simulations suggest that the solid solutions strengthening
should be the most proper method to inhibit irradiation hardening of bcc iron-based alloy. At a high
dose, the irradiation induced hardening mainly comes from the contribution of voids. In fact, solid
solutions strengthening can effectively inhibit the nucleation and growth of voids, which improves the
hardening resistance of bcc iron-based alloy.

In the present study, neutron irradiation induced defects and their effects on hardness are simulated.
It should be noticed that ion irradiations have been widely used to simulate neutron irradiations due
to its various advantages, and micro- to nano-scale testing techniques have been employed to evaluate
the mechanical properties of miniature ion irradiated specimens fabricated with focusing ion beam
(FIB) methods as recently reviewed by J. Ast et al. [28] (Further discussions on ion irradiations and
corresponding miniature specimen testing are beyond the scope of present study). These techniques
provide supplementary tools for neutron irradiation and conventional mechanical testing methods
used for neutron-irradiated bulk materials that are practically employed in nuclear engineering.

The limitations of the model used in present study should be mentioned. Widely used
Fokker-Planck method was employed to resolve the rate theory equations, thus only small interstitial
(1, 2, 3 SIAs) and vacancy clusters (1, 2, 3, 4 vacancies) are considered mobile under Fokker-Planck
approximation, as reported in many literatures. Actually, larger clusters such as dislocation loops may
also has some weak mobility, thus neglect of such mobility may result in some discrepancy. To include
the mobility of large defect clusters, grouping method or even complete discrete rate equations is a
possible way. However, other problems such as the lack of accurate rate coefficients between large
clusters and other clusters and low calculation efficiency exist in these methods.

5. Conclusions

In the present study, four typical strengthening methods including fine grain strengthening,
dislocation strengthening, second phase strengthening and solid solutions strengthening are simulated
with rate theory to investigate the effects of strengthening methods on the defect evolution. The main
conclusions can be drawn as:

(i) Strengthening methods with the enhancement of sink strength (fine grain strengthening,
dislocation strengthening and second phase strengthening) have little effects on the evolution
of voids, while strengthening method with impediment of migration of defects (solid solutions
strengthening) can effectively inhibit the nucleation and growth of voids.

(ii) At a high dose, the contribution of voids dominates the factors that affect irradiation hardening.
(iii) The solid solutions strengthening is the most proper method to inhibit irradiation hardening of

bcc iron-based alloy for the restraints to voids.
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