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A new type SA508-IV reactor pressure vessel steel was irradiated at 290 �C to 3 and 30 displacement per
atom (dpa) with 3.5 MeV Fe2+ ions. The focused ion beam was used to cut the samples for the field emission
transmission electron microscope (FE-TEM) after irradiation. The microstructure analysis under the
scanning transmission electron microscope (STEM) mode of FE-TEM revealed that the heavy ion irradi-
ation produced a large number of matrix defects and Cu-rich clusters. The high dosage of irradiation would
also force Mo atoms to relocate to form Cr/Mn/Mo-rich precipitates. Dislocation loops were especially
formed in samples irradiated by 30 dpa, which are one of the principal evolving defects in irradiated
materials. The nanoindentation test results showed that the nano-hardness increases with the increase of
irradiation doses. The semi-plateau stage in 3 dpa irradiation (I3 sample) curve of nano-hardness versus
indentation depth corresponds to the saturation of Cu-rich clusters; while the plateau stage in the I30
sample curve should be attributed to the loop coalescence.

Keywords Cu-rich clusters (CRCs), ion irradiation,
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1. Introduction

SA508-IV steel is a new type of reactor pressure vessel
(RPV) steel, with a high content of nickel. It has been proved
that this new RPV steel possesses relatively higher yield
strength and low ductile-brittle transition temperature (Ref 1)
than other steels, as well as improved fracture toughness
because of the addition of 3 wt.% nickel (Ref 2, 3). Ni has been
reported to improve low-temperature cleavage toughness by
decreasing the energy barrier of kink formation (Ref 4, 5).
However, there is still rather little knowledge about the
properties of this steel, in particular its radiation resistance. In
order to improve and design materials with better radiation
resistance, it is essential to understand the microstructural
features enhanced or induced by neutron irradiation. However,
neutron irradiation experiments are expensive and radioactive.
Some scientists used electron beam treatment to improve the
surface state of steel (Ref 6), but the energy of electron beam is
too low to simulate the neutron irradiation under long-term
service life. It has been proven that the displacement cascades

induced by ion irradiation are similar to those induced by
neutron irradiation (Ref 7-9). Therefore, heavy ion irradiation is
employed to produce irradiation damage for rapid simulation of
the microstructural degradation and mechanical property dete-
rioration of materials under neutron radiation (Ref 10, 11).
Many point defects sites can be generated by ion bombardment
through displacement cascades (Ref 12, 13).

Many scientists have focused on the irradiation-induced
precipitates or clusters. In the low Cu-content RPV steel, Cu-
rich atom clusters are the main irradiation-induced particles
(Ref 14). It has been known that copper atoms in a-Fe tend to
aggregate because of their low solubility (Ref 15). Odette et al.
(Ref 16, 17) found that the formation of the precipitates or
clusters has different stages, which means that they do not form
at the same time. Cu-rich clusters (CRCs) usually form at the
first stage; then the clusters which consist of Ni and Mn,
without Cu form after that, thus the concept introduced is the
so-called ‘‘late-blooming phases’’. Toyama et al. (Ref 18) used
the advanced laser-assisted local electrode-type three dimen-
sional-atom probe and demonstrated that the irradiation causes
a series of atomic-distribution changes: Mn concentration
within carbides increases, and the enhancement of Mn, Cr, and
Mo concentration, as well as P segregation at the interface, are
markedly intensified. On the other hand, matrix damage is also
an important contributor to embrittlement. The cavities and
dislocation loops are main matrix damages.

It is known that the microstructure evolution has different
stages under low dose and high dose of irradiation. The
nucleation and growth processes for the clusters or precipitates
during ion irradiation are complex. Clarifying the irradiation
response of the precipitates requires detailed characterization of
nanoscale precipitates, including size, morphology, and com-
position before and after irradiation. The purpose of this work is
to fully understand the irradiation-induced defects in SA508-IV
RPV steel. The scanning electron microscope and transmission
electron microscope are used to observe the microstructure
evolution under ion irradiation. The continuous stiffness
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measurement (CSM) method of nano-indentation is employed
to obtain the profile of nano-hardness with the depth (Ref 19,
20). CSM curves could provide information about the clusters
or precipitates.

2. Experimental Methods

2.1 Testing Materials and Irradiation Conditions

The material used in this study is the new generation
SA508-IV RPV steel. The chemical compositions are listed in
Table 1. This is a low-copper reactor pressure vessel steel,
which contains 0.041 wt.% of Cu. The heat-treatment process
of the as-received steel was held for 1.5 h at 920 �C, followed
by water quenching to room temperature (RT), re-heating to
650 �C. for 30 h and then water cooling to RT. Heavy ion
irradiation was conducted with 3.5 MeV Fe ions (Fe2+) using
the ion accelerator (under accelerating voltage of 1.7 MV) in
Texas A&M University (USA), at 290 ± 5 �C. Before
irradiation, the samples were cut into 3 mm 9 3 mm 91
mm, and one of the surfaces of 3 mm 9 3 mm got grinded and
polished, which would be the irradiation surface.

The stopping and ranges of ions in matters (SRIM) (Ref 21)
calculations were used for the irradiation-damage calculation.
The displacement damage and ion distribution versus depth are
shown in Fig. 1. The displacement damage refers to vacancies,
dislocations, and dislocation loops. It could be seen that the
peak damage depth sits around 1000 nm below the ion
irradiated surface. The ion distribution reaches the peak value
around 1200 nm in depth. Pure Fe with the displacement energy
Ed = 40 eV was adopted for SRIM calculations. The dose and
dose rate at a depth of 300 nm were used for damage
parameters. The applied dose rate was fixed at 1.74 9 10-3

displacement per atom (dpa)/s at the peak or 0.7 9 10-3 dpa/s at
the depth of 300 nm. The dosages reached 3 and 30 dpa,
respectively. A 6 mm 9 6 mm ion beam was used in order to
ensure full coverage of the samples. The detailed parameters
are shown in Table 2.

2.2 Sample Preparation for Microstructure Observation

After ion-irradiated, the samples were cut from the sample
center along the irradiation direction. The cutting face of the
sample was polished and etched with 5 vol.% Nital. The
microstructure of the etched samples was examined using the
field emission environmental scanning electron microscope
(FEE-SEM, Quanta 200F).

Thin foils for TEM observation were cut vertical to the
irradiated surface along the ion irradiation direction using the
Zeiss Auriga Crossbeam focused ion beam system. The foils
were then subjected to low-energy ion sputtering at 150 V
using an ultralow-energy Ar ion beam sputtering system to
make local area thin enough for electron transmission. Obser-
vations were conducted using a field emission transmission

electron microscope (FE-TEM, F20). Analysis of radiation-
induced defects was carried out at a depth of 300 nm from the
surface of the irradiated samples.

2.3 Nano-Indentation Experiments

Due to the small penetration depth of ions, the samples
could not be machined into tensile samples or compression
samples. Therefore, nano-indentation tests were used to
evaluate the mechanical properties of ion-irradiated materials.
The nano-indentation hardness at room temperature was
measured using a Nano Indenter XP (MTS, USA) with a
2 lm Berkovitch indenter. The maximum load of the equip-
ment is 500 mN. The continuous stiffness measurement (CSM)
was carried out to obtain the depth (h) profile of nano-hardness
(H) up to a depth of about 2000 nm. Five indentations were
made on the irradiated surface of each sample, and the average
of the data was adopted.

The tip geometry calibration process is highly important and
influential on results. In this process, the molten silicon has
been used as the standard sample to calculate the area
coefficient. And then, the area function could be expressed as
follows (Eq 1) (Ref 19),

Ac ¼ f hcð Þ

¼ 24:44

hc
þ 101:019hc þ 4:75h

1
3
c þ 1194:42h

1
5
c � 1435:13h

1
7
c

ðEq 1Þ

where Ac is the projected contacted area;
hc is the contact depth and is defined as the depth of the

indenter in contact with the sample under load;
The tip is regularly calibrated with standard samples. The

area coefficient is revised based on the deviation result to obtain
the appropriate area function.

Although the flux changes with the depth from sample
surface which results in variation of the nano-hardness with the
depth, the depth of 300 nm was designed as the reference point
and for further analysis. Therefore, the I3 and I30 irradiated
samples are all talking about the damage of 300 nm in depth
under dose rate of 0.7 9 10-3 dpa/s. When the same properties
of different doses are discussed, there is no flux effect.

3. Results

3.1 Microstructure

The microstructure of the unirradiated sample (I0 sample)
could be found in our earlier studies (Ref 22), which show that
Cr-rich M23C6 and Ni-rich M6C carbides are the main
precipitates distributed along grain and/or lath boundaries in
the as-received state, the coarse carbides precipitated along
grain boundaries are M3C-type carbides, and the fine M2C-type
carbides are also dispersed inside laths. The microstructure after

Table 1 Chemical composition of SA508-IV RPV steel (wt.%)

C Si Mn P S Ni Cr Cu Mo Al Fe

0.15 0.36 0.34 0.011 0.008 3.26 1.66 0.041 0.46 0.005 Balance
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irradiation is observed using FEE-SEM and shown in Fig. 2.
Fig. 2(a) and (b) represents the microstructure of RPV steel
after irradiation for 3 (I3 sample) and 30 dpa (I30 sample),
respectively. In order to display the particles clearly, a small
area was enlarged in each picture as indicated by the arrows in
Fig. 2. It could be noticed that the number of tiny M2C-type
carbides inside laths of I30 sample (Fig. 2b) is more than that of
I3 sample (Fig. 2a). The coarse precipitates of M23C6 and M3C
distributed along grain boundaries also show the increasing
trend from I3 sample to I 30 sample. The particle size
distributions of the irradiated samples have been plotted in
Fig. 3. The software image J has been employed to statistically
analyze three different view fields of each state. Figure 3(a) is
particle size distribution of I3 sample, while Fig. 3(b) shows the
particle size distribution of I30 sample. The size of precipitates

in I3 sample has been statistically averaged as 94 nm, and that
in I30 sample is around 166 nm, which means the size of
precipitates in I30 sample is larger than that in I3 sample. Klueh
et al. (Ref 23, 24) demonstrate that the fine M6C precipitates
with high-density form in the high-nickel RPV steels after
irradiations. Thus, it could be inferred that the precipitates
induced by the irradiation in this high-nickel SA508-IV RPV
steel are M6C carbides.

The STEM mode of FE-TEM is employed to study the
elements mapping in order to get the cluster�s evolution in the
irradiation process. Figure 4, 5, 6 are the microstructure and
elements distribution of I0, I3, I30 samples, respectively. In the
as-received sample (0 dpa), there are no Cu-rich clusters found
(Fig. 4). However, there are obvious CRCs in I3 sample, shown
in Fig. 5(a). Thus, CRCs could be considered as the main

Fig. 1 Depth profile of ion-irradiation dosage and ion distribution under 3.5 MeV Fe2+ ion irradiation

Table 2 Ion-irradiation parameters

Ion-irradiation dosage, dpa Fluence, cm-2 Duration, min Sample no.

0 … … I0
3 7.38 9 1015 42.03 I3
30 7.38 9 1016 420.3 I30

Fig. 2 Microstructure of (a) I3 and (b) I30 ion-irradiated samples under FEE-SEM
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irradiation-induced clusters, which play a key role in the
microstructure evolution (Ref 15). Cu mapping in Fig. 6(a) of
I30 sample shows much less CRCs compared with that of I3
sample, which implies that the number of CRCs decreases with
the increase in the irradiation dosage. The volume fraction has
been shown in Fig. 7, CRCs in I3 sample account for 9.1&,
whereas those in I30 sample just account for 4.5&.

It can be seen from Fig. 5 that the precipitates contain
mainly Cr with some Mn, whereas Mo seems to distribute
inhomogeneously as well. When irradiation dose goes up to 30
dpa, Mo atoms segregate together with Cr and Mn atoms to
form Cr/Mn/Mo-rich precipitates, as shown in Fig. 6. It seems
that the contents of Mn and Mo elements in the precipitate in
Fig. 6 are higher compared to the contents of Mn and Mo
shown in Fig. 5, which means that the segregation of Mn and
Mo has been enhanced by the ion-irradiation. The reasons
could be explained as follows. As the dose goes up to 30 dpa,
Cr, Mn and Mo atoms come out as self-interstitial atoms. The
increase in the number of interstitials available for cluster will
promote the interstitial cluster growth rate. Cr/Mn precipitates

existing in the initial irradiation stage will serve as nucleation
sites for Mo atoms to settle down due to a slight positive bias in
the flow of self-interstitial atoms. Therefore, Cr/Mn precipitates
become larger and Mo atoms also take part in the precipitate
formation in the sample with higher irradiation dose (30 dpa)
(see Fig. 6). Cr/Mn/Mo-rich phase is expected to form in low
Cu and high Ni content steels irradiated to high doses.

In this SA508-IV RPV steel, Cr, and Ni contents are much
higher than those in SA508-III steel, whereas Cu and Mn are
much lower. This adjustment of composition could reduce the
formation of CRCs and Cr/MnMo rich precipitates, thus
reducing the irradiation embrittlement tendency. The increase
in Cr and decrease of Mn would all lead to the reduction of
ductile of the steel. Therefore, the addition of Ni could make up
the loss of mechanical properties of SA508-IV steel.

The substructure evolution of SA508-IV steel under ion-
irradiation observed by TEM should also be concerned. It could
be seen from Fig. 4(a) that the I0 sample shows few
dislocations. There could also be found that the dislocations
tangle together in I3 sample (Fig. 5a). The dislocation loops are

Fig. 3 Particle size distribution of samples with different irradiation dosages: (a) I3 (3 dpa); (b) I30 (30 dpa)

Fig. 4 Microstructure and elements distribution of I0 sample (as-received 0 dpa) under scanning transmission electron microscope (STEM)
mode of FE-TEM: (a) STEM image of precipitates and elements mapping measured under STEM; (b) elements intensity in red square area in (a)
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formed in I30 sample irradiated after 30 dpa (Fig. 6a) but not in
I3 sample. The size of dislocation loops in I30 sample is about
10-20 nm. This indicates that the formation of the loops
requires a certain level of interstitial density created by the ion-
irradiation or the collapse of the vacancy clusters. Dislocation
loops play an important role in irradiation hardening through
obstruction to dislocation motion and in other performance of
metal and alloys (Ref 7, 9). It has been reported that the
dislocation loops caused by ion irradiation are mainly intersti-
tial-type ones (Ref 7, 12). Previous research (Ref 25-27)
showed that Ni and Mn elements can promote the formation of
the interstitial dislocation loops during irradiation.

3.2 Nano-Indentation Test Results

The ductile-to-brittle transition temperature is usually used
to evaluate the mechanical properties (Ref 28). As for the tiny
sample could not be fabricated into Charpy impact sample, the
microhardness would be employed to judge the mechanical
properties (Ref 29). Furthermore, the ion-irradiated layer is too

thin for the microhardness test. Therefore, the nano-indentation
tests were carried out for I3 and I30 irradiated samples as
mechanical tests. The results are shown in Fig. 8. The depth
profiles of the nano-hardness of I3 and I30 irradiated samples
are plotted in Fig. 8(a) together with results for the I0 (0 dpa)
sample, whereas the depth profiles of modulus of the three
states are given in Fig. 8(b). From Fig. 8(a), it can be seen that,
generally, the nano-hardness of the steel increases with the
increase in the irradiation dose, and for each irradiation state,
the nano-hardness reaches the highest value, 13.40 GPa (0 dpa),
18.79 GPa (3 dpa), 24.90 GPa (30 dpa), respectively, right at
the surface and then decreases with the increase in the
measured indentation depth. For I0 sample curve, the nano-
hardness sharply drops to about 5 GPa after the highest point. It
can be assumed that the maximum peak value of I0 sample
represents the original hardened surface condition. The incre-
ment of the peak values of I3 sample and I30 sample curves can
then be considered as the ion irradiation hardening effect at the
surface. The I3 sample curve goes through a semi-plateau stage
after the initial sharp drop and then gradually decreases with the

Fig. 5 Microstructure and elements distribution of clusters formed in I3 ion-irradiated sample under STEM mode of FE-TEM: (a) STEM image
of clusters and elements mapping measured under STEM; (b) elements intensity in red square area in (a)
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increase in indentation depth to a stable value, while the I30
sample curve goes through a plateau stage after the initial sharp
drop and then gradually decreases to the stable stage.

The critical indentation depth corresponding to the constant
nano-hardness value for each curve is 1634 nm (2.69 GPa) for
I0 sample curve, 1733 nm (3.30 GPa) for I3 sample, and 1781
nm (3.81 GPa) for I30 sample. The difference in the critical
depth may be related to the irradiation impact depth corre-
sponding to different doses. The high irradiation dose will
produce thick irradiation hardened materials from the surface
which will be reflected in the nano-hardness measurement. As
the critical indentation depth is unknown before the nano-
hardness tests, 300 nm in depth is designated as the reference
point for the damage parameters used to calculate the ion
irradiation dose and dose rate. The nano-hardness values of the
steel samples at indentation depth of 300 nm are 3.89 GPa (0
dpa), 6.88 GPa (3 dpa), 8.45 GPa (30 dpa), respectively, which
are much higher than those at the critical indentation depth.

The modulus values of I0, I3, and I30 ion-irradiated samples
at around 100 and 300 nm depth are shown in Fig. 8(b). It could
be found that the moduli of I0, I3 and I30 samples are 264.7,
293.7, and 300.7 GPa at 100 nm and 249, 254.3, and 256.3 GPa
at 300 nm, respectively. The above means the moduli at 100 nm
depth increase quickly, whereas the moduli increase a little at
300 nm depth. Therefore, it could be concluded that the moduli
reache saturation at around 300 nm depth.

Fig. 6 Microstructure and elements distribution of clusters formed in I30 ion-irradiated sample under STEM mode of FE-TEM: (a) STEM
image of clusters and elements mapping measured under STEM; (b) elements intensity in red square area in (a)

Fig. 7 Volume fraction of CRCs under different ion-irradiation
doses
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4. Discussion

From the mapping evolution of I0, I3, I30 samples shown in
Fig. 4-6, it could be found that the huge irradiation energy
enhances the Cr, Mn, Mo atoms comes out as interstitial atoms.
The initial segregation would act as nucleation sites for the
following precipitates formation and grown-up. Then the
particles density and size evolution in Fig. 3 could be
explained.

As for the Cu-rich clusters, it has been known that Cu
increases the kinetic of clusters formation (Ref 12), thus Cu
plays an important part in solute clustering. At the initial stage
of ion-irradiation process, the concentration of vacancies
increases continuously (Ref 12). Such a high concentration
sharply increases the diffusivity of atoms, leading to the
enhanced clustering, especially in the case of copper which is
highly insoluble in iron at around 290 �C (Ref 30, 31). On the
other hand, the displacement cascades cause many point defect
clusters, which could be ideal sites for copper clustering when
irradiated around 290 �C (Ref 32). Furthermore, the binding
energy between Cu and vacancies has been demonstrated very
strong in ab initio simulations (Ref 33). Based on the above, the
concentrated vacancies and the strong bind between Cu and
vacancies would result in the constantly increase in CRCs with
the dose going up when the irradiation dose is at a relatively
lower level. However, after the irradiation dose becomes
higher, a huge number of vacancies and self-interstitial atoms
will be produced by irradiation. Then, it could be inferred that a
large number of vacancies will effectively dilute Cu-Vacancy
couplings and reduce the chances of clustering. Therefore, it
will become difficult for CRCs to form because too many
vacancies want to couple with the very limited number of Cu
atoms. This might be the reason why there are less CRCs in I30
sample (Fig. 5a).

The different size distribution of Cu-rich clusters of I0, I3,
and I30 sample could be found in Fig. 4-6. Since there are no
CRCs in I0 sample, the comparison of I3 and I30 irradiated
sample has been summarized in Fig. 9. Figure 9(a) is CRCs
distribution observed under STEM and Fig. 9(b) is the
corresponding histograms of I3 irradiated sample, whereas
Fig. 9(c) is CRCs distribution observed under STEM and
Fig. 9(d) is the corresponding histograms of I30 sample. It

could be seen that the size distribution of I30 sample moves in a
smaller direction.

It has been stated that Ni has a strong effect on hardening by
promoting the formation of CRCs made up of a Ni shell and Cu
core (Ref 16, 25). Ni strongly binds with copper and amplifies
the effect of copper by increasing the volume of the precipitates
(Ref 34). However, the results obtained in this study are totally
different. In Fig. 4(a) and 5(a), Cu atoms form clusters but Ni
atoms distributed homogenously within the selected area,
which means that Ni has no effect on the clustering of copper
atoms. It is a surprise because Ni content (3.26%) in SA508-IV
RPV steel studied in the present work is much higher than that
(0.65%-0.84%) in the alloys discussed in (Ref 26), while Cu
contents are quite similar. Logically, Ni should have a stronger
effect on CRCs in SA508-IV steel. Further study is necessary to
understand the reasons for the difference.

The presence of Mo plays an important role in impeding
intergranular P segregation and fracture of steels, which is
because of the attractive Mo-P interactions in the grain matrix
and a grain-boundary toughing effect of the segregated Mo (Ref
35, 36). As the irradiation dose increases, Mo atoms distribute
on the site of Cr/Mn precipitates (Fig. 6). Then, P segregation
would occur because of the lack of Mo atoms, resulting in
brittle intergranular fracture.

Previous research results (Ref 12, 16, 17, 37) have shown
that irradiation can cause the formation of the manganese-
nickel rich precipitates (MNPs) in some of the steels. Radiguet
et al. (Ref 12) concluded that Cu content and the irradiation
time are the crucial influencing factors. In the present study,
however, no MNPs were found during STEM observation of
the samples ion-irradiated with doses of both 3 dpa (irradiation
duration of 42 min) and 30 dpa (irradiation duration of 420
min). This implies that the irradiation time is not decisive in the
formation of MNPs. The absence of MNPs in SA508-IV RPV
steel is probably because of the high content of Cr (1.66 wt.%).
Unlike Ni, Cr is a strong carbide forming element which,
together with Mn, could replace Fe atoms to form Cr/Mn
carbide precipitates.

It is important to note that the hardness change is expected
to be greater for lower dose rate irradiations (1.74910-3 dpa/s at
the peak in this study) arising from precipitate of solutes or
complex defect structures (Ref 38, 39). The main factors that
result in the increase in nano-hardness with the irradiation

Fig. 8 Depth profiles of nano-hardness (a) and modulus (b) of I0, I3, and I30 ion-irradiated samples
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doses are the defects, clusters, and precipitates produced in the
ion-irradiation process. It has been demonstrated that the square
root of the volume fraction of the solute atom clusters provides
a good correlation with the increase in hardness (Ref 14, 40).
Besides, as mentioned above, nickel has a strong effect on the
formation of the interstitial-type dislocation loops, which will
lead to an increase in hardness. When the irradiation dose is
higher, the content of Mo in the matrix decreases as a result of
the co-segregation with Cr-Mn precipitates (Fig. 5). Mo-P
interaction will be reduced, leaving more P atoms free to
segregate to the grain boundaries which can result in the
hardness increasing.

In Fig. 8(a), the curve of I3 irradiated sample shows a semi-
plateau stage and that of I30 sample shows a plateau stage. The
mechanism of plateau is usually considered to be due to the
saturation of damage. The semi-plateau stage may be corre-
sponding to the saturation of CRCs which form in the initial
period of ion-irradiation. However, the plateau in the higher
dose I30 sample curve could be attributed to the loop
coalescence (Ref 41). From our previous study (Ref 42), it
could be known that there is an inflection point on the bilinear
curve replotted by nano-hardness curve according to Nix-Gao
equation, beyond which the ion-irradiation effect on SA508-IV
RPV steel is insignificant.

Modulus is an important parameter that represents the bond
strength of the atoms and ions. The variation of the modulus
curves could be attributed to the elastic anisotropy of materials
(Ref 43). The high-energy ion-irradiation has produced large

elastic anisotropy in the materials. Therefore, the I30 irradiated
sample possesses highest modulus values. However, the
influence of the ion-irradiation just occurs on the top surface.

5. Conclusions

In this study, different doses of ion-irradiation have been
employed to study the irradiation sensitivity of this new
generation SA508-IV RPV steel. The microstructure of the
irradiated samples has been analyzed to study the evolution of
the particles under ion irradiation. Then the mechanical
properties of different doses samples have been evaluated by
nano-indentation experiments in this study. Some main con-
clusions have been summarized as follows,

(1) Cu-rich clusters formed after ion irradiation by 3 dpa,
but partly disappeared when irradiation dose increased
to 30 dpa.

(2) Alloying element Mo atoms remained in the matrix after
irradiation by 3 dpa. At 30 dpa irradiation, however, Mo
segregated to form Cr/Mn/Mo-rich precipitates.

(3) Nano-hardness versus indentation depth curves revealed
that samples subjected to ion irradiation by 3 dpa dis-
play a semi-plateau stage due to the saturation of Cu-
rich clusters; while the I30 sample curve demonstrates a

Fig. 9 Different size distributions of CRCs in I3 and I30 samples: (a) CRCs in I3 sample; (b) CRCs size distribution of I3 sample; (c) CRCs in
I30 sample; (d) CRCs size distribution of I30 sample
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plateau stage which may be attributed to the loop coa-
lescence.

(4) The ion-irradiation just affects the modulus values of
top surface (less than 500 nm) of SA508-IV RPV steel.
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