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Abstract: Specimens of the SA508-1V reactor pressure vessel (RPV) steel, containing 3.26 wt. % Ni
and just 0.041 wt. % Cu, were irradiated at 290 °C to different displacement per atom (dpa) with
3.5 MeV Fe ions (Fe?*). Microstructure observation and nano-indentation hardness measurements
were carried out. The Continuous Stiffness Measurement (CSM) of nano-indentation was used to
obtain the indentation depth profile of nano-hardness. The curves showed a maximum nano-hardness
and a plateau damage near the surface of the irradiated samples, attributed to different hardening
mechanisms. The Nix-Gao model was employed to analyze the nano-indentation test results. It was
found that the curves of nano-hardness versus the reciprocal of indentation depth are bilinear.
The nano-hardness value corresponding to the inflection point of the bilinear curve may be used as a
parameter to describe the ion irradiation effect. The obvious entanglement of the dislocations was
observed in the 30 dpa sample. The maximum nano-hardness values show a good linear relationship
with the square root of the dpa.

Keywords: SA508-1V; displacement per atom (dpa); ion irradiation hardening; inflection point;
reactor pressure vessel (RPV) steel; nano-hardness

1. Introduction

With the increasing demands for high capacity and long design life of nuclear reactors, the
performance of existing reactor pressure vessel (RPV) steels is becoming less adequate. It is important
that new RPV steels should possess higher yield strength and fracture toughness, lower ductile to
brittle transition temperature, and excellent neutron irradiation embrittlement resistance. The SA508-1V
RPYV steel studied in this work is a new generation RPV steel, with higher nickel content and lower
copper content, compared with SA508-III. Ni is well known for improving the low-temperature
cleavage toughness by decreasing the energy barrier of kink formation [1,2]. To determine the
performance of this steel under nuclear environments, it is necessary to investigate the effect of
irradiation doses on the microstructure evolution and the mechanical properties of this new type of
RPV steel. The microstructure of this SA508-1V steel is mainly martensite structure with retained
austenite, which could guarantee strength and toughness.

Neutron irradiation embrittlement of RPV steels causes the most severe damage during operation
of nuclear power stations. Due to the long-term damage production and the radioactivity of the
neutron irradiation, the real neutron irradiation experiments are limited and very difficult to carry out.
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Instead, high-energy heavy ion irradiation has been extensively used to study the irradiation response
of the candidate RPV steel because of the simplicity of use, easier control of irradiation parameters,
reduction of cost, rapid damage production, and absence of induced radioactivity [3—6]. Ion irradiation
is one of the best methods for investigation of irradiation embrittlement [7], and provides a rapid
and flexible way to achieve high doses without the hazards induced by activation of the materials [8].
Furthermore, the displacement cascades induced by ion irradiation are similar to those induced by
neutron irradiation [9]. On the other hand, the disadvantages of ion irradiation are inhomogeneous
damage profiles and shallow irradiation depth compared to neutrons [10].

The purpose of this paper is to fully characterize the relationship between the measured
nano-indentation test results and the irradiation doses. The classic Nix-Gao model was used to
analyze the test results. Considering the limitation of ion-irradiation depth and sample size, the
nano-indentation test is a quite useful method for the study of the mechanical properties of irradiated
materials, which uses the recorded depth into the specimen of an indenter along with the applied
load to determine the area of contact and obtain the hardness of the test specimen [11]. The technique
Continuous Stiffness Measurement (CSM) offers a significant improvement in nano-indentation
testing [12]. Compared with the loading-unloading method used in the past, the CSM has the great
advantage of obtaining the depth profile with only a single indent. The irradiation hardening should
be related to the irradiated microstructural features, which commonly belong to two groups: solute
atom clusters and matrix damage [13].

2. Experimental Procedures

2.1. Testing Materials and Irradiation Conditions

The material used in this study is a new generation RPV steel SA508-1V, designed with high Ni
(3.26 wt. %) and low Cu (0.041 wt. %) content. The detailed chemical compositions are shown in
Table 1. The rolled steel underwent a heat treatment process of holding for 1.5 h at 920 °C, followed by
water quenching (WQ) to room temperature (RT), re-heating to 650 °C for 30 h and then water cooling
to RT, called the as-received state. Heavy ion irradiations were conducted with 3.5 MeV Fe ions (Fe?*)
using the ion accelerator in the Texas A&M University (College Station, TX, USA) on these as-received
state samples, at 290 £ 5 °C. The ion accelerator is shown in Figure 1. The Stopping and Ranges of
Ions in Matters (SRIM) was used for the irradiation damage calculation. The irradiation damage (D, in
dpa) could be calculated by the equation [14],

. F- Ncliion : Mmol

D= >-d Na @

in which, F is the ion fluence, in ion/cm?; My, is the target’s molar mass, in g/mol; N4 is the
Avogadro’s constant.

Table 1. Chemical composition of SA508-IV Ni-Cr-Mo alloy steel in wt. %.

C Si Mn P S Ni Cr Cu Mo Al Fe
0.15 0.36 034 0.011 0.008 3.26 1.66 0.041 046 0.005 Balance

The displacement damage and ion distribution versus depth calculated by SRIM is shown in
Figure 2. It can be seen that the peak damage depth sits at around 1000 nm below the ion irradiated
surface. The ion distribution reaches the peak value at around 1200 nm depth.
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Figure 1. The picture of the ion accelerator.
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Figure 2. Depth profile of displacement per atom (dpa) and ion distribution in 3.5 MeV Fe?* ion irradiation.

The corresponding dose calculation was done in pure Fe with the displacement energy Eq = 40 eV.
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 x 1073 dpa/s at the peak or 0.7 x 102 dpa/s at the depth of 300 nm. The doses
reached 1, 2, 3, 10, 20, 30 dpa, respectively. A 6 mm x 6 mm ion beam was used in order to ensure full

coverage on the samples. The parameters of ion-irradiation are shown in Table 2.

From Table 2, it can be seen that 30 dpa of ion-irradiation needs 420 min. Although the 30 dpa
dosage of neutron irradiation needs hundreds of years in the neutron reactor in service, this RPV
steel SA508-1V is designed for the fourth-generation nuclear reactor where the neutron flux inside
will be much higher, especially in the fast reactor, therefore, it is essential to study the performance of
SA-508-IV RPV steel under high dosage.

Table 2. The parameters of ion-irradiation.

dpa Fluence Duration (min)
1 2.46 x 1015 14.01

2 492 x 10 28.02

3 7.38 x 1012 42.03

10 2.46 x 1016 140.1

20 492 x 1016 280.2

30 7.38 x 1016 420.3

2.2. Microstructure Observation

After ion-irradiation, the samples were cut from the sample center along the irradiation direction.
Standard grinding and polishing was applied, followed by etching with 5 vol % nital. The microstructure
of the etched samples was examined using the Quanta 200F Field Emission Environmental Scanning

Electron Microscopy (FEESEM) (FEI, Hillsboro, OR, USA).
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Thin foils for TEM observation were prepared perpendicular to the irradiated surface using the
Zeiss Auriga Crossbeam focused ion beam (FIB) system (Zeiss, Jena, Germany). To remove defects
appearing under Ga implantation at the FIB preparation, the specimens were polished by low-energy
ion sputtering of Ar ions accelerated at 150 V using an ultralow-energy Ar ion beam sputtering system.
After sufficiently thinning, the samples were observed using the F20 Field Emission Transmission
Electron Microscopy (FE-TEM) (FEI, Hillsboro, OR, USA).

2.3. Nano-Indentation Tests

The nano-indentation hardness at room temperature was measured using a Nano Indenter XP
(MTS, Eden Prairie, MN, USA) with a 2 um diamond Berkovitch indenter (three-sided pyramid)
under a maximum load of 500 mN. The Continuous Stiffness Measure (CSM) was used to study the
mechanical properties. The depth (h) profiles of nano-hardness (H) up to a depth of about 2000 nm were
obtained using this CSM method in the study. Five indentations were made on each of the specimens.

3. Results and Discussion

3.1. Microstructure

In the as-received state samples, the coarse carbides are mainly My3Cg types, which were observed
in our previous work [15]. High density of fine M¢C carbides formed after the ion irradiation, which
were supposed to form in the high-nickel RPV steels after irradiation [16,17]. In our recent study,
the Cu-rich clusters (CRCs) preferred to form under low dose irradiation (3 dpa) but disappeared
after high dose (30 dpa), whereas Mo atoms started to segregate onto Cr/Mn precipitates to form
Cr/Mn/Mo until irradiated at high dose (30 dpa) [18].

The microstructures of samples after different ion-irradiation doses, 3 dpa, 10 dpa, 20 dpa,
and 30 dpa, are shown in Figure 3a—d, respectively, from which it can be seen that there are
no significant differences between the martensitic microstructure of the four differently dosed
ion-irradiated samples. Thus it could be speculated that ion irradiation affects the density or size of
the nano-clusters/precipitates much more than grain size or phases structure.

Figure 3. Microstructure of samples after different ion-irradiation doses, (a) 3 dpa; (b) 10 dpa; (c) 20 dpa;
and (d) 30 dpa.
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3.2. Nano-Hardness

The indentation depth profiles of nano-hardness corresponding to different dpa are plotted in
Figure 4 which demonstrates that the nano-hardness curves of the irradiated samples are related
to the irradiation doses with the non-irradiated at the bottom and the 30 dpa irradiated at the top.
It can be seen that the nano-hardness curve of each state sample can be divided into three regions.
The nano-hardness value goes up with increase of depth initially, and reaches the highest value near
the surface (region A), and then goes down with the further penetration into the samples (region B
and C in Figure 4). The variation in region A is known as the reverse indentation size effect (RISE),
whereas the phenomenon in the broader regions B and C (the decrease in hardness with further depth)
is called the indentation size effect (ISE) [19,20].

In the region B, there are plateau damage profiles in the low dose irradiation samples (1-3 dpa).
With the increase of the dosage, the plateau stage weakens (10 dpa), and then disappears (20 dpa), but
shows up again in the 30 dpa sample. Considering the CRCs in the 3 dpa sample which disappear in
the 30 dpa sample, demonstrated in our previous study [18], the formation of CRCs could be related
to the appearance of the plateau stage (90-180 nm depth) in the nano-hardness curves of the low
irradiation dose samples. The plateau damage profile represents the damage saturation. Therefore,
it could be concluded that the hardening effect after low doses of ion irradiation is because of the
formation of CRCs, and the nano-hardness profiles reach the plateau stage due to the saturation
of CRCs. Furthermore, there is also an obvious plateau profile (110-230 nm depth region) in the
30 dpa sample. The hardening effect under higher dosage is probably caused by the formation of the
interstitial-type dislocation loops and the Cr/Mn/Mo precipitates. The plateau stage of the 30 dpa
curve can be considered to result from loop coalescence [21]. As for the depth of the plateau stage, it
could be seen in Figure 4 that the plateau stage in the 30 dpa sample is deeper than that in the low
dose samples. This could be explained as accumulation of irradiation defects and a move-forward
towards the inner of the samples with increasing irradiation dose.

Nano-hardness / GPa

. : - :
500 1000 1500 2000
Indentation depth / nm

Figure 4. Depth profiles of nano-hardness of SA508-1V after different ion-irradiation doses.

According to the Nix and Gao equation [22] for the ISE stage, which describes the relationship
between nano-hardness (H) and depth (k),

I* 0.5
H:H0<1+<h>) )
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where H is the hardness for a given depth of indentation k; Hy is the hardness at the limit of infinite
depth; I* is a characteristic length that depends on the shape of the indenter, the shear modulus and Hj.

The curves of the ISE stage (region B and C) in Figure 4 could be replotted in Figure 5. The circled
area in Figure 5a is enlarged and shown in Figure 5b. There is a difference between the irradiated
samples and the non-irradiated sample (0 dpa). The slope of the non-irradiated curve remains constant
in the ISE stage, while the slopes of the irradiated ones change at the critical indentation depth, forming
the bilinear curves. According to Equation (2), Hy? x I* is equal to the slope of the curves in Figure 5.
It could be found that there are not many differences between the Hy'™ and Hy"™ ", thus the ion
irradiation affects [* dramatically. As stated in Equation (2), the [* depends on the shape of the indenter,
the Hp and the shear modulus. The effect of ion irradiation is therefore mainly on the shear modulus
of the materials. The C region in Figure 4 corresponds to the initial linear part of the curves in Figure 5,
which is not significantly affected by the ion-irradiation. The following increased part of the irradiated
curves in Figure 5 represents the region B (Figure 4), which is the area influenced mostly by the
ion irradiation. The bilinear profile of the irradiated samples in Figure 5b is formed due to the soft
substrate effect (SSE) of the deeper area just beneath the irradiated depth area [20,22].

(a) h (nm) (b) h (nm)
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Figure 5. H? versus 1/h profile for the indentation size effect (ISE) region according to the Nix-Gao
model, the circled area in (a) is enlarged in (b).

From Equation (2) it could be found that the slope of the second line just after the inflection point
of the bilinear curves in Figure 5b is equal to Hy? x I*. Thus the [* of the irradiated stage could be
obtained by the slope divided by Hy? for each state sample. The relationship between [* and dpa is
plotted in Figure 6. In Figure 6, it could be seen that the increase rate of [* is higher under low dosage
than that under high dosage, which means the [* value becomes constant when the ion irradiation
dose is high enough for the irradiation effect on the nano-hardness to reach the saturation state.

Figure 4 shows that each nano-hardness curve has a maximum value which varies with the
irradiation doses. The relationship between the maximum nano-hardness and dpa is presented
in Figure 7. The dose dependence of the maximum nano-hardness in Figure 7a is similar to that
of the characteristic length [* as shown in Figure 6 which demonstrates a rapid increase at low
doses and a slowdown of the rate of increase at higher doses, implying that the irradiation effect
on nano-hardness would become saturated eventually after high dosage. Zhang et al. [3] proposed
a power-law dependence of the nano-hardness on dpa. In this work, the maximum nano-hardness
versus the square root of dpa in Figure 7b shows a linear increase relationship. The linear fitness
result is,

Hpmax = 12.26 4+ 2.09/dpa (3)
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where the constant 12.26 is the peak value of the nano-hardness curve for the non-irradiated sample,
the coefficient 2.09 can be considered as the ion-irradiation hardening parameter, which could be used
to evaluate the performance of the RPV steels under irradiation.

800

700 —
600
500

400 —

l*

300 ]
200
100

0

0 5 10 15 20 25 30 35
dpa

Figure 6. The relationship between the I* and dpa.

(a) (b)

26 26

. 9 y=12.26+2.09x n

22

20 [ ]

Maximum nano-hardness / GPa
=
L

Maximum nano-hardness / GPa
=
1

10 T T T T T T T T T T T T 10 T T T T T T
0 5 10 15 20 25 30 35 0 1 2 3 4 5 6

g 12
dpa dpa

Figure 7. The relationship between the maximum nano-hardness and (a) dpa; (b) the square root
of dpa.

It can be seen in Figure 7 that the 3 dpa point remains higher up on the linear fitting line. Since the
precipitates or clusters are formed in different stage of the Fe?* ion irradiation process, the hardening
mechanisms should also be different from low dose to high dose. The CRCs are known to form at
low doses and to disappear at high doses [18,23-25], and Bohmert et al. have demonstrated that the
increase in hardness has good correlation with the square root of the volume fraction of the solute
atom clusters [26]. Thus, it could be speculated that the first hardening stage could be attributed to
the formation of the CRCs. From the plateau damage profile of the 3 dpa in Figure 4 and the higher
maximum nano-hardness point of 3 dpa in Figure 7, it can be concluded that the formation of CRCs
becomes saturated when the dose of irradiation reaches 3 dpa. When the dose increases to 10 or 20 dpa,
the hardening mechanism changes from the CRCs to the precipitates, such as the Cr/Mn/Mo, and
different dislocation structures. The large scatter of 1 and 10 dpa data found from Figure 7b may be
because of the variety of the microstructures or the surface condition.
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The TEM observation results of the dislocations in the 3 dpa and 30 dpa samples are shown in
Figure 8. It can be seen that the dislocations in the 3 dpa irradiated sample (Figure 8a) are mainly
parallel and along the directions of ion irradiation. In contrast, in Figure 8b, the dislocations are found
to be entangled with one other. Y. Takayama et al. [27] found that nickel element addition enhances the
irradiation hardening of RPV steel during the irradiation process. Ni and Mn elements are reported to
have the tendency to promote the formation of interstitial loops during irradiation [28-30] and the high
dose of irradiation could generate high density of self-interstitial atoms by the cascade effect which
results in the formation of interstitial-type dislocation loops [31,32]. Therefore, it can be considered
that the entanglement of the dislocations and the interstitial-type dislocation loops are one of the main
factors responsible for the hardening effect after high dose irradiation.

Figure 8. Dislocation density of different dose ion-irradiation samples, (a) 3 dpa; (b) 30 dpa.

In Figure 4, it can be seen that there are multiple discontinuous displacement bursts occurring
clearly in the nano-hardness versus depth curves of some ion-irradiated samples. Such a non-uniform
displacement response named “pop-in” is marked by arrows in Figures 4 and 5. The pop-ins on the
1 dpa curve occur around 25-50 nm depth, whereas the one on the 10 dpa curve stays around 85 nm
depth. Generally, the occurrence of pop-in phenomenon in metals can be attributed to several factors
such as dislocation nucleation and propagation, crack formation or phase transformation [33-36].

The pop-ins on nano-hardness curves of the SA508-IV steel samples in this study probably
occurred due to the transformation of the retained austenite to martensite. During the measurement of
the nano-hardness along the depth of the sample, the indenter may encounter the retained austenite.
Because the retained austenite is relatively soft, the corresponding nano-hardness is lower which
results in the drop of the nano-hardness on the curve. On the other hand, the plastic deformation
of the retained austenite may induce transformation of the austenite to martensite which is much
harder than the retained austenite. Thus the nano-hardness in the hardness-depth curve will increase,
therefore, forming the pop-ins on the curves. Whether there are pop-ins on the curves depends on the
distribution of the retained austenite. If there are retained austenite grains along the measuring depth
of the sample, pop-ins would be generated, otherwise, there would be no pop-ins.

Attention should be paid to the inflection points of the bilinear curves (the crossing points of
the two-line curves) in Figure 5b, corresponding to the cut-off point between B region and C region
(Figure 4). The indentation depths at the inflection points are similar for the irradiated samples, but
the nano-hardness value increases with the increase of the irradiation dosage. As mentioned above,
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the bilinear profile is attributed to the SSE of the non-irradiated area just beneath the irradiated area.
Therefore, the nano-hardness value (Hj,¢) and the indentation depth (4™/""™) corresponding to the
inflection point, can be considered as a parameter representing the irradiation mostly affected layer on
the surface of the material, and below this layer, the effect of irradiation can be neglected.

The nano-hardness profiles in Figure 4 manifest when the measuring depth is over 1500 nm, the
nano-hardness value remains almost constant. Therefore, to measure the nano-hardness as a property
of a material, the indentation depth must be greater than 1500 nm. The nano-hardness value at a depth
of ~2000 nm is taken as the material nano-hardness property in normal practice. To characterize the
effect of ion irradiation on the nano-hardness of a material, however, different parameters should
be applied since the effect of ion irradiation is limited within the surface thin layer of the material.
As discussed above, the maximum nano-hardness value Hmax or the hardness value corresponding
to the inflection point (Hj,¢) could be used to describe the irradiation effect on the nano-hardness
of materials.

4. Conclusions

The heavy ion irradiation process was demonstrated to produce a similar cascade effect to neutron
irradiation. Micro-mechanical properties were obtained by nano-hardness tests. Based on the above
analysis, conclusions can be drawn as follows:

(1) The CSM nano-hardness profiles of the irradiated SA508-1V steel samples exhibit a maximum
value and a plateau.

(2) The maximum nano-hardness (Hmax) increases rapidly at low doses and slowly at higher doses.
The relationship between Hmax and dpa follows a 1/2-power law.

(3) The inflection point of the bilinear curve is the point separating the B region and C region on the
CSM nano-hardness profile. Beyond the inflection point, the ion irradiation effect on the materials
is insignificant.

(4) The characteristic length [* which is affected by ion-irradiation was obtained by fitting the bilinear
curves, and also had a relationship with the displacement per atom (dpa).
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