Materials Research Express

PAPER

Irradiation studies on a reactor pressure vessel steel using Fe™ ion

To cite this article: A Kedharnath et al 2019 Mater. Res. Express 6 1065c5

View the article online for updates and enhancements.

Bringing you innovative digital publishing with leading voices

to create your essential collection of books in STEM research.

This content was downloaded from IP address 129.100.58.76 on 24/10/2019 at 12:51


https://doi.org/10.1088/2053-1591/ab3f8b
http://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvY8AErNLPCGkM1aqW3tG57GSIPgEVyMg8hilm_GY9IuYLMqjGoXBS0ufUks8UrQgit48mC9ikT4LNOnk3NkRGJoI7x9nDt_bcBPIzVsYss9Vo4S51OEOQV1s90eqrbW_3ec7c7t8wmT9-4xJRfbmuucuY9qICtyftXXdp38fUMelXjIxjQfHQw1lx1S3Vg5IcWLVj1ibRElhUsC3oE5pbnC1I5eRUlwokrLJVpaHHzy9y2yG35&sig=Cg0ArKJSzEOtzWqRgQr1&adurl=http://iopscience.org/books

10P Publishing

® CrossMark

RECEIVED
17 May 2019

REVISED
22 August 2019

ACCEPTED FOR PUBLICATION
29 August 2019

PUBLISHED
11 September 2019

Mater. Res. Express 6 (2019) 1065¢5 https://doi.org/10.1088,/2053-1591 /ab3{8b

Materials Research Express

PAPER
Irradiation studies on a reactor pressure vessel steel using Fe™ ion

A Kedharnath'>®, Apu Sarkar"’, Rajeev Kapoor'~, S Balaji’, C David’, Dhanadeep Dutta*, S K Sharma™,
G Bharat Reddy"?, Saurav Sunil*, Arnomitra Chatterjee', Harish Kumar® and Khushahal Thool®
Mechanical Metallurgy Division, Bhabha Atomic Research Centre, Mumbai, 400085, India

Homi Bhabha National Institute, Mumbai, 400094, India

Materials Science Group, Indira Gandhi Centre for Atomic Research, Kalpakkam, 603102, India

Radiochemistry Division, Bhabha Atomic Research Centre, Mumbai, 400085, India

Advanced Light Water Reactor Division, Bhabha Atomic Research Centre, Mumbai, 400085, India

Department of Metallurgical Engineering and Materials Science, Indian Institute of Technology, Mumbai, 400076, India

S

T

E-mail: kedharnath@barc.gov.in

Keywords: self-ion irradiation, EBSD, doppler broadening spectroscopy, nanoindentation, GIXRD

Abstract

Reactor pressure vessel steel samples were irradiated to three different doses 10, 25 and 50
displacements per atom (dpa) at 300 °C (reactor operating temperature) with 1.76 MeV Fe™ ion and at
the dose rate of ~4.4 x 10> dpas~ . Samples were examined by Electron Backscatter Diffraction
(EBSD), Grazing Incidence x-ray Diffraction (GIXRD), depth dependent Doppler Broadening
Spectroscopy (DBS) and nanoindentation before and after irradiation. EBSD showed an increase in
local misorientation values suggesting an increase in geometrically necessary dislocation density.
GIXRD showed an increase in overall dislocation density after irradiation. DBS results suggested a
non-uniform vacancy-depth distribution with the highest damage at a depth (~500 nm) which was
consistent with the values from the Stopping and Range of Ions in Matter (SRIM) calculations. The
mechanical response after irradiation was measured using nanoindentation. The nanohardness of the
irradiated samples was higher than that of the unirradiated one and increased with the increase in dpa.
GIXRD result showed that the dislocation density of 50 dpa irradiated sample was almost twice that of
the unirradiated sample.

1. Introduction

The reactor pressure vessel (RPV) is the key component in light water type nuclear reactors. The RPV contains
the entire reactor core and core shroud, and is also the ultimate barrier to nuclear radiation. Thus, the structural
integrity of the RPV is of extreme importance for the safety and longevity of nuclear power plants. Low alloy
steels with less amount of alloying content are popularly used to fabricate the RPV. 20MnMoNi55 is an Mn-Mo-
Ni type low alloy steel, equivalent to SA508 Grade 3 class 1 steel. It has been used for nuclear RPVs, steam
generators and compressors application for decades [1-3]. Although this steel exhibits good impact, fatigue and
creep behavior [4—6], its mechanical properties degrade due to irradiation in the reactor environment [3, 7-9].
Irradiation embrittlement in considered to be the primary life limiting degradation factor of the RPV steel.
Impact toughness of the steel decreases and the ductile to brittle transition temperature increases due to
irradiation. These degradations of mechanical properties are linked to the microstructural modification of the
steel as a result of radiation damage. Thus, it is important to understand the changes in the microstructure of
RPV steel after irradiation in order to reliably predict the degradation in its mechanical properties.

Previously several irradiation experiments have been carried out with neutron, proton and heavy ions at
different temperatures on different grades of RPV steels [7—19]. Wang et al observed interstitial dislocation loops
in Chinese domestic A508-3 steel irradiated with protons at room temperature [20]. Xiao Hong et al observed an
increase in dislocation loop size but a decrease in hardness and loop number density in proton irradiated A508-3
steel where the irradiation temperature increased from room temperature to 290 °C [21]. Jing et al observed an
increase in nanohardness with the increase in dose in proton irradiated A508-3 steel [22]. Phythian and English
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[23] showed the importance of dislocations in the clustering of defects and segregation of elements. From this
they reasoned that dislocation pinning could be a possible cause of the increased hardening and embrittlement
due to irradiation. Due to extensive studies, there is now a reasonable understanding of the radiation damage
behavior of the RPV steel. However, most of the previous studies were focused on characterizing the
microstructure at a particular length scale. It is known that irradiation of materials with ions produces a
distribution of defects varying with depth, and thus the characterization of defects at different depths requires
different characterization techniques.

In the present study, Fe " ions were used to irradiate RPV steel samples at 300 °C (the reactor operating
temperature). The focus of this study was to examine the variation of dislocation and point defect densities in the
materials irradiated to different displacement damage. To do so, the irradiated steel samples were characterized
and examined by Electron Backscatter Diffraction (EBSD), Positron annihilation Doppler Broadening
Spectroscopy (DBS), Nanoindentation and Grazing Incidence x-ray Diffraction (GIXRD). For each of the three
different displacement damage levels samples, EBSD characterization was carried out on the same area of the
sample before and after ion-irradiation.

2. Experimental methods

2.1. Material and samples

The material used in the present investigation is an Mn-Mo-Nilow alloy RPV steel with the chemical
composition shown in table 1. Samples of dimensions 15 x 15 x 100 mm’ were cut from a forged and heat
treated (normalized) block and subjected to quenching and tempering heat treatment cycle. The critical
transition temperatures (A; and A;) were measured by dilatometry using small cylindrical samples (¢4

mm X 10 mm) with a heating rate of 5 °C min~!. The A, and A, temperatures were determined as 726 and

817 °Crespectively. Quenching and tempering process was carried out in a small resistance furnace. During the
heat treatment, samples were austenitized at 875 °C for 5 h then air cooled (to simulate the near surface location
of thick forging) and then tempered at 650 °C for 7 h.

2.2.Self-ion irradiation

Samples were cut from the heat-treated steel block and mechanically polished to 0.5 mm thickness and
subsequently electropolished in a solution of 20 ml perchloric acid and 80 ml methanol at —25 °Cand 20 V.
Markings were made on the steel samples after polishing using Vickers microhardness machine. The polished
steel samples were subject to Fe™* irradiation using a 1.7 MV Tandetron accelerator at Indira Gandhi Centre for
Atomic Research (IGCAR), Kalpakkam, India, with 1.76 MeV energy and 12 mm beam diameter. The average
ion current used was in the range of 188-239 nA, with a dose rate of (4.6 + 0.2) x 10~ dpa s~ '. The irradiation
was carried out in vacuum at 300 °C so as to simulate the temperature experienced in the reactor. The sample
was heated by two heaters. The temperature was measured by a thermocouple and thermal camera and its
feedback was used to maintain the sample in thermal equilibrium with the heater. During the measurement of
beam current using the Faraday cup [24—-27] the variation in the sample temperature was within 1%. Irradiation
damage of 10, 25 and 50 dpa was achieved on three samples. It should be mentioned here that as the starting RPV
steel was received in the tempered condition (650 °C for 7 h) it is highly unlikely that exposure at 300 °C will
change the starting microstructure [28, 29].

2.3. EBSD analysis

The EBSD measurements were performed on the same area of the sample before and after irradiation. EBSD was
carried out on a ZEISS FEG SEM with an OXFORD HKL analysis system using an accelerating voltage of 20 kV
with a step size of 0.2 um. Micro-markings made using Vickers microhardness machine were used to locate the
same area before and after irradiation for EBSD scans. Inverse pole figure (IPF) map was generated parallel to the
irradiation beam direction (i.e. normal to sample surface).

2.4. Grazing incidence x-ray diffraction

The shape and broadening of the peaks in the x-ray diffraction (XRD) profile of a polycrystalline sample are
sensitive to microstructural parameters like domain sizes and micro-strain developed due to the presence of
crystalline defects [30, 31]. Thus, quantitative information about the microstructure of a polycrystalline sample
can be estimated from the analysis of the XRD peak profile [32]. XRD line profile analyses have been extensively
used to assess the microstructural changes in a variety of irradiated materials [16—19, 32—-36]. Conventional XRD
is suitable for investigation of the samples irradiated with neutron and proton where the damage layer extended
to atleast several micrometers. However, in case of the present study, the damage range is only up to 800 nm
from the sample surface, as was calculated by the Stopping and Range of Ions in Matter (SRIM) code [37] as will

2



Table 1. Chemical composition in wt% of the low alloy steel used in this study.
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Figure 1. Damage depth profile produced by self-ion irradiation after 10, 25 and 50 dpa as calculated from Stopping and Range of Ions
in Matter (SRIM) code [27]. The plot shows three different layers ((1) surface, (2) damaged and (3) bulk layer) separated using dotted
vertical lines and different characterization techniques used to analyze different damage depth.

be shown later. To obtain the XRD profile from the near surface region, grazing incidence XRD (GIXRD)
experiments were performed on the unirradiated and irradiated samples using CuK,, radiation at an incidence
angle (w) of 1°. The estimated depth (t = (sinw)/, 1 being the linear absorption coefficient of CuK,, x-ray in
Fe) of penetration of x-ray during GIXRD measurements was ~800 nm. The value of /2 is 2405 cm ™' [38, 39].

2.5. Positron annihilation DBS analysis

Depth dependent Doppler broadening measurements were carried out on unirradiated and irradiated samples
using a slow positron beam. Details of this set up can be found elsewhere [36]. The incident energy (E) of the
positron is varied by floating the sample at requisite voltage. The total counts in each spectrum were ~2 x 10°. The
Doppler broadened spectra were analyzed through line shape parameters viz. S and W parameters which signify the
annihilation contribution of low momentum (valence) and high momentum (core) electrons, respectively. The S-
parameter is calculated as the fractional area in the central region (511 & 1.53 keV) whereas W-parameter is
calculated as the fractional area under 4.416 keV < |E,—511 keV| < 5.761 keV energy window in the wing region
of Doppler broadened annihilation peak, where E. is the energy of annihilation gamma photons.

2.6. Nanoindentation

The mechanical behavior and hardness of the damage volume due to irradiation was carried out in ultra-nanohardness
tester (UNHT), CSM, Switzerland with Berkovich diamond indenter. The samples were loaded to a maximum load of
5 mN with aloading rate of 1.5 mN min .. The hardness was determined using Oliver-Pharr method [40].

3. Results and discussions

3.1. SRIM calculation

The damage depth profiles were calculated using SRIM code. Calculations were made using Kinchin Pease
method. Displacement energy of 40 eV was used in the SRIM calculation. The different damage profiles are
identified by their maximum damage of 10, 25 and 50 dpa in the individual profile. The surface and near surface
areas were less damaged compared to the peak damaged area at around 500 nm as seen in figure 1. In figure 1,
three different layers were marked and separated using dotted vertical lines—(1) surface, (2) damaged and (3)
bulk layer. EBSD analysis corresponds to 10-30 nm damage depth. The maximum damage depth is well beneath
the area from where backscattered electrons were analyzed. Nanoindentation was carried out upto a damage
depth of 150-300 nm. The estimated x-ray depth during GIXRD was 800 nm. However, the depth dependent
DBS measurements have been carried out up to the bulk layer of the samples.
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Figure 2. Inverse Pole figure (IPF) maps and band contrast images with grain boundaries of steel samples before and after irradiation
to (a) 10, (b) 25and (c) 50 dpa examined at the same region. Black boxes show the common scanned areas of before and after irradiated
samples. In IPF maps, the grain boundaries with misorientation more than 15° are marked with black color and the grain boundaries
with misorientation between 2° and 15° are marked with grey color. In band contrast image, the grain boundaries with misorientation
more than 15° are marked with black color and the grain boundaries with misorientation between 2° and 15° are marked with green
color.

3.2. EBSD analysis

Figure 2 shows IPF map and microstructure of samples before and after irradiation carried out to different doses.
Itis seen that after irradiation there were no significant changes in the microstructure. Figure 3 shows plots of
local misorientation, misorientation angle and grain size for samples before and after irradiation. From

figure 3(a) it is seen that there was an increase in local misorientation after irradiation. This can be correlated to
misorientation due to geometrically necessary dislocations (GNDs). The gradient of disorientation between the
neighboring orientations gives the lattice curvature which relates to the Nye’s GND density tensor. Hence the
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local misorientation which is the disorientation angle between the neighbor orientations can be related to GND
density [41—45]. During phase transformation in bainitic steels, GNDs are formed at the bainitic interface [46].
The increase in local misorientation values in the samples after irradiation suggests an increase in GNDs.
Misorientation angle distribution (figure 3(b)) shows that the fraction of low angle grain boundaries increased
after irradiation. The increase was highest for the 50 dpa sample. The grain size (for grains having high angle
boundaries) showed no significant change before and after irradiation (figure 3(c)). Thus, in the first 30 nm from
the surface although the grain size does not change, the density of GNDs does appear to show a measurable
increase.

3.3. Grazing Incidence x-ray diffraction
Figure 4 shows the GIXRD profiles of unirradiated and 50 dpa irradiated steel samples. Peaks of the GIXRD
profiles were fitted with pseudo Voigt (pV) function to determine the integral breadth (). Gis essentially the
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Figure 3. Electron Backscatter Diffraction (EBSD) analysis of steel samples before and after 10, 25 and 50 dpa irradiation damage

showing (a) cumulative distribution of local misorientation angle up to 2°, (b) Misorientation angle distribution and (c) cumulative
grain size distribution.
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Figure 4. Grazing incidence x-ray diffraction profiles of unirradiated and irradiated steel samples.
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Figure 5. (a) Williamson-Hall plot for unirradiated and irradiated steel samples. The error bars were obtained from the standard
errors in determining the integral breadths of the peaks. (b) Fourth order restricted moment of the (110) peaks of the unirradiated and
irradiated steel samples.

area of the peak divided by the peak intensity. Figure 5(a) shows the Williamson-Hall (WH) plot [47] obtained by
plottmg o, where 0is the Bragg angle of the peak and ) is the wavelength of the Cu K, x-ray
radiation. The error bars in figure 5(a) were obtained from the standard errors in determining the 3. It is evident
from figure 5(a) that there is an increase in broadening (3) of the peaks in the sample irradiated at a dose of

50 dpa. However, the broadening is not monotonous with 26, the (200) peak is broader compared to (211) peak.
This type of non-monotonous broadening is termed as anisotropic broadening and is attributed to the presence
of large number of dislocations in the sample. In the case of anisotropic broadening, the WH plot is not suitable
to determine microstructural parameters. The variance method developed by Groma et al [48—51] has been
shown to be appropriate for determination of the domain size and dislocation density from the anisotropically
broadened XRD profile. This method is suitable for analyzing the XRD profile from a sample with
inhomogeneous dislocation microstructure [49] and has been successfully utilized to characterize the irradiated
sample [52, 53]. The method is based on the analysis of the moments of the intensity profile. The analytical
derivation presented by Groma [49] showed that the domain size and micro-strain induced broadening
influence the asymptotic behaviour of the kth-order restricted moments defined as:

agamst

!

q*I(q)dq

m(q) = o)
[ 1@dq

sin @ — sin 60,

where I(q) is the intensity distribution of the XRD peak, g = 2( X , 0and 0, are the diffraction and
Bragg angle respectively. The domain size (D) and the average dislocation density (p) are determined from the
4th order restricted moment (M,(¢)) using the relation [48]:
M 1 A 3N
4§q) =1 g e Y 38(p?)
q 372D 472 4mrig?

In*(q/ q, 2

where (p”) corresponds to fluctuation is dislocation density, A is a geometrical constant describing the strength
the dislocation contrast (with value ~1) and q; is a fitting parameter.

The variance analysis was performed on the (110) peaks of the unirradiated and irradiated steel samples.
Figure 5(b) shows the variation of "(q)

against q. The data points in the asymptotic regions were fitted with

equation (2). The values of D and p obtalned from the fitting are listed in table 2. The errors for the domain size
and dislocation density values mentioned in table 2 were estimated from the standard deviation of the D and p
values obtained from fitting different regions of the asymptotic regions of the plots in figure 5(b). The values in
table 2 indicate that the domain size in the steel sample decreased after irradiation. The dislocation density in the
sample irradiated up to 50 dpa is almost 2 times of that of the unirradiated sample. It is pertinent to note here
that the dislocation microstructure developed in the irradiated samples was non-uniform. Dislocation density
should be higher in the peak damage region i.e. ~400-600 nm depth. The GIXRD profiles were recorded from a
depth of 800 nm. Thus, the values of D and p obtained from the GIXRD peak analysis represent the average
values of domain sizes and dislocation densities in the irradiated samples.
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Figure 6. (a) S-E profiles of unirradiated and (b)—(d) irradiated steel samples. The solid lines through the data points show the fitting of
the profiles using the program Variable Energy Positron Fit (VEPFIT).

Table 2. Domain size (D) and average dislocation density
(p) obtained from the analysis of the fourth order
restricted moment. The errors for the domain size and
dislocation density values were estimated from the
standard deviation of the D and p values obtained from
fitting different regions of the asymptotic regions of the

plots in figure 5(b).

Sample D (Angstrom) p(m™?)
Unirradiated 265 (£12) 5.4(+£0.4) x 10"
10 dpa 240 (+13) 6.9 (£0.4) x 10™
25 dpa 193 (£11) 1.0(£0.3) x 10"
50 dpa 178 (£13) 1.2(£0.5) x 10"

3.4. Positron annihilation DBS analysis

Figure 6(a) shows the S-parameter profiles as a function of incident positron energy (E) for unirradiated and
irradiated steel samples with three different doses. The top axis shows the positron mean implantation depth (z)
(nm) = 40E"%/ p, where E (keV) is the positron implantation energyand p = 7.85 ¢ cm ™ is the mass density
of steel. It is observed that in the case of the unirradiated sample, S-parameter monotonously decreases up to
positron implantation energy ~3 keV and remains nearly constant at higher energies. This type of variation is
typical for metallic samples. The observed higher value of S-parameter at the surface is ascribed to back diffusion
of implanted positrons to the surface wherein their annihilation occurs through positronium like state. This type
of S-E profiles indicates that the depth distribution of the defects present in the sample is uniform throughout
the samples.

The S-E profiles in figures 6(b)—(d) of the irradiated samples are quite different from the unirradiated
sample. The values of S-parameter remain higher as compared to unirradiated sample throughout the ion
implantation depth. In the presence of open volume defects such as vacancy and vacancy-clusters, positron is
trapped at the defect site due to the absence of positively charged ion cores. The relative annihilation probability
of alocalized positron with the surrounding valence and core electrons is reduced as compared to the

9
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Table 3. The values of S-parameter and layer boundaries obtained from the fitting of S-E profiles using the
program Variable Energy Positron Fit (VEPFIT).

Sample Ssurface layer Layer boundary (nm) Sdamage layer Layer boundary(nm)
10 dpa 0.4994 + 0.0008 22.7 + 1.8 0.4925 + 0.0002 715.3 £ 24.2
25 dpa 0.4977 + 0.0002 144 £ 2.8 0.4943 + 0.0002 730.0 £+ 26.6
50 dpa 0.4986 + 0.0004 46.1 £ 2.8 0.4916 + 0.0002 777.5 £ 13.6

annihilation from the delocalized state. However, the reduction in annihilation probability with core electrons
(high momentum) is much higher compared to the valence electrons (low momentum). As a result, the
annihilation peak is narrowed in the low momentum (central) region leading to an increase (decrease) in S-(W-)
parameter. Hence, the observed higher S-parameter indicates that new vacancy defects are created in the
samples due to irradiation. However, the S-parameter in the ion implanted samples begins to decrease again
beyond positron incident energy ~15 keV. This indicates that the defect depth distribution in these samples is
not uniform and vacancy defect concentration is lower beyond ~15 keV of positron implantation energy that
corresponds to mean implantation depth ~400 nm. This observation is quite consistent with the SRIM
calculations as shown in figure 1. Figure 1 shows that the range of defects formation as a result of ion irradiation
is up to ~800 nm, however, their concentration is maximum at depth ~500 nm. Interestingly, the S-E profiles of
50 dpa sample shows a small hump at ~3 keV implantation energy (~30 nm mean implantation depth) which
may be attributed to the formation of large vacancy clusters or the segregation of a particular element of the RVP
steel alloy (solute-enriched cluster) at the surface at higher damage [54-56].

The positron implantation profile follows the Makhovian profile that becomes broader with the increase in
positron implantation energy and hence, the experimental S-parameter value at any depth is convoluted with
the implantation profile. In the case of non-uniform depth distribution of defects, a sample can be considered as
formed of multi-layers with different defect characteristics [56]. In such a case, the experimental S-parameter at
particular implantation energy, S(E), can be defined according to equation (3), where S ace and S; are the S-
parameter values at surface and i layer respectively, whereas fi;f.ce and f; are the fractions of positrons
annihilating from the respective surface as well as ith layer.

k
S(E) = Ssurfaae f;urfuce + Z Slf, 3)

i=1

In order to extract the characteristic S-parameter of the damaged layer as well as the layer boundaries, the
experimental S-E profiles have been fitted using a program Variable Energy Positron Fit (VEPFIT) [57, 58]. The
solid lines through the data points in figure 6 show the fitting of the data using VEPFIT. For fitting the S-E profile
of the unirradiated sample, a single layer has been considered. The evaluated S-parameter and diffusion length of
positron in the unirradiated sample are 0.4859 £ 0.0001 and 6.9 & 1.4 nm, respectively. The evaluated
diffusion length (6.9 nm) in the unirradiated steel is shorter as compared to defect free metals (150—200 nm)
indicating that some vacancy defects pre-exist in the steel sample. However, the fitting of the data using a single
layer indicates that the pre-existing defects are distributed uniformly throughout the depth. The S-E profiles of
the irradiated steel samples on the other hand, could not be fitted well considering single or two layers, indicating
anon-uniform defect depth distribution in these samples. Importantly, a three-layer fitting could reproduce the
experimental profiles of the irradiated samples. The existence of three layers in the sample is supported by the
SRIM results (figure 1), where three layers can be clearly identified as surface layer, damaged layer and the bulk
(undamaged) layer.

In the case of multilayer fitting using VEPFIT, alarge number of free parameters are involved. It is a well-
known fact that the value of positron diffusion length decreases with the increase in the defect density as positron
gets trapped in the defect. Hence, the values of positron diffusion length corresponding to surface and damaged
layers have been fixed at a shorter value (5 nm) as compared to the unirradiated steel sample [49]. The extracted
results from the fitting are shown in table 3.

The S-parameter value at the surface layer (20—40 nm) is sensitive to spurious surface artifacts (sputtering
due to ion irradiation, surface defects as well as oxide formation etc) and hence do not carry any significant
information about the surface defects. Table 3 shows that the damaged layer is extended to ~700-800 nm in
irradiated steel samples consistent with the SRIM results. Although, the evaluated S-parameter corresponding to
damaged layer for all the irradiated steel samples is higher than the unirradiated one (0.4859), there is no
significant variation in S-parameter among the irradiated steel samples with the irradiation dose. It is possible
that open volume defect density is very high in 10 dpa irradiated steel sample which leads to saturation trapping
of positron in the sample. In such a case, even the defect density would increase beyond 10 dpa, positron
annihilation characteristics (S-parameter) will not be sensitive to that change in the defect density. Another
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Figure 7. S-Wplots of unirradiated and irradiated steel samples.

possible reason for not observing any variation in S-parameter with the increase in dose can be occupation of
vacancy defects by the implanted Fe ions.

In order to identify the type of the defects created by Fe " ion irradiation, S-W plots have been drawn keeping
positron implantation energy as running parameters as shown in figure 7. The data points of all the irradiated steel
samples follow a single trend indicating that there is no change in the type of defects as a function of dose [49]. The
S-W curves for unirradiated and irradiated samples follow nearly parallel lines indicating that the size of defects in
these samples are the same whereas the concentration of the defects in irradiated samples has increased.

3.5. Nanoindentation

Figure 8 shows load-depth (p-h) behavior of unirradiated and irradiated steel samples and variation of hardness
as a function of dose (dpa). Figure 8(a) shows that for constant applied load, the depth of the indenter decreased
with increasing dpa signifying irradiation hardening. The indenter depth for unirradiated steel sample was twice
the 50 dpairradiated steel sample showing that hardness doubled after irradiating the sample to 50 dpa. The
stiffness during loading was highest for 50 dpa irradiated steel sample. The irradiated steel samples had almost
similar slope during loading. Unirradiated material showed elastic relaxation after unloading from 310 nm to
275 nm while irradiated steel samples showed negligible elastic relaxation. This can be due to locking of
dislocations in the irradiated steel samples. 50 dpa irradiated steel sample showed higher resistance to
indentation suggesting the highest hardness. This can be due to the irradiation induced defects like defect
clusters, dislocation loops and elemental segregation.

4. Summary and conclusion

Irradiation damage in bainitic steel was quantified using four different techniques which probe different depths
of the irradiated samples. The characterization of defects was carried out using EBSD, GIXRD and DBS
measurements while mechanical characterization was carried out using nanoindentation. EBSD measurements,
which quantify the damage of about 30 nm from the surface, showed that though there was no change in grain
size there was an increase in GNDs after irradiation. As EBSD measurements give information about only GNDs
from near to the irradiated surface, other techniques were used to quantify defects at greater depths. GIXRD was
able to capture total dislocation density (both statistically stored dislocations as well as geometrically necessary
dislocations) from large irradiated area and a depth of about 800 nm. From GIXRD results, it was seen that RPV
steel sample irradiated to a peak of 50 dpa showed double the dislocation density as compared to that of the
unirradiated sample. Recent cascade collision simulations have also shown an increase in dislocation density
after irradiation [59-66]. However, as both EBSD and GIXRD measurements are not suited to capture the
presence of point defects, positron annihilation DBS measurements were carried out to quantify vacancies at
different depths from the irradiated surface. Vacancy depth distribution was not uniform. S-E profile analyses
suggest elemental segregation (solute enriched cluster) in 50 dpa irradiated sample. S-W plot showed that there
was no change in the type and size of the defect, but irradiated samples had a higher concentration of vacancies
than the unirradiated sample. Correlating the increase in defects (both vacancy concentration and dislocation
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Figure 8. Nanoindentation results of unirradiated and irradiated steel samples. (a) Load-depth plot. (b) Variation of hardness as a
function of dose.

density) to the hardening behavior of the material, nanoindentation results showed an increase in hardness for
irradiated samples. Nanoindentation was able to capture the effect of increase in dislocation density and defect
concentration in the irradiated samples. Higher dpa samples showed higher hardness values supporting EBSD
and GIXRD results.

Due to the technical importance of RPV steels, several irradiation studies using various ion species have been
carried out on them. Most of the studies were aimed to identify the reason of embrittlement in RPV steel due to
irradiation. Previous investigation using transmission electron microscopy indicated increase in dislocation
loop density in irradiated RPV [20, 67—71]. Hailong Liu did EBSD analysis on three commercial RPV steels to
compare and validate GNDs values with XRD analysis [70]. Positron annihilation spectroscopy has been
extensively used to characterize the irradiated RPV steel [68, 69, 72, 73]. For example, Jiang et al [54], Shi et al
[73]and Liu et al [74] observed an increase in vacancy type defects, vacancy clusters and vacancy-solute
complexes in proton and ion irradiated RPV steel. Nanoindentation studies on the irradiated samples showed
hardening due to irradiation induced defects such as vacancy type defects, dislocation loops and elemental
segregations and clusters [68, 69]. Nanoindentation study by Jing et al [22] on the proton irradiated RPV steel
revealed a notable increase in the nanohardness which was correlated with an increase in dislocation density and
vacancy type defect. Atomistic simulations of edge [75] and screw [72] dislocations in irradiated steel showed
point defects and elemental clustering near dislocations. It is seen that the previous results obtained on the
irradiated RPV steels corroborate with that of the present study.

In conclusion, the microstructure of the Mn-Mo-Nilow alloy RPV steel samples irradiated using 1.76 MeV
Fe' ion at 300 °C were characterized using different complementary techniques. EBSD and GIXRD results
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indicated an increase in dislocation density due to irradiation. DBS study using positron annihilation signified
irradiation induced formation of vacancy type defect in the RPV steel. At higher dose, large vacancy clusters and
solute-enriched cluster were formed. Generation of these microstructural defects resulted in an increase in the
nanohardness of the irradiated steel samples.
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