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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 1.76MeVFe+ ion and at
the dose rate of∼4.4×10−3 dpa s−1. Samples were examined by Electron Backscatter Diffraction
(EBSD), Grazing Incidence x-rayDiffraction (GIXRD), depth dependentDoppler Broadening
Spectroscopy (DBS) and nanoindentation before and after irradiation. EBSD showed an increase in
localmisorientation 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 distributionwith the highest damage at a depth (∼500 nm)whichwas
consistent with the values from the Stopping andRange of Ions inMatter (SRIM) calculations. The
mechanical response after irradiationwasmeasured using nanoindentation. The nanohardness of the
irradiated samples was higher than that of the unirradiated one and increasedwith 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 anMn-Mo-
Ni type low alloy steel, equivalent to SA508Grade 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], itsmechanical 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 ofmechanical properties are linked to themicrostructuralmodification of the
steel as a result of radiation damage. Thus, it is important to understand the changes in themicrostructure of
RPV steel after irradiation in order to reliably predict the degradation in itsmechanical properties.

Previously several irradiation experiments have been carried outwith neutron, proton and heavy ions at
different temperatures on different grades of RPV steels [7–19].Wang et al observed interstitial dislocation loops
inChinese domestic A508-3 steel irradiatedwith protons at room temperature [20]. XiaoHong 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 ofmaterials with ions produces a
distribution of defects varyingwith depth, and thus the characterization of defects at different depths requires
different characterization techniques.

In the present study, Fe+ ionswere used to irradiate RPV steel samples at 300 °C (the reactor operating
temperature). The focus of this studywas 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 annihilationDoppler Broadening
Spectroscopy (DBS), Nanoindentation andGrazing Incidence x-rayDiffraction (GIXRD). For each of the three
different displacement damage levels samples, EBSD characterizationwas carried out on the same area of the
sample before and after ion-irradiation.

2. Experimentalmethods

2.1.Material and samples
Thematerial used in the present investigation is anMn-Mo-Ni low alloy RPV steel with the chemical
composition shown in table 1. Samples of dimensions 15×15×100 mm3were cut from a forged and heat
treated (normalized) block and subjected to quenching and tempering heat treatment cycle. The critical
transition temperatures (A1 andA3)weremeasured by dilatometry using small cylindrical samples (f4
mm×10 mm)with a heating rate of 5 °Cmin−1. TheA1 andA3 temperatures were determined as 726 and
817 °C respectively. 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 andmechanically polished to 0.5 mm thickness and
subsequently electropolished in a solution of 20 ml perchloric acid and 80 mlmethanol at−25 °C and 20 V.
Markingsweremade on the steel samples after polishing usingVickersmicrohardnessmachine. The polished
steel sampleswere subject to Fe+ irradiation using a 1.7MVTandetron accelerator at IndiraGandhi Centre for
Atomic Research (IGCAR), Kalpakkam, India, with 1.76 MeV energy and 12 mmbeamdiameter. The average
ion current usedwas in the range of 188–239 nA,with a dose rate of (4.6±0.2)× 10–3 dpa s−1. 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 temperaturewasmeasured by a thermocouple and thermal camera and its
feedbackwas used tomaintain the sample in thermal equilibriumwith the heater. During themeasurement of
beam current using the Faraday cup [24–27] the variation in the sample temperaturewaswithin 1%. Irradiation
damage of 10, 25 and 50 dpawas achieved on three samples. It should bementioned 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 °Cwill
change the startingmicrostructure [28, 29].

2.3. EBSDanalysis
The EBSDmeasurements were performed on the same area of the sample before and after irradiation. EBSDwas
carried out on a ZEISS FEGSEMwith anOXFORDHKL analysis systemusing an accelerating voltage of 20 kV
with a step size of 0.2μm.Micro-markingsmade usingVickersmicrohardnessmachinewere used to locate the
same area before and after irradiation for EBSD scans. Inverse pole figure (IPF)mapwas generated parallel to the
irradiation beamdirection (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 tomicrostructural parameters like domain sizes andmicro-strain developed due to the presence of
crystalline defects [30, 31]. Thus, quantitative information about themicrostructure of a polycrystalline sample
can be estimated from the analysis of the XRDpeak profile [32]. XRD line profile analyses have been extensively
used to assess themicrostructural changes in a variety of irradiatedmaterials [16–19, 32–36]. Conventional XRD
is suitable for investigation of the samples irradiatedwith neutron and protonwhere the damage layer extended
to at least severalmicrometers. 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 andRange of Ions inMatter (SRIM) code [37] aswill
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Table 1.Chemical composition inwt%of the low alloy steel used in this study.

C Mn Mo Ni Cr Si P S V Al Fe

0.16–0.20 1.20–1.50 0.40–0.55 0.50–1.00 0.15max 0.15–0.40 0.012max 0.008max 0.02max 0.01–0.04 Bal.
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be shown later. To obtain the XRDprofile from the near surface region, grazing incidence XRD (GIXRD)
experiments were performed on the unirradiated and irradiated samples usingCuKα radiation at an incidence
angle (ω) of 1°. The estimated depth (t=(sinω)/μ,μ being the linear absorption coefficient of CuKα x-ray in
Fe) of penetration of x-ray duringGIXRDmeasurements was∼800 nm. The value ofμ is 2405 cm−1 [38, 39].

2.5. Positron annihilationDBS analysis
Depth dependentDoppler broadeningmeasurementswere carried out onunirradiated and irradiated samples
using a slowpositron beam.Details of this set up can be found elsewhere [36]. The incident energy (E)of the
positron is varied byfloating the sample at requisite voltage. The total counts in each spectrumwere∼2×105. The
Doppler broadened spectrawere analyzed through line shape parameters viz. S andWparameterswhich signify the
annihilation contribution of lowmomentum (valence) andhighmomentum (core) electrons, respectively. The S-
parameter is calculated as the fractional area in the central region (511±1.53 keV)whereasW-parameter is
calculated as the fractional area under 4.416 keV�|Eγ−511 keV|� 5.761 keVenergywindow in thewing region
ofDoppler broadened annihilation peak,where Eγ is the energyof annihilation gammaphotons.

2.6. Nanoindentation
Themechanical behavior andhardness of thedamage volumedue to irradiationwas carriedout inultra-nanohardness
tester (UNHT),CSM,SwitzerlandwithBerkovichdiamond indenter.The sampleswere loaded to amaximumloadof
5mNwith a loading rate of 1.5mNmin−1. ThehardnesswasdeterminedusingOliver-Pharrmethod [40].

3. Results and discussions

3.1. SRIM calculation
The damage depth profiles were calculated using SRIM code. Calculationsweremade usingKinchin Pease
method.Displacement energy of 40 eVwas used in the SRIM calculation. The different damage profiles are
identified by theirmaximumdamage of 10, 25 and 50 dpa in the individual profile. The surface and near surface
areaswere less damaged compared to the peak damaged area at around 500 nmas seen infigure 1. Infigure 1,
three different layers weremarked and separated using dotted vertical lines—(1) surface, (2) damaged and (3)
bulk layer. EBSD analysis corresponds to 10–30 nmdamage depth. Themaximumdamage depth is well beneath
the area fromwhere backscattered electronswere analyzed. Nanoindentationwas carried out upto a damage
depth of 150–300 nm. The estimated x-ray depth duringGIXRDwas 800 nm.However, the depth dependent
DBSmeasurements have been carried out up to the bulk layer of the samples.

Figure 1.Damage depth profile produced by self-ion irradiation after 10, 25 and 50 dpa as calculated from Stopping andRange of Ions
inMatter (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.
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3.2. EBSDanalysis
Figure 2 shows IPFmap andmicrostructure of samples before and after irradiation carried out to different doses.
It is seen that after irradiation therewere no significant changes in themicrostructure. Figure 3 shows plots of
localmisorientation,misorientation angle and grain size for samples before and after irradiation. From
figure 3(a) it is seen that therewas an increase in localmisorientation 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 theNye’s GNDdensity tensor.Hence the

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) 25 and (c) 50 dpa examined at the same region. Black boxes show the common scanned areas of before and after irradiated
samples. In IPFmaps, the grain boundaries withmisorientationmore than 15° aremarkedwith black color and the grain boundaries
withmisorientation between 2° and 15° aremarkedwith grey color. In band contrast image, the grain boundaries withmisorientation
more than 15° aremarkedwith black color and the grain boundaries withmisorientation between 2° and 15° aremarkedwith green
color.
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localmisorientationwhich is the disorientation angle between the neighbor orientations can be related toGND
density [41–45]. During phase transformation in bainitic steels, GNDs are formed at the bainitic interface [46].
The increase in localmisorientation values in the samples after irradiation suggests an increase inGNDs.
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 ameasurable
increase.

3.3. Grazing Incidence x-ray diffraction
Figure 4 shows theGIXRDprofiles of unirradiated and 50 dpa irradiated steel samples. Peaks of theGIXRD
profiles werefittedwith pseudoVoigt (pV) function to determine the integral breadth (β).β is essentially the

Figure 2. (Continued.)
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Figure 3.Electron BackscatterDiffraction (EBSD) analysis of steel samples before and after 10, 25 and 50 dpa irradiation damage
showing (a) cumulative distribution of localmisorientation angle up to 2°, (b)Misorientation angle distribution and (c) cumulative
grain size distribution.

Figure 4.Grazing incidence x-ray diffraction profiles of unirradiated and irradiated steel samples.
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area of the peak divided by the peak intensity. Figure 5(a) shows theWilliamson-Hall (WH) plot [47] obtained by
plotting cosb q

l
against ,2 sin q

l
where θ is the Bragg angle of the peak andλ is thewavelength of theCuKα x-ray

radiation. The error bars infigure 5(a)were obtained from the standard errors in determining theβ. It is evident
fromfigure 5(a) that there is an increase in broadening (β) of the peaks in the sample irradiated at a dose of
50 dpa.However, the broadening is notmonotonouswith 2θ, 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, theWHplot is not suitable
to determinemicrostructural parameters. The variancemethod developed byGroma et al [48–51] has been
shown to be appropriate for determination of the domain size and dislocation density from the anisotropically
broadenedXRDprofile. Thismethod is suitable for analyzing the XRDprofile from a sample with
inhomogeneous dislocationmicrostructure [49] and has been successfully utilized to characterize the irradiated
sample [52, 53]. Themethod is based on the analysis of themoments of the intensity profile. The analytical
derivation presented byGroma [49] showed that the domain size andmicro-strain induced broadening
influence the asymptotic behaviour of the kth-order restrictedmoments defined as:
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Bragg angle respectively. The domain size (D) and the average dislocation density (ρ) are determined from the
4th order restrictedmoment (M4(q)) using the relation [48]:
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where 〈ρ2〉 corresponds tofluctuation is dislocation density,Λ is a geometrical constant describing the strength
the dislocation contrast (with value∼1) and q1 is afitting parameter.

The variance analysis was performed on the (110) peaks of the unirradiated and irradiated steel samples.

Figure 5(b) shows the variation of M q

q
4

2

( )
against q. The data points in the asymptotic regionswerefittedwith

equation (2). The values ofD and ρ obtained from thefitting are listed in table 2. The errors for the domain size
and dislocation density valuesmentioned in table 2were estimated from the standard deviation of theD and ρ
values obtained fromfitting different regions of the asymptotic regions of the plots infigure 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 dislocationmicrostructure developed in the irradiated samples was non-uniform.Dislocation density
should be higher in the peak damage region i.e.∼400–600 nmdepth. TheGIXRDprofiles were recorded from a
depth of 800 nm. Thus, the values ofD and ρ obtained from theGIXRDpeak analysis represent the average
values of domain sizes and dislocation densities in the irradiated samples.

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 restrictedmoment of the (110) peaks of the unirradiated and
irradiated steel samples.
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3.4. Positron annihilationDBS 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 positronmean implantation depth 〈z〉
(nm)=40E1.6/ρ

m
where E (keV) is the positron implantation energy and ρ

m
=7.85 g cm−3 is themass density

of steel. It is observed that in the case of the unirradiated sample, S-parametermonotonously decreases up to
positron implantation energy∼3 keV and remains nearly constant at higher energies. This type of variation is
typical formetallic 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 infigures 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 a localized positronwith the surrounding valence and core electrons is reduced as compared to the

Figure 6. (a) S-E profiles of unirradiated and (b)–(d) irradiated steel samples. The solid lines through the data points show thefitting of
the profiles using the programVariable Energy Positron Fit (VEPFIT).

Table 2.Domain size (D) and average dislocation density
(ρ) obtained from the analysis of the fourth order
restrictedmoment. The errors for the domain size and
dislocation density values were estimated from the
standard deviation of theD and ρ values obtained from
fitting different regions of the asymptotic regions of the
plots in figure 5(b).

Sample D (Angstrom) ρ (m−2)

Unirradiated 265 (±12) 5.4 (±0.4)×1014

10 dpa 240 (±13) 6.9 (±0.4)×1014

25 dpa 193 (±11) 1.0 (±0.3)×1014

50 dpa 178 (±13) 1.2 (±0.5)×1015
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annihilation from the delocalized state. However, the reduction in annihilation probability with core electrons
(highmomentum) ismuch higher compared to the valence electrons (lowmomentum). As a result, the
annihilation peak is narrowed in the lowmomentum (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 keVof positron implantation energy that
corresponds tomean implantation depth∼400 nm. This observation is quite consistent with the SRIM
calculations as shown infigure 1. Figure 1 shows that the range of defects formation as a result of ion irradiation
is up to∼800 nm, however, their concentration ismaximumat depth∼500 nm. Interestingly, the S-E profiles of
50 dpa sample shows a small hump at∼3 keV implantation energy (∼30 nmmean 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 theMakhovian profile that becomes broaderwith the increase in
positron implantation energy and hence, the experimental S-parameter value at any depth is convolutedwith
the implantation profile. In the case of non-uniformdepth distribution of defects, a sample can be considered as
formed ofmulti-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 Ssurface and Si are the S-
parameter values at surface and ith layer respectively, whereas fsurface and fi are the fractions of positrons
annihilating from the respective surface as well as ith layer.

S E S f S f 3surface surface
i

k

i i
1

å= +
=

( ) ( )

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 programVariable Energy Positron Fit (VEPFIT) [57, 58]. The
solid lines through the data points infigure 6 show thefitting of the data usingVEPFIT. Forfitting 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 freemetals (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 befittedwell considering single or two layers, indicating
a non-uniformdefect 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 ofmultilayer fitting usingVEPFIT, a large 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 beenfixed at a shorter value (5 nm) as compared to the unirradiated steel sample [49]. The extracted
results from thefitting 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 samplewhich 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

Table 3.The values of S-parameter and layer boundaries obtained from thefitting of S-E profiles using the
programVariable 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 14.4±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
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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 thedefects created byFe+ ion irradiation, S-Wplots have beendrawnkeeping
positron implantation energy as running parameters as shown infigure 7. Thedata points of all the irradiated steel
samples followa single trend indicating that there is no change in the type of defects as a functionof dose [49]. The
S-W curves for unirradiated and irradiated samples follownearly parallel lines indicating that the size of defects in
these samples are the samewhereas the concentrationof thedefects 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 samplewas twice
the 50 dpa irradiated steel sample showing that hardness doubled after irradiating the sample to 50 dpa. The
stiffness during loadingwas highest for 50 dpa irradiated steel sample. The irradiated steel samples had almost
similar slope during loading. Unirradiatedmaterial showed elastic relaxation after unloading from310 nm to
275 nmwhile 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 techniqueswhich probe different depths
of the irradiated samples. The characterization of defects was carried out using EBSD,GIXRD andDBS
measurements whilemechanical characterizationwas carried out using nanoindentation. EBSDmeasurements,
which quantify the damage of about 30 nm from the surface, showed that though therewas no change in grain
size there was an increase inGNDs after irradiation. As EBSDmeasurements give information about onlyGNDs
fromnear to the irradiated surface, other techniques were used to quantify defects at greater depths. GIXRDwas
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. FromGIXRD 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 andGIXRDmeasurements are not suited to capture the
presence of point defects, positron annihilationDBSmeasurements were carried out to quantify vacancies at
different depths from the irradiated surface. Vacancy depth distributionwas not uniform. S-E profile analyses
suggest elemental segregation (solute enriched cluster) in 50 dpa irradiated sample. S-Wplot 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

Figure 7. S-W plots of unirradiated and irradiated steel samples.
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density) to the hardening behavior of thematerial, nanoindentation results showed an increase in hardness for
irradiated samples. Nanoindentationwas 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
andGIXRD 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 electronmicroscopy 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 valueswith 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 whichwas correlatedwith 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, themicrostructure of theMn-Mo-Ni low alloy RPV steel samples irradiated using 1.76 MeV
Fe+ ion at 300 °Cwere characterized using different complementary techniques. EBSD andGIXRD results

Figure 8.Nanoindentation results of unirradiated and irradiated steel samples. (a) Load-depth plot. (b)Variation of hardness as a
function of dose.
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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 thesemicrostructural defects resulted in an increase in the
nanohardness of the irradiated steel samples.
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