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Abstract: This study presents a comprehensive analysis of the microstructural characteris-
tics and chemical composition of base and weld materials from reactor pressure vessels in
the first (units 1 and 2) and second (unit 8) generations of Russian VVER 440 reactors at
the Greifswald nuclear power plant. We measured the specific activities of ®°Co and *C in
activated samples from units 1 and 2. ®°Co, with its shorter half-life (t; , = 5.27 a), is a key
dose-contributing radionuclide during decommissioning, while 4C (t; /, = 5700 a) plays
an important role in a geological repository for low- and intermediate-level radioactive
waste. Our findings reveal differences in the proportions of trace elements between the
base and weld materials as well as between the two reactor generations. Microstructural
analysis identified Mo-rich precipitates and (Mn, S)-rich inclusions containing secondary
micro-inclusions in the unit 1 and 2 samples. Raman spectroscopy confirmed iron oxides
(v-Fep O3, Fe30y), silicates (Mn-SiO3), and Cr,O3/NiCr,Oy in the base metal as well as
MnFe;0Oj3 in the weld metal. X-ray photoelectron spectroscopy identified Mn inclusions
as MnS, MnS;, or mixed Mn, Fe sulfides, and the Mo precipitates as MoSi,. These find-
ings offer valuable insights into the speciation of elements and the potential release of
radionuclides through corrosion processes under repository conditions.

Keywords: activated RPV steel; material characterization; OES; SEM/EDS; Raman; XPS;
radioanalytics; precipitates; inclusions

1. Introduction

Nuclear energy has been considered an important near-CO,-neutral source for satisfy-
ing and fostering the electricity requirements in modern society over the last decades. All
over the world, numerous nuclear power plants (NPPs) are planned, under construction, in
operation, or already shut down. One of the main shielding barriers of the radioactive fuel
in the NPP is the reactor pressure vessel (RPV). The RPV contains the reactor core, where
nuclear fission chain reactions take place, and is therefore exposed to high neutron fluence
during operation. In the surrounding structures, several activation products are generated
by neutron-induced reactions with the alloying elements, thus producing different radioiso-
topes, such as 14C, %4Mn, %Fe, ©0Co, Ni, ©3Ni, ©*™Nb, *4Nb, and *Tc [1-3]. Moreover, the
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RPV steel performance is affected by different parameters, including neutron fluence and
flux, temperature, steel composition, and mechanical stresses [4-7].

Various studies have investigated the impact of irradiation and high pressure and
temperature on the structure of RPV steel on a microscopic level [4,6,7]. Pristine (unirra-
diated) material was utilized, focusing on steel embrittlement due to high-temperature
and -pressure conditions and the resulting changes in the mechanical properties of the
material [8-12]. In addition, the impact of irradiation was investigated by performing me-
chanical testing and embrittlement studies on steel material, either from decommissioned
NPPs [13-16] or from materials subjected to neutron [17-23] or ion irradiation [24,25].
The investigations showed that irradiation-induced structural changes that affect the me-
chanical properties are on the nm scale [17-20,23,26]. Additionally, the influence of the
material composition, especially the copper impurity level, on such mechanical changes
has been studied [5,26,27]. However, deeper understanding of the RPV steel material of
both the first and second generation of VVER 440 is still scarce. Investigating the material
composition and the possible phases present in the steel is an important step in understand-
ing corrosion processes that have occurred after decommissioning and during long-term
intermediate storage.

The aim of this study is the analysis of the RPV steel material, focusing on different
phases occurring within the Fe-based /low metal alloy material samples, particularly in
identified inclusions and precipitates where radioactive neutron activation products and
their daughter isotopes may accumulate. For this purpose, RPV steel samples were selected
from the first- and second-generation reactor units of Greifswald nuclear power plant, GW-
NPP. The investigated steel samples include both the base and weld materials, specifically,
irradiated steel from GW-NPP first-generation units 1 (U1) and 2 (U2), which underwent
long-term operation for a period of 15 years, and pristine RPV steel from the GW-NPP
second-generation unit 8 (U8), which was never operational. It is important to note that
the steel materials underwent storage under ambient conditions for over 30 years, since
1990, prior to their analysis. The results of this study provide insights into potential
corrosion processes affecting RPV material during the pre-decommissioning phase, after
decommissioning, and throughout the intermediate storage prior to their final disposal.

The elemental composition of all base and weld metal samples of both first- and
second-generation RPV steel was determined by optical emission spectroscopy (OES).
Radioanalytical characterization of the samples was performed by calculating the neutron
fluence to which the samples were exposed during operation and by measuring the result-
ing activities of the two most important radionuclides with respect to dismantling (®°Co)
and final disposal (1*C). Microstructural analysis was performed using scanning electron
microscopy/energy dispersive X-ray spectroscopy (SEM/EDS). Furthermore, X-ray photo-
electron spectroscopy (XPS) and Raman spectroscopy were employed to identify precipi-
tates and inclusions in the materials and to characterize their mineral phase compositions.

The results will provide detailed insights into the phase composition of the precipitates
and inclusions in the RPV steel that may influence corrosion behavior and, consequently,
the potential release of radionuclides under specific conditions during dismantling, inter-
mediate storage, and final disposal.

Finally, we acknowledge that, due to radiation protection constraints, our study was
limited to low-level activated material. However, since the physicochemical properties of
the steel are only marginally affected by neutron irradiation, our findings and conclusions
can be reliably extrapolated to activated material with significantly higher activities, which
has to be stored in a nuclear waste repository.



J. Nucl. Eng. 2025, 6, 12

30f21

2. Materials and Methods
2.1. Sampling and Materials

The GW-NPP comprised eight RPV reactor units of the VVER-440 type. The first four
units (U1-U4) of the V-230 model (first generation) were in operation. The last reactor units
(U5-U8) of the V-213 model (second generation) were only briefly tested (U5) or not in
operation at all (U6-U8). The base metal of these RPVs consists of iron-based low-alloy
steel. During manufacturing, the steel was forged into rings at some parts of the reactor,
which were welded, thereby forming the weld metal. Samples of both steel materials, i.e.,
base (B) and weld (W) metal from Ul and U2 as well as U8 were selected for this study.

The first-generation reactor units underwent long-term operation mode for a period of
15 years (U1: 1 December 1973 to 18 December 1990, 11.5 full-power years; U2: 23 December
1974 to 14 February 1990, 11.0 full-power years) at an inlet operational temperature of 265 °C
(water temp. at RPV). One trepan was taken from U1 at an upper position of the RPV part
representing the base material (U1-B); a second trepan was taken from U2 at a lower position
of the RPV, representing weld material (U2-W). The positions of the samples from reactor
units Ul and U2 are given schematically in the Supporting Information (Figure S1). A
detailed description of the trepanning procedure can be found elsewhere [28,29]. U1-B and
U2-W are characterized by their low neutron fluence in comparison with other positions at
closer proximity to the region of the reactor core. Due to their low neutron fluence compared
with regions closer to the reactor core and the elapsed time since decommissioning, U1-B
and U2-W are comparable with regard to their low activation to pristine samples from
the second-generation reactor unit U8. Both trepans (U1-B and U2-W) were taken from
the RPV wall and cut horizontally into smaller samples with dimensions of (10 x 10 x 1)
or (10 x 2.5 x 1) mm. From both units, duplicate samples were selected at two different
positions from the reactor core, that is, at a distance of 39 mm (labeled “in”) and at a distance
of 71 mm (labeled “out”). A summary of all samples, their labeling, and positions is given
in Table 1. In addition, RPV steel of the 2nd-generation reactor unit U8 was sampled (U8-B
and U8-W) and cut into (10 x 10 x 1) mm thin squares.

Table 1. Sample description of the RPV material from GW-NPP. Codes: U1, U2: first-generation
reactor units 1 and 2; U8, second-generation reactor unit 8; B: base metal; W: weld metal.

Sample Position

Sample Code Sample Description Axial from Reactor . o Horizontal from
Azimuthal (°)
Core Bottom (cm) Inner Wall (mm)
U1-B-in 39+1
Base metal 275 300
U1-B-out 71+ 1
U2-W-in 39+1
Weld metal —161 300
U2-W-out 71+ 1
US8-B Base metal
US-W Weld metal

Samples from units U1, U2, and U8 were further prepared for SEM/EDS, Raman, and
XPS analysis. These were initially surface-polished using silicon carbide sandpaper with a
grain size of 66 um followed by additional polishing in two steps with diamond suspension
gels of 3 um and 1 um grain sizes. They were cleaned with ethanol solution, immediately
dried, and stored in a desiccator prior to analysis. Additional samples were prepared for
OES measurements; these were only surface polished using Zircon paper with 60 pm grain
size prior to analysis.
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2.2. Methods
2.2.1. Optical Emission Spectroscopy (OES)

OES analyses were performed on polished metal samples with SPECTROMAXx (Spec-
tro Analytical Instruments, Kleve, Germany). The calibration was performed on a calibrant
sample based on the material of iron/low metal alloy steel (code number: K7225), which
is adequate to the concentrations of the alloying material present within the RPV steel
samples. Calibration was performed prior to each analysis; the sample measurement was
repeated six times for each analysis. The data were analyzed with the program Spark
Analyzer Pro MAXx V.2.00.0013.

2.2.2. Radioanalytical Methods

0Co was determined by gamma spectrometry using a high-purity germanium (HPGe)
coaxial N-type photon detector system (GMX30 P4-76-C-S, 30% efficiency, Ortec-Ametek,
Oak Ridge, TN, USA). Three samples per position with dimensions of (10 x 10 X 1) mm
(one piece) and (10 x 2.5 x 1) mm (two pieces) were placed with 8 cm distance to the
detector and measured for 1.5 h (U1-B) to 60 h (U2-W). The measurements were analyzed
with the software InterWinner 8.0. 1*C was determined by liquid scintillation counting
(LSC Hidex, Hidex Oy, Turku, Finland) after oxidative combustion with a fully automated
and controlled oxidizer (Hidex 600 OX Oxidizer, Hidex Oy, Turku, Finland). One sample
piece with dimensions of (10 x 2.5 X 1) mm was placed in the sample holder (ceramic boat)
and heated to 900 °C for 20 min in an oxygen stream. The resulting CO, was absorbed
directly into the LSC vial filled with the liquid scintillation cocktail OX Radiocarbon (Hidex
Oy, Turku, Finland) and measured directly. Two samples were analyzed for each position.
The measured ®°Co and *C activities were recalculated to 31 December 2020.

2.2.3. Neutron Fluence Calculation

Neutron fluences for Ul and U2 of the GW-NPP were calculated using the radiation
transport code Monte-Carlo N-Particle (MCNP, version 6.2 [30]). For the radiation transport
calculations, a detailed and comprehensive model of the VVER-440/V-230 was developed
that covers the complete reactor pressure vessel, reactor internals, reactor lid, annular water
tank, and parts of the concrete structures. The required neutron source distributions were
based on data calculated using a routine burnup code. The data were already provided
by NIS Ingenieursgesellschaft mbH Rheinsberg (now: Siempelkamp NIS) in the scope
of earlier investigations [31]. Neutron-induced fission spectra and cross sections were
primarily taken from the cross-section library ENDF/B-VIIL.O. The fluences of neutrons
with energies above 0.5 MeV were calculated as it is commonly used to determine changes
in the ductile-to-brittle transition temperature of VVER-440 RPVs. More details on the
calculations can be found in Ref. [32].

2.2.4. Scanning Electron Microscopy /Electron Dispersive X-Ray Spectroscopy (SEM/EDS)

SEM investigations of the thin, polished RPV steel samples were carried out with a
Zeiss EVO 50 SEM (Carl Zeiss Microscopy, Oberkochen, Germany) equipped with a tung-
sten filament electron cathode operated at 15 kV acceleration voltage. EDS measurements
were performed using a Bruker EDS system AXS QUANTAX 200 (Bruker, Madison, WI,
USA) as single-point measurements. In order to collect low noise spectra, an integration
time of about 1 min with a beam current of about 1 nA was used.

2.2.5. X-Ray Photoelectron Spectroscopy (XPS)

XPS measurements were performed with an XPS system PHI 5000 VersaProbe II
(ULVAC-PHI Inc., Hagisono Chigasaki, Japan) equipped with a scanning microprobe X-ray
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source (monochromatic Al Ky, hv = 1486.7 eV). The analysis area was set to 0.6 x 0.2 mm?Z.
Survey scans were recorded with a pass energy of the analyzer of 187.85 eV. Narrow scans of
the elemental lines were recorded at 23.5 eV pass energy, which yields an energy resolution
of 0.69 eV FWHM at the Ag 3d5/, elemental line of pure silver. Calibration of the binding
energy scale of the spectrometer was performed using well-established binding energies of
elemental lines of pure metals (monochromatic Al K: Cu 2p3,, at 932.62 eV, Au 4f;; at
83.96 eV) [33]. Error of binding energies of elemental lines was estimated to £ 0.3 eV. The
narrow Fe 2p3/, elemental line of the metal at 707.0 eV [34] was used as internal binding
energy reference.

2.2.6. Raman Spectroscopy

The Raman investigations were conducted on a LabRAM Aramis Raman microscope,
equipped with a 532 nm laser for excitation (HORIBA Jobin Yvon, Lyon, France) using a
grating of 1200 lines/mm. Measurements were conducted with the 0.90/100 x objective,
resulting in a laser spot size of <1 um. Different areas appearing as dark contrast inclusions
in the polished RPV samples, as observed by SEM, were identified with the Raman micro-
scope. Single points were then analyzed by collecting 10 spectra, each spectrum acquired
over 5-10s.

3. Results
3.1. Elemental Analysis of the RPV Steel Samples (OES)

The chemical composition of the alloying material within the RPV governs its me-
chanical properties in providing its high fracture toughness under severe conditions of
neutron irradiation [27,35-37]. For a proper interpretation of our experimental data, the
knowledge of the chemical composition of our samples is crucial. Therefore, OES was
initially performed on both the first-generation units Ul and U2 (U1-B and U2-W) and the
second-generation unit U8 (U8-B and U8-W), in each case base and weld metal samples, to
identify the quantitative chemical compositions of the alloying materials. The results are
listed in Table 2.

Table 2. Mass fraction (wt %) of selected elements within the RPV (first generation Ul and U2 and
second generation US8) of both the base (B) and weld (W) materials determined by OES.

C Si Mn Cr Ni \'% Mo Cu Co Al Ti S
Nominal values for RPV crude steel (CrMoV) [38]
Min 0.13 0.17 0.30 2.50 0.00 0.25 0.60 0.00 0.00 n.i. ni. 0.00
Max 0.18 0.37 0.60 3.00 0.40 0.35 0.80 0.15 0.020 n.i. n.i. 0.025
Us-B

p-w. 0.15 0.26 0.47 2.87 0.074 0.29 0.72 0.05 0.009 0.011 0.0002 0.012
SD* 0.006  0.003  0.003 0.01  0.0006 0.001 0.008 0.0002 0.0006 0.0001 0.0001 0.0009
Us-w
p-w. 0.05 0.55 1.08 1.4 0.053 0.17 0.53 0.083 0.005 0013 0.003 0.012
SD* 0.002 0.009 0.002 0.0003 0.0001 0.001 0.006 0.005 0.0004 0.0001 0.0001 0.0005
Ul-B
[39] 0.16 0.28 0.45 2.73 0.16 0.27 0.67 0.15 n.i n.i. n.i 0.015
p-w. 0.141 0.29 0.425 3.06 0.18 0.265 0.68 0173 0.015 0.001 0.0004 0.01
SD* 0.007 0.008 0.004 0.014 0.003 0.001 0.01 0.002 0.0004 0.0004 0.0001 0.001
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Table 2. Cont.
C Si Mn Cr Ni Vv Mo Cu Co Al Ti S
U2-W
[39] 0.08 0.17 0.63 1.50 0.19 0.17 0.46 0.18 n.i. n.i. 0.06 0.013
p-w. 0.06 0.38 0.95 1.62 0.17 0.14 0.45 0.16 0.0165 0.001 0.004 0.01
SD* 0.01 0.01 0.006 0.04 0.001 0.003 0.006 0.002 0.001 0.004 0.0006 0.001

p-w. present work; n.i. no information available; SD* denotes uncertainty value based on the standard deviation.
N.B.: Fe completes the total mass percentage of the steel RPV material.

The elemental compositions of U1-B and U2-W are comparable to their counterparts
U8-B and U8-W, respectively, as shown in Table 2. However, the alloying material from the
first generation, Ul and U2, contains more Ni and Cu, and slightly more Co, than that from
the second generation, U8. Furthermore, the base material of both reactor types contains
approximately twice as much Cr and V, slightly more Mo and Ni, and less (half) Mn than
the weld material. Co and S contents are similar in both base and weld materials. The
material composition of the base metals is within the nominal range of the crude steel used
for the production of the RPVs [38]. Our results, listed in Table 2, are in good agreement
with previous measurements of the same material [15,29,39,40].

3.2. Radioanalytical Characterization

Many investigations concerning the influence of irradiation on the mechanical char-
acteristics of the RPV steel material of GW-NPP, like hardness, yield stress, or cleavage
fracture toughness, have been performed [16,22,28,29,31,40,41]. Activation measurements
have been published for BmNp, 6Ni, and PTc [28,32]. P™Nb is produced by the neu-
tron reactions *>*Nb(n,n")**™Nb and *’Mo(n,y)**Mo, followed by decay to BmNb, B3Ni
is generated by the reaction ®?Ni(n,y)®*Ni, and *Tc is a decay product of Mo, which
is produced by the reactions BMo(n,y)*?Mo and 1%Mo(n,2n)*’Mo. However, the most
important radionuclide during the decommissioning and dismantling phase is the gamma
emitter ©°Co, with a half-life of 5.27 years. It is mainly produced by thermal and epithermal
neutrons in the reaction ®Co(n,y)?°Co. In addition to that, the beta emitter 14C is the key
radionuclide for repositories of low- and intermediate-level radioactive waste, owing to its
long half-life of 5700 years. 1*C is primarily produced by thermal neutrons in the reaction
H4N/(n,p)!*C. To the best of our knowledge, no radiological characterization of ®*Co or *C
in RPV steel from GW-NPP has been published to date. Specific activities of °Co and
several beta emitters, including 14C are provided for a VVER RPV steel sample in Ref. [42].
However, the reactor unit, exact sampling location, and reference date for the activity
measurements are not specified in this publication [42], preventing a direct comparison
with our data.

We measured the activities of ®*Co and '*C at the same locations where the subsequent
microstructural investigations were conducted. The results are listed in Table 3. The
samples were taken from positions above and well below the fission zone. Compared
with RPV samples taken from the height of the fission zone, the specific activities are very
low [28,31]. The errors for *C are relatively high. This may be due to the heterogeneous N
distribution in the steel; hence, the individual measurement results are more scattered than
those for ®*Co. Neutron transport calculations resulted in very low fast-neutron fluences of
about 1 x 10'8 neutrons/cm? (E > 0.5 MeV) at position U1 and of about 2 x 10'® n/cm?
(E> 0.5 MeV) at position U2 (see Table 3). For RPV steel samples at the height of the reactor
core, much higher neutron fluences were calculated (up to about 5 x 10" neutrons/cm?),
resulting in respective higher activations. Own measurements resulted in about 5 x 10°
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up to 1.5 x 10° Bq/g for ®°Co, depending on the horizontal position (the largest specific
activities were at the inner side of the RPV). Due to radiation safety restrictions, we were not
able to use such highly activated samples for the following microstructural characterization
investigations. However, the physicochemical behavior is not influenced by irradiation
on the pm scale, but only on the nm scale [17-20,23,26]. Therefore, we performed the
microstructural investigations with the less-irradiated samples. The outcome of these
investigations is directly transferable to highly irradiated steel material, which has to be
stored in a deep geological radioactive repository.

Table 3. %9Co and *C measurements as well as neutron fluence calculation results of Ul and

U2 samples.
Sample ge(;‘;‘ﬁ‘el‘:})“fn‘}zfn‘z") 0Co (Bg/g) 4C (Bg/g)
U1-B-in (1.1£0.2) x 10'8 273 4+ 50 3.0+21
Ul-B-out (0.9 4+0.2) x 10'8 208 4 17 1.54+0.6
U2-W-in (1.6 +0.3) x 101 43+13 0.31 &+ 0.03
U2-W-out (2.4 +0.5) x 10'° 74+15 0.21 £+ 0.07

In contrast to the samples taken from the height of the reactor core, the calculated fast-
neutron fluence of the U2-W samples is larger for the outer sample than for the inner one.
This is attributed to the transport of neutrons in the gap between the RPV and the annular
water tank. Neutrons are scattered by the annular water tank back into the RPV, as can
be shown using MCNP’s cell-flagging feature. The fraction of thermal neutrons, however,
is especially large at the inner side of the RPV due to the coolant water [31]. Therefore,
a smaller fast-neutron fluence and smaller ®*Co-specific activity but larger *C-specific
activity of sample U2-W-in compared with U2-W-out is no contradiction.

3.3. Microstructural Characterization and Elemental Analysis (SEM/EDS)

Comprehensive SEM/EDS analyses were performed for all samples (see Table 1).
Figure 1 shows the microstructural features of a typical base and weld material of the
RPV US8. Generally, in all RPV samples, the base material was characterized by bainitic
ferrite and the weld material by acicular ferrite microstructure, a typical feature within
the RPV steel material after heat treatment during the production process [43,44]. In
identifying the chemical composition of the alloying material, SEM imaging experiments
were accompanied by EDS measurements. The corresponding elemental compositions
within their matrices contain high concentrations of Fe with the presence of Cr, V, Mo, Si,
and Mn in trace amounts. In agreement with the OES results, in the base metal, the Cr
and V trace concentrations are slightly higher than in the weld metal, whereas Si and Mn
concentrations are slightly lower in the base than in the weld metal.

3.3.1. Characterization of the RPV First-Generation (U1 and U2) Samples

Surface analysis SEM/EDS was performed on the material of the RPV first-generation
reactor units that underwent normal operation in the GW-NPP. Figures 2 and 3 present
typical secondary electron images of U1-B samples from the inner (-in) and outer (-out) RPV
wall (base material) and of U2-W samples also from the inner (-in) and outer (-out) RPV
wall (weld material), as well as EDS data from distinct inclusions. Additional SEM images
from U1l and U2 material are presented in the Supporting Information, Figures 52-54.
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Figure 1. SEM microstructural features and EDS results for matrix compositions of base material
(U8-B, U1-B) and weld material (U8-W, U1-W) of RPV steel samples.
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Figure 2. SEM of (Mn, S)-rich inclusions within the ferritic microstructures of the first-generation base

metal (U1-B) within the inner (U1-B-in) and outer walls (U1-B-out) of the RPV and corresponding EDS
of the Mn-rich inclusion material, Pos. (1) and their secondary micro-inclusions, Pos. (2), respectively.

SEM imaging of the Ul and U2 samples revealed typical microstructural features in
both the base and weld materials, namely, inclusions with circular morphology appearing
as dark contrast areas, and smaller precipitates appearing as bright contrasts (shown in the
Supporting Information, Figure S2). EDS confirmed that the dark contrast areas contained
mainly Mn and S, while the bright precipitates are Mo-enriched. However, focusing on
the (Mn, S)-rich inclusions, their morphology revealed the presence of additional discrete
areas (micro-inclusions), appearing either at their centers or along the inclusion/matrix
boundaries. We named such discrete deep, dark areas as “secondary micro-inclusions”.
Figure 2 presents two samples of U1-B that were taken at different distances from the reactor
core; 39 mm (in) and 71 mm (out); however, the neutron fluences were very similar at these
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positions (see Table 1). EDS confirmed that the large inclusions contain basically Mn and S
(see Figure 2, Pos. (1)), while EDS of the secondary micro-inclusions (see Figure 2, Pos. (2))
identified high concentrations of Fe, Si, and O. This indicates the presence of iron oxides
and silicates in addition to Mn, S, and trace amounts of Cr and V. The elongated/circular
(Mn, S)-rich inclusions were observed with a size of ca. 6-9 um, while the secondary micro-
inclusions exhibited an average size of ca. 860 nm (see Figure S5, Supporting Information).
Notably, the presence of such secondary micro-inclusions within the (Mn, S) inclusions was
identified at both horizontal distances from the inner wall of the RPV.

U2-W-out

SEM

3 3

= < 1x10*

Q &

o 5}

EDS > 1x10% >

e £ 5x10°

S =
0 e e 04 ;
01234567 8910 0123458678 910

Energy (keV) Energy (keV)

Figure 3. SEM of the inclusions within the bainitic microstructures of the first-generation weld
material (U2-W) within the inner (U2-W-in) and outer walls (U2-W-out) of the RPV and corresponding
EDS of their secondary micro-inclusions of U2-W-in (Pos. (1)) and U2-W-out (Pos. (2)).

Similar features were observed in the weld material, U2-W, that was extracted from
the lower part of the RPV at the same distances of 39 mm (in) and 71 mm (out) from the
inner wall, both characterized by very low neutron fluence (see Table 1). In both U2-W
samples, the distribution of the inclusions with circular morphologies is observed as shown
in Figure 3. The size of these inclusions is in the average range of ca. 0.09-2 um, and
again, deep, dark contrast areas of the secondary micro-inclusions clearly appear in their
center (see Figure 3, Pos. (1) and Pos. (2)). The chemical compositions of these micro-
inclusions were confirmed by EDS experiments, which revealed a high concentration of
O, Si, and Fe, suggesting the formation of silicates and iron oxides. Additionally, Mn and
Al were detected, along with trace amounts of V, Cr, and Ti (see Figure 3). SEM analysis
revealed that the (Mn, S) inclusions within the weld material are more homogeneously
distributed throughout their matrices compared with those identified in the base material
(Figures S3 and S4, Supporting Information), and exhibit significantly smaller sizes, within
the nanometer range. Therefore, when identifying the chemical compositions of their
secondary micro-inclusions, they were not clearly distinguishable from their host, unlike in
the base material (shown in Figure 3).

3.3.2. Characterization of the RPV Second-Generation U8 Samples

Similarly, surface analysis using SEM/EDS was performed on the second-generation
reactor unit, U8, of the GW-NPP. Figure 4 and Figures S6-S8 in the Supporting Information
show typical examples of inclusions with circular morphologies, appearing as dark contrast
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distributed across different areas of the steel material, and smaller precipitates, appearing
as bright contrast.

SEM
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Figure 4. SEM images of second-generation base metal (U8-B) and weld metal (U8-W) and their
corresponding EDS measurements of Mo precipitates (Pos. (1)) and Mn inclusions (Pos. (2)).

The dark-appearing inclusions were characterized with sizes ranging from 1 um
to 100 um (see Figure 4 and Figure S6A, Supporting Information). In contrast, the bright-
appearing precipitates were observed with a size range from ca. 100 nm to 1 um
(Figure S6B). EDS analysis revealed that the bright-appearing precipitates (e.g., Pos. (1) in
Figure 4) contain, in addition to Fe, high amounts of Mo, with the presence of Si and Cr and
trace levels of V and Mn. This indicates that these precipitates consist of mainly Mo-rich
phases. The dark-appearing inclusions (Pos. (2) in Figure 4) contain mainly Mn and S
along with trace amounts of Fe and Cr. Similar SEM/EDS experiments were performed on
the weld material (U8-W) RPV samples. These revealed the same observations, indicating
the presence of (Mn, S)-rich inclusions and Mo-rich precipitates. Similarly, the (Mn, S)
inclusions in the weld material were found to have a smaller size range (ca. 350 nm-1.5 pum,
see Figure 4), following the same trend observed for the samples from the first-generation
reactor units, Ul and U2.

In summary, both the first- and second-generation reactor units exhibited similar
material properties. However, the (Mn, S) inclusions in the first-generation Ul and U2
reactor units displayed a distinct circular/elongated morphology, with larger sizes along
with discrete deep, dark-appearing areas identified as secondary micro-inclusions, in both
the base and weld materials. These features were not identified in the second-generation
U8 reactor unit. Elemental analysis of these secondary micro-inclusions in U1l and U2
revealed a high concentration of Fe, 5i, and O, suggesting that silicates and iron oxides are
the primary phase constituents.

3.4. Spectroscopic Characterization of Steel Inclusions
3.4.1. X-Ray Photoelectron Spectroscopy (XPS)

To understand the composition of the Mn-S inclusions and the Mo precipitates iden-
tified during the SEM analysis, XPS measurements were performed on the base (U8-B)
and weld (U8-W) samples. Although the sizes of the identified Mn inclusions in the
weld material were smaller than those in the base samples, both sample types showed
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similar XPS spectra for the elemental lines. The measurement results are summarized in
Figure 5. Figure S9 in the Supporting Information shows an overview over the whole

measurement region.
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Figure 5. Narrow scans of elemental lines of second-generation base (U8-B) (red) and weld (U8-W)
(blue) samples. The Fe, Mo, and C spectra were recorded after Ar ion etching. The S spectrum was
recorded after cleaning with a phosphoric acid detergent.

After 10 min of ultrasonic cleaning of the sample surface by phosphoric acid detergent,
the S 2p3/, elemental line at a binding energy of 161.8 eV could be assigned to sulfide,
while no sulfate or sulfite was detected (Figure 5). S 2p3, reference binding energies are
162.7 eV (CrS3), 161.8 eV (MnS), 161.9 eV (MnSy), 160.8 eV (FeS), (161.3-162.9) eV (FeS,),
and (161.3-163.4) eV (Mo0S,) [45]. Based on these reference values, MnS and the disulfides
of Mn, Fe, and Mo could be assigned to the measured value in the U8 steel samples. With
the clear correlation of high manganese and sulfur concentrations in the micro-inclusions,
determined by SEM/EDS (see Section 3.3.2), the presence of MnS, MnS,, or mixed Mn,
Fe-sulfides in the steel samples is very likely. Due to the very similar binding energies,
however, an unambiguous assignment of the stoichiometry of the manganese sulfides
cannot be made.

After subsequent argon ion etching to remove oxides from the surface (Ar*, 3 keV,
1.3 x 1.3 mm?, 1 min, 4 pA, Zalar rotation), sulfur elemental lines were not detected
anymore due to preferential sputtering. The Mo 3ds,, elemental line was found at 228.0 eV
binding energy. This value is identical to the reference binding energy for metallic Mo;
however, reference binding energies of MoSi, (227.7 eV), MoyC (227.8 eV), and MoO
(228.3 eV) are within the experimental resolution of the XPS measurements [45]. Therefore,
the composition of the Mo precipitates identified in the EDS investigations cannot be
unambiguously assigned from the XPS data. Our EDS analyses, however, showed the
coexistence of Mo and Si, with the absence of O in the precipitates. Based on the measured
binding energies in the XPS investigations, this suggests the presence of at least MoSi,
precipitates in the steel samples. The Ar 2p3,, elemental line of implanted Ar by sputter
etching is observed at 242.3 eV binding energy (Figure 5).
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3.4.2. Raman Spectroscopy

In addition to EDS analysis, where Mn-containing inclusions and the formation of
iron oxide or silicate phases were discerned, Raman spectroscopy was applied to both
samples from the first-generation (U1, U2) and the second-generation (U8) RPV samples.
Raman spectroscopy measures the frequency shift of inelastic scattered light caused by
the excitation of the molecules within the sample by a laser light, with this shift being a
characteristic of the studied material [8]. Previous studies have been conducted on different
metal alloy steel materials in aqueous medium at elevated temperature and pressure for
understanding the corrosion behavior related to the chemical composition of the materials.
Kim et al. performed in situ Raman analyses of Ni-based alloy/low alloy steel dissimilar
weld metals (DWMs) that were used as key components in the nuclear power plants [8].
Maslar et al. conducted several studies of in situ Raman measurements of iron as well
as stainless steel corrosion in air-saturated water conditions [10,46]. Li and Hihara used
pu-Raman spectroscopy to identify inclusions in carbon steels [47]. Our interpretations of
the Raman spectra are based on this and other selected literature [8-10,46-58] (listed in the
Supporting Information, Table S1).

Raman experiments were performed on both the base and the weld material of both
the first-generation RPV samples (U1-B, U2-W) and the second-generation (U8-B, U8-W)
samples. Because the size of the Raman laser beam is within the um range, we focused on
characterizing the matrix containing the identified inclusions. The positions of the respec-
tive Raman laser beams are provided in the Supporting Information, Figures S10 and S11.

To understand the phase composition of the (Mn, S) inclusions, we first analyzed
inclusions without secondary micro-inclusions. After identifying their phase compositions,
we then focused our analysis on their secondary analogs. Therefore, we started our Raman
measurements on the second-generation material on both the base U8-B and weld U8-W
samples, and their respective spectra are presented in Figure 6. The peak positions and
their respective assignments are summarized in Table 4. The peak positions are slightly
different when comparing the two RPV steels. Furthermore, the main peak of inclusions in

-1

the base material at 991 cm™" is rather asymmetric and significantly broader in comparison

with the weld sample.
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Figure 6. Raman spectra of the dark inclusions in the second-generation base (U8-B) and weld
(U8-W) material.
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Table 4. Raman bands and their respective assignments of samples U8-B and U8-W.

Raman Shift (cm—1) U8-B

Raman Shift (cm~1) Us-W Assignment Reference

~1000 cm~! [53]

991 991 (Mn-)SiO; 1000 cm-1 [51]
Fe30y4 665 cm ™! [10]
660 v-Fe, O3 657 cm ! [10]
NiCr,Oy4 665 cm ! [8]
649 v-Fe; O3 657 cm ™1 [10]
MnFe, O, 643 cm 1 [47]
549 Cr, 03 550 cm ! [8]
v-Fe,O3 507 cm ! [10]
502 o-Fe, O3 494 cm~1 [10]
NiCr, Oy 508 cm ! [8]
406 cm 1 [10]
399 o-Fe0 400 cm~ [50]
341 341 v-Fe, O3 339 cm ™! [10]
o-Fe, O3 290 cm ™! [10]
296 280 cm ! [50]
FeS 296 cm 1 [49]
224 cm ™1 [10]
223 oc—Fe203 220 Cm71 [50]

The strong peak at 991 cm ™! is very typical for silicates [51-53], possibly in connection
with Mn?* [51]. Furthermore, both metals show typical bands representing y-Fe;Os3 in
U8-Bat 660 cm ™!, 502 cm ™!, 341 em™!; and in U8-W at 649 cm ™!, 341 cm ™! [10]; a-Fe;O3 in
U8-Bat502 cm 1,399 cm ™1, 223 em™1; and in U8-W at 296 cm ! [10,50]. The strong band
at 660 cm ™! from the base metal U8-B could also be assigned to Fe3Oy4 [9,10] or even in
combination with the band at 502 cm ! to NiCr,Oy [8]. This could be explained by a higher
content of Ni and Cr in the base metal compared with the weld metal (see Table 2, OES
results). Due to the same reason, the smaller band at 549 cm ™! of U8-B could be assigned
to CryOg3 [8]. In contrast, U8-W, which contains more Mn than base metal (see Table 2, OES
results), shows a strong peak at 649 cm~!, which can be assigned to MnFe, Oy [47].

According to EDS results, the steel inclusions should contain high concentrations of
sulfur. Iron and manganese sulfides are characterized by rather weak signals with Raman
shifts around 200-350 cm ! [47,49,59,60]. Our weld metal sample shows a Raman signal
at 296 cm~!. This could arise from an iron sulfide phase such as mackinawite, with a
reported Raman shift at exactly 296 cm~! [49]. As this range in the Raman spectra suffer
from overlapping contributions from the above-discussed oxide phases, the presence of
sulfides in the darker regions of the steel samples cannot be unambiguously confirmed
and assigned in the Raman data. Finally, carbides such as FeC or MoC have characteristic
Raman bands at >1300 cm~! (D-band) and >1600 cm~! (G-band) [61,62]. These are not
present in our Raman spectra, and are therefore not present in the steel inclusions. Although
Mo,C has been reported to show a strong Raman signal at 992 cm !, which coincides with
the prominent Raman signal (Figure 6) previously assigned to silicates, the carbide species
should be accompanied by an additional, rather strong signal at approximately 820 cm !,
which cannot be detected in our Raman data. Therefore, the presence of carbide species
can be excluded.

The Raman spectra collected for the U1l and U2 steel materials have been compiled in
Figure 7, together with the spectra of the respective U8 samples, for comparison.
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Figure 7. Raman spectra of the inclusions within the first-generation (A) (U1-B) base material and
(B) (U2-W) weld material. The Raman spectra of the second-generation base (U8-B, black dashed
traces in (A)) and weld (U8-W, gray dashed traces in (B)) materials have been included in the figure
for comparison. The Raman shifts of the pristine material are indicated in Figure 6.

The base material of sample U1-B differs from that of the base material U8-B. U1-B
shows a broad band in the range of 520 cm ™! to 680 cm ™!
593 cm~!, and a strong band at 282 cm ! dominating the spectrum, along with medium-
sized bands at 483, 387, and 223 cm ™! (Figure 7A). The broad band at 520-680 cm ™!
might, on the one hand, arise from defects in present oxide materials in the irradiated base

, centering at approximately

material, such as oxygen vacancies or interstitial oxygen clusters, as reported for various
oxide materials following irradiation [63-65]. On the other hand, a recent publication
presented Raman bands for different MnS phases showing up at 635 cm~! [48]. This
would confirm the EDS results that the inclusions mainly consist of MnS (see Figure 2).
Additionally, the strong band at 282 cm~! can be assigned to a (Fe, Mn)S solid solution [47],
which also would support the assumption of the presence of MnS. Furthermore, the bands
at 483 and 223 cm~! could be possibly assigned to elemental sulfur [52]. All Raman data
and the respective assignments of sample U1-B are summarized in Table 5.

Table 5. Raman bands and their respective assignments of sample U1-B.

Raman Shift (cm~—1) U1-B Assignment Reference
Fe304 665 cm ™1 [10]
v-Fe; O3 657 cm 1 [10]
- NiCr,Oy4 665 cm ™! [8]
520-680 MnFe,;O4 643 cm 1 [47]
Cr,05 550 cm ™! [8]
MnS 635 cm ! [48]
483,223 S 474 cm™1, 221 em ™! [52]
282 (Mn, Fe)S 276 cm ! [47]
FeS 282 cm ™! [47]

The Raman spectrum of the U2-W weld material (Figure 7B) is very similar to that of
U8-W. This is likely because the inclusions in the weld material are significantly smaller
than those in the base material, making it difficult to distinguish between the matrix,
inclusions, and micro-inclusions due to the size of the laser beam (see Figure S11, right, in
the Supporting Information). The assignments of the identified peaks are similar to those
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of U8-W in Table 4. Briefly, the strong peak at 994 cm~! can be assigned to silicate, and the
other main peaks at 652, 341, and 296 cm~1 to iron oxides.

4. Discussion

The aim of the study is to deepen the understanding of RPV steel material by examin-
ing its microstructural features and the possible phase composition of the irradiated RPV
material. This is crucial for assessing future nuclear waste repository scenarios, particularly
with respect to corrosion processes that could lead to the mobilization of radionuclides.
Therefore, RPV steel samples were selected from both first-generation (U1 and U2) and
second-generation (U8) reactor units of the Greifswald NPP. OES analysis revealed that
the first-generation steel had higher concentrations of Cu, Ni, and slightly increased Co
compared with the second-generation steel. Specifically, the base and weld metals of the
first-generation reactors Ul and U2 contained Cu concentrations of 0.17% and 0.16%, re-
spectively, while the second-generation reactor unit U8 contained only 0.05% and 0.08% Cu,
respectively (see Table 2). Previous studies have shown that Cu concentrations above 0.1%
have a detrimental effect and can noticeably influence irradiation embrittlement [5,27].
Therefore, the sensitivity of steel is governed by the type and the composition of the alloy-
ing elements. Furthermore, the Ni content in the first generation, Ul and U2, was found to
be 0.18% and 0.17%, respectively, while the second generation, U8, contained only 0.06% Ni.
This indicates that, in addition to Cu, Ni also plays an important role in the material
properties of the RPV steel material. Interestingly, Bing at al. applied machine learning
methods to identify the most important factors influencing irradiation embrittlement in
RPYV steel [66]. They confirmed that Cu, P, and Ni are critical in determining irradiation
embrittlement [66]. In this study, we were able to reveal the differences in the elemental
compositions, particularly Cu and Ni, between the first- and second-generation RPV steel
samples and correlate these differences with their microstructural features.

SEM/EDS measurements were performed to compare the microstructural characteris-
tics of the first-generation reactor units (U1 and U2) with those of the second-generation
reactor units (U8). Both the Ul and U2 as well as the U8 reactor units showed the presence
of Mo-rich precipitates and (Mn, S) inclusions. The (Mn, S) inclusions of the first generation
(U1-B and U2-W) revealed the presence of secondary micro-inclusions, characterized by
discrete dark areas either in their center or at their inclusion/matrix boundaries. EDS
measurements revealed high concentrations of O, Fe, and Si, indicating the presence of
iron oxides and silicates, along with traces of metal alloys such as Cr, V, and Ti. These
secondary micro-inclusions were a characteristic feature of the first-generation reactor units
(U1 and U2). Furthermore, the sampling position from the reactor core, specifically, the base
U1-B and weld U2-W materials, showed no significant influence from low neutron fluence
or potential temperature gradients during operation on the material properties of these
inclusions. Samples taken at 39 mm (in) and 71 mm (out) from the inner RPV wall exhibited
similar material properties for the (Mn, S) inclusions, suggesting uniformity across both
positions. Therefore, the difference in the microstructural features of the (Mn, S) inclusions
between both generations can be attributed primarily to variations in alloy composition.
Our studies confirm that the composition of the alloying material, particularly Cu content
> 0.1% and Ni > 0.2%, significantly influences microstructural features of the RPV steel
material, as observed in the first-generation reactor units U1l and U2.

To acquire a deeper knowledge of the phase composition of the precipitates and
inclusions within the steel matrices, we performed XPS and Raman spectroscopy. XPS
supports the EDS results having Mo precipitates, probably in the form of MoSi;. Raman
spectroscopic data confirmed the presence of iron oxides (y-Fe,O3, Fe304) and silicates
(Mn-SiO3) along with CrpO3/NiCryOy in the base material. Additionally, Cr and Ni were
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found to have higher concentrations in the base than in the weld material. However, the
results confirmed the presence of MnFe,O; in the weld material, which is characterized
by a higher amount of Mn, in agreement with OES experiments. Furthermore, the Raman
spectrum of the U1-B sample showed the additional features of the presence of high levels
of MnS and FeS phases. Following the EDS results, these phases could represent the
inclusions with the deep, dark-appearing areas at their centers and at the inclusion/matrix
boundary, that is, their secondary micro-inclusions.

It is important to note that after long-term operation, the RPV steel significantly
contributes to radioactivity during both decommissioning and long-term nuclear waste
storage. Due to the large number of components and impurities in the RPV steel, a variety
of radionuclides can be produced by neutron activation. During decades of operation,
considerable activities can be produced in the RPV in the height of the fission zone. The
most important radionuclides with half-lives longer than one year are 14C 55Fe, 00Co, 59N,
63N, Mo, P*™Nb, and P Tc.

%Fe is primarily produced by the reaction **Fe(n,y)*Fe and, to a small extent, by
%0Fe(n,2n)Fe. High specific activities are expected to be found in the bulk material and
secondary micro-inclusions at the end of the operation phase due to the production by
isotopes of the main component of the steel. However, a vast majority of its activity will
decay in the decommissioning phase due to its short half-life of 2.7 years. >*Mn is mainly
produced by fast-neutron activation of >*Fe by the reaction >*Fe(n,p)**Mn. The reaction
55Mn(n,2n)**Mn plays only a minor role. The majority of >*Mn is expected to be found in
the bulk material rather than in the Mn-rich inclusions; however, most >*Mn has a very
short half-life of 312 d, and it normally decays during the decommissioning phase.

The most important radionuclide during the decommissioning and dismantling phase
is %°Co. We could measure remarkable amounts of ®°Co in both the U1 and U2, samples
from the first-generation RPV, even more than 30 years after shutdown of the reactors
(see Table 3). It should be noted that the smaller Co mass fraction found in the second-
generation compared with the first-generation steel samples (see Table 2) would cause the
production of smaller ®'Co activities.

For intermediate and final storage, the long-lived radionuclides are essential, with
14C being the key critical nuclide. Even in the samples from low activated regions that we
investigated here, we could measure '*C activities (see Table 3). ®Ni and ®*Ni are primarily
produced by the reactions %®Ni(n,y)*’Ni and ®*Ni(n,y)®*Ni, respectively. Production of
3Ni is also possible by fast-neutron activation of copper by the reaction >Cu(n,p)®*Ni.
The smaller Cu mass fraction of the second-generation RPV steel was chosen to limit the
radiation embrittlement. Together with the slightly decreased Ni mass fractions, it would
also cause a slightly smaller production of the radionuclides *Ni (half-life 76,000 years)
and ®*Nii (100 years). “*Mo is primarily produced by the reaction *>Mo(n,y)**Mo and only
to a small extent by the **Mo(n,2n) reaction. It has a half-life of 4000 years and decays to
BNb (ground state, stable) or BmNb (half-life 16 years). After several decades, however, a
radioactive equilibrium of 9BMo and P™Nb will be reached. Additionally, 9Tc, with a half-
life of 211,000 years, is a decay product of *Mo that is produced by the reactions **Mo(n,y)
and '%Mo(n,2n). All three radionuclides are therefore expected to be found in the Mo
precipitates. Of these, *Tc is particularly important for long-term storage due to its long
half-life and the high mobility of the TcY'O,~ main species under oxidizing conditions.

As corrosion reduces the integrity of the steel material, there is a potential risk that
radionuclides concentrated in precipitates and micro-inclusions, such as *Tc and **™Nb
under intermediate- to long-term storage as well as *>Fe during the early stage of decom-
missioning and short-term storage, in addition to 60Co, 9°Ni, and 3N, could be leached
from the steel. Whereas the *C release and speciation from irradiated steel due to corrosion
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has been studied several times [67-73], similar investigations concerning the other radionu-
clides of interest listed here are rare [74]. Therefore, further studies are needed to assess the
release and speciation of these activation products under repository-relevant conditions.
Investigations based on the influence of the oxide and sulfide phases and their interaction
with radionuclides are important to be performed in the future. In particular, it is necessary
to quantify and understand the speciation of these radionuclides in the presence of such
phases, considering the conditions of a potential geological repository.

5. Conclusions

This study presents a comprehensive comparison of the first-generation (U1 and U2)
and second-generation (U8) reactor units from Greifswald NPP. Through detailed chemical
and microstructural characterization of both base and weld materials in the U8 and U1/U2
samples, we uncovered significant differences in the behavior of the (Mn, S) inclusions.
Unlike in U8, the inclusions in U1 and U2 exhibited secondary micro-inclusions at their
matrix/inclusion boundaries or within their centers. These microstructural variations
are likely attributable to differences in the manufacturing processes between two distinct
generations of the RPV steel, notably on the different alloy compositions between the first-
and second-generation reactor units.

Our findings deepen the understanding of the material properties of RPV units from
different generations that underwent operation, decommissioning, and ambient storage.
This study marks an important step forward in developing more accurate models for
assessing potential scenarios in future nuclear waste repositories. Future research on
relevant conditions is essential to evaluate possible corrosion processes and their impact
on the potential release of radionuclides. In particular, detailed investigations into the
corrosion behavior and kinetics of (Mn, S) inclusions and their associated oxide phases
identified in this study are essential for advancing our knowledge of the long-term stability
and safety of nuclear waste repositories.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jne6020012/s1, Figure S1. Schematic of the sampling positions of
trepans taken from RPV of Greifswald-NPP; Figure S2. SEM imaging of the first generation reactor
units sample U1-B, revealing the presence of dark areas of (Mn, S) enriched inclusions and the
presence of Mo bright precipitates; Figure S3. Microstructural features of base metal samples U1-B
showing the distribution of (Mn, S) inclusions within the matrix, with different size dimensions
within the range of ca. (6-9) um; Figure S4. Microstructural features of the weld metal samples U2-W
showing more homogeneous distribution of (Mn, S) inclusion, with smaller size within the range
from ca. (1 m to 90 nm) compared to U1-B; Figure S5. (Mn, S) inclusions within the first generation
base material of U1-B within A) the inner wall and B) outer wall of the RPV with average size of
the inclusions (6-9) pm and their secondary micro-inclusions of average size of 865 nm; Figure S6.
Backscattered electron imaging of RPV steel material of U8-B showing (A) the (Mn, S) inclusions
at different locations with size range (1 pm-10 um) level, (B) Mo-precipitates of size range of ca.
100 nm on their boundaries; Figure S7. Backscattered electron imaging of the weld RPV material
(U8-W) showing the distribution of the (Mn, S) inclusions with small size range (nm-um) at different
locations; Figure S8. Microstructural features U8-B (left) with (Mn, S)-inclusion of size range up to
20 um material, indicating that the material might undergo inhomogeneity of the composition mixture
at certain locations; and U8-W (right) with more homogenous distributed inclusions; Figure S9. XPS
survey of base (U8-B) and weld (U8-W) samples; Figure S10. Optical image with indication of area
analyzed by Raman spectroscopy of the laser spots taken within the (Mn, S)-rich inclusions of the
second generation samples; base sample U8-B (left) and the weld sample U8-W (right); Figure S11.
Optical image with indication of area analyzed by Raman spectroscopy of the laser spot taken within
the (Mn, S)-inclusion of the first generation samples; of the base (U1-B, left) and the weld material
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(U2-W, right); Table S1. Summary of Raman bands from literature. References [8-10,28,46-58] are
cited in the Supplementary Materials.
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