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Abstract: Understanding the mechanical behaviour of reactor pressure vessel (RPV) steels at high
fluences has become an important topic in regard to Long-Term Operations (LTO) of existing nuclear
power plants (NPP). The effectiveness of thermal annealing treatments to recover the mechanical
properties of compositionally tailored pressurised water reactor (PWR) model steels irradiated to high

neutron fluences, up to 1.22 x 1020 n-cm—2

, is analysed in this study. Tensile testing of four different
PWR RPV steels was performed after irradiation and subsequent recovery annealing treatment at
450 °C for 40 h. Irradiation-induced hardening and the effectiveness of recovery thermal annealing
have been assessed by comparing the strength and ductility properties of irradiated and irradiated
and subsequently annealed samples with unirradiated reference samples for all four model steel.
The annealing treatment resulted in a significant recovery of the yield strength (~75-89%) and the
ultimate tensile strength (~78-96%) of all four PWR model steels. This study proves that substantial
irradiation-induced hardening (up to ~389 MPa) observed in steels containing high Ni and Mn
contents can still be recovered using the thermal annealing treatment. No influence of annealing
on ductility properties has been observed for all four model steels. Microscopy analyses of these
steels to understand the underlying irradiation damage and recovery mechanisms are planned for
the near future.

Keywords: long-term operation; RPV embrittlement; LYRA-10 irradiation; thermal annealing;
recovery; PWR RPV steels

1. Introduction

For the majority of currently operating nuclear power plants (NPP), long-term op-
eration (LTO) is either under consideration or already a reality. A critical component
for ensuring the safe lifetime extension of an NPP beyond its original design life is the
reactor pressure vessel (RPV). The structural integrity of the RPV must be ensured for
the entire lifetime of the reactor under normal operational conditions, including reactor
transients such as reactor start-up and -shutdown, and possible off-normal operational
conditions (e.g., emergency core cooling and resulting pressurised thermal shock). The
level of RPV ductility is assessed through surveillance programmes of the NPPs. Exposure
of the RPV to fast neutron irradiation during operation causes embrittlement of the RPV
with associated changes in mechanical properties (increase in hardening, reduction in duc-
tility). The formation of irradiation-induced matrix defects (MDs) and solute clusters (S5Cs)
cause irradiation hardening as they act as obstacles to the dislocation motion. In addition,
irradiation-induced segregation of impurities such as P and S, although not causing any
hardening, contributes to the embrittlement. Both hardening and non-hardening features
result in an increase in the ductile-to-brittle transition temperature (DBTT) of RPV steels.
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Recovery annealing is generally considered a last resort for the mitigation of the
irradiation-induced embrittlement of RPV steels [1]. Annealing can, to some degree,
recover the transition temperature shift of the irradiated beltline region and recover the
upper shelf energy. This procedure can therefore be used to extend the lifetime of RPV to
support the LTO of NPPs [2]. Thermal annealing in RPV steels differs from the traditional
metallurgical thermal annealing of carbon steels at temperatures up to 1000 °C, but it is
a localised heat treatment at lower temperatures (typically between 340 °C and 500 °C)
and for a long holding time (up to ~150 h) [1]. A number of studies have demonstrated
the partial or even full recovery of the mechanical properties of irradiated RPV steels (both
low- and high-Cu content) after applying recovery annealing treatment [1-5].

Initially, recovery annealing treatments of RPVs of Water-Water Energetic Reactor
(VVER)-type reactors were developed for VVER-440 RPV welds with high impurity content
of Cu and P. Several RPVs of VVER-440 reactors have been successfully annealed by
means of thermal treatment at the optimised temperature-time regime (475 °C, 100 h) [6].
Annealing of VVER-440 RPV steels, or Cu-rich RPV steels in general, leads to partial
dissolution of the irradiation-induced Cu-rich SCs and the coarsening of the remaining
SCs, while the mechanical properties experience recovery (e.g., [2,7,8]).

PWR RPV steels have a much lower Cu-content compared to VVER-440 RPV steels.
In these low-Cu RPV steels, irradiation-induced embrittlement cannot be solely described
in terms of Cu-rich precipitates and matrix damage [8]. Instead, beginning in the early
1990s, the formation of Ni-Mn-Si-rich clusters in low-Cu RPV steels was proposed as the
cause for their irradiation-induced embrittlement [9]. In general, the dissolution of the
Ni-Mn-Si-rich irradiation-induced clusters starts at ~400 °C [8,10-12]. The effectiveness
of recovery annealing increases with temperature [11,13]. A clear correlation between the
dissolution of Ni-Mn-Si-rich clusters and recovery of the mechanical properties of the RPV
materials was reported in the literature [3,8,14]. Unlike the Cu-rich precipitates, which
partially dissolve and partially coarsen during recovery annealing treatment, Ni-Mn-Si-rich
clusters dissolve without coarsening. It is assumed that Mn plays an important role in
the dissolution mechanism of the clusters [8]. Mn is known to couple strongly with point
defects and therefore the diffusion of Mn away from the clusters could be related to the
expulsion of point defects from the clusters upon annealing [8].

Currently, not many data on the recovery of low-Cu RPV steels irradiated to high
fluences are available [15,16]. Besides that, there is evidence in the literature for accelerated
embrittlement at high neutron fluences, and the extent of recovery that can be achieved
with thermal annealing in such cases is not well investigated. In this study, the effectiveness
of thermal annealing to recover tensile properties of highly irradiated compositionally
tailored PWR RPV model steels is presented and discussed. The examined model steels
with systematic variations in Ni and Mn contents were part of the joint NRG-JRC irradiation
experiment, LYRA-10. The LYRA-10 specimens were irradiated in the High Flux Reactor
(HFR) in Petten to fluences resembling reactor operation times of 60-80 years at typical
PWR/VVER operating temperatures of around 286 °C.

2. Materials and Methods
2.1. Materials

The chemical composition of the four PWR RPV model steels studied in this paper,
hereafter referred to as model steels K, L, M, and N, is shown in Table 1. Model steels K, L
and M have increasing Ni content with almost identical Mn content, while mode steel N has
almost the same Ni content as model steel M, but a much higher Mn content. The systematic
variation in Ni and Mn content allowed us to investigate the individual and synergetic
effects of Ni and Mn on the embrittlement of PWR RPV steels at high fluences [17]. In
this paper, the effectiveness of thermal annealing in recovering tensile properties of these
compositionally tailored PWR model steels is studied.
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Table 1. Chemical composition of the four PWR model steels investigated in this research (in mass %).

Model Steel Grade C Si Mn Cr Ni Mo A" Cu S P
K 017 035 078 010 0.58 0.64 - 0.07 0.005  0.009
L 018 035 077 0.08 096 0.63 - 0.05 0.005 0.010
M 016 037 074 0.09 190 0.61 - 0.05 0.005 0.010
N 016 033 127 0.07 197 0.63 - 0.06  0.005 0.010

The nominal base compositions of the 4 model steel types were derived from the
typical Western PWR RPV steel ASME SA508 C1.2, 1989. The model steels were produced
in an open induction furnace with a special iron charge containing secondary elements.
Cast iron was added to the charges to increase the carbon content to the required level. The
alloying elements (Ni and Mn) were doped to the charges in the form of master alloys. The
desired levels of the impurity elements Cu, P, and S were achieved by adding metallic Cu,
an Fe-P compound (with 25% of P), and an Fe-S compound (with 36.4% of S), respectively.
Each melt was cast into an ingot weighing 25 kg each. All the ingots were heated for 4 h at
800 °C and then forged into bars with a 50 x 50 mm cross-section. Forging was carried out
at temperatures ranging from 900 to 1200 °C. The sink head of each ingot was removed
after forging. Subsequently, the forged bars were hot-rolled into plates approximately
8 mm thick and 200-210 mm wide. Rolling was performed at 1180 °C with preheating of
about 2 h. The finished plates were cut into pieces 600-700 mm in length.

A series of heat treatments were applied to 8-mm-thick plates with the aim to achieve
the matching yield strength levels (=550 £ 30 MPa) and a similar bainite-martensite mi-
crostructure for all model steels independent of their chemical composition. The yield
stress was controlled by hardness measurement. In the first stage, the plates were tempered
for 10 h at 640 °C. In the second stage, hardening and tempering treatments were applied
to achieve the target strength levels. The regimes involve a hardening stage of heating
the model steel plates from 600 °C to 900 °C (for steels L, M, N) and 600 °C to 940 °C (for
steel K), the maintenance of the plate temperature at that level for 20 min, and subsequent
cooling in water. The hardening stages were followed by a tempering stage involving
heating of the model steel plates for several hours (K & L =12 h, M =10 h, N =20 h) at
640 °C in air until the desired strength level was achieved for all the model steels [18].

2.2. LYRA-10 Irradiation

LYRA-10 is a joint irradiation experiment carried out by NRG and JRC at the HFR in
Petten (Figure 1). The total irradiation lasted for 16 HFR cycles (~467 full-power days at
a nominal reactor power level of 45 MW) and a nominal fast neutron fluence (E > 1 MeV)
of 1.11 x 10?° n-cm~2 at an average temperature of 286 °C. Figure 2 shows the fluence
profiles (for the total irradiation duration) along the length of the irradiation capsule
at all four corners. The experiment was rotated two times by 180° each to achieve a
uniform fluence distribution for all specimens. However, due to the LYRA-10’s position
in the layout of the HFR’s core, corner 1-2 received a higher dose. Table 2 shows the
nominal fast fluence (E > 1 MeV) values, including the minimum, maximum, and standard
deviation, which the tensile specimens made of the 4 model steel types have received.
Given that the design operating lifetime fluence (E > 1 MeV) for 32 effective full-power
years (EPFY) of a typical PWR RPV is 4 x 10! n-cm ™2, the nominal fast fluence (E > 1 MeV)
of 1.11 x 10%° n-cm~2 received by the LYRA-10 specimens investigated here corresponds
to ~89 EPFY. The nominal dpa value is 0.18. The nominal flux (E > 1 MeV) value is
~2.75 x 102 n-em~2-s~!, which is slightly more than two orders of magnitude higher than
the design flux value of a typical PWR RPV.
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Figure 1. Schematic showing the LYRA irradiation facility at HFR Petten and the LYRA-10 capsule
loaded with RPV steel specimens.
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Figure 2. The fluence profiles (for the total irradiation duration) along the length of the irradiation
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Table 2. Nominal fast fluence values of the tensile specimens of the four PWR RPV model steel types
irradiated in LYRA-10.

Nominal Fast Fluence (x10%° n-cm—2)

Steel Grade Tensile Specimens
Mean Min. Max. Std. Dev.
K 1.18 1.13 1.22 0.035
L 1.05 1.02 1.09 0.026
M 1.06 0.97 1.15 0.081
N 1.09 1.02 1.17 0.053

LYRA-10 included, in total, more than 600 specimens of different types (e.g., tensile,
Charpy, mini-Charpy, and microscopy) of RPV model steels representative of VVER-1000
and PWR RPV steels with systematic variations in Ni and Mn content and, to a smaller
extent, Si content. A large PIE testing campaign on the LYRA-10 specimens is currently
ongoing within the STRUMAT-LTO project, which is an international collaboration project
funded by EURATOM (Grant agreement no. 945272) and involving 18 organisations. The
research presented in this paper has been jointly performed by NRG and JRC as part
of the STRUMAT-LTO in-kind pilot project before the start of the EURATOM-funded
STRUMAT-LTO project. This paper addresses the extent of recovery of highly irradiated
compositionally tailored PWR model steels, after recovery annealing treatment for 40 h at
450 °C.

2.3. Test Matrix

A mechanical testing campaign was conducted including several tensile specimens
for each model steel in unirradiated, irradiated, and irradiated and annealed states. For the
irradiated specimens, the tensile properties were measured at room temperature. For each
grade, two irradiated specimens were thermally annealed for 40 h at 450 °C prior to testing,
to study the effectiveness of annealing treatment in recovering the tensile properties. Due
to the limited number of available specimens, only one tensile specimen per model steel
was tested in unirradiated conditions at room temperature. Table 3 shows the test matrix of
the study and Figure 3 shows the specimen geometry. Tensile testing of all specimens was
performed at NRG's hot cell laboratories (HCL).

Table 3. Test matrix of unirradiated, irradiated, and post-irradiation annealed specimens.

Number of Specimens Tested

Test Type Steel Grade Unirradiated Irradiated Irradiated, Annealed at
(Tested at (Tested at Room Temperature) 450 °C for 40 h (Tested at
Room Temperature) P Room Temperature)
K 1 2 2
L 1 2 2
Tensile
M 1 2 2
N 1 2 2
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Figure 3. Geometry of the tensile specimens.

2.4. Post-Irradiation Annealing Treatments

For each model steel, two irradiated specimens were annealed in air at 450 °C for 40 h
using an electrical SEVERN furnace (model number SE835). Afterwards, furnace cooling
was applied.

2.5. Tensile Tests

The tensile tests were performed in accordance with ASTM E8M [19]. All tensile tests
were performed at room temperature (25 £ 2 °C) using an Instron servo-mechanical test
machine equipped with a 10 kN load cell. The tensile test machine is located in the G3 hot
cell of the NRG Hot Cell Laboratories. The tests were executed at a constant cross-head
velocity resulting in an initial strain rate of 5 x 107* s~1. After the test, the data were
analysed in accordance with ASTM E8M. The following properties were determined from
the recorded engineering stress—strain curves:

0.2% offset yield stress (0.2% YS).

Ultimate tensile strength (UTS).

% uniform (plastic) elongation (%UE).

% total elongation (%TE), i.e., elongation at fracture.

Note that no external extensometer was used during tensile testing, and hence, the
uniform and total elongation values are measured from the cross-head displacement of the
Instron machine.

3. Results

Tensile stress—strain curves of all four model steel types in unirradiated (reference),
irradiated, and irradiated—-annealed conditions are shown in Figure 4a—-d. A comparison of
the tensile properties (YS, UTS, %UE, and %TE) of all four model steel types in reference,
irradiated, and irradiated—annealed conditions are shown in Figure 5a—d. The presented
tensile properties in Figure 5 are the average values obtained from the two tested specimens
for each condition, except for the unirradiated state for which only one specimen per model
steel was tested at room temperature.

The irradiation-induced embrittlement of the K, L, M, and N model steels has been
extensively presented and discussed by Kolluri et al. [17]. All four model steel types expe-
rience significant irradiation-induced hardening while the observed changes in ductility
properties are minimal. From the irradiation hardening (AYS and AUTS) data plotted
in Figure 6, two notable observations can be made. The role of the Ni-content of RPV
steels and the synergetic influence of Ni and Mn on the irradiation hardening at high
neutron fluence values. The increase of ~1% Ni-content in grade M with respect to grade
L led to a significant increase in AYS (from 146 MPa to 309 MPa), which demonstrates
that the Ni-content increases the sensitivity of RPV steels to irradiation hardening. The
additional increase in irradiation hardening observed for steel grade N compared to grade
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Figure 5. Comparison of (a) YS, (b) UTS, (c) %UE, and (d) %TE properties of the four model steel
types in unirradiated, irradiated, and irradiated-annealed conditions.

Figure 7 shows the effectiveness of annealing for all four model steel types. The
%Y Srecovery and %UTSrecovery refer to the recovery in YS and UTS, respectively, after an-
nealing, as given by the ratio below:

YSirradia’ced - YSannealed %100 (1)

O/OYSrecover =
Y YSirracliatecl - YSrefererlce

This ratio provides the effectiveness of annealing with respect to irradiation hardening.
It must be noted that the effect of the different fluences received by each grade during
irradiation is neglected in comparison to the effect of chemical composition.

It can be seen that the annealing treatment led to a significant recovery of tensile
properties for all four model steel types. The relative recovery of the yield strength (YS)
is slightly lower than the recovery of the ultimate tensile strength (UTS), except for grade
M, which shows a significant difference between YS and UTS recovery. The recovery
of YS for grades K, L, and M are similar while grade N, with a higher content of Mn
(1.27 wt.% compared to 0.74-0.78 wt.%), shows a higher recovery of YS. Model steels with
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high Ni content (grades M and N) show a higher recovery of UTS than with lower Ni
content (grades K and L). Recovery of uniform elongation and total elongation is found to
be negligible. Only a slight change in ductility was observed after irradiation, and after
annealing the elongations (%TE and %UE), values are close to irradiated values. Only
Grade N with a higher Mn content shows a slight recovery of its total elongation.

Irradiation hardening

350
HAYS,MPa ®AUTS, MPa
15 I I I I

Grade K Grade L Grade M Grade N

AYS and AUTS (MPa)
[y N N w
& 8 8 8 & 8

o

Figure 6. Comparison of irradiation hardening of all four model steel grades.

Annealing recovery (%YS and %UTS)

8

M %YSrecovery M %UTSrecovery

Grade K Grade L Grade M Grade N

A N 0 W
o O O O

%YS and %UTS recovery
= N w »H wn
o o o o o

(@]

Figure 7. Comparison of tensile properties recovery after annealing of four irradiated model
steel types.

4. Discussion

It is well known that upon neutron irradiation, Ni-Mn-Si-rich clusters and matrix
defects develop and grow or increase in number in low-Cu RPV steels. These irradiation-
induced features act as obstacles to dislocation movement causing hardening and upward
shifts in DBTT. As mentioned above, the highest hardening was found in the model steel
with the highest Ni and Mn content (model steel N). The difference in the level of irradiation-
induced hardening between model steels M and N suggests that Mn plays an important
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role in the hardening mechanism in PWR RPV steels. Irradiation hardening of Fe-Mn
binary alloys studied by Yabuuchi et al. [20] showed that irradiation hardening increases
as a function of Mn-content, which is consistent with the results of this study. In addition,
atom probe field microscopy results of irradiated low-Cu RPV steels presented in [17] show
that the majority of irradiation-induced clusters are Mn-initiated.

All four investigated RPV model steels show significant recovery of their strength
properties after recovery annealing treatment. This recovery is believed to be related to
the (partial) dissolution of the radiation-induced clusters and the annihilation of matrix
defects. The dissolution of the radiation-induced Ni-Mn-Si-rich precipitates in low-Cu
RPV steels upon annealing has been already demonstrated in various studies (e.g., [20-22]).
For VVER-1000 RPV welds, the basic annealing mode for recovering their mechanical
properties is at 565 °C for 100 h [3,23]. TEM analyses by Gurovich et al. [22] showed that
annealing at a lower temperature (i.e., 400 °C) already allows for partial dissolution of the
irradiation-induced features and the recovery of mechanical properties of VVER structural
materials for fast neutron fluence values between 0.25 and 0.5 x 10?° cm~2. Similarly,
Miller et al. [23] observed the dissolution of irradiation-induced Ni-, Mn-, and Si- enriched
nanoclusters (for fast neutron irradiation fluences between 0.25 and 1.49 x 102 cm™2) after
annealing at 450 °C for 24 h, whereas after annealing at 450 °C for only 2 h, the nanoclusters
were still present.

Unlike Cu-rich clusters, which form upon neutron irradiation in high-Cu RPV steels
via a vacancy-driven mechanism, Ni-Mn-Si-rich clusters are assumed to nucleate via a
self-interstitial-driven mechanism [3]. Ngayam-Happy et al. [24] showed that even in the
absence of Cu, thermodynamic-kinetic models predict the formation of Mn-Ni phases
at low nucleation rates and high incubation fluences. For this reason, they are called
“late-blooming phases” and can lead to a substantial increase in the embrittlement rate
after approximately 40 to 60 years of reactor operation in steels with high Ni and high
Mn content.

The fluence values that the specimens in this study received resemble more than
60 years of reactor operation (nominal fast fluence values of 1.05-1.22 x 10%° cm~2). The
significant recovery of the strength properties of all examined model steels after only 40 h
of annealing at the relatively modest temperature of 450 °C indicates almost full dissolution
of irradiation-induced Ni-Mn-Si-rich clusters and matrix defects. Moreover, the recovery
of strength properties indicates that no, or only insignificant, thermodynamically stable
phases are formed due to irradiation to high neutron fluences. It should be noted that slight
differences exist in the level of recovery of YS and UTS between the four model steel types.
The lower recovery in YS of grade M could indicate a delay in the yield point phenomenon,
likely due to the presence of some residual irradiation defects offering resistance to the
dislocation motion. The residual hardening still present in all four model steel types after
annealing could be related to the chosen annealing treatment. Annealing at 450 °C for
the relatively short period of 40 h could be insufficient to fully dissolve the Ni-Mn-Si-rich
clusters. Annealing temperatures [25] and holding times are known to affect the extent of
DBTT recovery of irradiated RPV steels.

Mn content could be the cause of the slightly lower recovery of model steels K, L,
and M observed compared to model steel N. The important role of Mn in the dissolution
of the Ni-Mn-Si-rich clusters has been discussed by Styman et al. [8]. The dissolution of
the clusters formed during irradiation could be driven by the expulsion of point defects
since Mn is known to couple strongly with point defects. In addition, Yabuuchi et al. [20]
state that Mn increases the number of dislocation loops, which contribute to the irradiation
hardening. Mn atoms behave as nuclei for the loops by trapping the interstitial atoms and
interstitial clusters generated by cascades. It is well known that dislocation loops formed
due to neutron irradiation tend to disappear upon annealing [3,21] and this could explain
the relatively high recovery of UTS model steel N.

Planned microstructural analyses, as part of the EURATOM-funded STRUMAT-LTO
project, are expected to confirm the above theories.



Metals 2022, 12, 904

11 0f12

References

1.

5. Conclusions

The effectiveness of annealing four different PWR RPV model steel types at 450 °C
for 40 h has been investigated. The annealing resulted in a significant recovery of the
strength properties (yield stress and ultimate tensile strength) for all four model steel types
towards values of their unirradiated condition. The chemical composition of the model
steels showed some influence on the recovery process during annealing. Model steels with
high Ni and Mn content showed slightly higher recovery than steels with lower Ni and Mn
content. TEM analyses are planned for the near future to further investigate the effect of Ni
and Mn content. This behavior could be linked to the catalytic role of Mn in the dissolution
mechanisms of irradiation-induced Ni-Mn-Si-rich clusters during annealing as indicated in
several publications. Microscopy investigations of the four model steel types are intended
to further elaborate our understanding of irradiation hardening and recovery mechanisms.
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Nomenclature

%TE Total Elongation

%UE Uniform Elongation

ASME  American Society of Mechanical Engineers
ASTM  American Society for Testing and Materials
DBTT  Ductile-Brittle Transition Temperature
HFR High Flux Reactor

LTO Long-Term Operation

MD Matrix Defects

NPP Nuclear Power Plant

PWR  Pressurized Water Reactor

RPV Reactor Pressure Vessel

SC Solute Clusters

UTS Ultimate Tensile Strength

VVER  Water-Water Energetic Reactor

YS Yield strength
AUTS  Change in UTS between annealed and reference condition
AYS Change in YS between annealed and reference condition
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