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TIpedcmasnenvl pe3yrbmanvl UCCIEO0BAHUSL MAMEPUALO8 OAHOUICHOLO CEAPHOLO WEA U KONblYd
OCHOBHO20 MEMAIA COCYOa 0asiieHuss nepeozo onoxka peakmopa muna BBOP-440/230. Hccredosanu
Kpyenvie 8bipesku mamepuana (mpenamst) nocie paouayuoHHo2o 00NyYeHus ¢ NOCIe0VIouUM OmicU-
2om u nogmopnvim obnyuenuem. Ocnognas 3adaua paboyeii npoepamMmbl UCCICO08AHUL COCMOANA 8
NONYYeHUU PACNpeOeeHus MEXAHUYECKUX XAPAKMEPUCTNUK PeAKMOPHLIX Cmdetl O MOluuHe CIeH-
xku peakmopa. Coenacno cmandapmy ASTM EI192 onpedensnace 6aszucnas memnepamypa T, c
Yenvio oyeHKu pacnpeoenenus 6A3KOCMU Pa3pyuieHus N0 MoauuHe CMeHKU peakmopa.

Knrouegvre cnosa: peaxropsl Tuna BBOP, peakTopHble cTanu, MeTaml cBapHOIO
IIBa, OCHOBHOW MeETaij, TpemaH, CBApPHOM IIOB, BSI3KOCTh pa3pyIICHHS, METOI
Master Curve, obpazen tuna Llaprnu ¢ V-o0pa3HbIM Haape30M.

Introduction. Nuclear plant operators must guarantee that the structural
integrity of nuclear reactor pressure vessels (RPV) is assured during routine
operations or under postulated accident conditions. The ageing of the RPV steels is
monitored with surveillance program results or predicted by trend curves.
However, embrittlement forecast via trend curves and surveillance specimens may
not reflect the reality. Accordingly, the most realistic evaluation of the fracture
toughness response of RPV material to irradiation is performed directly on RPV
wall samples from decommissioned NPPs. Such a unique opportunity is now
offered with material from the decommissioned Greifswald NPP (WWER-440/230).
The four Greifswald NPP units representing the first generation of WWER-440
reactors were shutdown in 1990 after 11-17 years of operation [1]. Table 1 presents
the operation characteristics of the Units 1 to 4 and the expected neutron fluences.
RPVs in three different conditions are available:

(1) Unit 1 is irradiated, annealed, and reirradiated (IAI);

(i1) Units 2 and 3 are irradiated and annealed (IA);

(ii1) Unit 4 is irradiated.

The well-documented different irradiation/annealing states of the four
decommissioned Greifswald RPVs [2] ensure validation of the material properties
under long-term low flux irradiation during industrial recovery annealing and
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Table 1
Operation Characteristics and Expected Maximum Neutron Fluences
of Greifswald Units 1 to 4

Unit | Operation period | Effective | Annealed Azimuthal maximum of Nz 5uvev
days in in units of 10" n/cm?
date cycles inner wall | inner wall | outer wall | outer wall
axial weld 4 axial weld 4
maximum maximum
1 1974-1988 | 13 4205.0 1988 5.53 3.93 1.40 0.96
1* | 1988-1990 | 2 627.4 - 0.16 0.10 0.05 0.03
2 1975-1990 | 14 4067.4 1990 6.68 4.70 1.70 1.16
3 1978-1990 | 12 3581.8 1990 4.40 3.40 0.68 0.50
4 1979-1990 | 11 3207.9 not 4.00 3.10 0.62 0.45

* Reirradiated.

during subsequent reirradiation. Trepans were extracted from the Units 1, 2, and 4.
We present results of the circumferential core weld SNO.1.4 and the base metal ring
0.3.1 of the RPV from the Unit 1 of the Greifswald WWER-440/230.

Material and Specimens. The critical temperature of brittleness from the
circumferential beltline welding seam SNO.1.4 of Greifswald Unit 1 RPV was
estimated for the initial condition, Ty, at 46°C, and after 13 campaigns of
operation at 186°C (TK) [2]. In this state, the RPV was subjected to heat treatment
at 475°C for 152 hours, in order to anneal the irradiation embrittlement in 1988.
The RPV was heat-treated within a region of 0.7 m above and below the
circumferential beltline welding seam No. SN0.1.4. After the annealing, compact
specimens were taken from the weld metal at the inner vessel wall. Sub-size
Charpy specimens were machined and tested. For these specimens the critical
temperature of brittleness, TK, of 30°C was estimated [2]. After the annealing the
operation of Unit 1 was continued for two more years (Table 1). Unit 1 was
shutdown in 1990. Trepans were extracted from the decommissioned Unit 1 RPV
in 2005. The custom-built trepanning device and the trepanning procedure are
described elsewhere [3].

Figure 1 shows the location of the trepans taken from the RPV of Greifswald
Unit 1, from the circumferential beltline welding seam SNO.1.4 and the base metal
ring 0.3.1. At first, the trepans from Unit 1 representing the IAI condition of the
beltline welding seam were investigated. The WWER-440 RPV welding seams are
X-butt multilayer submerged welds. They consist of a welding root welded with an
unalloyed wire Sv-08A and the filling material welded with the alloyed wire
Sv-10KhMFT. The chemical compositions measured at 3 locations of the welding
seam belong to the alloyed filling material and generally agree with the information
in the manufacturing protocol [2]. Cu and P contents are within the range specified
in the manufacturing guidelines of the WWER-440/230, but both are clearly higher
than in the specification of the next generation (model 213) with maximum allowed
P and Cu contents of 0.01 and 0.1%, respectively [5].
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Fig. 1. RPV WWER 440 Greifswald Unit 1 and locations of the sampled trepans.

Trepans 1-1 and 1-4 were cut into discs each of 10 mm thickness using a wire
travelling electro-erosion discharging machine (EDM). The location of the welding
seam within trepan 1-1 was metallographically examined and depicted in Fig. 2
together with the cutting scheme of the disc 1-1.1. The welding root is located
within a distance of about 60 to 80 mm relative to the inner RPV wall. The Charpy
size SE(B) specimens were precracked (a/W =0.5) and 20% side-grooved. As
shown in Fig. 3, the orientation of the SE(B) specimen of the weld metal is TS
(specimen axis and crack growth direction across the vessel wall) and for the base
metal/trepan 1-4) is LS according to ASTM E399 [6]. The crack orientation is in
correspondence with the surveillance specimens in Russian WWER-440/213
reactors.
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Fig. 2. Metallographic section of the welding seam trepan 1-1.
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Fig. 3. Cutting scheme of disc 1-1.1.
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Testing and Evaluation. SE(B) specimens representing 11 thickness locations
of trepan 1-1 and 5 thickness locations from base metal trepan 1-4 were tested and
evaluated according to ASTM E1921-05/08 [7]. The precracked and side- grooved
Charpy size SE(B) specimens were monotonously loaded until they failed by
cleavage instability. Standard Master Curve (MC) reference temperatures 7, were
evaluated with the measured J-integral-based cleavage fracture toughness values,
K., applying the multitemperature procedure of ASTM E1921-05/08 [7]. In
addition, the modified MC analysis of the SINTAP-procedure [8] was used for the
evaluation of the measured K ;.-values. The SINTAP lower tail analysis contains
three steps, and guides the user towards the most appropriate estimate of the
reference temperature, 7, OS[N rap. describing the samples having the lower

toughness.

Instrumented Charpy V-notch impact tests on reconstituted specimens were
performed according to DIN EN 10045-1 and EN ISO 14556. The impact energy,
lateral expansion and fracture appearance temperature curves were fitted by the
tanh approach. Such Charpy-V parameters as transition temperatures and the upper
shelf energy were evaluated on specimens from different thickness locations.

Samples for metallographic investigations and hardness tests were prepared
from selected tested specimens, in order to assess the structure in the vicinity of the
fatigue crack tip.

Results and Discussion. Figure 4 illustrates the reference temperature 7
evaluated according to ASTM E1921-05/08 and the Charpy-V transition temperature
of the investigated discs of trepan 1-1. The background shows the design of the
welding seam. Through the wall thickness, 7|, shows a wavelike behavior. After
an initial increase of 7, from 10°C at the inner surface to 50°C at 22 mm distance
from it, 7, decreases to 41°C at a distance of 70 mm, finally increasing to the
maximum 67°C towards the outer RPV wall. The lowest 7|, value was measured
in the root region of the welding seam representing a uniform fine-grain ferritic
structure. Beyond the welding root 7|, shows a wavelike behavior with a span of
about 50 K. Additionally, the MC SINTAP procedure was applied to determine
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Fig. 4. Course of the reference temperatures 7|, through the welding seam SNO.1.4 of Greifswald
Unit 1.

T, OS[N rap representing the brittle fraction of the data set. For some thickness

TdS’INTAP

locations there are remarkable differences between 7, and values.

This strongly indicates that the material is not fully homogeneous, which is
not unusual for the investigated multilayer weld metal. Figure 5 shows the K ;.
values versus the test temperature normalized to 7, of the individual thickness
location. The K ;. values generally follow the course of the MC, though the scatter
is large. Nevertheless, only 2 out of about 100 values of K ;. lie below the 2%
fracture probability line. As mentioned above, the beltline welding seam of
Greifswald Unit 1 was recovery-annealed and reirradiated to low fluences.
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Fig. 5. K. values of trepan 1-1 versus test temperature normalized to 7;, of the individual thickness
location.

Taking into account that after 13 campaigns’ operation 7% =186°C, the
results presented here and those determined on subsize impact specimens [2] show
that the embrittlement was almost fully undone due to the recovery-annealing. The
re-embrittlement during 2 campaigns’ operation can be assumed to be low. Hence,
variation of 7, measured through the thickness of the multilayer welding seam
SNO.1.4 results basically from differences in the structure of the welding beads.
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Figures 6 and 7 depict the structure in the vicinity of the crack tip of TS-oriented
SE(B) specimens in different thickness locations. Generally, TS-oriented specimens
have a uniform structure along the fatigue crack front (plane LS), thus crack tip is
located in a varying uniform of the welding beads. Figure 6 shows the specimen
structure from the thickness location 22 mm. The crack tip is located in a coarse-
grain bainitic structure whose grains are framed with proeutectoid ferrite. This
coarse-grain structure yields a 7, of 49.1°C. For comparison, Fig. 7 shows the
structure in the region of the welding root in a thickness location of 70 mm, where
T, = 40.6°C was determined. There, the crack tip is located directly in a fine-grain
structure of high ferrite content which was welded with the unalloyed wire Sv-08A.

plane TS plane LS

A

500 pm
plane TS
Fig. 6. Metallography of the filling (layer 22 mm).

plane T

plane TS

Fig. 7. Metallography of the root (70 mm).

This example demonstrates the effect of the specimen orientation on a
multilayer welding seam. Unlike TS specimens, the structure of TL specimens
varies along the fatigue crack front (plane LS), which is featured in the welding
root region depicted in Fig. 7. It means that TS and TL specimens have a
differentiating and integrating behavior, respectively. Therefore TS specimens are
more sensitive to variations in the structure of the multilayer weld metal. The wide
range of 7|, values spanning about 50 K can be explained by the location of the
crack tip in the different structures of the welding beads.

According to the Russian regulatory guide PNAE-G-7-002-086 [9] the
surveillance specimens of weld metal of WWER-440 (213) RPV origin from
thickness locations beyond the welding root. The K ;. values of the Sv-10KhMFT
filling layers (distance of 84—-118 mm from the inner surface) are evaluated
separately. According to ASTM E1921-05 [7], T, of the overall evaluation is
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20.9°C (Fig. 8) and the T, (;?]N P evaluated with SINTAP of the more conservative

step 3 is 22.3°C. As shown in Fig. 8, the majority of the K ;. values from thickness
location of 94 mm (disc 1-1.12) are below the MC for 2% fracture probability.
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Fig. 8. K, values from the thickness locations beyond the welding root versus the test temperature.

The T, value of that layer is clearly higher, as compared to the neighboring
discs (Fig. 4). Hence, there are brittle zones within the welding seam. Due to the
differentiating character of the precracked TS specimen, very small brittle zones
can be detected. This implication is confirmed by the metallographic section shown
in Fig. 9, where the crack tip is located directly in a fusion zone between two
welding beads. One can state that surveillance test series whose specimens
originate from different thickness location of the filling layers can lead to a 7|, that
represents the brittle constituent. As illustrated in Fig. 8, the 2% MC indexed with

T, OSIN rap (step 3) representing the brittle constituent of the dataset envelops the K ;.
values except the one that is located directly on the line. As shown in Fig. 4, at the

location near the inner RPV wall the evaluated 77,4;; =51°C and thus is close to
the reported Ty, = 46°C [2].

plane TS plane LS

Fig. 9. Metallographic sections of the SE(B) specimen from the thickness location 94 mm.

The level of evaluated upper shelf energy coincides with that expected for
WWER-440 weld metals. As mentioned before, 7 =30°C was estimated for
sub-size impact specimens (type KLST according to DIN EN 10045-1). This Tk
is based on a correlation between the 77)4; transition temperature determined
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with KLST specimens and the 77};; transition temperature of standard Charpy-V
specimens. The scatter of this correlation of +35°C is rather high, as well as
uncertainty of the applied conversion. Taking into account the difference in the
orientation of the specimens and the reirradiation of two cycles, the 77}
estimated with KLST specimens after the recovery-annealing is quite realistic. In
this case, the reirradiation causes an increase of 77,y by 21°C. The TT,;
transition temperatures of the other thickness locations are lower.

A direct correlation between 7, and 77}y of the investigated weld metal is
questionable due to the different thickness locations (S) of the crack tip and notch
root in precracked SE(B) and the reconstituted Charpy-V specimens, respectively.
Moreover, the notch root of the reconstituted Charpy-V specimens has a different
axial position (T). Hence, the structures at the crack tip and notch root are different.
This becomes apparent for the thickness layer of 92 mm (disc 1-1.12) where T,
agrees with 77,,;. Normally, 7,, is expected to be about 40°C lower than 77yy.
Based on the results presented here, a low re-embrittlement can be stated for
thickness locations close to the inner RPV wall. This is more obvious for the
Charpy-V results. The fracture-toughness-based 7, shows a higher inherent scatter,
which is caused by the differentiating character of precracked TS specimens.
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Fig. 10. Course of 7;, and neutron fluence through the RPV wall trepan 1-4 of Greifswald Unit 1.
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Fig. 11. K. values of trepan 1-4 versus the test temperature normalised to 7|, of the individual discs.

Figure 10 depicts the measured reference temperature 7,, from 5 thickness
locations, tested and evaluated according to ASTM E1921-05/08, of the base metal
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trepan 1-4. The course of the reference temperature 7,, through the RPV wall
shows a regular behavior. 7|, varies little over the wall thickness and is under
—100°C. The effect of post-annealing reirradiation can be assumed to be low for the
base metal of the RPV wall. Figure 11 shows the K ;. values adjusted to the
specimen thickness of 1T versus the test temperature normalized to individual 7,
of five thickness locations. The K ;. values generally follow the course of the MC
but the scatter here is also large. More than 2% of the values lie outside the fracture
toughness range for 2 and 98% fracture probabilities. A possible cause can be the
structure of the base metal. Metallographic investigations will be performed to find
an explanation for the scatter.

Conclusions. We present first results of the investigations performed with
reactor pressure vessel material of the Russian WWER-440 type reactors.

1. Trepans were taken from the beltline weld and the base metal of the Unit 1
RPV. This RPV was annealed after 15 years of operation and operated for two
more years. At first, the trepan of the beltline welding seam was investigated by
Master Curve and Charpy V-notch testing. Specimens with TS orientation from 11
locations through the thickness of the welding seam were tested. The differences in
T, through the beltline welding seam are not the result of the low reirradiation, but
are caused by the nonhomogenous structure of the multilayer welding seam. Due to
the differentiating character of the precracked TS specimen, very small brittle
zones can be detected.

2. With the application of the MC modification in the SINTAP procedure a

reference temperature 7, OSIN P can be evaluated which is based on the brittle

constituent of a dataset. There are remarkable differences between 7, and 7| OSIN rar

indicating macroscopic inhomogeneous weld metal for some thickness locations.
Specimens with LS orientation from 5 locations through the thickness of the RPV
from the base metal trepan 1-4 were tested and evaluated with the Master Curve.
The course of the reference temperature 7, in the base metal shows a regular
behavior over the RPV wall thickness. 7, varies little over the wall thickness and
is under —100°C. There is remarkable scatter in the K ;. values and more K j,
values than expected lie below the 2% fractile which indicates macroscopic
inhomogeneity.

3. The effect of post-annealing reirradiation in the base metal of the RPV
wall can be assumed to be low for the investigated base metal, as well as for the
weld metal. The orientations for base and weld metal show that the crack front is
located in a uniform structure, but nevertheless the scatter of the K ;. values is
high.

4. The crack tip position in the multilayer welding seam is crucial. A
comparison regarding the orientation of SE(B) specimens with the Master Curve
will follow. Generally, the effect of the recovery annealing was confirmed with the
fracture toughness and Charpy-V testing. The 77,;; estimated with subsize KLST
impact specimens after the annealing was confirmed by the testing of standard
Charpy V-notch specimens.
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Pe3ome

[IpencraBieno pe3ynbTaTd JOCIIIKEHHSI MaTepianiB 0aHAaXHOTO 3BAPHOTO IIBa
Ta KUTBISE OCHOBHOTO METally MOCYJIWHH THUCKY MEpIIOro OJIOKY peakTopa THITY
BBEP-440/230. docmimxyBanu Kpyrjli BUPI3KM Marepiany (TpimaHu) mmicis pa-
JiamiiHOro ONMPOMIHEHHSI 3 HACTYIHUM BiJIajoM 1 MOBTOPHUM OIPOMiHEHHSIM.
OcHoBHA 3aaga poOOYO0I MpOTrpaMu TOCIHIIKEHb — OTPUMAaHHS PO3MOILITY Mexa-
HIYHUX XapaKTEPHCTHK PEaKTOPHUX CTajJel IO TOBILMHI CTIHKH peakTopa. 3rigHo
31 crangaproM ASTM E192 Buznauanu 6azucHy teMmunepatypy 7, 3 METOIO OLIHKH
pOo3MoIiTy B’SI3KOCTI pyHHYBaHHS 0 TOBIIUHI CTIHKH peakTopa.
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