Nuclear Materials and Energy 26 (2021) 100918

e >

FI. SEVIER

Contents lists available at ScienceDirect
Nuclear Materials and Energy

journal homepage: www.elsevier.com/locate/nme

=

NUCLEAR
MATERIALS &

Use of the small punch test for the estimation of ductile-to-brittle transition

temperature shift of irradiated steels

E. Altstadt , F. Bergner, M. Houska

Helmholtz-Zentrum Dresden-Rossendorf, Bautzner Landstrasse 400, 01328 Dresden, Germany

t.)

Check for
updates

ARTICLE INFO ABSTRACT

Keywords:

Small punch test
Ductile-to-brittle-transition temperature
Reactor pressure vessel steel

Neutron irradiation

Annealing

The small punch test is evaluated as a screening procedure for irradiation embrittlement of reactor pressure
vessel steels. In particular, the correlation between ductile-to-brittle transition temperatures obtained from this
small specimen test technique and from the standard Charpy impact test is investigated. Small punch tests and
Charpy impact tests at different temperatures were performed on various steels including materials from original
reactor pressure vessels in the unirradiated, neutron irradiated and annealed condition. It is demonstrated that

the small punch test is a reliable and effective supportive means for the estimation of the irradiation-induced shift
of the ductile-to-brittle transition temperature. It was found that a tanh-fit of the normalized small punch energy
in dependence of temperature is preferable in comparison to the two-curve fit of the total small punch energy.

1. Introduction

The small punch (SP) test has been established as a small specimen
test technology to support development and monitoring of structural
materials [1-6]. It yields estimations of mechanical properties with
small amounts of material and is therefore an appropriate means for
screening.

So far, the SP test was used for the evaluation of the ductile-to-brittle
transition temperature (DBTT) [1,2,4] yield stress [7-11] ultimate ten-
sile stress [9,12-17] fracture toughness [18-20] fatigue [21] and creep
properties [22-29]. Various works analysed the distribution of stress
and plastic strain in a SP disc by means of analytical modelling [30,31]
and by finite element calculations to support the estimation of me-
chanical properties [8,15,16,32,33]. Abendroth and Kuna applied
ductile damage mechanics to the modelling of the SP test and used
neural networks for the identification of the parameters of the Gur-
son-Tvergaard-Needleman model [18]. Recently the SP test has even
been adapted to curved SP specimens to estimate material properties of
small tubes [34]. The role of anisotropy and specimen orientation has
been studied in [35-37]. Currently, a European standard on SP testing of
metallic materials is being elaborated under the auspices of the Comité
Européen de Normalisation (CEN/TC-459) [38]. Recently, ASTM has
released the standard E3205-20 “Test Method for Small Punch Testing of
Metallic Materials™.

For nuclear components, the SP test provides the possibility for an
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evaluation of ageing mechanisms, namely radiation-induced hardening
and embrittlement and thermal ageing. Major benefits arise from a
lower total activity of a SP sample (approximately 1:220 as compared to
a Charpy-size specimen) and from the possibility of re-using already
tested standard specimens. Indeed, the Slovakian utility VUJE recently
included the SP test into their monitoring concept of the nuclear power
plant (NPP) Bohunice [39,40]. The shift of the DBTT is a key element of
reactor pressure vessel (RPV) embrittlement surveillance [41,42]. It is
therefore interesting to evaluate whether the DBTT shift can be reliably
measured by means of the SP test.

As for the SP-test-based estimation of the DBTT, Tsp, the following
simple correlation has long been proposed [1,5]:

TSP[K] = 0!~TCVN[K] (l)

where Tcyy is the DBTT from the Charpy impact test using standard
specimens 10 x 10 x 55 mm with a 2 mm V-notch (so-called CVN
specimens). The factor of proportionality a depends on SP geometry, the
material class, the fitting procedure for Tsp, and the criterion for the
definition of Tcyn (e.8. T415,T475, Tess, Tsowus). The factor of propor-
tionality is significantly smaller than one, which is a consequence of the
lower constraint in the SP test. Values of a = 0.32 ... 0.45 are reported in
the literature [4,5,9].

This paper aims at evaluating a data set of transition temperatures
based on the SP test with respect to their correlation with Charpy-based
transition temperatures. Two different procedures for the analysis of SP
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data are applied and compared with one another. Potential benefits for
embrittlement monitoring of RPV steels are discussed.

2. Experiments
2.1. Materials

A number of seven different steels were investigated. These materials
include bainitic reactor pressure vessel (RPV) steels, base metals (BM) as
well as weld metals (WM), and the ferritic-martensitic 9Cr steel P91. The
latter material could be included as it is comparable to RPV steels in
terms of tensile properties and toughness. Moreover, the experimental
program includes different irradiation conditions, namely unirradiated
(u), neutron irradiated (i) and neutron irradiated and annealed (ia). The
detailed list of materials is given in Table 1 and the chemical composi-
tions in Table 2.

The material 10KhMFT originates from the original RPV of the nu-
clear power plant Greifswald, unit 4, operated from 1979 to 1990.
Within the post mortem investigation program, material was extracted
from the vessel wall and extensively characterized [43,47,51]. The
extracted trepans were cut into layers and allowed a through-thickness
analysis of the microstructure and the material properties. The
different layers of the trepans represent various irradiation conditions as
the neutron fluence changes from 4.4 x 10'° n/cm? (E > 0.5 MeV) at the
inner side of the wall to 0.9 x 10'° n/cm? at the outer side (irradiation
temperature 270 °C) [52,53]. Moreover, as a consequence of the

Table 1
Materials used for the SP and Charpy impact tests.

Material Product form; heat treatment; Irradiation References

extraction location

10KhMFT RPV Greifswald 4, WM, multi-layer i, ia
beltline weld (SN0.1.4); original RPV
manufacturing technology (Izhora),
post welding treatment 650-680 °C/
15 h; trepans 4-4 and 4-6, multiple
layers from different thickness
positions
RPV Greifswald 8, BM, forged ring u [45]
3840 x 140 mm; original
manufacturing technology (Skoda);
ring 031, block 1, centre layer (~half
thickness)
RPV Biblis C, BM, forged ring @5512 u [46]
x 250 mm; austenitization
870-905 °C/7h/water quenching,
tempering 635-655 °C/11 h; layer H
(1/4 thickness location)
SST38 RPV Biblis C, WM (NiCrMo1l/ u [47]
OP41TT), multi-layer beltline
welding; post welding treatment
540-555 °C/59 h, 465 °C/0Oh,
590-610 °C/21 h, 465 °C/0h,
590-605 °C/11 h;-layer V (40 mm
from outer surface)
JFL IAEA reference steel, forged ring u
@5015 x 290 mm, normalisation
880 °C/9h/0il quenching, tempering
640 °C/9h/air cooling, block 1JFL11,
layer from half thickness
JRQ IAEA reference steel, hot rolled plate u
(3000 x 2500 x 225 mm),
normalization 900 °C/1h/oil
quenching, tempering 665 °C/12 h/
air cooling, stress release 620 °C/40 h,
block 5JRQ22, layer Al(plate
surface), layer M1 (plate centre)
Po1 Hot rolled pipe @360 x 50 mm; u [50]
normalization 1040-1100 °C/0.5 h/
oil quenching, tempering
730-780 °C/1h; layers from mixed
thickness locations

[43,44]

15Kh2MFAA

22NiMoCr3.7

[48,49]

[48,49]
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welding technology, there are significant through-thickness variations
of the chemical composition and of the structure [47]. This means that
the different layers can be considered as “different materials” for the
purpose of this paper. A subset of the irradiated samples was annealed
for 100 h at 475 °C (condition ia). This treatment was proven to induce a
recovery of the mechanical properties comparable to the unirradiated
condition [51,54]. Table 3 gives an overview of the different layers
included in this investigation (e.g. 4-6-02 means unit 4, trepan no. 6,
layer 02).

The material 15Kh2MFAA originates from the original RPV of the
NPP Greifswald, unit 8, which was not put into operation, i.e. the ma-
terial is unirradiated. The RPV was produced by SKODA steelworks. For
decommissioning, the vessel was cut into large segments of 0.4 x 1 m
[45]. The Chary-V and SPT samples were fabricated from the middle
thickness layers of the forged ring 031.

The materials 22NiMoCr3.7 and SST38 were extracted from the
original RPV of the NPP Biblis C, which was also never put into opera-
tion. Pieces of the RPV wall were delivered to HZDR by ENSI (the Swiss
Federal Nuclear Safety Inspectorate) [47].

JFL and JRQ are so-called IAEA reference steels produced by Ka-
wasaki Steel Corporation. These steels were used in numerous interna-
tional projects and benchmarks. JFL is a low-Cu steel comparable to
A508 Cl. 3, while JRQ is similar to A 533B Cl. 1, but with intentionally
increased Cu content. In JRQ, the structure varies with thickness loca-
tion due to the manufacturing process. Lower bainite und tempered
martensite was found in the near surface regions, while granular bainite
dominates in the centre [48]. Therefore, specimens from two respective
layers are investigated (cf. Table 1).

P91 is a ferritic-martensitic Cr-steel for high temperature applica-
tions. It is widely used in thermal power plants and belongs to the
candidate materials for Gen-IV and fusion reactor components. The P91
samples were manufactured from a hot-rolled and tempered pipe. There
was no significant local variation of hardness and structure [50].

2.2. Charpy impact tests

Standard Charpy-V specimens (10 x 10 x 55 mm, V-notch 2 mm)
were tested according to ISO 148-1. An instrumented TIRA WPM
PSd300 machine was used (energy 300 J, impact velocity 5.5 m/s,
hammer mass 20 kg). The control of test temperature was realized by a
combination of liquid Ny and electrical heating. The test temperature
range was from —25 ... 225 °C for the irradiated steels and —150 ...
150 °C for the unirradiated steels. The number of tests per series was N
> 10 (irradiated steels) and N > 15 (unirradiated steels). The WWER-
440 materials (10KhMFT, 15Kh2MFAA) were tested in orientation T-S
(according to the Russian standard PNAE G-7-008-86), the other mate-
rials in orientation T-L (L - rolling direction, T — transverse direction, S —
thickness direction). As RPV steels do not exhibit significant structural
anisotropy, the orientation does not affect the DBTT [55].

2.3. Small punch tests

SP specimens of 10 x 10 x 0.5 mm were manufactured from tested or
unused Charpy-sized SE(B) specimens. The orientation was T for all
materials (normal direction of the SP disc). In case of the unirradiated
materials (cf. Table 1), slices of 10 x 10 x 0.6 mm were cut by electrical
discharge machining (EDM) and subsequently ground to final thickness
of 0.5 + 0.005 mm with grit 2500. In case of the irradiated materials,
grinding was not possible, therefore the surface finish was realized by
two EDM post cuts. The final thickness of irradiated SPT samples was
0.54 + 0.005 mm.

The main parameters of the SP set-up are: punch diameter d = 2.5
mm, receiving hole diameter D = 4 mm, receiving hole edge radius Rg =
0.5 mm (cf. Fig. 1). The edge size is larger than proposed in the up-
coming standard [38]. While the effect of the edge size on the estimation
of tensile properties (in particular the yield stress) is significant, it can be
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Table 2

Chemical compositions in wt% (balance Fe).
Material C Si Vv Cr Mn Ni Mo Al P Cu
10KhMFT * 0.04 0.47 0.17 1.36 1.16 0.14 0.46 n.a. 0.047 0.11
15Kh2MFA 0.15 0.30 0.31 2.86 0.45 0.10 0.79 0.014 0.008 0.05
22NiMoCr3.7 0.215 0.20 0.007 0.42 0.91 0.88 0.53 0.018 0.008 0.04
SST38 0.07 0.16 0.004 0.05 1.21 0.95 0.55 0.02 0.011 0.05
JFL 0.17 0.27 0.003 0.16 1.32 0.71 0.50 n.a. 0.011 0.02
JRQ 0.15 0.24 0.004 0.13 1.20 0.81 0.47 n.a. 0.016 0.13
Po1 0.116 0.464 0.23 9.50 0.507 0.09 0.91 0.0195 0.0085 n.a.

* average over the filling layers beyond the welding root.

Table 3

Trepans, layers and irradiation conditions of material 10KhMFT.
Trepan Distance * Fluence (E > 0.5 MeV) Specimens  Conditions
Layer (mm) (1019 n/cmz)
4-4-02 15 4.0 Charpy-V i
4-6-02 18 3.9 SPT iand ia
4-4-04 28 3.6 Charpy-V i
4-6-04 32 3.5 SPT iand ia
4-4-05 39 3.3 Charpy-V i
4-4-06 49 3.0 Charpy-V i
4-4-07 59 2.8 Charpy-V i
4-6-08 66 2.6 SPT iand ia
4-4-08 70 2.5 Charpy-V ia
4-4-09 80 2.3 Charpy-V i
4-6-10 87 21 SPT ia
4-4-10 90 2.0 Charpy-V ia
4-4-11 101 1.8 Charpy-V i
4-6-14 118 1.5 SPT iand ia
4-4-13 119 1.5 Charpy-V i
4-6-16 132 1.2 SPT iand ia
4-4-15 140 1.1 Charpy-V i

* centre of disc, measured from inner RPV wall surface.

Puncher

neglected for the estimation of the ductile-to-brittle transition temper-
ature [9]. The punch displacement v was measured by an inductive
sensor with an accuracy of +1 pm and corrected for the device
compliance. The punch force was measured by means of a load cell
placed between the puncher and the cross head of the testing machine
with an accuracy of +5 N. At least a number of 25 samples were tested
per material and condition. In total, >500 SP tests were performed. The
test temperatures were in the range from —172 ... + 100 °C for the
irradiated materials and —194 ... + 100 °C for the unirradiated mate-
rials. For each test the force-displacement curve F(v) was recorded and
the small punch energy Esp was calculated as integral of F(v) up to
maximum force Fy,. As an example, Fig. 2 shows F(v) curves of material
10KhMFT at different test temperatures.

2.4. Determination of ductile-to brittle transition temperatures
The DBTT of a Charpy impact test series is determined by means of a
tanh-fit of the impact energy as function of test temperature T.

T—-T
C

T —T, E E, Eys — E
E(T) :A—&-B-tanh{ 0} _ us + ELs Us LS

c 2 2 tanh {

} (2)

A, B, C and T are the fitting parameters, Eys and Erg are the upper
and lower shelf energies. The energy E(T) can either be the absorbed
impact energy KV according to ISO 148—1 or the total impact energy W;

Downholder

\‘I
D, \

7"\7L0Wer die

Fig. 1. Geometry of the SPT set-up [37].
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Fig. 2. Force-displacement curves at different temperatures for material 10KhMFT, layer 4-6-02, as irradiated.

calculated as integral of the force-deflection curve F(s). Once the pa-
rameters of Eq. (2) are known, we can calculate the transition temper-
atures T415 and T47; by:

41J|47) — A
Tyyy|Ts7; = Ty + C-atanh {‘T}

3

A non-linear iterative least square procedure is used to identify the
parameters A, B, C and Ty. A statistical error estimation for the fit pa-
rameters is included [56]. The procedure is implemented in a software
package developed at HZDR. Different constraint options are available
for the fit, two of them were applied to our data:

e no constraints
e pre-defined lower shelf energy

The standard option is the fit without constraints. The second option
can be useful if (i) the standard fit provides a negative lower shelf energy
(Ers < 0), which is physically meaningless, or if (ii) lower shelf data are
missing.

Two fitting methods are available for the determination of the SP-
test-based DBTT. The first one is also based on Equation (2). The shift
parameter T is directly taken as SP-DBTT (Tsp = Tp). The normalized
energy E, = Esp/Fp, is used for fitting. i.e. E(T) corresponds to E; [57].
Egp is the area under the force-displacement curve up to the displace-
ment v, at maximum force Fy, [37]. From the definition of E,, and from
the shape of the force-displacement curve, it can be concluded that vy, <
2E, holds. Note that the engineering unit of E, is mJ/N = mm. The above
mentioned fitting constraint (pre-defined lower shelf energy) is espe-
cially useful for SP tests of very tough materials where Tgp is close to
liquid nitrogen temperature or even lower [9].

The second approach for the determination of SP-based DBTT relies
on a two-curve exponential fitting of Egp(T) [2,9]:

Esppia = Apja + Bpja-exp(Cpla-T) @
where the index “b” refers to the brittle region and the index “d” to the
ductile region. Ap, By, Cp, Ad, Bg, and Cq are the fitting parameters (Ap,
By, Ag, B4 >0, Cp, > 0, Cq < 0). The intersection of the two curves Egp ,(T)
and Egp 4(T) marks the maximum of the fitted Esp(T) dependency, Enax,
while the minimum energy is given by Epi, = Esp(0 K). The SP transition
temperature Tspy is defined as temperature where Esppp(Tsp2) = 0.5x

(Emin + Emax) holds. The index “2” was added to discriminate Tspy (two-
curve-fit, Eq. (4)) from Tgp (tanh-fit, Eq. (2)).

As an example, Fig. 3 shows the tanh-fit of E,(T) without constraints
for material 10KhMFT, layer 4-6-02. The fitting parameters are: A =
0.634 mm, B = 0.366 mm, C = 40.7 K, Tsp =—129.5 °C. Fig. 4 shows the
two-curve-fit of Esp(T) based on the same data set. The data points were
assigned to either Egp 1, or Egp ¢ according to the brittle or ductile fracture
appearance of the associated F(v) curve [9] cf. Fig. 2. In Fig. 4, the blue
points are associated with Egpy, and the red points with Egp 4 (fitting
parameters: Ap = 0.399 mJ, B, =121.3 mJ, C, = 0.0157 K’l, Aq=1395
mJ, By = 5594 mJ, Cq = —0.00808 K!, temperature in K).

Fig. 4 shows that the small punch energy in the ductile range (Esp,q)
decreases with increasing temperature. This is a consequence of the
decreasing yield stress of the material. The normalization leads to an
elimination or significant reduction of the decreasing behaviour of the
upper shelf since the maximum force is also decreasing with tempera-
ture. This makes the tanh-fit applicable to E,(T).

3. Results

The SP-based and Charpy-based DBTTs are listed in Table 4. For
material 10KhMFT, the layers from trepans 4-6 and 4-4 which have a
similar thickness position (cf. Table 3) are combined in one row.

The statistical error analysis yielded uncertainties of }ATSP|0| < 10K
(standard deviation). The DBTTs from Table 4 (translated to Kelvin)
were used to determine the correlation coefficient o in Eq. (1) by means
of linear regression. Only the complete rows were included. Figs. 5 and 6
show the analyses for the Tsp — T47; correlation and for the Tspy —T47;
correlation respectively. The factors of proportionality @ and associated
coefficients of determination R? for all combinations of SP-based and
Charpy-based DBTTs are listed in Table 5. The tanh-fits of E,(T) were
done without constraints (cf. Section 2.4). If the resulting lower shelf
energy was outside the range 0.1 mm < E;g < 0.3 mm, the fit was
repeated with a pre-defined lower shelf Fjg = 0.25 mm.

Within the regression analysis it was also checked whether the forced
intercept of the Tsp—T47; correlation at 0 K according to Eq. (1) is
justified. The regression with 2 parameters yielded Tsp = 0.41-T47; +
3.5K, hence the absolute offset is negligible.

The obtained correlations were used to evaluate the DBTT of the core
weld of the RPV Greifswald unit 4. Fig. 7 shows T47; as a function of the
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Fig. 3. Tanh-fit of E,, Eq. (2), for material 10KhMFT, layer 4-6-02, as irradiated, Tsp = —129.5 °C.
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thickness position (measured from the inner surface). Both, the values
from Charpy impact tests and from SP tests are shown for the irradiated
and for the irradiated and annealed condition. The SP based DBTTs were
converted to T4y according to Eq. (1) with a = 0.42. The Tgsp values from
the tanh-fit were used.

4. Discussion

The correlations between Tsp and T47y (T415, To) work surprisingly
well (Fig. 5) while the correlations between Tspp and Ta75 (T415, To)
exhibit a larger scatter (Fig. 6). This can also be seen in the corre-
sponding R? values. If we consider the CVN based DBTTs as the “true”
values and the transformed SP-based values as their predictions, we can
define an error as follows:

(5)

€sp47y =

The errors esp 415, €sp,0, €sp2,47J> €sp2,41J, esp2,0 are defined analo-
gously. The corresponding a values are listed in Table 5. The maximum

and average values of these errors are given in Table 6. The maximum
value for the Tgp—T47;5 correlation is esp 47y = 16 K. In Fig. 5, this cor-
responds to the horizontal distance of the green coloured data point
from the regression line (material 15Kh2MFAA, Greifswald 8). This
maximum error is small as compared to the usually expected irradiation-
induced DBTT shift in RPV steels.

The errors for the correlations based on the two-curve fit (Tspp) are
significantly higher. In particular the materials with low DBTTs produce
this scatter. Obviously, in case of missing lower shelf data, the two-
curve-fit, Eq. (4), is less robust in comparison to the tanh-fit, Eq. (2).
The values obtained for the factor of proportionality o range from 0.39
up to 0.44 (cf. Table 5). This is in accordance with values reported in the
literature [4,5,9]. Two main factors affect the a-values: the type of
Charpy-DBTT (T415, T475, To) to which the SP-DBTT is correlated, and
the fitting method (Tsp vs. Tspa).

The application of the Tsp—T47; correlation to the core weld of the
RPV of NPP Greifswald 4 demonstrates the usability of the SP test for the
evaluation of irradiation induced embrittlement. For the as-irradiated
condition, Fig. 7 indicates a characteristic through-thickness
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Table 4
SP and Charpy based transition temperatures.
Material/Layers/ Tsp (En) Tspa To T4z Tsy
Condition Q) (Esp) (CVN) (CVN) (CVN)
[§9) (9] [§9] (9]

10KhMFT/4-6-02,4- —129.5 —120.1 110.9 72.6 62.5
4-02/1

10KhMFT/4-6-04,4- —142.2 —151.3 43.9 39.3 36.2
4-04/i

10KhMFT/4-4-05/1 - - 43.5 40.2 38.0

10KhMFT/4-4-06/1 - - 85.0 75.8 67.7

10KhMFT/4-6-08,4- -102.1 —-99.9 128.6 123.4 112.9
4-07/i

10KhMFT/4-4-09/i - - 152.3 126.0 116.0

10KhMFT/4-4-11/i - - 157.1 134.4 125.8

10KhMFT/4-6- —-111.5 —-111.3 129.6 123.8 115.2
14,4-4-13/i

10KhMFT/4-6-16,4- —-119.9 —-120.4 105.7 93.2 87.4
4-15/i

10KhMFT/4-6-02/ia —159.8 —158.7 - - -

10KhMFT/4-6-04/ia —155.1 —155.8 - - -

10KhMFT/4-6-08,4- —153.0 —151.2 49.9 12.7 6.1
4-08/ia

10KhMFT/4-6-10,4- —148.7 —143.9 38.0 20.6 17.5
4-10/ia

10KhMFT/4-4-13/ia —151.4 —147.9 - - -

10KhMFT/4-4-16/ia -162.1 —151.9 - - -

15Kh2MFAA —-172.7 —149.3 —26.3 —-50.0 —-53.9

22NiMoCr3.7 -174.3 —163.0 -10.4 -37.9 —42.2

SST38 —-194.1 —207.3 —58.1 —78.3 —81.4

JFL —179.5 —-176.7 —22.7 —49.9 —-53.5

JRQ/layer M1/u —158.0 —152.9 29.9 15.4 12.4

JRQ/layer Al/u —185.8 —-166.7 —45.2 —75.2 —82.4

Pa1 —183.0 —178.0 —40.6 —60.3 —62.9

dependence of T47; observed in the Charpy impact test, which exhibits a
pronounced minimum close to the welding root. This is nicely repro-
duced with the SP-based Tsp (Fig. 7) for the as-irradiated condition. A
similar through-thickness dependence was reported for the fracture
toughness (expressed by the reference temperature of the master curve
concept) [43,44]. An explanation will be provided below. The recovery
of mechanical properties due to the annealing treatment is clearly
indicated by significantly lower DBTTs (Fig. 7). Again, the Charpy and
SP based values of T47; give a coherent picture. Moreover, the SP test

Nuclear Materials and Energy 26 (2021) 100918

provides additional information for the layers for which Charpy tests are
not available since the material from the trepans was used up.

In the annealed condition, there is no significant difference between
the DBTTs for the welding root (around 35 mm distance from the inner
surface, see Fig. 7) and the filling layers (distances beyond 50 mm). This
is in contrast to the as-irradiated condition. As the annealed condition
can be considered as an equivalent for the unirradiated condition, we
can conclude that the particular through-thickness dependence for the
as-irradiated DBTTs is caused by irradiation. In particular, the
irradiation-induced DBTT shift in the welding root (~52 K) is signifi-
cantly lower as compared to the filling layers (~106 K). At a first glance,
this behaviour seems to be unexpected as the neutron fluence is
decreasing from the inner surface to the outer surface (Section 2.1).
Nevertheless, this finding is in line with the through-thickness variation
of the Cu content. Cu is known to be the most important impurity
element in RPV steels for their susceptibility to irradiation embrittle-
ment. Indeed, the Cu content was reported to be lowest in the welding
root [43].

It should be emphasized that this conclusion was possible through
the re-use of tested Charpy-sized specimens by means of SP testing.
There was no more material left for a complete Charpy impact testing of
all layers in the annealed condition. This aspect of the re-use of tested
standard samples could also be of general importance for extended RPV
surveillance programmes under long term operation. The use of small
specimen technologies is a promising option to overcome the lack of
surveillance materials [39,40,58,59].

5. Conclusions

It was demonstrated that the SP test can be used as a supportive
technique to monitor irradiation embrittlement of RPV steels. The DBTT
shift can reliably be estimated based on the correlation between SP-
based and Charpy-based transition temperatures (Eq. (1)). The tanh-fit
of the normalized SP energy E,(T) provides a better correlation as
compared to the two-curve fit of the total SP energy Egp(T). The SP test is
an option for the re-use of tested irradiated standard specimens.
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Table 5

Factor of proportionality a and coefficient of determination for the correlation
between Charpy-based and SP-based DBTTs Eq. (1).

Software, Writing - original draft. F. Bergner: Conceptualization,
Writing - review & editing, Validation, Formal analysis. M. Houska:
Methodology, Resources, Investigation.

Tgp tanh-fit of E,(T) Tspo two-curve-fit of Egp(T)
T (CVN) a = 0.39 (R? = 0.960) a = 0.41 (R = 0.863)
T475 (CVN) a = 0.42 (R = 0.986) a = 0.43 (R = 0.824) Table 6
T415 (CVN) a = 0.43 (R? = 0.983) a=0.44 (R*> = 0.813) Maximum and average prediction errors (K) over all data points used for the
correlation analysis (cf. Table 4) according to Eq. (5).
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