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While the Master Curve (MC) method is gradually entering brittle fracture safety assessment procedures
world-wide, knowledge is still lacking about its limits of applicability to highly neutron irradiated mate-
rial. In this paper two reactor pressure vessel (RPV) steels A533B Cl.1 (IAEA reference material code JRQ)
and A508 C1.3 (code JFL) were scrutinized for possible deviations of the postulated invariant MC shape and
the MC validity for macroscopically inhomogeneous microstructure. Besides tensile and Charpy-V tests,
MC tests were performed on Charpy-size three-point bend specimens in the unirradiated, neutron irra-
diated with fluences up to nearly 102° n/cm? (E> 1 MeV) and recovery heat treated condition. Evaluation
procedures include Master Curve reference temperature Ty determination according to ASTM E1921-05
as well as additional analysis methods such as SINTAP, multi-modal MC method (MML) and the Unified
Curve (UC). Integrity assessment according to ASME Code Cases N-629 and N-631 has been applied. It
is shown that the standard MC concept provides a precise description of the fracture toughness for all
conditions, even exceptionally well for the highly irradiated state. No MC shape change could be observed,
whereas the UC concept indicates a significant influence of irradiation on the fracture toughness curves
for the highly irradiated JRQ.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The Master Curve (MC) method is gradually being incorporated
into brittle fracture safety assessment procedures world-wide.
While the VERLIFE methodology for WWER type reactor pressure
vessel (RPV) integrity assessment (VERLIFE, 2003) directly uses the
lower bound (5% fracture probability) curve, the ASME code cases N-
629 (ASME, 2004) and N-631 (ASME, 1999) use the MC concept only
indirectly. They now allow the use of a MC-based index temperature
as an alternative to impact test- or drop-weight-test-based meth-
ods of adjusting the fracture toughness lower bound curve. The
adoption of the MC concept in German KTA rules is under review.
Some open issues still need solving, e.g. MC applicability to inhomo-
geneous and to highly neutron irradiated material and constraint
effects of specimens with varying geometries and thicknesses.
Therefore the German Federal Ministry of Economics and Tech-
nology (BMWi) has sponsored several research projects addressing
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these open topics (IWM, 2005; MPA, 2006; FZD, 2007; AREVA,
2007). In this paper the results of research project “Application of
the Master Curve regarding characterization of the toughness of
neutron irradiated reactor pressure vessel steels” (FZD, 2007) will
be presented, which focused on highly neutron irradiated steels.
Possible shape changes of the MC as found in highly embrittled
Russian WWER-1000 RPV steel (Margolin et al., 2002) will be scru-
tinized for two RPV steels, ASTM A533B Cl.1 (code JRQ) and ASTM
A508 CL.3 (code JFL). Both RPV steels were investigated world-wide
in different IAEA coordinated research projects (IAEA, 2001).

2. Irradiation damage

During the operation of a nuclear power plant RPV steels are
subjected to intense radiation, primarily fast neutron irradiation. As
a result complex changes in the microstructure take place, which
are usually referred to as radiation damage. Background informa-
tion can be found e.g. in Alekseenko (1997) and Odette and Lucas
(1998). In summary, several irradiation effects on the microstruc-
ture have been identified. Direct matrix damage occurs due to
elastic collision of fast neutrons with the metal atoms, which dis-
turbs their ordered arrangement in the crystal lattice. Also, foreign
atoms (He, H) may develop (Alekseenko, 1997). Moreover, voids
and nanometer-sized copper-rich precipitates are formed (Ulbricht,
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Fig. 1. Irradiation-induced cluster formation (Ulbricht et al., 2005).
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Fig. 2. Temperature dependence of the impact toughness.

2006) as well as embrittling phosphorus-rich segregations, prefer-
ably at grain boundaries (Pareige et al., 2004). Fig. 1 shows the
irradiation-induced cluster formation of predominantly Cu-rich
precipitates in the investigated RPV steels determined by SANS
measurements (Ulbricht et al., 2005).

Neutron irradiation is known to reduce toughness properties,
while strength properties increase simultaneously. In Fig. 2 typical
temperature-dependent Charpy-V impact energy curves are drawn
schematically. Irradiation usually shifts the curves to higher tem-
peratures, expressed e.g. in terms of transition temperature Ty,
while the upper shelf of absorbed energy corresponding to full
shear fracture (USE) decreases.

3. Master Curve concept and modifications

The scatter of fracture toughness in the transition region of low-
alloyed body centered cubic (“ferritic”) RPV steels can be modelled
with Weibull statistics. This approach, proposed by Wallin (1984,
1985) and implemented in Test Standard ASTM E1921-05 (ASTM,
2005), characterizes the fracture toughness Kjc of ferritic steels at
the onset of cleavage cracking. It uses a concept of universal temper-
ature dependence of fracture toughness in the transition region, the
so-called “Master Curve”. The Master Curve is defined as the median
fracture toughness of a specimen, adjusted to a crack front length
of 1T=1in. The temperature dependence of the MC is described by
Eq. (1):

Kic(medyT = 30 + 70 - exp[0.019(T — Ty)] (1)

where Ty is the reference fracture toughness transition tem-
perature that corresponds to the temperature at which
KjC(med)ﬂ =100 MPa \/1'1'1

This simple formula which describes the shape of the median
Master Curve is assumed to be constant for all ferritic (bcc) steel
types, fluence levels, annealing heat treatments etc.

For material that contains randomly distributed macroscopic
inhomogeneities two analysis extensions have been developed, the
structural integrity assessment procedure SINTAP (1999) and the
multi-modal (MM) method (Wallin, 2004; Viehrig et al., 2006). SIN-
TAP contains a lower tail modification of the MC analysis which
enables conservative lower bound type fracture toughness esti-
mates. In the MM approach the total dataset is presumed to be
composed of several, up to infinitely many, subsets (populations).
Each subset follows the MC distribution but has a different Ty. The
combined distribution is fully defined by two parameters: the mean
reference temperature of all populations Ty, and the standard devi-
ation around the mean oy, (Scibetta, 2007).

As a simple criterion to decide if a dataset may represent a sig-
nificant inhomogeneous microstructure, Eq. (2) is solved:

OTm > 2-0 (2)

i.e. the steel is likely inhomogeneous if the standard deviation of the
MM estimation is more than double the value of theoretical scatter
o of the Ty estimate according to ASTM E1921.

The outcome of the analysis enables to identify whether the
material is likely inhomogeneous. Because the MM approach con-
tains more parameters than the standard MC more specimens
should be tested. Therefore, the dataset should satisfy the condition
in Eq. (3), which is about double the number of specimens needed
for a valid Ty according to the standard MC evaluation.

> riniz2 3)

where 1; is the number of valid specimens within the i-th tem-
perature range, (T-Tp), and n; is the specimen weighting factor for
the same temperature range as shown in Table 3 in ASTM E1921
(Scibetta, 2007). There are no exact analytical expressions for the
multi-modal median fracture toughness curve and the fractiles.
They are calculated individually for each dataset and may deviate
from the standard MC shape.

Similar to the MC concept the Unified Curve was proposed
by Margolin et al. (2001, 2003) as an engineering solution of the
Prometey probabilistic model (Margolin et al., 1998a, 1998b). Apart
from the multi-modal MC extension, the Prometey model is the
only model able to describe a possible shape change of the frac-
ture toughness-temperature curve for highly embrittled material,
as found for WWER-1000 steel (Margolin et al., 2002), Fig. 3. The
“highly embrittled” WWER-1000 steel for which the MC shape
shows a significant deviation from the data points with many out-
liers and for which the UC proves to predict the shape change at
high embrittlement correctly, was in fact not embrittled by neu-
tron irradiation but by a specific heat treatment. Moreover, no
information about possible intercrystalline crack growth has been
given in (Margolin et al., 2002). According to Margolin et al. (2003),
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E 300 = Pprometey model p,=05 |
K 250 [ --- Master Curve o5 )
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) [ 2T-C(T) specimens
150
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Fig. 3. UC and MC of “highly embrittled” WWER-1000 steel.
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Table 2
Irradiation conditions.

Table 1

Chemical composition (wt.%).

RPV steel C Si Mn Cr Mo Ni P Cu S
JRQ 018 024 142 012 051 084 0017 014 0.004
JFL 017 025 142 016 052 075 0.004 0.01 0.002

the MC concept can be considered a subcase of the Unified Curve
concept.

The general Unified Curve Kjc(T) dependence for any brittle frac-
ture probability Py and specimen thickness B is calculated similarly
to the MC concept, Eq. (4). A minor difference exists regarding the
choice of reference specimen thickness. According to ASTM E1921
Bx=1T=25.4mm is to be used, while in the UC concept B equals
25 mm. In case of Charpy-size specimens this difference has a neg-
ligible effect: the UC choice results in a 0.4% higher Kjc(med)j25mm
value compared with Kjc(medyit-

T-130
helf
Kic(T)p, s = {Kfce Ky 4 82 [1 +tanh( = )} }

()" s

where K3Pelf = 26 MPa /m; Kpin =20 MPa./m; 2 is a parameter
that depends on the degree of brittleness, T is in units of °C, By
is the reference thickness of 25 mm and B is the specimen thick-
ness in mm without consideration of side-grooves (Margolin et al.,
2003).

Shape changesin the UCare accomplished by the hyperbolic tan-
gent function, whose influence is governed by the value of £2. With
increasing embrittlement the value of 2 decreases, which pro-
motes the tanh term, thereby resulting in a shallower Kjc(T) curve
compared with the MC. Examples of deviating shapes of MCs and
UCs at various degrees of embrittlement can be found in Margolin et
al. (2003, 2005). 2 itselfis calculated iteratively according to Eq. (5)
in which Kjc(;) is either the valid experimental value obtained at test
temperature T; or, if censored according to ASTM E1921, its Kjc(jimir)
substitute. Note that in both cases the data must be converted to
Bo =25 mm before entry.

i 11‘1(2)(KJC(D - Kmin)4 [] + tanh (Tll_OlSBO)}
5
i=1 {.Q [1 + tanh (T"l_(;s())] — Kmnin + Iﬁschelf}
N 8; [1 + tanh (T,-l—O1530)i|

) =0 (5)
i1 £2 [1 + tanh (Til‘(}soﬂ — Kinin + K3he

1/4
:| + Kmin (4)

where K, =20 MPa ./m; I(J%‘df = 26 MPa ,/m; N = number of spec-
imen tested; &; =1 if the Kjc(;) datum is valid or §; =0 if the datum is
censored as defined in ASTM E1921.

Integrity assessment according to ASME Code Cases N-629 and
N-631 permits the use of a MC-based reference temperature RTrg
Eq. (6) to adjust the ASME Kjc reference curve Eq. (7).

RTpg = Tp + 19.4K (6)
Kic = 36.5 +22.783 - exp[0.036 - (T — RTro)] (7)
where Tis in °C and Kjc is in MPa ,/m, capped at 220 MPa ,/m.

4. Materials, specimens, irradiation conditions,
experimental setup

Two Western type steels have been investigated. Chemical com-
positions are summarized in Table 1. The IAEA reference material
JRQ (investigated block 3JRQ57, ASTM A533B Cl.1) has been exten-
sively characterized since the 1980s (IAEA, 2001). It is well known

RPV steel Neutron fluence @ in Maximum flux in
10’8 n/cm? (E> 1 MeV) 10'2 n/(cm?s)
JRQ 7 (low) 0.14
55 (medium) 3.01
98 (high) 5.37
JEL 7 (low) 0.14
51 (medium) 2.82
87 (high) 4.74

for its high susceptibility to irradiation embrittlement because of
unfavourable composition, notably medium Ni and high P and Cu
contents, Table 1, and its manufacturing technology (rolled plates)
resulting in an inhomogeneous microstructure. Micrographs of
both steels can be found in FZD (2007). Networks of martensitic
segregations were found (Miiller, 2000). The prior austenite grain
size is quite large, 27 &+ 14 um (L6we, 2004). JFL (investigated block
1JFL11) denotes a forged ASTM A508 Cl.3 type steel comparable to
the commercially used German RPV steel 22NiMoCr 3 7, contain-
ing very little P and Cu and exhibiting a more homogeneous, finely
grained microstructure of 11 + 6 pwm (Lowe, 2004).

All specimens were extracted from a region 1/4T to 3/4T wall
thickness. The sectioning diagram and further experimental details
are given in FZD (2007). For tensile tests sub-size specimens of
3 mm diameter and 15 mm gage length were machined (orienta-
tion T for JRQ and L for JFL). Besides standard Charpy-V specimens
for impact tests (orientation T-L for JRQ and L-T for JFL), Charpy-
size (10mm x 10 mm x 55 mm) three-point bend specimens were
fatigue-precracked to ag/W=0.5 and 20% side-grooved for MC tests
(orientation T-L for JRQ and L-T for JFL).

All specimens sets were irradiated at the WWER-2 reactor of NPP
Rheinsberg with fluences up to 1020 n/cm? (E>1 MeV) at an aver-
age coolant temperature of 255 °C, cf. Table 2 for fluences. All given
fluence values refer to a kinetic neutron energy level of E>1MeV.
Depending on the distance of the irradiation channels to the reac-
tor core the obtained fluences can be classified into three levels:
“low” (ca. 7 x 1018 njcm?), “medium” (ca. 55 x 1018), and “high” (ca.
99 x 10'® n/cm?). For comparison, pressurized water reactors of lat-
est design operating in accordance with German KTA rules should
have their EOL fluence not larger than 3 to 10 x 10’8 n/cm? for 40
years of operation (IAEA, 2001).

In order to study the effects of a recovery heat treatment,
a set of irradiated specimens was annealed at 475°C/100h. To
enhance the data pool new specimens were routinely reconsti-
tuted from broken Charpy-size specimen halves. Besides basic
material characterization (microstructure, tensile properties), and
Charpy-V tests according to EN 10045-1 (1990) the focus was
set on the determination of reference temperatures Ty accord-
ing to ASTM E1921-05 (ASTM, 2005) by monotonically loading
the specimen at a rate of 1.2MPa/m/s until cleavage insta-
bility occurs. Modified MC-based analysis methods such as
SINTAP, multi-modal MC method (MM) and the Unified Curve
were additionally applied.

In all evaluation procedures the following two formulae for the
temperature dependence of 0.2% yield strength were used:

oys(T) = 4 x 1078T% - 2 x 107°T3 + 0.0036T2

—0.543T +490.2 (oys in MPa, T in °C) (8)
for unirradiated JRQ according to IAEA (2001) and
oys(T) = 0.0056T? — 0.3269T + 478.93 R* =0.984 9)

for unirradiated JFL (oys in MPa, T in °C, —135°C<T<+22°C).
Irradiation hardening was considered by adding the respective
Aovys shift values to these basic formulae.
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Table 3
Mechanical-technological properties.
RPV steel @ in 10" n/cm? (E> 1 MeV) Tensile test Charpy-V test
oys UTS T4]J USE
MPa MPa °C °C
JRQ 0 484 618 -13 192
7.3 689 798 111 144
54.9 770 847 167 133
98.2 843 904 209 111
JFL 0 470 614 —43 211
6.5 534 666 —22 214
51.2 587 706 9 196
86.7 640 746 36 196
25077771771
- —— ATO — -
S e =
= —
o 150 m - =
<
2100 JFL
= _-0
> @———="""
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Fig. 4. Neutron irradiation-induced shifts of T4;; and To.

5. Results and discussion

Table 3 summarizes the results from tensile properties (yield
strength oys and ultimate tensile strength UTS) and Charpy-V
parameters (T4 transition temperature and upper shelf energy
USE). Well-known irradiation effects can be found for both materi-
als. Irradiation hardening is proven by increasing yield strength oys
and ultimate tensile strength UTS.

Embrittlement is expressed by increasing Charpy-V transition
temperature T4y, Table 3 and Fig. 4. However, the upper shelf energy
USE does not follow such a clear trend, Table 3. In case of JRQ the
upper shelf energy decreases to a great extent already at the low
fluence, but it remains nearly unchanged for JFL for all irradiation
levels up to nearly 100 x 108 njcm?2.

Results in Table 3 and Fig. 4 show that JRQ is the most irradiation
sensitive steel whose properties tend to deteriorate significantly
already at low fluence, while JFL is the quite insensitive. The same

Table 4
Kjc evaluation according to MC, SINTAP, MM and UC.
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Fig. 6. MC results of irradiated JRQ, adjusted to T-Tp.

ranking can be observed in the Master Curve reference temperature
To. Results of all MC tests are shown in Table 4 and Figs. 4-10.

Fig. 4 depicts the shift of Ty with increasing fluence. Usually Ty
increases with irradiation (i.e. toughness decreases) but in Fig. 4
steel JFL poses an exception. Here Ty decreases from medium to high
fluence, which is in contradiction with the expected outcome of
gradual irradiation-induced material degradation as seen in mate-
rial properties from tensile tests or T4 (Table 3). By an annealing
heat treatment Ty recovers to the values of the unirradiated state.
As Table 4 shows this is true for both RPV steels alike and is inde-
pendent of the reached fluence level.

Master Curve evaluation results are shown in Figs. 5, 6 and 7 for
steel JRQ (in unirradiated; irradiated; and irradiated and annealed
condition, respectively) and in Figs. 8, 9 and 10 for steel JFL (in
unirradiated; irradiated; and irradiated and annealed condition,
respectively). Beside the single Kjc test data adjusted to T-Ty and

RPV steel @ in 10" n/cm? (E>1MeV) Master Curve Unified Curve
ASTM E1921-05 SINTAP Multi-modal (Oviterizaiin et all, 2000011)
Irradiated Annealed Irradiated Irradiated Irradiated
Z rin; Tot+o To+o TIEINTAP T £0Tm 2 T(l)‘]c
MPa MPa °C °C °C
0 1.40 —65.6+6 - —65.6 - 1621 —67
RQ 7.3 1.28 77.0+6 - 87.3 (82£17) 136 79
54.9 2.57 123.6+5 —-732+7 137.8 130+25 72 133
98.2 1.88 164.2+5 —-685+7 164.2 - 50 186
0 2.38 —105.8+5 - —-94.2 —104+8 3286 —105
JFL 6.5 1.12 —88.0+7 —1143+7 -24.0 (-78+22) 2472 -90
51.2 3.17 —-37.0+4 -106.5+6 —25.2 —27+24 1000 —-41
86.7 3.35 —45.0+4 —-100.4+6 —-38.0 —-40+14 1098 —46
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Fig. 11. MC and multi-modal evaluation of medium irradiated JFL.

the resulting 5%, 50% and 95% fracture probability Master Curves
the ASME Kc-RTrq reference curve (Egs. (6) and (7)) is drawn in
each of the figures as a dotted line. Figs. 5-10 demonstrate that the
5% and 95% MCs envelope the data points well for each condition.
Moreover, nearly all Kjc values lie above the ASME K¢ reference
curve, i.e. only 2 out of 68 JRQ data points and 1 out of 99 JFL data
points lie below it. Historically, the ASME Kj¢c curve was considered
the absolute deterministic lower bound curve of fracture toughness
below which no data points should lie. Our data confirms the find-
ings in (Wallin, 1999) that the ASME K¢ reference curve in fact is
just a deterministic lower bound curve to a specific subset of data,
which represent a certain probability range. The ASME K¢ curve
corresponds practically to the same degree of confidence as the 5%
MC, thus permitting that few data points may lie below.

In order to investigate the above-mentioned unusual JFL
behaviour, additional SINTAP and MM analysis methods were
employed, Table 4 and Figs. 11 and 12. The SINTAP results TS™NTAP
are by nature more conservative (higher) than standard MC T esti-
mates. Test results show that the SINTAP reference temperature
TPINTAP normally lies up to 15K above Ty (Table 4). The only case in
which TSNTAP and T diverge significantly is for low irradiated JFL:
To is —88.3°C and To'NTA is —24 °C. This deviance can be explained

by the different SINTAP evaluation levels used to establish TSINTAP,
Aforementioned case is the only one for which the SINTAP evalua-
tion algorithm does not favour the SINTAP step 2 estimate (which
in this case equals —72.9°C) but instead prefers the SINTAP step 3
estimate as the representative T;'N™AP value. The SINTAP step 3 ref-
erence temperature is even more conservative than SINTAP level 2,
becauseitis derived from only one single Kjc value which represents
the most brittle state, therefore resulting in such a comparatively
high TYINTAP value.

Table 4 and Figs. 11 and 12 show the MM results (solid lines)
in comparison with standard Master Curves (dashed lines). Note

350 L L B B T T 7
300 < unirradiated JFL, K g P¢=0.95 |
250 I~ e 0.50
200 T
150 - .
100 - g n
50 — o e S .
L | | {-\SMIIE chlcurwla eq. I(7)
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T-TginK
Fig. 8. MC results of unirradiated JFL, adjusted to T-Tp.
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Fig. 9. MC results of irradiated JFL, adjusted to T-Ty.
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Fig. 10. MC results of irradiated and annealed JFL, adjusted to T-Tp.
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Fig. 13. MC and UC evaluation of highly irradiated JRQ.

the high standard deviation o, which is associated with the
low number of tested specimens. In order to reduce this uncer-
tainty the specimen number requirement of Eq. (3) was introduced.
MM results which do not satisfy Eq. (3) are parenthesized in
Table 4. In both figures MM-based 5% and 95% failure probabil-
ity curves are wider than their standard MC counterparts, thereby
enveloping more data points. However, the MM analysis outcome
follows the same trend as the standard MC evaluation: Ty, is
higher in the medium irradiated JFL than in the highly irradiated
state. SANS measurements of irradiation-induced defect density
(Ulbricht, 2006) seem to offer an explanation for this unexpected
result (Fig. 1). JFL shows little increment in matrix damage and Cu
segregations once the medium fluence level was reached, presum-
ably due to the material’s very low Cu and P content which limits the
ability to form embrittling Cu or P segregations. Taking the standard
deviation o into account, both Ty values intersect at —41 °C, Table 4.
Therefore the observed “decrease” of Ty may as well be interpreted
as a plateau formation of Ty for fluences above 50 x 108 n/cm?
(E>1MeV). In contrast, all tensile and Charpy-V properties (aside
from the upper shelf energy USE) continue to shift monotonically
with the fluence increasing from medium to high levels.

Figs. 13 and 14 compare the results from MC and Unified Curve
evaluation. The dashed lines in Figs. 13 and 14 depict the MC results
of the highly irradiated states for JRQ and JFL, respectively. As can
be seen, the MC describes the fracture toughness-temperature
behaviour very well even at fluences as high as 100 x 10!8 n/cm?
(E>1MeV). This is true not only for RPV steel JFL but also for JRQ
which exhibits a wide Ty shift of about 230K from the unirradiated
state due to its high susceptibility to neutron embrittlement. For
both RPV steels no significant MC shape change can be observed. In
case of JFL, Fig. 14, more than 5% of the Kjc(;r) values lie below the
5% failure probability Curve K¢ 0s)17- However, these probability
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Fig. 14. MC and UC evaluation of highly irradiated JFL.

curves are meaningful only for much larger datasets which contain
dozens or hundreds of Kjc(11y values.

Table 4 and Figs. 13 and 14 combine the results of the Unified
Curve (UC) and MC evaluation on the highly irradiated RPV steels
(solid lines). Té’c (denoted T1og in Margolin’s publications)is defined
as the temperature at which Kjcy1y equals 100 MPa ,/m.

In case of steel JRQ, the £2 value is very low (49.6) which leads to
very shallow UCs, Fig. 13. Compared with standard MC evaluation,
the UC concept overpredicts the irradiation influence on the shape.
T(‘)Jc is more conservative (higher) than Ty, Table 4.

In contrast, for highly irradiated steel JFL the UCs for 5%, 50%
and 95% fracture probability coincide with the corresponding MCs
(Fig. 14). 2 out 0f 23 Kjc(g 0511 values lie below the 5% MC. For JFL the
shallowing influence of tangens hyperbolicus on the UCs is dimin-
ished by the high £2 value, which reflects the fact that JFL is much
less susceptible to neutron embrittlement than JRQ. The MC refer-
ence temperature Ty shifts only 61K from the unirradiated to the
highly irradiated state of JFL, Table 4.

As a mean to compare the goodness of fit of both approaches
to the experimental data quantitatively, Margolin et al. (2003) and
Margolin (2007) suggest the root mean square deviation, indexed
with either MC or UC:

L

1 pr exp 2
L’ Z(ch(med)i - K]C(rned)i) (10)
j=1

dmc,uc =

in which K¢\, .4 is the median value of Kjc at test temperature

T; predicted by the MC or UC and KjeCX(I;ned)j is the median value of

Kjc at test temperature T; determined by treatment of experimen-
tal data. The higher Syc/dyc the better the Unified Curve predicts
Kjc(T) compared with the Master Curve. Using Kjc(y1) data in Eq. (10)
yields the following results: For steel JRQ §yc = 15.19 and §yc = 16.19,
thus dyic/Suc = 0.89 which means that the MC predicts the experi-
mental data better than the UC (Fig. 13). Because the MC and the
UC coincide in case of steel JFL (Fig. 14), it can be concluded that
both describe the experimental Kjc(11y data equally well, which is
reflected in a Syc/dyc ratio close to unity: Syc =21.27, Syc =21.50,
thus Spc/dyc =0.99.

The dot-dash lines in Figs. 13 and 14 are the MC validity window
for Charpy-size specimens, i.e. ASTM E1921 rules that only data
points tested at temperatures within Tg + 50 K are permitted for T
calculation and all data points with Kjc above Kjc(jimir) are capped at
this maximum value. In Fig. 13 it is demonstrated that data points
are well described with the MC although they lie outside To £ 50K
range.

For MC shape investigations, Charpy-size (10 mm x 10 mm x
55mm) specimens are not the best suited specimen geometries.
Because of their low fracture toughness measuring capacity, Kjc val-
ues are usually censored as soon as the test temperature exceeds ca.
To + 10K, and therefore they cannot cover the whole temperature
range Tp+ 50K as permitted by ASTM E1921. In order to explore
possible MC shape changes above Tp+10K with uncensored Kjc
data, at least 0.5 T specimens or even better 1T specimens are to be
preferred because of their superior measuring capacity (Margolin,
2007).

6. Summary and conclusions

Two RPV steels A533B Cl.1 and A508 Cl.3 were scrutinized for
possible deviations of the postulated invariant MC shape at neu-
tron fluences up to 102% n/cm? (E>1MeV) and the MC validity for
macroscopically inhomogeneous microstructure.

MC tests were performed on Charpy-size three-point bend spec-
imens in the unirradiated, neutron irradiated with fluences up to
nearly 1029 n/cm? (E>1 MeV) and recovery heat treated condition.
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Evaluation procedures include Master Curve reference temperature
To determination according to ASTM E1921-05 as well as additional
analysis methods such as SINTAP, multi-modal MC method (MML)
and the Unified Curve (UC). The results have been compared with
the ASME Kjc lower bound curve indexed with the MC-based RTrq
according to ASME Code Cases N-629 and N-631.

While tensile and Charpy-V material properties and also the
MC reference temperature T, of RPV steels A533B Cl.1 change
monotonically with the fluence increasing from 50 x 10'® to
100 x 1018 n/cm?, RPV steel A508 Cl.3 poses an exception. From 50
to 100 x 1018 n/cm? T, decreases but taking the standard deviation
into account this fact may be interpreted as a formation of a plateau.
Most single Kjc data lie above the ASME Kjc-RTrg reference curve.
It could be shown that the standard MC concept provides a precise
description of the experimental fracture toughness data for all con-
ditions. It works exceptionally well for highly irradiated material. In
contrast, the UC concept shows a significant influence of irradiation
on the fracture toughness curves for the highly irradiated JRQ.
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Appendix A

Nomenclature

ag crack size (mm)

B UC concept: reference specimen thickness: 25 mm

bcc body centred cubic

By gross specimen thickness, side-grooves not considered
(mm)

Bx MC concept: reference specimen thickness: 25.4 mm

Kjc(meayr median J-Integral based fracture toughness, adjusted to
a crack front length of 1T=1in.=25.4mm (MPa ,/m)

Kjc(medy2smm UC concept: median fracture toughness, adjusted to
a crack front length of 25 mm (MPa /m)

Kihelf UC concept: 26 MPa ,/m

Kinin MC and UC concept: 20 MPa ,/m

MC Master Curve

MM multi-modal Master Curve method

n; specimen weighting factor for the i-th temperature range,
(T-Tp), Table 3 in ASTM E1921

Ps fracture probability

PTS pressurized thermal shock

T number of valid specimens within the i-th temperature
range, (T-Tp)

RTqo Master Curve based reference temperature

T temperature (°C)

T 1in. (25.4mm)

To MC reference temperature that corresponds to the tem-
perature at which Kjc(medyr =100 MPa ,/m (°C)

Tgc UCreference temperature that corresponds to the temper-

ature at which Kjc(med)2smm = 100 MPa ,/m (denoted Tigo
in Margolin’s publications) (°C)

Ty transition temperature measured at Charpy energy of 41 |
O

T; test temperature in UC concept (°C)

TSINTAP  SINTAP reference temperature (°C)

Tm multi-modal method: mean reference temperature of all
populations

uc Unified Curve

USE upper shelf energy (J)

UTS ultimate tensile strength (MPa)
w specimen width (mm)

Greek symbols
Smc, duc root mean square deviation of experimental data from
median MC/UC curves

Aoys shift value of oys (MPa)

ATy shift of MC reference temperature

ATy shift of Charpy-V transition temperature

(0] neutron fluence in 10'® n/cm?2 (E> 1 MeV)

OTm multi-modal method: standard deviation around the
mean

o theoretical scatter of the Ty estimate according to ASTM
E1921

Oys 0.2% yield strength (MPa)

2 Unified Curve concept: embrittlement parameter defining
the Curve shape
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