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A B S T R A C T   

Neutron irradiation-induced embrittlement of the reactor pressure vessel (RPV) leads to an increase in the 
reference temperature (T0) of the RPV steel and reduces the operating lifetime of nuclear reactors. Fracture 
mechanics testing of RPV steels before and after neutron irradiation, which reveals the shift in T0, is often limited 
by the shortage of irradiated material. To solve this, we tested sub-sized 0.16T C(T) specimens manufactured 
from already tested SE(B) standard Charpy-sized specimens using the Master Curve concept. The transferability 
of fracture mechanics data from 0.16T C(T) to standard Charpy-sized specimens forms an integral part of this 
study. To simplify the testing procedure, based on statistical data, we studied the impact of the slow stable crack 
growth censoring criterion of the ASTM E1921-21 standard on the determination of T0. We also present a sta
tistically based strategy for an optimized test temperature selection. We found that the results from the 0.16T C 
(T) specimens are comparable to the standard Charpy-sized specimens. RPV steels containing higher Cu and P 
contents exhibit a higher increase in T0 after irradiation. We also found that the stable crack growth-censoring 
criterion did not influence T0 significantly. Our results demonstrate the validity of 0.16T C(T) specimen testing 
and confirm the role of the impurity elements Cu and P in neutron embrittlement. We anticipate further research 
linking microstructure to the fracture properties of materials before and after neutron irradiation and the 
optimization of Master Curve testing using the results from our statistical analysis.   

1. Introduction 

Neutron irradiation-induced material embrittlement of the reactor 
pressure vessel (RPV) limits the continued safe operation lifetime of 
nuclear reactors. After neutron irradiation, the higher the increase in the 
reference temperature T0, the temperature at which the median fracture 
toughness value is 100 MPa√m, the lower the irradiation resistance of a 
material. Fracture mechanics testing using the Master Curve concept 
determines the T0 of materials and consequently the shift in T0 after 
neutron irradiation. The Master Curve concept relates the median frac
ture toughness and the test temperature in the ductile to brittle regime 
taking into account the scatter in testing using a three-parameter Wei
bull distribution [1] and the specimen size effect [2]. The shape of the 
master curve tends to stay the same after neutron irradiation on various 
RPV steels [3], therefore, justifying the use of this concept. However, a 
common problem associated with Master Curve testing is the shortage of 
neutron-irradiated materials. Besides solving the material availability 

limitation [4], the miniaturization of test specimens also reduces the 
active sample volume. 

The T0 obtained from Charpy-sized three-point (single edge) bend 
specimens (SE(B)) of 10 × 10 × 55 mm dimension [5–8] was often 
smaller as compared to the T0 obtained from 1T C(T) specimens [6,7,9] 
due to a loss of constraint. Nanstad et al. reported better compatibility of 
the T0 obtained from 1T SE(B) as compared to 1T C(T) specimens [7]. 
The use of reconstituted samples and small specimen techniques [10,11] 
was beneficial for solving the limited material availability issue. Mini-C 
(T) or 0.16T C(T) specimens from RPV steels with 4 mm thickness 
[12–18] have previously reported similar T0 values with similar loca
tions of fracture initiation points as compared to larger C(T) specimens. 
Yamamoto and Miura [19] obtained similar T0 values for mini-C(T) and 
0.5T C(T) specimens while a difference of 12–14 K between mini-C(T) 
and large C(T) specimens was reported by others [9,20]. Chaouadi 
et al. reported a bias of ±10 K between standard Charpy-sized and 
mini-C(T) specimens [9]. Sub-sized SE(B) samples with 3.33 mm 
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thickness provided lower T0 values as compared to mini-C(T) specimens 
by about 12.5 K [13]. It is clear that the comparison of T0 obtained from 
small and larger specimens is not straightforward and needs further 
validation. Therefore, we tested 0.16T mini-C(T) specimens manufac
tured from already tested SE(B) standard Charpy-sized specimens using 
the Master Curve concept and obtained the reference temperature T0 for 
RPV steels (in unirradiated and irradiated states). We then compared the 
reference temperatures of the mini-C(T) specimens with the standard 
Charpy-sized specimens. 

Impurities like Cu and P in RPV steels induce neutron embrittlement 
due to the formation of Cu-rich [21,22] and phosphide precipitates 
[21,23] and can lead to an increase in T0 [24]. To investigate the effect 
of the chemical composition on neutron irradiation, we chose two 
western RPV steels in this study, JRQ, and JFL. JRQ was used as an 
International Atomic Energy Agency (IAEA) reference material in the 
1980s [25] and contains higher amounts of Cu and P that results in 
embrittlement during neutron irradiation. JFL, on the other hand, is an 
RPV steel that is similar to 22NiMoCr3-7 and found its use in German 
nuclear power plants [26]. Due to the manufacturing process and purity 
of JFL (lower Cu and P content), we expect it to be more resistant to 
neutron irradiation. 

The selection of testing temperature in Master Curve testing of small- 
scale specimen is delicate as testing temperatures close to T0 may lead to 
censoring due to the fracture toughness KJc exceeding the KJclimit and/or 
violating the KJcΔa criteria (slow stable crack growth before cleavage) of 
ASTM E1921-21 [27]. On the other hand, testing at too low tempera
tures (T − T0 < − 50 K) also leads to test results being invalid. While 
censoring of data in large sample pools is generally not a big problem, 
censoring in smaller pools (for example in neutron-irradiated speci
mens) can be a cause of concern as the validity criterion of ASTM E1921 
∑

ri⋅ni ≥ 1 might not be fulfilled (where r is the number of uncensored 
valid data and n is the specimen weighting factor, which depends on the 
T − T0 value). It was reported in [13] that a T − T0 value below − 30 K 
prevented the censoring of tests. In this study, based on the Master Curve 
testing results of a large number of mini-C(T)s from different RPV steels 
we develop a strategy to optimize the determination of the next test 
temperature to fulfill the validity criterion of 

∑
ri⋅ni ≥ 1. Two 

competing aspects must be taken into account:  

• Testing at comparatively high temperatures close to T0 to improve 
the quality of the fit (and obtain the highest weighting factor n)  

• Avoiding censoring: this speaks for testing at comparatively low 
temperatures but not below T − T0 = − 50 K 

While the KJclimit censoring criterion can be checked easily during the 
Master Curve analysis, the KJcΔa censoring criterion requires an addi
tional optical or scanning electron microscope (SEM) investigation of 
the fracture surface. In this study, we check the effect of the violation of 
the KJcΔa criterion (section 8.9.2 and 10.2.1 of ASTM E1921-21) on the 
determination of T0 to simplify the Master Curve analysis procedure. 

There are four objectives in this study:  

1. To determine the shift in T0 of JRQ and JFL from the unirradiated to 
the irradiated state and to study the effect of neutron irradiation on 
materials with different chemical compositions.  

2. To validate the use of mini-C(T) specimens by comparing their T0 
values to standard Charpy-sized specimens.  

3. To optimize the determination of the testing temperature within a 
sample ensemble using a probability function based on a large 
number of tests.  

4. To study the impact of the stable crack growth censoring criterion 
(KJcΔa) on the determination of T0. 

2. Materials and methods 

2.1. Materials 

We focussed on two RPV steels in this work, the first is a base metal, 
ASTM A508 class 3, which is the IAEA reference material 1JFL11. We 
refer to this material as JFL in this work. Kawasaki Steel Corporation 
manufactured JFL through casting, forging and heat-treatment, which 
included austenization at 880 ◦C with oil quenching followed by 
tempering at 640 ◦C for 9 h with air-cooling. The second material is also 
a base metal, ASTM A533B class 1, which is the European reference 
material 3JRQ57. We refer to this material as JRQ in this work. The 
manufacturing of JRQ involved casting and rolling. Heat-treatment that 
followed included austenization at 900 ◦C with oil quenching, tempering 
at 665 ◦C for 12 h and stress release annealing at 620 ◦C for 40 h. Further 
details about the material can be found in [28]. The composition of both 
the materials is listed in Table 1. The composition of JRQ is very similar 
to that of JFL except that it contains higher amounts of Cu and P. 

Based on a large number of tests, the censoring statistics of mini-C(T) 
specimens are compiled. The database includes a total number of 381 
mini-CT tests from 11 different materials. The chemical compositions 
are listed in Table 1.Table 2 contains the mechanical properties (yield 
strength at room temperature (RT), Charpy impact transition tempera
ture at 41 J and the upper shelf energy from Charpy impact tests) along 
with the total number N of valid tests carried out (uncensored +
censored data). A combination of base and weld metals both in their 
unirradiated (300 samples) and irradiated states (81 samples) are 
included in the statistics. With a few exceptions, most of the materials 
also contributed to the verification of the KJcΔa censoring criterion. For 
this, the measurement of the ductile crack growth region was performed 
according to ASTM E1921 using either an optical or a scanning electron 
microscope. The use of SEM was found to be more suitable for ductile 
crack growths that were close to the limit of KJcΔa censoring criterion. 

2.2. Irradiation conditions 

Samples of JFL and JRQ were neutron-irradiated in the WWER-2 
reactors in Rheinsberg up to a fluence of 1020 n/cm2 at 255 ◦C [5]. 
This fluence correspond to approximately ten times the German end-of- 
life (EOL) criterion, which limits the maximum neutron fluence in RPV 
walls of pressurised water reactors to 1019n/cm2 (E > 1 MeV) [36]. 
Table 3 lists the irradiation details. 

2.3. Master Curve testing 

Master Curve testing was performed on unirradiated and neutron 
irradiated 0.16T mini-C(T) specimens of JFL and JRQ. The number of 
samples tested for each state can be found in Table 2. Typically, eight 
0.16T C(T) samples were extracted from one standard Charpy SE(B) 
specimen, four from each half as shown in Fig. 1 which shows an 
example of a L-T oriented SE(B) specimen half used to manufacture four 
L-T oriented 0.16T C(T) specimen. The determination of reference 
temperature T0 was performed using the multi-temperature method 
according to ASTM E1921-21 [27]. 0.16T C(T) specimens were tested 
with fatigue pre-cracking and 20% side grooving in the unirradiated 
state while the specimens were not side grooved in the irradiated state. It 
was reported that side grooving neither significantly affected the 
determination of T0 [9,19] nor the location of the fracture initiation 
[18]. 

The specimens were monotonically loaded with a test speed of 0.1 
mm/min quasi-statically using the Inspekt10 machine (10 kN maximum 
force) for the unirradiated specimens and using the MTS 50 machine (50 
kN maximum force) fitted with a 10 kN load cell to increase precision for 
the irradiated specimen. The irradiated specimens were tested in the hot 
cells of Helmholtz-Zentrum Dresden-Rossendorf (HZDR). Sandner clip- 
on gauges were used on the front face to measure the front face 
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Table 1 
Composition of all materials included in this study.  

Common name Material C Si Mn Cr Ni Mo Cu P V 

Base Metals 
3JRQ57/5JRQ56B1 A533B Cl.1 [25] 0.18 0.24 1.42 0.12 0.84 0.51 0.14 0.017 0.002 
1JFL11 A508 Cl.3 [26] 0.17 0.25 1.42 0.16 0.75 0.52 0.01 0.002 0.004 
ANP-3 22NiMoCr3-7 [29] 0.23 0.20 0.70 0.44 0.98 0.79 0.12 0.015 – 
Biblis-C 22NiMoCr3-7 [30] 0.21 0.2 0.90 0.41 0.87 0.53 0.04 0.008 0.007 
GW8-BM /FZD-4 15Kh2MFAA [31] 0.15 0.30 0.45 2.86 0.10 0.79 0.05 0.008 0.31 
CRIEPI SQV2A [17] 0.22 0.25 1.46 0.11 0.69 0.57 – 0.002 – 

Weld Metals 
ANP-6 S3NiMo1 [29] 0.05 0.15 1.41 0.07 1.69 0.46 0.08 0.012 0.004 
ANP-2 S3NiMo1 [31] 0.06 0.08 1.05 0.04 1.02 0.63 0.03 0.017 <0.01 
ANP-5 NiCrMo1 [32] 0.08 0.15 1.10 0.74 1.11 0.60 0.22 0.015 0.001  

Table 2 
Materials included in censoring statistics with their irradiation state, mechanical properties, total number of specimens tested (N) and whether they are included in the 
verification of the KJcΔa censoring criterion.  

Common name Material Condition Yield Strength at RT (MPa) T41J Charpy (◦C) Upper shelf energy (J) N KJcΔa 

3JRQ57 A533B Cl.1 Unirradiated[5,26] 484 − 13.2 192.3 28 Yes 
Irradiated[5,26] 843 208.5 111.4 14 Yes 

5JRQ56B1 Unirradiated 484 − 13.2 192.3 25 No 
CRIEPI SQV2A (A533B Cl.1) Unirradiated[17] 477.4 − 90 – 39 Yes 
1JFL11 A508 Cl.3 Unirradiated[26] 470 − 42.6 211.2 41 Yes 

Irradiated[5,26] 640 35.7 195.5 36 Yes 
ANP-3 22NiMoCr3-7 Unirradiated[6,32,33] 516 − 50 194 16 Yes 

Irradiated[32] 530 – – 16 Yes 
Biblis-C Unirradiated[34] 444 − 42 186 17 No 
GW8-BM 15Kh2MFAA Unirradiated 534 – – 20 No 
FZD-4 Unirradiated[31] 531.8 − 55 191 34 Yes 
ANP-6 S3NiMo1 Unirradiated[32,35] 555 − 55 174 31 Yes 

Irradiated[32,35] 817 123 – 15 Yes 
ANP-2 Unirradiated[32,35] 516 − 7 197 18 Yes 
ANP-5 NiCrMo1 Unirradiated[32,35] 604 − 12 145 31 Yes  

Table 3 
Neutron irradiation conditions for tested specimens.  

Common name Material Fluence (1019n/cm2 E > 1 MeV) Max flux (1012n/cm2/s E > 1 MeV) Irradiation Temperature 
(◦C) 

Irradiation time 
(Days) 

3JRQ57 A533B Cl.1 9.82 5.37 255 297 
1JFL11 A508 Cl.3 8.67 4.74 255 297  

Fig. 1. Cutting scheme of 0.16T C(T) specimens manufactured from a standard Charpy SE(B) specimen.  
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displacements (FFD) which are converted to load-line displacements 
(LLD) using the conversion method as stated by Landes [37] with a 
rotation factor of R = 0.352. 

A preliminary T0 for the 0.16T C(T) specimen was assumed to be 20 
K lower than the reference temperature determined for pre-cracked 
standard Charpy-sized specimens using the Master Curve concept 
[17]. Guided by the statistically based concept for optimum test tem
perature selection (discussed later in sections 3.3 and 4.3), the tests were 
performed at temperatures below the reference temperature of the 
mini-C(T) specimens until failure (most often by cleavage fracture). The 
initial crack lengths were measured at nine equally spaced points as 
required in ASTM E1921-21 using optical microscopy. The recorded 
load-displacement values were used to calculate the KJc values for the 
individual tests, which were thereafter used to plot the master curves. To 
check the violation of the KJcΔa censoring criterion, an additional optical 
or scanning electron microscope investigation of the fracture surface 
was performed and the slow stable crack growth at the longest crack 
dimension was measured as mentioned in ASTM E1921-21. 

3. Results 

3.1. Irradiation-induced shift in reference temperature 

KJc values obtained from fracture toughness testing are converted to 
KJc 1T equivalent values and are plotted (as open circles) against testing 
temperature in Figs. 2-4. The values marked as crosses are invalid values 
either due to failing the T − T0 > − 50 ◦C invalidation criterion or due to 
an invalid crack shape [27]. The values marked as triangles are fracture 
toughness values which exceed the KJclimit and/or the KJcΔa censoring 
criterion. These values are censored during the determination of T0 i.e. 
replaced either by the KJclimit value or the highest uncensored KJc value 
depending on which criterion is violated. The reference temperature T0, 
defined as the temperature when KJc median reaches a value of 100 
MPa√m, is determined using ASTM E1921-21. 

The KJc median (dashed) along with the 98% and 2% tolerance 
bound curves for the unirradiated and irradiated states for JRQ in the T- 
L orientation and JFL in the L-T and T-S orientation are shown in Fig. 2, 
Fig. 3 and Fig. 4, respectively. The dotted validity window is drawn with 
the temperature limits of T0 ± 50K and the KJclimit values are calculated 

using the lowest ligament length of the test series. On the other hand, the 
individual KJclimit values in the Master Curve analysis were calculated 
using varying ligament lengths. Therefore, in some instances (like in 
Fig. 2 JRQ irradiated), a valid data point may appear outside the validity 
window, but in reality, it is not. The reference temperature (T0) and the 
shift in reference temperature (ΔT0) along with the number of valid 
uncensored tests (r), total number of valid tests (N), the value of 

∑
ri⋅ni 

and the standard deviation (σ) from both the unirradiated to the irra
diated states are listed in Table 4. The highest value of 

∑
ri⋅ni was ob

tained for the unirradiated testing of JFL in the T-S orientation and 
lowest was obtained for the unirradiated testing of JRQ in the T–L 
orientation. Testing in different orientations T-L, T-S and L-T resulted in 
reference temperatures which varied less than or equal to the standard 
deviation of the test series. 

An increase in the reference temperature was observed for both 
materials from unirradiated to the irradiated state, more for JRQ as 
compared to JFL (Fig. 5 and Table 4). For the JFL material, a change in 
the orientation resulted in only a small difference in the shift in refer
ence temperature (ΔT0). 

3.2. Comparison of standard Charpy-sized and mini-C(T) specimen 

The results of MC testing for the standard Charpy-sized specimens 
can be found in reference [5]. In Table 5, the reference temperatures and 
standard deviations determined from the standard Charpy SE(B) speci
mens and the 0.16T C(T) specimens are listed along with Δθ (the dif
ference between the reference temperatures of standard Charpy-sized 
and mini-C(T) specimens) for JRQ and JFL. These two materials were 
selected for size comparison since in our study the mini-C(T)s were 
directly manufactured from the standard Charpy-sized specimens and 
exposed to the same irradiation conditions facilitating a direct com
parison. This was not possible for other materials in Table 1. The 
reference temperatures of both materials in the unirradiated and the 
irradiated states is given in Fig. 6 and Fig. 7, respectively. Standard 
deviations are given as error bars. The reference temperatures of the 
0.16T C(T) specimens lie within the error bars of the standard Charpy SE 
(B) specimens for all the unirradiated and irradiated cases except for the 
unirradiated T-S orientation of JFL (if compared with Charpy SE(B) L-T 
samples). 

Fig. 2. KJc(1T) versus temperature with KJc median (dashed) along with 98% and 2% tolerance bounds for JRQ T-L orientation in the unirradiated and the irradiated 
states showing the shift in reference temperature. 
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Fig. 3. KJc(1T) versus temperature with KJc median (dashed) along with 98% and 2% tolerance bounds for JFL L-T orientation in the unirradiated and the irradiated 
states showing the shift in reference temperature. 

Fig. 4. KJc(1T) versus temperature with KJc median (dashed) along with 98% and 2% tolerance bounds for JFL T-S orientation in the unirradiated and the irradiated 
states showing the shift in reference temperature. 

Table 4 
Master Curve results for JRQ and JFL in both unirradiated and irradiated states.  

Material Condition Orientation r N 
∑

ri⋅ni σ (K) T0 (◦C) ΔT0 (K) 

3JRQ57 Unirr T-L 12 12 1.589 6.7 − 64.9 – 
T-S 14 16 1.911 6.4 − 67.8 – 

Irr T-L 14 14 1.988 6.4 159.5 224.4 
1JFL11 Unirr L-T 15 16 2.054 6.3 − 101.6 – 

T-S 22 25 2.875 5.9 − 94.2 – 
Irr L-T 12 16 1.833 6.7 − 47.1 54.5 

T-S 15 20 2.214 6.3 − 47.5 46.7  
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3.3. Censoring statistics 

Based on 381 mini-C(T) tests from 11 different materials (Table 2), 
the absolute number of uncensored and censored tests at each temper
ature interval are shown in Fig. 8a. The number of tests performed for 

T − T0 < − 10 K were significantly higher than for T − T0 > − 10 K. Fig. 8b 
shows the relative probability of a test being censored at each temper
ature interval. The weighting factor ni is highlighted for various tem
perature intervals as bars on top of Fig. 8b. The cumulative relative 
censoring probability is ≤15 % for T − T0 < − 25 K. The relative 
censoring frequency increases significantly for T − T0 > − 10 K. 

Fig. 5. The reference temperatures (T0) for all the tested materials in both their unirradiated and irradiated states along with the shift in reference tempera
tures (ΔT0). 

Table 5 
Reference temperatures of standard Charpy SE(B) and 0.16T C(T) specimens along with the standard deviations. The difference between the reference temperatures of 
standard Charpy-sized and 0.16T C(T) specimens is also listed (Δθ).  

Material Orientation T0 ± σ SE(B) (◦C) r 
SE(B) 

N 
SE(B) 

∑
ri⋅ni SE(B) T0 ± σ 

0.16T C(T) 
(◦C) 

Δθ (K) 

Unirradiated 
3JRQ57 T-L − 65.6 ± 6.0 9 10 1.40 − 64.9 ± 6.7 0.6 

T-S     − 67.8 ± 6.4 2.3 
1JFL11 L-T − 105.8 ± 4.7 16 18 2.38 − 101.6 ± 6.3 4.2 

T-S     − 94.2 ± 5.9 11.6 
Irradiated 

3JRQ57 T-L 164.2 ± 4.9 15 15 1.88 159.5 ± 6.4 4.7 
T-S       

1JFL11 L-T − 45 ± 3.8 22 23 3.35 − 47.1 ± 6.7 2.1 
T-S     − 47.5 ± 6.3 2.5  

Fig. 6. Reference temperatures for unirradiated JRQ and JFL comparing the 
standard Charpy SE(B) and 0.16T C(T) specimens. Fig. 7. Reference temperatures for irradiated JRQ and JFL comparing the 

standard Charpy SE(B) and 0.16T C(T) specimens. 
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3.4. The KJcΔa censoring criterion 

For the verification of the KJcΔa censoring criterion, we selected 156 
tests from the 381 tests listed in Table 2, 89 in the unirradiated and 67 in 
the irradiated state. The selection was performed taking into consider
ation that at least one test was violating the KJcΔa criterion in a test series 
(bold values in Table 6). Out of the 156 tests, the KJclimit criterion is 

violated in 36 samples while the KJcΔa criterion is violated in 29 samples 
as shown in Table 6. The number of samples where both criteria are 
violated is 23. T0 is calculated taking into account the violation of both 
the KJclimit and the KJcΔa censoring criterion. It is also calculated for the 
case when the KJcΔa censoring criterion is not considered (only the KJclimit 

criterion is considered). The ΔTk (difference between T0 calculated with 
and without KJcΔa censoring criterion) and σ (standard deviation with 
the KJcΔa censoring criterion) for different materials are listed in Table 6 
as well as highlighted in Fig. 9. The average ΔTk for these samples was 
2.8 ◦C, a value lower than the average standard deviation of 7.2 ◦C for 
these samples (Table 6). 

4. Discussion 

4.1. The effect of initial microstructure and neutron irradiation on Master 
Curve 

The reference temperature of unirradiated JRQ comes out to be very 
close to the T0 value reported in [12]. Only a small variation in T0, 
falling within the bounds of the standard deviation, was observed for 
tests in different orientations. This is due to the microstructure of the 
materials which went through the austenization process resulting in 
equiaxed grains [38], and any texture is weakened by the bainitic 
transformation. A detailed microstructural analysis of JRQ and JFL will 
be performed in another study. 

The shift in reference temperature from unirradiated to the irradi
ated state is the highest for the JRQ material due to the higher amounts 
of Cu and P in its composition that results in the formation of Cu-rich and 
phosphide precipitates. This has been also observed in various other 
studies [21–24]. 

4.2. Comparison of standard Charpy-sized and mini-C(T) specimen 

The difference between the T0 of standard Charpy-sized and 
mini-C(T) specimen (Δθ) in the T-L orientation came out to be 0.6 K for 
JRQ unirradiated specimen (Table 5) which is similar to the difference 
reported by [12]. The difference between standard Charpy-sized and the 
mini-C(T) specimen tested in the unirradiated T-S orientation (2.3 K) 

Fig. 8. Absolute a) and relative b) frequencies of uncensored and censored data 
in temperature intervals of 5 K ranging from − 50 to 10 K. In b) the weighting 
factors (n) are shown for the different temperature ranges (bars on top). 

Table 6 
List of specimens analysed with the KJclimit and KJcΔa censoring criterion along with the T0 calculated with and without the KJcΔa censoring criterion. The difference 
between T0 calculated with and without KJcΔa censoring criterion (ΔTk) as well as the standard deviation (σ) is also listed. Values in bold represent the specimens 
selected to verify the KJcΔa censoring criterion. *Total and average are calculated from the bold values.  

Material Condition Orientation Testing temperature range 
T − T0 

(K) 

r N KJclimit 

violation 
KJcΔa 

violation 
T0 with KJcΔa 

(◦C) 
T’

0 without KJcΔa 

(◦C) 
ΔTk 
(K) 

σ 
(K) 

3JRQ57 Unirr T-L − 50.1 to − 20.1 12 12 0 0 − 64.9 − 64.9 0 6.7 
T-S ¡47.2 to –22.2 14 16 2 1 ¡67.8 ¡69.5 1.7 6.4 

Irr T-L − 39.5 to 9.5 14 14 0 0 159.5 159.5 0 6.4 
1JFL11 Unirr L-T − 40.4 to − 13.4 15 16 1 0 − 101.6 − 101.6 0 6.3 

T-S − 47.8 to − 25.8 22 25 3 0 − 94.2 − 94.2 0 5.9 
Irr L-T ¡27.9 to 2.1 12 16 4 3 ¡47.1 ¡47.3 0.2 6.7 

T-S –32.5 to ¡2.5 15 20 5 3 ¡47.5 ¡50.9 3.4 6.3 
ANP-6 Unirr T-L ¡25.3 to ¡5.3 7 11 4 1 ¡84.7 ¡85.5 0.8 8.2 

T-S ¡29 to 6 9 12 3 3 ¡106 ¡107.4 1.4 7.4 
S-L − 46.8 to − 26.8 8 8 0 0 − 73.2 − 73.2 0 8.2 

Irr T-S ¡21.5 to 8.5 9 15 2 6 101.5 106.2 4.7 7.2 
ANP-3 Unirr T-L ¡36.2 to ¡11.2 11 16 4 5 ¡98.8 ¡100 1.2 6.9 

Irr T-L ¡26.2 to ¡6.2 11 16 5 1 ¡38.8 ¡39.7 0.9 6.9 
ANP-2 Unirr S-L − 25.1 to 24.9 7 12 5 0 − 54.9 − 54.9 0 7.9 

T-S − 25.6 to − 15.6 5 6 1 0 − 54.4 − 54.4 0 9.3 
ANP-5 Unirr S-L ¡48 to ¡28 9 10 1 1 –22 ¡28.7 6.7 7.8 

T-L − 45.9 to − 25.9 9 9 0 0 − 24.1 − 24.1 0 7.8 
T-S ¡43.6 to –23.6 9 12 2 3 ¡26.4 –33.9 7.5 7.8 

FZD-4 Unirr L-S ¡28.1 to ¡8.1 8 12 4 2 ¡101.9 ¡104.1 2.2 7.8 
L-T − 24.9 to − 4.9 10 12 2 0 − 115.1 − 115.1 0 7.2 
S-T − 42.8 to –22.8 9 10 1 0 − 97.2 − 97.2 0 7.4 

CRIEPI Unirr T-S − 30.7 to − 10.7 17 22 5 0 − 102 − 102 0 6.1 
Total*  114 156 36 29 Average* 2.8 7.2  
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was also within the standard deviations of both SE(B) (6.0 K) and 
mini-C(T) specimen testing (6.4 K). A T0 higher by ≈ 10 K was re
ported in [13] for JRQ using mini-C(T) as compared to standard Charpy- 
sized specimens. For JFL, a T0 higher by 4.2 K and 11.6 K was obtained 
for the L-T and T-S oriented mini-C(T), respectively as compared to the 
L-T oriented standard Charpy-sized specimen. While the Δθ for the L-T 
orientation (4.2 K) is within the bounds of the standard deviation of the 
mini-C(T) test series (6.3 K), the Δθ for the T-S orientation (11.6 K) is 
close to the cumulative standard deviations of the mini-C(T) and stan
dard Charpy-sized specimen tests (4.7 + 5.9 = 10.6 K). Miura and 
Soneda reported similar T0 for mini-C(T) and standard Charpy-sized 
specimens for JFL [13]. 

Similar comparative results were also observed for the irradiated 
specimens in all the orientations for JRQ and JFL where a slightly lower 
T0 was obtained for mini-C(T) as compared to standard Charpy-sized 
specimens (Table 5) thus demonstrating the validity of the application 
of mini-C(T) specimens. A slightly lower T0 for irradiated mini-C(T) 
specimen was also obtained in [12] where the neutron fluence was an 
order of magnitude lower compared to the present study. 

4.3. Statistically based concept for optimum test temperature selection 

In the current version of ASTM E1921 (section 10.3), the selection of 

test temperatures is discussed on a non-quantitative basis. Moreover, the 
suggestions do not consider the censoring behavior of mini-C(T) speci
mens (which is different from standard Charpy-sized specimens). This 
may lead to an unnecessarily high number of tests required for a valid 
T0-evaluation. The proposed procedure aims at optimizing the use of 
available mini-C(T) samples. Based on the censoring statistics presented 
in section 3.3, the probability, that a test datum at a certain temperature 
will be censored (i.e., KJc > KJclimit or KJc > KJcΔa), can empirically be 
approximated by a tanh-fit as follows: 

Pc = 0.5+ 0.5⋅tanh[c⋅(T − T0 + Tsh)] (1) 

The tanh-fit is shown in Fig. 10. The relative frequencies from Fig. 8b 
were used. The obtained fitting parameters are c = 0.056 and Tsh =

7.9K, using the complete data set of 381 tests. 
By means of this analytical description of the censoring probability, a 

statistically based strategy for the selection of test temperatures can be 
established. The temperatures of the first 3–5 tests have to be selected on 
the basis of the expected reference temperature. The temperature in
terval T0,exp − 30K < T < T0,exp − 25K is a reasonable choice. Based on 
these first few data points, a preliminary T0 can be calculated. The se
lection of the temperature of the next test is based on a target censoring 
probability: 

T = T0 − Tsh +
1
c
⋅arctan

[
Pc,trg − 0.5

0.5

]

(2) 

which corresponds to equation (1) rearranged for solving T. The 
target censoring probability Pc,trg is chosen in dependence of two pa
rameters, srn =

∑
rini and r/N, calculated from the currently available 

test data (where r is the number of uncensored valid data and N is the 
total number of valid data; as for srn, ri and ni cf. ASTM E1921, section 
10.3) [27]. The following approach is used: 

Pc,trg = 0.05+ 0.9⋅
[
min

(srn

3
, 1
) ]p

⋅
[ r
N

]q
(3) 

i.e., 0.05 ≤ Pc,trg ≤ 0.95. The parameters are p = 0.7 and q = 1.1, 
which ensures that the following condition is fulfilled: 

Pc,trg < 0.5 ∀ srn < 1 and r
/

N < 0.5 (4) 

The target censoring probability is shown in Fig. 11. The procedure 

Fig. 9. The ΔTk and σ values from Table 6 for various materials. The dashed line indicates the average standard deviation while the solid line indicates the average 
temperature difference. 

Fig. 10. Tanh-fit of the censoring probability plotted against T − T0  
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based on equations (2) to (4) is repeated after each new test. This 
concept quantifies the balance between the two competing aspects of 
temperature selection: testing close to T0 and avoidance of censoring (cf. 
introduction). 

4.4. The impact of KJcΔa censoring criterion on T0 

At testing temperatures close to T0, the KJclimit and the KJcΔa censoring 
criteria both tend to be violated. As seen from the results in Table 6, 
there are 23 samples where both the criteria are simultaneously 
violated. The inclusion of KJcΔa censoring criterion results in a small 
increase in T0 as compared to the case when only the KJclimit censoring 
criterion is considered. Since this increase (ΔTk) falls below the standard 
deviation of individual Master Curve tests (Fig. 10), it is reasonable to 
say that the impact of the slow stable crack growth censoring criterion 
on T0 is insignificant. Therefore, to make the determination of T0 
simpler and to avoid additional time-consuming analysis of the fracture 
surface, the KJcΔa censoring criterion could be removed. 

5. Conclusion 

This work validates the use of mini-C(T) specimens for JRQ and JFL 
in their unirradiated and irradiated conditions for Master Curve testing 
and confirms the detrimental effects of impurity elements like Cu and P. 
It additionally suggests improvements for the optimization of the Master 
Curve testing and analysis. Our findings are summarized as follows:  

• JRQ exhibits a higher shift in T0 due to the presence of impurity 
elements such as Cu and P. The testing orientation of the samples did 
not significantly influence the T0. 

• The T0 obtained from mini-C(T) specimens agrees with the T0 ob
tained from standard Charpy-sized specimens confirming the suc
cessful use of mini-C(T) specimens.  

• We established an empirical correlation between test temperature 
and censoring probability using censoring statistics from a large 
number of mini-C(T) test data. Based on this, we propose a concept 
for the optimum choice of test temperature within a Master Curve 
analysis.  

• The KJcΔa censoring criterion does not influence the T0 significantly. 
Hence, we suggest a simplification of ASTM E1921 for the Master 
Curve analysis. 

Future work on connecting the bulk microstructures to the fracture 
properties through advanced microscopy techniques is in progress. 
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