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Thirteen large fracture toughness datasets, containing test results obtained in the ductile-to-brittle transition
region, have been mined from the open literature and statistically analyzed to obtain repeatability and repro-
ducibility information, which will be added to the Precision and Bias section in a future revision of the ASTM
E1921 section (Master Curve approach). Test results were generated by testing both Compact Tension, C(T), and
Single-Edge Bend, SE(B) specimens, with thicknesses ranging from 4 mm to 101.6 mm for C(T) and from 10 mm
to 101.6 for SE(B). The repeatability and reproducibility statistics, calculated in accordance with ASTM E177 and

ASTM E691, do not appear to depend on the specimen/loading configuration (C(T) vs SE(B)) or on the specimen
thickness. The calculated standard deviations and corresponding limits were found to be quite consistent across
all the examined scenarios (intralaboratory and interlaboratory datasets, single- and multi-temperature Master

Curve analyses).

1. Introduction

The Master Curve concept was introduced in the late 1980’s [1] to
characterize the fracture toughness behavior of ferritic steels in the
ductile-to-brittle transition region. Values of stress-intensity factor at
cleavage, Ky, are represented as a function of testing temperature by a
universal curve with fixed shape (the Master Curve), which is positioned
along the temperature axis according to the value of the reference
temperature, Ty. This temperature corresponds to a median fracture
toughness K;. = 100 MPa\/m for Compact Tension, C(T), specimens
having a reference thickness B = 25.4 mm (or 1 in.), i.e., 1TC(T).

The Master Curve methodology was first standardized by ASTM In-
ternational in 1997, as ASTM E1921-97 [2]. The standard was revised
many times since then, and the current version at the time of writing is
E1921-25.

According to the manual Form and Style for ASTM Standards (also
known as “Blue Book™) [3], every ASTM test standard is required to have
a Precision and Bias (P & B) statement. In ASTM Practice E177 [4],
precision is defined as “closeness of agreement between test results obtained
under prescribed conditions”. Furthermore, a statement on precision “al-
lows potential users of the test method to assess in general terms its usefulness
in proposed applications,” and (...) “provides guidelines as to the kind of
variability that can be expected between test results when the test method is
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used in one or more reasonably competent laboratories.”

The precision of an ASTM test method is established from the sta-
tistical analysis of one or more intralaboratory or interlaboratory test
programs (round-robins), conducted in accordance with ASTM Practice
E691 [5]. The P & B statement should cover both the precision of test
results obtained in the same laboratory under specifically defined con-
ditions of within-laboratory variability (repeatability conditions), and
the precision of test results obtained in different laboratories (repro-
ducibility conditions).

Until the 2011 edition, ASTM E1921 only included a generic preci-
sion statement that addressed in non-quantitative fashion the variability
of fracture toughness in the transition region, stating that “Ty values
determined at different temperatures can be expected to be within a scatter
band of 20 °C.” [6,7] Starting in 2012, the “Precision and Bias” section of
E1921 included quantitative measures of repeatability obtained by
NIST, based on the analysis of an interlaboratory round-robin study that
used precracked Charpy-V specimens of a nuclear grade pressure vessel
weld metal, denominated 72 W [8,9].

In subsection 12.1.1 (Justification and Theoretical Background), ASTM
E1921-12 stated that the following three fundamental assumptions of
E691 were violated for the investigated round-robin:

(1) Data are normally distributed.
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Table 1
- Single-T intralaboratory fracture toughness subsets analyzed.
Data set Lab Number of Specimen Thickness Reference
determinations (Ty) type range (mm)
3 C(T) 12.7-25.4
HEW USNA & NSWCCD 4 SEB) 5.95.4 [17]
EURO GKSS 4 C(T) 12.7-101.6 [18]
72 W unirr ORNL 3 C(T) 25.4-101.6 [19]
73 W unirr ORNL 4 C(T) 25.4-101.6
Midland 1 irr beltline weld ORNL 3 C(T) 12.7-25.4
Midland 1 irr ORNL 3 om 12.7-25.4 (201
nozzle course
IAEA CRP-5, Block 5JRQ KAERI 6 SE(B) 10 [21]
IAEA CRP-5, Block 6JRQ AEKI 3 SE(B) 10
Table 2
- Multi-T intralaboratory fracture toughness subsets analyzed.
Data set Lab Number of Specimen Thickness Reference
determinations (To) type range (mm)
Morland AEA Technology 4 o’ 12.7-25.4 [22]
3 C(T) 12.7-25.4
HEW USNA & NSWCCD 5 SEB) 4-95.4 [17]
EURO GKSS 3 C(D) 12.7-50.8 [18]
Ingham UKAEA 3 SE(B) 10-101.6 [23]
72 W unirr ORNL 3 C(T) 25.4-101.6 [19]
Midland 1 unirr .
R ORNL 3 C(T) 12.7-50.8 [20]
beltline weld
Plate 13 A ORNL 4 C(T) 12.7-101.6 [24]
! plain-sided and 20 % side-grooved specimens.
Table 3 Table 4
- Single-T interlaboratory fracture toughness subsets analyzed. - Multi-T interlaboratory fracture toughness subsets analyzed.
Data set Number Temperature Specimen  Thickness Reference Data set Number of Specimen  Thickness Reference
of labs or type range labs type range (mm)
;Z;nieramre (mm) EURO 3 o 127-106.6  [18]
g JSPS/MPC 7 C(T) 25.4 [8]
EURO 5 —110°Cto C(T) 12.7-101.6 [18] Midland Unit 1 irr
20,2
—40 °C beltline weld 8 ¢m 4 120,26]
4 —91 °C 12.7-101.6 IAEA CRP-5, Block
4 —60 °C 12.7-50.8 5JRQ 4 SE(B) 10
SFVQ1A 7 —120°C C(T) 4 [25] IAEA CRP-5, Block .
CRIEPI 6JRO 11 SE(B) 10 [21]
IAEA 3 —100 °C to SE(B) C(T) [21] IAEA CRP-5, Block
CRP-5, —60 °C 6JRQ 5 o 254
Block
5JRQ
IAEA 5 L .
CRP-5 4 —-110°Cto 10 However, the approach to the statistical analysis of the Master Curve
Block 3 *Zg g SE(B) 10 72 W round-robin was later re-assessed by the NIST statistician, who
6JRQ concluded that alternative definitions that satisfied the intent of ASTM
IAgﬁp s 20°C E691 could be used, despite the reported reference temperatures and
-5, —70 °C t . . .
Block 6 _30°0 ° C(T) 25.4 their standard errors not representing typical means and standard de-
6JRQ viations based on repeated measurements. This updated approach was

(2) Sample sizes within each laboratory are equal.
(3) Standard deviations within each laboratory are equal.

Under total circumstances, the NIST statistician who was consulted
for this study (J. Splett) recommended using the Paule-Mandel method
[10] for analyzing single-temperature (single-T) data, since no as-
sumptions about the statistical nature of the data were required. For
multi-temperature (multi-T) data, a statistical bootstrap technique
[11,12] was suggested, in addition to the Paule-Mandel method. The
bootstrap technique used sub-sampling of the results from each indi-
vidual laboratory to create subsets of data that had an equivalent
number of test results.

adopted in E1921-16, and the revised P & B statement has remained
unmodified until the current version (2025).

In this study, thirteen large Master Curve fracture toughness datasets
(intralaboratory and interlaboratory exercises) have been collected from
the open literature, and statistically analyzed according to the revised
statistical guidelines mentioned above to derive repeatability and
reproducibility information for both C(T) and SE(B) specimens with
thicknesses between 4 mm and 101.6 mm (4 in).

2. Statistical methods and theoretical background

The information concerning the repeatability and reproducibility of
the ASTM E1921 Test Method, which was generated in the framework of
this investigation, followed the guidelines of ASTM Standard Practices
E177-20 [4] and E691-23 [5].
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- Repeatability analysis results for the intralaboratory single-T Master Curve subsets. In the table, s, and r were calculated using Eq. (2) and Eq. (3), respectively. Moreover, N is
the number of uncensored and censored data generated, and T, is the average value of reference temperatures corresponding to the individual datasets.

Data set Lab T Specimen N Tval To oT0 To S r By Sr,norm
[{O) type/size Q) Q) (o o O (mm) (°C)
—86 + —85 0.5 T-1TC(T) 16 16 —84.6 6.0
—60 1TC(T) 13 13 -83.9 6.4 —-80.9 58 16.3 18.4 0.7
—40 + -39 0.5 T-1TC(T) 38 38 -74.1 5.0

HEW USNA & NSWCCD -118 -+ -114 0.2 T-1TSE(B) 59 59 -107.4 4.6
—-82 + -79 0.5T-1TSE(B) 50 50 —96.0 4.7
-50 0.5TSE(B) 16 16 —85.6 6.0 —931 52 14.4 134 0.4
—42 + —40 1TSE(B) 32 16 —83.2 5.1
-110 0.5TC(T) 55 55 —79.5 4.7
—-91 0.5 T-4TC(T) 34 34 -95.0 5.1

EURO GKSS _60 0.5 T-1TC(T) 50 38 _g73 5.0 —87.2 5.1 14.3 19.9 0.4
—40 0.5 T-2TC(T) 30 21 —87.1 5.6
-50 1 T-4TC(T) 9 9 —58.2 7.2

72 W unirr ORNL -30 1 T-4TC(T) 9 9 —-59.2 7.2 —54.0 7.2 20.2 45.9 1.4
-15 1 T-4TC(T) 9 9 —44.5 7.2
—80 1 T-4TC(T) 9 9 —63.2 7.4

. -50 1 T-4TC(T) 9 9 -56.0 7.2

73 W unirr ORNL _30 1 T-4TC(T) 9 9 611 79 —59.2 7.3 20.3 41.2 1.2
-15 1 T-4TC(T) 9 9 —56.4 7.2
20 1/2TC(T) 6 6 29.2 8.4

Midland Unit 1 beltline weld irradiated ORNL 35 1TC(T) 6 6 329 8.4 30.1 8.4 23.4 19.5 2.0
75 1TC(T) 8 6 28.0 8.4
45 1TC(T) 7 7 59.5 7.9

Midland Unit 1 nozzle course irradiated ORNL 65 1/2TC(T) 6 6 68.8 8.4 62.9 8.2 23.0 21.0 1,9
75 1TC(T) 6 6 60.3 8.4
—100 8 8 -57.3 8.2
-90 8 8 —54.6 7.8
—80 9 9 —54.4 7.4

IAEA CRP-5, Block 5JRQ KAERI 75 0.4TSE(B) 8 7 _70.7 7.0 -62.1 7.8 16.3 10.0 1.2
-70 10 7 -72.2 7.9
—60 10 6 —63.5 8.4
-110 8 8 —85.4 7.8

IAEA CRP-5, Block 6JRQ AEKI -90 0.4TSE(B) 8 8 —78.5 7.5 -753 7.9 221 10.0 1.7
—60 8 6 —62.1 8.4

The former document (E177) aims at providing concepts necessary
to the understanding of the terms precision and bias, as used in quanti-
tative test methods such as E1921. Specifically, E177 defines precision as
“the closeness of agreement between independent test results obtained
under stipulated conditions,” and indicates that the measure of precision
is usually computed as the standard deviation of the test results (larger
standard deviation means less precision of the test method). Further-
more, quantitative measures of precision depend critically on the stip-
ulated conditions, such as the repeatability and reproducibility
conditions. The following definitions of repeatability and reproduc-
ibility are required for the establishment of the precision of any test
method:

o Repeatability: precision of test results from tests conducted within the
shortest practical time period on identical material by the same test
method in a single laboratory with all known sources of variability con-
ditions controlled at the same levels.

o Reproducibility: precision of test results from tests conducted on iden-
tical material by the same test method in different laboratories.

On the other hand, Practice E691 describes the statistical techniques
to be used for generating adequate information for formulating the
precision statement of a test method. The techniques are applied on data
generated by an interlaboratory laboratory study (ILS), which must be
planned, conducted, and analyzed according to a set of guidelines pro-
vided in E691. The statistical formulae provided in the next section of
this paper, namely Egs. (2) to (4), are reproduced from section 15
(Calculation of the Statistics) of the E691 practice, which covers calcu-
lations for within-laboratory generated data (repeatability statistics)
and between-laboratory generated data (reproducibility statistics).

3. Analyses performed and datasets analyzed

All the values of reference temperatures employed in the analyses
were obtained by performing new Master Curve analyses on all datasets
and subsets, using an in-house software consisting of macro-enabled
spreadsheets [14]. Both single-T and multi-T reference temperatures
were considered. K, values obtained within a range of test temperatures
not exceeding 4 °C were considered as obtained at the same temperature
(single-T analyses).

As a reminder, a single-T reference temperature is calculated from
fracture toughness tests performed at the same temperature (or within a
very narrow range of test temperatures, see above), while a multi-T
reference temperature is obtained from tests conducted at different
temperatures. As such, the latter may be considered more representative
of the overall fracture behavior of the material within the transition
region. However, while in the single-T case, Ty is obtained directly from
the median fracture toughness of the data set by means of a closed-form
relationship, the multi-T value of T is established by iteratively solving
a more mathematically complex relationship [7,13]. It should also be
noted that the multi-T approach is considered the reference method in
the current E1921 standard.

Sets of K. values generated by a single lab at one temperature (nine
subsets, Table 1) or at different temperatures (eight subsets, Table 2)
were analyzed to obtain information about the repeatability of the
Master Curve analysis standardized in ASTM E1921. Similarly, fracture
toughness values obtained by multiple labs at one temperature (eight
subsets, Table 3) or at different temperatures (six datasets, Table 4) were
analyzed to derive information about the reproducibility of the method.
In all cases, a minimum of 3 single or multi-temperature T values were
required to establish repeatability of reproducibility statistics.

It is important to note that in no circumstance test results obtained
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- Repeatability analysis results for the intralaboratory multi-T Master Curve subsets. NOTE: ps = plain-sided (not side-grooved); 20 % sg = side-grooved to 80 % of the original
thickness. In the table, s, and r were calculated using Eq. (2) and Eq. (3), respectively. Moreover, N is the number of uncensored and censored data generated, and T is the

average value of reference temperatures corresponding to the individual datasets.

Data set Lab Specimen N Tval To o010 To Sr r By, St.norm
configuration Q) [{9) ©C) Q0 Q0 (mm) (O]
0.5TC(T) ps 30 21 -92.5 5.6
0.5TC(T) 20 % sg 24 17 -94.7 5.9
Morland AEA Technology 1TC(T) ps 10 10 _831 70 —-94.1 6.5 18.3 15.9 0.9
1TC(T) 20 % sg 8 8 —106.3 7.5
0.5TC(T) 62 62 —75.2 4.6
0.8TC(T),W/B = 1.6 14 14 -84.5 6.3 -79.8 5.3 14.9 17.7 0.5
1TC(T) 36 36 -79.6 5.0
0.16TSE(B) Bx2B 17 17 —91.4 6.1
HEW USNA & NSWCCD 0.5TSE(B) Bx2B 58 58 -95.8 4.6
1TSE(B) Bx2B 34 34 -93.7 5.1 -97.0 5.1 14.2 13.3 0.3
1TSE(B) BxB 28 28 -112.6 5.3
0.4TSE(B)"! 169 169 -91.7 4.2
0.5TC(T) 116 96 -84.0 4.4
EURO GKSS 1TC(T) 30 29 —86.4 5.2 -90.9 5.6 15.8 17.6 0.5
2TC(T) 10 10 -102.3 7.0
0.4TSE(B) 24 7 -105.3 7.9
Ingham UKAEA 1TSE(B) 17 14 -110.3 6.3 —103.7 7.6 21.2 27.3 1.5
4TSE(B) 6 6 —95.6 8.4
1TC(T) 19 19 -55.1 5.7
72 W unirr ORNL 2TC(T) 11 11 -59.1 6.7 -57.9 7.0 19.7 45.9 1.2
4TC(T) 6 6 —59.5 8.4
. . . 1/2TC(T) 14 10 —56.5 7.0
M:ﬂ:ﬁ;’{‘g;i:::gme ORNL 1TC(T) 21 20 487 57 —54.4 6.6 184 271 1.0
2TC(T) 10 10 —57.9 7.0
1/2TC(T) 20 20 -79.6 5.7
1TC(T) 26 26 —82.2 5.3
Plate 13 A ORNL 2TC(T) 12 12 866 6.6 —83.3 6.6 18.4 33.3 1.0
4TC(T) 6 6 —84.6 8.4
! The 0.4TSE(B) specimen corresponds to the PCCv (PreCracked Charpy-V notch) specimen.
4 MG(T) = Miniature Compact Tension specimen (B = 4 mm, W = 10 mm); PCCv = fatigue PreCracked Charpy-V notch specimen.
from different specimen configurations, i.e., C(T) and SE(B), were for an intralaboratory dataset is given by:
combined to determine a value of reference temperature. The different
. . . - . P52
loading modes (pure bending for SE(B) and mixed tension + bending for s — Z OoisT %)
. = —osL

C(T)) cause a well-known bias between the respective reference tem-
peratures, with C(T) specimens typically providing higher values of Ty
[15]. This bias is generally of the order of 10 °C-15 °C [16]. Therefore, C
(T) and SE(B) result datasets have been analyzed separately in this study.
Conversely, specimen size (thickness) was considered irrelevant for the
obtainment of Tj.

The following procedure was implemented to establish the repeat-
ability statistics (intralaboratory subsets) in the case of single-T or multi-T
reference temperature determinations obtained by a specific lab.

For every dataset with reference temperature Ty, the standard de-
viation is given in ASTM E1921 as:

2
om0 =2+ a2, M
Tval

where: f = sample size uncertainty factor [27], which depends on the
median toughness of the dataset and can have values between 18 °C and
20.1 °C,

rval = number of uncensored data points,]1 and

Oexp = contribution of experimental uncertainties (assumed equal to
4 °C when standard calibration practices are followed?).

According to ASTM E691 [5], the repeatability standard deviation, s;,

1 ASTM E1921 uses r as the symbol for the number of valid (uncensored) data
in a dataset. In this study, we use ry,) instead, to avoid confusion with the ASTM
E177 symbol for repeatability limit, r.

2 The value of 4 °C for Oexp Was established within the ASTM E08.07.06
subcommittee, based on unpublished data. No reference is provided in ASTM
E1921.

?
T Pst

where: psr = number of single-temperature determinations (third
column in Table 1 and Table 2), and

02457 = variance of the i-th single-T determination, Eq. (1), withi =
1 to pst.

The corresponding 95 % repeatability limit, r, is obtained according to
ASTM E177 [4] as:

r=28s;. 3)

In the case of subsets generated by multiple laboratories (inter-
laboratory datasets), the reproducibility statistics were generated, for both
single-T and multi-T determinations, according to the following
procedure.

The reproducibility standard deviation, sg, for an interlaboratory
dataset is given by:

S — i"%ot.m )
: — DPwr

where: pyr = number of contributing labs (second column in Table 3
and Table 4), and

0% = variance of the i-th multi-T determination, Eq. (1), with i =
1 to pmr-

The corresponding 95 % reproducibility limit, R, is obtained according
to ASTM E177 [4] as:

R =28sp. )
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- Reproducibility analysis results for interlaboratory single-T Master Curve subsets. In the table, sy and R were calculated using Eq. (4) and Eq. (5), respectively. Moreover, N is
the number of uncensored and censored data generated, and T, is the average value of reference temperatures corresponding to the individual datasets.

Data set Lab T Specimen N Tval To o710 To SR R By SR,norm
“Q) configuration Q) Q) [{9) ({O] Q) (mm) Q)
EURO GKSS -110 1/2TC(T) 21 21 —-80.8 5.7 —88.1 5.4 15.2 30.4 0.3
—91 1/2 T-4TC(T) 35 35 —94.6 5.0
—-60 1/2 T-2TC(T) 61 49 —-96.2 4.8
—40 1/2 T-2TC(T) 30 21 -87.1 5.6
Nuclear Electric —91 2 T-4TC(T) 30 30 —84.8 5.2
Siemens —-60 1/2TC(T) 21 20 -76.3 5.7
-91 1/2TC(T) 21 21 —85.3 5.6
THA —60 2TC(T) 20 20 —-104.3 5.7
—40 2TC(T) 20 20 —-82.3 5.7
TWI —-91 1TC(T) 24 24 -96.1 5.4
—60 1TC(T) 24 24 —81.4 5.4
GKSS 1/2 T-4TC(T) 35 35 —94.6 5.0
Nuclear Electric 2 T-4TC(T) 30 30 —84.8 5.2
THA -9t 1/2TC(T) 21 21 -85.3 5.6 902 >3 14.9 386 04
TWI 1TC(T) 24 24 —96.1 5.4
GKSS 1/2 T-2TC(T) 61 49 —-96.2 5.0
Siemens 1/2TC(T) 21 20 -76.3 5.7
THA 60 2TC(T) 20 20 -104.3 5.7 896 5 153 248 03
TWI 1TC(T) 24 24 —81.4 5.4
CRIEPI 58 45 —-106.3 4.8
HZDR 20 18 —99.7 6.0
JAEA 32 28 —103.8 5.4
SFVQ1A CRIEPI NDC —-120 0.16TC(T) 22 19 —104.3 5.9 —103.0 5.9 16.5 4.0 0.5
SCK-CEN 10 9 —95.3 7.4
VTT 24 17 -111.1 5.9
WEC 29 25 —100.6 5.5
-100 8 8 -57.3 8.2
—-90 8 8 —54.6 7.8
IAEA CRP-5, Block 5JR KA _32 0.4TSE(B z 3 _gg:; ;:g 60.8 7.8 21.9 10.0 1.0
5, Block SJRQ -70 -4TSE(B) 10 7 —72.2 7.9 o : : : ‘
—60 10 6 —63.5 8.4
Kurchatov Inst. -85 11 11 —-39.5 7.3
EPRI -80 7 7 -73.8 7.9
-110 8 8 —85.4 7.8
AEKI —-90 8 8 -78.5 7.5
—60 8 6 —-62.1 8.4
CNEN/CDTN -90 0.4TSE(B) 7 7 -56.3 8.2 —68.1 8.0 22.3 10.0 1.1
-90 8 8 —65.0 7.8
IAEA CRP-5, Block 6JRQ Prometey Inst _80 s 7 755 79
ORNL —60 6 6 —54.1 8.4
AEKI 8 8 —78.5 7.5
CNEN/CDTN -90 0.4TSE(B) 7 7 -56.3 8.2 —66.6 7.8 21.9 10.0 1.6
Prometey Inst 8 8 —65.0 7.8
NRI -70 15 15 —34.8 6.3
FZR -70 6 6 —60.8 8.4
WM -10 8 8 -32.5 6.6
IAEA CRP-5, Block 6JRQ MRI -50 1TC(T) 6 6 —58.3 6.6 —44.6 7.3 20.5 25.4 1.0
Prometey Inst -50 8 8 —62.9 7.5
—40 9 9 -37.7 7.2
ORNL -30 6 6 —25.2 8.4

4. Analysis results
4.1. Repeatability statistics, single-T (Intralaboratory subsets)

Eight of the fracture toughness datasets analyzed included at least
three intralaboratory single-T subsets, all valid according to ASTM
E1921, which were analyzed to obtain the following repeatability sta-
tistics (the definitions provided below are taken from ASTM E177 [4]):

e Repeatability standard deviation, s — Standard deviation of test results
obtained under repeatability conditions (conditions where independent
test results are obtained with the same method on identical test items in the
same laboratory by the same operator using the same equipment within
short intervals of time).

e Repeatability limit, r — Value below which the absolute difference be-
tween two individual test results obtained under repeatability conditions

may be expected to occur with a probability of approximately 0.95 (95
%).

It is worth noting here that all test results considered were mined
from the literature, and therefore there is no proof that strict repeat-
ability conditions, as defined by ASTM E177 above, were associated to
every dataset. However, all datasets were generated by laboratories of
considerable scientific reputation, and in many cases within large in-
ternational projects, often managed by reputable institutions, such as
the European Union. Therefore, the existence of repeatability conditions
(and reproducibility conditions in the case of multi-laboratory datasets)
is considered an acceptable assumption.

The results obtained from the analyses performed are collected in
Table 5. The values of repeatability standard deviation range from 5.1 °C
to 8.4 °C, with an average value of 7.0 °C. This corresponds to a range of
r between 14.3 °C and 23.4 °C (average = 18.9 °C).

Values of s; calculated on C(T) and SE(B) specimens were found not
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- Reproducibility analysis results for the interlaboratory multi-T Master Curve subsets. In the table, sg and R were calculated using Eq. (4) and Eq. (5), respectively. Moreover,
N is the number of uncensored and censored data generated, and Ty is the average value of reference temperatures corresponding to the individual datasets.

Data set Lab Specimen N Tval To o710 To SR R By SR,norm
configuration Q) Q) Q) Q) Q) (mm) Q)
EURO GKSS 1/2 T-4TC(T) 151 142 —91.6 4.3 30.1 0.3
THA 1/2TC(T),2TC(T) 41 41 —98.0 4.9 —93.3 4.7 13.0
TWI 1TC(T) 48 48 —90.2 4.8
JSW 10 10 —108.1 7.0
MEA 10 10 —108.0 7.0
Texas A & M 15 15 —-102.3 6.1
JSPS/MPC ORNL 1TC(T) 10 10 —100.0 7.0 —101.6 6.6 18.5 25.4 0.7
B&W 15 15 —95.7 6.1
G. E. Kapl 15 15 —-97.0 6.1
UKAEA 10 10 —100.2 7.0
Lab A 13 8 34.9 8.2
Midland Unit 1 Weld Metal Lab C 0.16TC(T) 12 8 14.4 7.8 26.7 7.9 22.1 4.0 1.6
LabD 12 9 30.7 7.8
ATI 18 13 —-87.1 6.4
KAERI 53 45 —63.7 4.9
IAEA CRP-5, Block 5JRQ Kurchatov Inst 0.4TSE(B) 2 2 _54.0 55 —69.2 5.7 15.8 10.0 0.6
EPRI 21 20 -71.9 5.7
AEKI 33 28 -77.0 5.3
CNEN/CDTN 24 23 —59.2 5.6
CIEMAT 18 13 —69.9 6.6
FZR 12 12 —-57.3 6.7
JAERI 29 24 —72.6 5.4
IAEA CRP-5, Block 6JRQ NRI 0.4TSE(B) 20 18 —54.0 6.0 —65.0 6.0 16.8 10.0 0.4
ORNL 18 18 —68.6 5.8
Prometey Inst 29 26 —70.9 5.4
MRI 12 12 —-59.4 6.7
VIT 18 16 —53.3 6.2
VTT 18 15 —-72.1 6.1
VIT 12 12 -33.6 6.6
FZR 12 12 —57.1 6.6
IAEA CRP-5, Block 6JRQ IWM 1TC(T) 12 12 -32.5 6.6 —43.1 6.5 18.1 25.4 0.8
MRI 12 12 —58.3 6.6
ORNL 15 15 —-33.8 6.1
Table 9
- Summary of repeatability and reproducibility parameters. NOTE: (—) Negative correlation; (+) positive correlation.
Standard deviation (°C) Limit (°C) Correlation, Sporm VS But
Min Mean Max Min Mean Max PCC Strength
Repeatability Single-T 5.1 7.0 8.4 14.3 18.9 23.4 0.112 Very weak (+)
Multi-T 5.1 6.3 7.6 14.2 17.6 21.2 0.697 Strong (+)
Reproducibility Single-T 5.3 6.6 8.0 14.9 18.6 22.3 —0.553 Moderate (—)
Multi-T 4.7 6.2 7.9 13.0 17.4 22.1 —0.517 Moderate (—)

statistically different at the 95 % confidence level, based on a t-test (p =
0.959 > 0.05). The relationship between specimen size and repeatability
standard deviation was investigated by first considering the weighted
average thickness, B, for each subset:

i
EBi X rval,i
By=—+—— ©

]
Z T'val,i
1

where j is the number of different thicknesses in the subset, B; is the
thickness of the i specimen group (i = 1 toj), and 7,y ; is the number of
uncensored (valid) tests from specimens with thickness B;. Zjl Tvali
corresponds to the total number of uncensored (valid) specimens in the
subset.

Then, the calculated standard deviation was normalized by the
square root of the number of valid data in the subsets:

(7)

Snorm =

where s is either s, or sg. By using the normalization expressed by Eq. (7),
the effect of the subset size (number of uncensored test results) is
removed from the correlation with By,.

In the case of intralaboratory/single-T subsets, no correlation was
found between sy norm and B,, (Pearson correlation coefficient,®> PCC =
0.071). Values of s; norm and B, are reported in the last two columns of
Table 5.

4.2. Repeatability statistics, multi-T (Intralaboratory subsets)

Seven of the fracture toughness datasets considered included at least
three intralaboratory multi-T subsets, all valid according to ASTM
E1921, which could be analyzed to obtain values of repeatability stan-
dard deviation, s;, and the corresponding repeatability limit, r.

The results obtained are shown in Table 6. The values of repeatability

3 In statistics, the Pearson Correlation Coefficient (PCC) is a correlation co-
efficient that measures the linear correlation between two sets of data and has
values between —1 (perfect negative relationship) and + 1 (perfect positive
linear relationship).
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Table 10
- Analysis results from smaller and larger C(T) specimens.
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Table 12
- Analysis results from C(T) and SE(B) datasets.

Analysis type Specimen sy or sg (°C) Analysis type Loading sy or sg (°C)
thickness configuration
Values Mean SD Values Mean SD
5.8 5.8
5.1 5.1
. Larger 7.2 7.2
Single-T A/2T=4T) 73 7.0 1.3 C(T) 73 7.0 1.3
8.4 Single-T 8.4
- 8.2 8.2
Repeatability 6.5 53
5.3 SE(B) 7.8 7.0 1.5
. Larger 5.6 Repeatability 7.9
Multi-T . .
ult A/2T+4T) 7.0 63 0.7 6.5
6.6 5.3
Smaller o0 o gg 6.3 0.7
0.16T) 5.9 5.9 N/A Multi-T 6.6
5.4 6.6
Single-T
Larger 5.3 5.1
. 1. E(B . N/A
1/2T+4T) 5.5 39 0 SE(B) 7.6 63 /
Reproducibility 7.3 5.4
Smaller 5.3
. . N/A
(0.16 T) 7:9 7:9 / C(T) 5.5 5.9 0.8
Multi-T 4.7 5.9
Larger Single-T
6.6 5.9 11 7.3
(1/2T+4T) 6.5 78
Reproducibility SE(B) 8.0 79 0.1
7.8
4.7
C(T) gg 6.4 1.3
Table 11 Multi-T 6. s
- Analysis results from smaller and larger SE(B) specimens. 5'7
- - SE(B) ’ 5.8 N/A
Analysis type Specimen s Q) 6.0
thickness
Values Mean SD
Smaller 7.8 T A . .
04T - 7.8 N/A e Reproducibility limit, R — Value below which the absolute difference
Single-T Larger between two test results obtained under reproducibility conditions may be
Repeatabilit 1/2T+1T) 52 52 N/A expected to occur with a probability of approximately 0.95 (95 %).
epeatabliity Smaller 5.2
(0.16 T+0.4T) 7.9 6.6 N/A
Multi-T Lo e 50 The analysis results are presented in Table 7. The values of repro-
arger X ets o . . . .
/2T 4T 74 6.2 N/A ducibility standard deviation obtalnt.ad from the analysis of the elgl}t
Somall 7.8 subsets range from 5.3 °C to 8.0 °C, with an average value of 6.6 °C. This
Single-T ((r)n j Te)r 8.0 7.9 0.1 corresponds to a range of R between 14.9 °C and 22.3 °C (average =
Reproducibility : 7.8 18.6 °C).
Multi-T ?(r)n Zl_lre)r Z'Z 5.8 N/A Unlike in the intralaboratory case, values of sg were found statisti-

standard deviation resulting from the analysis of eight subsets range
from 5.1 °C to 7.6 °C, with an average value of 6.3 °C. This corresponds
to a range of r between 14.2 °C and 21.2 °C (average = 17.6 °C).

Values of s; obtained from C(T) and SE(B) specimens were found not
statistically different at the 95 % confidence level, based on a t-test (p =
0.957 > 0.05). Furthermore, a moderate negative correlation was found
between s; norm and By, (PCC = —0.517). Values of s norm and B, are
reported in the last two columns of Table 6.

4.3. Reproducibility statistics, single-T (Interlaboratory subsets)

Five of the fracture toughness datasets investigated included at least
three interlaboratory single-T subsets, all valid according to ASTM
E1921, which could be analyzed to obtain the following reproducibility
statistics (definitions are taken from ASTM E177 [4]):

e Reproducibility standard deviation, sg — Standard deviation of test
results obtained under reproducibility conditions (conditions where test
results are obtained with the same method on identical test items in
different laboratories with different operators using different equipment).

cally different between C(T) and SE(B) specimens at the 95 % confidence
level, based on a t-test (p = 0.0068 < 0.05), with a tendency of SE(B)
specimens to provide higher sg values. A moderate negative correlation
(PCC = —0.619) was found between sg norm and By,. Values of sg norm and
By, are reported in the last two columns of Table 7.

4.4. Reproducibility statistics, multi-T (Interlaboratory subsets)

Six fracture toughness datasets included at least three interlabor-
atory multi-T subsets, all valid according to ASTM E1921, which could
be analyzed to obtain values of reproducibility standard deviation, sg,
and the corresponding reproducibility limit, R.

The results obtained are shown in Table 8. The values of reproduc-
ibility standard deviation resulting from the analysis of the six subsets
range from 4.7 °C to 7.9 °C, with an average value of 6.2 °C. The cor-
responding values of R range between 13.0 °C and 22.1 °C (average =
17.4 °Q).

No statistical difference between C(T) and SE(B) specimens at the 95
% confidence level was observed, based on a t-test (p = 0.594 > 0.05). A
moderate negative correlation was found between sg and By, (PCC =
—0.541). Values of s norm and By, are reported in the last two columns of
Table 7.
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Fig. 1. - Relationship between average weighted specimen thickness and normalized standard deviations. Data points for individual analyses are fitted by power or
logarithmic regression lines having the same color as the respective symbols. The black dashed line is a power fit to all individual data points.

5. Summary and discussion

The analysis summary provided in Table 9 shows that calculated
standard deviations are quite consistent across intralaboratory and
interlaboratory subsets, for both single-T and multi-T analyses. Mini-
mum values range between 4.7 °C and 5.3 °C, maximum values between
7.6 °C and 8.4 °C, and average values between 6.2 °C and 7.0 °C. In all
cases, ranges are smaller than 1 °C. The corresponding average repeat-
ability/reproducibility limits, r and R, differ by no more than 1.5 °C.

The repeatability and reproducibility statistics calculated from C(T)
and SE(B) subsets are shown in Table 10 and Table 11, respectively. In
the tables, we distinguish values corresponding to “smaller” specimens
(B = 4 mm, MC(T) specimens, or B = 10 mm, PCCv specimens)4 and
“larger” specimens (thickness = 12.5 mm <+ 101.6 mm, 0.5 T to 4 T). No
obvious correlation can be observed between standard deviations and
specimen size; however, it can be noted that in whenever datasets from
“smaller” and “larger” specimens are available, the resulting s, or sg
values for MC(T) or PCCv specimens are equal to, or higher than, those
calculated from specimens with thickness 12.5 mm or larger. This is
consistent with the well-known fact that smaller specimens tend to be
more sensitive to local microstructural inhomogeneities along the crack
front or in the remaining ligament, and are therefore typically associated
with larger scatter.

A possible effect of specimen/loading configuration (SE(B) - pure
bending vs. C(T) - bending + tension) is examined in Table 12, where
repeatability and reproducibility standard deviations from C(T) and SE
(B) data are compared. The values obtained do not indicate an effect of
specimen type, confirming the results of most t-tests previously reported
for the individual scenarios.

Finally, no correlation could be established between average
weighted specimen thickness, B,,, and normalized standard deviations,
St,norm OF SR norm (Fig. 1). Individual analyses (intra/inter, singe/multi)
show different trends and different degrees of correlation, as clearly
indicated by the colored fitting lines in Fig. 1 and by the two rightmost
columns of Table 9. An overall power law regression of all 31 available
data points, shown as a black dashed line in Fig. 1, has a Pearson Cor-
relation Coefficient PCC = —1.3 x 1073,

6. Conclusions

Statistical analyses conducted on 13 large Master Curve fracture
toughness datasets collected from the literature, in accordance with
ASTM Standard Practices E177 and E691, allowed calculating repeat-
ability and reproducibility statistics for both single- and multi-
temperature datasets.

The main observations emerging from the analyses performed are
listed below.

e Statistically significant differences were not observed between C(T)
and SE(B) specimens in terms of repeatability or reproducibility
statistics.

Likewise, no influence of specimen size (thickness) was detected
within the ranges investigated (B = 4 mm to 101.6 mm for C(T), B =
10 mm to 101.6 mm for SE(B)).

The standard deviations obtained were found to be quite consistent,
irrespective of the nature of the dataset (intralaboratory or inter-
laboratory) or the Master Curve testing procedure (single- or multi-
temperature approach). Average repeatability standard deviations,
5;, and reproducibility standard deviations, s, all fell within less
than 1 °C from each other (6.2 °C to 7.0 °C).

The results generated in this study, in terms of repeatability/repro-
ducibility standard deviations (s./sg) and repeatability/reproducibility
corresponding limits (r/R), will be balloted for a possible revision of
Section 12 (Precision and Bias) of ASTM E1921.
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