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ARTICLE INFO ABSTRACT
Keywords: This work uses mini-C(T) specimens, validated on nuclear steel grades, to characterize the frac-
Mini-C(T) ture behavior of structural steels. Mini-C(T) specimens are significantly smaller (4 mm thick) than
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Reference Temperature
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Structural Steels

conventional fracture specimens and allow testing a large number of specimens with limited
material. The research involves four common structural steels (S275JR, S355J2, S460M and
$690Q), and involves testing, ASTM E1921 application and fractographical analyses. Findings
demonstrate that mini-C(T) specimens effectively capture the fracture behavior of structural
steels, providing reasonable Ty values. Results show a difference of about +30 °C comparing
mini-C(T) and conventional specimens, suggesting the potential of mini-C(T) specimens for Ty
characterization.

1. Introduction

In recent years, specimen miniaturization has become very important in mechanical testing. There are many scenarios, within
different engineering fields, where the use of conventional (large) specimens for structural integrity assessments becomes unfeasible
for several reasons. This is the case in structural elements currently in service, where the removal of substantial portions of material is
generally unattainable, such as in old bridges or reactor pressure vessels. Other typical situations where miniaturization of specimens
may be of high interest are pipelines and welds, because of the complex geometries involved or the limited amount of available
material. The use of small specimens, such as mini-tensile (e.g., [1-3]), Small Punch tests (e.g., [4-6]), or mini-C(T) specimens (e.g.,
[7-101), offers a practical possibility to perform reliable structural integrity assessments.

Mini-C(T) specimens are 4 mm thick compact tension specimens based on the geometrical recommendations of the ASTM E1921
[11]. It is possible to obtain up to eight mini-C(T) specimens from a single broken Charpy specimen, something with important
practical consequences in surveillance programs performed by the nuclear industry. In this context, the mini-C(T) testing approach
brings numerous advantages, including: a) the direct evaluation of fracture toughness, rather than relying on semi-empirical ap-
proaches derived from Charpy measurements; b) the capacity to characterize the local properties of inhomogeneous materials; c) a
significant increase of the number of specimens for monitoring, thereby increasing the material database and enhancing data reli-
ability; d) areduction in the amount of irradiated material required for testing; e) the possibility of changing the specimens’ orientation
(e.g., from T-L to L-T).

For metals with body-centered cubic (BCC) structures, such as ferritic-pearlitic steels, the material’s fracture toughness experiences
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Table 1
Supply conditions of the structural steels [19-21].

Material ~ Minimum Yield Strength at room temperature ~ Ultimate Tensile Strength at room temperature ~ Minimum Charpy Energy (J) at —20 °C

(MPa) (MPa)
Nominal Thickness (mm) Nominal Thickness (mm) Transverse specimens  Longitudinal specimens
<16 >16 < 40 <3 >3 <100
S275JR 275 265 430to 580 410 to 560 - 27
$355J2 355 345 510 to 680 470 to 630 - 27
S460M 460 440 540 to 720 530 to 710 20 40
>3<50 >50<100 >3<50 >50 < 100
$690Q 690 650 770 to 940 760 to 930 30 30

a transition from brittle to ductile behavior with increasing temperature. The corresponding temperature range, where this transition
occurs, is the so called ductile-to-brittle transition region (DBTR) [12].

The Master Curve (MC) approach, standardized in ASTM E1921 [11], offers a practical solution for characterizing the fracture
behavior of ferritic steels in the DBTR [13,14]. The MC is based on the weakest link theory and, thus, describes the fracture behavior
using a three parameter Weibull distribution, with the fundamental material parameter being the reference temperature (Tp). Ty
represents the temperature at which the median of fracture toughness, denoted as Kjc,med, for a 1 T (25.4 mm) thick specimen equals
100 MPa+y/m. Once Ty is defined for the material under consideration, the fracture toughness can be defined for any temperature (T)
and probability of failure (Pf) through the MC equation:

Va
Ko, P,-:20+{1n( )] A1 +77 - exp[0.019 - (T — Tp) ] } )

1 =Py

Furthermore, when T is determined by testing specimens with thicknesses different that 25.4 mm, as in the case of mini-C(T)
specimens, the MC approach defined in ASTM E1921 [11] proposes a correction to transform the measured Kj. values into their
Kjc,1T equivalents, using equation (2), with B representing the thickness of the tested specimen:

B Vy
KJCle = 20 + [KJC - 20] (257) (2)

The MC addresses the three main issues of fracture characterization within the DBTR: the scatter of the results, the temperature
dependence of the fracture toughness, and the influence of the specimen thickness.

The first combination of the use of mini-C(T) specimens together with the MC approach was initially proposed by Scibetta in 2002
[15] and subsequently corroborated by Miura in 2010 [8]. Miura’s work presented a T in close agreement with those obtained using
conventional fracture specimens. Since then, while the accuracy of the MC when derived from mini-C(T) specimens has been verified in
a number of nuclear steel grades, under both irradiated and non-irradiated conditions (e.g., [7,9,10,16]), it is noteworthy that the
validation on structural steels used in other sectors such as bridge construction, building, automotive or machinery, is either scarce or
non-existent. Consequently, this work aims to contribute to the validation of mini-C(T) specimens as a tool to characterize the DBTR of
common structural steels.

With this context in mind, the primary objectives of this paper are to contribute to the extensive validation of mini-C(T) specimens
for determining the material MC, and to conduct a comparative analysis with results obtained from conventional (i.e., larger C(T) or SE
(B) specimens, typically 25.4 mm-thick or 1 in.) fracture mechanics specimens. The study is specifically focused on four distinct
structural steel grades (S275JR, S355J2, S460M and S690Q) that collectively encompass a wide spectrum of T values. Section 2 of this
paper sets out to describe the materials used, to outline the experimental program, and to explain the methodology applied to
implement the MC approach using mini-C(T) specimens; Section 3 gathers and analyzes the experimental results, including the
evaluation of Ty, along with a comprehensive examination of the underlying fracture micromechanisms, followed by the corre-
sponding discussion and a comparison with numerous results from literature; Finally, in Section 4, the key conclusions of this study are
summarized.

2. Materials and methods
2.1. Materials

The experimental program involved four distinct types of structural steels: S275JR, S355J2, S460M and S690Q (ASTM approximate
equivalences: A36, A572 Gr. 50, A572 Gr. 65 and A514, respectively) [17,18]. S275JR and S355J2 steels were provided as 25 mm (1 T)
thick, 1000 mm x 2500 mm rolled plates, while S460M and S690Q steels were supplied as 15 mm (0.6 T) thick, 1000 mm x 1500 mm
rolled plates. The main supply conditions of this materials according to the European Standards are presented in Table 1. S275JR and
S$355J2 are non-alloy structural steels suitable for welding, with ferritic-pearlitic microstructures standardize in the UNE-EN 10025:2
[19]; S460M is a fine-grain, thermomechanically treated steel. The "M’ denotes that the steel has been thermomechanically rolled, as
specified in UNE-EN 10025:4 [20]; finally, S690Q is a high-strength, quenched and tempered steel, where *Q’ stands for the quenched
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Table 2

Chemical composition of the four structural steels (wt. %).
Material C Si P S Cr Mn Ni Cu Mo \% Nb Al Ti
S275JR 0.180 0.260 0.012 0.009 0.018 1.180 0.085 0.060 0.120 0.020 - 0.034 0.022
S$355J2 0.200 0.320 0.012 0.008 0.050 1.390 0.090 0.060 0.120 0.020 - 0.014 0.022
S460M 0.120 0.450 0.012 0.001 0.062 1.490 0.016 0.011 - 0.066 0.036 0.048 0.003
S690Q 0.150 0.400 0.006 0.001 0.020 1.420 0.160 0.010 - 0.058 0.029 0.056 0.003

Table 3

Room temperature material properties along with T, derived from conventional (large) specimens. RT: room temperature; 6y gr: yield stress at RT; 6,
rr: ultimate tensile strength at RT, emax rr: uniform elongation at RT; Ty: reference temperature.

Material Orientation 6y,rr (MPa) Gyrr (MPa) Emax,rT (%) To (°C) Specimen type Ref
S275JR T-L 328.4 518.5 15.9 -26 1 T-C(T) [25]
$355J2 T-L 376.4 557.6 15.4 -133 1 T-C(T) [25]
S460M T-L 473 595 30.0 -92 0.6 T-SE(B) [18]
$690Q T-L 775 832 20.0 ~110 0.6 T-SE(B) [18]
1000
A S275JR oy (experimental
900 data)
B S275JRou
800 (experimental data)
700 | N T~ e S275JR oy curve fitted
= .
% 600 ———$275JRou curve fitted
£ 500 )
5o © S355J2 oy (experimental
§ 400 data)
¢ S355J2 ou (experimental
300 data)
200 | S$355J2 oy curve fitted
100 ——— $355J2 ou curve fitted
0
-200 -175 -150 -125 -100 -75 -50 -25 0 25 50

Temperature (°C)

Fig. 1. Yield strength and ultimate tensile strength as a function of temperature for S275JR and S355J2 steels.

and tempered supply condition, with its microstructure being composed of bainite and tempered martensite, as specified by UNE-EN
10025:6 [21].

These four steels are commonly used in structural applications and exhibit a wide range of mechanical properties and chemical
compositions, as summarized in Tables 2 and 3, respectively. Tensile tests were conducted following the ASTM E8/E8M [22], Charpy
tests followed the ASTM E23 [23], and the fracture characterization within the ductile to brittle transition region was performed using
conventional (i.e., 1 T-C(T) for S275JR and S355J2 and 0.6 T-SE(B) for S460M and S690Q) specimens following ASTM E1921-13 [24].
It is important to note that the MC characterization performed with conventional (1 T or 0.6 T) [18,25] specimens was carried out
according to the 2013 version of the standard [24]. To ensure an unbiased comparison of the results between conventional specimens
and mini-C(T) specimens, all the data obtained from conventional specimen testing were reprocessed using the 2021 version of the
standard ASTM E1921 [11]. The appropriate master curve plots are presented below in the results section.

The tensile properties, such as the yield strength (cy) and the ultimate tensile strength () of S275JR and S355J2 were determined
across the ductile-to-brittle transition region of the materials, as shown in Fig. 1. However, in the case of S460M and S690Q steels, only
room temperature (RT) properties were measured. For this reason, cy and the elastic modulus, E, were calculated for the selected test
temperature based on equations (3) and (4) proposed by the ASTM E1921-21 [11].
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Fig. 2. The geometry of the mini-C(T) specimens. Dimensions in mm.

(b)

Fig. 3. Schematic of the mini-C(T) specimens extraction for (a) S275JR and S355J2 materials and (b) S460M and S690Q materials.
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2.2. Methods

2.2.1. Experimental program

The experimental campaign was conducted using 4 mm-thick C(T) specimens (B = 4 mm). This geometry is generally referred to as
0.16 T mini-C(T) specimens. The geometry selected, as shown in Fig. 2, is completely based on dimensional recommendations gathered
in the ASTM E1921 [11], including a general tolerance of + 0.013 W on all dimensions (approximately + 0.1 mm), with W being the
specimen width [11]. A total of 72 mini-C(T) specimens were extracted from the broken halves of the 1 T-C(T) and 0.6 T-SE(B) tested
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Fig. 4. Experimental setup for testing mini-C(T) specimens.

specimens mentioned above [17,18], keeping the same orientation (LT) and also making sure that the material used had not developed
plastic damage during the original tests, as can be observed from the location of the mini-C(T) specimens shown in Fig. 3.

In order to mount the clip-gage for measuring crack mouth opening displacement (CMOD), knife-edges were machined on the front
face (see Fig. 2). CMOD was then converted to the load-line displacement by applying a rotational factor equation derived by Landes
[26]:

Vi a/W+r- (1 —a/W)
TV a/WAr-(1—a/W) £ X/W

R %)

where r is the ratio of the distance from the crack tip to the point of rotation divided by the remnant ligament (by), and X is the offset
between the front face and the load line (i.e., the line defined by the points where the loads are applied to the specimen). Landes
recommended r = 0.33: thus, the conversion factor for a standard C(T) specimen with a/W = 0.5 and X/W = 0.25 was 0.73, which is
the actual value recommended by the ASTM E1921 [11]. These load-line displacements were used to determine the J integral value at
cleavage onset, since its plastic part, J,, is defined based on the corresponding load-line displacement. It is important to note that, in
this study, the side grooving technique was not considered given its demonstrated minimal impact on this type of small specimens [27],
which in addition would reduce the measuring capacity, and would increase the machining costs, among other factors.

The testing procedure and the subsequent analysis were performed following the ASTM E1921-21 standard [11]. Before conducting
the tests, crack-like defects were introduced by fatigue pre-cracking. The length of the resulting cracks was controlled by optical
microscopy techniques together with CMOD measurements through compliance measurements, ensuring a final pre-crack length
within the range of 0.5 W + 0.05 W (3.6 to 4.4 mm), as specified in ASTM E1921 [11].

The specimens were cooled to the selected temperature in a thermostatic chamber fed by liquid nitrogen, with electronic control in
the range of + 1 °C by means of a thermocouple. To ensure a homogeneous temperature throughout the entire specimen during the
test, specimens were maintained at the temperature for at least 15 min before starting the fracture test. While ASTM E1921 [11]
recommends attaching a thermocouple directly to the specimen, scientific literature accepts the temperature being monitored by a
thermocouple attached to the surface of the clevis, assuming differences in the range of 4+ 3 °C between the clevis and specimen [9]. In
the present work, for the sake of operational simplicity and to avoid any possible effects of heat input, this latter option was chosen.
The initial test temperature for each material was selected by lowering the Ty values obtained by conventional specimens (shown in
Table 2) by about 30 °C-35 °C, as recommended in [8] with the aim of reducing the possibility of data censoring derived from the Ky,
limit Criterion (see section 2.2.3 for further information).

The tests were conducted using a servo hydraulic machine, at a quasi-static loading rate of 1 MPa \/ m/s, inside the range between
0.1 MPay/m/s to 2 MPay/m/s recommended by ASTM E1921 [11]. During the tests, both the force and the front face displacement
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Table 4

Master curve analysis input for S275JR.
Code Temperature Kjc0.16r (MPay/m) K limit 0.167 (MPay/m) ap (mm) Aa,, (mm) & Kjer (MPay/m)

(O]

$275_01 —50 354.04 100.12 4.27 1.17 0 70.28
$275_02 —65 237.40 100.20 4.33 0.18 0 70.52
$275_.03 —-75 214.53 100.13 4.40 0.14 0 70.48
$275_04 —90 255.55 101.69 4.40 0.55 0 71.46
S275_05 -110 86.68 106.81 4.33 0.00 1 62.01
S275_06 -110 75.72 107.90 4.25 0.00 1 55.10
8275_071 —-120 38.61 103.89 4.42 0.00 1 31.72
S275.09 —-100 59.39 104.84 4.26 0.00 1 44.81
$275.10 —80 240.28 103.29 4.21 0.00 0 72.47
S$275.11 —90 186.74 103.93 4.24 0.00 0 72.87
$275.12 —100 154.61 103.45 4.36 0.00 0 72.57
S275.13 —100 103.09 103.12 4.38 0.00 1 72.35
S$275_15 —100 166.73 102.88 4.40 0.00 0 72.21
S275_16 —-105 66.82 105.56 4.26 0.00 1 49.49
S275.17 —-105 79.48 105.09 4.29 0.00 1 57.47
S275.18 —-105 69.52 105.99 4.23 0.00 1 51.19
S$275_19 —105 57.84 103.54 4.40 0.00 1 43.84
1 Outside the temperature validity range —50 °C < T-T, < 50 °C.

Table 5

Master curve analysis input for S355J2.
Code Temperature Kjc,0.16T (MPa \/ m) Ky, limit (MPa\/ m) ap (mm) Aa, (mm) 8; Kyt (MPa\/ m)

Q)

S$355.02 —145 68.28 122.00 4.31 0.00 1 50.41
S$355.03 —155 66.64 127.11 4.27 0.00 1 49.27
$355_05 —120 154.93 112.85 4.38 0.00 0 78.49
$355_06 —130 160.97 115.19 4.40 0.00 0 79.96
$355_07' —145 75.84 118.22 4.53 0.00 1 55.18
S$355.08 —145 56.50 124.30 4.17 0.00 1 42.99
$355_09 —135 156.08 118.93 4.26 0.00 0 82.32
S355_10 —145 98.43 121.62 4.33 0.00 1 69.41
S355_11 —145 117.12 126.54 4.03 0.00 1 81.18
S35513 —145 107.36 120.44 4.40 0.00 1 75.03
$355_147 —165 81.44 136.57 4.05 0.00 1 58.70
S355_15 —145 64.00 120.87 4.37 0.00 1 47.72
S355_16 —140 70.81 118.50 4.40 0.00 1 52.01
S355_17 —140 108.37 118.73 4.39 0.00 1 75.67
S355.18 —140 81.05 120.58 4.27 0.00 1 58.46
S$355_19 —155 83.89 129.14 4.16 0.00 1 60.25
S$355_20 —140 74.91 120.67 4.27 0.00 1 54.59
$355.21' —140 81.16 115.89 4.56 0.00 1 58.53
S355_22 —135 78.69 117.02 4.38 0.00 1 56.97

! Discarded because of ag/W > 0.55.
2 Qutside the temperature validity range —50 °C < T-To < 50 °C.

(measured using a clip-gage) were continuously recorded. The experimental setup is illustrated in Fig. 4.

From the broken halves of each specimen, the real initial crack length was determined by averaging the nine measurements as
specified the ASTM E1921 [11]. This evaluated crack length was subsequently employed for further calculations. In addition, crack
straightness for every specimen was checked in accordance with the criterion of ASTM E1921 [11].

2.2.2. Master curve evaluation

The assessment of fracture toughness within the DBTR test involved determining Kj. for mini-C(T) specimens. This elastic—plastic
parameter, expressed in terms of stress intensity factor, is derived from the J integral at the onset of cleavage fracture (J.). The
relationship between these two parameters is given by equation (6):

(6)

Here, E represents the Young’s modulus, and v is the Poisson’s ratio. The Ky, values used to define the MC are considered valid under
specific criteria, including high constraint, small-scale yielding, and microstructural evidence of cleavage fracture. Notably, the
maximum K}, capacity that guarantees high constraint conditions depends on the remaining ligament (bg) of the specimen (which is
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Table 6
Master curve analysis input for S460M.

Code Temperature (°C) Kjc,0.16T (MPa- \/ m) Kje,limit (MPa- \/ m) ap (mm) Aa, (mm) 8; Kyt (MPa- \/ m)
$460_01' —100 269.00 128.40 4.54 0.76 0 84.36
$460_02 —120 151.15 139.23 4.19 0.00 0 94.48
$460_03' —130 224.71 135.98 4.55 0.00 0 92.06
$460_04' —135 186.94 137.45 4.53 0.00 0 93.22
S460_05 —145 99.31 140.76 4.40 0.00 1 69.96
S460_06 —145 45.81 144.02 4.31 0.00 1 36.26
$460_08' —140 166.36 139.42 4.54 0.00 0 94.08
$460_09 —145 171.00 145.96 4.31 0.00 0 97.99
$460_10' —150 100.88 147.75 4.51 0.00 1 70.95
$460_11' —150 122.17 137.11 4.78 0.00 1 84.36
$460_12' —155 95.21 139.50 4.71 0.00 1 67.38
$460_13' —155 92.38 143.07 4.54 0.00 1 65.60
$460_14' —155 47.10 143.63 4.51 0.00 1 37.07
$460_15" —150 81.42 139.18 4.63 0.00 1 58.69
S460_16 —150 70.06 143.13 4.44 0.00 1 51.54
S460_17 —150 91.27 145.89 4.30 0.00 1 64.90
$460_18" —150 76.56 139.95 4.60 0.00 1 55.63
$460_19" —150 103.38 141.16 4.54 0.00 1 72.52
$460_20' —150 104.00 137.78 4.70 0.00 1 72.92
1 Discarded because of ap/W > 0.55.

Table 7

Master curve analysis input for S690Q.
Code Temperature (°C) Kyc,0.16T (MPa- \/ m) Kje,timit (MPa- \/ m) ag (mm) DCG 5; Kyt (MPa- \/ m)

(mm)

$690_01" —140 57.77 165.28 4.51 0.00 1 43.80
S690_03 —-130 77.56 164.24 4.44 0.00 1 56.26
S690_04 -130 84.42 166.37 4.35 0.00 1 60.58
S690_05 -120 61.35 162.79 4.40 0.00 1 46.05
S690_06 —-110 76.27 161.46 4.40 0.00 1 55.45
$690_07" —90 205.88 147.81 4.80 0.00 0 100.52
$690_08 —100 160.88 158.72 4.40 0.00 0 107.39
$690_09" —100 114.93 154.61 4.58 0.00 1 79.80
$690_10" —100 169.64 153.97 4.61 0.00 0 104.39
S690_11 —100 126.22 158.63 4.40 0.00 1 86.91
S690_12 —-100 127.70 157.58 4.45 0.00 1 87.85
$690_13 —100 150.34 158.64 4.40 0.26 0 102.11
S690_14 —-105 118.21 159.61 4.40 0.00 1 81.87
$690_15" —-105 80.16 153.41 4.67 0.00 1 57.90
$690_16" —-105 139.84 153.32 4.68 0.00 1 95.50
$690_17' —105 93.42 150.63 4.79 0.00 1 66.25
S690_18 —-105 140.43 163.14 4.24 0.00 1 95.87

1 Discarded because of ag/W > 0.55.

defined as the difference between the width, W, and the initial crack length, ay), as indicated in equation (7). Kj. data exceeding this
limit must be replaced (censored) by the corresponding Kjc 1imit value.

Eeb,eo,

30e (1 —12) @

Kie timic =

Equation (7) is particularly important when using mini-C(T) specimens, as their small dimensions (i.e., small by values) increase the
likelihood of censoring K. data obtained at temperatures near or above Ty. Furthermore, ductile crack growth is restricted to values
below 0.05(W-agp), which corresponds to about 0.2 mm for mini-C(T) specimens, or 1 mm, whichever is smaller. If this criterion is not
met, the corresponding K. value is censored, and the highest uncensored K. value in the entire dataset is used instead. After applying
the two-step censoring procedure (as described in section 8.9.2 of ASTM E1921 [11]), the subsequent step involves converting Kjc
values obtained from 4 mm-thick specimens (mini-C(T)s) into Kj¢ 1t (equivalent to 1 T or 25.4 mm) values using equation (2).

In this study, T is determined from the resulting K. 1 dataset using the multi-temperature method, following ASTM E1921 [11].
An initial estimate of Ty, denoted as Tyg, is obtained from equation (8):

EN: i exp[0.019 o (T; — Tyo)] EN: (Kie;, — 20)exp[0.019 o (T; — Toq)]

. _ - (8)
11 +77 ¢ exp[0.019 o (Ti — Tog)] 45 {11 + 77  exp[0.019 @ (T; — Too)] }°

i=1
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Fig. 5. Master-Curve analysis using 1 T-C(T) and 0.6 T-SE(B) specimens [18,25].
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Fig. 6. Mini-C(T) based Master-Curve analysis for S275JR.

Here, N represents the number of tested specimens, T; is the test temperature corresponding to the K ; value, and Tyq is a provisional
value of To. Toq is later qualified as Ty if two additional conditions are met: the data used in the calculations fall within the temperature
range of Ty £+ 50 °C, and condition (9) is satisfied:

n
Zri on; > 1
i1

9)

where r; denotes the number of uncensored data, and n; represents the specimen weighting factor (as per Table 5 in section 10.3 of
ASTM E1921 [11]). Once Ty is determined, the relation between Kjc meq and T is described by equation (9):

Kiemed = 30470 ® exp[0.019 o (T — Ty)]

10)
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Fig. 7. Mini-C(T) based Master-Curve analysis for $355J2.
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Fig. 8. Mini-C(T) based Master-Curve analysis for S460M.

Additionally, the Kj. value for any probability of failure (Pf) and working temperature (T) can be calculated using equation (1), with
the most common curves associated with probabilities of failure of 5 % and 95 % being provided by equations (11) and (12),
respectively:

Kie0s = 25.2+36.6 @ exp[0.019 o (T —Ty)] (11
Kieoos = 34.5 4+ 101.3 @ exp[0.019 @ (T — Ty)] 12)

Finally, the standard deviation (o) of Ty is calculated as:
0 12
o0 = (’i T agxp) 13)
r

where § is the sample size uncertainty factor determined following section 10.9.1 in ASTM E1921 [11], r represents the total number of
uncensored data used to calculate To and Gex, denotes the contribution of experimental uncertainties, typically assumed to be 4 °C.
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$690Q mini-CT
300

A Valid data
A Invalid data
250 A Censored values

Outside T window

Master curve
200 — —-5% tolerance bound
------- 95% tolerance

|
|

ound -
—-— Margin adjusted L |
150 —--—Valid T range !
|

— . = K_Jclimit -

1T-normalized K, (MPaym)

Temperature (°C)

Fig. 9. Mini-C(T) based Master-Curve analysis for S690Q.
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Fig. 10. Master Curve analyses using mini-C(T) specimens.
3. Results and discussion
3.1. Reference temperature evaluation

Tables 4 to 7 present all the data obtained from the conducted tests, which serves as the input for the MC evaluation. The infor-
mation includes the testing temperature, the experimental fracture toughness value for each individual test obtained from 0.16 T mini-
C(T) specimens (Kjc,0.161), the corresponding Kjc limit values (Kjc limit 0.161), the initial crack size measured on the broken specimens, the
amount of ductile crack growth (Aay, if any), the censoring condition (5;) and the resulting Ky, 11 values to be used in the estimation of
To. Here, it is important to note that censored K it values (8; = 0) are represented in the tables by the corresponding censored value
(in bold characters), and not by the direct conversion of Kjc.16 T into the 1 T equivalent using equation (2), as in the case of non-
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Fig. 11. Mini-C(T) based Master Curve Simplified Method analysis for S355J2.
Table 8
Summary of the MC analysis performed in the structural steels.
Material Dataset To (°C) oo (°C) To, sern (°C) T N > rjen; Homogeneity screening
S275JR 1 T-C(T) —26 6.26 -30 14 14 2.24 Homogeneous
Mini-C(T) —64 8.15 —64 8 16 1.00 Homogeneous
S355J2 1 T-C(T) —-133 6.40 -129 13 13 2.10 Homogeneous
Mini-C(T) —105 6.86 -97 13 16 1.46 Inhomogeneous
S460M 0.6 T-SE(B) —-92 6.26 —87 14 14 2.07 Homogeneous
Mini-C(T) —123* 10.22 —-110 6 0.57 Homogeneous
S690Q 0.6 T-SE(B) -110 6.40 —-106 13 13 2.07 Homogeneous
Mini-C(T) -89 7.76 —87 10 1.15 Homogeneous
*Toq according to ASTM E1921 [11].
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Fig. 12. Comparison between T, values from conventional specimens and T, values obtained using mini-C(T) specimens [28].
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Fig. 13. SEM analysis of S275JR_13 specimen (T = -100 °C / Kjc,0.161 = 103 MPa\/m): a) overview of the two halves; b) crack front and fracture
surface; c¢) detail of the initiation area.

censored values (§; = 1). Additionally certain results were excluded based on the crack length criterion of ap/W = 0.5 + 0.05, in
accordance with ASTM E1921 [11]. As a result, 51 out of 72 specimens were ultimately utilized for the MC analysis. The number of
acceptable tests was 17, 17, 6 and 10 for S275JR, S355J2, S460M and S690Q, respectively. It is worth noting that all the crack fronts
satisfied the straightness criterion established in section 8.9.1 of ASTM E1921 [11].

For the S275JR material (see Table 4), 8 Kj. values were censored (8; = 0) since they exceeded one of two censoring criteria:
excessive ductile crack growth (greater than 0.02 mm) or K. greater than Kjc jimit, or both. In all these cases, the values were eventually
censored by Ky limit, Which was the most limiting condition following the ASTM E1921 [11]. Therefore, these Kj. values were replaced
by the corresponding 1 T-scaled Kjc jimit value. Additionally, one value did not meet the temperature range criteria, resulting in a MC
analysis based on 16 specimens. The results show that the final Ty is derived from a significant number of censored values but, this
being said, the obtained Ty is valid according to the standard (equation (9)).

In the case of steel S355J2 (see Table 5), three specimens exceeding Ky limit were censored. Consequently, these values were
replaced by the corresponding 1 T-scaled Kjc jimit. Moreover, one test was performed outside the temperature validity range, so the
corresponding result was discarded. Therefore, the final dataset utilized for the MC consisted of 16 specimens.

The S460M steel (detailed in Table 6) presented a particular scenario in which most of the specimens did not meet the initial crack
length to width ratio criteria, with the majority falling between 0.56 < ag/W < 0.6. Therefore, the MC analysis was based on only six
valid specimens, two of which were censored by the Kjc jimit criterion.

In the case of the S690Q grade (see Table 7), one value was censored by the Kjc jimit criterion, and another value was censored by the
Aay, criterion (it exceeded 0.2 mm). Therefore, in the latter case, the Kj. value was replaced with the maximum non-censored value
within the dataset.

Fig. 5 summarizes the original characterization of the four structural steels, performed on conventional specimens: 1 T-C(T)
specimens (steels S275JR and S355J2) and 0.6 T-SE(B) specimens (S460M and S690Q steels). It can be observed how the MC provides
a good fitting of the experimental results obtained within the corresponding DBTR. The figure includes the 5 % and 95 % tolerance
bounds (equations (10) and (11)) and the validity zone of the MC (To + 50 °C and Kjc jimio)- It is worth noting that, as previously
mentioned, all the historical data have been re-analyzed following the ASTM E1921-21 version of the standard [11], but negligible
differences were found in the Ty estimated values when compared to the original analysis (results shown in Table 2).

Figs. 6 to 9 show the results obtained for each steel when using mini-C(T) specimens, with Fig. 10 providing an overall view of all
the results. Overall, for all the four steels under analysis, the MC provides a good fit of the experimental results obtained from mini-C(T)
specimens. It can be observed in Fig. 10 that most of the K. values lie within the 5 and 95 % confidence bands (46 out of 48). In the case
of conventional specimens (see Fig. 5), a total of 48 out of 54 experimental results fall within the confidence bands. Therefore, it can be
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Fig. 14. SEM analysis of S355J2_22 specimen (T = -135 °C / Kj¢0.161 = 78 MPa\/m): a) overview of the two halves; b) crack front and fracture
surface; ¢) detail of the initiation area.

concluded that the capacity of the MC to estimate Kj. values with mini-C(T) specimens is (at least) as good as that achieved with
conventional specimens.

Furthermore, it can be observed that the validity zone (area below the censoring line and within T + 50 °C) for mini-C(T) results is
quite narrow. Since the remaining ligament is related to the specimen’s thickness, reducing the thickness results in lower values of K,
limit- This makes it advisable to conduct tests well below T (e.g., Tp — 30 °C) to obtain enough uncensored values, while still ensuring
that the temperature range required for Ty analysis is not violated. In other words, the practical testing temperature window when
using mini-C(T) specimens is approximately —50 °C < T-T( < -30 °C.

With all the above considerations, valid T values for mini-C(T) were determined as follows: —64 °C 4 6.3 °C for S275JR, —105 °C
+ 6.9 °C for $355J2, and —89 °C + 7.8 °C for S690Q. In the case of S460M, due to the high number of discarded data, a Toq value (i.e.,
not qualified as Tp) of —123 °C 4+ 10.2 °C was determined. In comparison with the Ty values obtained from large specimens (shown in
Table 2 and corresponding to —26 °C, —133 °C, —92 °C and —110 °C for S275JR, $355J2, S460M and S690Q, respectively), S275JR
exhibits the largest difference (Tomini-c(t) - Toconventional); —38 °C. This is followed by S460M with a difference of —30.4 °C, S355J2 with
a difference of +27.5 °C and finally S690Q with a difference of +21.1 °C.

Moreover, the homogeneity of the materials was assessed using the screening procedure provided by Section 10.6.2 of ASTM E1921
[11], which is based on a lower tail maximum likelihood estimation and performs an iterative process in the determination of the
screening reference temperature (Togern). According to this analysis, the S355J2 material was identified as inhomogeneous because it
did not meet the screening criterion shown in equation (14) below. However, it is important to note that it exceeded the screening
criterion by only a few tenths of a degree Celsius. The remaining structural steels met the screening criterion and were thus qualified as
homogeneous. For $355J2, Appendix X.5, Section X.5.2 (Simplified Method) was applied to obtain a conservative estimate of the
reference temperature for inhomogeneous materials (Toiy), which was —97 °C, as shown in Fig. 11. In this particular case, Tony
coincided with Tosem, as defined by [11]. This corresponds to a difference of + 36 °C when compared to the reference temperature
obtained with 1 T-C(T) specimens, whose original analysis did not detect any inhomogeneity.

ﬁz
TOscm _TO < 1.44 T (14)

A summary of all these results is presented in Table 8. Here, it is worth mentioning that, in addition to the analyses performed above,
the difference in specimen geometry (C(T) vs SE(B)) may be playing a role. There is a well-known bias in T of about 10 °C-15 °C
between the two geometries, being C(T) the one expected to generate higher T values [11].Thus, and considering the uncertainty of
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Fig. 15. SEM analysis of S460M_05 specimen (T = -145 °C / Kjc 0.161 = 99 MPa\/m: a) overview of the two halves; b) crack front and fracture
surface; ¢) detail of the initiation area.

the results, the results on steel S690Q are quite accurate. However, the results in steel S460M are less precise, something that may be
related with the fact that the number of valid tests is reduced and the final reference temperature is not qualified as Ty.

For a better assessment of the capability of mini-C(T) specimens to determine Ty and, consequently, the corresponding MC, a
comparison was made between Ty predictions obtained for structural steels and for nuclear steel grades. This analysis was based on a
prior literature review conducted by the authors [28], which included results in base metals and weld metals of nuclear steels in both
unirradiated and irradiated conditions. In these materials T was obtained by using C(T) and SE(B) specimens with thicknesses ranging
from0.5T to 2T (i.e., 12.7 mm to 50.8 mm), and using mini-C(T) specimens. As observed in Fig. 12, all the nuclear grades fall within a
range of + 30 °C, and the results obtained here on structural steels are close to these limits. The results obtained in this work generally
meet the +- 30 °C criterion, very in the limit, and tend to be within the largest variations found in literature. The reasons why the
results in these structural steels are these may be diverse, and include the fact that one of the points (steel S460M) represents a Tog
value, and other material (S355J2) is identified as inhomogeneous in the MC analysis. Further research is needed to delve deeper into
this issue Notably, published data (including the results presented in this paper) exhibit an interesting behavior: in some cases, mini-C
(T) specimens yield lower T values than those obtained from conventional specimens (i.e., non-conservative), while in other cases,
they correspond to higher T, values (i.e., conservative). With these observations in mind and considering the data from the literature
review [28], it becomes evident that structural steels follow a similar trend to the nuclear grades. However, the deviation in T values
for structural steels (positive or negative, depending on the particular case) tends to be greater than that observed in the nuclear
materials. In any case, further evidence would be necessary to support that statement since this study is limited to four structural steels.

3.2. Fractographical analysis

In order to evaluate the fulfillment of the weakest link statistics in mini-C(T) specimens, which is a basic assumption for the uti-
lization of the three-parameter Weibull distribution on which the MC is based, the fracture process must be caused by cleavage (a
brittle micromechanism) and initiated from a single point (the weakest link). Cases involving multiple initiation points, while still
indicative of brittle processes, do not align with the principles of the weakest link theory. Such scenarios are typically observed, for
example, in fracture processes within the lower shelf of ferritic-pearlitic steels [29].

Therefore, the aim of this analysis is to determine whether the mini-C(T) specimens tested within the experimental program
experienced cleavage fracture associated with a single initiation site. With this aim, the fracture surfaces of all tested specimens were
examined by means of a scanning electron microscope (SEM). The analysis consisted in three steps: 1) a general view of the two broken
halves, 2) a detailed examination of the fracture surface of one half, and 3) a detailed inspection of the fracture initiation site at 500x
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Fig. 16. SEM analysis of S690Q_11 specimen (T = -100 °C / Kj¢,0.161 = 126 MPa\/m): a) overview of the two halves; b) crack front and fracture
surface; ¢) detail of the initiation area.
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Fig. 17. A) fracture toughness results vs distance between the initiation site and the crack tip; b) cumulative initiation location distribution.

magnification.

Figs. 13 to 16 present examples of the fracture surfaces observed in one specimen from each material, captured at varying mag-
nifications, with special emphasis on identifying the most likely initiation zone. These examples were selected because their Kj. values
were non-censored, and their test temperatures were close to the T value, but analogous observations were made in all cases.

In the four structural steels analyzed in this study, the majority of the fracture surfaces exhibited initial crack fronts with very
narrow or non-existent ductile tearing areas (typically between zero and a few microns). After such limited ductile tearing, if any, or
immediately beyond the front of the fatigue pre-crack, cleavage fracture was identify as the primary mode of failure in all cases. Small
areas of ductile fracture were not uncommon (especially in the S275JR steel), and in a few instances, limited intergranular fracture was
observed. Furthermore, some specimens presented a slant fracture area at the sides (e.g., Fig. 16a), as a consequence of the plane stress
effect in that region and the fact that the specimens were not side-grooved.

In each case, a single initiation point was identified, or at the very least, a clearly predominant initiation area. The distances from
the crack front as well as from the side surfaces were measured as soon as the primary fracture initiation side was located. Fig. 17a
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illustrates the relation between the fracture toughness values and the distance between the identified initiation site and the crack tip.
Initiation sites located at greater distances from the crack front are clearly associated to higher K;. values. This phenomenon is not
specific to mini-C(T) specimens and occurs because, when the initiation site (or triggering site) is located further from the crack front,
the required critical stress at such location corresponds to higher external forces (the stress field relaxes moving away from the crack
front) and, consequently, larger toughness values are developed [12].

Fig. 17b shows the cumulative distribution of the initiation locations. The data indicates that most of the initiation points were
often located close to the middle of the specimen, where triaxiality conditions are maximum. Specifically, the majority of initiations
are concentrated in the central 40 % of the specimens. This observation aligns with the findings of the study conducted by Wallin on
both conventional and mini-C(T) specimens [27].

In summary, the SEM analyses unequivocally support the conclusion that the fracture process in the mini-C(T) specimens examined
in this study followed the weakest link theory and are comparable to those observed in conventional specimens. Cleavage fracture was
the governing micromechanism, with a single initiation site triggering the entire fracture process.

4. Conclusions

This study investigated and validated the use of mini-C(T) specimens to determine the Master Curve (MC) of four distinct structural
steel grades: S275JR, $355J2, S460M, and S690Q. The key findings and conclusions drawn from this investigation are as follows:

e Reference temperature (Ty) were successfully obtained using mini-C(T) specimens for all materials. The resulting Master Curves
provide a good representation of their fracture toughness in the ductile-to-brittle transition region.

e The comparison between the T values obtained using mini-C(T) specimens and those obtained through conventional specimens

reveals that the differences generally fall within of 4 30 °C, with positive and negative deviations depending on the specific case. In

other words, no consistent tendency towards conservatism or non-conservatism has been observed.

The predictions are in agreement with those obtained over the years on both non-irradiated and irradiated nuclear grades, although

in the case of the structural steels it has been observed that the difference between the T values derived from mini-C(T) specimens

and the T, values derived from conventional specimens could tend to be larger. Further research and additional tests on other steels

are required to confirm the trends obtained here.

The analysis of fracture micromechanisms observed on mini-C(T) specimens reveal that the MC assumptions are met when using

this type of geometry, as the fracture process adheres to the principles of weakest link statistics, with a single initiation point

triggering the cleavage process.
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