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Abstract: Characterizing the fracture resistance of ferritic steels operating within their Ductile-
to-Brittle Transition Zone (DBTZ) has been successfully addressed through the development of
the well-known Master Curve (MC). This tool assumes that fracture, in the presence of crack-like
defects, is controlled by weakest-link statistics and follows a three-parameter Weibull distribution.
When dealing with notch-type defects, there is no standardized solution to predict the fracture
resistance within the DBTZ, but the authors have published some works demonstrating that the MC
can also be applied in different ways to characterize ferritic steels containing notches. One of these
ways is the direct application of the MC methodology, providing a specific reference temperature
(ToN) for each material and notch radius. This work reviews this initial attempt to apply the MC in
notched conditions, assessing the validity of the main MC hypotheses (initially valid for cracked
conditions) when analyzing notch-type defects and providing experimental validation on steels
S275]R, S355]2, S460M and S690Q.
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1. Introduction

The analysis of the ductile-to-brittle transition zone (DBTZ) of ferritic steels has been
widely performed over the years. These steels generally have structural functions, and the
presence of defects such as cracks or notches (often unavoidable) together with sufficiently
low operating temperatures may jeopardize the corresponding structural integrity. In in-
dustrial or engineering practice, the main tool used to characterize the material fracture
toughness within the DBTZ is the master curve (MC) (e.g., [1-5]), which, based on weakest-
link statistics and assuming a three-parameter Weibull distribution, defines the whole
DBTZ through the material reference temperature, Tp.

The MC has been derived and defined to be applied in cracked conditions; however,
the defects found in ferritic steels may have a certain finite radius on their tip. These defects
are generally referred to as notches and have also been the subject of abundant research in
the last few decades [6]. Notches generate less demanding stress fields than cracks, and this
may be coupled with changes in fracture micromechanisms [7,8]. As a result, the apparent
fracture toughness of ferritic steels containing notches can be much higher than the fracture
toughness developed in cracked conditions, and the corresponding load-bearing capacity
of the structural components may also be considerably larger. The sensitivity of a particular
material to this notch effect is not evident beforehand, with materials developing intense
notch effects from very small notch radii (e.g., [9,10]), and materials with negligible notch
effects (i.e., notches behaving like cracks) even for significant notch radii (e.g., [11,12]).
In any case, assuming that the fracture behavior of ferritic steels containing notches and
operating within the DBTZ is the same as that developed in cracked conditions is generally
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an over-conservative practice, and a specific tool is required for a better definition of a
material’s fracture behavior under such circumstances.

In this sense, the authors have previously published some literature with a view to
addressing this issue [13-15], with two main alternatives. The first one (referred to as the
notch master curve, NMC) consists of defining Ty for cracked conditions and applying a
subsequent notch correction through (for example) the Theory of Critical Distances (TCD).
The second one consists of the direct application of the MC to the notched material, deriving
the corresponding notch (or apparent) Reference Temperature (ToV), which depends on
the material being analyzed and the notch radius being considered. This second option
does not require any additional notch correction.

This paper is focused on the second methodology (the reasons being explained below),
providing a review of the different hypotheses that are implicitly being assumed and analyzing
their validity, and including additional validation supporting the use of the MC in the
characterization of the DBTZ of ferritic steels containing notches. The empirical nature of the
approach makes it necessary to limit its validity to the materials covered here. Any generalized
use, with predictive purposes, would require a much more extensive validation program.

In summary, Section 2 provides an overview of the MC, and Section 3 gathers a
description of the two methodologies developed by the authors to analyze the DBTZ of
ferritic steels, with particular emphasis on the direct application of the MC. Section 4
provides insights and discussion about the hypotheses sustaining this practice, together
with the provision of experimental validation by using fracture results on steels S275]R,
5355]2, 5460M and S690Q. Finally, Section 5 presents the main conclusions.

2. The Master Curve: Brief Overview

The master curve (MC) [1-5] is a fracture characterization methodology for ferritic
steels containing crack-like defects and working within their ductile-to-brittle transition
zone (DBTZ). The MC is based on statistical assumptions associated with the distribution
of cleavage-promoting particles around the crack tip and considers that cleavage fracture
is triggered by the existence of such particles. Consequently, fracture is essentially an
initiation-dependent process that is presumed to be dominated by weakest-link statistics
and follows a three-parameter Weibull distribution. As a result, and within the scope of
small-scale yielding conditions, the cumulative failure probability (P¢) on which the MC is
based follows Equation (1):

Pi=1— e(B/Bo)-{(Kje — Kinin)/ (Ko — Kmin)}b (1)

where Kj. is the fracture toughness for a given probability of failure (Pf), B is the component
thickness, By is the reference thickness, and K is the Weibull scale parameter located at
the 63.2% cumulative probability of failure. Ky, and b are the other two parameters of
the Weibull distribution and, based on experimental fittings, they are assumed to take
constant values for all ferritic steels: Kp,in (location parameter) is fixed at 20 MPam'/2 and
b (shape parameter) is set equal to 4, respectively [1-4]. The fracture characterization is
thus performed by using K], an elastic—plastic equivalent stress intensity factor derived
from the J-integral at the onset of cleavage fracture, J..
Under cleavage fracture conditions, Ky depends on the temperature following
Equation (2) [1-4]:
Ko = 31 + 77¢%019(T = To) 2)

where T is the working temperature and Ty is the reference temperature, a material property
defined as the temperature where the mean (median) fracture toughness for a 25 mm
thick (1T) specimen is 100 MPam!/2. This equation was experimentally fitted from a
wide database of fracture toughness results obtained in reactor pressure vessel steels and
weldments [16], although, in the case of the 0.019 factor, it has been found that it may
actually have some dependence on the material yield strength (oys) and Ty [17]. Therefore,
and provided that Kyin and b are considered to be fixed at certain values (20 MPam?/2
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and 4, respectively), the only parameter required to define the temperature dependence
of Kj. is Ty. For any ferritic steel (with a yield strength ranging from 275 to 825 MPa [5]),
combining Equations (1) and (2), and assuming the fixed values of b and Ky, it is possible
to express the MC for a given probability of failure (Py):

Kjepf = 20 + (—In(1 — P))*5(11 + 770019 =T )y (3)

As an example, the curves associated with probabilities of failure of 95, 50 and 5% are
provided in Equations (4)—(6), respectively:

Kje095 = 34.5 + 101.3¢%019-(T = To) @
Kje050 = 30.0 + 70.0e%01%(T = To) )
Kje005 = 25.2 + 3662019 (T~ To) ©)

The procedure that allows T to be determined has been standardized since 1997 [18],
and it is widely accepted in industry. The latest version is ASTM E1921-20 [5]. Details on
how Tj is calculated from fracture toughness test results obtained in cracked specimens
may be found in this standard and are not a subject of discussion here.

Equation (3) (as well as Equations (4)—-(6)) also assumes that the fracture toughness is
being estimated for a thickness equal to that used in the determination of T (i.e., B = By).

In the case of ASTM E1921, the reference thickness is 25 mm (By = 25mm, also referred
to as 1T). Furthermore, when the thickness of the component being analyzed is not 25 mm
(1T), the authors of [5] provide Equation (7) to derive the fracture toughness value for a
given thickness (Bx) from the fracture toughness value for a 25-mm-thick specimen (which
follows Equation (3)):

Kje) =20 + (Kje() — 20)(Bo/Bx)* > )

where Kj(y) is the fracture toughness for a component size By, and Kj() is the fracture
toughness for the reference thickness (By =1 T =25 mm).

Here, it should be noted that the MC addresses the main issues related to the fracture
behavior of ferritic steels within their DBTZ: the temperature dependence of the fracture
toughness (see Equation (3)), the specimen thickness dependence (Equation (7)), and the
great scatter observed in the experimental results (Equations (3)—(6)).

The standardized procedure [5] also provides a censoring methodology ensuring
that the data used in the estimation of T are within the scope of the MC, fulfilling the
different hypotheses sustaining this methodology (e.g., high constraint, small-scale yielding,
cleavage fracture). More precisely, the remaining specimen ligament, by, must have a
sufficient size to maintain a condition of high crack-front constraint at fracture and small-
scale yielding conditions. This is accomplished by censoring all K. data exceeding the
limit established by Equation (8):

Kje limit = {(Ebgoys)/(30(1 — v?))}%> 8)

by being the initial ligament length, oys being the material yield strength at the testing
temperature, E being the material elastic modulus and v being the Poisson’s ratio. Another
limit, Kjcaa, is established to censor tests that finish in cleavage after a slow stable crack
growth that exceeds a certain limit: the smaller of either 0.05 (W — ag) or 1 mm, with W
being the specimen width and ag being the initial crack length. As explained in [5],
the resulting censored data are used in the evaluation of Ty, as they contain valuable
information: Kj. data exceeding Kj jimit are replaced by Kj jimit, whereas if Kjca, is violated,
data shall be replaced with Kjca,. Those data exceeding Ky jimit and Kjca, shall be replaced
by the lower value of the two. For all data, the censoring parameter 6; is 1 for uncensored
and 0 for censored data [4,5]. Finally, any test finished without cleavage fracture, and with a
fracture toughness value not exceeding any of the two mentioned limits, will be discarded.
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Finally, it is worth mentioning that there have been other attempts to characterize
the fracture behavior of ferritic steels within the DBTZ. For example, refined models may
be found in [19-22], generally based on the statistical nature of Kj., providing important
insights into the phenomenon being studied, but with significant difficulties for their
industrial practice. Other proposals attempt to develop a simpler application but provide
less mechanistic understanding [23].

3. The Ductile-to-Brittle Transition Zone in Notched Conditions

The MC methodology described above assumes that the defect causing the (cleavage)
fracture process is a crack (i.e., a sharp defect with parallel faces and a radius on the
tip that tends to zero). However, in industrial practice, the defects that may cause the
failure of a particular structural component are not necessarily crack-like defects and may
have a finite radius on their tip. Such defects are here referred to as notches. In such
cases, the stress field becomes more relaxed, the material may develop a higher fracture
resistance (usually referred to as the apparent fracture toughness) and, consequently,
the load-bearing capacity of the corresponding structural component may also be larger.
The concept of apparent fracture toughness has important implications: experimentally, it is
obtained in notched specimens, generating the corresponding load—displacement curves,
and subsequently obviating that the defect is actually a notch, applying the corresponding
standard formulation (e.g., [24]) proposed for cracked specimens. In other words, the real
notched situation is assumed to be a cracked situation on which the material develops
higher fracture resistance (the apparent fracture toughness).

The scientific literature provides a number of documents and substantial evidence
revealing how the introduction of a finite radius on the defect tip causes a significant
increase in the fracture resistance of different materials (e.g., [6-10,25-34]). Thus, it is
necessary to define methodologies to assess components containing notches. The case
of ferritic steels operating within the DBTZ constitutes a particular case in which the
fracture toughness in cracked conditions may be analyzed within a significant range of
temperatures by using one single tool, the MC. In the case of ferritic steels containing
notches, it would be of great interest to have an analogous tool defining the apparent
fracture toughness throughout the corresponding DBTZ.

The first obvious option is to treat notches as if they were cracks, considering that
the DBTZ is the same for cracks and notches. If applying the MC, this implies using the
same reference temperature (Tg) for cracks and notches, as well as the same equations
(Equations (3)—(6)). Tp would be obtained in cracked specimens and subsequently applied
to both cracks and notches regardless of the notch radius. Obviously, this is generally an
overconservative practice, and it is not an acceptable approach from both the scientific and
engineering points of view.

To the knowledge of the authors, the different models dealing with the notch effect within
the DBTZ are those proposed by Schindler et al. [35], Cicero et al. [13,14] and Garcia and
Cicero [15].

Schindler et al. [35] combine the MC with an expression to account for the notch effect
(i.e., notch effect correction) in the apparent fracture toughness expression. They conclude
that the shape of the transition curve is affected by the notch radius, which generates a
bump on the median curve. The magnitude of this bump depends on the notch radius and
on material properties but, in any case, impedes using the MC methodology prescribed
by ASTM E1921 [5]. Thus, when applying the MC methodology, T has to be estimated
from tests performed on sharply notched specimens, either by an adjusted reference level
of K¢V (instead of 100 MPa-m??) or by a shift in the apparent reference temperature ToN.
Another interesting point of this research is that it also found that the 0.019 coefficient
included in the different MC equations may be a reasonable value when analyzing notches.
The reader is referred to the original source [35] for further details.

Cicero et al. [13,14] proposed the use of the notch master curve. This methodology
consists of defining the MC (and Ty) from cracked specimens, as per ASTM E1921 [5],
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and multiplying the corresponding equation by a notch correction factor. More precisely,
the authors proposed the use of the notch correction derived from the combination of
the Line Method (Theory of Critical Distances, TCD) [6] and the Creager—Paris stress
distribution [36] ahead of a notch tip.

Kjepr = {20 + (—In(1 — P))*#(11 + 77€0.019 (T — To))}-(1 + (0.25 p/L))** 9)

The notch correction depends on the notch radius (p) being analyzed and the material
critical distance (L), which was shown to vary with temperature within the DBTZ [13,14].
In spite of such variation, it was also shown that using an average value of L for the
whole DBTZ generated good predictions of the apparent fracture toughness within the
temperature range of Ty &= 50 °C, which is the validity range of the MC itself. From the
mathematical expression shown in Equation (9), it is straightforward to verify that the
shape of the NMC differs from the shape of the MC.

In any case, the NMC only applies one of the notch corrections provided by the
TCD to the fracture toughness obtained in cracked conditions, with the particularity of
using the MC for the estimation of the fracture toughness. Given that the validity of
the MC (e.g., [1-4,16,17]) and the TCD corrections (e.g., [6-15]) is widely reported in the
literature, there are no major theoretical issues when applying this methodology. Its main
difficulty is the amount of experimental work required for a complete description of the
NMC, as this requires defining not only Ty, but also the values of L throughout the DBTZ.
Effectively, and as well as having to obtain Ty, the definition of L requires testing cracked
and notched specimens with different notch radii. Moreover, because of the inherent scatter
of fracture results within the DBTZ, several tests must be completed per notch radius.
Thus, the combination of different temperatures, notch radii and test repetitions requires
significant experimental work (see [6-13] for details about the calibration process of L).

With all this, from this point, this work will be focused on the direct application of
the MC by testing specimens with the notch radius of interest, following the experimental
procedure and the formulation included in ASTM 1921 [5]. The resulting parameter will
not be Ty (as is the case in cracked specimens), but a new parameter referred to as the notch
(or apparent) reference temperature (ToN). Finally, ToN is included in the MC formulation
substituting T¢. The resulting equations are:

KN]C,Pf =20+ (—In(1 — Pf))0'25(11 + 770019(T — ToN)) 10)
KNje 005 = 34.5 + 101.3¢%019T = ToN) a
KN]c,0.5o =30.0 + 70.0e%-019-(T — ToN) 12
KNje005 =25.2 + 36.6e0-019(T = ToN) 13)

KNy being the apparent fracture toughness for the notch radius analyzed. Equa-
tions (11)—(13) are associated with probabilities of failure of 95, 50 and 5%, respectively.
This formulation was applied in [15] to steels S275]JR and S355]2, providing satisfactory
predictions of the apparent fracture toughness within the range TN + 50 °C. However,
in order to generally apply the MC to notched ferritic steels, it is necessary to justify that
the different hypotheses sustaining the MC in cracked conditions are also valid when
analyzing notches (this was not done in [15]), and also to validate the methodology by
using a wider experimental program. These two needs are addressed in Section 4.

Finally, alternative approaches to analyze the notch effect within the DBTZ could be
derived from other well-established theories, such as the SED criterion [25-29] or notch
fracture mechanics [37,38].

4. On the Applicability of the MC in Notched Conditions: Hypotheses and Validation

As mentioned above, the application of the MC in notched conditions requires justi-
fying that the different hypotheses sustaining the use of the MC when analyzing ferritic
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steels containing crack-like defects are also valid when the defects being analyzed are
notches. These hypotheses are gathered and discussed below, with the corresponding
justification of their use in notched conditions. The experimental values used in this sec-
tion are gathered in Appendix A, which comprises previous fracture tests developed by
the authors on cracked and notched specimens made of steels S275]R [13,15], S355]2 [13,15],
S460M [14] and S690Q [14]. Appendix A also shows the resulting reference temperatures (T)
or apparent reference temperatures (ToN) per combination of material and defect radius. These
temperatures are obtained by directly applying the MC methodology [5], regardless of the type
of defect (crack or notch) being analyzed and following multi-temperature formulation [5].

The different hypotheses sustaining the MC in cracked conditions, and the discussion
about their applicability to notched conditions, are the following:

e  Weibull distribution: when dealing with notch-type defects in ferritic steels within
the corresponding DBTZ, the failure mechanism is also cleavage, and as it is assumed
in cracked situations, the fracture process obeys weakest-link statistics. This kind of
phenomenon, also presenting a minimum value of the fracture toughness below which
there is no cleavage fracture, is conveniently described by a (three-parameter) Weibull
distribution. In other words, given that the fracture processes in cracked and notched
conditions, at their respective DBTZs, have the same fracture micromechanisms,
an analogous Weibull distribution should also be suitable for the analysis of notches.
The cumulative failure probability (Ps) follows Equation (14):

Pp=1 — B/Bo)IKNic — KNinin) /(KN — KNinin)JbN (14)

e bN: the shape parameter of the Weibull distribution (Weibull slope) is assumed to be
4 in the MC, and statistical analyses [4] confirm that this value is adequate in cracked
conditions. Following the same reasoning, Figures 1-4, show the different bN values
(slopes) obtained in a number of datasets developed by the authors (the complete list
of experimental results is gathered in Appendix A), for different materials and notch
radii (results in cracked conditions are also included). In the figures, KN in has been
assumed to be equal to 20 MPam!/2 (see discussion below). Each dataset includes at
least three KN} values satisfying ASTM E1921 validity requirements [5] measured
at a single temperature and a single loading rate using a single specimen size with a
single notch radius. The KN}, values are then rank ordered and assigned an estimate
of the median rank probability (P¢) [39], which is given by:

Pi=(@1—0.3)/(n+0.4) (15)
where i is the order of the KN]C value and n is the total number of KN]C values.

S$275JR Weibull plot
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Figure 1. Statistical distribution of KN}, values determined from the three-parameter Weibull function
for steel S275]R.
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Figure 2. Statistical distribution of KNy values determined from the three-parameter Weibull function

for steel S355]2.
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Figure 3. Statistical distribution of KNJC values determined from the three-parameter Weibull function

for steel S460M.
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Figure 4. Statistical distribution of KNJC values determined from the three-parameter Weibull function
for steel S690Q.

Figure 5 shows how the resulting values of bN fit within the corresponding confidence
bands (90% limits) used in the literature (e.g., [39,40]) to justify the value of b = 4 for
cracked conditions. It can be observed how the values of b (bold symbols) fit well within
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the confidence bands (25 points out of 27), so it appears reasonable to use this value for
notched conditions (bN =b = 4). Figure 5 also includes the results obtained here in cracked
conditions (open symbols) for the tests gathered in Appendix A, which also fit well (as
expected) within the confidence bands (11 points out of 12).

KNg: the scale parameter of the Weibull distribution is the apparent fracture toughness
corresponding to a failure probability of 63.2%. The definition of Ky in cracked
conditions (i.e., its temperature dependence) was empirically fitted from a wide set of
experimental results [16], where it was shown that regardless of the ferritic steel and
the irradiation damage, all Ko — T tests had the same shape. The fitting curve is shown
in Equation (2) [16], which, in Figure 6, is represented in terms of KNy — (T — ToN)
for the different test results and datasets gathered in Appendix A. Each dataset (i.e.,
each point of the curve) corresponds to a combination of material, temperature and
notch radius, with KN being obtained by using the maximum likelihood method [5]:

KNy =[Z% 21 (KNjo; — 20)4/1]°2% + 20 (16)
Jc,

where n is the total number of data (censored and uncensored), and r is the number of
uncensored data. Again, Equation (16) assumes that KN ;, is equal to 20 MPam!/?
(see discussion below). The results shown in Figure 6 suggest that KNy may be slightly
underestimated for T — TN values between 0 and —50 °C, and also that it could be
overestimated for T — ToN values close to +50 °C. In any case, it can be observed
that the datasets of notched specimens follow reasonably well the fitting equation.
Thus, analogously to Equation (2) in cracked conditions, it appears reasonable to use
Equation (17) for notched conditions:

KNy =31 + 77e0019-T =T N) (17)

KN L in: the location parameter of the Weibull distribution is also necessary in notched
conditions, as cleavage requires a minimum stress intensity factor to occur. Thus,
a three-parameter Weibull distribution is also required when analyzing notches (with
KN 1in being the third parameter). Concerning the value of KN i, it is proposed
to use the same one used for cracks, which is K, = 20 MPam!/2. Here, one could
argue that in notched conditions, the apparent fracture toughness observed in notched
conditions should be higher than 20 MPam!/2 when this precise value is observed
in cracked conditions. This is true, if both fracture toughness and apparent fracture
toughness are compared at a given temperature, but it is necessary to consider that
KN nin would not be achieved at the same temperature as Kpin, given that the curve
obtained in notched conditions is shifted to lower temperatures. Therefore, the hy-
pothesis of considering 20 MPam!/2 as the minimum value below which cleavage is
impossible is also reasonable in notched conditions, even more so if it is considered
(again) that in both situations (cracked and notched), fracture is caused by the same
micromechanisms. Finally, in any case, considering 20 MPam'/? as KN ,,;;, in notched
conditions could be argued to be a conservative assumption, whose consequences in
the final apparent fracture toughness predictions will be shown below.

KN Jolimit: the censoring criterion in cracked conditions is established by Equation (8),
which is applied to meet small-scale yielding conditions and, thus, to guarantee that
the stress fields at fracture are not influenced by the finite size of the fracture specimens
being used [39]. Equation (8) is based on different works [41,42] which, based on FE
modeling, derived an expression ensuring that the crack-tip stress fields in a finite size
specimen do not deviate significantly from the crack-tip stress fields characteristic of
an infinite body [39]. A given Kj jimit corresponds to a given applied external load
and certain size of the plastic zone. KN]c,limit follows the same equations as K jimit
(here, it is important to remember the concept of apparent fracture toughness), so the
same values of Kj jimit and KN]C,hmit correspond to basically the same applied external
load. However, physically, when applying the same load to a cracked and a notched
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specimen, the latter develops a smaller plastic zone. In other words, if Equation (8)
guarantees small-scale yielding conditions in cracked conditions, such conditions are
surely met in notched conditions. Thus, here, it is proposed to use the same censoring
criterion for notches as that used for cracks:

N 2\)10.5
K™ e timit = {(Ebpoys)/(30(1 — v7))} (18)
100
\
\ -
\
_ \
z \
- \
G \
Q2 \
o N
g 10 4 .
= U RN
] ] ~e.
.
a © 8 ———————————
>
= e
. —/‘——___,
o z{ﬁ——‘
-7 .
1 s + L E—— : . . E—
1 10 100

Number of tests

O S275JR(crack) @ S275JR(notch) O S355J2 (crack) W S355J)2 (notch)
¢ S460M (crack) & S460M (notch) A S690Q(crack) A S690Q (notch)
——b=4 - - -95% - - -5%

Figure 5. Comparison of relative 90% confidence limits for estimates of the Weibull slope (bias-
corrected maximum likelihood estimation method [40]).

This censoring criterion is more severe and conservative when applied to notches.
The definition of a notch-specific expression, following analogous reasoning as that gath-
ered in [41,42], is not covered in this work and may be a matter for future research. The re-
sults shown below will reveal the degree of conservatism derived from Equation (1).

Once the different hypotheses have been justified, it is concluded that the MC method-
ology should be applicable to notched conditions, with this application providing the
values of apparent reference temperatures (ToN) gathered in Appendix A and represented
in Figure 7. It can be observed that the main part of the notch effect takes place when
changing from cracked conditions to the immediate notch radius (p = 0.15 mm), after which
the evolution of ToN becomes progressively less pronounced.
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Figure 6. Apparent fracture toughness transition curve shape for cleavage fracture in ferritic steels
containing notches, and comparison with the fracture toughness transition curve (Equation (17))
assumed by the Master Curve [4,5].
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Figure 7. Evolution of the apparent reference temperature (ToN) with the notch radius for the four
structural steels being analyzed.

The validation of this statement is shown in Figure 8, where fracture results in notched
specimens made of four different steels [13-15] are represented in a KNJC — (T = ToN)
diagram. It can be observed that the direct application of the MC on notched structural
steels, now theoretically justified, provides good estimations of the apparent fracture
toughness experimental results within the MC validity range (which, in this case, would
be ToNN + 50 °C). Considering these results, the above-mentioned possible conservatism
associated with the use of KN,;, and KN Jolim Values equal to K and Ky jim, respectively,
does not seem to be significant. In total, 94 out of 105 experimental results lie within the
5 and 95% probability of failure curves, with three estimations being unsafe (the apparent
fracture toughness prediction is larger than the corresponding experimental result), and eight
estimations are above the 95% probability of failure curve (i.e., conservative results). Overall,
7 out of 8 of these estimations above the 95% curve correspond to censored results (Figure 8
includes both uncensored and censored results, the latter being shown in Appendix A).
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Figure 8. Comparison between apparent fracture toughness (KNj.) experimental results obtained in notched structural
steels (S275]R, S355]2, S460M and S690Q) and master curve predictions.

5. Conclusions

This paper provides a review and some insights into the analysis of the apparent
fracture toughness in ferritic steels operating within the Ductile-to-Brittle Transition Zone
(DBTZ) and containing notches, focusing the study on the applicability of the Master Curve
(MC) in notched conditions. The MC is a well-known, standardized methodology for
the estimation of the fracture toughness of ferritic steels containing crack-like defects and
operating within the DBTZ.

The reasoning of the research is twofold. Firstly, the different hypotheses sustain-
ing the use of the MC in cracked conditions are analyzed, and their corresponding use
in notched conditions is subsequently demonstrated or justified. Then, a number of ex-
perimental results in four different structural steels (S275]R, S355]2, S460M and S690Q)
containing different notch radii (ranging from 0.15 to 2.0 mm) are compared with the
resulting predictions of the MC. The results show that the application of the MC in notched
conditions, now theoretically justified, provides good estimations of the apparent fracture
toughness within the DBTZ of the four mentioned materials. Additional validation, in a
wider range of structural steels, is required for generalized use of the approach.
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Appendix A

This Appendix gathers all the experimental results obtained in the four ferritic steels
used in the analysis. Individual fracture toughness (cracked specimens) and apparent
fracture toughness (notched specimens) results are shown, together with the resulting
reference temperatures (T or ToN).

Table Al. Fracture toughness (Kj.) and apparent fracture toughness (KN]C) results in steel S275]R,
together with reference temperature results. 1T (25 mm thick) CT specimens.

K KN
p (mm) T (O (Mpaf;l,z) (MPa. Iln ) Ty (°C) ToN (°0O)
61.3
88.0
—50 78.1
95.0
104.2
80.8
0 —30 100.1 2% B
117.7 -
148.5
97.0
105.8
—10 124.2
148.1
113.2
75.0
77.0
—120 94.8
93.6
0.15 170.3 —-113
118.6
-9 190.4
138.9
97.4
60.3
-120 - 9.5
97.9
0.25 1549 —-110
122.9
—90 168.7
132.8
123.6
116.0
—120 1133
150.6
0.50 1677 —138
_ 284.2 M
-0 219.5
2747 M
239.6
151.4
1.0 -120 - 172.9 - —159 @
169.3
167.1
578.2 M
2.0 —120 38660 - -170®
245.1

(@) Censored data (KN]C > KN]C,lim). (@) Estimation obtained without the minimum required number of tests [5].
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Table A2. Fracture toughness (Kj.) and apparent fracture toughness (KNJC) results in steel S355]2,
together with reference temperature results. 1T (25 mm thick) CT specimens.

Kjc KNy
(MPa-m?) (MPa-m2)

Non-valid
43
—150 633
741
169.5
153.4
—120 1326
130.9
136.9
136.1
126.8
—100 216.6
170.5

158.0

p (mm) T(€CO) To (°O) ToN (°C)

—133 -

46.2
34.1
—196 473
59.2
143.2
54.8
0.15 —150 118.0 —168
110.9
318.6 M
Non-valid
—120 300.0 M
253.0

58.4
57.9
60.6
58.1
126.8
175.8
0.25 —150 115.1 -170
Non-valid
Non-valid
297.9
203.4
248.8

82.9
86.3
81.6
70.8
0.50 2202 —198
341.7 @
256.9
179.0

101.4
106.3
- - 2
1.0 196 86.5 206 @

110.5

129.3
141.1
- - 2
2.0 196 1212 208 @

111.7

—196 -

-120 -

—196 -

—150 -

(@ Censored data (KNIC > KNIc,lim)- (@) Estimation obtained without the minimum required number of tests [5].
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Table A3. Fracture toughness (Kj.) and apparent fracture toughness (KNJC) results in steel S460M,
together with reference temperature results. 0.6T (15 mm thick) SENB specimens. Results converted
to 1T equivalent [14].

Ky KNy

p (mm) T (°C) (MPa.ml’?) (MPa.m1’2) To (°O) ToN O
41.6
34.1
—140 434
50.9
113.2
120 85.4 B
754
0 162 —91.8 -
91.5
64.3
974
—100 60.8
80.6
87.3
134.1
49.2
—140 126.4
100.8
0.15 156.2 —159
2282
—120 139.9
244.1
93.6
1245
—140 115.7
121.5
0.25 2497 - —166
_ 299.7 M
—120 179.9
2220
130.2
121.8
0.50 —140 - 194.9 - —186 @
269.2 M

(@) Censored data (KN]C > KN]c,lim)- (@) Estimation obtained without the minimum required number of tests [5].

Table A4. Fracture toughness (Kj.) and apparent fracture toughness (KN]C) results in steel S690Q,
together with reference temperature results. 0.6T (15 mm thick) SENB specimens. Results converted
to 1T equivalent [14].

Kje KNje
(MPa-m1/2) (MPa-m12)

50.6
66.4
—140 64.5
712
100.2
106.3
—120 108.2
60.1
105.9
176.6
83.6
—100 114.9
82.9

Non-valid

p (mm) T (°O) T (°C) ToN (°C)

—110.8 -
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Table A4. Cont.

Kj. KN Je
(MPa-m12) (MPa-m1/2)

103.8
—140 - 19306?1 -

0.15 192%.12 —151
T

181.2

115.6
134.7
163.0
119.9
0.25 235.9 - —167
274.8
213.5

219.3

() Censored data (KN Je > KN]c,lim)- @) Estimation obtained without the minimum required number of tests [5].

p (mm) T (°C) T, (°C) ToN (°O)

—140 -

—120 -
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