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ABSTRACT 

 

This paper applies and validates the Notch Master Curve in two ferritic steels with medium 

(steel S460M) and high (steel S690Q) strength. The Notch Master Curve is an engineering tool 

that allows the fracture resistance of notched ferritic steels operating within their corresponding 

ductile-to-brittle transition zone to be estimated. It combines the Master Curve and the Theory 

of Critical Distances in order to take into account the temperature and the notch effect 

respectively, assuming that both effects are independent. 

 

The results, derived from 168 fracture tests on notched specimens, demonstrate the capability of 

the Notch Master Curve for the prediction of the fracture resistance of medium and high 

strength ferritic steels operating within their ductile-to-brittle transition zone and containing 

notches. 

 

Keywords: Notch Master Curve, Notch effect, Master Curve, Theory of Critical Distances, 

Reference temperature. 

 

 

1. INTRODUCTION 

 

In practice, the load-bearing capacity of a structural component may be conditioned by the 

existence of stress risers: cracks, notches, welded joints, corners, etc. The different nature of 

these stress risers has generated different approaches when dealing with the corresponding 

structural integrity. This paper is focusesd on notch-type defects, which may appear in structural 

components due to design details, mechanical damage, corrosion defects or fabrication defects. 

When notches are blunt, it is excessively conservative to proceed on the assumption that they 

behave like sharp cracks and to apply Fracture Mechanics criteria (i.e., such an assumption may 

lead to unnecessary repairs or replacements, or to oversizing). As shown in the literature (e.g, 

[1-9]), components with non-sharp defects or notches exhibit an apparent fracture toughness 

that is greater than that obtained in cracked components. This generally has direct consequences 

on the load-bearing capacity of the component and also on the corresponding structural integrity 

assessments (e.g, [7]).  

 

Thus, the last two decades have seen a great deal of interest and research aimed at providing a 

notch theory capable of predicting the fracture behaviour of notched components. Although 



there have been different kinds of approaches, this work will consider only those included 

within the Theory of Critical Distances (TCD) [1,10].  

 

At the same time, it is known that the fracture resistance in cracked conditions of ferritic steels 

presents a clear dependence on the working temperature, with brittle behaviour at low 

temperatures (lower shelf, LS), ductile behaviour at high temperatures (upper shelf, US) and 

transition behaviour between the two both of them (ductile-to-brittle transition zone, DBTZ). 

Fig. 1 represents a schematic of this type of behaviour. The DBTZ of ferritic steels in cracked 

conditions has been successfully modelled through the Master Curve (MC) [11-1519], 

understanding that, as stated in [15], ferritic steels are typically carbon, low-alloy, and higher 

alloy grades, whose typical microstructures are bainite, tempered bainite, tempered martensite, 

and ferrite and pearlite.   

 

However, when dealing with ferritic steels in notched conditions, the analysis of the temperature 

effect on the fracture resistance cannot be analysed through using the MC, given that it does not 

consider any notch effect. Consequently, the authors proposed the Notch Master Curve (NMC) 

[16], which assumes the independence between the temperature and the notch effects and 

combines the MC with the notch corrections provided by the TCD. The NMC was applied and 

validated in low and moderate strength ferritic-pearlitic steels (S275JR and S355J2, 

respectively) by using 25 mm thick (1T) CT notched specimens [1620]. The aim of this paper is 

to provide further validation of the NMC under different conditions: 

 

- Higher steel strengths: the validation will be performed on steels S460M and S690Q. 

 

- Wider scope of microstructures: the corresponding microstructures are ferrite-pearlite 

(S460M), as in [1620], and bainite-tempered martensite (S690Q). 

 

- Thinner specimens: all the tested specimens are 15 mm thick, which is equivalent to 

0.6T [15]. This allows the thickness effect to be analysed in conjunction with the 

temperature and the notch effect. 

 

- SENB specimens: all the notched specimens have SENB geometry, whereas all the 

specimens tested in [1620] were CT specimens. 

 

With all this, Section 2 gathers some theoretical background on the TCD, the MC and the NMC, 

Section 3 defines the experimental programme that is used here to validate the model, and 

Section 4 presents the corresponding validation by comparison between the experimental results 

and the NMC predictions. Lastly, Section 5 presents the conclusions.  

 

2. THEORETICAL BACKGROUND  

 

2.1.  The Theory of Critical Distances 

 

The Theory of Critical Distances (TCD) is actually a group of methodologies which consider a 

characteristic material length parameter (the critical distance, L) when performing fracture 

assessments [1,10]. The critical distance is given by Eq. (1): 
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Kmat is the material fracture toughness and σ0 is the inherent strength, which is generally larger 

than the ultimate tensile strength (σu) and must be calibrated. 

 

Although the origins of the TCD date from the middle of the twentieth century [1721,1822], it 

has been in this century that this theory has been comprehensively analysed and applied to 

different types of materials, processes (fracture and fatigue) and conditions (e.g., from linear-

elastic up to elastoplastic) (e.g., [2,3,1923-2529]). A complete review of the TCD may be found 

in [1]. 

 

Among the different methodologies composing the TCD, two of them are particularly simple 

and interesting for the purposes of this research: the Point Method (PM) and the Line Method 

(LM) [8]: 

 

- The PM establishes that fracture occurs when the stress reaches the inherent strength (σ0) at 

a distance from the defect tip equal to L/2: 
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- The LM assumes that fracture occurs when the average stress along a distance equal to 2L 

(starting from the notch tip), reaches the inherent strength, σ0:     
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The predictions provided by the two methodologies are slightly different [1], but both of them 

provide similar results to the experimental ones (e.g., [1-3]). Additionally, the PM and the LM 

provide expressions [1] for the apparent fracture toughness (KN
mat) exhibited by notched 

components. These expressions are based on the stress distribution on the notch tip provided by 

Creager and Paris [2630]: 
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In case of By using the PM fracture criteria (Eq. (2)), together with the definition of the critical 

distance L (Eq. (1)) and the Paris-Creager stress distribution (Eq. (4)), and establishing that 

failure takes place when KI is equal to K
N

mat, Eq. (5) may be easily obtained: 

 









+









+

=

L

L
KK mat

N

mat
ρ

ρ

2
1

1

2/3

                  (5) 

Con formato: Tachado



 

Likewise, the application of the LM provides Eq. (6): 

 

L
KK mat

N

mat
4

1
ρ

+=                    (6) 

 

As shown in [7], these expressions (which provide similar results) may be used in the structural 

integrity assessment of notched components.  

 

2.2. The Master Curve 

 

The Master Curve (MC) [11-1519] constitutes a fracture characterisation tool for ferritic steels 

within their ductile-to-brittle transition zone (DBTZ). It is based on statistical considerations, 

related to the distribution of cleavage-promoting particles around the crack tip. At the end, 

fracture is controlled by weakest link statistics and follows a three parameter Weibull 

distribution. Hence, within the scope of small-scale yielding conditions, the cumulative failure 

probability (Pf) on which the MC is based follows Eq. (7): 

 

b

Jc

KK

KK

B

B

f eP









−

−
−

−= min0

min

01         (7) 

 

KJc is the fracture toughness for the selected failure probability (Pf), K0 is a scale parameter 

located at the 63.2 % cumulative failure probability level, B is the specimen thickness and B0 is 

the reference specimen thickness assumed in this methodology (B0 = 25 mm, also referred to as 

1T). Kmin and b take the same values for all ferritic steels and have been experimentally fitted, 

providing 20 MPam1/2 and 4, respectively. Therefore, it can be observed that the fracture 

characterisation within the DBTZ is performed by using KJc, which is an elastic-plastic 

equivalent stress intensity factor derived from the J-integral at the point of onset of cleavage 

fracture, Jc.  

 

The dependence of K0 on temperature under cleavage fracture conditions follows Eq. (8) [11-

13,2731]: 
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T0 is the reference temperature, corresponding to the temperature where the median fracture 

toughness for a 25 mm thick specimen is 100 MPam1/2. Consequently, the only parameter 

required to define the temperature dependence of KJc is the material reference temperature. 

Furthermore, whichever the ferritic steel is, and once the corresponding T0 is known, it is 

possible to define the MC for any probability of failure (Pf): 
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Thus, in 25 mm thick specimens, the curves associated to probabilities of failure of 95%, 50% 

and 5% are, respectively, those gathered in Eqs. (10)-(12): 
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The experimental and analytical procedure that allows T0 to be determined is gathered in [15].  

 

When the specimen or component thickness is not 25 mm, [15] provides Eq. (13) relating the 

fracture toughness value for a 25 mm thick specimen (B0) with the fracture toughness value 

corresponding to any other thickness (Bx): 
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This equation, used to model size effects in the DBTZ, is based on the statistical weakest-link 

theory [15]. Thus, when predicting the fracture toughness in a specimen whose thickness is Bx, 

and for a given probability of failure (Pf), Eqs. (9) and (13) can be combined, providing Eq. 

(14):  
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Analogously, Eqs. (10)-(12) must be substituted by Eqs. (15)-(17): 
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2.3. The Notch-Master Curve 

 

As explained in [1620], the NMC arises from the combination of the MC and the TCD, and it is 

based on the following assumptions: 

 



- The reference temperature, T0, on which the MC is based, is a material constant 

regardless of the type of defect being analysed. Consequently, this parameter has full 

validity in notched conditions. 

 

- The different notch corrections provided by the TCD generate similar estimations of 

K
N

mat, as shown in [1-4]. Here, for the sake of simplicity, the notch correction provided 

by the LM will be used (Eq. (6)), but the expressions shown below would be totally 

analogous in case of when using any other methodology included within the TCD. 

 

- Although the TCD has a linear-elastic nature, it generates good predictions of apparent 

fracture toughness and load-bearing capacity under (limited) elastic-plastic conditions, 

such as those existing within the DBTZ, provided the calibration of the TCD parameters 

is conveniently performed (e.g., [1620, 2327]).  

 

An additional assumption, concerning the size (thickness) effect is included here: this effect is 

included in the MC through Eq. (13), and it is independent of the notch effect. 

 

With all this, the expressions of the NMC are straightforward. For a given thickness (Bx) these 

would be Eqs. (18)-(20): 
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Here, it should be noted that the subscripts 0.95, 0.50 and 0.05 indicate that the corresponding 

apparent fracture toughness predictions come from the MC estimations associated to 

probabilities of failure of, respectively, 95%, 50% and 5%, but they do not necessarily imply the 

same exact probabilities of failure for the NMC predictions, given that the notch effect is simply 

fitted through least squares methodology (see below).  

 

Finally, the application of the NMC requires determining T0, which is obtained by testing 

cracked specimens following [15], and the value of L along the DBTZ.  

 

3. EXPERIMENTAL PROGRAM 

 

The experimental program is composed of 168 SENB notched specimens, 15 mm thick, made 

of two different materials: steel S460M [2832] and steel S690Q [2933]. The specimens, LT 

oriented, were obtained from 15 mm thick plates. The notch radii analysed here are 0 mm 

(crack-type defect), 0.15 mm, 0.25 mm, 0.5 mm, 1.0 mm and 2.0 mm. For the two materials, the 
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specimens were tested at -100ºC, -120ºC and -140ºC, all of them belonging to the corresponding 

DBTZ (see below).  

 

Fig. 2 shows the geometry of the specimens, Fig. 3 shows the microstructure of the two steels, 

Table 1 gathers the chemical compositions, and Table 2 shows some of the main mechanical 

properties. The tensile tests (two per material) were performed following [3034], whereas 

Charpy tests were performed following [3135]. 

 

Tables 3 and 4 gather the whole experimental program, showing the material, the testing 

temperature, the notch radius and the apparent fracture toughness (K
N

mat) result of every single 

tested SENB specimen. As seen in the tables, 5 of the tests were not valid and do not present 

any K
N

mat result. The K
N

mat values have been obtained following the procedure specified in [15] 

for the determination of KJc in cracked specimens. Therefore: 
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JN
mat is the apparent J-integral at onset of cleavage fracture, E is the Young´s modulus and υ is 

the Poisson´s ratio [15]: 
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J
N

e and J
N

p are, respectively, the elastic and plastic components of J
N

mat, η is a dimensionless 

constant, Ap is the plastic area under the load-displacement curve, b0 is the initial remaining 

ligament, B the specimen thickness (Bx = 15 mm) and K
N

e is the apparent elastic stress intensity 

factor at instability [15]:  

 

·

121·2

7.293.315.2199.1·3

·

·
2/3

22/1

2/3









−








+


































+








−








−








−

















=

W

a

W

a

W

a

W

a

W

a

W

a

W

a

WB

SP
K

N

e

  (23) 

 

P is the applied load at onset of cleavage fracture, W the specimen width, S the specimen span 

and a the defect length. As shown in tables 3 and 4, and following [15], the results obtained in 

15 mm thick (0.6T) cracked specimens were also converted into their corresponding 25 mm 

thick (1.0T) equivalents (Eq. (13)), in order to generate the data used for the estimation of T0. 

 

Finally, as an example, Fig. 4 shows some load-displacement curves obtained in the tests, where 

it can be observed how the greater the notch radius the larger the displacement at rupture. 

 

4. RESULTS AND DISCUSSION 

 

This section presents the validation of the NMC predictions (Eqs. (18)-(20)), by their 

comparison to the experimental results gathered in Section 3 (Eq. (21)).  
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Firstly, it is necessary to determine the reference temperature (T0) of the steels being analysed. 

The fracture toughness results obtained in cracked specimens allow this parameter to be 

determined. Applying [15] and following the multi-temperature option, reference temperatures 

of -91.8ºC and -110.8ºC were obtained for steels S460M and S690Q, respectively. These results 

confirm that the above mentioned testing temperatures (-100ºC, -120ºC and -140ºC) belong to 

the validity range of the DBTZ defined in [15], which is T0 ± 50ºC. 

 

Secondly, in order to apply Eqs. (18)- (20), it is necessary to determine the critical distance. 

This may be performed by a combination of experimental work covering different notch radii 

(at least two different radii) and finite elements modelling, or by fitting experimental results also 

covering different notch radii (in such a case, more than two radii would be required) (e.g., [1-

4]). In On this occasion, L will be calibrated by using the second approach: Figs. 5-6 show the L 

values, one per temperature, providing the best fit (least squares) of the LM (Eq. (6)) to the 

experimental data. The values obtained are shown in Table 5. 

 

Fig. 7 shows the values of L for both steels, and the corresponding second order fitting 

equations. These are Eqs. (24)-(25) for steels S460M and S690Q, respectively: 

 

1086.0·0019968.0·00000858.0 2 −−= TTL      (24) 

 

000525.0·0004634.0·00000298.0 2 +−−= TTL      (25) 

 

As explained in [1620], Eqs. (24) (in the case of steel S460M) and (25) (steel S690Q) may be 

introduced in Eqs. (18)-(20) to provide apparent fracture toughness estimations. However, 

although in both materials there are differences between the three values of L obtained at the 

different temperatures, they all have the same order of magnitude and the effect of using one or 

another is mitigated by the fact that L is squared in the different expressions considering the 

notch effect. Therefore, for the sake of simplicity, a constant value of L (the average value) may 

be considered (0.0052 mm for steel S460M and 0.0115 mm for steel S690Q).  

 

With all this, Fig. 8 shows the predictions of the NMC for steel S460M, and their comparison 

with the experimental results when using the average value of L (0.0052 mm). These are the 

main observations: 

 

- It can be observed that the MC (and the NMC) provides reasonable predictions for 

cracked specimens, although two of the experimental points are located outside the area 

defined between KJc 0.95 and KJc 0.05.  

- In the case of specimens containing 0.15 mm notch radii, when using the average value 

of L, there are three experimental results located below the KJc 0.05 predictions. For these 

points, the NMC provides unsafe predictions. This is caused by the fitting process of the 

K
N

mat results provided by the TCD in Fig. 5, where the predictions for 0.15 mm notch 

radii are generally higher than the experimental results (see Figs. 5a and 5c). This, 

again, has direct consequences on the NMC predictions.  

- The predictions obtained for a notch radius of 0.25 mm present the highest deviations 

when compared to the experimental results: the four points at -140 ºC are located below 

the K
N

Jc 0.05 curve (unsafe situation). Again, Fig. 5c provides a clue for these results: the 

experimental points obtained for a 0.25 mm notch radius are located well below the 
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fitting curve used to estimate the notch effect. Thus, there is an overestimation of the 

notch effect with consequences on the NMC predictions. 

- The predictions for a notch radius of 0.50 mm are better than those obtained for 0.25 

mm, with two results below the K
N

Jc 0.05 curve. 

- All the results (25 experimental points) obtained for notch radii of 1.0 mm and 2.0 mm 

are located between the KJc 0.95 and the KJc 0.05 predictions. Thus, the predictions have 

been better in those cases with significant plasticity (e.g., 2.0 mm notch radius at higher 

temperatures), when the scope of both the TCD and the MC may be theoretically 

exceeded.  

 

With all this, for steel S460M, when using the average value of L, the NMC provides good 

predictions of the apparent fracture toughness at -100ºC and -120ºC, and several unsafe 

predictions at -140ºC. In any case, most of the predictions are located between the curves 

associated to probabilities of failure of 5% and 95%. More precisely, there are 12 results (out of 

81) outside the area defined by the KJc 0.95 and the KJc 0.05 lines, which is a very similar relation to 

that provided by the MC in the cracked specimens (2 out of 14 are located outside such area). 

 

The results at -140ºC are good for the larger radii (1.0 mm and 2.0 mm), whereas for 0.15 mm, 

0.25 mm and 0.50 notch radii the predictions were often unsafe, something that has been 

justified by the overestimation of the notch effect performed during the calibration process of L.  

 

Concerning steel S690Q (see Fig.9), the main observations are the following: 

 

- The MC provides good predictions in cracked specimens, although there is one 

experimental result located above the 95% line (at -100 ºC). This, in any case, 

corresponds to a conservative situation. 

- The results are reasonable for the whole range between 0.15 mm and 2.0 mm notch 

radii, although there are experimental results located outside the area defined by the 5% 

and the 95% lines.  

- The results obtained for a 0.15 mm notch radius are good, with just one point located 

below the 5% line (at -100 ºC). It This corresponds to an experimental point located 

well below the fitting curve used in the calibration of L (see Fig. 6a).  

- All the results for a notch radius of 0.25 mm are located between the KJc 0.95 and the     

KJc 0.05 lines.  

- The results obtained for a 0.50 mm notch radius present the highest deviations. At -

140ºC, there are two points below the 5% line and two points above the 95% line, so the 

NMC has not been able in this case to capture the high scatter observed here. This It 

may indicate that the notch effect provides additional scatter to that provided by the 

temperature effect. In any case, Fig. 6c explains the reasons for of these results. 

- The results obtained for notch radii of 1.0 mm and 2.0 mm are good, with just two 

experimental points with significant deviations when compared to the NMC predictions.   

 

Therefore, the predictions of the NMC in steel S690Q have also been reasonable, with 71 

experimental results (out of 84) located between the KJc 0.95 and the KJc 0.05 lines.  

 

In order to avoid the above detected unsafe predictions detected above, one possibility would be 

to estimate L by using lower envelopes for the experimental results gathered in Figs. 5-6. This 

would provide higher values of L than those obtained through the least squares methodology 
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and lower predictions of the notch effect, with direct reductions in the NMC predictions of the 

material fracture resistance. Of course, this possibility would also provide overconservative 

estimations in many situations. As an example, the L value providing the lower envelope of the 

experimental results in steel S460M (LLE) is 0.02 mm for the three temperatures being analysed 

(see Fig. 10). The corresponding predictions of the NMC are presented in Fig. 11, where it can 

be seen that all the experimental results are located above the KJc 0.05 lines, but many of the 

predictions are highly overconservative (e.g., see Fig. 11c). Similar results, with an LLE value of 

0.09 mm, would be obtained in steel S690Q. 

 

5. CONCLUSIONS 

 

This paper applies and validates the Notch Master Curve (NMC) for the analysis of the apparent 

fracture toughness within the ductile-to-brittle transition zone of structural steels S460M and 

S690Q. The NMC combines the Theory of Critical Distances and the Master Curve, which are 

well known methodologies for the analysis of the notch effect and the temperature effect 

(respectively) on the material fracture resistance. Thus, the NMC allows the evolution of the 

apparent fracture toughness within the ductile-to-brittle transition zone of ferritic-pearltic steels 

to be predicted. 

 

An experimental program composed of 168 SENB specimens has been completed, covering 

notch radii from 0 mm up to 2.0 mm, and the two above mentioned steels, which have been 

tested at three different temperatures within their corresponding transition zone.  

 

The application of the Notch Master Curve to the experimental results has provided reasonable 

results. Several unsafe predictions have been observed, all of them being justified by the least 

squares fitting process that has been used for the calibration of the critical distance. The use of 

lower envelopes has been suggested in order to avoid this kind of unsafe results, although this 

methodology generates numerous overconservative predictions.  

 

The obtained results obtained, together with those previously published by the authors on steels 

S275JR and S355J2, provide a wide scope of materials where the NMC has been applied with 

satisfactory results.  
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Table and Figure Captions 

 

 

Table 1. Chemical composition of the two materials being analysed 

 

Table 2. Mechanical properties of the two materials being analysed: σy, yield stress; σu, ultimate 

tensile strength; emax, strain under maximum load; T27J, temperature providing a Charpy energy 

of 27J. RT: Room Temperature. 

 

Table 3. Description of specimens and experimental results. Steel S460M. 

 

Table 4. Description of specimens and experimental results. Steel 690Q. 

 

Table 5. L values for steels S460M and S690Q. 

 

Figure 1. Schematic showing the different regions of fracture behaviour in ferritic steels. 

 

Figure 2. Schematic of SENB fracture specimens. Dimensions in mm. Notch radii (ρ) vary 

from 0 mm (crack-type defects) up to 2.0 mm. 

 

Figure 3. Microstructure of the two steels being tested: a) steel S460M, with ferritic-pearlic 

microstructure; b) steel S690Q, showing bainite and tempered martensite. 

 

Figure 4. Load-displacement curves of steel 460M at -100ºC: a) specimen 4-7 (notch radius = 

0.15 mm), b) specimen 4-20 (notch radius = 0.5 mm); specimen 4-32 (notch radius = 2.0 mm). 

 

Figure 5. Apparent fracture toughness in steel S460M: experimental results and LM best fit 

predictions: a) -100 ºC; b) -120ºC; c) -140ºC. 

  

Figure 6. Apparent fracture toughness in steel S690Q: experimental results and LM best fit 

predictions: a) -100 ºC; b) -120ºC; c) -140ºC.  

 

Figure 7. L values at different temperatures, second order fitting equation and average value: a) 

steel S460M; b) steel S690Q. 

 

Figure 8. Comparison between experimental results and NMC predictions in steel S460M. 

L=0.0052 mm (average value): a) notch radius = 0 mm (crack-like defect); b) notch radius = 

0.15 mm; c) notch radius = 0.25 mm; d) notch radius = 0.5 mm; e) notch radius = 1.0 mm; f) 

notch radius = 2.0 mm. 

 

Figure 9. Comparison between experimental results and NMC predictions in steel S690Q. L= 

0.0115 mm (average value): a) notch radius = 0 mm (crack-like defect); b) notch radius = 0.15 

mm; c) notch radius = 0.25 mm; d) notch radius = 0.5 mm; e) notch radius = 1.0 mm; f) notch 

radius = 2.0 mm. 

 

Figure 10. Apparent fracture toughness in steel S460M: experimental results and LM lower 

envelope: a) -100 ºC; b) -120ºC; c) -140ºC 

 



Figure 11. Comparison between experimental results and NMC predictions in steel S460M. 

LLE=0.02 mm (lower envelope): a) notch radius = 0.25 mm; b) notch radius = 0.50 mm; c) notch 

radius = 2.0 mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Tables and Figures 

 

Table 1. Chemical composition of the two materials being analysed 

 

Steel C Si Mn P S Cr Mo Ni Al Cu Nb Ti V 
S460M 0.12 0.45 1.49 0.012 0.001 0.062 0.001 0.016 0.048 0.011 0.036 0.003 0.066 

S690Q 0.15 0.40 1.42 0.006 0.001 0.020 0.002 0.160 0.056 0.010 0.029 0.003 0.058 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2. Mechanical properties of the two materials being analysed: σy, yield stress; σu, ultimate 

tensile strength; emax, strain under maximum load; T27J, temperature providing a Charpy energy 

of 27J. RT: Room Temperature. 

 

Material σy (MPa), RT σu (MPa), RT emax (%) T27J (ºC) 

S460M 473 595 30 -103 

S690Q 775 832 20 -94 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 3. Description of specimens and experimental results. Steel S460M. 

Specimen Temperature (ºC) ρ (mm) K
N

mat K
N

mat 1T 

4-1 

-100 

0 

101.34 91.58 

4-2 70.41 64.37 

4-3 107.99 97.44 

4-4 66.40 60.84 

4-5 88.90 80.64 

4-6 96.47 87.30 

4-7 

0.15 

280.12 

 

4-8 171.58 

4-9 249.17 

4-10 150.03 

4-11 192.94 

4-12 217.94 

4-13 

0.25 

335.49 

4-14 362.83 

4-15 322.90 

4-16 307.59 

4-17 175.23 

4-18 264.64 

4-19 

0.50 

377.74 

4-20 463.50 

4-21 479.66 

4-22 487.88 

4-23 462.45 

4-24 486.43 

4-25 

1.0 

643.76 

4-26 581.03 

4-27 581.38 

4-28 610.71 

4-29 - 

4-30 595.77 

4-31 

2.0 

- 

4-32 878.40 

4-33 - 

4-34 910.84 

4-35 852.46 

4-36 932.95 

4-37 

-120 

0 

125.97 113.26 

4-38 94.41 85.49 

4-39 82.97 75.42 

4-40 49.83 46.26 

4-41 

0.15 

174.78 

 4-42 256.59 

4-43 156.28 



4-44 274.74 

4-45 

0.25 

281.00 

4-46 337.87 

4-47 201.69 

4-48 249.56 

4-49 

0.50 

320.25 

4-50 286.45 

4-51 345.77 

4-52 327.78 

4-53 

1.0 

568.84 

4-54 483.46 

4-55 410.69 

4-56 405.45 

4-57 

2.0 

781.88 

4-58 863.28 

4-59 799.14 

4-60 723.92 

4-61 

-140 

0 

44.55 41.606 

4-62 36.08 34.153 

4-63 46.63 43.435 

4-64 55.15 50.939 

4-65 

0.15 

149.70 

 

4-66 153.25 

4-67 140.98 

4-68 111.92 

4-69 

0.25 

103.69 

4-70 138.74 

4-71 128.74 

4-72 135.38 

4-73 

0.50 

145.26 

4-74 135.77 

4-75 218.73 

4-76 303.21 

4-77 

1.0 

366.71 

4-78 451.60 

4-79 363.43 

4-80 481.48 

4-81 

2.0 

729.42 

4-82 670.69 

4-83 787.83 

4-84 712.64 

 

 

 

 



Table 4. Description of specimens and experimental results. Steel 690Q. 

Specimen Temperature (ºC) ρ (mm) K
N

mat K
N

mat 1T 

6-1 

-100 

0 

117.69 105.98 

6-2 197.97 176.63 

6-3 92.37 83.69 

6-4 127.92 114.99 

6-5 91.49 82.92 

6-6 - - 

6-7 

0.15 

123.22 
 

6-8 300.14 
 

6-9 297.60 
 

6-10 308.89 
 

6-11 252.07 
 

6-12 277.66 
 

6-13 

0.25 

301.14 
 

6-14 315.03 
 

6-15 276.03 
 

6-16 312.33 
 

6-17 237.90 
 

6-18 - 
 

6-19 

0.50 

372.59 
 

6-20 212.76 
 

6-21 404.72 
 

6-22 389.78 
 

6-23 418.26 
 

6-24 393.01 
 

6-25 

1.0 

520.67 
 

6-26 281.95 
 

6-27 500.51 
 

6-28 524.05 
 

6-29 498.65 
 

6-30 518.51 
 

6-31 

2.0 

646.52 
 

6-32 610.96 
 

6-33 675.89 
 

6-34 703.18 
 

6-35 719.56 
 

6-36 749.93 
 

6-37 

-120 

0 

65.67 60.19 

6-38 118.14 106.37 

6-39 120.23 108.21 

6-40 111.16 100.23 

6-41 

0.15 

133.93 

 
6-42 233.80 

6-43 134.77 



6-44 203.22 

6-45 

0.25 

265.41 

6-46 309.61 

6-47 239.97 

6-48 246.56 

6-49 

0.50 

367.32 

6-50 370.67 

6-51 376.98 

6-52 405.76 

6-53 

1.0 

492.36 

6-54 320.61 

6-55 436.61 

6-56 478.71 

6-57 

2.0 

816.37 

6-58 411.96 

6-59 719.33 

6-60 659.54 

6-61 

-140 

0 

54.82 50.642 

6-62 72.80 66.474 

6-63 70.67 64.595 

6-64 78.18 71.201 

6-65 

0.15 

115.31 

 

6-66 100.50 

6-67 145.16 

6-68 102.00 

6-69 

0.25 

128.70 

6-70 150.37 

6-71 182.53 

6-72 133.52 

6-73 

0.5 

356.65 

6-74 110.39 

6-75 119.30 

6-76 364.10 

6-77 

1.0 

469.83 

6-78 489.31 

6-79 248.83 

6-80 481.71 

6-81 

2.0 

656.82 

6-82 648.72 

6-83 636.15 

6-84 719.13 

 

 

 

 



Table 5. L values for steels S460M and S690Q. 

Steel Temperature (ºC) L (mm) 

S460M 

-100 0.0053 

-120 0.0075 

-140 0.0028 

S690Q 

-100 0.0170 

-120 0.0131 

-140 0.0069 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Figure 1. Schematic showing the different regions of fracture behaviour in ferritic steels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Figure 2. Schematic of SENB fracture specimens. Dimensions in mm. Notch radii (ρ) vary 

from 0 mm (crack-type defects) up to 2.0 mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Microstructure of the two steels being tested: a) steel S460M, with ferritic-pearlic 

microstructure; b) steel S690Q, showing bainite and tempered martensite. 

b) 

a) 



 

 

 
 

Figure 4. Load-displacement curves of steel 460M at -100ºC: a) specimen 4-7 (notch radius = 

0.15 mm), b) specimen 4-20 (notch radius = 0.5 mm); specimen 4-32 (notch radius = 2.0 mm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Apparent fracture toughness in steel S460M: experimental results and LM best fit 

predictions: a) -100 ºC; b) -120ºC; c) -140ºC. 

a) 

b) 

c) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Apparent fracture toughness in steel S690Q: experimental results and LM best fit 

predictions: a) -100 ºC; b) -120ºC; c) -140ºC. 

b) 

c) 

a) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. L values at different temperatures, second order fitting equation and average value: a) 

steel S460M; b) steel S690Q. 
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Figure 8. Comparison between experimental results and NMC predictions in steel S460M. 

L=0.0052 mm (average value): a) notch radius = 0 mm (crack-like defect); b) notch radius = 

0.15 mm; c) notch radius = 0.25 mm. 
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Figure 8 (cont.). Comparison between experimental results and NMC predictions in steel 

S460M. L=0.0052 mm (average value): d) notch radius = 0.5 mm; e) notch radius = 1.0 mm; f) 

notch radius = 2.0 mm. 
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e) 

d) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Comparison between experimental results and NMC predictions in steel S690Q. L= 

0.0115 mm (average value): a) notch radius = 0 mm (crack-like defect); b) notch radius = 0.15 

mm; c) notch radius = 0.25 mm. 

 

c) 

b) 
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Figure 9 (cont.). Comparison between experimental results and NMC predictions in steel 

S690Q. L= 0.0115 mm (average value): d) notch radius = 0.5 mm; e) notch radius = 1.0 mm; f) 

notch radius = 2.0 mm. 

 

f) 

e) 

d) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Apparent fracture toughness in steel S460M: experimental results and LM lower 

envelope: a) -100 ºC; b) -120ºC; c) -140ºC 
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Figure 11. Comparison between experimental results and NMC predictions in steel S460M. 

LLE=0.02 mm (lower envelope): a) notch radius = 0.25 mm; b) notch radius = 0.50 mm; c) notch 

radius = 2.0 mm. 

b) 

c) 

a) 


