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Abstract

The fracture resistance of materials is generadiiadr in notched conditions that in cracked condii In
other words, when the notch radius increases teakso an increase in the apparent fracture toeggin
which is that exhibited in notched conditions. Tpéper presents an analysis of the notch effetivon
ferritic-pearlitic steels operating within their rcesponding lower shelf, and develops an experiatent
programme, composed of 28 CT characterisation sges and 72 CT validation specimens, together
with finite elements analysis with the aim of valithg the apparent fracture toughness predictions
provided by the Theory of Critical Distances. Thsults have shown how this theory provides readenab

predictions of the apparent fracture toughnesh@faterial
The research is completed with the analysis oktlwution of fracture micromechanisms when the Imotc
radius increases, revealing a direct relation betwthis evolution and the apparent fracture toughne

observations.
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1. Introduction

Notched components present a fracture resistascally named apparent fracture toughness, which is
greater than the fracture toughness observed ickedacomponents [1-6]. Therefore, if notches are
considered as cracks when performing fracture asgsm#s, the corresponding results may be
overconservative, so that assessment methodolagiesidering the actual behaviour of notches are

necessary in order to obtain accurate results.

The analysis of the fracture behaviour of notcleeslee performed using two different criteria: thebgl
criterion, which is analogous to the fracture asiglyn cracked components, in which a parameteredam
notch stress intensity factor is compared to theesponding critical material parameter; and local
criteria, which are based on the stress-strainl f&¢lthe notch tip. Among the latter, the Point héet
(PM) and the Line Method (LM) stand out, both oé4k being methodologies of the Theory of Critical
Distances (TCD). The TCD and its various approadas be applied to the analysis of the load-bgarin
capacity of components containing any kind of strasers, from plain specimens (those without any
stress concentrations) to cracked components.afmication is particularly simple in the casetw PM

and the LM, two methodologies that can easily gateepredictions of the apparent fracture toughness
exhibited by notched components. Further detailthenTCD and its different proposals for notch efffe

predictions are described in Section 2.

The main objectives of this paper are to analysenthich effect in the apparent fracture toughnéss o
steels S275JR [7] and S355J2 [7] when they operidién their lower shelf, to provide validation dime
application of the TCD to the analysis of the natfflect in S275JR and S355J2, and to relate, $iptes

the evolution of the resistant behaviour of the stgels with the fracture mechanisms.

All the research is focused on the lower shelfhef two materials analysed. It is known that thettree

resistance of ferritic-pearlitic steels presentdear dependence on the working temperature, wittieb



behaviour (in cracked conditions) at low tempemsgufusually referred to as the lower shelf), dectil
behaviour at high temperatures (upper shelf) aadsttion behaviour between the lower shelf and the
upper shelf (ductile-to-brittle transition zone)18]. Figure 1 represents a description of thjzetpf
behaviour. Thus, this paper covers those situatidrese ferritic-pearlitic steels present brittldhbeiour

in cracked conditions.

With all this, Section 2 gathers some theoretiatkiground on the TCD, and Section 3 presents the
experimental programme performed on S275JR and J23B&cture specimens.. After that, the finite
elements modelling developed for the calibratiothef material parameters is described in Sectidhe4,
application of the TCD to the analysis of the nogffect in the two steels is gathered in Section 5,

Section 6 presents the analysis of fracture micobraeisms and Section 7 the conclusions.

2. Analysis of notches using the Theory of Critical Bitances

The Theory of Critical Distances (TCD) is actuallygroup of methodologies, all of which use a
characteristic material length parameter (the aaitdistancel.) when performing fracture and fatigue
assessments [11, 12]. The origins of the TCD datk o the middle of the twentieth century, witle th
works of Neuber [13] and Peterson [14], but it haen in the last few years, driven by the prddifien

of finite elements stress analysis, that this théais been systematically analysed and appliedfeveht
types of materials (metals, ceramics, polymers @mdposites), failure or damage processes (basically

fracture and fatigue) and conditions (e.qg., linglasstic vs. elastoplastic) [15-22].

The critical distance is usually referred tolasnd its expression is, in fracture analysis (itigte

analysisL has an analogous expression that may be consalted bibliography [11]):

I\ O,



whereK_ is thel fracture toughness of the material ands a characteristic material strength parameter
named the inherent strength, which is usually latban the ultimate tensile strength)(and requires
calibration. Only in those situations where theyailinear-elastic behaviour at both the micro tred

macroscale (e.qg., fracture of ceramics) deeincide witha,.

Among the different methodologies included in théDr [11], two of them are particularly simple to

apply: the so-called PM and LM, which are basetherstress field at the defect tip.

The Point Method (PM) states that fracture occunemthe stress reaches the inherent streagitlai a
certain distance from the defect tip, From the stress field in a crack tip at failueglfl] and the

definition ofL (equation (1)), it is straightforward to demontdrtnatr. is L/2:

2
0

The PM failure criterion is, therefore:

J@ -0, ®)

On the other hand, the Line Method (LM) assumes ftiaature occurs when the average stress along a
certain distance] (starting from the defect tip), reaches the inhestrengthg,. From the stress field in a

crack tip at failure and the definition bf it is simple to demonstrate thais equal to B:
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Therefore, the LM failure criterion is:
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As can be seen, a key aspect of the TCD, and trmu$#M and the LM, is that it allows the fracture
assessment of components with any kind of stress to be performed, provided the material pararmete
(L andog) and the corresponding stress field are knownaexample, when using the PM it would be
sufficient to perform two fracture tests on two @peens with different types of defects (e.g., shaofch
and blunt notch). The specimens can then be matelidh finite elements, determining the stressestat
on the notch tip at fracture load, and represerttiegcorresponding stress-distance curves. Thasesu
cross each other at a point with coordinatg?, (¢p), as shown in Figure 2. Now, if it is intended to
predict the fracture load of any other componentlenaf the same material and containing any deifiect,
would be necessary to perform the finite elemerasleting of both the component and the defect, the
fracture load being that one for which equation i€3julfilled. This methodology has previously been

applied by Cicero et al. [23].

The TDC also allows components containing U-shap@tdhes to be analysed, given that both the PM
and the LM provide expressions for the apparenttdra toughnessK(') exhibited by this type of
notched components. This parameter reduces thtufgaanalysis in a component having a U-shaped
notch to an equivalent situation in a cracked camept with the only particularity of considerihg

instead oK.. Thus, fracture occurs when:
K, =K (6)

K, is the stress intensity factor for a crack with fame extension of the notch, &l§may be obtained

using the following expressions being the notch radius):



c ¢ o (7)
)
L
when using the PM , and
KN=K_ |1+ P ®)

when using the LM.

The justification of these expressions is basedhenCreager and Paris notch tip stress distribéhn
and may be found in the literature [11]. Herehib@d be noted—is-impertant-to-netice that givieat the
Creager and Paris equation is only valid for dd@p hotches (nhotch length >p), the validity of

equations (7) and (8) is also limited by such nawhditions.

Once the bases of the PM and the LM have beenisrglaand the predictions &', for U-shaped
notches have been defined, an experimental progeacaupled with finite elements modelling has been
performed in order to compare the apparent fradtuwrghness experimental results with the PM and LM

predictions in ferritic-pearlitic steels S275JR &#¥'5J2 operating at lower shelf temperatures.

3. Materials and experimental programme

This section presents the basic characterisatidheofwo materials being analysed, including chainic
microstructural and tensile analyses. Both matemadre provided as 1000 mm x 2500 mm rolled plates,
the thickness being 25 mm in the two cases. Taldathers the chemical analysis, obtained by using

chemical emission spectroscopy. The results wamsistent with the specifications of both materials.



Figures 3 and 4 show the ferritic-pearlitic micrastures of the two steels. It can be observed ttiat
pearlitic grains are distributed more homogeneoirsisteel S275JR than in steel S355J2, which glearl
presents alternated bands of perarlitic and ferntture. Moreover, the average grain size is rathe
different in the two steels. The correspondingmgsare () was determined following ASTM E112 [24],

providing values of 19¢4m and 8.am for steels S275JR and S355J2, respectively.

14 Compact Tension (CT) cracked specimens, LThtede[25], were tested for each material in order t
determine the corresponding reference temperat2®§ [I,. Figure 5 shows the geometry of the
specimens. The reference temperature is that wdodtesponds to a median value Kof [26] of 100
MPant”? obtained in 25 mm thick specimens, and defingsutih the Master Curve [26], the ductile-to-
brittle transition zone. In the case of steel SER{SIx tests were performed at -10°C, four at -38AG
four at -50°C, providing d, of -26°C; in the case of steel S355J2, six tegievperformed at -100°C,
four at -120°C and four at -150°C, providingTa value of -133°C. The precracking process was
performed at room temperature and following thedamoms established in ASTM E1921 [26]. Thus, a
Kma/E ratio of 0.00013 if was applied for the crack initiation, and anflE) - (y&m/oym) value of
0.000096 rf? was applied for the finish sharpening#n being the yield stress at room temperature and
oy being the yield stress at the corresponding tgs&@mperature). The applied stress ratio (R) was O.

in all cases. The fracture toughness result foh @atividual test is shown in Table 2.

Once theT, was determined for each material, the test tenyexs at the lower shelf were estimated.
The above mentioned Master Curve, which modelsitiotile-to-brittle transition zone, has a tempeamtu
validity range ofT#50°C. Therefore, lower shelf temperatures are ssegdy lower tharm,-50°C. With

this criterion it was decided to test steel S27&FB0°C (64 °C below,) and -120°C (94 °C beloW),

and steel S355J2 at -196°C (63°C below the comelspg To). In the latter case, there was only one
testing temperature, given that it was not posdibleonduct tests at lower temperatures (liquicbgien
combined with an environmental chamber were usethascooling system). In any case, the three
temperatures are well below the corresponding eafar temperature, and therefore it has been assumed

to represent temperatures belonging to the lowalf shthe two materials being analysed.



Tensile tests of each material were performeddiaiig ASTM E8/E8M-11 [27]) at every temperature of
interest in order to determine the tensile propsrtdf the material being analysed. The tests were
performed in round tension specimens with 50 mnggdength, 10 mm diameter and 8 mm fillet radius.
The applied loading rate was 0.02 mm/sec. The maiterial parameters are gathered in TabEi3.the

Young's modulusgy is the yield stress angl the ultimate tensile strength.

Finally, fracture tests on CT specimens (also Li€mied and with the geometry shown in Figure 5)ewer
performed at -90°C and -120°C for S275JR, and28°a for S355J2, in both cases following E1820-11
[8] (see Figure 6). The widthA) and the thicknesB] of the specimens [8] were 50 mm and 25 mm,
respectively, and the loading rate was 0.05 mni&Je@ total amount of 72 tests were performedaP4
90°C and 24 at -120°C in steel S275JR and 24 &°Cl% steel S355J2. Each set of 24 specimens
corresponds to six different notch radii varyingnfr 0 mm (crack-type defects) to 2.0 mm. The notches
were performed by electrical discharge machinin®@NE, except for those whose notch radius was
considered to be zero, which were generated byu@tprecracking under the same conditions estallish
above for the specimens used to determige Tlhese conditions satisfy the requirements astadd in
ASTM E1820-11 [8]. Tables 4 and 5 gather the odfgrtests with the corresponding notch radii for

steels S275JR and S355J2, respectively.

Figures 7 to 9 show, as an example, the load-dispiant curves obtained in the tests corresponding t
some of the notch radii in S275JR and S355J2 seesnrespectively. In particular for S275JR at both
temperatures the selected notch radii are 0, @=2a&hmm and for S355J2 are 0.15, 0.5 and 2.0 mm. |
can be seen that the slope of the curves is bistbal same for all the specimens correspondiniipeo
same material. Moreover, there is a significans loSlinearity in the load-displacement curves oletd

in specimens with higher radii.

Tables 4 and 5 also gather the results obtainéstins of the apparent fracture toughné€ J, obtained

by the application of the cracked specimen fornmutaf8] to notched specimens:
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whereJ, is the apparent J-integral at onset of cleavaggtire E is the Young’s modulus andis the
Poisson’s ratio [8]J". and JV, are, respectively, the elastic and plastic comptnef J;, K", is the
apparent elastic stress intensity factor at onetleavage (see equation (11j),is a dimensionless
constantA, is the plastic area under the load—displacemeanecand, is the initial remaining ligament

[8].

a
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whereP . is the corresponding maximum lo&lis the specimen thicknes&/is the specimen width,

anda is the defect length [8]

KN, results are also shown graphically in Figures 1020 The main observations about the obtained

results are the following:

- The fracture toughnesk,, obtained as the mean value of the cracked spasin®48.8 MPafff
for S275JR at -120°C, 62.7 MPHfrfor S275JR at -90°C, and 31.3 MPé&nfior S355J2 at -
196°C. Thus, steel S355J2 presents a more brétlavour than steel S275JR at the temperatures

analysed.



- A clear notch effect can be appreciated in bothensls, with a significant increase in the
apparent fracture toughness with the notch radibs notch effect is particularly high in steel
S275JR, where the average apparent fracture tosghinespecimens with a notch radius of 2.0
mm is 7 times higher than the average fracture toegs measured in cracked specimens at
-120°C, and 9.6 times higher at -90°C. In the cdsseel S355J2, this factor is equal to 4 at -

196°C.

- Itis important to notice the high values of appafeacture toughness that have been measured in
notched conditions. Thus, steel S275JR at -1208Gepits an average value of 345.0 MPam
when the notch radius is 2.0 mm (the maximum valaisg 578.2 MPafff). At -90°C the
average value is 604.1 MPHfin specimens with a notch radius of 2.0 mm, theimam being
830.8 MPar%. In the case of steel S355J2, the observed vateslso high but much more
moderate, with an average value of 125.8 MPa®.0 mm notch radius) and a maximum value

of 141.1 MPart?.

- In all cases, specimens with a 2.0 mm notch radave presented higher scatter than those with

smaller radii.

- There are no indications of the existence of acatitradius below which the notch effect is
negligible. The critical radius has been reportedther research on the notch effect in different
types of materials [1-6,11,12]. In others word® $imallest finite notch radius introduced in the
material (0.15 mm) generates a noticeable notatgfivith a higher apparent fracture toughness

than that obtained in cracked conditions.

4. Finite elements modellingand calibration of the critical distance
Finite elements (FE) modelling was performed usiN$sYS 12.1 in order to determine the stress fi¢ld a

the notch tip in the different specimens. Each getoyn corresponding to each type of notch radieg (s



Figure 13), was subjected to the average failueg lof the different specimens with the same notch
radius, material and temperature, and the strestargie curve in the middle line of the fracturetieac
was obtained (the origin being located in the defg®). For this purpose, three different material
behaviours, corresponding to S275JR at -120°C, BR & -90°C and S355J2 at -196°C (see Table 3),
were considered in the analysis. Following theditiere (e.g., [10,12]), the simulation was condddte
purely linear-elastic conditions, despite the nioedr (plastic) phenomena occurring on the defpdnt
some of the specimens. Finally, the mesh was peddrusing SOLID186 elements (3D, 20-node solid
elements with quadratic displacement behavioug,ttesh being much more refined at the defect tip,
because of the higher gradients appearing in tne,zwithdement sizes of the same order as the finally

obtained critical distances.

On the different stress fields that were obtairtkd, PM was applied in order to calibrate the materi
parameters of the TDC. For the sake of simplidgtyyes corresponding to notch radii of 0 mm (cracke
conditions) and 0.15 mm have been considered irc#itibration process. Some recommendations are
presented in the literature [21,22] fahose situations in which a higher number of strasdiles are
available in the calibration process. The main neoendations are the following: 1) to limit the sge
strain curves used in the calibration to thoseresponding to a Neuber numbefi([11]) below 20, and;

2) do not combine stress-strain curves correspgnidirdifferent stress field conditions (i.e., plastein

vs. plane stress). Figures 14 to 16 show the quoreBng stress-distance curves where, for each
combination of material and temperature, the cureesss at a single point. Table 6 shows the

corresponding results.

Here, two main observations can be made:

- L values seem to be very low, but the same ordenagfnitude has been reported [11] in other

metallic materials having high tensile propertiesd alow fracture toughness. Analogous

observations can be made concerning the high valuie inherent strength.



The values obtained for the critical distances h#we same order of magnitude as the
corresponding grain sized)( Particularly, the values obtained in steel SR/%&de basically
coincident with the grain size of this material. dase of steel S355J2is 2.38 timesd. The

literature [11,28,29] presents similar results theo steelsWilshaw [28]found thatL andd
are equal, whereas for Yokobori [2®le relation gavé.=1.2d for the same material

subjected to different heat treatments, and thexsgmting different grain sizes.

- The obtained. also explains why no critical radius has been nlggkin the experimental results:
the size of this critical radius has the same oodl@nagnitude ak, so the notch radii considered

in this paper are well beyond this value.

Additionally, it should be noted that the applicatiof the LM (equation (5)) to the stress-distacee/es
shown in Figures 10, 11 and 12 leads to practidgdiytical results in terms of the critical distarend

the inherent strength.

Finally, it is-impertantto-netice should be notidwht the TCD (and, therefore, the PM and the LM) is
based on the linear-elastic fracture mechanicsoggpr Thus, in principle, this theory may be ampte
those situations on which plasticity phenomena lanited, although Susmel and Taylor [19] have
demonstrated its suitability in ductile metallic tev@als. The material conditions analysed in trapgy
are basically brittle, although in notched condiidhere are some plastic phenomena prior to tia fi
cleavage instability. The literature presents a lmemof significant papers (e.g.,[30-33]) dealinghwi
cleavage fracture which are based on an elaststiplapproach and on the consideration, expli@tly

implicitly, of a material characteristic dimension.

5. Application of PM and LM for predicting the notch effect on S275JR and S355J2
The results shown above allow the application efV and the LM to be validated for the predictodn

the apparent fracture toughness in S275JR, at €1a@® -90°C, and in S355J2 at -196°C, that is, at



temperatures within the lower shelf of these twdeamals. To verify this, the predictions provided b

equations (7) and (8) will be compared to the expental values.

Figures 17 to 19 present the different predicticm@wing how the PM and the LM provide very similar
predictions. It can also be seen that the predistiof the apparent fracture toughness providedhby t

TCD are generally good. In the case of steel S27tHe predictions provide accurate safe estimstio

given that the predictions basically represent djusted lower bound of the experimental results. Fo
higher radius (e.g., 2.0 mm) the predictions ase Eccurate and more conservative. This may beedaus
by the fact that equations (7) and (8) are derivenh linear-elastic considerations and, as sedigures

7 and 8, the material response becomes more arglnoarlinear when the notch radius increases.

In the case of steel S355J2 the predictions acegaled, but on this occasion the deviations atdngadii

are non-conservative, with moderate overestimatibnise load bearing capacity.

Tables 7 and 8 show the experimental results tegettith the PM and LM predictions (both the
individual result of each test and the experimentaln obtained for each notch radius). It alsoegath
the corresponding fracture toughness value obtaimentacked conditions. It can be observed that the
potential benefits of analysing the fracture preciesnotched conditions using the TCD, as opposed t

not considering the notch effect and assuming eligekbehaviour, are indeed significant.

With all this, the results demonstrate the capaoitthe TCD (and both the PM and the LM) for

providing predictions of the notch effect in thgagent fracture toughness.

6. SEM analysis of fracture micromechanisms

This section gathers the analysis of the fractuieramechanisms performed using Scanning Electron
Microscopy (SEM). The authors have previously réggbrin materials such as PMMA [21] and
aluminium alloy Al7075-T651 [22] that, together lvithe stress relaxation generated by the presdrace o

given notch, the notch effect also generates atugeo of fracture micromechanisms. Thus, for aegiv



material and condition, and assuming brittle bedavi in cracked conditions, the fracture
micromechanisms become more and more non-linean W notch radius increases. Hence, the main
aim here is to check whether or not such an ewnluti fracture micromechanisms also occurs inwee t

steels analysed.

Figures 20 to 22 show the fracture micromechanisbserved in specimens with notch radii of 0 mm
(crack-type defect), 0.5 mm and 2.0 mm. Figure @fesponds to steel S275JR at -120°C, Figure 21
corresponds to steel S275JR at -90°C and, fingityyre 22 gathers the observations on steel S3&5J2

196°C. The specimens included in these figureespand to those providing intermediate results"af

In the first case (Figure 20) it can be observed the fracture micromechanisms are basically #mees
whichever the notch radius is. There is a britépext of the fracture surface with cleavages as the
fracture micromechanism. Therefore, the introdurctd notches of increasing radius is not accomghnie
by the appearance of ductile mechanisms and tlod méfect can only be attributed to the correspogdi

stress relaxation.

In the second case (Figure 21) it can be obseiaidthe fracture micromechanisms are predominantly
brittle for the three radii included in the anasydHowever, in the case of specimens with notch cdd
0.5 mm and 2.0 mm, there are small areas alongniti@ defect front containing ductile mechanisms

(microvoids), these areas being larger for thenzh® notch radius.

Therefore, the observations are analogous to thwske in [21,22] and the notch effect here comprises
two different contributions: the stress relaxatiah the defect tip, and the evolution in fracture
micromechanisms. This may explain the higher netitact observed at -90°C than that observed at -

120°C.

Finally, the third case (Figure 22) shows the freetmicromechanisms in steel S355J2 at -196°Gnt ¢

be observed that there is no change in fractureomiechanisms, with a brittle aspect of the fracture



surface and a lack of ductile processes in theettadii being analysed. Therefore the notch effgbich

is the lowest one in the three situations here exaain is only caused by the stress relaxationeatiifect

tip.

The SEM observations also explain the high scaftbserved in certain situations, especially concgrni
KN, in S275JR specimens with a 2.0 mm notch radiwrEi23 shows the fracture micromechanisms in
two of the steel S275JR specimens. One of thenctifspa 2.45) corresponds to the lowest obtained
value ofK",, whereas the other one (specimen 2.48) corresponti® highesk".. It can be observed
how, in the first case, fracture micromechanisnes laasically brittle, with little presence of duetil
mechanisms, and the notch effect being uniquelgadiby the stress relaxation; in the second case th
is a significant number of ductile mechanisms (detil in Figure 24), which generate an additional

notch effect to that caused by the stress relaxafibe final effect is much high&t"..

7. Conclusions

This paper presents the analysis of the notch tefflecdtwo materials, steel S275JR and steel S355J2,
operating at their corresponding lower shelf ahdyeéfore, following a basically linear-elastic beloar

in cracked conditions. The analysis is based orefiperimental results obtained in 72 CT specim24ds:

of them correspond to steel S275JR at -120°C, 2resmond to steel S275JR at -90°C (the reference
temperature, d being -26°C) and the last 24 correspond to €§$88bJ2 at -196°C (with the reference
temperature being -133°C). The experimental rebalte been measured in terms of the apparent feactu

toughness K.

A clear notch effect has been observed inkheresults. This notch effect has been modelled tinabe
Theory of Critical Distances, which has providedsenably good predictions of the experimental tesul
from which fracture and structural integrity assessts may benefit. The corresponding critical dista

of the two materials has the same order of mageiasithe material grain size.



Finally, the fracture surfaces and micromechanidrage been analysed using Scanning Electron
Microscopy. It has been shown how the highest natitbct has occurred in those situations (steel
S275JR at -90°C) where, together with the consobiatatress relaxation at the defect tip, there leen

an evolution of the fracture micromechanisms, wgtbwing non-linear mechanisms when the notch
radius increases. Moreover, the fracture micromaisha observations have justified the high
experimental scatter observed in S275JR CT spesiméth a 2.0 mm notch radius, given that these
specimens providing extreme values correspondstindt fracture micromechanisms: the highest values
are associated with significant development of lear processes, whereas the lowest values are

associated to basically brittle processes.
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Figure captions.

Figure 1. Schematic showing the different regions of fractuelaviour in ferritic-pearlitic steels
Figure 2. Stress-distance curve at the defect tip, and itiefinof the PM methodology.

Figure 3. Microstructure of steel S275JR.

Figure 4. Microstructure of steel S355J2.

Figure 5. Schematic showing the geometry of the specimemagfsions in mm)p varying
from O mm (cracked specimens) up to 2.0 mm.

Figure 6. Experimental setup.

Figure 7. Load-displacement curves obtained in fracture festformed in specimens with 0, 0.5 and 2.0
mm notch radius. Steel S275JR at -120°C.

Figure 8. Load-displacement curves obtained in fracture festformed in specimens with 0, 0.5 and 2.0
mm notch radius. Steel S275JR at -90°C.

Figure 9. Load-displacement curves obtained in fracture festformed in specimens with 0, 0.5 and 2.0
mm notch radius. Steel S355J2 at -196°C

Figure 10.K", experimental results for S275JR at -12Q9Chotch radius.

Figure 11.K"; experimental results for S275JR at -9Q9hotch radius.

Figure 12.K". experimental results for S355J2 at -199Ghotch radius

Figure 13. Geometry of the model used in FE simulatigrs0(15mm).

Figure 14. Stress-distance curves considered in the calirati steel S275JR at -120°C.
Figure 15. Stress-distance curves considered in the calibrati steel S275JR at -90°C.
Figure 16. Stress-distance curves considered in the calirati steel S355J2 at -196°C.

Figure 17. Comparison between the experimental data andredigtions provided by the PM (equation
(7)) and the LM (equation (8)). S275JR at -120°C.

Figure 18. Comparison between the experimental data andredigtions provided by the PM (equation
(7)) and the LM (equation (8)). S275JR at -90°C.

Figure 19. Comparison between the experimental data andredigtions provided by the PM (equation
(7)) and the LM (equation (8)). S355J2 at -196°C

Figure 20. Fracture micromechanisms in steel S275JR at €28Pnotch radius = 0 mm, specimen 2.4;
b) notch radius = 0.5 mm, specimen 2.13; ¢) noadhius = 2.0 mm, specimen 2.23. The arrows indicate
the initial defect front.



Figure 21 Fracture micromechanisms in steel S275JR at :9P@otch radius = 0 mm, specimen 2.28;
b) notch radius = 0.5 mm, specimen 2.39; ¢) noadlius = 2.0 mm, specimen 2.46. The arrows indicate
the initial defect front.

Figure 22 Fracture micromechanisms in steel S355J2 at €19%F notch radius = 0 mm, specimen 3.4;
b) notch radius = 0.5 mm, specimen 3.15; c¢) nadchius = 2.0 mm, specimen 3.21. The arrows indicate
the initial defect front.

Figure 23. Fracture micromechanisms in steel S275JR at :98p@otch radius = 2.0 mm, specimen
2.45, K' = 226.6 MParf’; b) notch radius = 2.0 mm, specimen 2.48,%830.8 MParl{?.

Figure 24.Detail of non-linear mechanisms (microvoids) oledrin specimen 2.48 (steel S275JR at
-90°C)



Table captions.

Table 1.Chemical composition of the two steels analys@¥53R and S355J2
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Table 8. Experimental results and predictions of.Kising the TDC (PM and LM) in steel S355J2.
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Figure 1. Schematic showing the different regions of fractuelaviour in ferritic-pearlitic steels



Blunt notch

Sharp notch

defect

»
>

L/2 r

Figure 2. Stress-distance curve at the defect tip, and itiefinof the PM methodology.



Figure 3. Microstructure of steel S275JR.
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Figure 5. Schematic showing the geometry of the specimemsgiasions in mm) varying
from O mm (cracked specimens) up to 2.0 mm.



Figure 6. Experimental setup.
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Figure 7. Load-displacement curves obtained in fracture festformed in specimens with 0, 0.5 and 2.0
mm notch radius. Steel S275JR at -120°C.
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Figure 8. Load-displacement curves obtained in fracture festformed in specimens with 0, 0.5 and 2.0
mm notch radius. Steel S275JR at -90°C.
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Figure 9. Load-displacement curves obtained in fracture festformed in specimens with 0, 0.5 and 2.0
mm notch radius. Steel S355J2 at -196°C
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Figure 10.K"; experimental results for S275JR at -12Q8Ghotch radius.
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Figure 11.K". experimental results for S275JR at -9Q%Chotch radius.
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Figure 14. Stress-distance curves considered in the caliorati steel S275JR at -120°C.
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Figure 15. Stress-distance curves considered in the calibrati steel S275JR at -90°C.
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Figure 16. Stress-distance curves considered in the calirati steel S355J2 at -196°C.
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Figure 17.Comparison between the experimental data andrétigbions provided by the PM (equation
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Figure 18. Comparison between the experimental data andrétigbions provided by the PM (equation
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Figure 20. Fracture micromechanisms in steel S275JR at €28)°notch radius = 0 mm, specimen 2.4,
b) notch radius = 0.5 mm, specimen 2.13; c) naadhius = 2.0 mm, specimen 2.23. The arrows indicate
the initial defect front.
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Figure 21 Fracture micromechanisms in steel S275JR at :9)°@otch radius = 0 mm, specimen 2.28;
b) notch radius = 0.5 mm, specimen 2.39; c) noaclius = 2.0 mm, specimen 2.46. The arrows indicate
the initial defect front.



Figure 22 Fracture micromechanisms in steel S355J2 at €%°notch radius = 0 mm,
specimen 3.4; b) notch radius = 0.5 mm, speciméb; &) notch radius = 2.0 mm, specimen 3.21. The
arrows indicate the initial defect front.
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Figure 23. Fracture micromechanisms in steel S275JR at :9)°@otch radius = 2.0 mm, specimen
2.45, K':= 226.6 MPart?, b) notch radius = 2.0 mm, specimen 2.48,4830.8 MPart’.
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Table 1.Chemical composition of the two steels analys@¥53R and S355J2 (weight- %)

C Si Mn P S Ni Cr Mo \% Cu Ti Al

S275JR 0.18 | 0.26| 1.18] 0.012 0.009 <0.089.018 <0.12| <0.020 <0.06 | <0.022 0.034

S355J7 0.20 | 0.31| 1.39] <0.0320.008| 0.09]| 0.05] <0.12 0.02 <0.06 <0.0Zr014




Table 2. Fracture toughness results used for the estimafitime reference temperature.

Steel Test Temperature (°C) Kc (MParf?)

148.5
97.0
105.8
124.2
148.1
113.2
80.8
100.1
117.7
104.26
61.3
88.0
78.1
95.0

S275JR

136.9
136.1
126.8
216.6
170.5
158.0
169.5
153.4
132.6
130.9
44.3
63.3
74.1
Not valid

-100

S355J32
-120

-150




Table 3.Results of the tensile test. RT: Room Temperature

T E oy oy
(°C) (GPa) | (MPa) | (MPa)
RT 207 328.4 518.5
S275JR -120 213 398.2 613.8
-90 211 380.5 597.3
RT 207 374.6 557.6
S355J2 -196 218 | 8535 922.9




Table 4.Specimen geometry and apparent fracture tougheesfs in steel S275JR

T Specimen p KN,

(°C) (mm) | (MPam*?
2.1 39.2
2.2 60.4

0

2.3 -
2.4 46.8
25 75.0
2.6 77.0
2.7 0.15 94.8
2.8 93.6
2.9 97.4
2.10 60.3
2.11 0.25 96.5
2.12 97.9

-120 2.13 123.6
2.14 116.0
2.15 0.5 113.3
2.16 150.6
2.17 239.6
2.18 1 151.4
2.19 172.9
2.20 169.3
2.21 167.1
2.22 ) 578.2
2.23 389.6
2.24 245.1
2.25 64.6
2.26 60.5
2.27 0 63.1
2.28 62.7
2.29 170.3
2.30 118.6
2.31 0.15 190.4
2.32 138.9
2.33 154.9
2.34 122.9
2.35 0.25 168.7
2.36 132.8

-90 2.37 167.7
2.38 284.2
2.39 0.5 219.5
2.40 274.7
2.41 458.2
2.42 1 333.0
2.43 443.2
2.44 437.5
2.45 226.6
2.46 ) 587.4
2.47 771.6
2.48 830.8




Table 5.Specimen geometry and apparent fracture tougheeals in steel S355J2

T Specimen p KN,
(°C) (mm) (MPam*?)
3.1 32.2
3.2 0 27.3
3.3 33.5
3.4 32.1
3.5 46.2
3.6 34.1
3.7 0.15 47.3
3.8 59.2
3.9 58.4
3.10 57.9
3.11 0.25 60.6
3.12 58.1
-196 3.13 82.9
3.14 86.3
3.15 0.5 81.6
3.16 70.8
3.17 101.4
3.18 1 106.3
3.19 86.5
3.20 110.5
3.21 129.3
3.22 ) 141.1
3.23 121.2
3.24 111.7




Table 6. TDC parameters for the studied materials.

T L (4]
(°C) (mm) (MPa)
2120 0.0176 8000
S275JR 290 0.0190 9125
S$3552 1196 0.0198 4282




Table 7. Experimental results and predictions of.Kising the TDC (PM and LM) in steel S275JR.

T p | Experimental | PM predict. | LM predict.
°C) [(mm)| (MPam*?) | (MPam*?) | (MPam'?

39.2
0 004 48.8 488
268
75.0
771
015 — 212 79.5 86.4
93.6
97.4
60.3
0.25 — 202 98.5 104.2
97.9
1237
116.1
05 o 134.7 139.0
150.7
239.6
1515
1 1515 187.3 190.4
169.3
167.2
578.3
2 2783 262.6 264.8

245.2

-120

64.6
60.6
0 632 62.8 62.8
62.7
170.3
118.7
0.15 1904 99.2 108.2
139.0
154.9
122.9
0.25 1687 122.4 130.0
132.8
167.8
284.2
0.5 5196 167.1 172.8
274.7
458.2
333.1
1 1433 232.0 236.2
437.5
226.7
587.5
2 7716 325.1 328.1

830.9




Table 8. Experimental results and predictions of.Kising the TDC (PM and LM) in steel S355J2.

T p | Experimental | PM predict. | LM predict.
©C) [(mm)| (MPam*®) | (MPam?) | (MPam®?
32.3
27.3
0 335 31.3 31.3
32.1
46.2
34.2
0.15 173 48.7 53.3
59.3
58.4
58.0
0.25 60.6 60.0 63.9
58.2
82.9
86.4
0.5 817 81.8 84.7
70.8
101.4
106.3
1 86.6 113.5 115.6
110.5
129.4
141.1
2 1213 158.9 160.5

111.8

-196




