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ABSTRACT

This paper presents the analysis of the notch tefifetwo ferritc-pearlitic steels: S275JR and

S355J2. The research is based on the developmérratysis of an experimental programme

composed of 336 CT specimens, combining 6 differesith radii, and testing temperatures

from the lower shelf up to the upper shelf of thw tmaterials. The notch effect is analysed

through the evolution of both the load bearing citgand the apparent fracture toughness, and
also through the relation between these two vaggahhd the failure micromechanisms.

The results reveal a clear notch effect in bothenias. In the case of the load bearing capacity,
this notch effect has its maximum at lower shatfiperatures. The notch effect in the apparent
fracture presents a maximum at the lower tempegataf the ductile-to-brittle transition zone.
Finally, the Scanning Electron Microscopy fractquris have justified the previous
observations.

Keywords: Notch effect, load bearing capacity, apparent tin&c toughness, fracture
micromechanisms

1. INTRODUCTION

Notch-type defects generate less demanding stielsls fthan crack-like defects. Numerous
papers may be found in the literature providindedént models of the stress field in the notch
tip (e.g., [1-10]). Basically, they aluggestprovide mathematical expressions implang
reduction of the stress acting perpendicular tonthteh plane, in such a way that the larger the
notch radius the more significant the stress reolicThis generally has direct consequences on
the resistant behaviour of structural components,(fl0-19). Comprehensive reviews of this
phenomenon covering thousands of experimental whaya be found in [15,16,19], whereas
specific results for particular materials may bend in, for example, [13] (ceramics), [14]
(alumina and soda-lime glass), [17] (PMMA) and [18]7075-T651).Thus, in most cases, a
given component has a higher load bearing capaeityotched conditions than in cracked
conditions. On some occasions, however, sharp esttiehave like cracks and also blunt
notches may not penalise the load bearing capéwityond the corresponding reduction of the
resistant section). Additionally, the terms “shagpid “blunt” are not absolute, but rather they
depend on the material: there are materials tleetemit a clear notch effect (e.g., increase in load
bearing capacity) for very small notch radii (d1f]), and there are others that require a certain
notch radius to develop a notch effect (e b))l




This particular nature of notches has led to atgdeal of research work over the last few
decades, aiming to provide specific tools for thgeasment of notched components, beyond the
simple and generally overconservative applicatioordinary fracture mechanics.

There are two main failure criteria in notch theotlye global fracture criterion and local
fracture criteria [0,13]. The global criterion establishes that fail@ecurs when the notch
stress intensity factor reaches a critical valug, ¥hich depends on the notch radius and the
material:

K, =K: (1)

where K, defines the stress and strain fields in the vigiof the notch tip (analogously to &

the crack tip). This approach, of an unquestionalgeificance, is totally analogous to that used
in cracks, but its application is very limited basa of the lack of analytical solutions fog ¢
contrast with the case of Ke.g., }8-2120-2p) or/and standardised procedures for the
experimental definition of K (in contrast with the case of K e.g., R4]). Moreover, the
existing solutions are mainly focussed in V-shapetthes, such as those proposedinZ6]

for sharp V-shaped notches (zero notch radius),[2Adfor both sharp and blunted V-shaped
notches.

Concerning local criteria, these are based on titesssstrain field at the notch tip and can be
more widely applied than global criteria from agireal point of view. Among them, the Point
Method (PM) and the Line Method (LM) [15] are ofrpeular practical significance, being
different versions of the Theory of Critical Distas (TCD) which also includes methodologies
such as the Imaginary Crack Method, the Area Metmud the Volume Method [15]In both
cases, a characteristic material length parameter ¢ritical distance, L) is used when
performing fracture assessments [15]:

Lzl(KmJ ®)
n\ o,

where K¢ is the material fracture toughness (cracked cmwdi) ando, is a characteristic
material strength parameter, usually larger thanullimate tensile strengtls,j, that must be

calibrated. The notch analysis following these rodttogies is relatively simple: the PM
establishes that fracture occurs when the streghes the inherent strengy)(at a distance

from the defect tip equal to L/2:

(e

For its part, the LM assumes that fracture occurenithe average stress along a distance equal
to 2L (starting from the defect tip), reaches thigerent strength:

[olr)dr =g, (4)
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Moreover, as mentioned above, the notch effect fiesdihe stress field at the notch tip, and
therefore it is actually a source of loss of caastr (e.g., £8-34]). This has led to notch
analyses based on two parameter fracture mechaspegcially those based on the T-stress
(e.g., B53€])). However, analogously to notch global approachss practical applications
when analysing the notch effect and the structunterity of components containing notches
are limited, given that these methodologies aréchlg focused on crack-like defects, where
the in-plane loss of constraint is basically causgdensile loads and crack shallowness. As an
example, FITNET FFS Procedure8p] provides a complete comprehensive methodology for
the assessment of low constraint conditions inke@acomponents, based on the T-stress or the
Q parameterd?Z] (section 6.4.3 of the procedure), and includeslance for the analysis of
notch-type defects in a separate section (secgpnFurthermore, the procedure, based on [35],
proposes that the loss of constraint caused byadkeh effect is independent of that caused by
tensile loads and defect shallownes4$37,38].

Another type of local approaches which are wortmtioaing are those based on the Cohesive
Zone Model [39,40], whose application to the analyaf notches has provided noticeable
contributions in the last years (e.q., [41-44]) eTéohesive zone model is able to predict not
only the behaviour of cracked structures, but dls® behaviour of uncracked structures,
including those containing blunt notches. It hascegsfully been applied, for example, to
concrete and cementitious composites, glassy pol/siech as PMMA, and some steels [40].
Here, it is important to notice that the Cohesiem& Model defines a characteristic length (|
whose expression is similar to equation (2) [40-43]

In any case, the resistant behaviour of structtoaiponents containing notches can be analysed
through two different parameters: the above meetidnad bearing capacity and, when dealing
with fracture assessments, the apparent fractughtess (K.)_(e.g., [15,17,18,45which is

that one obtained by the application of the crackpdcimen formulation2f] to notched
specimens. Also of great interest is the relatietween the macroscopic resistant observations
(i.e., load bearing capacity and apparent fradiomghness) and the fracture micromechanisms,
as previously reported ii],18].

This paper focusses the analysis of notch effec particularly significant group of materials:
ferritic-pearlitic steels, which constitute the eqrart of structural steels. The fracture rest#an
of these materials in cracked conditions presentslear dependence on the working
temperature, with brittle behaviour at low temperes (Lower Shelf), ductile behaviour at high
temperatures (Upper Shelf), and transition behavibmiween the Lower Shelf and the Upper
Shelf (ductile-to-brittle transition zone}4,46,47], as shown in Figure 1. To the knowledge of
the authors, the analysis of this temperature digrese has not been previously reported in the
literature when dealing with notched conditions.

With all this, the present paper presents a desmmipf the two steels analysed (Section 2),

together with the corresponding experimental pnogiend its results (Section 3), and the

analysis of the notch effect in both the load bepdapacity and the apparent fracture toughness
(Section 4). Finally, Section 5 outlines the relatibetween fracture micromechanisms and

macroscopic resistant observations, and Sectiatt@rs the final conclusions.

2. MATERIALS



The research reported in this paper is performetivorferritic-pearlitic steels with, in principle,
rather different fracture behaviour: steel S2754Rh a minimum specified Charpy energy of
27J at +20°C, and S355J2, which guarantees the Sharpy energy at -20°C.

This section presents the basic characterisatiotmexe two materials, comprising chemical,
microstructural and tensile analyses. Table 1 gatte chemical analysis performed by means
of chemical emission spectroscopy. The resultsidda satisfy the specifications of both

materials.

Figure 2 shows the ferritic-pearlitic microstruesir It can be observed that the pearlitic grains
are distributed more homogeneously in steel S27h#R in steel S355J2, which clearly
presents alternated bands of pearlitic and ferrisiture. Moreover, the average grain size is
rather different in the two steels. The correspogdjrain size was determined followingf],
providing values of 19.4m and 8.3um for steels S275JR and S355J2, respectively.

Finally, Table 2 gathers the tensile propertietheftwo materials at the different temperatures.
They are subsequently tested within their corredpanexperimental programme (see Section
3), and also at room temperature (+20°C). The teste performed following4d], two at each
combination of material and temperature. It caolxeerved how, in the two steels analysed, the
lower the temperature, the higher the yield striss ultimate tensile strength and the Young's
modulus (this effect is also accompanied by a réoludn ductility parameters). Also, both
steels satisfy their specifications at room temipeea

3. EXPERIMENTAL PROGRAM AND RESULTS

In order to analyse the notch effect along theedifiit zones of the material fracture behaviour
(lower shelf, ductile-to-brittle transition zone darupper shelf), an experimental program
composed of 336 CT specimens has been perform@doflfie specimens correspond to steel
S275JR, and 156 correspond to steel S355J2. Tiféseadice is justified by the fact that in the

latter case, it was only technically possible tofqren tests at just one temperature (-196°C)
within the material lower shelf.

For each combination of material and test tempegagpecimens containing six different types
of notch radii were tested: 0 mm (crack-like deggdd.15 mm, 0.25 mm, 0.50 mm, 1.0 mm and
2.0 mm, as shown in Figure 3.

The experimental program started, for each matewith 6 fracture tests on CT cracked
specimens at temperatures that were initially assutn be at the material’s ductile-to-brittle
transition zone (DBTZ). These temperatures wer@CGlif the case of steel S275JR and -100°C
in the case of steel S355J2. After these testspemdded the previous temperatures belonged
to the higher part of the DBTZ, additional fractuests were performed on each material at
lower temperatures (still within the DBTZ): fourste at -30°C and -50 °C in the case of steel
S275JR, and four tests at -120°C and -150 °C ircéise of steel S355J2. All this provided
fourteen tests on each material for the deternonati the reference temperature, Which is
that which corresponds to a median fracture tousgig, of 100 MPari{? obtained in 25 mm
thick specimens. Applying5p], and following the multi-temperature option, aference
temperature of -26°C for steel S275JR and -133PGtéel S355J2 was obtained. These results



confirm that the above mentioned testing tempeeatbelong to the validity range of the DBTZ
defined in pQ].

Now, assuming that the DBTZ is defined byahd, thus, modelled by the Master Cur@€][

for each material two temperatures were definedrgehg to the upper shelf (US), three
temperatures belonging to the DBTZ, and (tentagvielo temperatures belonging to the lower
shelf (LS). The temperatures at the US were thoggeh than F+50°C pB(Q], those
corresponding to the DBTZ were located withgt30°C, and LS temperatures were considered
to be those lower than,b0°C. All this led to testing temperatures of +¥80, -10, -30, -50, -
90 and -120 °C for steel S275JR, and -20, -50,,-11#D, -150 and -196 °C for steel S355J2.
The temperatures located between -50 °C and +7AQ€t€ obtained using an environmental
chamber; temperatures below -50 °C required a amatibn of an environmental chamber and
liquid nitrogen.

Tables 3 and 4 gather the complete experimentarano, with the material, the geometry, the
testing temperature and the results of every sitegited CT specimen. It can be seen that 10 of
the tests do not have any result, since the expetiah procedure was not valid in those cases.
The experimental results are given in terms ofldlae bearing capacity (LBC) and the apparent
fracture toughness (K.). Concerning this latter parameter it should beeddhat its value in
each individual test has been obtained following firocedure specified in24] for the
determination of K in cracked specimens:

N N
Kmat_ ‘]mat
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where Y. is the apparent J-integral at onset of cleavagetdre, E is the Young's modulus
andv is the Poisson’s ratio [22]:

(6)

I=aY oy =

where J. and ¥, are, respectively, the elastic and plastic comptef 3. n is a
dimensionless constant, /s the plastic area under the load-displacememvecty is the initial
remaining ligament and'K is the apparent elastic stress intensity factarsaability [24):

K = [#j ( 2;"3’3,2 E0886+ 4.64(%] - 1332(%)2 + 14.72(%)3 - 5.6({\/?/]4] )
-2

w

In the particular case of cracked specimeﬁgal(coincides with K, a general term that
represents the material fracture resistance inkethconditions expressed in units of stress
intensity factor. With all this, considering thesudis obtained in the experimental program,
KN may represent the following parameters:

- K"y, which is the apparent fracture toughness atdradhstability prior to the onset of
significant stable tearing defect extensi@d]] This measure is independent of in-plane
dimensions but may depend on thickness. In the alasmcks, R, coincides with K



This is the most common case and corresponds t® watere the load-displacement
curve present is similar to those shown in Figure 4

- K"y, which is the apparent fracture toughness atdracinstability after the onset of
significant stable tearing defect extension. Thiasure may be size-dependent and a
function of test specimen geometry. This is theecaden the combination of a
relatively high temperature (higher part of duetdebrittle transition zone and upper
shelf) and notch radius allows the defect to dgvétgportant amounts of tearing before
final fracture, and the load-displacement curvessamilar to those shown in Figure 4b.

- K", which is the apparent fracture toughness measnrémse specimens where there
is no instability, but a ductile tearing along thiole resistant section. This parameter
has a clear dependence on the geometry and thelig@ldcement-curves are similar to
that shown in Figure 4c, and corresponds to somietests performed on notched
specimens operating at upper shelf temperatures.

Although K", KV, and K';; depend (to a different extent) on the geometrthefspecimens,
this geometry is kept constant here (except fornibkeh radius), so for the purpose of notch
effect analysis this question is not an issue.

4. ANALYSIS OF NOTCH EFFECT
4.1. Notch effect on load bearing capacity

The results shown in tables 3 and 4 reveal a d¢leaease in the LBC with notch radius,
especially for lower shelf (LS) conditions. In bathaterials most of this increase takes place
when introducing the first notch radius (i.e., Orhfn), after which the increase is much more
moderate. Also, steel S355J2 presents greaterefitfes between the material LBC at the LS
and the LBC at the other temperature regions (DBid US). In order to better analyse the
notch effect on LBC, figures 5 to 7 present theultssfor each material and temperature
condition, with the LBC being normalised by the rage load bearing capacity in cracked
conditions (LBG).

Figure 5, which presents the results at the cooredipg LS, shows how the LBC for a notch
radius of 2.0 mm is approximately 2.3 times highersteel S275JR (considering average
values), and 4.1 in steel S355J2, than the LBQacked conditions. In the first case, most of
the increase in LBC takes place when the first motdius is introduced in the material,
whereas in S355J2 the increase takes place alengttble range of the notch radii (although it
is also decelerated).

Figure 6 shows the results at the DBTZ of the twadenals analysed. It can be observed how
the higher the temperature the lower the notchceftee factor by which the LBC in cracked
conditions is multiplied when introducing a noteldius of 2.0 mm is, respectively, 2.5, 2.2 and
1.9 for -50°C, -30°C and -10°C in steel S275JR,3afd1.6 and 1.6 for -150°C, -120°C and -
100°C in steel S355J2.

Figure 7 presents the results obtained in the ugbelf of the two materials. In this case the
notch effect is very limited: although there isiacrease in the LBC with notch radius, the LBC
of specimens containing a notch radius of 2.0 mri.istimes higher than that obtained in
cracked specimens, for steel S275JR at both 408C78PC, and 1.3 times higher for steel



S355J2 at -50°C and -20°C. It can also be obsetha&donce the material is operating at
temperatures within the US, the notch effect ibised.

With all this, it can be concluded that the notéfea is progressively lower when increasing

the temperature. At LS temperatures, this effed ha maximum, the minimum values

appearing at the US. Figure 8 gathers this effactyhich it can be observed how there is a
transitional behaviour along the corresponding DBThe figure represents the relation

between the average LBC obtained in specimensavi2tD mm notch radius, and the average
LBC obtained in cracked specimens.

Finally, it is also interesting to analyse how temperature affects the material behaviour for a
particular notch radius. Figure 9 shows the evoiutif the LBC for defects with notch radii of
0 mm, 0.5 mm and 2.0 mm. It can be observed howhitjeer the notch radii the lower the
temperature effect: the two materials presentar ¢mperature effect in cracked conditions (as
expected due to their ferritic-pearlitic natugl,i6,47]), but this effect is much more limited
(even negligible in steel S275JR) for notch rafld.® mm and 2.0 mm.

4.2. Notch effect on apparent fracture toughness

Analogously to the analysis performed concernirggltBC, tables 3 and 4 reveal an increase in
KN ..« With notch radius, although this increase is moare limited in US conditions. Also,
contrary to the LBC observations, the increase th..Kdoes not mostly take place when
introducing the first notch radius (i.e., 0.15 mdolit rather takes place more continuously all
along the range of notch radii considered in thalyesis. In order to better analyse the notch
effect on K., figures 10 to 12 present the results for eacleri@tand temperature condition,
with the K .: being normalised by the average fracture toughimessicked conditions ().

Figure 10 presents the results at the correspontidg It can be observed that, when
considering average values, th&k obtained with notch radius of 2.0 mm is approxiha?.0
times higher than the ¥ in steel S275JR at -120°C, and 9.6 times at -99fG,peak values of
11.8 and 13.2, respectively. In the case of st88)3 at -196°C, the average value 8fwith
notch radius of 2.0 mm is 4.0 times higher than ¢beresponding average value of,.K
presenting a maximum of 4.5. Therefore, the nottdcein the apparent fracture toughness is
much more pronounced in steel S275JR than in S@&&bJ2, contrarily to what happened with
the notch effect in the LBC. Also, although in $t8855J2 the notch effect is similar in both
parameters (K. and LBC), in the case of steel S275JR this effeabticeably higher on the
KN .. In the two materials, the increase ifl. i takes place all along the range of notch radii
considered here.

Figure 11 shows the results at the DBTZ of the maderials being analysed. As observed with
the LBC, the higher the temperature the lower thien effect, although for the two materials
the notch effect at the DBTZ is generally higheartlthe notch effect in the lower shelf. Also, in
most cases the factor by which thé, ) in cracked conditions (i) is multiplied when
introducing a notch radius of 2.0 mm is higher tlla factor obtained above for LBC
measurements.

Figure 12 gathers the results obtained in the uglpelf of the two materials. Again, as observed
with the LBC, the notch effect is much more limitindin that observed at lower temperatures,



but in this case this effect is still noticeabledanore significant that that observed with the
LBC: in the case of steel S275JR tH& K of specimens containing a notch radius of 2.0 ;mmi
1.9 (at 40°C) and 1.4 (at 70°C) times higher thah ¢btained in cracked specimens, whereas in
the case of steel S355J2 this factor is 2.7 andatl:60°C and -20°C respectively. Therefore,
contrarily to the observations in the LBC, thé' )¢ measurements obtained here are not
constant along the material upper shelf.

Therefore, with all this, it can be concluded ttret notch effect in the % is generally higher
than the notch effect in the LBC. Also, the effentk!,., in contrast with the observations of
the LBC, presents a maximum at the lower tempesataf the DBTZ, with a progressive
decrease towards higher temperatures but alsohigtier values than those observed at the
lower shelf. Figure 13 gathers this behaviour repnéng the relation between the average
apparent fracture toughness obtained in speciméhsaw2.0 mm notch radius, and the average
fracture toughness measured in cracked specimens.

Finally, Figure 14 analyses how the temperaturecssfthe R, for a particular notch radius.
This figure shows the evolution of thé' k., for defects with notch radii of 0 mm, 0.5 mm and
2.0 mm. It can be observed how the higher the n@tdh the lower the temperature effect: the
two materials present a clear temperature effecracked conditions, this effect being more
moderate for notch radii of 0.5 mm and 2.0 mm.rigp ease, by comparison of figures 9 and 14,
the notch effect at higher radii is more evidenewlit is measured through thé' kg than when

it is measured through the LBC.

5. ANALYSIS OF FRACTURE MICROMECHANISMS

Once the experimental results of the 336 specimangrms of both the LBC and the i,
have been presented, described and analysed ettisrs gathers the analysis of the fracture
micromechanisms, performed using Scanning Eledit@roscopy (SEM). The authors have
previously reported1[7,18] that, beyond the stress relaxation generatechbyptesence of a
finite notch, the notch effect also generates arution of fracture micromechanisms. Thus, for
a given material and condition, and assuming bribkhaviour in cracked conditions, the
fracture micromechanisms become more and moreinearl (ductile) when the notch radius
increasessomething that may be related to the correspgngliagressive loss of constraint.

Therefore, the intention here is to confirm thisdency in fracture micromechanisms and to
explain some of the experimental observations, saghthe reason why the two analysed
materials present different intensities of the hotffect or why this effect is higher at low
temperatures belonging to the DBTZ than at lowelfsemperatures.

5.1. Fracture micromechanisms in the lower shelf

Figures 15 and 16 show the fracture micromechandssrved in specimens with notch radii
of 0 mm (crack-type defect), 0.5 mm and 2.0 mmukagl5 corresponds to steel S275JR at -
120°C and -90 °C and Figure 16 gathers the obsamgatn steel S355J2. In the three cases, the
specimens included in these figures corresponiaset providing intermediate results df.k.

In the first case (Figure 15), it can be observidt tthe fracture micromechanisms are
essentially the same for the three notch radiiyeseal at -120 °C, with a brittle aspect of the



fracture surface and cleavages as the fractureomarhanism. Consequently, the introduction
of notches of increasing radius is not accompahiedn evolution of the fracture mechanisms,
and the notch effect can only be ascribed to ttesstrelaxation caused by the introduction of a
finite notch radius.

In the case of steel S275JR at -90 °C (Figure a8@®Df), it can be observed that the fracture
micromechanisms are predominantly brittle for tire¢ radii included in the analysis, but in the
case of specimens with notch radii of 0.5 mm a@dn2m there are small areas along the initial
defect front containing non-linear mechanisms, éhax®as being larger for the 2.0 mm notch
radius. This is in agreement with the observatioagle in 17,18], and the notch effect here
includes two different contributions: the stresiexation at the defect tip, and the evolution in
fracture micromechanismgat may be caused by a progressive reductiorhefcbnstraint
conditions at the notch tip when the notch radnesdéasesthis- Thesamay be the reasemwhy

a higher notch effect has been observed at -9G2Cah-120°C.

Finally, in Figure 16, (steel S355J2 at -196°C);ah be observed that there is no change in
fracture micromechanisms, with a brittle aspecthef fracture surface and a lack of non-linear
processes in the three radii analysed. Thus, ttehmdfect, which is the lowest one in the three
situations here analysed, is caused only by tlesstelaxation at the defect tip.

The SEM observations have also explained the haglites observed in certain situations,
especially concerning ... in S275JR specimens with a 2.0 mm notch radiggrgil7 shows
the fracture micromechanisms in two of the steel53R specimens: the first one, specimen
2.45, corresponds to the lowest obtained value %f.&the second one (specimen 2.48)
corresponds to the highestN,lﬁlt. It can be observed how, in the first case, fractu
micromechanisms are basically brittle, the notdeatfbeing uniquely caused by the stress
relaxation. However, in the second case, there arsignificant number of non-linear
mechanisms, which generate an additional notclcteféethat caused by the stress relaxation
and, consequently, a much highé¥, &

5.2. Fracture micromechanisms in the ductile-to-brittletransition zone

As shown above, six different combinations of matesand temperature have been analysed
within the ductile-to-brittle transition zone. Ftre sake of simplicity, just three of them are

shown here. Figures 18a to 18c present the ewalwfi the fracture micromechanisms in steel
S275JR at -50°C, that is, at temperatures belorgirthe ductile-to-brittle transition zone and

located below the corresponding reference temperdly). It can be observed that the cracked
specimen has a brittle aspect with a direct tramsifrom the precracking surface to the final

fracture surface, where multiple cleavages canliserved. There is a very narrow whitish line

along the initial crack front, in the middle of big 18a, that may be an indication of non-linear
processes, but it is of very limited thickness (@10 pum). This constitutes a first difference if

compared to the observations made in the lowef.shel

Once a finite notch radius is introduced in thecgpen, non-linear processes clearly appear.
Figure 18b shows an image of S275JR specimen 2eéBBasponding to a notch radius of 0.15
mm. It can be seen how there is an initiation afézr the initial crack that does not correspond
to cleavage fracture (it presents microvoids). Bmafter the initiation area, brittle fracture
dominates again.



Lastly, the size of the initiation areas genergligws with the notch radius, something that has
a direct effect on both the LBC and, specially, ke, results.

Figures 18d to 18f gather the evolution of the titee micromechanisms in steel S355J2 at -
150°C, again, a temperature belonging to the autdibrittle transition zone and located below
the corresponding reference temperature. Hereguadth there is a clear evolution of fracture
micromechanisms when observing the whole sequehftaatographies, there is no direct link
between them and the LBC and & measurements: the latter increases significantiyéry
small notch radii (e.g., 0.15 mm and 0.25), butdhange in fracture micromechanisms appears
for larger radii (1.0 mm). Thus, the increase ie thacroscopic measurements takes place,
firstly, driven by the stress relaxation, and aftemds, by the combination of the stress
relaxation and the change in the fracture micrormedms. In any case, this evolution of
fracture micromechanisms is totally different te tbservations made at -196°C, where these
micromechanisms remained brittle along the whahgeaof the notch radii.

The observations gathered in Figure 18 show whymbgimum notch effect on the apparent
fracture toughness takes place at low temperatuitbin the DBTZ: while the notch effect is
basically caused by the stress relaxation at teatyes belonging to the lower shelf, this stress
relaxation is accompanied by a clear evolution hie fracture micromechanisms at lower
temperatures of the DBTZ. These two coupled effgetserate the maximum observed notch
effect in this research.

Analogously to the observations in Figure 17, tlEMSanalysis has also explained the scatter
observed in the results. As an example, the fracturfaces of steel S355J2 specimen 3-45
(maximum K. value) presented a continuous initiation areaainiitg ductile mechanisms,
whereas specimen 3-48 (minimun' X value) presented cleavages as the dominant feactur
mechanism. These different fracture observatione led to substantial differences in the LBC
and vast (higher than 300%) differences MK

Finally, the SEM observations made at higher teatpees within the DBTZ of the two
materials analysed present a clear tendency: gfehthe temperature the larger the non-linear
processes for each notch radius. Figure 19 shaamn &xample, the observations made in steel
S275JR at -10°C. It can be seen that there ardimean- processes even in cracked conditions,
so the differences in fracture micromechanismsates significant as those observed at lower
temperatures. This, in the end, generates a loateh reffect.

5.3. Fracture micromechanisms in the upper shelf

The SEM observations in the upper shelf have redekrge numbers of ductile processes in
the two materials even in cracked conditions. Alito the size of the areas containing non-
linear mechanisms grows with the notch radiusfridsgture mechanisms are basically the same.
This generates the low notch effect on both the 1aB@ the R analysed in Section 4. Figure
20 shows the observations made in steel S275JRepestested at 40°C.

Moreover, for a given notch radius, there have lmeé¢n significant changes in the fracture
micromechanisms. This explains the low scatter ivaskin the upper shelf conditions.



6. CONCLUSIONS

This paper presents the analysis of notch effedivm ferritic-pearlitic steels, S275JR and
S355J2. This notch effect is analysed at tempearatuarying from the corresponding lower
shelf up to the upper shelf, covering the differgqes of material fracture behaviour. The
experimental program is composed of 336 CT fracspeximens with notch radii varying from
0O mmup to 2.0 mm.

The notch effect has been analysed by means ofdifferent parameters: the load bearing
capacity (LBC) and the apparent fracture toughiié8s.). The main conclusions obtained are
the following:

- A notch effect has been observed a in both masersaich that both the LBC and the
KN care higher when the notch radius increases. Tdidken observed at the different
regions of material fracture behaviour.

- The notch effect in the LBC has its maximum at Iowkelf (LS) temperatures, the
minimum values appearing at the upper shelf (US).

- It has also been observed that the higher the mattihthe lower the temperature effect
on the LBC.

- The notch effect in the ... is generally higher than the notch effect in tiBCL Also,
the effect on K., in contrast with the observations of the LBC sar@s a maximum at
the lower temperatures of the DBTZ.

- Similarly to the observations on the LBC, it hasoabeen observed that the higher the
notch radii the lower the temperature effect K although this effect is more evident
when it is measured through th&} than when it is measured through the LBC.

- The SEM fractographies have justified the abovespladions. A general trend has been
observed that consists in the change in fractuceamiechanisms when the notch radius
and/or the temperature increases. The maximum mdtebt on Ko takes place at low
temperatures of the ductile-to-brittle transitiame due to the combined effect of stress
relaxation and the change in fracture micromechasisvhich are brittle for cracked
conditions and present non-linear micromechanigmkifher notch radii.
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Figure 1. Schematic showing the different regions of fragtiiehaviour in ferritic-peatrlitic
steels.
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Figure 2. Microstructure of the steels being analysed: &53R; b) S355J2.
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Figure 3. Schematic showing the geometry of the specimemsefsions in mm) varying
from O mm up to 2.0 mm.
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Figure 15. Fracture micromechanisms in steel S275JR abtherlshelf: ap = 0 mm,
specimen 2.4 (-120°C); b¥ 0.5 mm, specimen 2.13 (-120°C)pe) 2.0 mm, specimen 2.23 (-
120°C); dyp= 0 mm, specimen 2.28 (-90°C);) 0.5 mm, specimen 2.39 (-90°C)pH 2.0
mm, specimen 2.46 (-90°C). The arrows indicatenitial defect front.



Figure 16. Fracture micromechanisms in steel S355J2 abtlerlshelf (-196°C): g)= 0 mm,
specimen 3.4; lp= 0.5 mm, specimen 3.15; ¢ 2.0 mm, specimen 3.21. The arrows indicate
the initial defect front.
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Figure 17. Fracture micromechanisms in steel S275JR at :3)°@otch radius = 2.0 mm,
specimen 2.45, ¥..= 226.6 MParf; b) notch radius = 2.0 mm, specimen 2.48,.4 830.8
MPant,
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Figure 18.Fracture micromechanisms observed in the DBTZ=8)mm, specimen 2-51
(S275JR, -50 °C); lp= 0.15 mm, specimen 2-53 (S275JR, -50 °Cp=2.0 mm, specimen 2-
71 (S275JR, -50 °C).; ¢F 0 mm, specimen 3-27 (S355J2, -150 °Gy=ed.25 mm, specimen
3-33 (S355J2, -150 °C); i 1.0 mm, specimen 3-42 (S355J2, -150 °C). Thenarindicate

the initial notch front.
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Figure 19. Fracture micromechanisms in steel S275JR at :1)°@otch radius = 0 mm,
specimen 2-99; b) notch radius = 0.5 mm, specim&h& c) notch radius = 2.0 mm, specimen
2-131. The arrows indicate the initial defect front



C)

i 200pm }

Figure 20. Fracture micromechanisms in steel S275JR at 40°@otch radius = 0 mm,
specimen 2-134; b) notch radius = 0.5 mm, speciag47; c) notch radius = 2.0 mm,
specimen 2-153. The arrows indicate the initiabdefront.



Table 1.Chemical composition of the two steels being asedy S275JR and S355J2

C Si Mn P S Ni Cr Mo V Cu Ti Al
S275JR 0.18 | 0.26| 1.18 0.012 0.00%0.085<0.018 <0.12|<0.020 <0.06|<0.022 0.034
S355J2 0.20 | 0.31]| 1.39] <0.0120.008| 0.09 | 0.05| <0.12 0.02 | <0.06/<0.022 0.014




Table 2. Tensile properties of the two materials being ysed.

Material | Temperature (°C) | E (GPa) | oy (MPa) | o, (MPa)
+70 203 331.7 492.7
+40 205 331.0 504.7
+20 207 328.4 518.5
-10 207 337.6 536.3
S275JR 30 208 344.5 548.6
-50 209 349.1 564.7
-90 211 380.2 597.3
-120 213 398.2 613.8
+20 207 374.6 557.6
-20 208 385.3 587.7
-50 209 395.3 602.7
S355J2 -100 212 426.2 646.5
-120 212 459.8 671.6
-150 215 527.5 757.9
-196 218 853.5 922.9




Table 3.Description of specimens and experimental resBteel S275JR.

SpecimenTemperature| p |LBC KN ot Specimen|Temperature| p |LBC KN at
(°C) (mm)| (kN) |(MPam?) (°C) (mm)| (kN) | (MPam*?)

2-1 23.3] 39.2 2-49 24.0 61.3
2-2 o 135.2| 604 2-50 o 1382 88.0
2-3 28.0] 46.8 2-51 34.6 78.1
2-4 - - 2-52 34.9 95.0
2-5 43.4] 75.0 2-53 59.9| 283.2
2-6 44.6| 77.0 2-54 58.5| 246.3
2.7 015520 a8 2-55 01516521 3925
2-8 54.1| 93.6 2-56 64.2| 379.9
2-9 56.3| 97.4 2-57 57.0| 2237
2-10 34.9] 60.3 2-58 58.0/ 260.9
2-11 025155 8] 065 2-59 02515741 2466
2-12 -120 56.6| 97.9 2-60 -50 53.6| 169.9
2-13 (LS) 60.6| 123.6 2-61 (DBTZ) 61.5| 330.1
2-14 57.5| 116.0 2-62 61.1| 321.8
215 050r55 ol 1133 | 263 0505981 501.9
2-16 62.5| 150.6 2-64 69.2| 481.9
2-17 66.5| 239.6 2-65 59.5| 302.5
2-18 10 1632 1514 2-66 10 | 663] 4377
2-19 "~ 164.0] 1729 2-67 "~ [ 63.5] 374.0
2-20 63.6| 169.3 2-68 725| 575.2
2-21 62.1| 167.1 2-69 80.8| 950.3
2-22 00 195 578.2 2-70 50 |803] 976.2
2-23 "~ [71.9] 389.6 2-71 "~ [79.8] 947.4
2-24 65.8| 245.1 2-72 78.9| 897.2
2-25 29.8] 64.6 2-73 37.1| 104.2
2-26 o |346] 605 2-74 o 336 80.8
2-27 33.8] 63.1 2-75 38.5| 100.1
2-28 37.6| 627 2-76 36.0| 117.7
2-29 57.0/ 170.3 2-77 63.1| 395.3
2-30 52.9| 118.6 2-78 65.4| 426.1
2-31 015577 1904 2-79 015 641 2053
2-32 56.5| 138.9 2-80 62.1| 339.8
2-33 57.0 154.9 2-81 63.6| 390.1
2-34 55.6| 122.9 2-82 63.4| 376.4
2-35 0251587 1687 2-83 0251516 3433
2-36 -90 56.4| 132.8 2-84 -30 59.2| 306.9
2-37 (LS) 56.8| 167.7 2-85 (DBTZ2) 66.9| 460.4
2-38 62.4| 284.2 2-86 69.3| 524.2
2-39 0501582 2195 2-87 05003 5337
2-40 62.0| 274.7 2-88 67.3| 468.0
2-41 71.1| 458.2 2-89 73.2| 6323
2-42 10 165:2[ 333.0 2-90 1o |729] 6241
2-43 "~ [71.0] 4432 2-91 "~ [ 70.0] 5477
2-44 71.0| 4375 2-92 73.7| 667.1
2-45 57.9| 226.6 2-93 79.1| 906.5
2-46 50 | 76:0] 587.4 2-94 0 |76:3] 8019
2-47 "~ 825 7716 2-95 = [77.9] 9116
2-48 85.1| 830.8 2-96 789 924.3




Table 3.Description of specimens and experimental res8teel S275JR (cont.).

SpecimenTemperature| p |LBC KN at Specimen |Temperature| p |LBC KN at
(°C) (mm)| (kN) | (MPam*?) (°C) (mm) | (kN) | (MPam*?)
2-97 43.0 148.5 2-139 015 64.7 607.5
2-98 39.3 97.0 2-140 ' 64.5 658.1
2-99 0 [39.3 105.8 2-141 64.9 649.8
2-100 40.4 124.2 2-142 025 64.8 554.1
2-101 37.1 148.1 2-143 ' 60.6 790.6
2-102 39.2 113.2 2-144 64.8 825.5
2-103 63.0| 400.2 2-145 65.6 623.6
2-104 65.8| 465.0 2-146 050 66.9 676.3
2-105 015 66.4| 496.7 2-147 +40 ' 67.3 665.5
2-106 ' 65.6| 461.1 2-148 (Us) 63.6 717.8
2-107 64.4| 435.6 2-149 71.9 819.1
2-108 64.6| 514.3 2-150 10 71.5 807.4
2-109 66.1| 444.2 2-151 ' 70.3 757.2
2-110 63.8| 444.1 2-152 70.9 800.4
2-111 0.25 66.7| 499.0 2-153 74.6 971.7
2-112 ' 68.3| 5445 2-154 20 73.3| 1150.3
2-113 0 68.6/ 504.8 2-155 ' 71.5 876.1
2-114 (D_IéLTZ) 61.0/ 360.3 2-156 69.4 868.0
2-115 69.4| 535.6 2-157 62.4| 1040.0
2-116 69.9 634.1 2-158 0 62.8 650.4
2-117 0.50 69.8| 591.8 2-159 57.3 494.6
2-118 ' 68.6/ 593.2 2-160 59.0 924.3
2-119 70.5| 622.2 2-161 63.8 966.0
2-120 70.6| 582.9 2-162 015 62.9| 1016.7
2-121 - - 2-163 ' 63.8| 1052.6
2-122 71.8| 615.3 2-164 63.2| 1028.3
2-123 10 71.8| 645.6 2-165 58.8 989.2
2-124 " 173.9 723.8 2-166 0.25 63.5| 1046.9
2-125 73.8| 746.3 2-167 ' 63.1| 1022.1
2-126 71.7 629.8 2-168 +70 62.5| 1018.6
2-127 74.8| 817.3 2-169 (Us) 62.5| 1021.8
2-128 - - 2-170 0.50 65.5| 1056.3
2-129 20 75.0/ 866.3 2-171 ' 65.9| 1037.2
2-130 "~ 176.8| 878.7 2-172 65.6| 1045.6
2-131 75.1 822.0 2-173 67.8| 1018.5
2-132 74.6| 804.1 2-174 10 64.8| 1003.6
2-133 59.0/ 354.1 2-175 ' - -
2-134 0 62.1| 484.9 2-176 68.3| 1089.7
2-135 +40 65.2 736.9 2-177 70.1| 11395
2-136 (Us) 62.9| 443.2 2-178 20 68.7| 1132.4
2-137 015 64.6| 668.3 2-179 ' 67.4| 1073.3
2-138 ' 64.3| 552.2 2-180 69.2| 1107.4




Table 4. Description of specimens and experimental resBtesel S355J2.

SpecimenTemperature] p |[LBC| KM.. | Specimen|Temperature| p |[LBC KN mat
(°C) (mm)| (kN) |((MPam*?) (°C) (mm) | (kN) | (MPam'?

3-1 18.5| 32.2 3-49 60.5 169.5
3-2 0 15.0f 27.3 3-50 0 60.5 153.4
3-3 18.6] 33.5 3-51 56.2 132.6
3-4 17.9] 321 3-52 54.1 130.9
3-5 26.7] 46.2 3-53 73.3 318.6
3-6 19.7] 34.1 3-54 - -
3-7 0.15 27.3| 473 3-55 0.15 73.2 300.0
3-8 34.3] 59.2 3-56 75.3 253.0
3-9 33.8]| 584 3-57 - -
3-10 33.5| 57.9 3-58 75.1 297.9
3-11 0.25 35.0] 60.6 3-59 0.25 73.4 203.4
3-12 -196 33.6] 58.1 3-60 -120 72.9 248.8
3-13 (LS) 47.9| 829 3-61 (DBTZ) 77.1 241.8
3-14 49.9| 86.3 3-62 79.1 391.7
3-15 0.50 47.2| 81.6 3-63 0.50 75.4 307.9
3-16 40.9| 70.8 3-64 73.7 269.4
3-17 58.7] 101.4 3-65 87.3 581.9
3-18 10 61.5| 106.3 3-66 1.0 87.8 584.1
3-19 " 150.1] 86.5 3-67 1885 599.5
3-20 63.9] 110.5 3-68 82.5 466.9
3-21 74.8] 129.3 3-69 95.4 904.4
3-22 20 81.6] 1411 3-70 20 92.6 844.4
3-23 1701 121.2 3-71 1943 918.0
3-24 64.6] 111.7 3-72 93.7 950.2
3-25 - - 3-73 54.6 136.9
3-26 0 21.0] 443 3-74 54.6 136.1
3-27 30.4] 63.3 3-75 0 53.1 126.8
3-28 344 741 3-76 61.5 216.6
3-29 71.7] 143.2 3-77 61.2 170.5
3-30 0.15 31.9] 5438 3-78 55.0 158.0
3-31 7625 118.0 3-79 70.6 236.1
3-32 58.5| 110.9 3-80 74.5 374.7
3-33 65.4] 126.8 3-81 0.15 72.8 319.6
3-34 0.95 78.3] 175.8 3-82 ' 73.2 337.8
3-35 7160.2] 115.1 3-83 73.3 337.8
3-36 -150 - - 3-84 -100 71.8 282.7
3-37 (DBTZ) 81.0] 220.2 3-85 (DBTZ) 75.2 412.9
3-38 0.50 77.4] 3417 3-86 75.3 390.0
3-39 T 78.7]  256.9 3-87 0.95 74.1 360.6
3-40 76.7] 179.0 3-88 ' 74.6 3735
3-41 82.4| 266.4 3-89 73.2 340.1
3-42 10 82.1] 4074 3-90 69.7 282.8
3-43 "7 189.8] 541.7 3-91 71.7 326.3
3-44 82.4] 350.5 3-92 77.8 534.9
3-45 97.0] 688.7 3-93 0.50 79.5 507.5
3-46 20 L - 3-94 ' 73.3 357.3
3-47 " 188.1] 448.0 3-95 75.4 383.7
3-48 80.8] 208.8 3-96 77.9 428.8




Table 4. Description of specimens and experimental res8tesel S355J2 (cont.).

SpecimenTemperature| p |LBC KN at Specimen |Temperature| p |LBC KN at
(°C) (mm)| (kN) | (MPam*?) (°C) (mm) | (kN) | (MPam*?)
3-97 87.7 629.2 3-127 10 84.0 801.3
3-98 84.9 698.8 3-128 ' 83.7 811.5
3-99 1.0 | 85.0/ 683.3 3-129 -50 87.6| 1002.4
3-100 84.3| 586.1 3-130 (USs) 20 87.9| 1034.0
3-101 -100 85.9 691.7 3-131 ' 88.1| 10135
3-102 (DBTZ) 85.0/ 632.1 3-132 88.7| 1046.5
3-103 93.3] 9329 3-133 65.2 782.1
3-104 93.4| 964.9 3-134 0 61.3 609.1
3-105 20 94.1| 11157 3-135 67.7 537.0
3-106 7 192.4| 1097.2 3-136 67.4 614.3
3-107 91.8| 9424 3-137 68.8 572.4
3-108 - - 3-138 015 70.5 451.0
3-109 69.1| 491.1 3-139 ' 71.6 554.1
3-110 0 69.9 516.9 3-140 71.4 630.6
3-111 58.9 259.1 3-141 72.8 646.5
3-112 60.0| 221.4 3-142 0.25 72.3 674.4
3-113 68.9 356.1 3-143 ' 72.0 709.0
3-114 0.15 68.3| 355.8 3-144 -20 71.8 656.0
3-115 ' 67.4| 3427 2-145 (Us) 77.5 688.1
3-116 69.5| 366.2 3-146 0.50 76.6 787.4
3-117 -50 745| 512.6 3-147 ' 75.9 677.0
3-118 (Us) 0.25 73.7| 492.3 3-148 77.0 780.7
3-119 ' 74.2 519.4 3-149 81.5 909.9
3-120 73.8| 489.5 3-150 10 81.8 889.9
3-121 77.1 605.4 3-151 ' 81.3 836.0
3-122 0.50 76.7 560.4 3-152 80.5 759.7
3-123 ' 77.3| 550.6 3-153 84.9| 1099.4
3-124 78.2 584.7 3-154 20 85.8| 1032.1
3-125 10 82.6| 774.0 3-155 ' 86.1| 1031.2
3-126 "7 183.3] 766.9 3-156 84.9| 1026.1




