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Thelinear-elastic Theory of Critical Distancesto estimate high-cycle fatigue
strength of notched metallic materials at elevated temperatures

Richard Louks and Luca Susmel
Department of Civil and Structural Engineering, Thriversity of Sheffield,

Sheffield S13JD, United Kingdom
ABSTRACT
This paper investigates the accuracy of the linelastic Theory of Critical Distances (TCD) in
estimating high-cycle fatigue strength of tobed metallic materials experiencing elevated
temperatures during in-service operations. Th® postulates that the fatigue damage extent can
be estimated by directly post-prasng the entire linear-elastic stress field actimgthe material
in the vicinity of the crack initiation location¥he key feature of this theory is that the high-cycle
fatigue assessment is based anscale length parameter whigh assumed to be a material
property. The accuracy of this design method waseckbd against a number of experimental
results generated under axial loading by testin@50°C, notched specimens of carbon steel C45.
To further investigate the reliability of the TCis accuracy was also checked via several data
taken from the literature, these experimental tssieing generated by testing notched samples of
Inconel 718 at 500°C as well as notched specimardirectionally solidified superalloy DZ125 at
850°C. This validation exercise allowed us to prdhat the linear-elastic TCD is successful in
estimating high-cycle fatigue strength of tobed metallic materials exposed to elevated
temperature, resulting in estimates falling withdn error interval of £20%Such a high level of
accuracy suggests that, in situations of pracimadrest, reliable high-cycle fatigue assessment can
be performed without the need for taking indocount those non-linearities characterising the
mechanical behaviour of metallic materials at htglmperature, the used critical distance being
still a material property whose value does not daepen the sharpness of the notch being

designed.

Keywords: Theory of Critical Distances, notch endurance tirhigh temperature



NOMENCLATURE

E Young'smodulus

k Negative inverse slope

Kt Stress concentration factoeferred to the net area

L Critical distance value

NRref Reference number of cycles to taié in the high-cycle fatigue regime
Nt Number of cycles to failure

Oxyz System of coordinates

Ps Probabilityof survival

r,o Polarcoordintes

In Notch root radius

R Load ratio (R&min/ omay)

T Temperature

Ts Scatter ratio of the endance limit range for 90% and @®probabilities of survival
dn, Wn Net diameter/width

dg, Wy Gross diameter/width

ouTS Ultimate tensile strength

AKin Range of the threshold valeéthe stress intensity factor

Aco Range of the plain and notch endurance limit gxtlated at Mercycles to failure
Aoy Range of the maximum principal stress

AGe Range of the effective stress

AGnet Range of the nominal stress referred to the nea a

Acuts Range of the stress breaking the plain specina¢ris4 cycles to failure.
Aoy Range of the local stress perpendicular to thtembisector

INTRODUCTION

Owing to its intrinsic complexity, the fatigue behaur of metallic material experiencing elevated
temperatures is always a matter of concernstiauctural engineers engaged in designing real
components. The importance of being able to propenhd accurately perform the fatigue
assessment of components working under extreme ¢eatpre conditions is evidenced by the fact
that this design problem is key melevant industrial sectors suels transportation (for example,
the blades of jet engines), energy (for exampleclear power plants), and metalworking &
manufacturing (for example, hot rolling of metaldgcordingly, starting from the pioneering work
done by Manson [1] and Coffin [2], since about th&ldle of the last centyr[3-5], the scientific
international community has made a tremendous effar order to understand/model the
mechanical behaviour as well as to predict life¢i of metallic materials subjected, at elevated
temperatures, to time-variable load histories. Eieation of the state of the art [6] suggests that

such an intractable problem has been addressedlyniainerms of strain, the plastic part of the



total cyclic deformation being assumed to playr@amary role in those processes resulting, at
elevated temperatures, in the initiation of fatiguacks.

Owing to the fact that real componsn have complex geometries, numerous
experimental/theoretical investigations have beenried out also to quantify the effect of
stress/strain concentrators on the overall fatigdeaviour of metallic mateals experiencing high
in-service temperatures (see, for instance, Ref&3]7and references reported therein). In this
context, due to the important role played by singigstal metallic materials in the energy sector,
also the effect of stress/strain raisers on thghkitemperature fatigue strgth of single-crystal
components have been studied in depth (seeinfstance, Refs [14, 15] a@nreferences reported
therein).

As recently pointed out by Best Lazzarin, and Gallo [16], thkigh-temperature notch fatigue
problem has been investigated mainly considering ldw/ medium-cycle fatigue regime. On the
contrary, little research work has been carrigat so far in order to formalise and validate
appropriate design methods suitable for designagainst high-cycle fatigue notched metallic
components experiencing high temperatures duiiRrgervice operations. lbhis context, toward
the end of the 90s, Nisitani and co-workers [17],H&ve shown that, also at elevated temperatures,
the high-cycle fatigue strength of notched specisehinconel 718 could sicessfully be estimated
via conventional linear-elastic notch mechanidse small-yielding conditions being satisfied for
this specific material also at 300, 500, and 600Bg. performing an accurate experimental
investigation, Shi et al. [19] obseed that the fatigue strength at 850°C of notcBb&d25 decreases
as the linear-elastic stress concentration fackar,increases, Kbeing seen to affect also the
ratcheting behaviour of this directionally soligifi superalloy. By testing plain and notched
samples of 40CrMoV13.9 as well as of a coppebadt-beryllium alloy, Berto, Lazzarin, and Gallo
[16, 20] have proven that, given the material, "#iein energy density pameter is capable of
summarising in the same scatteand experimental results gentrd at different temperatures.

As far as room temperature notch fatigue is conedrnt is generally recognised that the so-called
Theory of Critical Distances (TCD) [21, 22] ia reliable engineering tool allowing notched
components to accurately be designed against hygle-datigue. By post-processing a very large

number of experimental results [23-25], it has be@eaven that the TCD is capable of estimates



falling within an error interval of £20%, such high accuracy level being reached also under
multiaxial fatigue loading [26-30]. According toehTCD'smodus operandinotch fatigue strength

is estimated via an effective stress whose debnitepends on a material critical length, the stress
analysis being performed by adopting a simple dinelastic constitutive law. According to the
most general formulation of the TCD, such a themrgkes use of a length scale parameter which is
treated as a material property, i.e., its valuessumed not to vary as the sharpness of the assessed
notch changes.

Turning back to the high-temperature notch fatigissue, Yang et al. [31] have recently
investigated the accuracy of the TCD in estimatfatigue damage in notched specimens of
directionally solidified speralloy DZ125 subjected, at 850°C, drial fatigue loading. In this study
the TCD was applied by considerimgt only the linear-elastic [222] but also the elasto-plastic
[32] formalisation of this theory. By post-prasing their experimentalesults according to a
particular re-interpretation of the above strategithe authors came to the conclusion that, for the
specific superalloy being tested, the critical diste value was somehow affected by the notch
sharpness. It is worth recalling here also thatdkeeinark et al. [33] have recently shown that the
critical plane method applied along with the cricdistance concept can successfully be used to
estimate lifetime of notched single-crystal suglenaMD2 subjected, at 500 °C, to uniaxial fatigue
loading.

In this complex scenario, the aim of the presenggrais to investigate wdther the linear-elastic
TCD is successful in estimating high-cycle fatigsteength of notched metallic materials also at
elevated temperatures, the length scale parametiegtstill treated as a material property whose

value does not depend on the notch sharpness.

FUNDAMENTALSOF THE THEORY OF CRITICAL DISTANCES

According to the TCD'snodus operandihigh-cycle notch fatigue strength is directlyiesited by
post-processing the entire stress field acting loa material in the vicinity of the stress raisers
being assessed [22]. One of the most remarkableifea of the TCD is that this theory is capable
of accommodating those non-linearities charactegdshe mechanical behaxir of ductile metallic

materials into a linear-elastic framework, this dinly true not only in the high-cycle [24], but also



in the medium-cycle fatigue regime [34]. Accordiy, the stress analysisralirectly be performed

by assuming that metallic materials obey a simiedr-elastic constitutive law. This obviously
results in a great simplificatioof the fatigue assessment probleatipwing the time and costs of
the design process to be reduced considerably [35].

To perform the high-cycle fatigue assessmenhofched components, the TCD makes use of the
range of an effective stresager, Which is calculated by takinmto account a suitable material
length scale parameter. In this context, such @acalidistance is assumed to be a material property
whose value can directly be determined via appiadp experiments run by using standard testing
equipment [36]. The TCD can be formalised in diffiet ways which include the Point Method
(PM) [37], the Line Method (LM) [38], and the Arddethod [39]. In particular, when the TCD is
applied in the form of the PM\cer iS estimated at a certain distance from the afetkh® stress
concentrator (Fig. 1b); the LM postulates instehdttAces has to be calculated by averaging the
linear-elastic stress over a line (Fig. 1c); fiyakccording to the AMAce« can also be determined
be averaging the linear-elastic maximum principaéss over an area (Fig. 1d). According to the
symbolism adopted in Fig. 1a, the above definitiohthe range of the effective stredsser, can be

formalised mathematically as [22]:

Ac =Acy(6=0,r %j (PointMethod) )
12 .
AGey =2 [Ac,(6=0,r)dr (Line Method) (2)
0
4 /2L
AGes =— | [Ac,(8,r)-r-dr-do  (AreaMethod) 3)
T 00

In Egs (1) to (3) material charactstic length L is determined aithe range of the threshold value

of the stress intensity factosK, and the plain fatigue limitAco, as follows [21, 22, 41]:

2
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It is important to highlight here that, to correctake into account the mean stress effect in fatigue
the values of botAK:, andAcy used to estimate L have to be determined experiaigrunder the
same load ratio, Remin/ omax as the one damaging the component being assePsdidition (4)
should make it evident that, since the criticlibtance value is a function of two material
properties, L is in turn a material property whishseen to be different for different materials and
different load ratios.

From a materials science point of view, the fatigjueit in metals corresponds to the initiation of a
microstructural crack whose propagat is arrested either by the first grain boundaryby the
first micro-structural barrier [42, 43]. Non-fews metals instead do not have a fatigue limit,
therefore they must always be designed for finfetime (for instance, this is the fatigue behaviour
which is displayed by aluminia alloys). Under these circumstances, the highecyftigue
assessment is performed via the sdled endurance limit. By defition, the endurance limit is the
range of the stress extrapolated at a given nunobeycles to failure, Net (Where Meris typically
taken in the interval 405+108 cycles to failure) [44]. In situations of practicaterest, many
different external factors (elevated temperatuireduded) can result irthe elimination of the
fatigue limit also in those metals which potentydilave a fatigue limit [45, 46]. Accordingly, when
it comes to designing real notched componentsiresy high-cycle fatigue, the use of appropriate
endurance limits is alays advisable [46].

When either the range of the threshold value @& stress intensity factor is not available or the
material being designed does not exhibit a dga& limit, the required critical distance can
accurately be determined by using two endurancésimbtained by testing un-notched specimens
and samples weakened by a known geometrical fed@4F The in-field procedure suggested as
being followed to determine L accordjrio this strategy is describéa Fig. 2. In particular, the S-

N chart sketched in Fig. 2a plots two fatiguervas. The upper fatigue curve is assumed to be
generated by testing plain spmens, whereas the lower one by testing samplegaioing a
particular geometrical feature. According to the PB4. (1), given the refence number of cycles

to failure, Nser, L/ 2 is the distance from the notch apex at whith range of the linear-elastic local



stress Aoy, equals the stress rangeyo, which has to be applied to the parent materiajénerate

a failure at NM=Nget cycles to failure. The required liner-elastic sgdield in the vicinity of the
stress raiser under the range of the nominal stress, breaking the notched samples at Nges
cycles to failure (Fig. 2b) can be determined erthumerically (i.e., using the Finite Element (FE)
method) or through suitable analytical solutionsthe next sections this strategy will be adopted
to determine the critical distance value for thetenials which will be used to check the accuracy of
the linear-elastic TCD in estimating notehdurance limits at elevated temperatures.

Having reviewed the fundamentad§the TCD, it is worth concludig by observing that a notched
component is assumed to be at its fatigue/endwrdintit as long as the following conditions is

assured:

Aoy < Ao, )

where the range of the effective streAses, can be calculated according to either the PM, ().

the LM, Eq. (2), or the AM, Eq. (3).

EXPERIMENTAL DETAILS

In order to check the accuracy of the linear-ela$€D in estimating high-cycle fatigue strength of
notched metals at elevatedntperatures, plain and notched samples of structstaél C45
(similar to SAE 1045) were testanhder axial loading at 250° C, the load ratio, Ring set equal to
0.1. Examination of the state of the art suggelség the fatigue behaviour of metallic materials at
elevated temperatures has been investigated medmligidering high-performance alloys. This is a
consequence of the fact that materials having sopenechanical properties are obviously used in
those extreme situations involving time variablading and elevated temperatures (such as, for
instance, the blades of jet engineldpwever, it has to be said that, there are situnast of practical
interest where conventional structural steelsvall experience medium/high temperatures during
in service operations (as it happefoy instance, to the steel structural parts dfigke engines and

engine beds). As to the expected mechanical bebadbhigh-temperature of structural steel C45,



by testing under fatigue loadingsgimens of SAE 1045, Christ et §7] have observed that, given
the amplitude and mean stress of the loadingegyatigue damage reaches its maximum value at a
temperature in the range 200-250°C. The reasonsflpsummarised above should explain the
motivations behind the choice of testingwmercial structural steel C45 at 250°C.

The geometries of both the un-notched and notchmatimmens tested at the Materials Testing
Laboratory of the University of Sheffield are skie¢d in Figure 3. The fatigue tests were performed
using a 100kN Mayes fatigue testing machine (Fiy.céntrolled through controller Kelsey
Instruments K7500. During testing the temperatumsde the furnace was kept constant and equal
to 250°C through an external controller connedieed number of thermocouples located inside the
furnace itself. Not to alter the magnitude of thgplied loading during lgh-temperature testing,
the apparatus was set up so that the loadingwaedl positioned outside the furnace. Further, the
loading cell was continuously kept at room tempearatby using anad hocexternal cooling
system. Figure 4 shows the testing apparatus ak ageh plane sample positioned inside the
furnace and clamped through the mechanicapgrwhich were spedifally designed and
manufactured for this type ekperimental investigation.

The fatigue tests were performeacording to the following expeaniental protocol. Initially, the
fatigue samples were clamped using the mechagigps as shown in Figuré. Subsequently, the
furnace was switched on allowing the internal tengtere to reach 250°C. As soon as the internal
temperature was equal to 250°C, the samples wdtdnlside the furnace for at least an hour.
Before testing, the furnace was opened and hb&s were tightened to compensate possible
thermal dilatations. After tighteninthe bolts, the samples were left inside the fuenfoe at least

30 minutes to ensure that the teaal to be tested was at the correct temperatlires worth
noticing here that during this initial pre-tgghase no evident creeplagation phenomena were
detected.

Fatigue tests were performed, in load control, unal®ad ratio, R, equal to 0.1 at a frequencysof 1
Hz. The failure criterion was the complete breakajehe samples. The picture in Figure 3b
displays some examples summarising the crackingbieur observed both in the plain and in the

notched samples.



The experimental results generated by testirgplain and notched specimens shown in Figure 3
are summarised in the 8Nler diagrams of Figure 5. These log-log diagrant phe range of the
nominal net stress\onet, against the number of cycles to failure, Rhe charts of Figure 5 report
not only the Whler curves estimated for a probability of surviviad, of 50%, but also the scatter
bands calculated forsRequal to 10% and 90%, respectively. Such fatigueves were determined
by post-processed the data under the hypothefses log-normal distribtion of the number of
cycles to failure for each stress level, the coeffide level being taken equal to 95% [48, 49]. The
results of the statistical re-aryals are also summarised in Taldlen terms of negative inverse
slope, k, range of the endurance limit (fas=B0%) extrapolated at&=5-10° cycles to failureAco,
and scatter ratio of the endurance limit rarffge 90% and 10% probabilities of survival,.TAs
suggested by Sonsino [46] for structural steels, téference number of cycle to failuregreN was
taken equal to 80° cycles to failure, the runut data displayed in the charof Figure 5 confirming
the validity of this assumption. Taonclude, it is worth pointing dwexplicitly that, both in Table 1
and in Figure 5, the ranges of thetam endurance limits extrapolated akeM5-10° cycles to

failure, Aco, were calculated with respteto the nominal net section.

VALIDATION BY EXPERIMENTAL DATA

In order to check the accuracy of the linearséla TCD in estimating the high-cycle fatigue
strength of the notched samples of C45 we tesite?50°C, initially attentin was focussed on the
stress analysis problem. The linear-elastic striskls in the vicinity of the apices of the
investigated stress raisers nge estimated by using commercial FE software ANSYShe
specimens were modelled adopting bi-dimensionahelets Plane 183. This 2D element is a higher
order 8-node element, having quadratic disptaeat behaviour. Each node has two degrees of
freedom, i.e., translations in the nodal x and sediions. This element can be used as a plane
element (plane stress, plane strain and generafil@ue strain) or as an axisymmetric element. In
order to accurately determine the necessary stdegance curves, the mesh density in the vicinity
of the notch tips was gradually increased until vengence occurred. In particular, the mesh

density was gradually increased umtiofile and magnitude of the termined linear-elastic stress



fields were no longer affected by the mesh denis#glf. This resulted in eleents in the vicinity of
the notch tip having size lower than 0.005 mm.

The mechanical clamping devices displayed in Figumere designed so that, during testing, they
could rotate about an axis perpendicularth® plane containing the surface of the samples
themselves. This allowed the local stress coniation phenomena to bmaximised due to the
effect of the secondary bending. Owing to the thett the rotation angles characterising the cyclic
movement of the grips during the testing of theah@td specimens were seen to be very small, the
effect of the secondary bending was modelled inEEesimulations by simply un-constraining the
displacements perpendicular to the direction alangch the loading was apied. It is also worth
pointing out explicitly thatthis particular way of clampip the samples resulted in no
superimposed static torsional stresses.

The FE analyses performed as described above eskuit a net stress concentration factoy, K
equal to 6.9 for the blunt U-notche® 10.0 for the sharp U-notcheasnd, finally, to 26.5 for the
sharp V-notches (see also Figure 3 and Table 1).

The critical distance value for the investigaterustural steel was determined by using the method
summarised in Figure 2. In particular, as showntlbg stress vs. distance chart of Figure 6, a
critical distance value of 0.25mm was obtained via the plain endurance limit dhd linear-
elastic stress field arising, at the endurancetlicondition, from the sharp V-notch. This diagram
shows also that the linear-elast®tiM was highly accurate in estimating the high-ey&tigue
strength of both the bluntly and the sharply U-rhadd specimens. Eherror band plotted in Figure

6 was determined by calcuiag the error as follows:

A -A
Error=-—2ef —29 |

%] (6)

Go

whereAaces is the effective stress calculated according thegi the PM, LM, or AM, wherea&oy is
the un-notched material endurance limit.
Table 1 confirms that the TCD used in the form loé M, LM, and AM was capable of estimates

falling within an error interval of £15%, this kdting true independently from the sharpness of the



assessed notch. Such a high level of accuracyrisprmising because, in gerad, it is not possible

to distinguish between an error of +20% and aroeof 0% due to the problems which are usually
encountered during testing as well as during thmatical analyses [36].

In light of the encouraging results obtained whesing the linear-elastic TCD to post-process the
results we generated by testing, at 250°C, thiemed samples of C45, the accuracy and reliability
of our design method was further checked againstdatasets taken from the literature.

Chen at al. [16] investigated the high-cycle dat behaviour of notchedylindrical specimens of
Inconel 718. The samples were tegtunder rotating bending (R=-1) at 500°C. As shawiiable 2,
the net diameter, yv of the samples was kept constant and equal ton8 the gross diameter,gw
being equal to either 9 mm or 10 mm. Three difféarealues of the notch root radius were
investigated, i.e.,,c1 mm, ,=0.1mm, andy=0.05 mm.

Shi et al. [19] tested, at 850°C, flat samples watlsingle lateral notch of directionally solidified
superalloy DZ125. The axizyclic force was applied along a dateon parallel to the direction of
solidification, the loading rate, R, being kepdnstant and equal to 0.1. The two considered U-
notched geometries had gross width, egual to 6 mm, net width,wequal to 5.4 mm and 5.5
mm, and root radiusprequal to 0.4 mm and 0.2 mm, respectively. Twoeseof results generated
by testing single V-notched specimens were alsnsidered. The V-notched samples with notch
opening angle equal to 60° hag26 mm, w= 5.5 mm, and4=0.2 mm. The V-notched specimens
with notch opening angle equal to 120° had instegd6 mm, wi= 5.4 mm, and4#=0.3 mm. The
parent material results wererggrated by testing, under R=0.05+0.1, cylindricamgles having
diameter equal to 10 mm [50]. Table 3 summarisesddnsidered experimental results in terms of
negative inverse slope, k, range of the net endogdimit (for Ps=50%), Aco, and scatter ratio of
the endurance limit range for 90%ri0% probabilities of survival, ;T Since the experimental
results used to determine the above fatigue cuwer® generated mainly in the rangd®+108
cycles to failure, in order to determine therm@sponding endurance limits in a consistent and
reliable way, the reference number of cycles ttufa, Nrer, was taken equal to @ycles to failure.
From a statistical point of viewhe experimental results were post-processed utttehypothesis

of a log-normal distribution of the number of cyxle failure for each stress level, the confidence



level being taken equal to 95% [48, 49]. It himsbe pointed out here also that those results
obtained by testing U- and V-notches witlx®.2 mm were re-analysed together. This was done to
have a population of data enough numerous toelpeesentative from a statistical point of view. In
terms of profile of the local linear-edéic stress fields, this simplificati resulted just in a little loss
of accuracy, since, in the presence of sharp Vimescthe effect of the notch opening angle on the
stress distribution is seen to be very little asgas the opening angle itself is lower than 90° [51]
Accordingly, in the validation exercise discudseelow, the V-notches lwing opening angle equal
60° were modelled as U-notchestiwroot radius equal to 0.2 mm.

An interesting aspect hidighted by Table 3 is that, whilst the presenceafotch clearly lowers
the overall strength of DZ125 at 850°C, the plaatigue curve is steeper than the ones obtained by
testing notched specimens.

In order to determine the required linear-elastiess fields, the investigated geometries were
modelled using commercial FE software AN8YShe mesh density in the vicinity of the stress
concentrator apices being gradually increased uoodihvergence occurred. For the sake of
completeness, it is worth obsergirhere that the values for the net stress concéptrdactors
estimated according to this standard numerical pdoce (see Tables 2 and 3) were slightly
different from the corresponding values regal in the original sources [16, 19].

Figure 7 displays the stress-distance curvesthat endurance limit condition, for the notched
specimens of Inconel 718 tested by Chen at al..[I6¢ value for the critical distance shown in the
above chart (i.e., L=0.154 mm) was estimated adoaytio the method summarised in Figure 2 by
using the plain endurance limingo=710 MPa) and the notch endurance limit experimbyta
determined by testing the samples having& The diagram of Figure 7 (see also Table 2)rtjea
proves that the PM was highly accurate in estim@the high-cycle fatige strength of the other
notched geometries, with estimates falling withimexror interval of £20%Table 2 indicates that

a similar level of accuracy was obtained also whies TCD was applied in the form of both the LM
and the AM.

The diagram of Figure 8 summarises the stress-digaurves determined by post-processing the

experimental results generated by Shi et al. [i@]testing, at 850°C, notched flat samples of



directionally solidified superalloy DZ125. Owing the numerous assumptions which were made to
determine the fatigue curves summarised in Tabl®3this material the length scale parameter
was calculated by using the three curves repormeHBigure 8. A value of 0.452 mm was obtained
for critical distance L by simply adopting a stamddest fit procedure. The errors listed in Table 3
prove that the TCD used in the form of the PM, Ldhd AM was capable of predictions falling
within an error interval of £20%such a remarkable accuracy bgiobtained without the need for
changing the L value as the shagss of the assessed notch varied.

To conclude, the error vs. stress concentratiomofadiagram of Figure 9 summarises the overall
level of accuracy which was reached by using lihear-elastic TCD to estimate notch endurance
limits at high temperature. This diagram seemsttorggly support the idea that, in the presence of
notches experiencing in-service elevated tempa®ed, accurate high-cycle fatigue assessment can
be performed not only by continuing to adoptlimear-elastic constitutive law to model the
mechanical behaviour of the material being desd, but also by continuing to treat critical
distance L as a material property.

The TCD postulates that fatigue assessment haset@erformed by post-processing the entire
stress field damaging the so-called process zome that material portion controlling the overall
fatigue strength of the component being design8®) f4]. The size of the process zone depends
mainly on: (i) material microstrdaaral features, (ii) local micronechanical properties, and (iii)
nature of the physical mechanismsuéing in the initiation of fatiga cracks [27]. In this setting,
by using the AM argument (see Figuld), it is possible to presumeahthe radius defining the size
of the process zone approactoegical distance L [27].

Yokobori et al. [52] performed amccurate experimentahvestigation by testing, at 650°C, V-
notched samples of stainless steel SUS304. Tihesitu observations revealed that, under fatigue
loading, damage was localised in a small regiothia vicinity of the notchip, eventually resulting

in the initiation of a fatigue crack. The formatiohsuch a highly damaged zone was evidenced by a
clear change in the local morphology of the inigsted material. This seems to strongly support
the idea that, also at elevated temperatures,T@@ is successful in estimating high-cycle notch
fatigue strength because the process zone @&mpm@ll the engineeringnformation which is

required to accurately quantify the effect dfose damaging mechanism locally altering the



material morphology. In other wds, in contrast to the classic approach [53], Ti@D assumes
that the fatigue damage extent does not dependysoethe stress state at the tip of the notch
being assessed. The TCD postulates instead thatotleeall fatigue strength of a notched
component is controlled by a finite portion of mastd (having size of the order of L). According to
this schematisation, localised stress concentrapidenomena (such as surface roughness) play a
role of secondary importance due to the fact thatterms of damaging effect, the stress field
perturbation caused by a macropmnotch prevails over the hightonfined perturbation due to
superficial asperities. In this context, it is esidt that it wouldbe very interesnhg to check the
accuracy of the TCD when the relevant stress fields determined by explicitly considering not
only the effect of macroscopic notches, but athe presence of localised stress concentration
phenomena due to surface roughness. This combipedoach may explain the reason why in
certain materials (such as, for instance, thosema&ium alloys commonly used in aircraft
construction [54]) a reduced variation of the seefaoughness can remarkably affect the total
fatigue lifetime.

Another interesting aspect whidk worth commenting here is that the TCD estimatiagh-cycle
fatigue strength by directly postrpcessing the linear-elastic strefislds in the vicinity of the
assumed crack initiation locations, even thoughthin the process zone, the local mechanical
behaviour of metallic materials at elevated tengteres is highly non-linear. As to the above
aspect, one may argue that the linear-elastic TCBtill successful because, as demonstrated by
Lazzarin and Zambardi [55] by using a sophistéchenergy argument, the linear—elastic energy
equals the elasto-plastic one, when they are aeslager the entire fatigue process zone.

Even if the considerations reped above offer an explanationrfavhy the linear-elastic TCD is
successful also in performing the high-cycliasigue assessment of notched metallic materials
experiencing elevated temperatures, it is evidémat imore work needs to be done in this area to
more rigorously link the TCD'snodus operandio the physical processes taking place within the

process zone and resulting inetmitiation of fatigue cracks.

CONCLUSIONS



e The linear-elastic TCD applied in the formf the PM, LM, and AM is successful in
estimating high-cycle notch fatigue strengthnodétallic materials at elevated temperatures.

e The TCD allows notched compents experiencing in-service high-temperature to be
designed against high-cycle fatigue by difgqtost-processing the relevant stress fields
determined through conventional linear-eladtie models. This impds that an accurate
high-cycle fatigue assessment can be perfam@hout the need for explicitly modelling
the highly non-linear mechanical behaviadisplayed by metallic materials when exposed
to elevated temperatures.

e At high-temperature as well, the TCD can bged to design notched components against
fatigue by treating the required critical distarece a material property whose value is not
affected by the sharpness of the notch being asdess

e More work needs to be done in this areactderently extend the use of the stress based

linear-elastic TCD to the nddum-cycle fatigue regime.
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Tables

(0 ) AGess Error
Notch type Kt S;*S&S Aoo Nre To PM LM AM PM LM AM
[MPa] [Cycleg [MPa] [MPa] [MPa] [%] [%] [%]
Plain 1.0 10 7.8  429.2 1.222 - . . . . -
Blunt U-Notch 6.9 9 01 35 75.0 1.80 4710 436.4 4766 9.7 1.7 11.1
Sharp U-Notch  10.0 9 3. 552 1.496 439.8 380.0449.1 2.5 -11.5 4.6
Sharp V-Notch  26.5 8 31 422 189 429.2 369.9 4395 0.0 -13.8 2.4

(MRange of the nominal stress referred to the ned.are

(@)Ngre taken equal to 5-2@ycles to failure acaaling to Sonsino [46].

Table 1. Summary of the results generated by testing, &5D=C, plain and notched sampletC45; accuracy of the

TCD applied in the form of the PM, LM, and AM.

Wy Wh Mn ASo n Aceit Error
Kt PM LM AM PM LM AM
[mm] [mm] [mm] [MPa] [MPa] [MPa] [MPa] [%0] [%0] [Y0]

9 8 1.00 2.0 460 787.3 709.5 800.0 10.9 -0.1 12.7

9 8 0.10 4.8 370 743.1 657.8 762.1 4.7 -7.4 7.3
9 8 0.05 6.7 370 718.1 668.0 748.7 1.1 -5.9 55
10 8 1.00 2.2 450 846.8 7618 858.5 19.3 7.3 20.9
10 8 0.10 5.8 310 737.0 6410 752.1 3.8 -9.7 5.9
10 8 0.05 8.0 310 710.0 650.2 747.6 0.0 -8.4 53

Table 2. Summary of the results generated@hen et al. [16] by testing, at T=60C, notched cylindrical samples of

Inconel 718; accuracy of the TCD applian the form of the PM, LM, and AM.



Acett
w w r T Aco(+2) €
Ref. 9 n n N. of Go

Error

Kt samples R k Ts PM LM AM PM LM AM

[Mm] [mm] [mm] [°C] [MPa] [MPa] [MPa] [MPa] [%] (%] [%]

[50] 10 10 - 1.0 11 0.05+0.1 7.5 1210 1.147 - - - - - -
[19] 6 5.4 0.4 3.4 9 850 0.1 13.1 823 1.460360.7 1227.3 1372.5 12.5 14 13.4
[19] 6 5.5 0.2 4.2 7 a. 12.4 711 1.356 1058.4010.9 1092.3 -125 -16.5 -9.7
[19] 6 5.4 0.3 3.7 8 . 15.1 849 1.280 1372.31262.3 1398.3 13.4 4.3 15.6

MRange ofthe nominal stress referred to the ned.are

(@Endurance limit extrapolated at#106 cycles to failure.

Table 3. Summary of the results generated by Shi et al.hi&esting, at T=850°C, notched cylindrical sampbf
directionally solidified superalloy DZ125; accuraafthe TCD applied in the form of the PM, LM, and AM.
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Figure 3. Geometries of the tested samples (dimensions Ilinmeitres) (a); un-notched and

notched samples of C45 showiagident fatigue cracks (b).



Figure 4. Testing apparatus and plain sample meaubally clamped inside the furnace.
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Figure 5. Summary of the generated experimental tessiWdhler curves and associated scatter

bands for B=10% and PS=90%.
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Figure 6. Linear-elastic stress distance curves & éhdurance limit for structural steel C45 and

determination of critical distance L.
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