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Abstract

The work is focused on fatigue crack propagatiodemrmodes II, Ill and Il + 1l in the
near-threshold region in metallic materials. Expemts were conducted for ARMCO iron,
titanium, nickel and stainless steel on three tygfespecimens for shear-mode crack loading.
A special technique of precrack generation was ugadh enabled a closure-free loading at
the beginning of the shear-mode experiments. Homeéstigated materials the effective
thresholds under the remote mode Il loading wetmdoto be about 1.7 times lower than
those under the remote mode Ill. Tendency to leoatle | branching was assessed by
a measurement of local deflection and twist angiegracture facets using stereophoto-
grammetry in SEM. The lowest angles of both modanidl mode Il cracks were identified
for the ARMCO iron, the intermediate ones in titaniand nickel and the highest ones (pure
mode | branches) were determined for the stairde=sd. These differences can be explained
by different numbers of available slip systems ipstal lattices of investigated materials.
Ratios of measured effective thresholds in modds dnd Il were compared with results
predicted by theoretical models. An analytical fatanfor effective mode-Il thresholds was
proposed and found in a good agreement with exgatiah results. The mode | branching
criterion in terms of effective thresholds led taréical deflection angle of 40° related to
a transition from local shear to opening mode.

Abstrakt

Prace je zagtena na $eni Unavovych trhlin v médech 11, 11l a Il + [l grahové oblasti
v kovovych materialech. Byly provedeny experimemio ARMCO Zelezo, titan, nikl
a austenitickou ocel na@ech druzich vzork pro za¢Zovani trhliny ve smykovych modech.
Byl pouzit zvlastni zfysob vytvdeni iniciani trhliny, ktery eliminoval efekt zavirani trhliny
na z&atku smykoveho z&tovani. Ve vSech zkoumanych materidlech byly efekgprahové
hodnoty v médu Il fiblizn¢ 1,7-krat nizSi nez v modu lll. &lenim uhii lokalnich odklor a
natateni lomovych faset s pouZzitim stereofotogrammetiEM bylo usuzovano na tendenci
trhliny k vyhybani do lokalniho médu I. Nejmensilyibyly zjisttny u ARMCO Zeleza pro
trhliny v modech 11 i 111, stedre velké uhly u titanu a niklu a nejtgi ahly (vyhnuti da@istého
maédu 1) byly pozorovany u austenitické oceli. Tytwedily lze vys¥¢tlit raiznym pd@tem
dostupnych skluzovych systénv krystalovych mizkach danych material Pongry mezi
nameéirenymi prahovymi hodnotami v modu |, 1l a Il bylyrosnany s pedpovd’mi
teoretickych moddl Byl navrzen analyticky vztah pro efektivni praBdvwodnoty v modu i,
ktery byl v dobré shads experimentalnimi vysledky. Pomoci efektivnicahmvych hodnot
bylo vygisleno kritérium pro vyhybani do modu I, které wede kritickému Ghlu odklonu
=~ 40° souvisejicimu stpchodem z lokélniho smykového médu do oteviraci6dun
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1 Introduction

The history of studies of fatigue shear cracks iglmshorter than that of cracks under
push-pull loading. In fact, the systematic reseancthis field started only after 197Q-[L0].
The first works dealing with shear cracks were fs@lion mixed modes | + 11 and | + Il
loading and complicated fracture morphologies (fgctoofs) obtained after torsion loading.
A significance of friction effects caused by inteltan of asperities in the crack wake was
already recognized. A superimposed static modediftgy accelerated crack growth rates due
to friction stress removal. On the other hand, @egposition of static mode 11l on the cyclic
mode | loading was found to have the effect of shgwdown the crack growth, which was
also quantitatively described][ Data on mode Il, mode Il and mixed mode llIk-drack
growth for various materials were preferentiallpoged in later works11-17]. In a more
recent study [18] the influence of superimposeddafthase cyclic compressive loading on
mode Ill crack growth was observed and discussenms of smoothing the crack-wake
asperities and inducing tensile residual stressbigh also increased the crack growth rate.
An exception to the friction problems are microstasally short cracks growing in the mixed
mode | + Il during the stage I. in push-pull loaglifl9,20], where practically no roughness-
induced closure takes place. Behaviour of theseksrss, however, not a part of the focus of
this work.

Precise experimental measurements are requiredder do get closer to the inherent
properties of materials and to compare them wighttieoretical predictions. However, in the
case of shear-modes cracks only a few of such dedaavailable due to experimental
problems connected to roughness-induced crackredand the related local superposition of
mode | (e.g., 12]). Therefore, propagation of long fatigue craoksler shear loading modes
I, Il and II + 11l in metallic materials is stilone of the strong fields in the world fatigue
research. Recent possibilities of modelling of male properties (discrete dislocations
dynamics with the support of molecular dynamics ahdnitio calculations) enable a deeper
insight into the physical mechanisms of crack pgapi@n [L9,21,22]. Basic considerations
concerning these micromechanistic models are predem Sectiori.3.

One of the important mechanical properties of niaers a parameter that determines the
transition from non-propagation to propagation ofy&lically loaded crack. Under small-
scale yielding in metals this parameter is reprieseby thethreshold of the stress intensity
factor range(SIFR). In order to discuss the crack propagaploenomena near the threshold,
it is helpful to divide the crack loading mechangsimto two groups — extrinsic and intrinsic
ones [23,24]. The intrinsic (effective) mechanisans responsible for the generation of new
fracture surfaces at the crack tip, i.e., the taigrack propagation. The extrinsic (shielding)
mechanisms occur in the surrounding of the crgelasi contacts of fracture surfaces during
the cyclic loading, usually called crack closurenide, the resistance to fatigue crack growth
in metallic materials consists of two componenffeative and crack-closure induced. The
related friction stresses, particularly pronounsediode Il and mode 1l loading, reduce the
real acting crack driving force at the crack tig(EE1)) which is called theffective driving
forceor the effective SIFR.

AK AK

effective + AKclosure (1)
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1.1 Background
1.1.1 Lack of Effective Data

As mentioned above, the resistance against thgufatcrack growth consists of an
effective part and a contribution induced by craldsure. There is still a limited knowledge
of basic mechanisms of the effective resistancehear-mode crack growth, in particular,
a lack of experimental data on effective threshdlge, andAK et and only a few data
available on effective crack-growth rates in theis2Brdogan region7,8,14]. The measured
data of shear-mode cracks in engineering matesidfer from highly different levels of the
friction-induced component, depending on many fiactas precrack roughness, material
microstructure, residual stress, loading amplitudgclic ratio, AK,/AKy, ratio, loading
frequency, environment, etc. Therefore, measurddegsaof remote thresholddK; , and
AKy 1, are usually higher than those AK,, although the effective valuesKesn and
AKjjet tn Should be less than or comparablékges ih.

1.1.2 Closure-induced Resistance

The knowledge of mechanisms of the closure-inducesistance component, which
becomes significant particularly in the near-thoédhregime, is somewhat better. Here, the
size of the shear-mode plastic zone is typicallsI¢han (or comparable to) that of the
characteristic microstructural features (graingosdary phases or particles) which causes
a microstructure-induced tortuosity of the craakntrand a creation of crack-wake asperities
[25].

In contrast to the mode | crack growth, where treek surface interaction in the tensile
part of a cycle is usually small, interaction oeahrmode crack surfaces is, during the whole
cycle, accompanied by the following effects:

e interlocking of asperities in the crack wake,
o frictional stress fields between crack flanks,
e roughness-induced mode | at the crack front.

Since the height of asperities is usually signiitta greater than the crack tip shear-
opening displacements, the related premature confaasperities produces a high friction
stress that usually increases with crack extensitis leads either to a crack arrest or its
deflection (branching) to mode |. Besides the imittstress, the contact of asperities in the
crack wake also induces an additional mode | cormpb[26]. Therefore, a quantification of
the closure component for shear-mode cracks isryademanding problem and only rough
assessments can be made using simplified analgticaimerical models for various metallic
materials 18,26,15]. These effects may become a major part ofébistance to crack growth
in the near-threshold region.

On the other hand, the crack-wake roughness becemesthed by an intensive abrasive
wear (reduced friction) under large-scale yieldounditions since the shear displacements
become comparable or larger than the size of dsgserAt the same time, the density of crack
initiation sites along the precrack front becoméghér [19,27,28]. For pure geometrical
reasons, therefore, the size of crack-wake asperiti form of branches or factory roofs
reduces and completely vanishes in the very lowecfatigue regime. Moreover, the shear-



mode cyclic plastic zone is widely extended aldmg thaximum shear plane thus embracing
many characteristic microstructural elements amdnoting the damage mechanism based on
the coalescence of the main crack with microcraukdeated inside the plastic zone. As a
result of all these effects, the large-scale yigldeacks keep growing nearly along the

maximum shear plane without any remarkable modandhing 9,19,29].

The effects of asperities interactions on the @tfeanode 1l stress intensity factor (SIF)
were evaluated1p] for circumferentially cracked round shafts leddby torsion. Various
pressure distributions between mating fractureased were considered. The results showed
that when the applied mode Il stress intensitygeareached its critical value, the fracture
surface becomes macroscopically flat and the dnctstress becomes insignificant. The
critical value depends on the height and the wanggheof asperities.

1.2 Goals of the Work

The knowledge of long shear cracks behaviour imgdosturing the last years before the
start of this Ph.D. work but many aspects were stt sufficiently described or remained
unclear. The most important unresolved aspects:were

e determination of effective (intrinsic) thresholdalves AKjesth, AKperin and
identification of underlying mechanisms of effeetiresistance to crack growth,

e experimental comparison of the near-thresholdkcgaowth rates in modes Il and I,

e (uantitative description of a competition betwsbear and opening modes,

e appropriate description of the mixed-mode Il +cildck growth data.

The main goal of this Ph.D. work is to accomplisege four points by performing and
evaluating experiments with pure shear-mode cradpggation, followed by a detailed
quantitative fractography analysis in three dimensi(3D) in order to investigate the crack
paths and the related local crack propagation mddesadditional goals comprise improving
of a special experimental method developed andrregan [30] and to extend this method to
other specimen types in order to verify the meabdaga and to improve mutual comparison
of crack growth rates obtained for modes Il and 1|

The basic ideas are related to distinguishing betwiae macroscopic and local crack
propagation mode. Crack growth under macroscopiden® described byclassical fracture
mechanics(linear elastic fracture mechanics) whereascromechanics of fracturdocuses
on microscopic level of local crack growth and itiduence of microstructure of the material,
which is essential for explaining the crack propegamechanisms. Therefore, emphasis is
put on the latter approach in this work. A compamiof predictions of classical fracture
mechanics criteria for mode | crack deviation [8djh the observed material behaviour is,
however, one of the goals of this work as well.



1.3 Basic Micromechanistic Models of Propagation of
Ideal Cracks

Fatigue damage of macroscopically homogeneoussaticbpic material elements ahead of
the crack front of equally loaded pure mode Il amatle IlI cracks was, for a rather long time,
considered to be identical [32]. Therefore, modandl mode Ill crack growth ratesa{dN),,
and (d/dN);, as well as the related thresholiK, , and AK» were also expected to be
equal. However, there are several experimentatatidins 16,33,34,35] thalK|; 1, > AK)
and (&/dN);; < (da/dN), which is also taken into account in numerical cofter 3D crack
propagation [36,37]. The explanation can be basedhe fact that the damage caused by
mode Il and Il loading in materials elements dileconnected with the crack front is
significantly different [38]. In particular, the rde Il displacements do not lead to a
straightforward creation of new fracture surfacedhee mode Il ones (see hereafter in more
detail).

> <>

N—= N
[] =
\/’Tn—o:l:l Mode II Mode il

Fig. 1. Definition of the three crack loading modes.

The three modes of crack loading are schematidilistrated in Fig. 1. In mode I, the
opening mode, the loading is normal to the craan@! In mode I, the in-plane shear, the
shear loading is applied in the plane of the cragkmal to the crack front. In mode lll, the
antiplane shear, the shear loading is appliedarpthne of the crack parallel to the crack front
[39]. Any crack loading can be expressed by supstipa of those three modes. In this
section, models of micromechanisms of fatigue crackpagation are discussed. The
principle of this approach is that the crack prais is a consequence of cyclic plasticity at
the crack tip which has a discrete nature, i.e,dhkplanations are based on movements of
dislocations.

Near-threshold fatigue cracks in metallic materplepagate by a creation of new free
surfaces connected to the crack front rather tha@a loontinuous accumulation of damage
inside the plastic zone. There are two most phifgitased models of fatigue crack growth
that differ with respect to the generation of neacfure surfaces by means of a movement of
discrete dislocations4p-44]. Both models, originally considered only for aeol loading,
assume an ideal crack with plane crack flanks amaight crack front and predict the
existence of crack-growth threshold as a conseguehthe discrete nature of plasticity. Note
that this is not the case of crack-growth modelseaon continuum mechanic$l]. In the
following, these two models will be briefly introded.
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1.3.1 Deformation Model

In this model #042] the fatigue crack propagation is a consequafice deformation-
induced generation of new surfaces in terms offoienation of dislocation slip steps on a
free surface.

Ideal crack Lying in the Slip Plane

The simplest explanation can be done for the casearack plane lying in a slip plane
(coplanar crack) or inclined only by a small angléh respect to the slip plane. Moreover, the
crack front is considered to be exactly perpendictd the slip direction for modes | and Il
and parallel with the slip direction for mode III.

In mode |, the creation of new fracture surfaceoagaishes by blunting during loading
and re-sharpening during unloading as schematicapicted in Fig. 2. The mechanism is
similar to the models proposed by Pelloux [45] &ledimann [46] or the models based on the
direct observation of the crack propagation atdargyack propagation rates [47,48]. Due to
both the small cyclic plastic zone near the threstamd the limited number of available
dislocation sources the movements of dislocationgted from the crack tip will dominate
the cyclic plastic deformation. New surface is gated by a formation of dislocation slip
steps on free surfaces. Edge dislocations areezifitbm the crack tip in two symmetrically
oriented slip systems with respect to the crackel&uch generated dislocations are usually
called ‘shielding’ because they repulse the negtodations emitted from the crack tip by
external loading. During unloading, some of themunre back to the crack tip and re-sharpen
it. The newly created surfaces will not re-weld doexidation. As a consequence, the crack
will propagate cycle per cycle with a growth rategortional to the cyclic crack tip opening
displacement. Since a critical stress concentrati@n, a critical local stress intensity, is
needed to emit a dislocation from the crack tip dud to the fact that the dislocations move
away from this stress concentration, a certain mimn AK is necessary to cause cyclic
plastic deformation: thidK determinesAKes . FOr a symmetric arrangement of slip planes
the crack propagates in an ideal mode | manner emethe local scale. For a usual case of
asymmetric arrangement of slip planes, the crackilshpropagate predominately along the
dominant slip plane, i.e., in a serrated crystadippic manner.

Mode I

The classical crack-growth models proposed, eygWeertman [49] for mode | loading
are based on a continuous accumulation of fatiareagie ahead of the crack tip. When
adopting this phenomenological model also for simade cracks, both the crack growth
rates and the effective thresholds in modes Illdrghould be equal. As argued by Murakami
[32], an isotropic material element inside the psscaone ahead of the crack front should not
“feel” any difference in fatigue damage accumulatcaused by modes Il and Ill. However,
the real mechanism of shear-mode fatigue crack trowmetallic materials is not so simple.

In mode I, the dislocations generated in the de@dron model will cause crack sliding
displacements ahead of the crack tip and genemate surfaces, see Fig. 2. If there is a
sufficient number of slip systems in the lattice ttrack should preferentially propagate in a
nearly coplanar mode Il manner, with small inclioas to the direction where the tensile
stresses are developed during the crack-tip loadfugh a small deflection generates an
opening of the crack during loading, thus reduciragk closure and friction of the crack flanks.

11



Mode Il

For the mode Ill case the explanation of crack agapion is more difficult. In the ideal
deformation-based modet(], the slip plane of screw dislocations is casplawith the crack
plane and their Burgers vector is parallel to treck front. If mode 1l cyclic plastic shear
displacements appear at that front then no newuir@csurface is generated and the crack
does not propagate at all. This corresponds t@ltiemomenon that a deformation produced
by dislocations with a Burgers vector parallel theee surface does not cause surface steps at
the crack front. However, such an ideal crack/stipfiguration is very unlikely. The Burgers
vector will always have a certain component in ¢heeck propagation direction. Hence, even
in the case of an ideal straight crack front thelentl loading will initiate not only a plastic
mode Ill crack tip displacement but also generatertain sliding displacement in the mode I
direction generating new surfaces [50]. A deviatioom the ideal straight crack front is a
further reason that a mode Il crack can propaggte deformation-induced new surface
generation 38]. Microscopic serrations of the crack front iretplane of the crack locally
generate a mixture between mode Il and mode lltifga Even if the local mode Il
segments of the crack front do not propagate théentbsegments should propagate and, in
the pure deformation-based model, the crack witppgate in the plane of the crack — see
Sub-sectiorl.3.4 for more detail.

Mode [l

mode | mode || mode Il

7\%

Fig. 2. lllustration of microscopic crack extension in medgll and Il and a macroscopic
scheme for mode III.

Crack Front Inclined by High Angle from the Slip Planes

In polycrystalline materials, the slip planes aseally deflected from the crack plane with
a line intersection (“deflected” slip planes) oethlip planes intersect the crack front in one
point (“oblique” slip planes).

12



inclined
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(110)

crack plane

—>

blunting in mode II (not in mode I1I)

,,,,,,, oblique
’ slip systems

(110

crack plane <111>{231}

<111> {112} _’
<I11>{011}

ledges and steps

Fig. 3. Deflected and oblique slip planes with the corresjiag crack front extensior2], 22].

For example, for a crack lying in thﬁlo) plane in a bcc crystal, molecular dynamics
simulations were done ir2122] to identify the picture of fatigue damage at ttrack tip.
When the slip planes intersect at the crack fiaad) , i.e. the planef12) and(112), the

mode | crack propagates in an ideal manner destabeve. During mode Il loading, edge
dislocations move in the intersecting slip planed ¢he crack propagates by blunting and
re-sharpening similarly to the case of mode | (Bap 3). However, this process is less
effective than that in the ideal mode Il case ig. .

If the slip planes do not intersect the crack plahéhe crack front (oblique slip systems

<1Il>{23]}, <11]>{11§} and<111>{01]}), small steps and protrusions of new fracturessef

are generated (Fig. 3). In this case mode Il crpsipagation is only possible due to a
generation of microcracks in the cyclic plastice@md their coalescence with the main crack
front.

1.3.2 Decohesion Model

The second model, proposed by Deshpande, Needlanthvan der Giessed344], is
based on multiscale numerical simulations and assuhat plasticity is caused by dislocation
sources away from the crack tip only. The generdisidbcations form the plastic zone with
some of the dislocations running out of the crdakKs. Most of the dislocations shield the
crack tip from the external loading, which allowspdying stress intensity factors larger than
the Griffith’s stress intensiti{c. However, a few dislocations also cause anti-dhigl If one
of them comes very close to the crack tip it casuge a nanoscopic decohesion. In other
words, when the tensile stress fields of the ceatk the dislocation have a sufficient overlap,
the crack will propagate by decohesion until itcless the anti-shielding dislocation as
schematically depicted in Fig. 4. Such a process gast probably, occur only if the anti-
shielding dislocation is just a few lattice spaairagvay from the crack front. The crack should
not propagate on a slip plane, rather it would pneidately grow under the local mode | on a
cleavage plane or in a non-crystallographic manner.

13
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Fig. 4. Decohesion model based on absorption of antishigldislocations.

Mode I

If the probability of having a slip plane with thexternal dislocation sources nearly
coplanar with the crack plane is low (high angléseen slip planes), then, considering the
decohesion model, the generated dislocations vatl cause a plastic crack tip sliding
displacement. Depending on the location of theodation source, one part of the generated
dislocations will move in front of the crack tihet other one will move to the crack tip and
behind. The dislocations coming very near to theckrtip can generate a local decohesion
due to a superposition of their tensile stresslfigith that of the crack. The most probable
crack propagation direction is determined by a mmaxn tensile component of the crack tip
stress field, i.e., by the maximum of local ¥i§: This is reached when the crack tip deflects
out of its plane by a formation of an elementarkkiith the angle of 70° — see Fig. 4. Thus,
for the mode Il loading case, the decohesion madetlicts a non-crystallographic crack
propagation with a high probability of the cracrft deflection to local mode I.

Mode Il

During mode Il loading no new fracture surfacg@&nerated for the same reason as in the
deformation model presentedirB.1. The explanation of mode Il crack growttthe frame
of the ideal decohesion model is also not straggiérd. Indeed, the mode Il cracks do not
generate a tensile stress singularity so onlydhesile stresses generated by the edge segments
of dislocations near the crack flanks can conteliotdecohesion. Even in this case, however,
the crack front segments locally loaded in modsah propagate in the same manner as under
the pure remote mode Il loadin§Q]. This means that such segments of the moderdiik
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front will deflect from the macro crack plane thusceiving a support of the tensile
component of crack tip stress field. Such deflextiare, however, not as simple as those of
the pure mode Il crack front and the segments oanlocally twist.

1.3.3 Coalescence of Microcracks

A possibility of propagation of coplanar mode lidahl cracks according to the damage-
based Weertman model, i.e., out of the frame of l@formation and decohesion models,
should also be considered. The activity of dishoret in intersecting spatial slip systems with
non-zero Schmid factor can lead to a productionvatancies, twins and eventually
microcracks inside the cyclic plastic zone aheathefcrack front even in the near-threshold
region. The crack propagation then succeeds bycom@ection (coalescence) of such created
microcracks with the main crack front similarly tiee large-scale yielding case. This was
observed in molecular-dynamics simulatioR$22] of cracked perfect iron single crystals. In
these simulations, the selected crystallographientation of crack plane/crack front
(110)/[110] completely avoided the production ofan&acture surfaces coplanar with the
crack plane and connected to the crack front acogrtb the deformation model. The
resulting crack paths were spatially micro-tortyatsis including some contribution of the
local mode | loading component. This accumulatisendge mechanism leads to comparable
growth rates of modes Il and Il cracks. In realypoystalline materials such a mechanism
must be much less effective than those predictethéyeformation and decohesion models.
In spite of this, Tanaka2B] reported a coplanar shear-mode crack growthmimrocrack
coalescence in carbon steel close to the nearhibicesegion. This means that, in some
metallic materials, a certain contribution of thidmage mechanism to fatigue crack growth
should not be excluded even in the near-threslegjaie.

In summary, mode Il and a mode Ill cracks driventlhy deformation induced surface
generation should preferentially propagate alorg glane of maximum shear stress, i.e.,
nearly coplanar with the precrack plane, in a efyegraphic manner. In the case of the
dislocation-induced (or dislocation-supported) dexsion, however, the model predicts a
deflection of cracks: the mode Il cracks shouldbglty tilt and the mode Ill ones should
locally twist. Both these models predica(dN); > (da/dN);; for AKjier = AKjjier aNdAK et th
< AKjefith. Such a difference between mode Il and mode HHéa cracks is expected to
stand for all metallic materials. The presenceh&f &ccumulative damage mechanism can
only diminish this difference: the more significatiis damage mechanism, the smaller
becomes the difference.

1.3.4 Local Mode Il Propagation of Remote Mode IlI Cracks

As already mentioned, a pure mode Il crack propagas much more difficult than the
mode Il one. The authors @4,38] suggested that a fatigue crack loaded in mbd=ih only
grow by the support of local modes | and Il compuse The mechanisms described in
Sectionl.3 are connected to a crack front in a singletalyg polycrystalline materials, new
fracture surfaces under remote mode Il loading also be generated by local mode I
mechanisms. The following two models describe cradpagation in the shear plane.

The model reported i3B] is schematically depicted in Fig. 5(a). In realycrystalline
materials, the crack front is never microscopicatiaight. Macroscopic mode Il crack front
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propagation can be produced by displacements &l lmode II. Ledges of a tortuous crack
front experience non-zero components of mode lldilgh The crack propagates by
alternating step by step mode Il growth (underrdsolved shear stress compongn) of the
diversely oriented crack front segments. This leadgradual smoothing of the crack front
and may decelerate the remote mode Il crack grodier a certain number of cycles, the
shape of the crack front looks similar to a modidikke crack propagation.

The second model considers even a microscopictiflyght crack front but the assistance
of secondary phase patrticles is needed here (Hij). Dislocation pile-ups are gradually
generated at the particle-matrix interfaces and ntesdly produce microcracks
perpendicularly oriented to the main crack frortie3e cracks can then extend under the local
mode Il along the crack front.

/)
=

d ’
Il 1 /% S /

(a) Mode Il controlled mechanism of mode Ill growth  (b) Decohesion of the particle —matrix
from micro-tortuous crack front interface (or particle breaking)
supported by dislocation pile-ups

Fig. 5. Local mode Il crack front propagation along thegizral mode 11l front.
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1.4 Competition Between Shear and Opening Modes

Mode Il and mode Il fracture morphologies consatdy differ particularly in the near-
threshold region19]. The change in the crack growth direction istesl to a competition
between shear and opening loading modes that cash e mode | branching. This
phenomenon is mostly observed in both the neasttioid region and the Paris regime while
in the high loading ranges, i.e. in the large sg@&ling case, the cracks usually propagate in
a coplanar manner along the maximum shear plage [(€6-8]). Some simple concepts for
the description of the mode | branching condition fhode Il cracks were also proposed
[9,10] but their verification is difficult due to Eck of reliable effective values @Kjes.
Thus, the interaction between crack sliding anddénaation from the ideal mode 1l and mode
[l crack propagation induces inherent difficultiesthe analyses of the mode Il and mode Il
fatigue crack growth data. Small semi-ellipticaéahcracks, initially growing coplanar with the
precrack in remote modes Il and Ill, are often oles@ to form mode | branches — see Fig. 6.

!

mode I branch

mode I branch

III

Fig. 6. Schematic illustration of deflected and twistedcksaforming mode | branches under mode I
and mode Il loading, respectively.

1.4.1 Mode | Branching of Remote Mode Il Cracks

According to the criteria based on linear elast@cture mechanics, the crack should
diverge to the direction perpendicular to the maatiprincipal stress, i.e. to locally grow
under mode | loading3[L]. The maximum-tangential stress (MTS) criterisrwidely used
because of its simplicity and agreement with maxgeements. The quasi-two-dimensional
model in Fig. 6 considers an elementary mode lkctaanch subjected to the main crack
stress field loading. Local Slksandk; for the imaginary branch can be expressed aswsllo
[31]:

k = cosa—z"(K|CO§a—2”—gKuSinanj )
_1 a, ;
K, —50037[K|S|na“ +K, (30037n _1)]’ (3)

whereo, is the deflection angle (Fig. 6) akgdandK, are the remote SIFs for the main crack.
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The angley, for the mode | branch under pure remote modealdliilng corresponds tq = O.
Considering Eq. (3) an, = 0,K; # 0 and|a, | < 90°, one obtains

K, :%cos% K, (3cosr,, -1)=0 (4)
1

cosx,, =~. 5

=3 (5)

This gives the valueyq = £70.5° which determines the direction of thdiahicrack growth
according to the MTS criterion. The correspondiadue ofk; for this angle isk, = 115K, .
Therefore, a simple necessary condition for growtta enode | branch at the crack front
loaded in mode 1l was formulated as follov@s3[L,51]: the local stress intensity ranye for
the deflected (branched) crack must be greaterttteamode | thresholdK y, i.e.,

Akg = 1.15AK;, > AKI,th- (6)

Some experiments revealed that mode | branch daaohkation is preceded by a limited
amount of shear dominated crack grow&th,[ 7] or that mode Il crack extension was possible
until a crack arrest. When the loading was incréamsd the local\k, for an initial branch
exceeded thakK| threshold, branching to mode | occurred.

It should be emphasized that the criterion for mbdeanching can only be used when
considering the effective SIF values. If the effextvalues are not known it is not possible to
evaluate correctly the criterion, which is the mrasvhy different authors observed different
thresholds and crack branching behaviour. To thkaaist knowledge, however, no reliable
data ofAK|e in the near-threshold region were reported util® except for an assessment
AKyettth < 3.5 MPam®? in the ferritic-pearlitic steell4]. Determination ofAKes for more
metallic materials is one of the main contributiofshe recent workp,52] (see herafter).

The interaction of crack flanks during remote modéldohding can induce additional
mode | loading which can also contribute to thealanode | crack branch Slk. With this
mode | support, the crack can more easily propaaadepartially avoid the friction force.

1.4.2 Mode | Branching of Remote Mode Il cracks (FactBgof Formation)

The branching of mode Il cracks is relatively easyce the deflected (tilted) plane
intersects the main crack plane along a line (ovegu On the other hand, the mode Ill crack
segments under a pure shear can only get an addiiwode | support by a twist around the
axis perpendicular to the crack frodtl] as schematically depicted in Fig. 6. The coanditi
for growth of the elementary mode | branch at ttezk front loaded in mode Il might be, in
principle, similar to that for the crack loadednmode II: Ak = AKy; > AK, i with the related
twist anglefc = 45° (e. g. 31] and resulting from Eq. (18) faxkyex: = 0). However, the
planes of the twisted element and the main cratgksact just in one point which means that
the twisting can occur only on microscopic ledgesha main crack front that are locally
loaded under the mixed mode Il + 1ll. In particul#ve mode | branches at fronts of semi-
elliptical surface microcracks loaded in mode IllHinitiate at those crack-front elements that
potentially get the highest synergy of mixed-mode Il + Il loading in terms of an

equivalent SIFR\/AKl2 +4K, 2 +[1/(1-v)]AK,, ? [51]. The related numerical analysi9P7]
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revealed that such elements are located at crack $ites predominantly loaded in mode II.
In the notched specimens loaded in torsion, thalyais precisely predicted locations of
branches initiating the factory-roof fracture marfdgy as documented by a
stereophotogrammetry of fracture surfaces.

The transition to local mode | represents geomalisic difficult combined
deflection/twisting of the crack front. Creation miode | branches occurs at particular sites
along mixed-mode Il + Il fronts of multiple semiptical surface cracks and starts the
formation of factory-roof crack shap&g,5332]. A 3D image of a factory roof is presented in
Fig. 7. The positions of mode | branches are markedhe semi-elliptical crack front
segments. After coalescence of these branchesnalke | cracks spread in planes deflected
by 45° from the macroscopic maximum shear stresmseplDuring further growth, the massifs
get mutually closer and decrease its height.

Fig. 7.Example of the factory-rodf mbrphology with highligd positions of mode | branchingy].

Recently, the role of mode Il loaded segments cgusistabilities and branching of the
planar crack front under the remote mode | + Iddimg by their local deflections (vanishing
of mode ) was confirmed by general theoreticalgses [54,55]. Similarly, the very recent
review paper [56] on three-dimensional effectsratks and sharp notches reports that, near
the corner points, modes Il and IIl cannot exigswoiation. For a through-thickness crack in a
bar, e.g., the ratio of the inducd(-factor to that of the remote mode Il tends to
Kiina/Kin = 2, while the ratio of inducel;,-factor to that of the remote mode Il tends only to
Kiina/Ki = 0.5. Hence, the creation of mode | branches akdrants loaded in a pure mode
[Il'is highly improbable and the above mentioned®e branching condition is not useful. In
the case of torsion loading, however, the moderdicks can still get some mode | support
just by a deflection from the maximum shear plafeis is why, for a limited number of
cycles, the semi-elliptical microcracks often prgge along deflected planes towards the
specimen bulk before they bifurcate to factory-nowirphology B8].
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1.5 Experimental Data Available in Literature
1.5.1 Mode Il

There is an agreement between many auth®i} that the near-threshold cracks under
mode Il loading usually branch to mode | control(ed at least supported) crack growth in
practically all kinds of steels. MoreovéK > AK s is usually measured although it should
be vice versa when taking the results of atomisticlels into account [57,58]. The reason for
that is a friction-induced shielding of the predrdeading to a decrease of the effective crack
driving force AKer. The most extended near-threshold coplanar grovah keported by
Doquet and Pommierlfl] for the ferritic-pearlitic steel to crack lehgtin the range of
12 — 450 um related to th&K,-range of 7.5 — 43.0 MRa"? (R = —1). It should be noted,
however, that the shear-mode crack growth was edsdowvith many mode | branches along
the crack paths which contributed to deceleratiod #nal bifurcation of mode Il cracks. In
the 0.47% carbon steel (JISS45Q)jurakami [59] investigated small mode Il cracks
emanating from artificial defects. The most freqbenbserved behaviour was a very short
coplanar crack growth that was stopped after 10 tpnereate a mode | branch of 70°,
although an immediate branching was observed aks lwethe same steel, Murakami et al.
[32] also measuredK; = 10.6 MPam'? by observing the sizes of semi-eliptical mode
Il + Il cracks initiating the factory-roof morphady. In the rail steel, Hellier et all?]
assessed the remote crack growth thresholtKag, ~ 9 MPam*? (R = 0). In the weldable
structural steel BS4360 50D, Tong et al. [60] regabran immediate transition to mode |
branching aboveé\K; ¢, =~ 11.5 MPam? (R= 0.1). In the maraging steel, Doquet et al. [61]
observed an immediate transition to mode | bramtbvbAK,, = 15 MPam"2.

In titanium alloys, Campbell and Ritchie [62] refgal that the ratioAK /AK;

(R = 0.1 — 0.8) for long cracks was also higher thHarin the case of short cracks, the
microstructurally small semi-elliptical (3D) crackshibited the smalle®tK;  ~ 5 MPam®?
due to the biased sampling of microstructurally kveeths and reduced shielding. The
through-the-thickness (2D) short cracks exhibiteugherAK) «, but lower than that for the
long cracks. For aluminium alloys 2014-T6 and 7075Viggati et al. [63] used the four-point
testing methodK = 0.1 — 0.2) with sharply edge-notched squarespacimens. Although
some small shear-mode growth was always preseatebafode | branching, there were only
small semi-elliptical cracks in the middle of thpesimens in the near-threshold region.
MKyt = 4.5 — 6.0 MPan'? was measured for the 7075-T6 alloy @ i ~ 5.0 MPam*? for
the 2014-T6 alloy. Because of the imperfectiondhenfour-point test (se21), the validity of
these values should not be overestimated.

1.5.2 Mode lll

In the hardened rail steel with a fine pearlitizisture, Hellier et al.35] observed semi-
elliptical cracks with mode | branches started aidenll sites of semi-elliptical cracks, in
accordance with the quantitative modalFF]. Such a shear-mode growth was a dominant
feature of the fracture surface morphology. In smasges, however, parallel arrays of semi-
elliptical cracks were found to join up by moderamches to develop the initial stage of the
factory-roof morphology (also in accordance with thodel 27]).

The mode Il threshold was assessed\Eg n ~ 11.6 MPam2 In the 3.5% NiCrMoV
steel, Tong et al. [64] reportéiK » ~ 10.1 MPam'? (R = —1) andAK; s ~ 8.1 MPam*?
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(R =0. 1) for a precrack generated in tension, M ~ 6.1 MPam'? (R = —1) for a
precrack generated in torsion. In aluminium alldylerati et al. $3] determined\K; s ~ 6.1
MPam®? for the 7075-T6 alloy andKys» ~ 3 MPam'? for the 2014-T6 alloy. Beretta et al.
[65] reportedAKy i, ~ 9.2 MPam*? (R = —1) for a gear steel in torsion. Murakami ef32]
measured\K; n = 10.6 MPam*? (= AK; 1) in the 0.47% carbon steel (JISS45C) steel by
observing the sizes of semi-elliptical mode Il k Bracks initiating the factory-roof
morphology. However, the result of such a measunérngedoubtful since the size of the
semi-elliptical crack in the mode Il direction determined by walls of the factory roof
already growing from mode | branches rather thapurg mode Il growthZ7].

In the stainless steel, Pokluda et al. [66,67] Bhewn that the sharp factory-roof
morphology and the related clamping of crack-wageaties caused lower crack growth rate
under the mode Ill than that under the mode Il, ihbe cracks propagated along smooth
mode | branches. In the AISI 4340 steel, Ritchialet[33] measured a very slow crack
propagation under mode Ill in comparison with thatler mode | also in the Paris-Erdogan
and near-fracture region (relatively smooth motigdtture surfaces), i.e.,@IN), >> (da/dN)y
for AK, = AK); (R = = 1). In terms of CTOD it representeda/@N),, ~ (0.0005 — 0.002)
ACTODy, in contrary to both @dN), = (0.01 — 0.2))ACTOD, and (&/dN), = (0.1 — 1.0)
ACTODy. Well developed factory-roof morphology was obsehnvin the near-threshold
region.

Some experiments were done on specimens with siwdches generated by cutting rather
than fatigue precracking@?®]. Since the precrack geometry influences thghoess-induced
crack closure, these flat precracks led to measememf thresholds closer to the effective
ones.

1.5.3 Effective Stress Intensity Factor Data

Stress intensity factors are usually computed fem@oth frictionless crack and do not
contain the closure component. Thus, they overestith@ effective crack driving forcéT].
Experimental determination of effective SIF valuesler shear-mode loading is a rather
subtle problem which is, most probably, the reasby there are very rare experimental data
available in literature. Moreover, the pure modesand Il experiments are difficult to
arrange. The effective SIF values are importanséweral reasons:

e determination of the effective thresholds as aenmt constant and the lowest (safe)
value for structural-integrity assessments,

e determination of the effective thresholds for eatihg conditions to mode | branching,

e evaluation of the efficiency of modes Il and IUrthg shear-mode crack growth.

The lowestAK; = 7.5 MPam*? (R = — 1) applied in 14] on the ferritic-pearlitic steel
corresponded to &idN), ~ 510! m/cycle, i.e., very close to the threshold. Using digital
scanning electron microscope (SEM) image correladod elasto-plastic finite element
analyses (FEA), the related effective SIF was assess\K et ~ 3.5 MPam®2.

Tschegg 7,8] reported a method of assessment of effectiveesliK, .+ during the crack
growth rate within the Paris-Erdogan and near-tnactregime in the AISI 4340 and mild
steels. This method consists in an extrapolatiofd@tN),, values to the zero-length cracks
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under various levels of remafe;; with superimposed modestatic loading. Such obtained
(da/dN)y; vs.AKjet plot lies even above that ofafdiN), vs. AK,. However, theAK, data were
not corrected with respect to crack closure andettteapolation to zero-length cracks might
include the small-crack effect, i.e., highea/@N),, values in comparison with those for long
cracks.

One should note, however, that the effective thokelsAK e v and AKjjerrn Were not
directly experimentally determined before this Phaork. Such measurements for ARMCO
iron, a-titanium, nickel and austenitic steel are preserite the following chapters that
include description of the experimental resultsaot#d by using a special technique for
precrack preparation and two different experimeatedngements for each of modes Il and I
tests.
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2 Experimental Procedures

2.1 Overview of Experimental Arrangments Used in
Shear-mode Cracks Research

A variety of specimens and testing procedures veenployed during the research on
propagation of shear-mode cracks — see Fig. 8.il8pas for mixed modes | + Il and Il +llI
in Fig. 8(a),(c) were used in some earlier expenits¢68]. The tubular specimen for mode I
under torsion loading in Fig. 8(d) and the cenyraliige-notch bar of square cross-section for
mixed-mode Il + Ill loading in Fig. 8(b), arrangéal a four-point bend test as proposed by
Chell and Girvan [69], have been permanently @difor many year[14,70].
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Fig. 8 Experimental arrangements used in shear-mode graglth tests. (a) four-point bending
specimen with semi-circular surface crack for mixeade 1l + 11l loading; (b) four-point bending
specimen with rectangular surface crack for mixextienll + 11l loading; (c) edge-cracked specimen
for mixed mode I+l loading; (d) tubular specimem mode Il loading; (e) cruciform specimen for
mixed mode | + 1l + 11l loading{1].
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In the latter specimen, the relative proportionsrafde Il and mode Il may be varied by
rotating the test-piece about its longitudinal aRis found out by Doquet et alLl{], however,

a pure modes Il and Il loading can be achievedy anlits very middle section and,
consequently, the relevancy of results has to bé/sed based on the local value\&f;, and
AKy, issued from a 3D finite element computation takiimg crack front shape into account.
A new device for non-proportional |+ 11+ 1ll loady of centrally cracked cruciform
specimen was introduced recently (Fig. 8(c)) [M]e CTS specimen for mixed-mode | + |l
loading and the circumferentially-notched cylindtispecimen for torsion loading (mode III)
are also widely employed in experiments and relétate element analyses (FEA) hitherto
[2833,72,73]. The last two mentioned arrangements alse used in this work and they are
mentioned in Sectior’s2 and2.3 in more detail along with a new testing dedescribed ir2.4.

2.2 Compact-tension Shear Specimens (Mode II)

A standard device for mode | + Il testing was ugadpure mode Il loading of compact
tension-shear (CTS) specimens (Fig. 9). The SIFs waleulated using the numerically
determined formulas (7) and (8) for the CTS specsijéd]:

a
0.26 4+ 2.85
F cos T
_ = v w—a (7)

wt a 2
=% 140552 —0.08( ¢ )
w —d w—d

a

—0.23 +1.40

_ F sin W—a
T nal _ 4 a a \? . (8)
w | 1—0.67 + 2.08( )
w—a w—a

Here,F is the applied forca)V is the specimen width,is the specimen thicknesg,= 0° for
pure mode | andy = 90° for pure mode lla=I+1,+142 is the total crack length,
I =21 mm is the notch deptl3,is the mode | precrack length alig is a half of the mode I
crack length. The values given by this formula ameaccordance with the graphically
expressed values iii2]. The Eq. (7) foK, was used during generation of precracks.
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Fig. 9. Mode Il experiment scheme: (a) compact tensionrs€ES) specimen; (b) scheme of the
loading device [75].

2.3 Cylindrical Specimens Loaded in Torsion (Mode III)

Pure mode Il experiments were conducted by medrs gpecial device transforming
tensile or compressive force to torsion loadingaodracked cylindrical specimen (Fig. 11)
with the same geometry as in the pure shear expatiffrig. 12). The specimens were fixed
into this device by ring clamping elements and &zhdby cyclic torquel. The SIFs were
calculated according to equation (9)

Ky =22 mY,, ©)

wherea = |1 H, + 142 is the total crack length,; = 6.5 mm is the notch depth aig is the
factor of geometry, which was derived from the agtptic relationship (10) published in [76]:

Ty, —

1
2T (ad)z 1
— = | =, 10
« ﬂ(df(Dj L a
2
1, 3., 5_, 35, 5 . . . .
where Yg, :1+§£+§5 +E5 +E£ +0.20& " is a dimensionless factor introduced

by Benthem and Koiter ir/p] and & :%. After adaptation and using the definition of stre

intensity factor it gives:
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The accuracy of this formula was analyzed in teoffSEM in [77] and the error was found to
be less than 1% (see Fig. 10).
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Fig. 10.Accuracy of the asymptotic solution of the SIF inde Il from [76], here denoteB;g. The
circle and square points correspond to the reefiltsimerical analysisr[7].
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Fig. 11.Device for torsion loading of cylindrical specimens
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2.4 Cylindrical Specimens Loaded by Pure Shear (Mode
1+ 1)

To load a single specimen simultaneously by remadee II, mode Il and mixed mode
Il + 11l, a special testing device was utilizet6[50]. The device transforms tensile forces to
a simple-shear loading of circumferentially notclogtindrical bars with the inner diameter
d =12 mm and the outer diamet@r= 25 mm (Fig. 12). At the exact central point loé¢ tbar
the bending moment was zero when considering itsting conditions and, therefore, no
superposition of mode | was present. The circumtikcrack was subjected to cyclic shear
loading that resulted in various combinations ode® Il and Il (Fig. 12(c) as a function of
the polar angle. At the top and the bottom of the circular crosst®n the crack was loaded
in a pure mode Il, on the left and right in a parede Ill and, in between, a mixed-mode
Il + 1l loading was applied.

(a) 140 . (b) 100 S
F ” :
r
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§ O8Ot
ﬁ\/\“sw
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g 7774@77777774@7,,, mode 11
Left Right shear
mode I1I mode 11 direction
Bottom
F mode II

Fig. 12.Scheme of the experiment with cylindrical specimieasled in pure shear: (a) loading device;
(b) pure shear specimen; (c) specimen cross sesttbrthe corresponding loading modes.

The precracks started at the notch of the dgpth 6.5 mm and reached the lengghThe
lengthsl, and the shear-crack lengthwere measured on SEM images of fracture surfaces
(see Fig. 18). The dependences of modes Il an8IRt (see Eqg. (12)) on both the fatigue
crack length, + 142 and the angle were calculated using FEM [78,79]. Details of HEM
model and theK-calibration procedure based drintegral are described in [79]. In this
approach, the ANSYS model (with one sub-model) mggbin [78] was refined by an
additional second sub-model to obtain particulagyecise K-values around the
circumferential precrack. Based on these resultagmsionless geometrical factovg, Y
were evaluated using a power regression functionpéotted in Fig. 13. An example of thg
andK;, dependences on the anglés presented as the polar diagram in Fig. 14.K4values
were utilized for the experimental determinationcodck-growth rate curveSa/AN vs. AK
under modes Il and Il loading.
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Fig. 13.Geometrical factory),, Y;, as functions of fatigue crack lendtht 142 for the notched
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Fig. 14.Example oK, andK, dependences on the angiéor various fatigue crack lengths+ 142
and the loading force of 7355 N for the notchedncifical pure shear specimen.
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The dependence in Fig. 13 given by Eq. (12) covkesnotch effect which causes a
decreasing of the geometry factor to O when apgriagahe notch root. This effect, however,
is not covered by Egs. (8) and (9) for the CTS spens and the torsion specimens. In this
case the precrack length should be higher than raiceminimum estimated in8p].
Fig. 15(a) shows schematically a precrack of lehgtrowing from a notch of length and
radiusp. Fig. 15(b) shows the stress intensity fa¢tas a function of,. The dashed curve is
the result of a numerical calculation. The twoddihes are the approximations fgK< p:

K, =112k o /ml, ,

for short-length precrack, whekeis the elastic stress concentration factor atiode nominal
stress, and fdg > p:

Kza,/alnﬂom(,

whereY is a factor of geometry. The intersection betwiese two approximation lies near
| =p/4 or even lower. Notches of the CTS and torsiarspens had the radigss 150um.
The precrack length, therefore, shouldlpe 35um, which was fulfilled for all specimens
and the Egs. (8) and (9) ensure correct values.

Ks=112 ke G- TT,
K
\
Y
K =G VIT(lsl,) -Y
Numerical solution
( L,
a (N
{

Fig. 15.(a) crack emanating from a notch; (b) schematistthtion of the stress intensity factor as a
function of the precrack length

It should be mentioned that in some torsion specsmihe precrack length was not
symmetric around the circular cross section. I ttase the lengths were averaged when
calculating the shape factdf,. The local precrack lengths were taken into actoumty in

the term./za..
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2.5 Investigated Materials

Experiments were done with four different singleapd metallic materials of various
crystal lattices. Their simple structure enablea teertain extent application of the theoretical
models described in Sectidn3. The first material was ARMCO iron, a repreaéiie of
body-centred cubic (bcc) metals. It is a nearlyeppolycrystalline ferrite with the chemical
composition as follows (wt%): C 0.009, Mn 0.06, P®, S 0.007 and Fe (the rest). It was
received in a cold-rolled state and after annealingad the yield strengtéy, ~ 150 MPa and
the mean grain siz#h, ~ 110um (see Fig. 16(a)).

The commercially pure polycrystalline-titanium (99.5 % Ti) was investigated as a
representative of metals with the hexagonal classke@d (hcp) lattice. Two different
microstructures of this material were prepared foylyang annealing temperatures of 850 °C
(oy =~ 180 MPadm ~ 50 pm) and 950 °Gs{ ~ 230 MPadmn ~ 1 um), see Fig. 16(c), (d). The
latter microstructure (denoted Ti-needles) continie needle-shaped grains of a
preferential crystallographic orientation with tinean spacing of about 10 pm.

Two materials with the face-centered cubic (fctida were also selected. The first was a
cold-rolled austenitic steel X5CrNi18-10 with thkemical composition (wt%): C 0.03, Si
1.00, Mn 2.00, Cr 17.00-19.50, Ni 8.50-11.50, N200122, Fe (the rest) and the yield
strength after annealing, ~ 230 MPa. The microstructure can be seen in Figp)16he
austenitic steel has a low stacking fault enerdye)Sand, therefore, another fcc material with
a high SFE was selected — commercially pure ni@® (99.5% Ni) that had the vyield
strengthoy =~ 140 MPa after annealing. The microstructure isaleg in Fig. 16(e). Some of
the mechanical materials characteristics are pteden Table 1.

Table 1. Overview of structures of investigated materidisc(— body-centred cubic lattice,
hcp — hexagonal close-packed lattice, fcc — facdred cubic lattice, SFE — stacking fault

energy).

ARMCO Titanium, Titanium, Nickel Austenitic
850°C 950°C steel
fcc fcc
Structure bcc hcp hcp high SFE low SFE
0/h-

0.2%-offset 1o \1pa 180 MPa 230 MPa 140 MPa 230 MPa
yield strength
lee:n grain 110um 70um 10pm 45um 30um
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(c) titanium, annealed at 850°G, =~ 70 um (d) titanium, annealed at 950°C, primary grain

size~ 1 mm, microstructure parameteflO um

’r' ""- %4 -"1 e ) 2 5 2 "rsr}’]‘f

(e) nickel,dm = 45um

Fig. 16.Etched metallographical samples of the investigataterials.
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2.6 Details of the Experimental Procedure

In order to determine the effective threshald§iess v andAKer v the mode Il and mode
[l fatigue cracks should start to propagate fromearly perfect precrack, which means no
contact of the precrack flanks and a plane precnatk a sharp crack front. These
requirements were mostly fulfilled by applying asjal technique of pre-fatigue loading and
heat treatment. The whole experimental procedunsisted of the following steps:

e machining of the specimens with a notch

e sharpening of the notch by a razor-blade polishsgface polishing of the CTS
specimens

e pre-fatigue loading under mode | in compression

cleaning in ultrasonic bath

annealing and cooling down in vacuum

shear-mode fatigue loading

drilling of holes for final fracture (cylindricalpgcimens)

final fracture of the specimen under mode | fatigpagling or in liquid nitrogen

observation in SEM, creation of stereo-pair images

3D reconstruction of fracture surfaces, quantigafractographical analysis

metallographical analysis

2.6.1 Pre-fatigue Loading in Mode |

Fatigue precracks were generated under pure cgohigpression at the notch root of all
specimens. The applied technique was similar tegperiments performed to investigate the
effective mode | threshold and study the formatodrcrack closure during propagation of
a crack subjected to mode | loadifi®[80,81,82]. In this way, the crack closure efemiuld
be substantially suppressed at the onset of therement. The cyclic compression loading
was in the range oK, = 20 + 25 MPan*? depending on material and the cyclic ratio was
R=20. The precracks reached the length= 100 + 50Qum before they stopped due to
a decrease of the effective opening-mode loadihg. SIF in mode | for cylindrical (torsion
and simple-shear) specimens was calculated usingufa (13) found in [83].

e Vmy (13)

K, =
whereF. is the compressing force aMdis the geometrical factor defined as follows:

1
1.-3 1.3 a)z a\)’ d
Y, =& 21+ 24262 - 03630 #0731 |P1+0a022 ||1-22 | |; e=2
.25[2585 ¥ fj tﬁDj( Dj ¢=d

The flanks of such created cracks remained open aftloading (see Fig. 17) and their
relatively planar geometry with a fairly smooth aaront reduced the roughness-induced
crack closure effects at the beginning of the erpemt. Therefore, the measured values of
AKyin andAKy, could be considered to be very close to the effecnes.
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Fig. 17.0pening of the precrack after cyclic compressi@uing.

2.6.2 Heat Treatment

After pre-fatigue loading, the specimens were alateto recrystallize in order to avoid
any effect of pre-fatigue and hardening of the maltei.e. to eliminate residual stresses and
plastic zone at the crack front. It also causedrthér smoothening of the precrack facets
resulting in even more eliminated roughness-indugedk closure. Annealing and cooling
down of the specimens were done in vacuum to ageideration of oxide layer at the
precrack surfaces and the related oxide-induceakcrdosure effect. The annealing
temperature and dwell time for each material isrsanized in Table 2. The heating rate was
10°C/min.

Table 2. Annealing temperature of specimens of the invastid) materials.

ARMCO Titanium Nickel Austenitic
steel
Annealing T [°C] 950 850 and 950 700 900
Dwell time [min] 90 90 60 90

2.6.3 Experimental Conditions and Parameters

The number of shear-mode loading cycles was usba#tyl® and the cyclic stress-ratio
wasR=0.1. Tests with CTS specimens and simple-sheacimgns were done on a servo-
hydraulic fatigue testing machine (Zwick) at thecloyg frequency of 10 or 15 Hz and the
torsion experiments were done on a resonance &t&giing machine (Rumul) at the cycling
frequency of 100 Hz. All experiments were perforna¢doom temperature. After the shear-
mode experiments, the specimens were fracturedyblccfatigue loading in mode | and
some of the ARMCO iron specimens were fracturedatamically in liquid nitrogen.
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2.6.4 Measurement of SIFs and Crack Growth Rates

The obtained SEM images of fracture surfaces edahkasurement of the precrack length
lo, starting at the notch root, and of the shear-mudek lengthls, depicted in Fig. 18. It
should be noted that andls are not real crack lengths but their vertical @ctipns.

Bottom
mode Il

fracture surface [84].

The precrack lengtHg andl¢/2 were utilized for calculation of SIFs (after teeperiments)
according to Egs. (8), (9) and (12). The shear-nwdek lengthds were used for calculation
of the crack growth rat&a/AN, whereAa =l andAN is the total number of loading cycles of
a specimen. The valuas/AN representing averaged crack growth rates weréeplédr each
material and each of loading modes Il and 1l agdmsAa/AN vs.AK in Fig. 21 in Chapter 3.

2.7 Quantitative Fractography

The crack paths and topography were studied by sneain three dimensional
reconstruction of the fracture surfaces using ef@retogrammetry in the scanning electron
microscope (SEM). This method uses two images®ftialyzed region taken from different
angles of view to build so-called stereopair (Rig). Additional parameters characterizing the
projection enter the algorithm that was processethé software package Alicona MeX™,
An SEM equipped with eucentric holder was emplogied the stereopair was obtained by
tilting the specimen in the microscope chamber mymagle 5, 6 or 10 degrees depending on
the local roughness of the surface. The stereoypasrprocessed via a matching algorithm in
order to find corresponding points on both imadesr(ologous points) and the relatize
coordinates of these points were calculated. Thengilel of the depicted surface area
usually consisted of 10— 20 thousand non-equmlisfaoints and so called Delaunay
triangulation had to be performed [85,86].

After the 3D reconstruction of the fracture surlaameasurements by means of the profile
analysis were done to determine local deflectiath tanisting angles of the crack with respect
to the remote shear direction (results arg.i).
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Fig. 19.Example of a three-dimensional reconstruction foheture surface using the
stereophotogrammetry in SEMT].

2.8 Size of the Plastic Zone

Elasto-plastic analysis of the crack tip stresakstfield was performed by Hornikova et al.
[87] for the simple shear specimen presented.4dhmade of the ARMCO iron. The results
showed that loading in the near-threshold regioetméhe condition of small-scale yielding
a> 20, wherea is the total crack length of 6.7 mm. For leveldazfding higher than &K,
(see results in Sectidh3) this condition was not fulfilled when consithey the static plastic
zoner, defined as a size of the region where plastierstndensity

e — max(|£1—E2|:1|i;53|7|53—51|) (14)

expressed in terms of the principal plastic strains andes, is higher than 0.2 %.
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However, one should emphasize that the cyclic iplastne is relevant for fatigue crack
growth instead of the static one. For the cyclior& = 0 (close to the rati® = 0.1 used in
experiments), the cyclic plastic zone sizejs= 0.25,. This means that practically all values
of loading used in experiments lie within the sas&idle region and can be described in terms
of AK;; or AKy,. This is also the reason why all experimental dA&AN); i vs. AK
(Section3.1), obtained by means of three different kindsratked specimens, lay practically
on an identical curve.

300 i ¥ 4 X 4 T x 4 ¥ X T ¥ ¥ 4 ¥ T ¥ 5 4 4 T ¥ T % T T
I e ¥ w

< 200} w ]
ol i ARMCO iron
S [ V¢
o 100 multilinear approximation ]

0 _ L L " " 1 " n " n 1 L L n n 1 n n n " 1 " L n L 1 L L n " ]

0.000 0.005 0.010 0.015 0.020 0.025 0.030

e(-)
Fig. 20. The multi-linear approximation of the cyclic stsestrain curve for ARMCO iron used in the
ANSYS code 87].
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3 Results and Discussions

3.1 Crack Growth Rates

The near-threshold crack growth rate data obtaifoedall investigated materials were
plotted as diagramaa/AN vs. AK; in Fig. 21. The value\a/AN were determined as
averaged crack growth rates of the shear-mode srakngAN = 10 cycles when the crack
growth rate was gradually decreasing due to areasing friction-induced crack closure. In
all experiments, the related rath@/a ~ 0.01 was very small and the corresponding changes
of AK during the shear-mode crack growth could, theegfloe considered to be negligible.

These crack growth data were fitted using the eguiata/AN = A(AK" —AKy") suitable
for the near-threshold region [88]. The data cqwoesling to the absence of crack growth
(below the threshold) are assignedA®@AN = 10" m/cycle. The data for the twetitanium
microstructures are not distinguished here sineg lie in the same narrow band. With regard
to an expected high scatter near the thresholddgdlke obtained using single-shear and CTS
specimens are in a good agreement and the effetttreshold valuesiKjesm, could be
determined with a reasonable precision. These sahre displayed in Table 6 for all
investigated materials.

In general, a rather high scatter /AN values was observed, especially in the near-
threshold region. The data obtained using singéasstand CTS specimens in mode Il and
simple-shear and torsion specimens in mode Ilirmeegood agreement.
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(©) Mode Il in titanium (d) Mode Il in titanium
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(e) Mode Il in nickel ) Mode Ill in nickel
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Fig. 21.Mean crack growth rate data for (a), (b) ARMCir¢c), (d) fora-titanium; (e), (f) for
nickel and (g), (h) for austenitic steel X5CrNil18-dbtained under remote mode Il and Il loading.
The threshold valuesK, ¢, andAK, +, for Aa/AN = 10% m/cycle are very close to the effective ones

(AKj1th = AKjiefttn @aNdAK i = AKjein)- It should be noted that the calculatddl, andAK,, are
globalK values which do not take into account crack brangehull circles — pure shear specimens,
hollow circles — CTS specimens in mode I, torsspecimens in mode lIl.

In the ARMCO iron the crack growth rates are simitaboth modes Il and Ill, while in
austenitic steel the crack growth rates are differe modes Il and Ill. This is caused by the
difference in levels of roughness-induced craclswate. In ARMCO iron small deviation of
crack growth directions cause the same level ofiém in modes Il and Ill. In austenitic steel,
the branches to local mode | cause that a highflgaed crack in the remote mode Il is open
and friction is reduced, whereas the factory-roairphology in the remote mode Ill cause
clamping of fracture surface and a high level attion. The higher the tendency to
deviate/twist to local mode I, the higher retardiatof remote mode Ill cracks compared to
those of remote mode Il. ARMCO iron and austersteel exhibit the highest level of this
effect. In a lower extent it can also be seen ekeliand titanium.

A principal difference between the mechanisms oflent and mode Il crack growth in
the near-threshold region should be emphasizedhdnfirst case, the mode | component
induced by a deflection from the coplanar crackwghoopens the crack thus reducing the
friction and accelerating crack propagation. In thieer case, the local twisting processes
inducing the mode | component create the factoof-nmorphology that, in contrary,
enhances the clamping of asperities in the cradkevand decelerates the mode Il crack
propagation 192866,67]. This was, for example, the reason of the itaenotch effect in
the austenitic steel in cyclic torsion, recentlgyaged by Tanaka?B].
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3.2 Fractographic Analysis in Three Dimensions

Micrographs of fracture surfaces from the experiteeme presented in Fig. 22 — Fig. 26.
Three crack path regions can be distinguished @n ftacture morphology of the four
investigated materials. They are marked by whittteddines: a precrack emanating from the
notch, the shear-mode crack and the final fracfiorétle or fatigue fracture in mode 1). One
should note that no traces of abrasive wear weanadi@n precrack fracture surfaces of all
specimens loaded near the threshold, thus confynivat the cracks propagated with a
negligible interaction of crack flanks under atioo-free growth status.

In the ARMCO iron, both mode Il and mode Il faaktracture surfaces suggest an
influence of crystallography on the crack growthhieh is also documented in the fracture
profile in Fig. 22. Diversely oriented fibrous patts with spatially random orientation may
be confined to facets within individual grains. $hadibrous marks highlight the positions of
local crack front elements inside individual fagethich are mostly not parallel to the applied
shear direction. The arrows in Fig. 22 indicate ltheal crack propagation directions which
possess a noticeable mode Il component parallél thi¢ direction of applied shear stress.
This corresponds to the model of local mode-Il oalgd micromechanism (Sub-section
1.3.4). The crack propagates in local mixed-moddl I+ Il directions but the mode II crack
growth can be considered to be predominant in tetiote modes Il and 1l loading cases.

{ [mm]
0 100 200 300 400 500 600 700 800

Fig. 22.Local mode Il (I + II) assisted crack growth undemote mode Il (torsion). The small
arrows indicate the local crack propagation dimewiwithin individual grains.
AKyy = 3.3 MPam*? N = 1.51¢° cycles p0].
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After the experiments, fracture surfaces of allcepens were examined by SEM and their
morphologies were recontructed in 3D using steretg@rammetry in order to identify local
crack-path deviations of shear cracks from theammgnl crack growth. In Fig. 23 — Fig. 26, the
fracture morphologies are presented along withctimputed height profiles running parallel
to the direction of applied shear stress. The e@rttutting planes that define the profiles are
denoted by long white arrows. The coordingpasses along the line from the left to the right
or from the top to the bottom and the topologicatadare determined by the vertical
coordinatez. These profiles were used for measurement of arglaesponding to the crack
deflection or twisting from the crack (the maximushmear stress plane). The angles
corresponding to crack deflection around the criiokt were denoted while anglesp
indicate twisting around the axis perpendiculathicrack front.

The profiles providing deflection angles run patlio the shear direction in mode Il
(anglesa;) and perpendicular to the shear direction in mbdéangles o). The profiles
providing twisting angles run perpendicular to ftear direction in mode 1l (anglgs) and
parallel to the shear direction in mode Il (anghkgg. The anglesy, andpy indicate the
levels of deflection and twisting of crack frontégtermining the amount of local mode |
support to in-plane shear crack propagation. Ttgdeany,, andf, do not have a special
significance with respect to mode | contributiomsept for torsion test where the angleg
also reflect the amount of the local mode | supmtrthe crack front. Mean values and
standard deviations of all angles are summarizearagely for each of the two specimen
types in Tables 3 and 4.
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Fig. 23Examples of fracture morphology and profiles altmgindicated arrows for (a) mode Il and
(b) mode Il in ARMCO iron. The heights in thregrdinsions can be assessed according
to the colour codes.
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Fig. 24Examples of fracture morphology and profiles altmgindicated arrows for (a) mode Il and
(b) mode 11l ina-titanium (basic microstructure obtained by anmgpht 850 °C). The heights in
three dimensions can be assessed according tolthe codes.

42



{

| | | [pm]
0 100 200 300 400 500

Fig. 25Examples of fracture morphology and profiles altmgindicated arrows for (a) mode Il and
(b) mode Il in nickel. The heights in three dimiems can be assessed according
to the colour codes.
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Fig. 26 Examples of fracture morphology and profiles altmgindicated arrows for (a) mode Il and
(b) mode Il in austenitic steel. The heights irehdimensions can be assessed according
to the colour codes.
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Table 3.Mean deflection and twisting angles [°] of moderhcks near the threshold.

specimen
shear CTS

ARMCO iron 18 + 17 19 + 8
austenitic steel 66 + 4 67 + 5

on [°] deflection Ti 23 + 19 56 +12
Ti (needles) 43 + 23 33 £30

I Ni 54 + 22 50 +25
ARMCO iron 18 + 16 25 +20
austenitic steel 7+ 8 16 £+ 8

b [°] twist Ti 35 + 20 9 + 13
Ti (needles) 39 + 14 17 + 16

Ni 34 + 23 42 + 26

Table 4.Mean deflection and twisting angles [°] of modechacks near the threshold.

specimen

shear torsion

ARMCO iron 18 + 13 33 + 34
austenitic steel 19 + 14 29 + 18

om [°] deflection Ti 35 + 24 25 + 20
Ti-needles 35 + 19

" Ni 34 + 18 28 + 17
ARMCO iron 19 + 13 13 + 10
austenitic steel 33 + 23 45 + 8

S [°] twist Ti 29 + 21 38 + 21
Ti-needles 41 + 19

Ni 38 + 22 34 + 21

The fracture surfaces in the ARMCO iron are ratsraooth with small relatively small
mean angles<(19°) of both deflection and twisting angles indilections, which indicates a
nearly coplanar crack growth. This means that dicallcrack growth was dominantly under
shear modes with a relatively small support of mdddhe mean deflection anglé
measured from the fracture surfaces of torsionatispens is rather high, which means that
the torsional cracks propagated under a high maglgport. This was already reported in
[38] for specimens made of high strength steel.

A clear influence of crystallography was also detdcon the fracture surfaces of both
titanium grades (Fig. 24) but the angles and B, were found to be considerably higher.
Even higher angles; andpy were identified in nickel where the deflectionsaime facets
was already close to the theoretical value of 7@0/5pure mode | branches. Nevertheless,
whole fracture surface of both mode Il and modei#icks in nickel were still of a crystallo-
graphic nature with some exceptions for nickel emahnstrated in Fig. 25(a). Here a step of a
deflection anglea;, = 53° was developed as a mode | branch underdahmte mode Il
loading.
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On the other hand, the deflection angleas measured on both the shear and CTS
specimens in austenitic steel are close to therdtieal value of 70.5° of mode | branches.
Here, the mode Il cracks immediately formed a mbdwanch and grew under the local
opening mode. A steep step formed in this way enftacture surface is showed in Fig. 26
along with the related crack path profile. The tuig anglesay, on fracture surfaces of shear
and torsion specimens also approach the theoretataé of 45° for a mode | branch under
remote mode Il loading. The factory-roof morphotagas created in both shear and torsion
specimens. The related crack profile for a sheaciasgen is in Fig. 26. This reveals that such
kind of morphology can be formed not only undesimn as reported in the literaturE9[31]
but also under simple shear. The fracture surfacedocally rather smooth with no sign of
crystallography influence and the morphology way wimilar to that observed under mode |
loading BO0], see also Fig. 27(b). Thus, all remote sheademoracks in austenitic steel
propagated locally under nearly pure opening modmhntrolled by a simple rule of the
maximum-tangential stress criterion.

3.2.1 Connection to Dislocation Models

In the deformation model, the dislocations generaethe crack tip cause crack sliding
displacements and generate new surfaces. Therdiererack should preferentially propagate
in a mode Il manner, with small inclinations to ttieection where the tensile stresses are
developed during the crack-tip loading. Such a kaeflection generates an opening of the
crack during loading, thus avoiding crack closurd fiction of the crack flanks.

A comparison of the characteristic fractographiatdees near the threshold of stress
intensity range indicates that the crack in the ARBliron propagates by the deformation
model. On the other hand, it seems that dislocationulated decohesion dominates the
fatigue crack propagation in the austenitic steglrrihe threshold. This difference can also be
observed in the mode | near-threshold fracture haggy as illustrated in Fig. 27. In the
ARMCO iron, a crystallographic propagation alonigp gllanes and in austenitic steel a non-
crystallographic morphology of the fracture surfaee be seen.

The fact that the crack growths near the threshollistenitic steel and the ARMCO iron
are controlled by different mechanisms (decohesratheformation) might be attributed to the
number of slip systems available for shear craakpagation in these metals. In the bcc
structure of the ARMCO iron, a dense spatial sgpassible slip systems <111> {110} and
<111> {112} is available for dislocation emissiondaslip. This set consists of slip planes
mutually exhibiting as much as nine different asgie the range of 0 — 90 degrees [35].
Therefore, there is a high probability to find spfanes in grains, adjacent to the precrack
front, which exhibit the Schmid factor comparabte that of the precrack plane with
maximum shear stress. Consequently, the crack eaiyepropagate along slip planes
according to the deformation-based model by onghsldeviations or twists with respect to
the precrack plane in the ARMCO iron (low averageflection and twist angles in Table 3
and 4). On the other hand, the possible slip systefr10> {111} in the fcc structure of
austenitic steel form a very thin set of planesilakhg only one angle between 0 — 90
degrees. In austenitic steel, the crystallograplgicaontrolled crack growth becomes
improbable.
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Fig. 27 Comparison of the typical fatigue fracture surfacenode | in the near-threshold regime: (a)
ARMCO; (b) austenitic steel. In the case of theteniic steel the crack propagates without exhibiti
crystallographic features whereas in the ARMCO ,ietendency of crack propagation along
crystallographic planes is visible.

It should be noted that the two models used toagxphe differences between austenitic
steel and the ARMCO iron are not as diverse as litngy. Both models originally used a 2D
dislocation description of deformation and propamabf a cyclically loaded crack which, in
some cases, represents a good approximation [2Bjahy cases, however, the 3D nature of
dislocation slip may become important and bringtthe models closer together, for example
the emission of dislocations on an inclined andsted plane. Indeed, even such emitted
dislocations cause blunting and can produce amgidihg dislocations, which may trigger the
decohesion process.

In the case of titanium and nickel, the crack motpgies and the mean deflection and
twisting angles revealed that the propagation wasxéure of those in the ARMCO iron and
austenitic steel. The crack growth was crystallpgyacontrolled but the deflection/twisting
angles were lower than those in the austenitid.Stéeis, the cracks locally propagated under
a mixed mode | + 1l (or | + 1lI). Such a behavi@ncalso be understood in terms of available
slip systems in the crystal lattices. In the hepcttre ofa-titanium easy slip systems in the
basal plane and more difficult slip systems inghismatic and pyramidal planes create a state
that represents a transition between the two exsenthe bcc structure with many available
slip systems and the fcc structure of the austestgel with stacking faults. Nickel has also
the fcc structure but it has high stacking-faulergy and the absence of stacking faults
enables an easy cross slip of screw dislocatioerefore, better manoeuvrability of
dislocations in nickel favours, to some extent, deéormation model when comparing with
the austenitic steel.
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3.2.2 Local Loading Modes of Cracks Growing under Rembtedes I

and Il
The fractographical results in Secti@?2 revealed that, unlike in the ARMCO iron,
titanium and nickel, a negligible local mode Il qooment corresponded to the

non-crystallographic mode | controlled crack branghin the austenitic steel. Here the
difficult cross slip of screws favours single slighich seems to hinder a transfer of slip
among incompatible slip systems inside the adjageaihs in directions both along the crack
front and perpendicular to it. Similarly, the vdoy shear-mode component documents the
factory-roof morphology that was formed under temote mode Il loading. There are also
some indications that cyclic softening favours eoplr slip localization whereas cyclic
hardening tends to prevent it [89]. However, cyslaftening/hardening response of studied
materials was not investigated.

Knowledge of anglesr, andfy enables us to approximately assess the mean vafues
local SIFRsAKett g, Akyiett.d, AKietrt, AKietrr @and the local mode mixities during the shear crack
growth. When adopting simple schemes in Fig. 6 ecti®n 1.4 for mode Il and mode IlI
loaded precracks with elementary kinked and twistedk fronts, the following relationships
can be utilized:

Akleff,d :g COSGI% Sirnlllm AKIIeT‘f

| (15)
— 1 allm
Aklleff,d —ECOST (3C0$7||m - ]AKIIeff (16)
Akleff,t =sin 2ﬂmm AKIIIeff , (17)
Akmeﬁvt =Cos unm AKer ’ (18)
Akneff,d _3cosy, — 1
DKy g 3sina,,, ’ (19)
Ak
et = cot 28,
kleff,t , (20)

where aym and fm are deflection and twist angles averaged for mdgnd mode Il
specimens, respectively, an& . andAK e are effective SIFRs for straight precrack fronts
[52]. The accuracy of Eqgs. (15) — (20) is better tt2®0 except for Eqg. (16) and
50° > 1aym! > 70°, where the accuracy is only within 5%. Locadda mixities computed
according to Egs. (19) and (20) are displayed in& &lfbr all investigated materials.
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Table 5. Mean local mode mixitiesAKesra/AKietra @and Akyesi i/ Akiesie fOr investigated
materials

anim [°] AKijefr o [ AKieft g Pim [°] AKijieft [ AKier ¢
ARMCO iron 18 2.00 16 1.60
Titanium 39 0.70 36 0.32
Nickel 52 0.43 35 0.36
Austenitic steel 66 0.07 39 0.21

3.3 Intrinsic Resistance to Shear-mode Crack Growth

Effective threshold&\Kjerthn and AKyerrin for ARMCO iron, austenitic steel, titanium and
nickel are displayed in Table 6. First, the questidees if the values @K s andAKjjes i
are really the effective ones. This can be assdsgembmparison with results of atomistic
models for cracked iron single crystaéd7[58]. These models give the averaged value
kie ~ 0.75 MPam'? for generation of first dislocation during monadmipading. Assuming
the factor of 1.3 — 1.5 to reach the cyclic thrédtid1] it givesAKjefm ~ 1.0 — 1.2 MPan2.
This is in a good agreement with the result of 1Bavh*? for ARMCO iron that is expected
to be somewhat higher than that for the single talydue to incompatible geometrical
crack/slip conditions for the dislocation emissianindividual grains along the crack front.
There is no plausible reason why such an agreerhentdsnot stand for the threshold data of
other investigated metals as well.

Table 6. Measured effective threshold&es in andAK et ih

Material AKjineif [MPam™]  AKjun.erf [MPam™?
ARMCO iron 15 2.6
Titanium 1.7 2.8
Austenitic steel 2.5 4.2
Nickel 2.9 4.3

3.3.1 Analytical Formulae for Intrinsic Thresholds in Mesll and Il

The threshold data can be discussed from the péintewy of the underlying physical
principles. Liaw et al. [90] predicted that theesfive mode | thresholds in metallic materials
should be proportional to the Young modukisThis was confirmed and further refined by
the discrete dislocation modekl]] which predicted the proportionality

Dk, = G EVDb (22)
and, in the case of mode Il cracks
Ak, = q G\/B, (23)

where G is the shear modulug is the magnitude of Burgers vector agdand g, are
dimensionless coefficients. Valués G and b along with productsEb”? and Gb*? for
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investigated metals are presented in Table 7. kttdble,b = a. /2 {11]} of the magnitude
b = 248 pm for the ARMCO irorh =a,/2 (110) b = 249 pm) for Ni andi(= 254 pm) for
the austenitic steel were considered to be releaort Ti with hcp lattice, the dislocations
with the Burgers vectob,:. = a /3 (11_23> (b =554 pm) in “a+c” (pyramidal) slip systems
{1013 or {1123 are the most representative ones since they sser@sponsible for twinning

[91,92]. Indeed, the twinning deformation mechanisas observed in the investigated
titanium, see EBSD image taken from the CTS specimen.

\

Fig. 28.EBSD image of a mode Il crack in the CTS specinnetitanium (basic microstructure).
Twinning deformation mechanism occurred in somthefgrains.

Table 7.ValuesE, G, b, aum, EbY?, Gb*2 andGbY?/n, for investigated materials

Material E[GPa] G[GPa] b[pm] Eb*” Gb"” o [] GbYIn,
ARMCO iron 211 82 2485  3.326  1.293 18 1.41
Titanium 116 44 554.0 2.730 1.036 39 1.66
Nickel 200 76 2489  3.155 1.199 52 3.14
Austenitic steel 210 79 253.9 3.346 1.259 66 -

The simple deformation-based models consider a naplshear-mode crack propagation
that was observed in the ARMCO iron only. In otlmeetals the crack propagated along
significantly deflected planes (see Table 3 andA&).suggested by Vojtek et ab(], this
difference can be attributed to a much higher nurobslip systems available for shear crack
propagation in the bcc lattice when compared td lhat and hcp ones. In the bece structure, a
dense spatial set of possible slip systems <11I9¥Bnd <111> {112} is available for
dislocation emission and slip. This set consistslipf planes mutually exhibiting as much as
nine different angles in the range of 0 — 90 degfaad even more when <111> {123} slip is
activated). Therefore, there is a high probabildyfibd slip planes in grains adjacent to the
precrack front and exhibiting the Schmid factor pamable to that of the precrack plane of
maximum shear stress. Consequently, the crackasily @ropagate along such slip planes by
only slight deviations with respect to the precrggkne which corresponds well to low
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averaged deflection angles, measured for ARMCO (see Table 3). On the other hed
possible slip systems <110> {111} in fcc structuoésickel and austenitic steel form a very
thin set of planes exhibiting only one angle betw@e— 90 degrees. In the hcp lattice of
titanium, similarly, the plastic deformation in tki@ection ofc -axis cannot be ensured by
easy slips in basal and prismatic systems. As aemprence, a significantly lower averaged
local Akjetrq ONn deflected slip planes raises thi e value in fcc and hcp metals. This
corresponds well to high deflection angles, of fracture facets measured for these materials
(see Table 3 and 4). With respect to Eq. (22) andbadng Eq. (16) and (23) one obtains the
following formulas for effective mode | and Il tisteolds:

A gy =0 EVD. (22a)

AKIleff,th :iG\/B
n, , (23a)
— 1 allm i
where n, _ECOST (3cowr,,, — 1[52]. The valuesym and G\/B/na for ARMCO iron,

lIm

titanium and nickel are displayed in Table 7. In thstenitic steel, a non-crystallographic
mode | crack growth was observed. Therefore, E@. 48d (23a) are not applicable and the
“mode 11" threshold is controlled by mode | loadjnige., by Eqg. (22a). A comparison of
experimentalAKes 1 (NOt available for nickel) andK e data with those calculated using
Egs. (22a) and (23a) fof =~ 0.75 andy, =1.0, respectively, is presented in Table 8. One can
see a reasonable agreement between experimentabbndiated values, including a precise
prediction of the valuaKjern = 2.5 MPam*? for the austenitic steel using Eq. (22a). This
value is also close Kt = 2.3 MPam'? experimentally determined for mode | loading [
93]. Note that the valuesK s calculated for ARMCO iron, titanium and nickel aoding

to Eq. (23) that does not include the faatprwould not fit the experimental data given in
Table 8 — compare with valu&b"? in Table 7. Thus, Eq. (23a) can be used for a rough
prediction of AKjerrin for metallic materials when assumimgpec = 0.9, Nghep = 0.6 and

Ny tec = 0.4 for bec, hep and fcc metals, respectively. feormetals with a very low stacking
fault energy, however, Eq. (22a) should be apphstead of Eq. (23a).

Table 8.Comparison of experimental and theoretical effectiwesholds in modes | and II.

Material AKieti in [MPam™?] AKjesi tn [MPam?]
experiment Eq. (22a) experiment Eq. (23a)
ARMCO iron 2.7 2.5 1.5 1.4
Titanium 2.0 2.0 1.7 1.7
Nickel 2.3 2.9 3.1
Austenitic steel 23 2.5 2.5 28

2194], [95,96],% [93], Y Eq.(22a)
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3.3.2 Comparison of Theoretical and Experimental ThredHdtios

Both dislocation models of crack growth give modéreshold values somewhat smaller
than the experimentally observed effective valuelich might be a consequence of the
3-dimensional nature of the crack8]. Both mechanisms are reasonable and, in ptecip
they might be responsible for the threshold atedéht positions along the crack front in a
material. The mechanism which delivers the smaltestl AKes 1 Should determine whether
the crack can locally propagate or not.

The experimentally determined differences in theeaive thresholds can be compared
with predictions based on the assumed crack gromadels explaining the fractographic
features. In the case of the deformation-inducethse generation (ARMCO iron) the ratio
betweemAKert in andAK et tn Should be equal to the ratio of the local stressnisitiesk,e and
kie to generate an edge dislocation under modes ll arebpectively, i.e.,

AK leff,th
AKIIeff,th

=2, (24)

There are several estimations lgf and ke in the literature [25], the differences are
relatively small. The ratio oke/kje iIs about 2, which fits well with measured ratios o
AKiets i AKieft th = 1.84 for the ARMCO ironAK et = 2.75 MPam*?[94], see also Table 8).

If the decohesion controls the fatigue crack prapiag (austenitic steel) both the tensile
stress field of the crack and the tensile stredsl fof a dislocation for the different loading
cases should control the effective threshold. Trae neack tip tensile stress is determined by
the localk;. The maximum of the loc&| for a globalk,, is obtained for a kink angkgq = 70°
from Eq. (6) akig = 1.1K,,. The localk under global mode | loading has a maximum for the
straight crack wherg = K,. If one assumes that the probability to move dalion with its
tension stress field close to the crack tip issame for the mode | and the kinked mode I,
then

AK
—_eftth -1 15, (25)
AK lleff,th

For austenitic steehKieftn = 2.3 MPam™? [93] and AKjieftn = 2.5 MPam*? which gives
AKetr i/ AKjiesiin = 0.9. This small discrepancy might be caused bydifierent probability to
move antishielding dislocations sufficiently cldsethe crack tip in the case of a global mode
| and mode Il crack.

Thekye values for the coplanar emission of screw disiooatat the mode Il crack front
(see, for examplebB]) were estimated to be somewhat smaller thasetlodk,e, which would
not fit the measured ratiaK et in/AKpeittn = 1.7 for investigated materials at all. If one
supposes that only the local mode Il segments gatpaunder global mode 1l loading then
the local mode Il stress components at the micadois crack front should only be taken into
account. Assuming that the mean deviation angkb@in-plane ledges of the precrack front
is 30°, the ratio of the local mode Il and modeshiear stress 5 ¢/7 = 0.5 as follows from
a geometrical separation of the local shear stsg88¢ (see also Fig. 5(a)) and, consequently,
the ratioAKyesin/ AKjieff tn Should be about ZHowever, the in-plane angle of 30°is rather an
upper limit of the precrack tortuosity. Thereforteseems that also mechanisms other than the
local mode Il displacements partially contribute nede Il crack growth as, e.g., the
accumulative damage mechanism inside the cyclstiplaone.
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3.3.3 Mode | Branching Criterion

When knowing the effective valuesKeith, ONne can check the validity of the simple
branching (bifurcation) criterioAkq = 1.15AK et th > AKjetrin at the crack growth thresholds
of all investigated materials. This is presentediable 9. When inserting Eqgs. (22a) and (23a)
into the criterion, 1.13 Kt = AKiesih, the transition branching angte:s =~ 40° can be
determined as a value practically independent ofagerial. Indeed, one gradually obtains
(v=0.3) b2

n, =1.15E:0'—77= 0-6=—100g“£ (Bcagy - 1 ay, = 4
3E 1+v 2 2 (26)

Table 9. Fulfilment of the branching criteriofky > AKef th

Material Branching criterion [MPm"?]
ARMCO iron 1.7<27
Titanium 2.0=2.0
Nickel 3.3>23
Austenitic steel 29>23

With respect to Table 9, obviously, the valugs =~ 40° and the related mode mixity
Akyetta /Akiestg = 0.67 according to Eq. (19) well correspond tgpeesive o, = 39° and
Akyett d IAkiert g = 0.70 as measured for titanium (Table 5). Althotighbranching condition in
nickel is fulfilled, the global character of the mpbhology is still of a crystallographic shear
dominance. There are, however, some facets extgb#tipure mode | control (see Fig. 8)
which might explain that the predictictKierrn = 3.1 MPam*? according to Eq. (23a) is
somewhat higher than the experimental value of\#&m*2 Indeed, Eq. (22a) based on a
pure mode | loading predicts a considerably lovadue of 2.3 MPan*2. A comparison of the
results in Table 9 with the mode mixitiag e /Akiers in Table 5 shows that the criterion starts
to be fulfilled when the local opening mode becotmgher than the local shear-mode one. In
another words, the criterion is sensitive to tlaasition from the local shear mode to the local
opening mode. However, a global control of the amgmode over the crack propagation
starts only at anglas, =~ 60° significantly higher thans. Note that the mode mixity related
to the transition angleys is close to that for small crystallographic cragkswing in surface
slip bands under remote push-pull loading. Theseksrare also shear-mode controlled since
the movement of dislocations in slip planes is peally unaffected by the normal stress.

Finally, it should be mentioned that another biédi@n criterion based on the maximum
crack growth rate73,89]. It turns out that mode Il is faster than made the large-scale-
yielding region but that effective mode | and maldkinetics seem to converge and intersect
at the transition to small-scale yielding regionisTintersection is associated with a transition
from tensile-stress controlled (deflected) crackhpat small-scale yielding to shear-stress
controlled (coplanar) one at large scale yieldiRgediction of this transition can be done
either through laboratory tests of mode | and Hckr growth rates89] or theoretically by
application of two critical-plane based fatigue Idriteria [/ 3].
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3.3.4 Important Outcomes for Materials Science and Engjimg

At the threshold loading leveR(= 0.1), the extent of the cyclic plastic zom, at the
precrack tip is less than (or comparable to) treatteristic microstructural distance in all the
investigated materials. Indeed, when using a sirlipln’s formula, the Rice transformation
scheme and the Tresca criterion for the yield stressimple shear, =,/2 one obtains

2
r =i[mj . This givesr, = 10 pm for ARMCO irony, = 15 pum (8 pm) for titanium

Poom o,

850 °C (950 °C)yp = 60 um for nickel and, = 20 pm for the austenitic stedd2] which
means that the influence of microstructural basrgoes not play any important role and the
main factors controlling the intrinsic shear-moleesholds are only related to matrix (lattice)
characteristicss, b anda,m, that explicitly appear in Eq. (23a). A high intimshear-mode
threshold is, therefore, ensured by a high shealulns G (high strength of interatomic
bonds), a long Burgers vector (small manoeuvrgbitit dislocations) and a high mean
deflection angleym (small number of available slip systems).

During crack propagation, the cyclic plastic zomedmes comparable to or higher than
the characteristic microstructure distance anditiiensic resistance to shear-mode crack
growth starts to be microstructurally dependentth@ near-threshold region, however, the
extrinsic part of the resistance (friction induceldsure) is usually much higher than the
intrinsic one. Therefore, the existence of largecknaake asperities resistant to rubbing is
decisive for an improvement of the total resistattccehear-mode crack growth. This means
that a coarse and stable microstructure still Esésg a sufficiently high yield stress is the
most important demand for a high resistance toggapon of shear-mode cracks in the near-
threshold region. Several times higher extrinsioqare) component than the intrinsic one
also play a significant role in propagation/nongagation of modes I, lll and Il + 1l cracks
in engineering structures, e.g. rails8].

Height of the crack-wake asperities, which depeamdthe level of local mode | branching,
determines the difference between crack growthsratemodes Il and Ill. In material with
relatively plain fracture surfaces (emission oflatations from the crack tip is a dominant
mechanism) crack growth rates in modes Il andrBlraearly comparable. On the other hand,
crack growth rates are much higher for mode llinthlaose of mode Il in materials where
factory-roof crack flanks are generated. Considgtire relationship (1), effective thresholds,
which can be obtained by the experimental proceduesented in this work, enable
predicting of the closure component:

AKclosure = AKapplied - AK effective” (27)

In the large scale yielding region the intrinsianmmnent becomes dominant due larger
displacement of the crack flanks and a friction wehthe asperities. In this case crack
propagation in mode Il is slower than mode Il hess of the more complicated intrinsic
mechanism.

Finally, it should be mentioned that in some cabkescrack closure is small, e.g. cracks
initiated by corrosion or microcracks along grasubdaries created after thermal treatment.
Their threshold can be close to the effective one dtfiective thresholds measured in this
work represent the theoretical minimum which shooddtaken into account for design in
order to be on the safe side.
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3.4 Mixed Mode Il + 111

So far the work was focused on pure modes Il andHibwever, a combination of these
two modes occurs in many real cases. The amounh@ivik experimental and theoretical
effective data for mixed mode Il + Il is even mdireited than that of pure modes Il and IlI.
Some new experimental data along with a few attenfptind in literature are shortly
presented in this section.

In order to describe the mixed-mode Il + Il crgmopagation, there is an effort to express
the data in terms of an equivalent stress intemaitge {Keg). When assuming that the range
of energy release rate is a quantity controlling ¢hack growth rate under plane strain and
small scale yielding conditions, the mixed-modeckrgrowth rate data can be described by

an equivalent SIFRAK,, =,/AK,* + 18K, > . The coefficienti decides about the weights of

contributions of mode Il and Ill components to ttrack growth ratei = 1/(1 —v) = 1.45
stands for equal weights &K, andAK;; andl < 1.45 ¢ > 1.45) means a lower (higher)
weight of mode 11l component. Doquet et dl7] searched the optimum correlation (based on
the correlation coefficient) for maraging steel anebAl-4V alloy using the relationship

AK g e =\/AK i+ AOK .« >IN the Paris-Erdogan crack-growth regime. The effectalues of

SIFR were determined by means of a comparison @saored in-plane and out-of-plane
sliding displacements on free surfaces with tho®tained from elastic-plastic FEM
calculations. The values = 1.2 for the maraging steel and= 0.9 for the Ti-6Al-4Vwere
found to be the most appropriate ones. This meaats ith both investigated materials, the
mode Il component of the crack driving force wesd efficient than that of the mode II.

Doquet et al.17] also assessed the ratio of effective and ndrailieR AKew/AKnom for Ti-
6Al-4V and maraging steel in the Paris-Erdoganaegkor Ti-6Al-4V this ratio ranged from
0.12 to 0.7 and in the maraging steel from 0.51.@in dependence of applied loading level
and the mode mixitAK;/AKy,. Higher loading amplitude and mixity ratio corresged to
higher values of\Ke#/AKnom Which is in agreement with assumptions (Sec8d4) about
higher extrinsic component of mode Il cracks comegao that of mode Il cracks.

3.4.1 Tested Equivalent Stress Intensity Factors for Mikéode Il + 1l in
ARMCO Iron

If the modes Il and Ill crack growth mechanisms emthe same applied SIR¥K; and
AKy, were equally efficient, i.e., if the contribution$ AK, and AKy, in the mixed-mode
Il + 11l were identical, the crack growth rate umdbkis kind of loading should be described in
terms of the classical criterion based on the gnezigased rate:

1-v? 1
GE = E [Kﬁ +EK|?|J (28)
AKeq:\/AKﬁ+ﬁAKﬁ, : (29)
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Since the identical influence dK; and AK;, is not necessarily true, a more justified
equivalent SIFR in the above mentioned manhéf fvas used and assessed.

DK, =OKZ +ARK? (30)

If the coefficientd is smaller than 1/(1 +) =~ 1.43, the efficiency of mode Il mechanism is
less than that of the mode II. Valué@( O.4,3.0> were used for fitting the experimental data

and the results were assessed according to thengseaf fits of the regression curves based
on the coefficient of determinatid®’. The formula of Klesnil and Lukas [11] (31) wasds
as a regression function suitable for the nearstiokel region, wherdé, AKy andn are fitting

parameters.

2_; = AlBK" -AK?), (31)

Examples of evaluatedK, for 4 = 0.6,4 = 1.1 andl = 2.0 are presented in Fig. 29. The

diagram in Fig. 30 shows the dependenc&aobn the tested values #ffrom Eg. (30). The
coefficientR? reached its maximum value fobetween 1.0 and 1.2.
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Fig. 29.Examples of diagrams with evaluated fitting curfe@st = 0.6,4 = 1.1 andl = 2.0.
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Fig. 30.Dependence of the coefficient of determinatibron tested values af

First, it should be noted that the only truly effee values are those at the threshold
AKeq i The crack growth above the equivalent thresholalieady accompanied by a certain
level of friction (closure), which means that thalues ofAKeq are somewhat higher than
those ofAKeq eft

The results showed that the weight parametsith the best fit wag ~ 1.1. This value is
less than 1/(1 +) which means that, in the near-threshold regiime,nhode IIl component of

the crack driving force was slightly less efficienan that of the mode Il. These results are in
accordance with those frorhq].

Other formulas for sorting the mixed-mode data wads® used. The following formulae
normalized to 1 when approaching the mixed-modestiold were used in [97]:

2 2
A: \/[AKIImJ +[AKIIIm ] (32)
AKIlth AKIIIth

\/A|‘<|Im2 +AKIIIm2 . 1
B= AK : AKy, = > (AK i T AK yn ) (33)
th

— \/Kz man"'Ks mez
\/Kz |ZQAKmh COS¢)2 T K, EQAKIIIth Sir¢)2

Values of mode Il and Ill thresholdaKymn (= AKiern) = 1.5 MPam*? and AKy

(= AKyetrn) = 2.6 MPam*2 were included into these criteria. In the critar{@4) weights of
pure mode components, and k3 were investigated and the best result provided the
combination of values, = 1.5 — 2.0 and3; = 1.0, which is also in a qualitative agreement
with the previous results.

C

(34)
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3.4.2 Mixed-mode Il + Ill Fractography

The relationship for intrinsic resistance to crgmopagation under pure mode Il near
threshold and a verification of mode-I-branchingecion are mentioned in Sectid3. As
regards mixed mode Il + Il loading, however, sachanalysis has not yet been done.

Data from experiments with the simple shear spetcing4) were analyzed [98]. A three-
dimensional topography of mixed-mode Il + Il crackand a comparison of the
stereophoto-grammetrical data obtained from fractsurfaces of the ARMCO iron,
a-titanium, nickel and austenitic steel was donee ©bjective was to show how each of the
local modes Il and Ill contributes to a generatadrfracture surfaces. This can provide an
initial viewpoint on the intrinsic resistance tack growth under mixed mode Il + Il loading
and an assessment of the crack growth micromeahar(is relation to the atomistic models
presented in Sectiah3).

Fracture surfaces were reconstructed in 3D usingtéreophotogrammetry in SEM. The
resulting images are presented in Fig. 31. Theyaleaa evidence of crystallography-
controlled crack propagation for ARMCO iron, titami and nickel which was also observed
for pure modes Il and Ill. On the other hand, ngstallography influence can be detected in
the austenitic steel (Fig. 31(d)) where charadiensgular-shaped hills are created during the
remote mixed-mode Il + Il loading. They represarttansition between the high crack front
deflection observed in pure remote mode Il andfdlcéory-roof morphology typical for pure
remote mode IIl [1,2]. This is, most probably, caadisby a local mode | crack growth
mechanism according to the model of Deshpande. ¢7JalA qualitatively similar fracture
morphology consisting of periodical fracture segtaatfferently inclined to the macroscopic
plane was observed by Hourlier and Pineau [8] inhilgh-strength low-alloy steel loaded in
mixed mode I(cyclic)+llI(static).
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Fig. 31.Examples of fracture morphologies for remote mixeatde 11 + 11l cracks with the height
profiles corresponding to the white horizontal arsan (a) ARMCO iron; (b) titanium; (c) nickel,
(d) austenitic steel.
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Quantification of the 3D data was done by analg§iseight profiles determined by cutting
planes denoted by the white arrows in Fig. 31. Tdwdinatel passes along the line from the
left to the right and the topological profiles wedetermined by the vertical coordinate
These profiles were used for a measurement of angterresponding to the average crack
deviation from the plane of the maximum shear stré@fe profiles running parallel to the
shear direction provide angleswhile those of the perpendicular direction indecahgless.
The average deviation anglgsi; = (o + f)/2 were calculated, summarized in Table 10 for all
investigated materials and compared to those &paeive pure modes Il and Ill, obtained in
the same way as average deviation anglesdyy,.

The deviation angles in the ARMCO iron are reldgivemall (up to 20°) and the cracks
propagated here in a nearly coplanar manner urd@&rgnode dominance. In titanium these
angles were much higher compared to those in th&1@®8 iron. The highest angles
corresponding to nearly pure local mode | growtlremmeasured for nickel and austenitic
steel. The differences can be attributed to a rm@iffe number of slip systems available in
crystal structures of these metals (bcc, hcp acidas reported for pure mode Il and 1l cracks
in more detail in [3]. Influence of crystallograptwas observed in all materials except for the
austenitic steel.

Table 10.Comparison of mean deviation angles of mode lidenidl and mixed-mode 1l + IlI
cracks.

Mode Angle ARMCO Titanium  Nickel [°]  Austenitic
[’] [’] steel [°]

I+ 1y 15+8 36 £16 45 + 15 45 + 15
Il il 21+11 32+13 45+ 17 39+5
[l ll 21+13 34 +£15 34+14 32+11

The average angleg are nearly equal tg, ones in ARMCO iron and titanium, while
y >y in nickel and austenitic steel. The latter uneifpaorresponds to the fact that the
maximum local mode | deviations can reach 70° &nate mode Il cracks but only 45° for
remote mode Ill ones. The valuesygf, are rather close to those jgfin all materials and
higher tharyy; in nickel and austenitic steel. The obtained teguiovide a useful basis for an
assessment of micromechanisms of mixed-mode Il érfick propagation and a quantitative
interpretation of values of the intrinsic Il + threshold in these materials.
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4 Conclusions

Experiments were done in the near-threshold regiothe shear-mode crack growth in
metallic materials and brought new data on effectvack growth thresholds for ARMCO
iron, a-titanium, nickel and austenitic steel. The phyisimackground of both the intrinsic
resistance to shear-mode crack propagation andmplesicrack branching criterion was
presented.

Experimental data were obtained for two types @fcspens for each of loading modes I
and Ill. Observations of fracture surfaces in thdbmensions were done by means of
stereophotogrammetry in SEM.

Analysis of crack deviation angles revealed thathm ARMCO iron the cracks deflected
and twisted randomly in all directions by a smalgle ~ 20° and that the crack propagated
along the maximum shear plane. The facets in théM8R iron indicated a significant
influence of crystallography. In austenitic stebk thigh deflection and twisting angles
corresponded to local mode | branching in both temmode Il and remote mode Ill. No
crystallographic influence was observed in austesieel. According to these observations,
the model of shielding dislocations (described ib-Saction1.3.1) can be attributed to crack
growth in the ARMCO iron and the model of absomtiof antishielding dislocations
(in Sub-sectiori.3.2) can be applied on crack growth in the autstesteel.

There is a principal difference between the medmsiof mode Il and mode Il crack
growth in the near-threshold region. In the firsise, the mode | component induced by
a deflection from the precrack plane usually acedds mode Il crack propagation due to
a reduced friction. In the latter case, a decataranf the mode Il crack growth caused by
twisting to local mode | and the related clampifigrack-wake asperities is mostly observed,
particularly in materials forming the factory-raobrphology.

In all investigated materials, the effective thi@ds AKeritn Under the remote mode |l
loading were found to be about 1.7 times lower tthenthresholdaK s under the remote
mode Il loading. This is in a qualitative accordarwith a prediction of mode Il growth
models based on the local mode Il displacements ligo indicates a certain contribution of
other mechanisms as the accumulative damage (maaking) inside the cyclic plastic zone.

These results are a good contribution to understgndf nature of shear-mode crack
propagation in metallic materials. The work alsesagnts an application of the approach of
micromechanics of fracture in the fields of fraetimechanics and materials science.

4.1 The Most Significant New Scientific Findings

Effective thresholds under mode | and mode Il Ingdif investigated materials follow the
relationshipsAK ., =3Ev/b/ 4 and AK,.,, =Gvb/ n,, respectively, wher€ andG are the

respective Young’'s and shear modddiis the magnitude of Burgers vector andis a
function of mean deflection angd@m: Nebcc = 0.9, Ny hep= 0.6 andnyrec =~ 0.4 can roughly be
assumed for bcc, hcp and fcc metals, respectiv@iysequently, the intrinsic resistance to
shear-mode crack growth is predetermined by sthengt interatomic bonds G),
manoeuvrability of dislocation®) and the number of slip systems in the lattigg. (

The simple criterion 1.1/ iert th > AKjefr tn for mode | branching well reflects a transition
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from the shear-mode to the opening-mode controtlextk propagation. The associated
deflection anglexs ~ 40° practically does not depend on a material.

These results bring the important possibility ofnparison of the effective thresholds with
results of theoretical models. They also enabldiptiag of the closure component by
subtracting the effective value from the applieading.

Finally, it should be emphasized that the levelraftibn-induced closure component is
usually several times higher than the effective iorthe near-threshold region. Therefore, the
shear-mode crack growth behaviour is predominastgkgrmined by extrinsic factors, which
can also be estimated based on the applied loadhanidtrinsic factors. This work presents
a new way to find the intrinsic resistance to shmade crack growth in metallic materials.

4.2 Author’s Contributions

The first contribution that should be mentioned tiwat the author conducted the
experimental procedure, which was a demanding psoas regards both time consumption
and technical skills. Under the guidance of his esuisor Prof. Pokluda and special
supervisors at the Erich Schmid Institute of Austriecademy of Sciences (ESI AAS) Prof.
Pippan and Dr. Hohenwarter the author managed twessfully accomplish all experiments
and observations individually. This work along witte visits of Prof. Pokluda maintained
and deepened the cooperation between Brno Uniyafitechnology and the ESI AAS.

The most important scientific contributions are th#&comes in the form of new findings
about shear-mode cracks published in articles ith mw®acted international journals. The
author was the main writing author of one articleblshed in Engineering Fracture
Mechanics (IF = 1.41), was involved in author wagtiof one article published in Acta
Materialia (IF = 3.94) and had a co-author paratipgn of one overview article published in
Fatigue & Fracture of Engineering Materials & Struetu(lF = 0.86).

Another contribution was author’s active participas at international conferences, from
which he had an oral presentation at nine of th8everal articles were published in the
conference proceedings or in journals indexedenSGOPUS.

4.3 Follow-up Research in the Future

The results indicate that the effective threshéddsnode Ill are higher than that for mode
II, for all four investigated materials. Also apgtion of micromechanistic models was
proposed to explanation some of the observed phenmanThese findings need to be verified
by conducting experiments on other materials. Culye(2014), experiments for modes Il
and Il in ferritic-pearlitic steel are in proces®ther experiments are planned for pure
pearlitic steel and the Ti-6Al-4V alloy. Further W@ation of results for single-phase bcc and
hcp metals is planned to be done for niobium armbrium.

A deeper analysis and discussion should be dorteeoappropriate description of mixed-
mode Il + 11l cracks propagation. Optimized crigefor evaluation of near-threshold data can
be used in multiaxial fatigue research in the feitur

62



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

LAWN, B. R.; WILSHAW, T. R.Fracture of SolidsCambridge: Cambridge University
Press, 1975.

OTSUKA, A; MORI, K; MYIATI, T. The condition of &tigue crack growth in mixed
mode conditionEngineering Fracture Mechanic$975, vol. 7, pp. 429-439.

SWEDLOW, J. L. Criteria for growth of the anglenlacks.Cracks and Fracture
ASTM STP 601, 1976, West Conshohocken: ASTM, pp. 506-52

HOURLIER, F.; McLEAN, D.; PINEAU, A. Fatigue cragkowth behaviour of Ti-5Al-
2-5Sn alloy under complex stress (mode | + steadyeniiv). Metals Technologyl978,
vol. 5, pp. 154-158.

HOURLIER, F.; PINEAU, A. Propagation of fatigue cka under polymodal loading.
Fatigue & Fracture of Engineering Materials & Striuees,1982, vol. 5, pp. 287-302.

TSCHEGG, E. K. The influence of the static loadd®a | and R ratio on mode |lI
fatigue crack growth behaviour in mild steflllaterials Science and Engineerint982,
vol. 54, pp. 127-136.

TSCHEGG, E. K.; RITCHIE, R. O.; McCLINTOCK, F. &n the influence of rubbing
fracture surfaces on fatigue crack propagation odenlll. International Journal of
Fatigue 1983, vol. 5, pp. 29-35.

TSCHEGG, E. K. Sliding mode crack closure and mdidatigue crack growth in mild
steel.Acta Metallurgica 1984, vol. 31, pp. 1323-1330.

POOK, L. P. The fatigue crack direction and thdd behaviour of mild steel under
mixed mode | and Il loadindnternational Journal of Fatiguel985, vol. 7, pp. 21-30.

BROWN, M. W.; HAY, E.; MILLER, K. J. Fatigue atotches subjected to reversed
torsion and static axial load$-atigue & Fracture of Engineering Materials &
Structures 1985, vol. 8, pp. 243-258.

OTSUKA, A.; MORI, K.; TOGHO, K. Mode Il fatiguerack growth in aluminium
alloys Current Japanese Materials ReseartB87, vol. 1, pp. 163-185.

TSCHEGG, E. K.; STANZL, S. E. The significancestifling mode crack closure on
mode Il fatigue crack growttBasic questions in fatigu&STM STP 924, vol. 1, West
Conshohocken: ASTM, 1988, pp. 214-232.

HELLIER, A. K.; McGIRR, M. B.; CORDEROQY, D. H. A finite element and fatigue
threshold study of shelling in heavy haul raigear, 1991, vol. 144, pp. 289-306.

DOQUET, V.; POMMIER, S. Fatigue crack growth undem-proportional mixed-
mode loading in ferritic-pearlitic stedtatigue & Fracture of Engineering Materials &
Structures 2004, vol. 27, pp. 1051-1060.

VAZIRI, A.; NAYEB-HASHEMI, H. The effect of crek surface interaction on the
stress intensity factor in Mode Il crack growthrmund shaftsEngineering Fracture
Mechanics 2005, vol. 72, pp. 617-629.

POKLUDA, J; TRATTNIG, G.; MARTINSCHITZ, C.; PIPPANR. Straightforward
comparison of fatigue crack growth under modesnd &#l. International Journal of
Fatigue 2008, vol. 30, pp. 1498-1506.

63



[17] DOQUET, V.; BUI, Q. H.; BERTOLINO G.; MERHY, EALVES, L. 3D shear-mode
fatigue crack growth in maraging steel and Ti-6M-4international Journal of
Fracture 2010, vol. 165, pp. 61-76.

[18] TARANTINO, M.G.; BERETTA, S.; FOLETTI, S.; PAPAD@ULOS, |I.
Experiments under pure shear and rolling contatigufa conditions: Competition
between tensile and shear mode crack grolmternational Journal of Fatigue2013,
vol. 46, pp. 67-80.

[19] POKLUDA, J.; SANDERA, PMicromechanisms of Fracture and Fatigueondon:
Springer, 2010. 295 p. ISBN 978-1-84996-265-0.

[20] POLAK, J.Cyclic Plasticity and Low Cycle Fatigue of Metaaha: Academia, 1991.

[21] UHNAKOVA, A.; POKLUDA, J.; MACHOVA, A.; HORA, P 3D atomistic simulation
of fatigue behaviour of cracked single crystal afcbiron loaded in mode Il
International Journal of Fatigue2011, vol. 33, pp. 1564-1573.

[22] UHNAKOVA, A.; POKLUDA, J.; MACHOVA, A.; HORA, P 3D atomistic simulation
of fatigue behavior of a ductile crack in bcc irmaded in mode [IComputational
Material Science2012, vol. 61, pp. 12-19.

[23] RITCHIE, R. O. Mechanisms of fatigue crack mgation in metals, ceramics and
composites: Role of crack tip shieldingaterials Science and Engineering; 2988,
vol. 103, pp. 15-28.

[24] SURESH, SFatigue of Materials.Cambridge: Cambridge University Press, 1998,
704 p.

[25] POKLUDA, J.; SANDERA, P.; HORNIKOVA, J. StatisticAlpproach to Roughness-
Induced Shielding Effects&atigue & Fracture of Engineering Materials & Struces
2004, vol. 27, pp. 141-157.

[26] GROSS, T. S.; MENDELSOHN, D. Mode | stress intgnfactors induced by fracture
surface roughness under pure mode Il loading:iegpdn to the effect of loading

modes on stress corrosion crack growdtetallurgical Transactions1989, vol. 20A,
1989-1999.

[27] POKLUDA, J.; SLAMEKA, K.; SANDERA, P. Mechanism of factory-roof
formation.Engineering Fracture Mechanic2010, vol. 77, pp. 1763-1771.

[28] TANAKA, K. Small Crack Propagation in Multiaxidllotch Fatigue. IrCrack Paths
(CP 2012) Ed. A. CARPINTERI, F. IACOVIELLO, L. P. POOK, L. SUSBL, Gaeta:
Gruppo Italiano Frattura, 2012, pp. 31-45.

[29] TANAKA, K.; IWATA, Y.; AKINIWA, Y. Fatigue cradk propagation in lead-free
solder under mode | and Il loadingransactions of the Japan Society of Mechanical
Engineers 2009, vol. 75, pp. 1738-1745.

[30] HOLAN, L.; POKLUDA, J.; SLAME'KA, K. Local Aspects of Shear-mode Crack
Propagation in Austenitic Ste€hemické Listy2010, vol. 104, pp. 314-317.

[31] POOK, L. PCrack Paths Southampton-Boston: Wit Press, 2002. 154 p. ISBN1B78
8531-2927-8

[32] MURAKAMI, Y.; KUSUMOTO, R.; TAKAHASHI, K. Growth mechanism and
threshold of mode Il and mode Il fatigue craékacture mechanics beyond 2000
(ECF 14) vol. 1l. Sheffield: EMAS, 2002, pp. 493-500.

64



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

RITCHIE, R. O.; McCLINTOCK, F.A.; NAYEB-HASHEMI,H.; RITTER, M. A.
Mode Il fatigue crack propagation in low alloy steMetallurgical Transactions A
1982, vol. 13, pp. 101-110.

NAYEB-HASHEMI, H.; McCLINTOCK, F. A.; RITCHIE, RO. Micro-mechanical
modelling of mode I1ll fatigue crack growth in roteteels.International Journal of
Fracture, 1983, vol. 23, pp. 163-185.

HELLIER, A.K.; McGIRR, M. B.; CORDEROY, D. H.; KUTAJCZYK, L.A.
Fatigue of head hardened rail steel under modeo#tlihg. International Journal of
Fracture 1990, vol. 42, pp. R19-R23.

JAMES, M.; HERMAN, D. J.; SCOTT, F. Crack Growtlat® Stress Intensity Factor
Corrections for Out-of-Plane Crack Growth. Fatigue and Fracture Mechanic&d.
S. R. DANIEWITZ, J.C. NEWMAN, K.H. SCHWALBE, West dbshohocken:
ASTM, 2003.

SCHOLLMANN, M.; FULLAND, M.; RICHARD, H.A. Development of a new
software for adaptive crack growth simulations i SructuresEngineering Fracture
Mechanics 2003, vol. 70, pp. 249-268.

POKLUDA, J.; PIPPAN, R. Can a pure mode Il fatigunading contribute to crack
propagation in metallic materialdzatigue & Fracture of Engineering Materials &
Structures 2005, vol. 28, pp. 179-186.

PIPPAN, R.; GUMBSCH, RMultiscale Modelling of Plasticity and Fracture bfeans
of Dislocation MechanicsCISM Coursed and Lectures, vol. 522, Wien-New York
Springer, 2010, 394 p. ISBN 978-3-7091-0283-1.

PIPPAN, R. Dislocation emission and fatigue crgobwth threshold. Acta
Metallurgica et Materialia 1991, vol. 39, pp. 255-262.

RIEMELMOSER, F. O.; GUMBSCH, P.; PIPPAN, R. Dislaoatmodelling of fatigue
cracks: An overviewMaterials Transactions, JIM2001, vol. 42, pp. 2-13.

PIPPAN, R.; RIEMELMOSER, F. O.; WEINHANDL, H.; KREUWER, H. Plasticity-
induced crack closure under plane-strain conditionghe near-threshold regime.
Philosophical Magazine A2002, vol. 82, pp. 3299-3309.

DESHPANDE, V. S.; NEEDLEMAN, A; VAN DER GIESSEN, EA discrete
dislocation analysis of near-threshold fatigue krgcowth. Acta Materialig 2001,
vol. 49, pp. 3189-3203.

VAN DER GIESSEN, E; DESHPANDE, V. S.; CLEVERINGA, H.M.;
NEEDLEMAN, A. Discrete dislocation plasticity andack tip fields in single crystals.
Journal of the Mechanics and Physics of Solfi01, vol. 49, pp. 2133-2153.

PELLOUX, R. M. N. Mechanisms of formation of die fatigue striations. ASM
Transactions Quarterlyl969, vol. 62, pp. 281-287.

NEUMANN, P. New experiments concerning slip meses at propagating fatigue
cracks.Acta Metallurgica 1974, vol. 22, pp. 1155-1165.

VEHOFF, H. Crack propagation and cleavage imdrain Fe-2.6 percent Si single-
crystals under controlled plastic crack tip opemiaig in various gaseous environments.
Acta Materialig 1980, vol. 28, pp. 265-272.

65



[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

PIPPAN, R.; ZELGER, C.; GACH, E.; BICHLER, C.; WNBHHANDL, H. On the
mechanism of fatigue crack propagation in ductiletatiic materials. Fatigue &
Fracture of Engineering Materials & Structure2011, vol. 34, pp. 1-16.

WEERTMAN, J. Rate of growth of fatigue crackalaulated from the theory of
infinitesimal dislocations distributed on a plaraternational Journal of Fracture
Mechanics 1966, vol. 2, pp. 460-467.

VOJTEK, T.; PIPPAN, R.; HOHENWARTER, A.; HOIM L.; POKLUDA, J. Near-
threshold propagation of mode Il and mode Il faéigcracks in ferrite and austenite.
Acta Materialig 2013, vol. 61, pp. 4625-4635.

POKLUDA, J.; SLAMEKA, K.; SANDERA, P. On the Mechanism of Factory-Roof
Formation. In Crack Paths (CP 2009)Ed. B. ATZORI, A. CARPINTERI, P.
LAZZARIN, L. P. POOK, Vicenza: University of Padua,d) pp. 155 — 166.

POKLUDA, J; PIPPAN, R.; VOJTEK, T.; HOHENWARTER, A\ear-threshold
Behaviour of Shear-mode Fatigue Cracks in Metalliddvials. Fatigue & Fracture of
Engineering Materials & Structure2014, vol. 37, pp. 232-254.

TANAKA, K.; AKINAWA, Y.; YU, H. The propagationof a circumferential fatigue
crack in medium-carbon steel bars under combinesioioal and axial loading$dixed-
mode crack behaviouASTM 1359, West Conshohocken: ASTM, 1999, pp. 295-3

PONS, A.J.; KARMA, A. Helical crack front instéity in mixed-mode loading.
Nature 2010, vol. 464, pp. 85-89.

LEBLOND, J. B.; KARMA, A.; LAZARUS, V. Theoretia analysis of crack front
instability in mode | + Ill,Journal of the Mechanics and Physics of SolRi¥l1, vol.
59, pp. 1872-1887.

POOK, L. P. A 50-year retrospective review oktdudimensional effects at cracks and
sharp notchedr-atigue & Fracture of Engineering Materials & Strwces 2013, vol.
36, pp. 699-723.

VATNE, I. R.; STUKOWSKI, A.; THAULOW, C.; OSTBY, E MARIAN, J. Three-
dimensional crack initiation mechanisms in bcc-Fdearnoading modes |, 1l and .
Materials Science and Engineering 2013, vol. 560, pp. 306-331.

OHR, S. M. An electron microscope study of créapkdeformation and its impact on
the dislocation theory of fractur®aterials Science and Engineerintp85, vol. 72, pp.
1-35.

MURAKAMI, Y. Metal Fatigue: Effects of small defects and nonittetanclusions
Amsterdam — Tokyo: Elsevier, 2002.

TONG, J.; YATES, J. R.; BROWN, M. W. The fornatiand propagation of mode |
branch cracks in mixed mode fatigue failuBmgineering Fracture Mechanic4997,
vol. 56, pp. 213-231.

DOQUET, V.; ABADI, M.; BUI, Q. H.; PONS, A. Inflence of the loading path on
fatigue crack growth under mixed-mode loadihgternational Journal of Fracture
2009, vol. 159, pp. 219-232.

CAMPBELL, J. P.; RITCHIE, R. O. Mixed mode, highele fatigue-crack growth
thresholds in Ti-6Al-4V: I. A comparison of largeand short-crack behavior.
Engineering Fracture Mechanic2000, vol. 67, pp. 209-227.

66



[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

MERATI, A. A.; HELLIER, A. K.; ZARRABI, K. On he mixed mode Il/lll fatigue
threshold behaviour for aluminium alloys 2014-T@l &i975-T6.Fatigue & Fracture of
Engineering Materials & Structure2011, vol. 35, pp. 2-12.

TONG, J.; YATES, J. R.; BROWN, M. W. Some aspagftgatigue thresholds under
mode Il and mixed mode IIl and | loadingsternational Journal of Fatiguel996,
vol. 18, pp. 279-285.

BERETTA, S.; FOLETTI, S.; VALIULIN, K. Fatigue cc& propagation and threshold
for shallow micro-cracks under out-of-phase mulaéxloading in a gear steel.
Engineering Fracture Mechanic2010, vol. 77, pp. 1835-1848.

HOLAN, L.; HOHENWARTER, A.; SLAMEKA, K.; PIPPAN, R.; POKLUDA, J.
Experimental Evaluation of Fatigue Long Crack Propagaunder Remote Shear
Loading Modes Il and IlIMaterials Science and Technolo@$SN: 1335-9053), 2008,
vol. 8, pp. 55-59.

VOJTEK, T.; POKLUDA, J.; HOHENWARTER, A.; PIPPANR. Three-dimensional
Morphology of Fracture Surfaces Generated by Modemndl Ill Fatigue Loading in
Ferrite and Austenité&zngineering Fracture Mechanic2013, vol. 10, pp. 285-293.

QIAN, J.; FATEMI, A. Mixed mode fatigue crack ayth: A literature survey.
Engineering Fracture Mechanic4996, vol. 55, pp. 969-990.

CHELL, G. G.; GIRVAN, E. An experimental techmoie for fast fracture testing in
mixed modelnternational Journal of Fatiguel978, vol. 14, pp. R81-R84.

HELLIER, A. K.; CORDEROQY, D. J. H.; McGIRR, MB. A practical mixed mode
[I/11l fatigue test rig.International Journal of Fatiguel987, vol. 9, pp. 95-101.

FREMY, F.; POMMIER, S.; PONCELET, M.; RAKA, B.; GAINNE, E.; COURTIN,
S.; LE ROUX, J. C. Load path effect on fatigue crpopagation in | + Il + [Il mixed
mode conditions — Part 1: Experimental investigaiomternational Journal of
Fatigue 2014, vol. 62, pp. 104-112.

RICHARD, H. A.; BENITZ, K. Loading device forheé creation of mixed mode in
fracture mechanics$nternational Journal of Fracturel983, vol. 22, pp. R55-58.

DOQUET, V.; BERTOLINO, G. Local approach to ifate cracks bifurcation.
International Journal of Fracturg2008, vol. 30, pp. 942-950.

PLANK, R.; KUHN, G. Fatigue crack propagation eneon-proportional mixed mode
loading.Engineering Fracture Mechanic&999, vol. 62, pp. 203-229.

ZHAO, J.; GUO, W. Three-parameter K-T—Tz chagazation of the crack-tip fields in
compact-tension-shear specimeBsgineering Fracture Mechanic2012, vol. 92, pp.
72-88.

BENTHEM, J. P.; KOITER, W. T. Asymptotic appraxations to crack problems.
Mechanics of Fracture: Method of Analysis and Sohg of Crack Problem<Ed. Sih
G. C., Leyden: Noordhof International Publishing739pp. 131-178.

NODA, Nao-Aki; TAKASE, Y. Generalized stressansity factors of V-shaped notch
in a round bar under torsion, tension, and bendimgineering Fracture Mechanics,
2003, vol. 70, pp. 1447-1466.

67



[78] HORNIKOVA, J.; SANDERA, P.; POKLUDA, J. Linear-Etc and Elastoplastic
Mode Il and Ill Crack Tip Stress-Strain Fields in @giical Specimens with
Circumferential CrackKey Engineering Materials2010, vol. 417-418, pp. 321-324,
ISSN: 1662-9795.

[79] HORNIKOVA, J.; ZAK, S.; SANDERA, P. K-calibratioof special specimen for Mode
I, I and I+l Crack Growth.Engineering Fracture Mechanic2013, vol. 110, pp.
430-437.

[80] PIPPAN, R. The growth of short cracks under cyctimpressionkatigue & Fracture
of Engineering Materials & Structure$987, vol. 9, pp. 319-328.

[81] PIPPAN, R. The length and shape of cracks undgicayompression — the influence of
notch geometryEngineering Fracture Mechanic$988, vol. 31, pp. 715-718.

[82] PIPPAN, R.; BERGER, M.; STUWE, H. P. The influendecack length on fatigue
crack growth in deep sharp notch&fetallurgical Transactions A1987, vol. 18, pp
429-435.

[83] MURAKAMI, Y. Editor-in-Chief. Stress Intensity Factors HandbodkKols. 1 and 2,
Oxford: Pergamon Press, 1987.

[84] VOJTEK, T.; POKLUDA, J.; SANDERA, P.; HORNIKOVA,.;JSLAMECKA, K.;
HOHENWARTER, A.; PIPPAN, R. Near-threshold Fatigue @r&copagation under
Mixed-mode I+l in ARMCO Iron. InFracture Mechanics for Durability, Reliability
and Safety (ECF19)Ed. R. GOLDSTEIN, Kazan: Kazan Scientific Centre tioé
Russian Academy of Sciences, 2012, p. 188 (CD ROM).

[85] STAMPFL, J.; SCHERER, S; GRUBER, M.; KOLEDNIK, O. d®astruction of
surface topographies by scanning electron micrgsdop application in fracture
researchApplied Physics AL996, vol. 63, pp. 341-346.

[86] SEMPRIMOSCHNIG, C. O. A.; STAMPFL, J.; PIPPAN, R.; KOQHIK, O. A new
powerful tool for surveying cleavage fracture soef® Fatigue & Fracture of
Engineering Materials & Structure4997, vol. 20, pp. 1541-1550.

[87] HORNIKOVA, J.; SANDERA, P.; ZAK, S.; POKLUDA, J. Sgeens for
Simultaneous Mode I, 1l and II+1ll Fatigue Crack Pemation: Elasto-Plastic Solution
of Crack Tip Stress-Strain Fielddvanced Materials Researc?014, vol. 891-892, pp.
1585-1590.

[88] KLESNIL, M.; LUKAS, P.Fatigue of Metallic MaterialsAmsterdam: Elsevier, 1992,
270 p.

[89] DOQUET, V.; BERTOLINO, G. A material and envimment-dependent criterion for
the prediction of fatigue crack paths in metallicustures. Engineering Fracture
Mechanics 2008, vol. 75, pp. 3399-3412.

[90] LIAW, P.K.; LEA, T.R.; LOGSDON, W. A. Near-teshold fatigue crack growth
behavior in metalsActa Metallurgica 1983, vol. 31, pp. 1581-1587.

[91] SHIN, D.H.; KIM, I.; KIM, J.; KIM, Y.S.; SEMIATN, S.L. Microstructure
development during equal-channel angular presdirigamium. Acta Materialig 2003,
vol. 51, pp. 983-996.

[92] BANERJEE, D.; WILLIAMS, J. C. Perspectives onafitum Science and Technology.
Acta Materialig 2013, vol. 61, pp. 844-879.

68



[93] POKLUDA, J.; KONDO, Y.; SLAMEKA, K.; SANDERA, P.; HORNIKOVA, J.
Assessment of Extrinsic Crack Tip Shielding in Angie Steel near Fatigue
ThresholdKey Engng. Matey.2008, vol. 385-387, pp. 49-52.

[94] PIPPAN, R. Threshold and effective threshold tifjfee crack propagation in ARMCO
iron I: The influence of grain size and cold woikiMaterials Science and Engineering
A, 1991, vol. 138, pp. 1-13.

[95] IRWING, P. E.; ROBINSON, J. L.; BEEVERS, C. J. Bag crack closure in titanium
and titanium alloysinternational Journal of Fracturel973, vol. 9, pp. 105-108.

[96] BOYCE, B. L.; RITCHIE, R. O. Effect of load ratand maximum stress intensity on
the fatigue threshold in Ti-6Al-4VEngineering Fracture Mechanic2001, vol. 68, pp.
129-147.

[97] VOJTEK, T.; POKLUDA, J.; SANDERA, P.; HORNIKOVA,.,JHOHENWARTER,
A.; PIPPAN, R. Analysis of Fatigue Crack Propagationeundixed Mode II+ll in
ARMCO Iron.International Journal of Fatiguesubmitted to.

[98] VOJTEK, T.; POKLUDA, J.; HOHENWARTER, A.; SLAMEKA, K.; PIPPAN, R.
3D Morphology of Fracture Surfaces Created by Mixemtienll+11l Fatigue Loading in
Metallic Materials Procedia Engineering2014, in print.

69



Nomenclature

bcc body centred cubic

fcc face centred cubic

hcp hexagonal close packed

CTS compact-tension shear specimen
FEA finite element analysis

FEM finite element method

SEM scanning electron microscope
SFE stacking-fault energy

SIF stress intensity factor

SIFR stress intensity factor range

a total crack length

a lattice parameter

(Aa/AN), fatigue crack growth rate in remote mode |
(Aa/AN), fatigue crack growth rate in remote mode Il
(Aa/AN)y, fatigue crack growth rate in remote mode Il

A coefficient in Klesnil — Lukas formula

b Burgers vector in fcc and bcc lattices

Dasc Burgers vector in hcp lattice

b magnitude ob Burgers vector

d inner diameter of simple-shear specimen

Om mean grain size

D outer diameter of simple-shear specimen

E Young’s modulus

F applied force

Fe applied compressive force

G shear modulus

Ge crack driving force

Kile monotonic mode Il threshold for dislocation enuss
Kilie monotonic mode 11l threshold for dislocation esiis
Ki remote mode Il SIF

Kii remote mode Il SIF

Kitind induced mode Il SIF

Killind induced mode Il SIF

Ke Griffith’s SIF

I length coordinate of a fracture surface profile

In1 notch depth in simple-shear specimen

In2 notch depth in CTS specimen

lo precrack length

ls shear crack length

n exponent in Klesnil — Lukas formula

N, function of mean deflection angle

Ny, bee function of mean deflection angle for bcc structure
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a
ald
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P
Akyq

AkIe
AKjie
AKieft d

AKieft 1
AKiefr a

AKijjjeft t

AK|
AKj
AKyy
AKegq
AKi th
AKjj th
AKiii th
AKijeff
AKiijeff
AKeff,eq
AKiet th
AKijeff,th

function of mean deflection angle for fcc structure

function of mean deflection angle for hcp structure

number of loading cycles

coefficient in Eqgs. (22) and (22a)

coefficient in Egs. (23) and (23a)

cyclic stress ratio

coefficient of determination

size of cyclic plastic zone

CTS specimen thickness

applied torque

CTS specimen width

geometry function of SIF for mode Il loading

geometry function of SIF for mode Il loading

Benthem-Koiter’'s dimensionless stress intensity

height coordinate of a profile

angle of deflection of a remote mode Il crackwispect to the shear plane
angle of deflection of a remote mode Il crackhwiespect to the shear plane
theoretical deflection angle of elementary modeanch under remote mode I
loading

mean deflection angle of elementary branch urelaote mode Il loading
mean transition angle of elementary branch urelaote mode 1l loading
angle of twisting of a remote mode Il crack wigéspect to the shear plane
angle of twisting of a remote mode 11l crack widspect to the shear plane
critical twist angle of elementary branch undamote mode Il loading

local mode | SIFR at deflected crack front unéenote mode Il loading

local mode | SIFR at twisted crack front under e&rmode Il loading

cyclic mode | threshold for dislocation emission

cyclic mode Il threshold for dislocation emissio

local effective mode | SIFR at deflected crack framder remote mode I
loading

local effective mode | SIFR at twisted crack frontlar remote mode Il loading
local effective mode Il SIFR at deflected crack freimder remote mode Il
loading

local effective mode Il SIFR at twisted crack fromwder remote mode |l
loading

remote SIFR for mode | loading

remote SIFR for mode Il loading

remote SIFR for mode Il loading

equivalent SIFR for mixed mode Il+ll loading

crack growth threshold for remote mode | logdi

crack growth threshold for remote mode Il loading

crack growth threshold for remote mode Il loading

effective SIFR for mode Il loading

effective SIFR for mode Il loading

equivalent effective SIF for mixed mode II+11l loadi

effective (intrinsic) crack growth threshold fmode | loading

effective (intrinsic) crack growth threshold foode Il loading
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®

K2, K3

A

v

ON

Oy

r

Iy

z—Ill,global

A
z—II,IocaI

A
Il local

A
Ill,global

T

T

B
Il,local

4

T

effective (intrinsic) crack growth threshold foode Il loading

polar angle on the cross section of simple-skpacimen

coefficients in the normalized formula for sortimjxed-mode II+11l data
coefficient in the equivalent SIFR in mixed modglil

Poisson’s ratio

nominal tensile stress

yield stress in tension

nominal shear stress

yield stress in shear

global mode Il shear stress

local mode Il component of global mode Il shetaess in the first half-cycle
local mode Ill component of global mode Il shetess in the first half-cycle
global mode Il shear stress in the first halEley

local mode Il component of global mode Il shs@ess in the second half-cycle
orientation angle of the CTS specimen, 0° for puoelenl, 90° for pure mode Il
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