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ABSTRACT

This thesis focuses on biaxial high cycle fatigue mechanisms and fatigue life predictions
for metals under constant amplitude axial-torsional loadings. The effects of non-
proportional loadings (out-of-phase loading and mean tensile stress), material anisotropy
and stress concentration on the axial-torsional fatigue behaviors are studied. Different
fatigue life prediction approaches are evaluated or proposed on the basis of detailed

observation of fatigue cracking mechanisms.

The available fatigue information in literature on cracking mechanisms and fatigue life
prediction parameters is first reviewed. Cracks generally initiate at PSBs oriented close to
the maximum shear planes. Stage 1 crack propagation occurs on the maximum shear
plane and stage Il crack propagation on the plane of maximum normal stress. In most
materials, most of fatigue life is consumed under shear-control (crack initiation and stage
I propagation). The maximum shear stress (strain) amplitude on the critical plane is the
control parameter for fatigue damage, but the normal stress on the critical plane plays an
important secondary role. The authors use different combinations of stresses and/or
strains to predict fatigue life. Most of fatigue life parameters can be considered as
extensions of Tresca criterion (e.g. McDiarmid and Fatemi-Socie) or of Von-Mises
criterion (e.g. Sines and Papadopoulos) by adding a second term to account for the
normal stress effect (normal stress on the critical plane or hydrostatic stress). Parameters

based on the critical-plane concept are the most prominent.

Stress-controlled high cycle fatigue tests (10°-107 cycles) were carried out on smooth
thin-walled tubular specimens made of as-rolled 1045 steel under proportional loadings
(axial, torsional and in-phase fatigue) and non-proportional loadings (90° out-of-phase
fatigue and torsional fatigue with static tension). A replica technique was used for crack
monitoring from initiation sites. External surfaces of failed specimens and fracture

surfaces were also observed in detail under SEM.
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The cracks initiate at PSBs oriented close to maximum shear planes in all loading
conditions. Under non-proportional loadings, more cracks initiate on the maximum shear
plane where the normal stress (amplitude or mean) is the highest. Crack initiation is a
shear-controlled process and tensile normal stress on the maximum shear plane assists
this process. The two stages of crack propagation are clearly observed in three loading
cases: torsional fatigue, in-phase fatigue and high A out-of-phase fatigue. The transition
from stage I to stage Il could correspond to a microstructural barrier in depth. Fatigue life
consumed under shear control represents an important part of total life. Shear-based
critical-plane parameters can be appropriate for fatigue life prediction. Easier crack
initiation (all ferrite grains well oriented) and easier crack propagation (no stage Il crack
coalescence and crack branching) occur in the special loading case ($=90°, A=0.5) where

the shear stress amplitudes are equal in all plane orientations.

Eight multiaxial fatigue life parameters have been evaluated in their life prediction
abilities under different loading conditions (including out-of-phase loading and cyclic
torsion with static axial stress). There are four stress-based parameters (Tresca,
McDiarmid, Dang-Van, and Papadopoulos), three strain-based parameters (KBM, Wang-
Brown, Fatemi-Socie) and one energy-based parameter (GWP) parameter. Two sets of
biaxial high cycle fatigue data on ferritic-pearlitic steels (our own data and data from

literature) are used for this evaluation.

The maximum shear stress amplitude (Tresca parameter) is not sufficient for biaxial
fatigue life prediction. The parameters including a normal stress/strain term can well
predict fatigue life under in-phase loading and low A out-of-phase loading. Fatigue life
under high A out-of-phase loading is often underestimated. The attenuation of normal
stress amplitude effect by the phase angle on the critical plane explains this
underestimation. However, macroscopic plastic strain can be non-negligible above the
fatigue limits, and a parameter using both strain and stress terms can be required to

account for different stress-strain response between in-phase and out-of-phase loadings.
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The maximum normal stress on the critical plane is more appropriate than the maximum
hydrostatic stress to account for both effects of normal mean stress and normal stress
amplitude. Fatigue life in the special loading case ($=90% A=0.5) is often overestimated.
This is attributed to more damaging mechanisms in crack initiation and crack
propagation. A modification of McDiarmid parameter, using an extra damage factor
(EDF) is proposed to obtain a conservative life prediction for all loading conditions we

considered.

Material anisotropy effects on cracking mechanisms and fatigue life were investigated
from tests carried out on smooth tubular specimens made of a 7075 aluminum alloy
having elongated grains and many inclusions strings in the longitudinal direction. Three
loading conditions were employed: axial fatigue, torsional fatigue and torsional fatigue
with static tension. The last loading condition introduces a competition between two
failure mechanisms: a critical-plane mechanism (transverse shear cracking due to static
axial tensile load) and an anisotropy-enhanced mechanism (longitudinal shear cracking
on the material weak plane). The material was tested in both underaged and overaged

conditions.

No anisotropy effect is observed under axial fatigue. Under torsional fatigue, anisotropy
effect is more important in the underaged material than in the overaged material.
Mechanical fibering plays a role in both materials, but planar slip and (111) texture in the
underaged material enhance the weakness of the longitudinal plane and result in a low
torsional fatigue performance (crystallographic fracture). Transverse shear cracking
appears only when the static tension is high enough. The underaged material has not the
same resistance to the longitudinal shear cracking as to the transverse shear cracking.
Two stress-life relations are needed to predict fatigue life when two different failure
mechanisms are involved. In the overaged material, anisotropy effect is less important,
and McDiarmid parameter can reasonably well correlate fatigue lives obtained in the

three loading conditions.



ix

Notch effects on axial and torsional fatigue behaviors were studied using two
circumferentially V-notched cylindrical specimens made of as-rolled 1045 steel. The
specimens have the same notch angle of 90 degree but have different notch depths.
Detailed FEM stress analyses at notch tip for both mode 1 and mode III loadings have

been performed using the Catia V5 code.

Fatigue notch factor and notch size effect are higher in axial fatigue than in torsional
fatigue. One explanation is that notch stress concentration in torsional fatigue (T,0/Tner) is
lower than that in axial fatigue (6./0net). Further, the factory-roof fracture in torsional
fatigue results in high resistance to crack propagation. Under both mode I and mode 1]
loadings, the stress fields at V-notch tip are singular. They are uniquely determined by
the mode I and mode 111 notch stress intensity factors. One should obtain the same fatigue
performance within the same stress field. A remarkable experimental confirmation has
been obtained. Both mode I and mode III notch stress intensity factors well correlate
fatigue lives from different notches under axial fatigue and under torsional fatigue,
respectively. These correlations open the door for a future study on notch fatigue
behavior under combined axial-torsional loadings. Fatigue life is expected to be a

function of mode I and mode III notch stress intensity factors.



RESUME

Cette thése a pour sujets principaux 1’étude des mécanismes de fatigue a grand nombre de
cycles et la prédiction de la durée de vie des métaux sollicités en traction-torsion
combinée sous amplitude constante. Les effets des chargements non-proportionnels
(chargement hors phase et contrainte moyenne), de 1’anisotropie du matériau et des
concentrations de contraintes sur le comportement en fatigue en traction-torsion
combinée ont été étudiés. Différentes approches de prédiction de la durée de vie ont été
évaluées ou proposées en s’appuyant sur une observation détaillée des mécanismes de

fissuration en fatigue.

Dans un premier temps, une revue de la littérature a permis de rassembler les
informations sur les mécanismes de fatigue et les paramétres de prédiction existants. En
général, les fissures s’amorcent sur des bandes de glissement persistantes au voisinage
des plans de cisaillement maximal. La propagation des fissures de stade I se produit sur le
plan de cisaillement maximal et celle des fissures de stade II sur le plan de contrainte
normale maximale. Dans la plupart des matériaux, la majeure partie de la durée de vie est
dépensée sous le contrdle du cisaillement (amorcage et stade I de la propagation de
fissure). L’amplitude maximale de la cission (déformation) sur le plan critique est le
parametre qui contréle I’endommagement en fatigue mais la contrainte normale sur le
plan critique joue un rdle secondaire non négligeable. Les auteurs utilisent différentes
combinaisons des contraintes et/ou déformations pour prédire la durée de vie en fatigue.
La plupart des paramétres de durée de vie peuvent étre considérés comme des extensions
du critére de Tresca (par exemple McDiarmid et Fatemi-Socie) ou du critere de Von-
Mises (par exemple Sines et Papadopoulos) ol on ajoute un second terme pour prendre
en compte 1’effet de la contrainte normale (contrainte normale sur le plan critique ou
contrainte hydrostatique). Les paramétres basés sur le concept de plan critique sont les

plus en vue a ’heure actuelle.
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Des essais de fatigue a grand nombre de cycles (10°-107 cycles) en contrainte controlée
ont été réalisés sur des éprouvettes tubulaires lisses fabriquées dans un acier 1045 brut de
laminage. Ces essais ont été effectués pour des chargements proportionnels (traction,
torsion et chargement biaxial en phase) et des chargements non proportionnels
(chargement biaxial avec déphasage de 90° et torsion cyclique avec une tension statique).
La technique des répliques a été utilisée pour suivre la fissure a partir des sites
d’amorgage. Les surfaces externes des éprouvettes rompues ainsi que les surfaces de

rupture ont été observées en détail au microscope électronique a balayage.

Les fissures s’amorcent sur les bandes de glissement persistantes orientées dans une
direction proche des plans de cisaillement maximal pour toutes les conditions de
chargement. En chargement non-proportionnel, un plus grand nombre de fissures
s’amorce sur le plan de cisaillement maximal ol la contrainte normale (amplitude ou
contrainte moyenne) est a son maximum. L’amorcage des fissures est un processus
contrdlé par le cisaillement et assisté par la contrainte normale de traction qui agit sur le
plan de cisaillement maximal. Les deux stades de la propagation sont distinctement
observeés pour les trois conditions de chargement: torsion cyclique, fatigue en phase et
fatigue hors phase avec un rapport A élevé. La transition du stade I au stade II pourrait
correspondre & une barriere microstructurale en profondeur. La durée de vie dépensée
sous le contréle du cisaillement représente une part importante de la durée de vie totale.
Les parameétres de plan critique fondés sur le cisaillement sont appropriés pour prédire la
durée de vie en fatigue. Dans le cas du chargement spécial (¢=90°; A=0.5) ou les
amplitudes de cisaillement sont égales quel que soit 1’orientation du plan, ’amorgage
(tous les grains de ferrite bien orientés) et la propagation (pas de coalescence des fissures

en stade II et bifurcation de fissures) sont plus faciles.

Huit paramétres de durée de vie en fatigue multiaxiale ont été €valués quant a leur
capacité a prédire la durée de vie dans différentes conditions de chargement (incluant le
chargement hors phase et la torsion cyclique avec une contrainte axiale statique). Il y a

quatre parametres basés sur les contraintes (Tresca, McDiarmid, Dang-Van et
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Papadopoulos), trois basés sur les déformations (KBM, Wang-Brown, Fatemi-Socie) et
un basé sur 1’énergie (GWP). Deux séries de données (nos propres données et celles de la
littérature) sur la fatigue biaxiale & grand nombre de cycles dans les aciers ferrito-

perlitiques ont été utilisées lors de cette évaluation.

L’amplitude de cisaillement maximal (parametre de Tresca) ne suffit pas a predire la
durée de vie en fatigue biaxiale. Les paramétres qui incluent un terme de
contrainte/déformation normale peuvent assez bien prédire la durée de vie en fatigue pour
un chargement en phase et pour un chargement hors phase avec un faible A. La durée de
vie en fatigue pour un chargement hors phase avec un A élevé est souvent sous-estimee.
L’atténuation par I’angle de déphasage de 1’effet de I’amplitude de la contrainte normale
sur le plan critique explique cette sous-estimation. Cependant, une déformation plastique
macroscopique non négligeable peut se produire au-dessus de la limite d’endurance. Par
conséquent, un paramétre utilisant une combinaison de déformation et de contrainte peut
&tre nécessaire pour prendre en compte les différences de réponse contrainte-déformation

entre les chargements en phase et hors phase.

La contrainte maximale sur le plan critique est plus appropriée que la contrainte
hydrostatique maximale pour tenir compte des effets de la contrainte moyenne et de
’amplitude de contrainte normale. La durée de vie en fatigue dans le cas du chargement
spécial (¢=90°; A=0.5) est souvent surestimée. Cette surestimation est attribuée a des
mécanismes plus endommageants dans I’amorgage et la propagation des fissures. Une
modification du paramétre de McDiarmid est proposée; un facteur d’endommagement
additionnel (“ Extra Damage Factor ” - EDF) est introduit afin d’obtenir une prédiction

conservatrice pour toutes les conditions de chargement étudiées.

Les effets de 1’anisotropie du matériau sur les mécanismes de fissuration et sur la durce
de vie ont été étudiés A partir d’essais sur des éprouvettes tubulaires lisses réalisées dans
un alliage d’aluminium 7075; cet alliage posséde des grains allongés et de nombreuses

inclusions allongées dans la direction longitudinale. Trois conditions de chargement ont
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été utilisées: la fatigue axiale, la torsion cyclique et la torsion cyclique avec une
contrainte de traction statique. Le dernier type de chargement introduit une compétition
entre deux mécanismes de défaillance: un mécanisme de plan critique (fissuration en
cisaillement transversal due a la charge de traction statique) et un mécanisme favorisé par
I’anisotropie (fissuration en cisaillement longitudinal sur le plan le plus faible du

matériau). Le matériau a été étudié a I’état sous-vieilli et & 1’état sur-vieilli.

En fatigue axiale, aucun effet de I’anisotropie n’est observé. En torsion cyclique, I’effet
de I’anisotropie est plus important pour le matériau sous-vieilli que pour le matériau sur-
vieilli. Le fibrage mécanique joue un rdle dans les deux matériaux mais le glissement
planaire et la texture (111) du matériau sous-vieilli augmente la faiblesse du plan
longitudinal, ce qui se traduit par une faible performance en torsion cyclique (rupture
cristallographique). La fissuration en cisaillement transversal se produit seulement quand
la contrainte de traction statique est suffisante. Le matériau sous-vieilli n’a pas la méme
résistance a la fissuration en cisaillement longitudinal qu’a la fissuration en cisaillement
transversal. Deux relations entre la contrainte et la durée de vie sont nécessaires pour
prédire la durée de vie en fatigue lorsque deux mécanismes de rupture différents sont
impliqués. Dans le matériau sur-vieilli, I’effet de I’anisotropie est moins important et le
paramétre de McDiarmid peut corréler relativement bien les durées de vie obtenues pour

les trois conditions de chargement.

L’effet d’entaille sur les comportements en fatigue axiale et en torsion cyclique a été
étudié sur deux géométries d’éprouvettes cylindriques dotées d’entaille en V fabriquées a
partir d’un matériau 1045 brut de laminage. Les éprouvettes ont un méme angle d’entaille
de 90° mais une profondeur d’entaille différente. Des calculs par éléments finis ont été
réalisés a I’aide du logiciel Catia V5 afin d’analyser en détail les contraintes en fond

d’entaille tant pour le chargement en mode I que pour celui en mode III.

Le facteur de réduction de la résistance en fatigue et I’effet d’échelle de I’entaille sont

plus élevés en fatigue axiale qu’en torsion cyclique. Cela pourrait s’expliquer par un
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coefficient théorique de concentration de contraintes plus faible en fatigue-torsion (t.6 /
Tnet) qu’en fatigue axiale (0 / Gner). De plus; la rupture en “toit d’usine ” en torsion
cyclique s’accompagne d’une résistance accrue a la propagation de fissures. Les champs
de contraintes au fond de I’entaille en V sont singuliers tant en mode I qu’en mode III. Ils
sont déterminés uniquement par les facteurs d’intensité de contrainte de I’entaille en
mode I et en mode III. A un méme champ de contraintes devrait correspondre une méme
performance en fatigue. L’expérience apporte une remarquable confirmation de cette
hypothese. Les facteurs d’intensité de contrainte de I’entaille en mode I et en mode IlI
corrélent bien les durées de vie obtenues pour différentes entailles sollicitées en fatigue
axiale et en torsion cyclique respectivement. Ces corrélations ouvrent la voie a une étude
future sur le comportement en fatigue d’éprouvettes entaillées soumises a un chargement
en traction et torsion combinées. Dans ces conditions, la durée de vie en fatigue devrait
étre une fonction des facteurs d’intensité de contrainte de I’entaille en mode I et en mode

HI.
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CONDENSE EN FRANCAIS

Introduction

Cette these dans le domaine de la fatigue biaxiale des métaux porte a la fois sur les
mécanismes d’amorcage et de propagation des fissures et sur la prédiction de la durée de
vie en chargement d’amplitude constante. La recherche est limitée au régime de fatigue a
grand nombre de cycles ou la déformation cyclique macroscopique est principalement
élastique. Les essais de fatigue ont été réalisés a température ambiante en contraintes
imposées avec une machine servo-hydraulique biaxiale qui permet de combiner des
chargements axiaux et des chargements de torsion sur des éprouvettes cylindriques. La
technique des répliques est utilisée pour suivre en surface I’évolution des fissures & partir
de leur site d’amorcage. Les surfaces externes et les surfaces de rupture ont été aussi

observées directement sous le microscope électronique a balayage.

Quatre principaux objectifs ont été visés:

- L’analyse microscopique des mécanismes de fatigue biaxiale dans I’acier 1045 en
chargements proportionnels et non-proportionnels (torsion alternée avec
chargement axial alterné et déphasé ou avec tension axiale statique).

- L’évaluation critique de différents paramétres de fatigue multiaxiale, basés sur les
contraintes et/ou les déformations, a pouvoir prédire la durée de vie a grand
nombre de cycles d’un acier ferrito-perlitique.

- L’étude des effets de I’anisotropie d’un matériau pour des essais de fatigue en
torsion alternée, avec différents niveaux de tension statique, d’un alliage
d’aluminium 7075 dans les états sous-vieilli et sur-vieilli.

- L’étude des effets d’entaille sur la fatigue axiale et la fatigue en torsion de Pacier
1045, avec une approche de mécanique linéaire élastique de la rupture développée

pour le cas d’entailles sévéres en forme de V.
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Etude bibliographique (chap. I)

L’information disponible dans la littérature est d’abord analysée. Les fissures s’amorcent
en général a partir de bandes persistantes de glissement dont 1’orientation correspond aux
plans d’amplitude de cisaillement maximale. La propagation en stade I continue sur ces
plans de cisaillement maximal, puis il y a la propagation en stade II sur les plans ou
I’amplitude de contrainte normale est maximale. Pour la plupart des matériaux, une
grande partie de la durée de vie est contr6lée par le cisaillement (amorgage et propagation
en stade I). L’amplitude de cisaillement maximale sur le plan critique est la force motrice
de la fatigue, mais la contrainte normale sur le plan critique joue un deuxiéme réle
important. Les auteurs proposent différents parameétres combinant des contraintes et/ou
des deformations pour prédire la durée de vie. La plupart des parametres sont des
extensions du critere de Tresca (ex: McDiarmid, Fatemi-Socie) ou de celui de Von Mises
(ex: Sines, Papadopoulos) qui incluent un deuxiéme terme pour prendre en compte 1’effet
de la contrainte normale (ex: contrainte normale sur le plan critique ou contrainte
hydrostatique). Les parametres basés sur le concept de plan critique deviennent les plus

en vue a I’heure actuelle.

Objectifs du travail (chap. II)

Les objectifs du travail, énoncés en introduction dans ce condensé, sont décrits dans le

deuxieme chapitre.

Mécanismes de fatigue biaxiale dans des échantillons tubulaires faits d’acier 1045
(chap. III)

Des essais de fatigue a grand nombre de cycles (10>-107 cycles) ont été réalisés sur des
échantillons tubulaires a paroi mince faits d’acier 1045. Cinq cas de chargement sont

considérés: chargement axial alterné, chargement de torsion alternée, chargements
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biaxiaux en phase (A=0,5) et déphasés (¢=9OO; A=2 et A=0,5), et chargement de torsion

alternée avec différents niveaux de tension axiale statique.

Les fissures s’amorcent en surface depuis des bandes persistantes de glissement dans des
grains de ferrite bien orientés. Quel que soit le cas de chargement, la plupart des fissures
s’amorcent sur les plans d’amplitude de cisaillement maximale. L’amorcage des fissures
est controlé par le cisaillement mais les contraintes normales de tension assistent le
processus. En chargements non-proportionnels, davantage de fissures s’amorcent sur le
plan de cisaillement maximal ou la contrainte normale (cyclique ou statique) est la plus

grande.

La propagation de la fissure fatale continue sur ce plan critique (stade I) puis elle
bifurque sur un plan o I’amplitude de contrainte normale est maximale (stade II). Les
deux stades de propagation ont été clairement mis en évidence dans trois cas de
chargement: torsion pure et chargements biaxiaux en phase (A=0,5) et déphasés (A=2;
$=90°). La transition stade I / stade II est difficile a discerner en chargement axial ou il y
un nombre infini de plans critiques. Pour le chargement biaxial déphasé (A=0,5; $=90°),
il n’y a pas de bifurcation en stade II puisque la fissure en stade 1 se propage déja sur un

plan ou I’amplitude de contrainte normale est maximale.

Les durées de vie de propagation en surface et les facteurs de forme des fissures
(longueur/profondeur) varient selon les cas de chargement. Cependant, les courbes de
croissance des fissures en fonction de la durée de vie relative se rejoignent
approximativement quand cette croissance est mesurée par la profondeur des fissures. En
d’autres mots, la proportion de durée de vie nécessaire pour amorcer une fissure de
profondeur donnée ne dépendrait pas du type de chargement. En particulier, la transition
entre le stade I et le stade II a lieu a environ 30%-45% de la durée de vie totale dans la
région de 10° a 10° cycles. Alors que la longueur des fissures en stade I varie de 50 pm a

750 pm selon le cas de chargement, leur profondeur est approximativement la méme, de
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PPordre de 20 um a 40 pm. La transition stade I/stade Il pourrait correspondre a une

barriere microstructurale en profondeur.

Le chargement biaxial déphasé (A=0,5; ¢=90°) est un cas particulier puisque I’amplitude
de cisaillement est la méme quelle que soit I’orientation du plan. Tous les grains sont bien
orientés et I’amorcage des fissures est plus facile. La densité surfacique des fissures est
beaucoup plus élevée que celle des autres cas de chargement. La propagation est
accélérée par la coalescence des fissures et par I’absence de bifurcation en stade II. Dans
ce cas particulier de chargement, des mécanismes plus endommageants agissent a la fois

dans I’amorgage et la propagation des fissures.

Une fraction importante de la durée de vie est contrélée par le cisaillement (amorgage et
propagation en stade I). Les paramétres basés sur I’amplitude de cisaillement maximale
sont donc bien appropriés pour prédire la durée de vie en fatigue biaxiale de I’acier 1045.
Il faudrait cependant prendre en compte les mécanismes plus endommageants qui
agissent dans le cas de chargement particulier oii I’amplitude de cisaillement est égale sur

tous les plans.

Evaluation de la capacité de paramétres de plan critique a prédire 1a durée de vie en

fatigue biaxiale (chap. IV)

Huit parameétres de fatigue multiaxiale ont été évalués quant a leur capacité a prédire la
durée de vie a grand nombre de cycles dans différents cas de chargement (notamment les
chargements biaxiaux déphasés et la torsion alternée avec tension axiale statique). Il y a
quatre parametres basés sur les contraintes (Tresca, Mc Diarmid, Dang-Van et
Papadopoulos), trois paramétres basés sur les déformations (Kandil-Brown-Miller
(KBM), Wang-Brown et Fatemi-Socie) et un paramétre basé sur I’énergie (Glinka-Wang-
Plumtree (GWP)). Tous exploitent le concept de plan critique (contrainte ou déformation

de Tresca) sauf le parametre de Papadopoulos qui est une extension du critére de Von
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Mises. Nous avons utilisé deux jeux de données: les durées de vie obtenues avec notre
propre programme d’essais et celles obtenues par un autre auteur sur un acier ferrito-

perlitique.

Le paramétre de Tresca ne peut pas corréler les durées de vie de fatigue biaxiale a cause
des effets de contrainte normale. La performance en fatigue décroit avec I’accroissement
de ’amplitude ou de la valeur statique de la contrainte normale sur le plan critique. Le
paramétre de Tresca doit &tre modifié. Le parameétre GWP, qui prend en compte les effets
de contrainte normale, ne permet pas de consolider les durées de vie obtenues en
chargement axial et en torsion pure, mais il donne une corrélation globale raisonnable.
Les six autres paramétres, qui utilisent une constante k pour ajuster les données en
chargement axial et en torsion pure, corrélent bien les durées de vie obtenues en
chargement biaxial en phase et en chargement biaxial déphasé de rapport A<0,5. Les
durées de vie obtenues dans les autres cas (chargement biaxial déphasé de rapports A>0,5
et A=0,5, et torsion alternée avec tension axiale statique) sont sous-estimées ou

surestimées selon les cas.

En chargement biaxial déphasé de rapport A>0,5, les paramétres de McDiarmid, Fatemi-
Socie et KBM sous-estiment les durées de vie. Ceci peut s’expliquer par un plus faible
effet de la contrainte normale sur la plan critique, puisqu’elle est déphasée a 90° du
cisaillement maximal. Le paramétre de Wang-Brown, qui prend en compte ce déphasage,
donne une meilleure corrélation. Les paramétres de Dang-Van et de Papadopoulos, dont

le deuxieéme terme est la contrainte hydrostatique, fonctionnent bien aussi dans ce cas.

L’amplitude et la valeur statique de la contrainte normale sur le plan critique ont a priori
des effets différents. La premiére est une force motrice en mode I et la deuxi¢me a un
effet d’ouverture. La contrainte normale maximale sur le plan critique rend compte des
deux effets. Les paramétres de McDiarmid et de Fatemi-Socie donnent une bonne

prédiction de la durée de vie en torsion alternée avec tension axiale statique. Les
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paramétres de KBM et de Wang-Brown ne rendent pas compte de I’effet statique de la
contrainte normale puisque le deuxiéme terme de ces parametres est une amplitude de
déformation. Les paramétres de Dang-Van et de Papadopoulos, qui utilisent la contrainte
hydrostatique maximale, surestiment la durée de vie en torsion alternée avec tension
axiale statique. La partie statique de la contrainte hydrostatique contribue davantage a la

fatigue que la partie cyclique.

La plus mauvaise performance obtenue dans le cas particulier du chargement déphasé de
rapport A=0,5 est attribuée a des mécanismes plus endommageants qui agissent a la fois
dans I’amorgage et dans la propagation des fissures. Ceci explique pourquoi la plupart
des paramétres surestiment la durée de vie dans ce cas de chargement. Pour obtenir une
prédiction conservatrice, le paramétre de McDiarmid peut étre modifié en introduisant un
facteur d’endommagement supplémentaire (EDF=extra damage factor). Ce facteur peut
étre calibré par le rapport entre la résistance en torsion pure et celle mesurée dans le cas

particulier ou $=90° et A=0,5.

L’évaluation précédente des paramétres de fatigue multiaxiale a été faite dans le régime
de fatigue a grand nombre de cycles, en supposant que la réponse contrainte-déformation
du matériau est totalement élastique. Cependant la déformation plastique peut ne pas étre
négligeable au-dessus de la limite d’endurance. Dans ces conditions, un paramétre basé
sur une combinaison de contrainte et de déformation (ex: le paramétre de Fatemi-Socie)
peut étre requis pour rendre compte d’une différence de réponse contrainte-déformation
entre les chargements en phase et les chargements déphasés (durcissement cyclique plus
important en chargement déphasé). De meilleures prédictions de la durée de vie
pourraient étre obtenues en chargement déphasé de rapport 2>0,5. Toutefois, 1’effet
néfaste observé dans le cas particulier de chargement déphasé de rapport A=0,5 ne

pourrait pas €tre pris en compte.
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Comportement en fatigue biaxiale d’un alliage d’aluminium 7075 sous-vieilli et sur-

vieilli: effets de I’anisotropie du matériau (chap. V)

Des effets d’anisotropie sur les mécanismes de fissuration et les durées de vie ont été
étudiés par des essais réalisés sur des échantillons tubulaires a paroi mince faits d’alliage
d’aluminium 7075. Cet alliage a des grains allongés et un important fibrage
inclusionnaire dans la direction longitudinale. Trois cas de chargement sont considérés:
chargement axial alterné, torsion alternée et torsion alternée avec différents niveaux de
tension axiale statique. Ce dernier cas de chargement introduit une compétition entre
deux mécanismes de rupture: un mécanisme de plan critique (fissuration par cisaillement
transversal favorisée par la tension axiale statique) et un mécanisme favorisé par
I’anisotropie du matériau (fissuration par cisaillement longitudinal sur le plan faible du
matériau). L’alliage 7075 a été éprouvé dans chaque cas dans les états sous-vieilli et sur-

vieilli.

En chargement axial, aucun effet d’anisotropie n’apparait puisque le plan de faiblesse
longitudinal n’est pas soumis au cisaillement. En torsion pure, ’anisotropie est mise en
évidence car un plan de cisaillement maximal correspond au plan de faiblesse du
matériau. On observe une fissuration par cisaillement longitudinal, en particulier & haut
niveau de contrainte. Les effets d’anisotropie sont plus importants dans le matériau sous-
vieilli que dans le matériau sur-vieillli. En torsion alternée avec tension statique, la
fissuration redevient transversale pour une faible tension statique dans le matériau sur-
vieilli, tandis qu’elle reste longitudinale dans le matériau sous-vieilli tant que la tension
statique n’est pas suffisamment élevée. Le fibrage inclusionnaire joue un rdle dans les
deux matériaux, mais la combinaison d’une texture (111) et d’un glissement planaire
dans le matériau sous-vieilli accroit sa faiblesse sur le plan longitudinal (rupture

cristallographique).
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Pour une méme amplitude de cisaillement maximal, la durée de vie du matériau sur-
vieilli est plus élevée en torsion pure qu’en chargement axial. L application d’une tension
statique fait décroitre la durée de vie en torsion. L’inverse se produit pour le matériau
sous-vieilli. La durée de vie en torsion pure est plus faible qu’en chargement axial et elle
ne décroit pas avec I’application d’une tension statique. Ces différences s’expliquent par
le fait que le matériau sous-vieilli n’a pas la méme résistance 4 la fissuration par

cisaillement longitudinal qu’a la fissuration par cisaillement transversal.

Pour le matériau sur-vieilli, I’effet d’anisotropie est peu important. Un parametre tel que
celui de McDiarmid peut faire une corrélation raisonnable des durées de vie obtenues
dans les trois cas de chargement. Par contre la forte anisotropie du matériau sous-vieilli
nécessite deux relations contrainte-durée de vie pour prendre en compte sa différence de
résistance a deux mécanismes de fissuration. Chaque relation peut étre calibrée par
différents cas de chargement pour lesquels le méme mécanisme se produit. La prédiction
de la durée de vie pour un chargement donné consistera a prendre la plus petite des
durées de vie calculées par les deux relations. Ces conclusions sont cependant basées sur

un nombre d’essais limité. Elles restent a confirmer par une étude plus approfondie.

Comportement en fatigue axiale et en fatigue par torsion de cylindres entaillés faits

d’acier 1045 (chap. VI)

Des effets d’entaille en chargement axial alterné et en torsion alternée ont été étudiés par
des essais réalisés sur des échantillons cylindriques faits d’acier 1045 et entaillés en V
autour de leur circonférence. Deux géométries d’entaille de méme angle mais de
profondeur différente sont considérées. Elles ont été usinées pour avoir un rayon
d’entaille aussi faible que possible (<0,075mm). Des analyses détaillées des champs de
contrainte en fond d’entaille, en mode I et en mode 111, ont été effectuées avec le code

d’éléments finis Catia V5.
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Le facteur d’entaille en fatigue et I’effet d’échelle (taille de I’entaille) sont plus
importants en chargement axial qu’en torsion. Une explication vient des champs de
contrainte: le profil de concentration de contrainte en torsion (T4/ Tnet) €st plus faible que
celui en chargement axial (6., / onet). De plus le type de rupture en torsion résulte en une
plus grande résistance a la propagation. Méme si la rupture a lieu localement en mode 1
dans les deux cas de chargement, le faciés de rupture est plat en chargement axial tandis
qu’il forme un profil en “toit d’usine” en torsion. La résistance en torsion a la
propagation des fissures est presque la méme que celle a I’amorgage des fissures dans les
échantillons lisses tubulaires, si la comparaison est basée sur la contrainte de cisaillement

nominale.

L’analyse numérique des contraintes confirme que les champs de contrainte au fond des
entailles en V sont singuliers en chargement axial et en torsion. Ces champs de contrainte
sont déterminés uniquement par des facteurs d’intensité de contrainte en mode I et en
mode III respectivement. Un champ de contrainte donné doit résulter en une méme durée
de vie en fatigue. Ce principe de similitude est bien confirmé expérimentalement. Les
facteurs d’intensité de contrainte de I’entaille en mode 1 et en mode 111 corrélent bien les
durées de vie obtenues pour les deux géométries (entailles de profondeur différente),
sollicitées en chargement axial et en torsion respectivement. Ces corrélations ouvrent la
porte & une future étude sur la fatigue de pi¢ces entaillées en chargement biaxial. 1l est
logique de s’attendre a ce que la durée de vie soit fonction d’une combinaison des deux

facteurs d’intensité de contrainte, en mode I et en mode I11.

Conclusion générale

La prédiction de la durée de vie doit se baser sur une bonne connaissance des
mécanismes de fatigue. Pour des piéces lisses faites d’un matériau ou la fissuration par
cisaillement domine la durée de vie (acier 1045, alliage d’aluminium 7075), il est

appropri¢ d’utiliser un paramétre de plan critique basé sur le critere de Tresca (ex:
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McDiarmid, Fatemi-Socie). Mais, pour faire une prédiction conservatrice de la durée de
vie, une modification est nécessaire pour prendre en compte les mécanismes plus
endommageants qui ont lieu dans le cas particulier d’un chargement ot ’amplitude du
cisaillement est la méme sur tous les plans. Dans le cas d’une forte anisotropie (alliage
d’aluminium 7075 sous-vieilli), la fissuration par cisaillement longitudinal sur le plan
faible du matériau devrait aussi étre prise en compte dans la prédiction de la durée de vie.
Pour les entailles sévéres, ou la fatigue est contrlée par la propagation des fissures
courtes, il est préférable d’utiliser une approche de type mécanique de la rupture. Les
champs de contrainte au fond des entailles en V sont caractérisés par des facteurs
d’intensité de contrainte en mode 1 et en mode lll. Ces deux facteurs d’intensité de
contrainte en entaille corrélent bien les durées de vie de deux géométries de profondeur

différente, sollicitées respectivement en chargement axial et en torsion.
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NOMENCLATURE

a = crack depth or notch depth

2¢ = surface crack length

E = Young’s modulus

G = shear modulus

GWP = Glinka-Wang-Plumtree

k = material constant to account for normal stress effect

K= mode I stress intensity factor

K= mode II stress intensity factor

K1 = mode I1I stress intensity factor

KN = mode I notch stress intensity factor

KN = mode I notch stress intensity factor for the notched specimen N1
K" = mode I notch stress intensity factor for the notched specimen N2
Ky = mode 111 notch stress intensity factor

Kur™' = mode III notch stress intensity factor for the notched specimen N1
Ku™* = mode III notch stress intensity factor for the notched specimen N2
KBM = Kandil-Brown-Miller

N = fatigue life in number of cycles

N;= initiation fatigue life

Nr= total fatigue life

N/N¢=fatigue life ratio

SEM = scanning electron microscopy

SIF = stress intensity factor

t =time

ta p = reversed shear fatigue strength for case A and case B

y = shear strain

Yo = applied shear strain amplitude

Yeq = €quivalent shear strain

xliii
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vi" = shear fatigue ductility coefficient

Ymax = Maximum shear strain amplitude

AYmax = maximum shear strain range

Ymax = maximum shear strain amplitude on a plane driving the crack through the
specimen thickness

€ = normal strain

€0 = applied normal strain amplitude

g = axial (bending) fatigue ductility coefficient

&; = principal strains (i=1,2,3)

€max = Maximum normal strain amplitude

&, = normal strain amplitude on the maximum shear plane

Ag, = normal strain range on the maximum shear plane

€n = normal strain excursion during one reversal of shear strain

0 = plane orientation, defined by the angle between its normal and tubular
specimen axis

1 = Yo/go = ratio of applied torsional and axial strain amplitudes

A = 19/0p = ratio of applied torsional and axial stress amplitudes

v = Poisson ratio

o = normal stress

oo = applied normal (axial/bending) stress amplitude

o.1 = fatigue limit for fully reversed axial (bending) fatigue

Ca, o= normal stress amplitude on a given plane

Geq = €quivalent stress

of = axial (bending) fatigue strength coefficient

on" = mean hydrostatic stress

oy = maximum hydrostatic stress

o; = principal stresses ( i=1,2,3, 612062203 )

Om = mean normal stress
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oy, = normal stress on the maximum shear plane

Ac, = normal stress range on the maximum shear plane

o, = maximum normal stress on the maximum shear plane (mean plus
amplitude)

onet = NOminal stress amplitude at net section for the notched specimen

cyrts = static ultimate tensile strength

oy = static yield strength

T = shear stress

1o = applied shear (torsional) stress amplitude

1.1 = fatigue limits for fully reversed torsional fatigue

Ta, Toa = Shear stress amplitude on a given plane

¢’ = torsional fatigue strength coefficient

Tm = shear/torsional mean stress

Tmax = maximum shear stress amplitude

ATmax = maximum shear stress range

7" = maximum shear stress on the maximum shear plane (mean plus amplitude)

Tnet = Nominal stress amplitude at net section in the notched specimen

Tocta = OCtahedral shear stress amplitude

¢ = phase angle between axial and torsional waveforms

“max” as a subscript means the maximum value reached over all plane orientations
“max” as superscript means the maximum value reached over time on the critical plane



INTRODUCTION

Fatigue of materials refers to the changes in properties resulting from the application of
cyclic loads. Mechanical failures of engineering materials and structures are often caused
by fatigue. Many engineering applications involve multiaxial fatigue instead of uniaxial
fatigue due to complex loadings and/or complex geometry. For example, pressure vessels
and piping in power plants and refineries are often submitted to biaxial or triaxial
stresses. Complex stress systems are also common at notches or geometric discontinuities
such as the joints of gas turbine blades, aircraft wings, bolts and nuts. Fatigue under such
complex stress systems is known as multiaxial fatigue. The assessment of multiaxial
fatigue is an important design consideration for reliable operation and safe in-service

inspection of many practical systems.

Historical background

Since the second half of the nineteenth century, scientists and engineers have made many
contributions to the understanding of fatigue in a wide range of topics on a large

spectrum of materials.

Some early research was devoted to the fatigue strength in application areas such as
railway rolling stock axles, crankshafts, chains and wire ropes. For example, Wohler
conducted systematic investigations of fatigue failure during 1852-1869. He measured
the strength of steel railway axles subjected to cyclic bending, torsion and axial loading.
His work (e.g., Wohler, 1860) led to the characterization of fatigue behavior in terms of

stress amplitude — life (S-N) curves and to the concept of fatigue “endurance limit”.

Later, researchers began to interpret fatigue mechanisms based on the crystallization
theory. Ewing & Rosenhain (1900) and Ewing & Humfrey (1903) investigated the

fatigue of Swedish iron and published optical micrographs of cyclic damage on the



specimen surface. They showed that slip bands developed in many grains of the
polycrystalline material. With an increasing number of loading cycles, additional bands
appeared, and some bands were broadened. Fatigue cracks were eventually formed in the

slip bands.

During first half of the 20™ century, fatigue research has encompassed many topics, such
as fatigue limit, cyclic hardening and softening (Bairstow, 1910), corrosion fatigue
(Haigh, 1917; Gough, 1933), damage accumulation (Palmgern, 1924; Miner, 1945),
stress concentration effects (Neuber, 1946), variable amplitude loading effect (Langer,
1937) and statistical theories of the strength of materials (Weibull, 1939). For example,
Bairstow (1910) made significant contributions to the early understanding of cyclic
hardening and softening in metals. He presented the relation of the hysteresis of
deformation and fatigue failure by using multiple-step tests and hysteresis loop

measurements.

Coffin (1954) and Manson (1954) recognized that plastic strains are responsible for
cyclic damage and proposed independently an empirical relation between the number of
cyclic reversals until the fatigue failure and the plastic strain amplitude. This so-called
Coffin-Manson relationship has remained the most widely used approach for the strain-

based characterization of fatigue.

Irwin (1957) provided a quantitative treatment to fatigue failure of metals. He showed
that the magnitude of the stress singularity ahead of a crack could be expressed in terms
of a stress intensity factor, K. With the application of Linear Elastic Fracture Mechanics,
attempts were made to characterize fatigue crack growth in terms of the stress intensity
factor. Paris and his co-workers (1961, 1963) suggested that the increment of crack
advance per cycle, da/dN, could be related to the range of the stress intensity factor, 4K,

during constant amplitude cyclic loading. This approach has been widely used to



characterize the growth of a fatigue crack under the conditions of small-scale plastic

deformation at the crack tip.

With the application of electron microscope, some key microscopic features of fatigue
have been identified. Thompson et al (1956) demonstrated the slip bands along which
deformation was concentrated in fatigued metals persistently reappeared at the same
locations during the continuous cycling; these surface markings were afterwards called
“persistent slip bands”. Zappfe and Worden (1951) observed “fatigue striations” on
fatigue fracture surface. Forsyth and Ryder (1960) first presented the correlation of the
spacing between adjacent striations with the rate of fatigue crack growth, which was the
basis for developing various theories for crack growth and analysis of fatigue failure in

engineering structures.

With the application of Fracture Mechanics concepts to fatigue failure, more attention
was paid to crack growth. Conceptual and quantitative models were proposed to
rationalize the experimentally observed fatigue crack growth resistance of engineering
materials (e.g. Laird and Smith, 1962; McClintock, 1963; Rice, 1967; Neumann, 1969).
Elber (1970, 1971) showed that fatigue cracks could remain closed even when submitted
to cyclic tensile load. This implied that fatigue crack growth rate might no longer be
determined by the nominal stress intensity factor range, 4K, but rather by an effective
value, 4Ky that accounts for the details of fracture surface contact in the wake of the
advancing fatigue crack tip. Elber first put into evidence the so-called plasticity-induced
crack closure. Later, Ritchie et al (1980) and Suresh et al (1981) categorized several types

of crack closure.

Experimental observations have shown that at a given 4K, small fatigue cracks (typically
smaller than several millimeters in length) often exhibit growth rates that are significantly
faster than those of long cracks (typically tens of millimeters in length). This “short crack

problem”, first identified by Pearson (1975), severely affects the design methodology of



engineering structures. In conjunction with the research efforts on the crack closure
phenomenon, attempts were recently made to develop characterization methodology for
the crack propagation of fatigue cracks in the presence of large-scale plastic deformation

and at the vicinity of stress concentrations.

Fatigue failure often involves complex service conditions; such as variable amplitude
loading, corrosive environment, high or low temperature and multiaxial loading. The
development of reliable fatigue life prediction models, which are able to handle such
complex service conditions, is a tough challenge in fatigue research. Although advances
have been made in these areas, the application of fatigue concepts to practical conditions
often involves semi-empirical approaches. Fatigue mechanisms under different service
conditions are not fully understood. Many efforts are still going on to find more reliable
life prediction models for different situations on the basis of a better understanding of

fatigue mechanisms.

Overview on multiaxial fatigue

The effect of multiaxial stress states on fatigue behavior has emerged as one of the most
rapidly developing area in fatigue research. The intensive focus on this subject may be
attributed to the general recognition of its importance in the fatigue design of
components, as well as to the relatively widespread availability of high quality multiaxial

test equipments.

It is widely believed that fatigue crack nucleation and propagation are caused by cyclic
plasticity. Persistent slip bands are formed, leading eventually to the initiation of fatigue
cracks. Forsyth (1961) first identified the two stages of crack propagation: stage I along
the plane of maximum shear stress amplitude (mode 1I) and stage II along the plane of
maximum principal stress (mode I). This description of fatigue crack initiation and

propagation applies to multiaxial fatigue (Kanazawa et al, 1977; Ohkawa et al, 1997), but



the relative fractions of life spent in initiation, stage 1 propagation and stage Il
propagation strongly depend on material as well as stress states and stress levels
(Bannatine and Socie, 1985; Fash, 1985; Hua and Socie, 1984; Waill, 1983). Many
materials such as 1045 steel and Inconel 718 fail predominately by the growth of a mode
IT shear crack (shear mode), while some materials such as 304 stainless steel and gray
cast iron fail predominantly by the growth of a mode I tensile crack (tensile mode). For a
given material, the fatigue cracking behavior is also a complex function of stress state

and stress level.

In low cycle fatigue, many microcracks form; they usually increase in number and
become coarser with increasing number of cycles, before a rapid linking process causes
the final failure. In high cycle fatigue, fewer microcracks form; some of them extend with
increasing number of cycles, and failure usually results from the growth of one

dominating crack.

The orientations of the maximum shear planes with respect to the free surface result in
two very different cases of fatigue cracks, termed case A and case B (Brown and Miller,
1973). Case A arises when the two extreme principal stress/strain amplitudes, which give
rise to the greatest shear strain range during a loading cycle, lie in the plane parallel to the
free surface. Case B arises when the minimum principal strain amplitude is the strain
normal to free surface. A case B crack propagates into the specimen depth, is therefore

more dangerous that a case A crack, which propagates along specimen surface.

A large number of multiaxial fatigue life prediction parameters have been proposed.
Stress-, strain- and energy-based parameters have been used to correlate fatigue data.
Early investigators (Gough, 1933; Stulen, 1954; Sines and Waisman, 1959) studied the
long-life problem and proposed a shear stress-based model for ductile materials and a
principal stress-based model for brittle materials. Findley (1959) and McDiarmid (1972)

proposed stress models based on a critical plane concept; the critical planes are the planes



where cracks initiate and propagate. In the low cycle fatigue regime, equivalent strain
(Taira et al, 1967; Pascoe and DeVilliers, 1967), plastic work (Garud, 1981), plastic
strain energy (Ellyin and Valarie, 1982) and critical plane parameters (Brown and Miller,
1973; Fatemi and Socie, 1988; Lohr and Ellison, 1980) have been used to correlate
fatigue life data. Since the plastic shear strain plays an important role in crack nucleation
and early growth, it is not surprising that most of these approaches are based on shear
stress or on shear strain. Either shear stress- or shear strain-based parameters can be
considered as extensions of Tresca or von-Mises yielding criteria. Socie (1987) suggested
that shear-based parameters are used for fatigue failure primarily due to the growth of
mode II shear cracks, while mode I failure needs parameters based on principal stress or

strain.

The complexity of multiaxial fatigue also arises from non-proportional loadings, where
the ratio of applied shear and normal stresses/strains as well as the principal stress/strain
directions can vary with time. In low cycle fatigue, it was found that strong out-of-phase
loading can lead to a lower life than an in-phase loading (Kanazawa et al, 1977). For a
fixed value of maximum shear strain amplitude, 90° out-of-phase loading gives the
lowest fatigue life (Kanazawa et al, 1977). Fatemi and Socie (1988) stated that additional
hardening is responsible for the worse fatigue performance in out-of-phase loadings as
compared to in in-phase loadings. However, different results were reported in high cycle
fatigue. When expressed in terms of maximum shear stress amplitude on the critical
plane, the fatigue strength can either increase or decrease under 90° out-of-phase loading,

depending on the axial-torsional stress ratio (Little, 1969; McDiarmid, 1987).

Despite the considerable amount of research carried out in multiaxial fatigue, no single
parameter has been able to correlate the fatigue lives from a wide variety of materials and
loading conditions. At the present time, the critical plane parameters are claimed to be
more promising, since they are based on the fatigue cracking mechanisms. However,

limits still exist for the critical plane life prediction parameters when applied to



mechanical parts submitted to complex service conditions and made of a large spectrum
of engineering materials. Actual fatigue cracking mechanisms are often a complex
function of material properties and loading conditions. Therefore, close observation of

fatigue mechanisms is often necessary before applying any fatigue life parameter.

Scope of this thesis

In this thesis, we have used an axial-torsional servo-hydraulic machine to perform stress-
controlled tests at room temperature and laboratory air. Apart from the literature review,
the research work is devoted to the high cycle fatigue regime where the macroscopic
cyclic deformation becomes predominately elastic as the stress level decreases to the

fatigue limit.

Several loading conditions are applied to study the effects of out-of-phase loading and
mean tensile stress on both fatigue mechanisms and fatigue life. Tubular specimens made
of two materials, 1045 steel and 7075 aluminum alloy, are used for testing. The former
material is generally considered as isotropic, while anisotropy effects are investigated
with the 7075 aluminum alloy. Stress concentration effects are studied using
circumferentially V-notched specimens made of 1045 steel. Through this research, an
attempt is made 1) to understand the biaxial fatigue behavior of 1045 steel in terms of
critical plane concept and to compare different existing stress/strain parameters in
correlating fatigue lives under proportional and non-proportional loadings; 2) to
understand the axial-torsional fatigue mechanisms and to find how to predict fatigue lives
of an anisotropic material; 3) to understand the fatigue behavior of singular V-notches
under mode I and mode III loadings and to propose a simple LEFM approach to predict

notch fatigue life under axial and torsional loadings.

In Chapter I, the progress of multiaxial fatigue research over the last several decades is

reviewed. The review includes fatigue cracking mechanisms and fatigue life prediction



approaches. With respect to the literature review, the objectives of this thesis will be set
in Chapter II. The observation of biaxial fatigue cracking mechanisms in smooth
specimens made of 1045 steel will be presented in Chapter II1. In Chapter IV, the abilities
of eight selected multiaxial fatigue parameters to predict high cycle fatigue life are
evaluated. The limitations of these parameters are discussed in terms of fatigue
mechanisms and stress analysis, and a modified critical-plane-based fatigue life
prediction approach is suggested. Chapter V reports the results from the study of material
anisotropy effects on axial-torsional fatigue mechanisms as well as on fatigue life in
underaged and overaged 7075 aluminum alloy. In Chapter VI, stress concentration effects
on axial and torsional fatigue are investigated. Mode I and mode III notch stress intensity
factors are proposed to correlate crack initiation lives for two notches of different size.

General conclusions are finally drawn.



CHAPTER1I - LITERATURE SURVEY

1.1 Basic notions

Biaxial fatigue tests are generally carried out (1) on thin-walled tubular specimens
(Figure 1.1(a)) using an axial-torsional testing machine, or (2) on cruciform specimens
(Figure 1.1(b)) using a bi-axial testing machine. With an axial-torsional fatigue machine,
axial loading and torsional loadings can be applied separately or simultaneously. Axial
and torsional load cells are used to accurately control the applied axial load and torque.
The distribution of stress/strain in the thin-walled tubular specimen is relatively uniform.
However, only limited principal stress/strain ratios can be reached (Figure 1.2 (a) and
(b)). To overcome this shortcoming, some modifications can be done to this type of
machine. In addition to axial-torsional loading, internal-external pressure can be applied
to the tubular specimen. With various combinations of these loadings, all principal
stress/strain ratios can be reached (Figure 1.2 (¢) and (d)). A bi-axial testing machine
consists of two sets of orthogonal actuating mechanisms that apply biaxial loads in one
single plane directly to the flat cruciform specimen. The advantage of this machine is that
all biaxial stress ratios can be reached. However, it needs a more expensive and complex
hydraulic system. In addition, there is only a limited area of specimen with uniform
stress/strain state. The stress/strain distribution is often determined using empirical or
numerical methods. It is largely dependent upon the specimen design, configuration of

loading frame, specimen attachment and actuation method.
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Figure 1.1 Typical specimens for biaxial fatigue tests. (a) Thin-walled tubular specimen
(Lissenden et al, 1997); (b) Cruciform specimen (Batolotta et al, 1997). (All dimensions
are in millimeters)
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Figure 1.2 Principal stress/strain ratios reached (cross-hatched areas) under different
loadings on a thin-walled tubular specimen.
(a) Stress ratios under axial-torsional loading;
(b) Strain ratios under axial-torsional loading;
(b) Stress ratios under axial-torsional loading with internal-external pressure;
(¢) Strain ratios under axial-torsional loading with internal-external pressure.

The present study was carried out using simple axial-torsional machine. Thin-walled
tubular specimens with smooth surface were employed to study the high cycle fatigue
behavior. They have been submitted to stress-controlled axial-torsional loading defined
by:
o=cpsin(mt) +o, (1.nH
{T:To sin (ot-$)+1, (1.2)
Here, o and t are the applied axial and shear (torsional) stresses, oo and 19 are the axial
and shear stress amplitudes, ® is the angle frequency and t is the time. ¢ is the phase
angle between the applied axial and shear stresses. 6y, and T, are the superimposed axial

and torsional static stresses, respectively. The stress ratio A (=t¢/co) is defined by the
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ratio between the applied shear and axial stress amplitudes, with A=0 corresponding to
axial fatigue, and A=co corresponding to torsional fatigue. For in-phase loading, ¢=0 and

when ¢0, the loading is out-of-phase.

The out-of-phase loading effects on low cycle fatigue behavior are not considered in the
thesis, but they are reported in the literature survey. Strain-controlled axial-torsional

loading is defined by,
=gosin(wt) (1.3)
{j:yosin(wt-d)) (1.4)
Here, ¢ and v are the normal and shear strain. g and yo are the normal and shear strain

amplitudes. ¢ is the phase angle between the applied shear and normal strains. The strain

ratio is defined by n=y¢/¢.

Different combinations of stress/strain ratios result in very different periodic histories and
in very different fatigue behavior. However, for many materials, the cracks generally
nucleate and propagate on the maximum shear plane (plane with the maximum shear
stress or strain amplitude, Tmax OF Ymax), and the normal stress o, (or strain €;,) on this
plane can accelerate (5,>0) or retard (5,<0) the cracking process. This introduces the so-
called critical-plane concept (e.g. McDiarmid, Brown & Miller). It is proposed to use the
shear and normal stress/strain components acting on the critical plane to correlate biaxial

fatigue lives.

A detailed stress analysis will be presented later but the readers are invited to have a first
glance at the results shown in Figures 3.6 (page 101) and 4.1 (page 139). Under in-phase
loading, there are two orthogonal maximum shear planes (planes of maximum shear
stress amplitude), and the normal stress amplitudes on these planes are equal to each
other. The shear and normal stresses on the maximum shear plane are in-phase. Under

90° out-of-phase loading (9=90"), the number of maximum shear planes and the stresses

on the maximum shear plane depend on the stress ratio A. When A<0.5, there are two
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maximum shear planes, on which the normal stress amplitudes are equal to each other. A
normal and shear stresses on the maximum shear plane are out-of-phase (phase
angle<45%). When A>0.5, there are two maximum shear planes. Only one plane has
normal stress. The shear and normal stresses on this plane are also 90° out-of-phase.
2=0.5 represents a special loading case. The shear stress amplitudes on all planes are
identical, but the normal stress amplitude is maximum on one plane. On this plane, the

phase angle between the normal and shear stresses is 90°.

The maximum shear stress/strain amplitude (Tmax OF Ymax; Tresca parameter) alone cannot
correlate fatigue lives under axial and torsional loadings. At the same Tmax OF Ymaxs
torsional fatigue generally gives a higher life than axial fatigue (Figure 1.3 (a)).
Comparing the stresses in these two loading cases, there is a normal stress (or strain)
acting on the maximum shear plane under axial fatigue, but not under torsional fatigue.
The tensile normal stress/strain can open the crack and accelerate the cracking process.
Although the maximum shear stress/strain amplitude is the control parameter for fatigue
damage, the normal stress/strain acting on the maximum shear plane also plays a second
important role. Only the maximum shear stress/strain amplitude is not sufficient to
correlate biaxial fatigue lives. Normal stress effects should be taken into account. For
example, the McDiarmid parameter = Tyxtko,  (k is a constant obtained by fitting
axial and torsional fatigue lives) takes into account the maximum normal stress G,
(amplitude +mean) acting on the critical plane. It gives a good fatigue life correlation for
axial, torsional and in-phase loadings (Figure 1.3(b)). Fatigue behavior under out-of-

phase loading will be reviewed in section 1.3.1.
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Figure 1.3 Correlation of axial and torsional fatigue lives

1.2 Biaxial fatigue mechanisms

Fatigue damage is characterized by the initiation, and the growth of cracks to final

failure. This section reviews the mechanisms of crack initiation and crack propagation.

1.2.1 Crack initiation mechanisms

The definition of crack initiation is strongly linked to the scale of observation. Materials
scientists generally consider the nucleation of flaws along persistent slip bands as the
crack initiation stage of fatigue failure, whilst a mechanical engineer may associate the
crack initiation with the detectable crack size. Crack initiation sites are generally located
at the external surface. Cracks may nucleate at PSBs formed within surface grains, at
microstructure discontinuities (e.g. grain boundary) and at geometry discontinuities (e.g.

notch). Different mechanisms are involved in each case.
1.2.1.1 Crack initiation along persistent slip bands (PSBs)
In homogeneous ductile metals without stress concentrations, cracks often initiate from

PSBs on the surface. Ewing and Humfrey (1903) described the fatigue process as

follows: slip-lines were observed after a few reversals of stress; additional slip lines
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appeared after more reversals. After many reversals, these lines changed into wide bands.
As this broadening process continued, crystals eventually cracked. These slip lines,
commonly called persistent slip bands, are caused by the movement of dislocations. The
dislocations move only on the crystallographic slip planes along the slip directions. The
combination of a slip plane and a slip direction is called a slip system. When the resolved
shear stress on a slip system exceeds a critical shear stress, the dislocations move and
result in slip steps on the surface of metals. Under cyclic stress, intrusions and extrusions
can be formed on the surface of metals; cracks eventually nucleate from some intrusions.
Intrusions and extrusions during fatigue process were observed by Forsyth in Al-Cu alloy
(1953) and in single crystals and polycrystals of silver chloride (1957), and by Ma and
Laird (1989) in copper single crystals. Figure 1.4 shows an example of extrusions and

intrusions observed by Ma and Laird (1989) in copper crystals.

Figure 1.4 Scanning electron micrograph showing extrusions and intrusions on the
surface of a Cu crystal fatigued at room temperature for 120000 cycles at y,= 0.002 (Ma
and Laird, 1989)



16

Several models have been proposed to rationalize the fatigue crack initiation process. In
1958, Wood postulated that repeated cyclic straining causes different amounts of net slip
on different slip planes in the material. The irreversibility of shear displacements along
the slip bands results in the “roughening” of the material surface. The roughening
consists of microscopic “hills” and “valleys” at sites where slip bands emerge at the free
surface; these “hills” and “valleys” are called extrusions and intrusions. The valleys then
act as micro-notches. The effects of stress concentration at the root of the valleys promote
additional slip and fatigue crack nucleation. Fine and Ritchie (1979) proposed a
dislocation model for crack initiation. Paired dislocation pile-ups against an obstacle on a
metal surface are imagined to grow with cyclic straining until they reach a critical size.
An avalanche then occurs, giving an intrusion or an extrusion depending on the sign of

the dislocation.

The above models deal with uniaxial fatigue, but they can be extended to multiaxial
fatigue. Parsons and Pascoe (1976) observed the crack initiation behavior in QT35 steel
and AISI 304 stainless steel under biaxial straining; the ratio between principal strains,
g1/e3, varying from —1 to +1. They showed that the first sign of damage, visible upon
initial straining, is the appearance of slip markings accompanied at higher strains by
surface rumpling. With continued cycling, a gradual accumulation of slip occurs and the
surface distortion becomes more severe. The intensification of plastic strain at
microscopic heterogeneities leads to cracking, sometimes at grain boundaries (especially

for high strains) or at twin boundaries, but more commonly in slip bands.

Kanazawa et al (1977) conducted low cycle fatigue tests on thin-walled tubular
specimens made of 1% Cr-Mo-V steel under in-phase and out-of-phase loadings. They
observed that cracks form along slip planes oriented closely to the planes of maximum
shear strain amplitude. The slip systems that experience the greatest amount of
deformation are those align precisely with the maximum shear plane. Therefore most

fatigue cracks initiate in these grains. But slip systems with a lower amount of shear also
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initiate cracks at a slower rate. They concluded that most cracks initiate on the planes of

maximum shear strain amplitude under all loading conditions.

1.2.1.2 Crack initiation at defects in materials

In engineering components made of commercial materials, the principal sites of crack
initiation are defects such as inclusions, voids, slag, scratches, as well as any region of
microstructural and chemical non-uniformity. The initiation of fatigue cracks can occur

at near-surface and interior locations in commercial alloys.

The mechanisms of fatigue crack initiation at defects depend upon a number of
mechanical, microstructural and environmental factors. These factors include the slip
characteristics of the matrix, the relative strengths of matrix and the defect, and the
strength of the matrix-inclusion interface (Bowels and Schijve, 1973; Cummings et al,
1958). The effect of inclusions on fatigue crack initiation is often specific to an alloy
system. In high strength steel containing non-metallic inclusions, the initial stage of
fatigue damage is the debonding of inclusions from the matrix (Figure 1.5, Lankford and
Kusenberger, 1973). In 2024-T4 aluminum alloy, the debonding of the particle-matrix
interface occurs over a large number of fatigue cycles. Another type of crack initiation in
2024-T4 alloys involves cracking along the slip bands emanating or terminating at the
inclusions. Tanaka and Mura (1982) considered three different processes of crack
initiation: a slip band crack emanating from a debonded inclusion, a slip band crack
initiating from an uncracked inclusion and an inclusion cracking due to the impingement
of slip bands. They assumed that the initiation of a crack is determined by an energy
criterion. The fatigue flaw initiates when the strain energy of dislocation dipoles

accumulated at the inclusion reaches a critical value.
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Figure 1.5 Scanning electron micrograph showing the nucleation of a fatigue crack
normal to the tensile axis (vertical direction) at the site of an MnO-SiO,-Al,O; inclusion
that is partially debonded from the 4340 steel matrix denoted M. (Lankford and
Kusenberger, 1973)

1.2.1.3 Intergranular crack initiation

The nucleation of fatigue cracks at grain boundaries occurs under the influence of
embrittling environments (which preferentially attack grain boundaries) and intergranular
particles. It also occurs at elevated temperatures, at which grain boundary cavitation and

sliding are promoted.

The occurrence of grain boundary fatigue crack initiation in ductile solid, in the absence
of grain boundary particles, creep deformation or environmental influences may also
occur. However, several cases have been documented. At low to intermediate axial
plastic strain amplitude, the impingement of PSBs at grain boundaries cause cracks
(Figueroa and Laird, 1983; Mughrabi et al, 1983). Doquet (1997) observed crack
initiation at grain and annealing twin boundaries from intensive slip bands impinging on

them at a high angle (ranging from70-90°). At high plastic strain amplitudes, grain
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boundary cracking occurs as a consequence of surface steps formed at the boundary (Kim

and Laird, 1978).

1.2.1.4 Crack initiation at stress concentrations

The initiation of fatigue cracks at stress concentrations is a topic of considerable interest
in a wide variety of engineering applications. Fatigue cracks often initiate at stress
concentrations that cannot be avoided in mechanical design. The notch effect on fatigue
crack initiation depends very much on the notch severity. Different approaches are
applied to deal with the notch fatigue cracking problem. Local stress or strain approaches
can give good results for blunt notches while fracture mechanics approaches are used for

sharp notches. This topic is treated in detail in section 1.7 (notch effects).

1.2.2 Crack propagation mechanisms

1.2.2.1 The three modes of crack growth

Three modes of cracking exist (Figure 1.6). Mode 1 is the opening mode in which the
crack faces separate in the direction normal to the crack plane. The corresponding
displacements of the crack faces are symmetric with respect to x-z and x-y planes. Mode
II is the in-plane shear mode in which the crack faces are mutually sheared in a direction
normal to the crack front. Here the displacements of crack faces are symmetric with
respect to x-y plane and anti-symmetric with respect to x-z plane. Mode 111 is the anti-
plane shear mode in which crack faces are sheared parallel to the crack front. The
displacements of the crack faces then are anti-symmetric with respect to x-y and x-z

planes.
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(a) (b) (©

Figure 1.6 The three basic modes of crack growth. (a) Tensile opening (Mode I). (b) In-
plane shear (Mode II). (¢) Anti-plane shear (Mode III) (Suresh, 1998).

1.2.2.2 The three stages of fatigue crack propagation

There are three stages in fatigue crack propagation, which were first reported by Forsyth
(1961) for uniaxial fatigue. As illustrated in Figure 1.7, cracks first grow in a shear mode
(mode II). This is Stage I crack propagation. Here, the damage produced is generally
crystallographic, associated to some specific slip systems where PSBs forms. Cracks are
observed growing along the PSBs in surface grains (Basinksi and Basinski, 1985). These
cracks are driven by the reversed shear deformation in PSBs. In this stage, cracks are
closely oriented along the planes of maximum shear. Stage 1 propagation is a shear-
controlled process. After growing through one or two grains, the crack orientation
becomes normal to the maximum principal stress. This is Stage Il crack propagation that
is a tensile process (mode I). The transition from Stage I to Stage Il involves in a
fundamental change in cracking mechanisms. A third stage of crack propagation occurs
at the very end of fatigue life that more often involves one or more static fracture
mechanisms. Since crack propagates rapidly in this period, it has little effect on the total

life. This stage will not be further discussed.
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Figure 1.7 Illustration of Stage I and Stage Il fatigue crack propagation (Brown, 1988).

Stage | and Stage Il cracks are also observed under multiaxial loadings. Brown and
Miller (1979) measured the crack paths in two steels under tension-torsion low cycle
fatigue. They found that cracks fall into three distinct groups. The first group corresponds
to Stage II where the crack planes are normal to the maximum principal strain axis. The
second and third groups comprise cracks on two orthogonal planes, corresponding to the
two orthogonal planes of maximum shear in the specimen. Ohkawa et al (1997) did a
detailed observation of the orientation distribution of surface cracks in a S45C steel
submitted to axial-torsional fatigue with different stress ratios A. They found that the
majority of cracks initiated near the maximum shear planes and then grew changing their
orientations to a direction perpendicular to the maximum normal stress (Figure 1.8). The
crack orientation 0 in the figure is the angle between the normal of the surface crack

plane and the axis of the tubular specimens.
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Figure 1.8 Crack density versus orientation at (a) 25% and (b) 95% of the lifetime.
Curves A and B (solid and dashed lines) show the variation of the normal and shear stress
amplitudes acting on the crack plane, respectively. These stress amplitudes are
normalized with respect to the applied axial or torsional stress amplitude (A, stress ratio;
®, phase angle; N/Ny, life ratio). (Ohkawa et al, 1997)

The transition from Stage I crack propagation to Stage Il crack propagation is governed
by the material microstructure and the applied loading. Compression and shear loadings
favor Stage I shear growth. Low ductility materials have predominantly Stage II tensile
growth. The transition can also be influenced by the environment, particularly in

aluminum alloys (Socie and Marquis, 2000).
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1.2.3 The three regions of fatigue behavior

Socie (1993) analyzed the biaxial fatigue cracking behavior under axial-torsional loading
of AISI 304 stainless steel, Inconel 718, and 1045 steel (Hua and Socie, 1985; Socie et al,
1989; Bannantine and Socie, 1985). He concluded that there are three different cracking
behaviors depending on the total fatigue life. From low cycle fatigue to high cycle
fatigue, there can be Region A, Region B and Region C. In region A, the fatigue life is
dominated by the shear crack growth (stage I/mode II). In Region B, shear crack
nucleation is immediately followed by crack growth on the planes normal to the
maximum principal strain (stage 1I/mode I). In Region C, the fatigue life is dominated by
crack nucleation. Which region corresponds to the fatigue cracking behavior depends on

material type, loading mode and stress level.

Figure 1.9 shows the fatigue cracking behavior in AISI 304 stainless steel. Under
torsional fatigue (Figure 1.9(a)), Region A behavior was observed at short lives and
Region B behavior was observed at long lives. Region C behavior was not observed even
at the longest fatigue lives. On the other hand, no evidence of stage I crack growth was
found in 304 stainless steel under tension fatigue. No Region A is shown in Figure 1.9
(b). The fracture surfaces appeared to be almost entirely dominated by stage II crack
growth. Region B behavior was found in the low cycle fatigue regime, while the region C

behavior dominates the high cycle fatigue regime.
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Figure 1.9 Cracking behaviors observed in 304 stainless steel.
(a) Torsion. (b) Tension. (Socie, 1993).

In contrast, in Inconel 718 subjected to torsional fatigue (Figure 1.10 (a)), the cracks
initiated and remained on the maximum shear planes (Region A behavior) whatever the
shear strain level. Even at the lowest strain amplitude, where stress-strain response is
elastic, the cracks initiated and remained on the shear planes throughout the life. Under
tension fatigue (Figure 1.10 (b), the cracks also remained on the shear planes for the
majority of the fatigue life. A large Region A was observed. Final failure in all tension
tests was in the macroscopic tensile direction, but it consisted of large portions of
microscopic shear growth for short and intermediate fatigue life regimes. Stage 11 growth

occurs only in the late life. Damage accumulation in Inconel 718 appears to be shear
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predominated. This is attributed to the localized shear deformation bands that develop
during cyclic loading. Reversed movement of dislocations progressively shears the
precipitates in these bands. Crack propagation then occurs along the bands with extensive
shear crack growth exhibited throughout the fatigue life. The cracking behavior of 1045
steel is very similar to that of Inconel 718. Region A behavior dominates in torsion
fatigue. In tension fatigue, Region A behavior predominates at low lives, while Region B
behavior dominates at intermediate lives. Region C behavior emerges at long lives (>10°

cycles) where crack initiation predominates.
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Figure 1.10 Cracking behaviors observed in Inconel 718.
(a) Torsion. (b) Tension. (Socie, 1993).
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Parsons and Pascoe (1976) found that the applied strain system determines the crack
growth behavior. The cracks grow in mode I for any strain system, except for pure shear,
where they grow initially in mode II, but may transfer to tensile mode under certain
conditions. Such conditions appear to be provided at low strain by the intersection of a
microscopic slip bands (shear) crack at grain boundaries, or at high strains by the

systematic linking of microscopic shear cracks.

Sakane et al (1987) investigated the crack growth directions in tubular specimens made
of 304 stainless steel submitted to combined axial-torsional loadings at 923°C in air.
Their results indicate that macrocracks (>1mm) propagate in mode I when —0.64<p<-0.5
(p=gs/¢€1, being the principal strain ratio), but in mode II when —0.86<p<-1. Mixed mode

fracture occurs when p=-0.74.

From the above discussion, it can be concluded that the fatigue cracking behavior is a
function of material type, stress state and stress level. The damage mechanism is a major
consideration for a fatigue life prediction model. Different mechanisms need different
types of life correlating parameter. A shear type parameter is appropriate for fatigue life
in Region A. For Region B, Socie (1987) suggested to use the Smith-Watson-Topper
parameter (tensile type) to correlate fatigue lives. In region C, shear type stress
parameters are recommended (Socie, 1993). However, only a few metals exhibit Region
B behavior. Most fatigue life parameters are based on the shear stresses/strains. The

multiaxial fatigue life parameters will be presented in detail in Section 1.4.
1.2.4 Case A and Case B cracks

The free surface orientation of a component can influence the crack speed and shape.
Two particular cases for surface orientation have been identified by Brown and Miller
(1973), known as Case A and Case B, which are defined by the principal stress/strain

directions with respect to the specimen surface. As shown in Figure 1.11, Case A arises
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when the two extreme principal stress/strain amplitudes €; and 3, that give rise to the
greatest shear strain range during a cycle of loading, both lie in the plane parallel to the
free surface. The intermediate strain €, is the principal strain normal to the specimen
surface. For Case B, the minimum principal strain amplitude, €3 is normal to the free
surface. The stage I crack will propagate on different sets of shear planes and shear
directions in the two cases. In Case A, the cracks are driven fastest parallel to the surface,
while they will propagate away from the surface into the specimen depth in case B.
Therefore, a Case B crack is more dangerous than a Case A crack, because failure is

always caused by fracture through the specimen thickness.

PRINCIPAL STRAINS PLANES OF MAXIMUM SHEAR PLANE & DIRECTION
€, 2t »E STRAIN AND DIRECTION QF OF STAGE II
1 2 3 STAGE 1 CRACK GROWTH CRACK GROWTH
CASE A °
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h,

)
SURFACE PLANE
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Figure 1.11 Case A and Case B crack formation, showing the importance of the free

surface (cross hatched) orientation in multiaxial fatigue cracking (Brown and Miller,
1973).

Reversed torsion and tension/torsion are both classed into Case A, whereas plane strain
and equal-biaxial loadings correspond to case B. The uniaxial loading is a special case.
Both Case A and Case B cracks can occur. There is an infinity of maximum shear planes

whose normal makes an angle of 45° with respect to the loading axis. It was found that a
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torsional fatigue crack has a very low aspect ratio (crack depth/crack length) as compared
to pure tension and combined tension-torsion fatigue cracks (Hua and Socie, 1984). At
the failure, the surface crack length under torsional fatigue is much longer than under

tension fatigue and combined tension-torsion fatigue.
1.3 Non-proportional loadings

An important consideration for multiaxial fatigue is whether the principal stress or strain
axes are fixed or not with respect to specimen axes. If they are fixed, the loading is
considered as proportional. The components of stress or strain tensors increase or
decrease in constant proportion. Consequently, the maximum shear planes remain fixed
in orientation as well. Under non-proportional loading, the principal stress/strain axes and
the ratio of stress/strain components vary during a loading cycle. Axial-torsional in-phase
loading is proportional loading. Axial-torsional out-of-phase loading and loadings with

axial or torsional mean stress are two typical non-proportional loadings.
1.3.1 Out-of-phase loading

Out-of-phase loading and in-phase loading are periodic histories such as sine or triangular
waveforms with or without a phase angle, respectively. Consider the cylindrical specimen
subjected to axial-torsional loading in Figure 1.12 (a). The variations of axial and shear
strains with time are illustrated in Figure 1.12 (b) for in-phase loading. Here, the axial
and shear strains vary in constant proportion to each other and the phase angle between
them is zero. Figure 1.12 (c) shows an axial-torsional 90° out-of-phase loading. The
loading path for in-phase loading corresponds to a straight line in normalized strain

space, while the 90° out-of-phase loading path is a circle (Figure 1.12 (d)).
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Figure 1.12 (a) A cylindrical specimen subjected to combined axial and torsional
loadings. (b) Strain-time history for proportional loading where the axial and torsional
strains are in-phase. (c) Strain-time history for non-proportional loading where the axial
and torsional strains are 90° out-of-phase. (d) Loading paths for in-phase (straight line)
and 90° out-of-phase loading (circle) in normalized strain space.

1.3.1.1 Qut-of-phase loading and fatigue mechanisms

There is not much difference in fatigue cracking mechanisms between in-phase and out-
of-phase loadings. In in-phase fatigue, crack initiation and early propagation occur on a
maximum shear plane, and then crack growth plane becomes normal to the maximum

principal stress or strain (Kanazawa et al, 1977; Ohkawa et al, 1997). In out-of-phase
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loading, there are two sets of maximum shear planes, but one is submitted to a larger
normal stress/strain than the other (Kanazawa et al, 1977; Ohkawa et al, 1997). As a
consequence, the cracking may occur on only one set of maximum shear planes, on
which the normal stress/strain is maximum. Socie (1993) also mentioned that the fatigue
cracking behavior (Regions A, B and C) remains unchanged under out-of-phase loading
as compared with in-phase loading. Mode 1 fracture prevails in 304 stainless steel,
whereas Mode 11 fracture prevails in 1045 steel and Inconel 718 under both in-phase and
out-of-phase loading conditions. The rate of damage accumulation might increase and

fatigue life might decrease in certain conditions.

1.3.1.2 Effects of out-of-phase loading on fatigue life

Nishihara and Kawamoto (1945) showed that the fatigue limits of ductile materials are
apparently higher for out-of-phase bending and torsion loading than for in-phase loading,
in terms of the applied stress amplitudes. Little (1969) showed that this increase in high
cycle fatigue strength can be misleading. For a given applied stress, the maximum shear
stress amplitude under out-of-phase loading is lower than that under in-phase loading (as
shown later in Table 4.3). Depending on the stress ratio A, the out-of-phase loading can
result in either an increase or a decrease of fatigue strength when it is expressed in terms
of maximum shear stress amplitude. A maximum decrease of about 25% is obtained
when A=0.5. Garud (1981) and McDiarmid (1987) also reported that this special loading
case (shear stress amplitudes equal on all plane orientations) gives the worst fatigue

performance.

Kanazawa et al (1977) conducted a number of axial-torsional low cycle fatigue tests with
various phase angles in a 1% Cr-Mo-V steel. They found that out-of-phase loading results
in a shorter life as compared with in-phase loading in terms of maximum shear strain
amplitude. The 90° out-of-phase loading gives the shortest life (Figure 1.13(a)). So the

maximum shear strain is not able to correlate the fatigue lives for all loading conditions.
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Instead, a parameter combining the amplitudes of normal and shear strains on the
maximum shear plane was able to correlate the fatigue lives for in-phase and out-of-
phase loadings (Figure 1.13(b)). Both Kanazawa et al (1977) and Jordan et al (1985)
found that the relative phase angle between normal and shear strain on the maximum
shear plane did not affect the fatigue life. Jordan et al (1985) suggested a life correlating
parameter using an integral root mean square of positive normal strain on the maximum
shear plane to replace the normal strain amplitude. However, Wang and Brown (1993)
found that the above-mentioned phase angle did have influence on fatigue life and

suggested to take it into account in a life correlating parameter.
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Figure 1.13 (a) Maximum shear strain range versus fatigue lives in 1%-Cr-Mo-V steel.
(b) Fatigue life as a function of normal strain range on maximum shear planes at the same
maximum shear strain range (3%) in 1%-Cr-Mo-V steel (Kanazawa, 1977).

Fatemi and Stephen (1987) and Itoh et el (1995) also found that out-of-phase loading are

detrimental for low cycle fatigue life in terms of maximum shear strain amplitude.
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However, in contrast with the above approaches, it was claimed that the shorter fatigue
life observed under non-proportional loading could be ascribed to the additional
hardening associated with complex loading paths (Socie, 1987). Instead of normal strain
amplitude, a normal stress has been incorporated in the Fatemi-Socie fatigue life
parameter (Fatemi and Socie, 1988). Multiaxial fatigue life parameter will be reviewed in

section 1.4.

It is found that the cyclic strain hardening along the non-proportional path is much more
significant than that along the proportional one. This introduces the concept of additional
hardening (Lamba and Sidebottom, 1978; McDowell and Socie, 1985). This additional
hardening is attributed to different dislocation structures between in-phase loading and
out-of-phase loading. Doong et al (1990) found that in planar slip materials, single slip
occurs under proportional loading, and multi-slip under nonproportional loading. As a
result, dislocation tangles are found for in-phase loading, whereas structures such as cells
and labyrinths are observed for out-of-phase loading. Different materials show different
amounts of additional hardening. Materials such as the 300 series stainless steels show a
large amount of nonproportional cyclic hardening. The flow stress can increase by a
factor of two. Carbon steel such as 1045 steel has an additional hardening of about 20%.
Aluminum alloys do not exhibit any additional cyclic hardening. Nonproportional
softening has not been observed in any material. The different additional hardening
behaviors in different materials may also be related to the different dislocation structures,

which are the results of different slip characters in different materials.

1.3.2 Mean stress effects

Mean stress effects are important in fatigue design since many engineering components
are submitted to non-symmetrical loadings (mean stress not equal to zero). Common
examples are superimposed static loads, residual stresses and non-symmetrical combined

loads.
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1.3.2.1 Normal mean stress effects

The experimental studies have considered axial mean stresses (e.g. Sines, 1955; Sines,
1961; Sines and Ohgi, 1981) and hoop mean stresses (e.g. Ei-Maged and Mielke, 1977;
Marquis and Socie, 2000). Their effects on axial fatigue and torsional high cycle fatigue

have been extensively investigated (e.g. Socie and Shield, 1984; Zhang and Akid, 1997).

Under axial fatigue, it is generally accepted that a tensile mean stress is detrimental to
fatigue performance while a compressive mean stress is beneficial. The mean stress
effects on the axial fatigue strength have been addressed in most design codes via the
Goodman diagram (1899). Sines (1955, 1961) and Sines & Ohgi (1981) examined the
effects of static tension and compression on alternating axial fatigue, and found that
fatigue strength decreases with increasing static stress. After examining the fatigue data
from several authors (Hohenemser and Prager, 1933; Sines, 1953; Sines, 1961), Sines and
Ohgi (1981) argued that static axial tension and compression also have effects on the
torsional fatigue strength. This strength also decreases with increasing static axial stress.
They postulated that the mean stress effects on multiaxial fatigue can be taken into

account with the mean hydrostatic stress.

Wang and Miller (1993) found that in a 1.99% NiCrMo steel under axial fatigue, a tensile
mean stress accelerates both microstructurally and mechanically short crack growth rates,

while a compressive mean stress does not.

Zhang and Akid (1997) studied the effect of static axial loads on torsional fatigue
cracking behavior and the fatigue life of a high strength spring steel and a 316L stainless
steel. They conducted fatigue tests on hourglass smooth specimens under fully reversed
cyclic torsion, with or without superimposed tension or compression static axial loads.
Tensile mean stresses were found to be detrimental to the fatigue life of the high strength

steel but had no effects on the total life of 316L stainless steel. A compressive stress was
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found to be beneficial to the life of both materials. Based on the observation of surface
replicas, it has been found that the fatigue cracking behavior is material/stress state
dependent (Figure 1.14). An axial tensile static stress made the Stage I (mode II) crack in
the high strength steel change from the longitudinal direction to the direction normal to
the specimen axis. But this was not observed in 316L stainless steel. However the
transition crack lengths from stage I to stage Il were reduced in both materials under axial
static tensile stress; and they increased under axial compressive stress. For the high
strength steel, in stage II, the crack growth rates always increased with increasing axial
stress (from compression to tension). However, in stage I, growth rates increased under
axial stress only. There was no obvious difference in crack growth rates under
compressive axial stress. The influence of tensile axial stress on stage Il crack growth
rates in stainless steel was similar to that in high strength steel. However, contradictory
effects on stage I crack growth were observed. The stage I crack growth rates decreased
under the application of a tensile axial stress. The observation of crack orientations
suggests that the effects of tensile stress on crack growth depend on the crack orientation.
A tensile mean stress normal to a stage [ crack accelerates the crack growth. However, a

tensile mean stress parallel to the stage I crack reduces the growth rate.

Ei-Magd and Mielke (1977) investigated the effects of hoop mean stress on axial fatigue
limit. They did a series of tests on tubular specimens made of low carbon steel and
submitted to cyclic axial load and static internal pressure (hoop mean stress). Their
results show that there is a decrease in the fatigue limit with increasing tensile hoop mean

stress.
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Figure 1.14 Characteristics of fatigue crack growth in torsion.

(a) High strength steel. (b) 316L stainless steel. (Zhang and Akid, 1997)
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Marquis and Socie (2000) observed the effects of normal mean stresses on the torsional
fatigue behavior of a carbon steel. They performed two kinds of tests on tubular
specimens: pure torsional fatigue and torsional fatigue with superimposed axial
compression and internal pressure. Under both loadings there is no hydrostatic stress.
They found small cracks on both maximum shear planes under pure torsional fatigue.
However, only longitudinal cracks (on the maximum shear plane with a tensile normal
stress) were observed when there were superimposed normal static stresses. Fatigue lives
in the two loading cases were also different. This implies that a fatigue life correlating
parameter considering the hydrostatic stress is not appropriate. The lower life observed in
the second loading case is attributed to the detrimental effects of the tensile normal stress
on the longitudinal maximum shear plane. They argued that these detrimental effects
cannot be compensated by the compressive normal stress on the transversal maximum
shear plane. They concluded that the normal stress on the critical plane is a more

appropriate term than the hydrostatic stress in fatigue life correlation.

1.3.2.2 Shear mean stress effects

As compared to the study of tensile mean stress effects on fatigue behavior, the studies on

the effects of mean shear stress are relatively few.

The experiments by Gough et al (1949) showed that a superimposed mean shear stress of
170MPa only reduced the bending fatigue limit of a S65A steel from 370MPa to 340MPa
(a reduction of 8.3%). The mean shear stress does not have large effects on the bending
fatigue strength. Sines and Ohgi (1981) found that a static torsion does not influence the
alternating torsional fatigue strengths of a medium and a low carbon steels, but it does

influence their bending strengths if the applied static torque is high enough.

The effects of mean shear stress on axial fatigue performance were also investigated by

Zhang and Akid in 1997 in a high strength spring steel. They found that a superimposed
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torque reduced the axial fatigue strength. Stage I crack growth was accelerated by the
application of the static torque. Stage Il crack growth however, was independent of the

applied mean shear stress.

Wang and Miller (1991, 1992) investigated the effects of mean shear stress on the
torsional fatigue behavior of a NiCrMo steel. Mean shear stress had significant effects on
the torsional fatigue life that decreased with increasing mean shear stress. They found
that mean shear stress accelerates the growth of both microstructurally and physically
short cracks. Cracks were found to initiate and propagate initially on maximum shear
planes (stage I). Crystallographic growth was the major characteristic in stage I
propagation and no rubbing trace was observed between the flanks of model II cracks,
which is different from other observations made in different materials (Smith and Smith,
1988; Otsuka et al, 1980). The applied mean shear stress played a fundamental role in
short crack growth. Two kinds of crack paths were found in stage II. Some cracks
bifurcated and grew in mode [ (stage II). Their growth depended on the level and the
polarity of the mean shear stress. If no mean shear stress was applied, there were two
branching cracks approximately of the same length. However, at high mean stress level,
only one branching crack was favored; its orientation being determined by the mean
shear stress polarity. Most of the other cracks grew in a zigzag path, and the microscopic

segments were approximately perpendicular to the maximum principal stress.

1.3.2.3 Biaxial mean stress effects

Socie and Shield (1984) performed biaxial low cycle fatigue tests on thin-walled tubular
specimens of Inconel 718 to investigate the mean stress effects. The loading histories of
their tests are shown in Figure 1.15 in terms of applied shear and axial strains. These
histories are designed to have the same maximum shear strain amplitude, but the normal

stresses and strains across the planes of maximum shear strain amplitude are different.
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Figure 1.15 Loading histories employed by Socie and Shield (1984).

At the same maximum shear strain amplitude, fatigue life decreased with increasing
normal mean stress on the maximum shear plane. The normal mean stress across the
crack plane has a strong influence on the fatigue crack growth rate. The crack surfaces
are irregularly shaped as the crack grows through the adjacent grains. This mechanical
interlocking allows the crack surface to transmit shear loads. A tensile mean stress
reduces this effect and results in a higher crack growth rate. The normal mean stress
affects not only the crack growth rate, but also the distribution of cracks. Observations of
specimen surfaces showed that all specimens have cracks on only one of the two
maximum shear planes (the plane that experiences the maximum normal stress), except
for loading history C in Figure 1.16. Under zero-to-compression loading (history C), the
normal mean stress on both maximum shear planes is compressive. Multiple cracking is
observed on both shear planes. Many cracks nucleate but grow with difficulty. Fatigue
lives are greater so that more cracks have an opportunity to nucleate in grains that have

crystallographic slip planes near the maximum shear planes.
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Figure 1.16 Crack observed under the loading histories in Figure 1.15 (the specimen axis
is vertical in each photo; the scale is shown at the upright of this figure).

The effects of mean tensile stress on the crack plane can be understood in terms of an
enhanced contribution to mode I opening, as well as an intensification of Mode II due to
the reduction of crack face interference effects induced by the local plasticity, crack

surface roughness or their combination (Socie, 1993).

Socie et al (1985) also reported low cycle fatigue test results on Inconel 718 under axial,
torsional and combined axial-torsional in-phase cyclic loadings (strain-controlled, R¢=-1
and R;=0). They observed at the surfaces of the specimens that cracks always formed on
the plane of maximum shear strain amplitude. Crack growth along the plane of maximum
principal strain was never observed under torsion and combined tension-torsion loadings.
It was only observed very late in axial fatigue life. The mean principal strain did not

change the crack direction. These observations suggest that fatigue life correlations based
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on the maximum shear strain amplitude are appropriate. The mean strains did not have
much influence on fatigue life at high strain amplitude, but they reduced the fatigue life
when strain amplitude is low. This is related to mean stress relaxation that was observed
in zero-to-tension tests (R=0); in particular, the mean stress relaxes to 0 for high strain
amplitude tests. The authors argued that the mean stress rather than mean strain should be
taken into account in a fatigue life parameter. They suggested a modification to Kandil-
Brown-Miller parameter (1982) to account for the effects of the mean stress acting on the

maximum shear plane.
1.4 Multiaxial fatigue life parameters

A multiaxial fatigue life parameter is a combination of some characteristic stress/strain
components, used to correlate or to predict fatigue life under multiaxial loading. Many
fatigue life parameters have been proposed. Several extensive reviews on multiaxial
fatigue life parameters can be found in the literature (Brown and Miller, 1973; Garud,
1981; Macha and Sonsino, 1999; Papadopoulos et al, 1997; You and Lee, 1996). Fatigue
life parameters include equivalent stress/strain parameters, which are extensions of the
static yielding criteria. Some early researchers such as Gough et al (1951) employed
different combinations of the applied normal and shear stresses as fatigue failure criteria.
At the present time, the more prominent fatigue life parameters are based on the critical
plane concept. For many materials crack initiation and shear crack growth (stage II) can
represent an important part of fatigue life. The critical planes are generally the planes of
maximum shear stress/strain amplitude. Different combinations of the maximum shear
stress/strain amplitude and the normal stress/strain acting on the critical plane have been
proposed (Findley, 1959; Brown and Miller, 1973). All fatigue life parameters fall into
one of three categories: stress-based parameters, strain-based parameters and energy-

based parameters.
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1.4.1 Stress-based parameters

Stress-based parameters have been proposed to predict fatigue limit and high cycle

fatigue life.
1.4.1.1 Early parameters

Among the earliest researchers, Gough and his co-workers (1935, 1951) systematically
studied fatigue resistance under in-phase bending and torsion loadings. They proposed
two models, the so-called ellipse quadrant (Eq. (1.5)) and ellipse arc (Eq. (1.6)), to

describe the biaxial fatigue limits of ductile metals and brittle metals respectively.

RSN "
[l o) e "

where o and 1 are the applied bending and shear stress amplitudes, and c.; and t.; are
the fatigue limits under fully reversed bending and torsion, respectively. It is noticed that
these two formulae are proposed for in-phase loading. Further, they do not account for
mean stresses, although the authors have studied their effects. They mentioned that a
superimposed static shear does not alter the fatigue limits, but a tensile mean stress can
reduce the fatigue limits significantly and a compressive mean stress is beneficial to
fatigue life. No physical interpretations were given by the authors for the above two

formulae.

Lee (1985) proposed a modification to the Gough’s ellipse quadrant to deal with the

problem of out-of-phase loading as follows:

() (2] 0
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where g is a function of the phase angle ¢, g (¢)=2(1+gsin¢), and out-of-phase loading
effect is included through g. However, this formula was only proposed for fully reversed
loading. To include the mean stress effect on the fatigue strength, Lee (1989) made

another modification,

ERRGIIESIR o

where o, is the normal mean stress, and oyrs is the ultimate tensile strength. g has the

same definition as in Eq.(1.7); q and n are material constants that can be identified
experimentally. Since the above two equations include a high number of adjustable
constants, it is not surprising that they can work well for some cases. However, as
criticized by Papadopoulos (1994), if n is an even integer, Eq.1.8 cannot predict the
beneficial effect of compressive mean stress that is experimentally observed on the

fatigue strength.

Froustey and Lasserre (1989) also proposed a modification to the Gough’s ellipse
quadrant. Their model includes a mean stress term but it does not include the phase
difference. Their observations on a 30NCD16 steel showed that the phase angle does not

influence the fatigue limits under bending-torsion loadings.

1.4.1.2 Extensions of the static yield criteria

Because cyclic plasticity is the fatigue driving force, it is reasonable to extend the three
static yielding criteria - maximum principal stress (Rankine criterion), maximum shear
stress (Tresca criterion) and octahedral shear stress (von Mises criterion) - as fatigue
failure criteria. Therefore, multiaxial stresses can be reduced to an equivalent uniaxial

stress. These extensions can be formulated as follows:
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i. Maximum principal stress (Rankine)

5, =0, (1.9)

€q
ii. Maximum shear stress or Tresca equivalent stress

G, —O .
. =217% ;¢

. > =0,-0, (1.10)

eq

iii. Octahedral shear stress or von Mises equivalent stress

1
rm,a=5\/(o]—cz>2+(cz—c3>2+(ca—c.)2 ;

Geq=%\/(Gl-02)2+((52—G3)2+(03—G])2 (1.11)

where o), 6, and o3 are the principal stress amplitudes. Although, it was sometimes
claimed that the von Mises criterion gives good correlations of in-phase fatigue lives, it
was generally found that these criteria cannot even correlate the life data of axial fatigue
and torsional fatigue. With either Tresca or von Mises criterion (section 1.1), torsional
fatigue life is generally higher than that of axial fatigue. However, because of the
importance of shear stress on the fatigue damage, Tresca and von Mises criteria are often
used as the basis for developing new parameters that also to account for other effects

such as mean stress effects and out-of-phase loading effects under multiaxial fatigue.

Two equivalent stresses SALT and SEQA, based on Tresca and von Mises parameters
respectively, are presented in ASME Boiler and Pressure Vessel Codes to account for the
out-of-phase loadings. For out-of-phase torsion and bending, the SALT and SEQA

parameters are expressed as follows,

/2

SALT=G—2°[1+47»2+J1+8xzcos2¢+16x4] * (1.12)

*

ASME Boiler and Pressure Vessel Code, Section IIl, Division I, Subsection NA, Appendix XIV,
American Society of Mechanical Engineers, New York, 1974,
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SEQA:C—J%[1+3XZ+J1+6XZ c0s20 +97JT’2 " (1.13)

where o and 1 are the applied axial (or bending) and shear stress amplitudes, A=to/cy is
the stress ratio, and ¢ is the phase angle between applied axial (bending) and shear

stresses.

Lee (1985) found that both the Tresca type (SALT) and von Mises type (SEQA) criteria
overestimate the fatigue damage for out-of-phase loadings at high stress ratios (where the

torsional component is predominant), while they underestimate it at low stress ratios.
1.4.1.3 Modifications to von Mises criterion

Sines (1955) proposed a life model including the static (mean) hydrostatic stress in
addition to the octahedral shear stress amplitude to account for the normal mean stress
effects.

Tocta T Kou™ = f(N) (1.14-a)
where Tocta is the octahedral shear stress amplitude, oy™ is the mean hydrostatic stress,
and k is a material constant. The first term in Eq. (1.14-a) is proportional to the root-
mean-square of the shear stress amplitudes over all planes and the second term is
proportional to the average of the mean normal stress over all planes. The physical
interpretation of the above criterion is that for a given fatigue life, the permissible
amplitude of the root-mean-square of shear stress amplitudes over all planes is a linear

function of the static normal mean stress averaged over all planes (Sines and Ohgi, 1981).

Crossland (1956) proposed a similar life parameter, except that the maximum value of

hydrostatic stress is used instead of the mean value.

Tocta T ko™ = f(N) (1.14-b)

" ASME Boiler and Pressure Vessel Code, Section 1II, Code Case N-47-12, American Society of
Mechanical Engineers, New York, 1980.
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Based on the consideration that the fatigue strength is determined by both the resolved
shear stress amplitude and the normal stress acting on the cracks, Papadopoulos (1995)
proposed a rather complex model and claimed that it is applicable for high cycle biaxial
and triaxial out-of-phase stress conditions. The model to describe the fatigue limit is the

following,

J&2) +afo)™ <b (1.15)
\/<—r§v>=«/'5"‘/8;2 fo [ Ezo(ra(d),e,x))zdxsinededd) (1.16)

(o)= % [" [ .06.0)sin6d0dp (1.17)

where 1, is the resolved shear stress amplitude, and o is the normal stress acting on a
given plane. The first term in Eq. (1.15) is the average value of 1, defined as the root-
mean-square over all plane orientations (Eq. (1.16)). This is motivated by the fact that
under static loading the root mean square of shear stress leads to von Mises equivalent
stress. The second term in Eq. (1.15) is the maximum value that is reached during one
cycle by the average value <o> of the normal stress (Eq. 1.17). The material constants
can be obtained experimentally. This criterion has a physical meaning similar to that of

Sines and Crossland. In the case of axial-torsional loading, the criterion reduces to,

2
1/"30 +1,” +a%0 0 < (1.18)

The same expression would be obtained from Eq. 1.14-b. Note that it does not include

the phase angle, so the author claimed that the phase difference does not influence the
fatigue limit under an axial (bending)-torsional loading. Later, Papadopoulos (2000) used
this parameter to predict finite high cycle fatigue life. A possible form of this parameter

for axial-torsional fatigue is the following,

2
,/"30 +1,2 +kG°J;G'" = f(N) (1.19)

where k can be experimentally identified, or derived from shear and normal fatigue

limits.



46

As reviewed by Zenner et al (2000), the von Mises equivalent stress can be physically
interpreted as: 1) the distortion energy, 2) the octahedral shear stress, 3) the root mean
square of the principal stress, and 4) root mean square of the shear stresses over all plane
orientations. Motivated by the last interpretation, Zenner et al (2000) proposed an integral
approach to obtain an equivalent stress under complex loading. They modified the von
Mises equivalent stress by including the mean shear stress, the normal stress amplitude
and the normal mean stress acting on a given plane. A rather complex formula is

proposed,

1/2
]5 T 2 2 2 .
G, = {Q f . f:O lac2, (+me2 )+ b2, (+n0,,)sin ydyd(p} (1.20)

Here, angles y and ¢ are used to define a plane orientation. t,4. and tyem are the shear
stress amplitude and mean shear stress on a plane Y@, and 6,p. and G,om are the normal
stress amplitude and the normal mean stress on a plane y¢. The constants a, b, m, and n
can be obtained from the fatigue strength under fully reversed tension-compression, fully

reversed torsion, pulsating tension and pulsating torsion.
1.4.1.4 Modifications to Tresca criterion (critical plane parameters)

As compared with other approaches, the critical plane approaches for fatigue life
correlation and prediction have a clear physical meaning. Because the fatigue crack
initiation and propagation are often associated with some specific planes, the so-called
critical planes, the fatigue life parameter should use the stress components related to these
planes. The critical planes are generally defined as the planes of maximum shear stress
amplitude, Tmax. Note that under non-proportional loading, the maximum shear stress

amplitude can be different from that computed from applied stress amplitudes (Eqn.1.10).

Findley et al (1956) was among the first researchers who put forward the concept of
critical plane. According to Findley, the alternation of shear stress is the primary cause of

fatigue, while the normal stress amplitude on the critical plane has some effect. Findley
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parameter was first developed for fully reversed biaxial proportional loading. Based on
the observation that the effect of mean shear stress is weak and the effect of mean normal
stress is strong, Findley (1959) extended his theory to include mean stress effects by
using the maximum normal stress o, on the critical plane, instead of the normal stress
amplitude. In the Findley parameter, the critical plane is the plane on which the
combination of shear stress and normal stress are maximum. It is not necessarily the
maximum shear plane. The Findley parameter is formulated as follows,

(tat kon ™ Jmax = fN) a.zn

where the material constant k can be experimentally determined.

McDiarmid (1973, 1981, 1991, 1994) did a large amount of analytical and experimental
work, and presented a general criterion for high cycle multiaxial fatigue as,

Tmax/ taB+0n 126uTs=1 (1.22)
Where ta and tg are the reversed shear fatigue strengths for case A and case B cracks
respectively. This failure criterion is based on the concept that fatigue strength is a
function of the shear stress amplitude and the maximum normal stress on the plane of
maximum shear stress amplitude (definition of the critical plane). This criterion takes into
account Case A and Case B cracks. The author has shown that his criterion is applicable
to a wide range of multiaxial high cycle fatigue data on combined bending and torsion of
thin and thick pressure vessels. The effects of mean stress, out-of-phase loading, stresses
with different frequencies and also a variety of waveforms are taken into account. In
order to predict the finite high cycle multiaxial fatigue life, the author proposed the
following formula,

Tmax T Koy = f(N) (1.23)
where k is a material constant to be adjusted with experimental data. This parameter is

similar to Findley parameter, but the definition of the critical plane is different.

Dang-Van (1993) proposed a macro-micro approach that is widely used in industry in

France to predict the high cycle fatigue failure under multiaxial loading. In this approach,
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the current stress state is considered and damage happens at a precise instant of the
loading path. As the cracks usually occur at slip bands, the local shear acting on the crack
plane is an important parameter, and the hydrostatic stress can accelerate the damage.
Dang-van formulated his fatigue limit criterion as,

Toae TAC ;5 Sb (1.24)

"% is the maximum hydrostatic stress, and constants a and b can be obtained

where oy
from two simple tests. In the case of high cycle fatigue life prediction, Dang-Van
equation can be written as,

T, Tho 5" = f(N) (1.25)

max

1.4.2 Strain-based parameters

Strain-based fatigue life parameters have been proposed for low cycle fatigue where the

plastic strain amplitude is more dominant than the elastic strain amplitude.

1.4.2.1 Extensions of the static yielding criteria

In parallel with the stress models, the three yielding criteria are also extended to fatigue
in terms of strains as follows,
i. Maximum principal strain

€, =€ (1.27)

eq

ii. Maximum shear strain (Tresca)

Y = €1 — €3 (1.28)
iii. Octahedral shear strain (von Mises)
8, = cy(8, —8,)" +(&, —€,)" + (g, —¢,)° (1.29)

In these equations, €1, &, and &3 are the principal strain amplitudes (g; > &; > €3).
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Like stress-based parameters, the von Mises equivalent strain was popular among early
fatigue studies, but it is not a good life parameter for out-of-phase loadings (Kanazawa,
1977). Some modifications to von-Mises have been proposed. For example, Zamrik et al
(1993) proposed a modification incorporating a concept of triaxiality factors, which is

used to account for different loading paths.

1.4.2.2 Critical-plane parameters (modifications to Tresca criterion)

Brown and Miller (1973) postulated that fatigue damage occurs on some specific planes,
the so-called critical planes, on which the shear strain amplitude is maximum. They
recognized that the shear strain amplitude, ymax, on the critical plane governs fatigue
damage, while the normal strain amplitude on this plane, &,, plays a second important role
in assisting fatigue damage. They proposed that for a given fatigue life, the shear strain
amplitude on the critical plane is a function of the normal strain amplitude on this plane.

Kandil, Brown and Miller (1982) later proposed a simple parameter (KBM parameter) as,
Y max T K€, = f(N) (1.30)

where k is a material constant obtained by consolidating axial and torsional fatigue data.

Kanazawa et al (1977) showed that such a parameter can correlate both in-phase and out-
of-phase fatigue lives (see section 1.3). The phase difference under out-of-phase loading
between the normal and shear strain on the critical plane has no influence on the fatigue
life of 1%Cr-Mo-V steel. This was also shown by the investigation by Jordan et al
(1985). However, contradictory results were obtained by Andrew and Brown (1989).
They found that out-of-phase data for 316 stainless steel at high temperature fell above
in-phase data when plotted against KBM parameter. This implies that the effect of normal
strain amplitude on fatigue damage is overestimated, and that the phase difference
between normal and shear strains on the critical plane affects fatigue life. Based on this

point, Wang and Brown (1993) proposed the following model (Wang-Brown parameter),
Y max +HE, = [(V) (1.31)
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where Yma is the maximum shear strain amplitude and €, is the normal strain excursion
during one reversal of shear strain on the critical plane. This model was initially proposed
for variable amplitude multiaxial fatigue; of course, it is applicable to constant amplitude
multiaxial fatigue. For constant-amplitude loading, the difference of this parameter with
respect to KBM parameter is that it considers the normal strain excursion during one
reversal instead of one cycle. The normal strain excursion, 8,,*, is lower for out-of-phase

loading.

Shang and Wang (1998) also regarded that the maximum shear strain range and the
normal strain excursion during one reversal on the maximum shear plane are two
important factors that govern the fatigue damage. However, the two factors are combined

as follows:

1/2
s =[or ) | (132)

For fully reversed loading, the fatigue life is predicted by,
sa,=9é~(2Nf)”+gf'(sz)‘ (133)

Where of’, €5, b, ¢ are material constants for fully reversed axial fatigue. To include the

mean stress effects, Eq. (1.33) is modified as,

G/-“Gm b i c
=L 2N ) e, 2N (1.34)

eq

Here, o, is normal mean stress on the maximum shear plane.

Jordan et al (1985) conducted fatigue tests with different loading paths, but with the same
amplitude of maximum shear strain and normal strain across the maximum shear planes.
They found that the fatigue lives were different for different loading paths, and the
compressive half cycles were non-damaging. They proposed a modification to KBM
parameter, using the average of the positive normal strains over time instead of the

normal strain amplitude.
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Lohr and Ellison (1980) proposed a simple model based on the hypothesis that the
maximum shear strain, v, on the plane driving the crack through the thickness controls
the fatigue crack propagation rate and hence the life, whereas the normal strain €,* acting
on the plane of ¥ plays a secondary role in fatigue damage. They formulated this model
as,

Y* + key* = f(N) (1.35)
This is very similar to Eq. (1.30), except the critical plane here is defined as the plane on
which the shear strain driving the crack into the specimen thickness is maximum. It is not

necessarily the maximum shear plane.

During out-of-phase or non-proportional loadings, the principal axes rotate causing
additional cyclic hardening in several materials (Fatemi, 1985; Fatemi and Socie, 1988).
This additional cyclic hardening was claimed to be responsible for the additional damage
in out-of-phase loadings (shorter lives are observed in yma-N plots in the region of 10°-
10° cycles). A parameter that uses both strain and stress has the potential to account for
this strain path dependence of fatigue behavior. Fatemi and Socie (1988) proposed the

following parameter

max

vmax(1+k6(; )= Jf(N) (1.36)

and obtained reasonable correlations of in-phase, out-of-phase and mean stress/mean
strain data of 1045 steel and Inconel 718. A further advantage of this parameter is that it

does not predict fatigue damage under static-only load (it yields zero when y,,=0).

1.4.3 Energy-based parameters

Energy-based fatigue life parameters have been developed for multiaxial fatigue, but they
are not widely accepted. The main criticism to the energy-based parameters is that energy
is a scalar quantity, unable to account for the fatigue damage that is often involved in

some specific planes. Energy-based parameters will be briefly reviewed.
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1.4.3.1 Parameters involving a critical plane

Glinka et al (1995) criticized the KBM parameter on two points: 1) the algebraic sum of
normal and shear strain components is a lack of formal correctness from the continuum
mechanics viewpoint; 2) the two components are weighted by a constant k, which is
found to vary with fatigue life by Fatemi and Kurath (1988). Further, in the case of
multiaxial fatigue, stress terms also contribute to the fatigue damage, especially for non-
proportional loading. These authors initially proposed an energy criterion as:
W= Tox +€0,=FV) (1.37)

where W is a cyclic strain energy density. The critical plane here is the same as for KBM

parameter. In order to take into account the mean stress effects, Eq. (1.37) was modified

as (Glinka et al, 1995):

W=ymrm[ e ]=f<zv> (1.38)

max ] nmax 1
1-t™ /" 1-06,%/c,

where T and ¢,""" are the maximum values reached over time by the shear stress and

normal stress acting on the critical plane.

Liu (1993) proposed a critical-plane approach for multiaxial fatigue life prediction based
on virtual strain energy parameters, which takes into account mode 1 and mode II

fractures as well as Case A and case B cracks.

Chu et al (1993) proposed the following parameter to account for mean stress effects,

W=2x"__+c™¢ = f(N) (1.39)

Varvani-Farahani (2000) proposed a critical-plane energy-based model as follows,

(Ar maxA[Y s D = f(N) (1.40)

—(Ac A, )+
(Gf'sf') (Tf"Yf‘)

ATmax, AYmax are the maximum shear stress and shear strain ranges obtained from the

largest stress and strain Mohr’s circles during the loading part and the unloading part of a
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cycle. Ao, and Aeg, are the corresponding normal stress and strain ranges. To take into
account mean shear stress effects, the above equation was modified as follows:
l+c,/0,
(Aansn)+—f(A‘cmaxA(x"—‘“l‘—D = f(N) (1.41)

(c,'e,") @ 2

Here oy, is the normal mean stress on the critical plane.

It is noticed that most of aforementioned critical plane parameters are associated with
shear crack growth (Region A behavior, section 1.2.3). A shear-based parameter is not
appropriate for a tensile crack growth (Region B behavior). The Smith-Watson-Topper
(SWT) parameter, which was originally proposed to account for mean stress effects
during uniaxial loading (1970), was used by Socie (1987) to correlate the fatigue lives in

Region B (determined by mode I or tensile crack growth).

G, "€ o = F(N) (1.42)
here €max is the maximum normal strain amplitude, and o,"" is the maximum stress on
the critical plane. It is defined here as the plane of maximum normal strain amplitude,

which is the plane of mode I cracks. The maximum normal stress is claimed to be able to

account for mean normal stress effects as in the Fatemi-Socie parameter.
1.4.3.2 Modification to von Mises criterion

Ellyin and Kujawski (1993) proposed that an appropriate fatigue damage function ¥
would have the following form,

Y=¥(AW, p, on") (1.43)
Here, AW is strain energy input per reversal, oy is the mean hydrostatic stress to account
for mean normal stresses, and p is a measure of the multiaxial constraint. For an elastic-
plastic isotropic material, the von Mises yield condition is equivalent to the distortional

component of the strain energy density Wy = Isydey (si=oij-ox0ii/3, and ej=&ij-exk0ii/3).

The Ellyin-Kujawski criterion can be written as,
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cm
AW, (1+a i)
\y:d(‘:G:f(N) (1.44)
P

Where G is an equivalent stress amplitude, and o is a material constant.

1.4.4 Remarks on the multiaxial fatigue life parameters

From the above review, several remarks are summarized as follows,

Most fatigue life parameters can be considered as extensions of the von Mises
criterion (e.g. Sines and Crossland parameters) or of the Tresca criterion (e.g.
Findley, McDiarmid and Kandil-Brown-Miller parameters) by adding some terms
to account for normal stress/strain effects.

There are basically two ways to take into account the effects of normal stress or
strain: normal stress/strain on the critical plane (e.g. McDiarmid, Kandil-Brown-
Miller and Fatemi-Socie parameters) and the hydrostatic stress (e.g. Dang-Van and
Papadopoulos parameters).

Only parameters considering the maximum normal stress on the critical plane (e.g.
McDiarmid and Fatemi-Socie parameters) or the maximum hydrostatic stress (e.g.
Dang-Van and Papadopoulos parameters) can mathematically account for both
normal stress amplitude and normal mean stress effects.

The shear stress/strain effects and the normal stress/strain effects on the fatigue
damage are generally weighted by a constant k, but some parameters (e.g. Glinka-

Wang-Plumtree parameter) are formulated without this constant.

1.5 Material anisotropy effects

Most

engineering materials exhibit some degree of anisotropy induced by

crystallographic texture and/or by fibrous structure. As a consequence, their mechanical

behavior may also show some extent of anisotropy. It is important to include the material

anisotropy effects in multiaxial fatigue life prediction models in order to improve their
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reliability in design as well as in safety evaluation. In an anisotropic material, cracking
behavior may depend on the specimen orientation and loading path. The life prediction

model should be based on the actual fatigue cracking behavior

Material anisotropic effects on biaxial fatigue cracking behavior and fatigue life have
been studied from two approaches, which are: (1) compare the fatigue behavior in
different test orientations in an anisotropic material; (2) compare the fatigue behavior

between anisotropic and isotropic material.

1.5.1 Orientation-dependent fatigue behavior of anisotropic material

Fatigue behavior in an anisotropic material is generally anisotropic. The effects of
material anisotropy on the fatigue behavior can vary with material type and/or loading

conditions.

Both the crystallographic texture and the fibrous structure have effects on the fatigue
properties of metals (Plumbridge, 1972). The influence of textures on the fatigue life may
depend on the textures. The formation of a fibrous structure generally decreases the
fatigue resistance in the transverse direction. Leese et al (1985) used transverse and
longitudinal specimens to perform axial fatigue tests in hot-rolled 1045 steel. The results
showed that specimens machined in the transverse direction have lower fatigue lives by a
factor of 2 to 3 compared to longitudinal specimens. This life difference is attributed to

the anisotropy induced by sulfide inclusions along the longitudinal direction.

Socie (1985) conducted similar tests with Inconel 718. Specimens were also cut from
longitudinal and transverse directions with respect to the forging direction. The

anisotropy effect was similar to that of 1045 steel.
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Eswara Prasad et al (1996) studied the low cycle axial fatigue behavior as a function of
the test direction in rolled plates of an 8089 aluminum alloy. Anisotropy of this material
is induced by the crystallographic texture and grain fibering. Three test directions were
studied: longitudinal L (specimen axis parallel to the rolling direction), L+45° (specimen
axis at 45° to the rolling direction), and long transverse LT (specimen axis perpendicular
to the rolling direction). Anisotropy in cyclic stress-strain response was evident in two
ways. Firstly, the average stress amplitude at half-life for any particular total strain
amplitude was typically lower in the L+45° direction than in the other two test directions.
Secondly, the critical strain amplitude above which cyclic softening occurred varied with
test directions. Softening was found to start in the LT direction at marginally lower strain
amplitude than in the L direction. This is due to the selective relaxation of residual
stresses, i.e., of the tensile stress amplitude in the L direction, and compressive stress
amplitude in the LT direction. A comparison of the fatigue life data for different test
directions revealed significant anisotropy. The fatigue life was significantly higher in the
LT direction as compared with that in the L direction. However, the fatigue resistance in
L+45° direction, when compared with that in L direction varies with strain amplitude. It
is higher at a high strain amplitude, but it is the same at a low strain amplitude. The
observed transition in Coffin-Manson plots is attributed to a change in deformation
mechanism and to a deformation assisted fracture mode. A homogeneous dislocation
structure at low strain amplitude gave way to a highly heterogeneous substructure with
intense shear bands at high strain amplitude. The corresponding change in the fracture

mode was from high-energy transgranular shear to low energy intergranular fracture.

Ohji et al (1976) investigated fatigue behavior of anisotropic rolled steel plates under
cyclic torsion. The material anisotropy is introduced by the mechanical fibering or
laminated structures. Tubular smooth specimens were cut from plates at different angles
between the specimen axis and rolling direction (0%, 45° and 90°). Notched specimens, in
which notch is at 45° with respect to the specimen axis, were also cut at different angles.

They found that in 0° and 90° smooth specimens, the leading cracks (shear crack) were
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parallel to the laminated structures, and the fracture surfaces were smooth. But in 45°
smooth specimens, the fracture surface was rough, since shear cracking encountered the
resistance from the lamellar interface. In all notched specimens, the cracks propagated in
a tensile mode and were independent on the orientation of the specimen. Fatigue life was
orientation-dependent (anisotropic) of both notched and smooth specimens. The 45°
specimen had the longest life, while the 0° and 90° smooth specimens have approximately
the same life, since the material anisotropy helps the crack advancing in latter two cases.
In the notched specimen, anisotropy assisted the cracking process where the lamellae

coincided with the notch and the maximum principal directions.

Kiyotsugu et al (1976) performed torsional fatigue on specimens cut from a rolled steel
plate such that specimen axis is 0°,45” and 90° with respect to the pearlite-ferrite laminar
direction. They found that at the same stress level, 0° and 90° specimens have
approximately the same lives, while the 45" specimen has highest life. The anisotropy
caused by the fibrous structure assisted the cracking process when the rolling direction

was the same as the maximum shear direction in torsion.

Lin and Nayeb-Hashmi (1993) studied the effects of material anisotropy on cyclic
deformation and biaxial fatigue behavior of 6061-T6 aluminum alloy, in which
anisotropy was caused by elongated grains and by the alignment of the precipitates along
the rolling direction. Test specimens were machined in two orientations from an Al-6061-
T6 plate, along the rolling direction (RD) and the transverse direction (TD). They found
that TD specimens showed higher cyclic stress-strain response under tension-
compression, while RD specimens showed higher cyclic stress-strain response under
torsion. Fatigue cracks initiated and propagated on the maximum shear planes in both TD
and RD specimens. The damage mechanism of this material appeared to be shear
predominated. The material anisotropy seemed to have no effect on fatigue cracking
behavior, although it did have etfects on the fatigue life. It was found that under the same

shear strain amplitude, RD specimens had higher lives in uniaxial fatigue, while TD
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specimens had higher lives under torsional fatigue. They argued that this result coincides
with the stress-strain responses observed in these two loading conditions. The authors
showed that the tensile cracking model (SWT parameter), a plastic work model and an
effective strain model gave poor correlation for the fatigue life data from TD and RD
specimens. A new shear parameter incorporating material anisotropy effects was
proposed, A (YmaxtBe€n), in which A and B are anisotropic coefficients whose values
depend on the material orientation. A is introduced to reduce the two torsional baseline
obtained from TD and RD orientations into one. B is needed to consolidate the data from
tension/compression with those from pure torsion. They showed a good correlation was

obtained using this parameter.

1.5.2 Anisotropic material versus isotropic material

Verpoest et al (1985) investigated the biaxial fatigue cracking behavior of high carbon
(0.83%C) and low carbon (0.06%C) steel wires under annealed or patented (isotropic)
and cold drawn (anisotropic) conditions. In the cold drawn steel wires, anisotropy is
formed by elongated cells and grains in the low carbon steel and by an axially oriented
lamellar structure in the nearly eutectoidic (pearlitic) steel. In both materials, the ferrite
shows additionally a (110) crystallographic texture. Biaxial in-phase tests were
performed on solid cylindrical specimens with stress ratios A= 0 (pure tension), 0.25,
0.50, 1, 2, 5, and oo (pure torsion). The observation on fatigue crack patterns shows that
the isotropic high and low carbon steels are damaged by tensile cracking mode for all
stress ratios. In anisotropic materials, shear damage mode was observed when A>0.5.
They calculated the plastic zone for Mode 1 and Mode 1l cracks in both materials
following the approach used by Gao et al (1982). They found that once the ratio of plastic
zones of the Mode II crack over Mode | crack reached a critical value of about 4, Mode 1i
crack appeared. In anisotropic materials, this ratio can easily attain a high value (>4), and
then Mode II crack was observed. In isotropic materials, the maximum value of this ratio

is 3.72 in pure torsion, so no Mode H cracks were observed. Moreover, it seems that a
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loading case with high stress ratio favors mode 11 cracking. This is in agreement with the

observation that torsion fatigue favors mode 11 damage (Socie, 1993).

Shatil et al (1994) performed axial and torsional fatigue tests on isotropic and anisotropic
(caused by MnS inclusion strings) structural steel EN15R. They found that under pure
torsional fatigue the lives of the isotropic specimens were about twice longer than those
of the anisotropic specimens tested under approximately the same strain ranges.
However, the lives of both types of specimens were very similar in tests carried out under
pure axial fatigue. In axial fatigue, cracks are usually aligned at 45° from the longitudinal
direction, and lives are not affected since inclusions are not aligned with the direction of
crack growth. Under torsional fatigue, cracks are usually aligned in the longitudinal
direction, and the inclusions, which are also aligned in the same longitudinal direction,

assist the formation and growth of cracks.
1.6 Characterization of erack growth under multiaxial fatigue

Basically, fatigue designs involve two approaches: stress/strain-life approach and fracture
mechanics approach (defect-tolerance approach). In the first approach, nominal stress or
local strain is used to correlate or predict fatigue life. In the latter approach, fatigue crack
growth rate is characterized by a fracture mechanics law. It is used to predict fatigue

propagation life. This section reviews crack growth law under multiaxial fatigue.
1.6.1 Long crack growth under multiaxial fatigue

Long crack growth under uniaxial fatigue is characterized by the stress intensity factor.
The characterization of long crack growth under mixed loading is complex, due to
friction effects introduced by shear loading in both mixed Mode I and Mode Il loading
and mixed Mode | and Mode 11l loading.
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1.6.1.1 Mixed mode I-mode II loading

One of the simplest approaches for theoretical crack growth prediction was first used by
Erdogan and Sih (1963). They stated that the crack should grow perpendicular to the
maximum tensile stress (MTS) adjacent to the crack tip. This therefore assumes a mode |
mechanism of growth. This tensile stress is given by o4 in Eq. 1.45:

1 2 6
Gy = ——=C0S— [K cos
O o2 2

This tensile stress approaches infinity as r approaches zero, and so it can be represented

;KH sin 6] (1.45)

by a generalized tensile stress intensity factor K., for a crack beginning to grow in the
direction 0, where

K, =ocgv2nr (1.46)
Here r and 6 are the polar coordinates with the origin at the crack tip, and K, and Ky, are
the applied stress intensity factors. The direction of crack growth under mixed mode |
and Mode II load is found by calculating the value 6 that gives the highest value of K.
Crack growth should occur when the maximum value of K, is equal to the mode I

fracture toughness for brittle fracture, or the mode I threshold for fatigue crack growth.

In brittle material, cracks only propagate by the mode I mechanism. However, this is not
always the case for the steels and aluminum alloys. Ostuka et al (1981, 1984) performed
a wide variety of mixed mode I and Mode II tests in aluminum alloys and generated
extensive mode Il growth. Ostuka et al (1975) assumed that a crack either grow as a
mode I crack, perpendicular to the maximum tensile stress direction (MTS), or as a mode
II crack on the plane of the maximum shear stress (MSS). This MSS plane can be

identified in the same way as the MTS plane by using the equations for the shear stress

around the crack tip.

cos [K sin0+ K ;(3cos0-1)] (1.47)

T = \/——
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This shear stress approaches infinity as r approaches zero, and so it can be represented by
a generalized shear intensity factor K., for a branch crack beginning to grow in the

direction 6, where,

K, =14V27r (1.48)

MTS and MSS theories can only provide the starting point for the prediction of mixed
load crack behavior. They need to be modified to include the effects of friction, residual
stress and plasticity to make them become reliable guide. Experimental work will always

be required to take into account the different material behaviors.

Gao et al (1982, 1985) studied the growth of fatigue cracks in several ferrous and
nonferrous alloys under mixed Mode [-Mode Il loading. They obtained the fatigue
fracture envelope for combined Mode I -Mode II crack growth. An example is shown in
Figure 1.17. In this figure, the nominal value of shear stress intensity factor range AKj is
plotted against the nominal value of Mode I stress intensity factor range AK;; both AKj
and AK, are normalized by the Mode I threshold stress intensity factor range AK;o. The
solid curve indicates the low bound of threshold condition, below which no crack grows.
The dashed line is a fracture locus outside of which a predominant mode I crack growth
occurred. Between these two curves, the characteristic of crack growth was strongly
influenced by the friction rubbing at crack faces. The location of the upper bound was
dependent on crack closure due to the interlocking of fracture surface asperities and on
the formation of oxide debris. When the amount of crack closure was reduced by
increasing the load ratio of stress in tension, the upper bound curve began to approach the
low bound threshold curve. When slit cracks (where the closure at the wake of crack tip
is not a consideration), instead of sharp fatigue cracks, were subjected to the mixed mode
loading, the upper bound curve for the onset of mode I crack growth coincided with the
threshold (low bound) curve. These results clearly pointed to the significant role of

frictional sliding in influencing mixed-mode fatigue crack growth.
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Figure 1.17 Combined mode [-mode II fatigue fracture envelope for AISI 316 stainless
steel showing the locus of onset of fatigue crack growth (solid curve). The dashed curve
indicates the mixed loading conditions at which fatigue fracture occurs on a plane normal
to the maximum hoop stress, 6gg (Gao et al, 1985).

1.6.1.2 Mixed mode I-mode III loading

Failure under cyclic torsion may occur in anti-plane shear (mode I1I) along the transverse
or longitudinal shear plane, or in mode I along the planes of £45° with respect to the

specimen axis.

Because of tortuous crack path and frictional contacts between crack faces at lower cyclic
torsional loads, the characterization of fatigue crack growth in mode III or combined
mode | and mode III become a difficult task. Nominal value of Ky; does not provide a
unique characterization of mode Il fatigue crack growth. Instead, the cyclic crack tip

displacement (ACTD)yy; is commonly used, because of its simple definition. (ACTD)y;; in

il

fully reversed torsional loading is defined as (ACTD),, = A(];
T

, Where G is the shear
y
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modulus and 1y is the shear yield strength. A cyclic strain intensity parameter has also

been used to characterize the mode III fatigue crack growth (Nayeb-Hashemi et al, 1983).

As a consequence of frictional effect in torsional fatigue, the apparent crack growth rates
measured are substantially lower than the corresponding mode 1 crack growth rates at
identical magnitude of nominal AK;j, as shown in Figure 1.18 (Tshegg, 1983). In this
figure, fatigue crack growth rate da/dN in mode I and mode 111 is plotted against (ACTD),
and (ACTD)yy for 4340 steel. The variation of da/dN in mode III as a function of crack
length was experimentally determined by Tschegg (1983) at several different values of
nominal AKy; or A(CTD)p. As shown in Figure 1.19, each of these curves representing a
fixed level of far-field cyclic loading is extrapolated to zero crack length to obtain the
crack growth rate in the absence of any fracture surface interference. The intrinsic mode
II crack growth rate obtained by above procedure is somewhat higher than the
corresponding mode | fatigue crack growth rates at an identical range of CTD. This result
implies that the principal reason for the apparently superior resistance to crack growth

under mode I1I loading is the existence of friction effects.

10®
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Figure 1.18 Variation of mode 1 and mode 111 fatigue crack growth rates with nominal
values of (ACTD);and (ACTD)iy, respectively, in 4340 steel (Tschegg, 1983).
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Figure 1.19 Variation of mode III fatigue crack growth rates as a function of crack depth
a. (measured from the tip of the circumferential notch in the cylindrical specimen) in
AISI 1018 steel. The numbers shown for each curve correspond approximately to the
fixed values of (ACTD)yy; in millimeters (Tschegg, 1983).

The application of even a small static tensile load, under certain condition, can markedly
increase the rate of mode 111 fatigue crack growth by reducing the extent of crack closure
(Nayeb-Hahemi et al, 1983; Tschegg, 1983a). The work of Hourlier et al (1978) and
Akhust et al (1983) suggested that the superimposition of static Ky on the cyclic K;
causes the mode I crack to decelerate. This extent of reduction in crack growth rate

increases with increasing static K.
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1.6.2 Short crack propagation

On the basis of linear-elastic fracture mechanics (LEFM), studies on short cracks (10pum-
Imm) in axial fatigue have shown that short cracks grow much faster than that would be
predicted from large-crack data. This behavior is illustrated in Figure 1.20, in which the
crack growth rate, da/dN or dc/dN, is plotted against the stress intensity factor range, AK.
The solid curve shows the typical results for large cracks in a given material and
environment under constant amplitude loading. Some typical results from short cracks are
shown by the dashed lines. It is shown that short cracks can grow at AK level below the
long-crack threshold and that they also grow faster than long cracks at the same AK level
above the threshold. Over the past years, various studies on short-crack growth behavior
in metallic materials have led to the realization that fatigue life of many materials is
primarily consumed by the “crack growth” from microstructural features, such as
inclusion particles, voids and slip bands formation. Currently, improved fracture
mechanics analyses of some of the crack shielding mechanisms, such as plasticity-
induced crack closure, and analyses of surface- or corner-crack configurations have led to
more accurate crack growth and fatigue life prediction methods. Thus, “short crack
theory” is the treatment of fatigue as a crack propagation process from a micro-defect (or

crack) to failure.

The research on the short crack effects has concentrated on three possible explanations
for the behavior of such cracks. They are plasticity effects, metallurgical effects and
crack closure. All these features contribute to an inadequacy of LEFM and the use of the
AK concept to correlate the fatigue crack growth rates. Nonlinear or elastic-plastic
fracture mechanics concepts, such as J-integral, were developed to explain the observed
small crack effects. However, the influence of plasticity of short crack growth and the

appropriate crack-driving parameter is still being debated.
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Figure 1.20 Typical fatigue crack-growth behaviors for short and long cracks.

Perez Carbonell and Brown (1986) studied the short crack growth behavior of a medium
carbon steel under low cycle torsional fatigue. Crack growth was monitored by replicas
taken at fixed intervals throughout the life of specimen. A shallow hourglass shape was
chosen in order to have a restricted crack growth area for monitoring. Figure 1.21 shows
the results of the measured crack length plotted against lifetime. The growth behavior of
short cracks under torsional low cycle fatigue is similar to that under axial fatigue for the
same material observed by Hobson (1985). Perez Carbonell and Brown (1986) proposed
to use the same equation to describe both the axial and torsional short fatigue cracking
behavior where the crack length is less than d, the prior austenite grain size:

daldN = C(AG)"(d - a) (1.49)
. . . . . — 1 .
where AG is the equivalent stress range (AG =Ac in axial fatigue; AG =—At in

torsional fatigue). C is stress related parameter. The same short crack growth equation
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can be used for both axial and torsional fatigue, indicating that an equation based on the

equivalent stress might be applicable to any stress condition.
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Figure 1.21 Measured crack length histories and fitted polynomials for individual crack
under torsional fatigue at At=500 MPa (Perez Carbonell and Brown, 1986).

Ohkawa et al (1997) observed short fatigue crack growth in 1045 steel under different
combinations of axial-torsional loadings (N=10*-10’cycles). The authors found that an
equivalent strain intensity parameter AKe (Eq.1.50) based on the strain components
acting on the crack plane 6c is useful for correlating fatigue crack growth rate under fully

reversed combined loadings at various strain ratios and phase angles.

AKe = 1.]2\/(FIEASBC ) +(FGAy Y me (1.50)
gk ~ k(1= k%) o .
hn=——and F = 5 5 , k=a/c is the crack aspect ratio and K(k), E(k)
E(k) (1- k2 —0)E(k) +vk2K (k)

are complete elliptical integrals of the first and second kinds, respectively. E and G are

axial and shear elastic modulus. A, and Ay, are the normal and shear strain ranges on



68

the crack plane respectively, and obtained from the following equations (Kanazawa,

1977),

L [l cos 26, cosé — (1 +0)sin 20,}7 + (1005 20, sin)’ (1.51)
80

o, _ J{I=0)+ (1 +0)cos 20, +75in 20, cosd}> + ( sin 20, sin¢)? 152
€9 2 .

Here, gy and vy, are the applied axial and torsional strain amplitudes, and n is the strain
ratio of yo/go. AK, then can be modified to consider phase difference (an-ai5) between gg.
and yg. to AKE*, which gives better correlation than AKe.

Ak oK. \/1+ J]_z{ (FEA€, )(F,GAY 4, ) }{l—cosz(an o) (1.53)
V2 (FEAg,, ) +(F,GAy,,)?

Varvani-Farajani and Topper (1999) performed biaxial fatigue tests on thin-walled
tubular 1045 steel specimens in a fixture that applied internal/external pressure and axial
load. Four principal strain ratios (hoop strain to axial strain) of -v, -0.625, -1 and +1 were
employed in their tests. The magnitude and frequency of application of a periodic
compressive overstrain was chosen so that there was closure-free crack growth. The
observation revealed that crack growth rate increased dramatically with the magnitude of
the compressive axial overstrains. The height of the surface irregularities decreased
progressively as the compressive overstrain increased, and significantly flattened fracture
surface irregularites were noted near the crack tip. This resulted in a reduced crack
closure stress and a faster crack growth. Mode I and mode II strain intensity factors (K
and AKj;) were calculated for a semi-elliptical surface crack under tensile mode straining

and shear mode straining using,

AK, = FOFAg, na (1.54)
AK, =F,0GAy max VA (1.55)

F; and Fy; are the shape factors for a semi-elliptical opening mode crack and shear crack,

respectively, Q is a surface strain concentration factor, Ag, and Ay« are the normal and
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shear strain ranges on the maximum shear plane. E and G are the Young’s and shear
moduli, respectively. a is the crack depth on the plane of maximum shear strain. The
authors used effective strain intensity parameters to rationalize fatigue crack growth rate.
The effective strain intensity factor ranges based on maximum shear strain parameter

(Eq. (1.56)) and the Brown-Miller parameter (Eq. (1.57)) are given by,

AKS, =F,0GAY,  ~na (1.56
AK.)' = QG(F, Y +0.78F Ac, Wra (1.57)

They found that these two strain intensity factors show roughly the same correlating
ability. Cracks in pure shear straining propagate more rapidly than the other strain
conditions. Fatigue life based on the crack growth rate by using the shear type parameter

of critical plane showed a good agreement with the experimental fatigue life data.

1.7 Notch effects

Notches are not avoidable in mechanical design. The study of notch effects on cracking
behavior and on fatigue life is essential. Fatigue cracks invariably start from some form
of stress concentration. It may be a metallurgical defect, such as inclusions and
precipitates, or a geometrical discontinuity in a mechanical part, such as a drilled hole, a
keyway, etc. Notch effects on fatigue behavior include the effects on cracking
mechanisms and on fatigue life. Different approaches have been proposed to deal with

notch fatigue problems.

1.7.1 Local stress/strain approaches

A fundamental assumption of these approaches is that the initiation fatigue life is
determined by the local stress/strain state at the notch tip. The maximum stress or strain
gives the same initiation life as that of unnotched specimens at the same stress/strain
level. In early research, elastic stress concentration factors K; and some equivalent

stress/strain criteria (e.g. Tresca or von-Mises) were used to predict fatigue life of notches
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from smooth specimen data (Gough, 1949; Takahara et al, 1972, Williams et al (1985)).
However, K; was shown to be inadequate in predicting fatigue life of severely notched
components (Frost and Phillips, 1956). Although detailed information on notch
stresses/strains can be obtained by 1) analytical approaches (e.g. Neuber analysis), 2)
experimental approaches, and 3) finite element analysis, and some successes have been
shown in some cases, notch fatigue life prediction under multiaxial fatigue is a challenge

(Grubisic and Simburger, 1976; Fash et al, 1985).

Fash et al (1985) performed axial-torsional fatigue tests on thin-walled tubular specimens
and combined bending-torsion fatigue tests on simple notched shaft specimens made of
hot-rolled 1045 steel. Three-dimensional stress-strain fields are determined for these
specimens using elastic and elastic-plastic finite element models. The thin-walled tubular
specimen has a simple uniform stress-strain state. The axial strain gradient along the gage
length is less than 2%. The torsional strain gradient along the surface is nearly zero, and
the torsional gradient between the inner and outer surfaces is 15%. More significant
stress/strain gradients exist in notched specimens. Three commonly used approaches
based on extensions of static yield criteria and two theories based on critical planes
(Lohr-Ellison, Kandil-Brown-Miller) were selected for this investigation. Correlation for
the thin-walled tube test series was within a factor of 3 in fatigue life. For the notched
shaft specimen with the more complex stress-strain state, life estimates were in error by a
factor of 10. If fatigue life is a function only of the local strain, similar correlation of test
results should be obtained by applying the same strain-based theories to both types of
specimens. However, this is not the case. This suggests that the local strain/stress is not
enough to correlate the fatigue lives with different specimen geometries. The notch has
intrinsic effects on the fatigue life. The authors thus suggested that emphasis should be
placed on understanding the influence of notches in biaxial fatigue. A new method needs

to be developed instead of local stress/strain method.
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There are several limits for local stress-strain approach. A stress/strain gradient exists at
the notch tip. This stress/strain gradient will lead to different fatigue behaviors as
compared to the smooth specimen without stress/strain gradient. The local stress/strain
approach that does not account for this stress/strain gradient tends to underestimate
fatigue life of notched specimens. The local stress/strain approach can only be applied to
fatigue initiation life, or to the cases in which most of the life is consumed by the fatigue
crack initiation. However, for a severe notch, crack initiation life is very short, and
propagation life is predominant among the total fatigue life. Thus, the local stress/strain

approach is not applicable to severe notches. Other approaches are needed.

1.7.2 Critical distance approaches

In these approaches, notch fatigue life is characterized by the stress/strain in a critical
zone ahead of the notch. Peterson (1959) used the stress at a critical point to correlate
lives, while Neuber (1958) used the average stress over a critical length. However, the so-
called critical distance was usually obtained in some empirical manner. The average
stress in a critical volume or area has also been used to predict notch fatigue life (Kadi

and Pluvinage, 2002).

Tanaka (1983) and Taylor (1999) attempted to relate the critical distance to material
properties such as fatigue crack propagation threshold. Taylor and Wang (2000) showed
that the critical distance approaches are useful for both blunt notch and sharp notches,
even though two different mechanisms are involved in the two types of notches. A blunt
notch behaves in the same way as a smooth specimen, crack “initiation” being the critical
stage. In sharp notches, cracks initiate easily and fatigue failure is propagation-controlled.
They may become non-propagating. A critical distance approach cannot explain the

occurrence of non-propagating cracks.
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It was first shown by Frost & Dugdale (1957) and Frost (1960) that fatigue cracks
emanating from notches could arrest completely after growing some distance. A number
of subsequent studies have documented the existence of non-propagating fatigue cracks

ahead of stress concentrations in ductile solids (e.g., El Haddad et al. 1980; Smith &

Miller, 1978; Tanaka & Nakai 1983; Verreman et al, 1987).

1.7.3 Fracture mechanics approaches

Fracture Mechanics approaches have been developed to study short crack propagation.
The work of Smith and Miller (1977,1978) indicated two fatigue limit conditions for

notches. The separation between failure and non-failure of a notched component should

also consider if an initiated crack would propagate or not (Figure 1.22).

Dy = small notch depth (laboratory sample)

- Aog Dy = large notch depth (large structure)
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Figure 1.22 The fatigue limit depends on notch depth, threshold stress intensity factor
and stress concentration factor. Note that the fatigue limit is independent of the stress

concentration factor at Kt = Z. (Smith and Miller, 1977)

The fatigue limit propagation condition was given by the simple formula:

Ao, :9'—3%(—& (1.58)

where D is the notch depth.
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Under axial fatigue, the growth of a short crack propagating from a notch root can be
strongly influenced by the plastic deformation caused by the notch. A “mechanical short
crack” is initially surrounded by the notch plastic zone and the small scale yielding

condition (LEFM) is violated.

In order to describe the propagation of a mechanically short crack from a notch tip, Smith
and Miller (1978) have proposed that, when the crack is still within the notch plastic
zone, its driving force is the sum of two contributions, one from the notch plasticity, and
the other from the crack tip plasticity. LEFM underestimates the crack growth rate
because only crack tip plasticity is taken into account. The relative importance of each
contribution depends on the stress level and on the crack depth (Figure 1.23). The notch
contribution decreases as the crack propagates while the crack contribution increases. If
the notch contribution decrease is larger than the crack contribution increase, the
propagation decelerates. The crack can become non-propagating if the crack tip plasticity

is not sufficient when the notch plastic zone has been crossed (AK< AKy,).

Verreman and his co-workers (1986, 1987, 1997) investigated short crack behavior in
severe V-notched geometries (V-notched members and fillet weld joints). They found
that at a very beginning of fatigue life, a rapid crack growth is observed, and then crack
growth rate decrease or remains constant before rejoining the long crack trend (Figure
1.24 (a)). LEFM cannot account for this short crack behavior since the stress intensity
factor K increases with crack depth. At the endurance limit level, the crack becomes non-
propagating. They measured the evolution of the crack opening level with crack depth,
and found that opening level rapidly increases before reaching a stabilized level. The
initial transient of the opening level explains what has been observed on crack growth
rates. Although K increases with crack depth, the effective crack driving force decrease
because of the rapid and important increase in the opening level. If crack growth rates are
plotted against the effective stress intensity factor range AKcsr, short crack and long crack

growth rates are consolidated in a single trend (Figure 1.24(b)).
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Figure 1.23 Crack growth rate from the root of a notch: the driving force is assumed to
be the sum of two contributions: one from the notch plasticity, the other from the crack

tip plasticity (Smith and Miller, 1978).
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Figure 1.24 Fatigue crack growth rates in welds. (a) Plotted against AK. (b) Plotted
against AK¢r. The curve in (a) indicates the trend of long crack behavior obtained in

stress-relieved specimens.



75

Espinosa (1995) and Verreman & Espinosa (1997) observed the short fatigue cracking
behavior of cruciform L-notched specimen with notch radius of 0.1 mm and 3 mm.
Elongated semi-elliptical cracks and fatigue crack growth deceleration were observed in
small radius specimens. On the other hand, the specimens with 3mm radius showed a
behavior approaching that of smooth specimens; isolated cracks with high aspect ratios

propagated at a continuously increasing crack growth rate.

The fatigue notch factor (Ky) is a simple way to characterize the notch effects on the
fatigue life. It is defined as the ratio of the fatigue limits of un-notched specimen and
notched specimen. Nisitani and Kawano (1968, 1970) found that the fatigue notch factor
is lower in torsional fatigue than in axial fatigue for circumferentially V-notched
specimen. They attributed the low fatigue notch factor under torsional loading to the
factory-roof fracture that results in higher cracking resistance. A similar observation was

also made by Fatemi et al (2002).

Brown et al (1985) studied fatigue cracking behavior of notched specimens made of 1%
Cr-Mo-V steel under reversed torsion with or without a static tensile load. They found
that the stress intensity factor does not satisfactory correlate all fatigue growth data, but
the strain intensity factor which is a function of material properties and notch plastic
zone, shows a significant improvement and provides a single upper bound solution. This
solution permits designer to make safe lifetime assessments. They observed crack
initially propagating in mode II along the surface, and in mode III radially. At a low
stress, crack propagation continued in mode I (see the “factory-roof” fracture surface;
Figure 1.25(a)). At high stress, the transition to mode I is avoided (Figure 1.25 (b)). This
cracking behavior could be understood from crack growth laws (Figure 1.25 (c)). The
mechanism of faster crack growth rate prevails. The application of an axial load enhances
the mode III crack propagation rate since this increases the effective crack tip strain
intensity factor. Tschegg (1983) also observed similar trends in the cracking behavior in

4340 steel.
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Figure 1.25 (a) “Factory-roof” fracture surface at a low torque without static axial load.
(b) Flat mode III fracture surface at a high torque without static load. (c) Correlation of
mode I crack growth data with “Factory-roof” cracking and “Flat” mode 11l cracking.

(Brown et al, 1985).
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1.7.4 Notch stress intensity factor

According to Williams (1952), the stress field at a V-notch tip (Figure 1.26) is singular.

The normal stress oy is expressed as

c a)"
XX — 7\‘ 1.59
S o[_Bj (1.59)

where A is the function of the V-notch angle v, the loading system and the dimensionless
geometry. S is the nominal stress, a is the distance from notch tip and B is a dimension
parameter (e.g. notch depth). The exponent a is a function of v; it ranges from 0.5 in the
case of a crack (y=0°) to 0 in the case of a uniform field at a smooth surface (y=180°). By

analogy with a crack, one can write

N
= K; (1.60)
a

G

and define K{"=Ao SB® as mode I notch stress intensity factor. K is a function of
geometry and loading. For a given notch angle, different geometry/loading combinations
giving the same K;" gives the same stress field and thus should give the same events

ahead of the notch.

Figure 1.26 Illustration of V-notch
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Notch stress intensity factor has been successfully used to predict crack initiation life for
sharp notches (V-notched welded joints) under axial fatigue by Verreman and his co-
workers (1987, 1996, 1999). Verreman and Nie (1996) have successfully used the notch
stress intensity factor to rationalize the crack “initiation life”, which is defined as the life
for crack propagating to 0.5mm. Figure 1.27 shows the relations between applied
nominal stress and “crack initiation life” for different joint thickness. B ranges from
16mm to 103mm. The scale effect is important. However, by using the notch stress

intensity factor, T-joint data of different thickness are consolidated (Figure 1.28).

Boukharouba et al (1995) studied crack initiation behavior of welded joints and notched
CT specimens made of mild steels. They consolidated fatigue lives using a notch stress
intensity factor, which is a function of applied stress, notch angle and notch acuity. They

found that this approach allows conservative design of structures.
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Figure 1.27 Nominal stress vs. “crack initiation life”
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Figure 1.28 Notch stress intensity factor vs. “crack initiation life”.

Tovo and Lazzarin (1998, 1999) analyzed the stress field close to the toe of welds in
welded plates. The local stress field can be described in terms of notch stress intensity
factor for different joints. They found that “hot-spot stress” approach is not able to
predict accurately the fatigue behavior of welded joints, whereas notch stress intensity
factor is more advantageous. Lazzarin and Livieri (2001) showed that notch stress

intensity factor is useful to predict total fatigue life of steel and aluminum welded joints.

Dunn et al (1997) used the notch stress intensity factor to correlate fracture initiation at
sharp notches under mode 1, mode 11, and mixed mode loadings. They determined mode I
and mode II stress intensity factors for notched specimens using a combination of
asymptotic method (Williams, 1952), dimensional considerations, and detailed finite
element analysis. They showed that critical stress intensity factor gave an excellent
correlation of fracture initiation for mode | loading. It also works well for mode 11
loading. In case of mixed mode loading, mode I behavior dominates, and critical mode |

stress intensity factor works well to correlate fracture initiation.
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1.8 Critical summary of literature review

Biaxial fatigue mechanisms and biaxial fatigue life parameters have been extensively

reviewed. A critical summary is given as follows.

Fatigue damage is characterized by the mechanisms of crack initiation and propagation.
For smooth specimen, cracks generally initiate from PSBs. However, the stress state and
the material microstructure can influence the initiation mechanisms. For example, cracks
can initiate at inclusions. Multiple crack initiation can occur at a high stress level, and
failure can result from coalescence between microcracks. Under all stress states, there are
two important stages of crack propagation: stage 1 and stage Il. In stage [, cracks
propagate on the maximum shear planes (mode 1), while in stage 1l cracks propagate on

the plane of maximum normal stress (mode I).

Basically, there are two types of fatigue failure in engineering materials: shear failure and
tensile failure. The shear failure refers to a fatigue damage mainly caused by stage I crack
growth (mode II), while a tensile failure is dominated by a stage Il crack propagation
(mode I). The failure mode is a complex function of material type, stress state and stress
level. The specimen geometry (notch) may also influence the failure mode. It is important
to know the failure mode, because it determines what kind of parameter can be used to
correlate the fatigue life. Tensile failure needs a tensile-type parameter, whereas shear
failure mode needs a shear-type parameter. Even though much research has been done in
this area, we are still far from fully understanding how the fatigue mechanisms and stage
I/stage II transition are controlled. Some materials (such as 304 stainless steel) show
tensile failure, while other materials (such as Inconel 718) show shear failure mode. It
seems that each material has its potential failure mode. It may be related to some material
properties such as slip characteristics. However, for a given material, the stress state and

the stress level also influence the failure mode. The competition between the two stages
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determine the main failure mode for a given condition, hence the choice of the fatigue life

correlating parameter.

In general, at the same maximum shear stress/strain amplitude, torsional fatigue has a
longer life compared to axial fatigue. This is attributed to the friction effect induced by
the crack face irregularities. The normal tensile stress on the maximum shear plane can
open the crack, decrease or eliminate the friction effects, hence assist the crack
propagation. This observation leads to the conclusion that only maximum shear stress or
strain is not enough to characterize the biaxial fatigue damage. The normal stress on the
maximum shear plane assists the cracking and should be taken into account. It is also
noticed that the ratio of torsional fatigue life to axial fatigue life varies from one material
to another, which means that the friction effects on the fatigue life can vary with
materials. At the present time, the weight of normal stress effects is generally determined

by a experimental material constant, k.

Non-proportional loading is an important consideration in biaxial fatigue. Under out-of-
phase loading, crack mechanisms are similar to those under proportional loading. It is
widely accepted that in low cycle fatigue, out-of-phase loading gives lower fatigue life as
compared with proportional loading at the same maximum shear strain amplitude. This
life difference has been claimed to be the effects of the normal strain amplitude and phase
angle between shear and normal strains on the critical plane. Considering additional
hardening due to the rotation of principal axes under non-proportional loading, Fatemi
and Socie (1988) used a maximum normal stress term instead of the normal strain
amplitude on the maximum shear plane in their life correlating parameter. In high cycle
fatigue, macroscopic plasticity and additional hardening become less significant as the
stress level decreases to the fatigue limit. However, a maximum normal stress term can
account for mean stress effect. Tensile mean stress can accelerate fatigue crack growth,

thus decrease fatigue life, while compressive mean stress is beneficial for fatigue life.
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Shear mean stress has less effect on fatigue life, although it has been observed that shear

mean stress can also decrease fatigue life for some materials.

There are essentially two ways to predict fatigue life: stress/strain—life approach and
Fracture Mechanics (defect-tolerance) approach. In the first approach, a parameter is used
that is a combination of some characteristic stress/strain components. The fracture
mechanics approach is based on fatigue crack propagation. The fatigue life can be

predicted through the integration of a crack growth rate law to a specified length.

Up to now, many stress-based and strain-based parameters have been proposed for
correlating biaxial/multiaxial fatigue life. However, no widely accepted theory exists.
This is due to the complexity of fatigue mechanisms under biaxial fatigue. Early life
prediction models based on the static yielding criteria cannot successfully correlate the
fatigue lives under different loadings, even between axial and torsional loadings. For
many materials, crack initiation and stage I propagation represent an important part of
fatigue life. The maximum shear stress/strain amplitude is the driving force of fatigue.
The so-called critical plane parameters are modifications of Tresca criterion by
introducing some terms to account for the effects of normal stress/strain. Parameters
based on the critical plane concept seem to be more promising in rationalizing fatigue
lives obtained under different loading conditions. For example, the Fatemi-Socie
parameter seems to be able to correlate well high and low cycle fatigue lives in materials

where shear failure prevails.

Short fatigue cracks under biaxial fatigue also present irregular and high growth rates at
low stress intensity factor range. Several attempts have been made to rationalize the short
crack growth rates with modified AK and AJ. However, as compared with the
stress/strain-life method, the Fracture Mechanics method is less developed. It is noticed
that fatigue crack propagation law is helpful in predicting crack propagation life, while

the stress/strain-life method is more appropriate for crack initiation life.
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Many engineering materials show some degree of anisotropy, which can be introduced
either by fibrous structure or by crystallographic texture. As a consequence, their
mechanical behavior can be also anisotropic. For example, under torsional fatigue, the
alignment of inclusions can assist the formation and growth of shear cracks in the
longitudinal direction. Since anisotropy influences fatigue mechanisms and fatigue life, a
life prediction parameter should take into account the material anisotropy. Material
anisotropic effects on biaxial fatigue cracking behavior and fatigue life have been studied
from two aspects: (1) to compare the fatigue behavior in different test orientations in an
anisotropic material; (2) to compare fatigue behavior between an anisotropic material and
an isotropic material. Up to now, very few parameters consider material anisotropy

effects.

Local stress/strain approaches, critical distance approaches and fracture mechanics
approaches have been used to deal with the problem of fatigue at notches. In a local
stress/strain approach, the local stresses/strains at the notch tip and data from smooth
specimens are used to predict initiation fatigue life for notches. This approach does not
take into account the stress/strain gradients ahead of notch tip. It can only be applied to
the cases in which initiation life is predominant. In the case of a severe notch, the
initiation life is negligible. In a critical distance approach, the determination of the critical
distance is often empirical. Further, this approach cannot differentiate a blunt notch from
a sharp notch in which different cracking mechanisms are involved. The fatigue limit at a

sharp notch is controlled by a crack propagation condition.

The crack driving force for notched specimens has been shown to be the sum of two
contributions (crack tip plasticity and notch plasticity). The notch plasticity contribution
decreases as the crack advances. This can explain the deceleration of fatigue cracks. If the
notch is severe enough, they become non-propagating at low stress range. The crack
closure evolution may be also responsible for the short crack behavior at notches. A

simple and conservative fracture mechanics approach for fatigue life prediction can be
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developed with the limit case of severe V-notches. The stress field ahead of a V-notch is
singular and is uniquely determined by a notch stress intensity factor. The notch stress
intensity factor has been successfully used to predict the fatigue initiation life of V-notch
members and welded joints under axial loading. The applicability of this approach to

multiaxial fatigue should be examined in a future study.
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CHAPTER II -OBJECTIVES

Multiaxial fatigue is a broad topic. For example, advanced research is undertaken to
develop fatigue life prediction methods for practical applications in the automotive
industry, including notches and variable-amplitude loadings. Since stress concentrations
and/or periodic overloads can cause cyclic plastic deformation, complex effects of strain
path on both cyclic plasticity and fatigue damage have to be investigated in the high and
the low cycle fatigue regimes (Kurath et al, 1999).

This thesis is restricted to axial-torsional high cycle fatigue of metals where cyclic
plasticity and fatigue cracking mechanisms are localized at the microscopic scale in a few
well-oriented grains at the material surface. As the stress level decreases to the fatigue
limit, the macroscopic cyclic deformation becomes predominantly elastic, and fatigue

damage is usually evaluated either in terms of stress or in terms of elastic strain.

The general objectives of the thesis are the following:

- Microscopic analyses of the biaxial high-cycle fatigue mechanisms in 1045 steel,
under proportional and non-proportional loadings;

- Critical evaluation of the ability of different existing stress-based and strain-based
multiaxial fatigue parameters to predict high cycle fatigue life of a ferritic-
pearlitic steel;

- Study of material anisotropy effects on axial and torsional fatigue of underaged
and overaged 7075 aluminum alloy;

- Study of notch effects on axial and torsional fatigue of 1045 steel, using a linear
clastic fracture mechanics approach developed in the limit case of severe V-

notches.

Although much research has already been done, a full understanding of fatigue

mechanisms is still far away. In the present study, the replica technique has been used to
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monitor crack initiation and propagation on the surface of smooth tubular specimens.
Direct observation under SEM of specimen surfaces and fracture surfaces has also been
made. It is essential to capture the fatigue mechanisms on a microscopic scale since much
of the fatigue life is often consumed in a small number of grains. Special attention has
been paid to non-proportional loadings for which the details of cracking mechanisms are

rarely reported.

Axial-torsional high cycle fatigue tests (105-107 cycles) have been carried out on thin-
walled tubular specimens made of 1045 steel. Five loading cases are considered: axial
and torsional loadings, combined axial-torsional in-phase (A=0.5) and out-of-phase (A=2
and 0.5; ©®=90") loadings, and torsional loading with different levels of static axial
tension. Both effects of cyclic and static normal stresses on the critical plane can be
evaluated. Special attention has been paid to the worst loading case (=90 A=0.5) for

which all planes have the same shear stress amplitudes.

Many multiaxial fatigue life parameters have been proposed. Which stress/strain
combination is the most appropriate in high cycle regime? It is better to use the normal
stress on the critical plane or to use the hydrostatic stress? Our own fatigue life data and
those from a different author serve to evaluate the abilities of eight selected parameters to
predict the axial-torsional high cycle fatigue life of ferritic-pearlitic steels in various
loading conditions. The prediction errors have been compared and discussed on the basis
of stress analysis and observation of fatigue mechanisms. From an engineering point of
view, it is important to study how to obtain at least a conservative life prediction (no

overestimation).

7075 aluminum alloy was initially chosen in both underaged and overaged conditions to
investigate the effects of slip characteristics on fatigue behavior. Preliminary testing
under torsional fatigue revealed anisotropy effects due to the alignment of inclusions in

the longitudinal direction; these effects being more important in the underaged condition.
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Then it was decided to perform two series of fatigue tests under three loading cases: axial
loading, torsional loading and torsional loading with different levels of static axial
tension. Anisotropy effects can be clearly put into evidence under torsional loading with
static tension. There is a competition between two fracture mechanisms: longitudinal
shear cracking (weak plane of material) and transverse shear cracking (normal stress
effect). After observing and understanding the fatigue cracking mechanisms, we try to
find an approach to predict the fatigue life of an anisotropic material under axial-torsional

loading.

Notches are inevitable in mechanical parts. Fatigue mechanisms at notches can be very
different from those at smooth surfaces. It is important to find models to predict biaxial
fatigue lives in notched components. A simple and conservative linear elastic fracture
mechanics approach can be developed with the limit cases of severe V-notches with very
small root radii. The stress field distribution ahead of V-notches is singular and is
uniquely determined by notch stress intensity factors, provided that notch plasticity is
confined within this singularity. Our objective is to investigate pure axial fatigue (mode 1)
and pure torsional fatigue (mode III) of two circumferentially V-notched specimens with
different notch sizes. Can the mode I and mode I1I notch stress intensity factors correlate

the axial and torsional fatigue lives, respectively?
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CHAPTER III - BIAXIAL FATIGUE MECHANISMS IN SMOOTH
TUBULAR SPECIMENS MADE OF AS-ROLLED 1045 STEEL

3.1 Introduction

In general, in smooth specimens, the fatigue cracks nucleate at PSBs on the surface. The
cracks first propagate along the maximum shear planes (stage I, mode II), then their
orientation changes to the maximum normal stress plane(s) (stage 1I, mode I) (Forsyth,
1961). However, complication of multiaxial fatigue cracking mechanisms arise from the
fact that the relative fatigue lives consumed for crack initiation, stage 1 propagation and
stage II propagation are very much dependent on material properties, loading conditions
and stress level (Socie, 1989; 1993). Socie et al (1989) found that materials such as
Inconel 718 and 1045 steel show mode 11 fracture, while 304 stainless steel shows mode |
fracture. As a consequence, different fatigue life parameters should be applied for
different fracture modes. Even though many fatigue cracking behaviors have been
investigated, we are still far from a full understanding of fatigue cracking mechanisms
under different conditions. A further investigation on fatigue mechanisms is still
necessary in order to have a more solid basis to discuss fatigue life correlation or

prediction.

As mentioned in chapter 11, one main objective of the present study on biaxial fatigue of
as-rolled 1045 steel is to have a better understanding of biaxial fatigue cracking
mechanisms. Several detailed observations on the biaxial fatigue cracking behavior of
1045 steel have been carried out. Hua and Socie (1984) have observed that a single
dominant crack (mainly stage I) usually developed in the HCF region (Np>10* cycles). On
the other hand, equally developed multi-cracks are observed over the entire gauge section
in the LCF region (Ny<2000 cycles). It is noted that they only studied in-phase loading
and they did not observe fatigue cracking behavior under high cycle fatigue, in which

stage Il propagation could appear. Ohkawa et al (1997) also observed fatigue cracking
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behavior of S45C steel (similar to 1045 steel) under combined axial-torsional in-phase
and out-of-phase loadings in the intermediate fatigue life region. They found that
initiation and stage 1 propagation occur on the maximum shear planes whatever the stress
ratio and the phase angle. The higher the stress ratio, the longer the crack at the transition
from stage I to stage II. However, they did not give detailed information on the cracking
process for different loading conditions. Therefore, it is still of interest to make further
studies on the cracking behavior of 1045 steel. First, we can verify the findings by the
other researchers by our study. Secondly, more attention will be paid to out-of-phase

loadings, for which the details of cracking mechanisms are rarely reported.

3.2 Experiments

3.2.1 Material

The raw material is as-rolled 1045 steel in the form of a round bar with a diameter of
38.1mm. 1045 steel is a material often used for automotive shafts, where biaxial fatigue
is often involved. The chemical composition (Metals Handbook) and the monotonic
tensile properties (evaluated by us with the same thin-walled tubular specimen as for
fatigue tests) of this material are shown in Table 3.1. A constant hardness of HRB=96
was measured on several samples. The microstructure of this material consists of pearlite
and ferrite (Figure 3.1 (a)). The average grain size of ferrite is 15um and the average
pearlite colony size is approximately 22um. The relative volume fraction of ferrite is
approximately 40%. The ferrite grain and pearlite colony sizes were determined using
intercept procedures according to ASTM standard E112-96. The volume fraction was
measured according to ASTM standard E562-95. It is noted that the theoretical volume
fraction of ferrite in 1045 steel is 45%. However, the carbon content in 1045 steel can
vary from 0.42-0.5%, hence the volume fraction of ferrite can vary from 38% to 48%. In
addition, there are inclusions elongated in the rolling direction up to 0.Imm in length

(Figure 3.1 (b)).
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Table 3.1 Chemical composition and tensile properties of as-rolled 1045 steel

Chemical composition C Mn Prax Sinax Fe
(% in weight) 0.43-0.50  0.60-0.90  0.040 0.050 Remain
Yield strength Tensile strength  Elongation E
Tensile properties (MPa) (MPa) (%) (GPa)
387 703 31 205

(b)

Figure 3.1 (a) Microstructure of as-rolled 1045 steel consisting of pearlite colonies
(bright) and ferrite grains (dark) (transverse section etched by 2% Nital). (b) Inclusions
along the rolling direction (longitudinal section without etching).
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3.2.2 Specimen geometry and preparation

Two specimen geometries are selected for testing: a thin-walled tubular specimen (Figure
3.2 (a)) and an hourglass solid specimen (Figure 3.2 (b)). Thin-walled tubular specimens
are used for axial-torsional fatigue loadings with a torsional component, while hourglass
specimens are only used for axial fatigue. The thin-walled tubular specimen is the most
versatile geometry available for characterizing biaxial properties in materials. The
advantages of thin-walled tubular specimen include accurate control and measurement of
the multiaxial stresses/strains, relatively uniform distribution of stress and strain and
capability for monitoring crack initiation and propagation. However, only a limited range
of principal stress/strain ratios can be obtained with a tubular specimen under axial-
torsional loadings (section 1.1). The reason an hourglass solid specimen was chosen in
axial fatigue is to avoid premature crack initiation from the inner surface of tubular
specimen. The inner surface machining was not as good as that of the outer surface.
Using a solid specimen force the cracks to initiate from a surface that has a finishing
condition comparable to that at the outer surface of a tubular specimen. It is noted that in
any other loading combination with torsional components, fatigue cracks always nucleate

at the outer surface of the tubular specimen.

All the specimens were polished before being tested in order to have a better resolution in
observing crack initiation and early propagation. The specimens were first ground using
sand paper up to 600 grit to remove machining marks. Then they were chemically
polished with a solution of 100ml H,O, 100ml H,O, (30%) and 14ml HF (Vander Voort,
1984). The specimens were immersed into the chemical solution for 30 s and shaken
occasionally, then rinsed in 30% H;O,. This chemical polishing not only gives good
surface finish, but it also reveals the material microstructure, which is helpful for
observing the interaction between cracking and microstructure. The surface finish of
hourglass specimens is comparable with the outer surface finish of tubular specimens.

One question remains however: can axial fatigue data obtained with the hourglass solid
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specimen be comparable with data obtained with tubular specimen in the other loading

conditions?
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Figure 3.2 Specimens geometry. (a) Thin-walled tubular specimen for torsional and
biaxial fatigue (wall thickness = 2 mm). (b) Hourglass solid specimen for axial fatigue
(minimum diameter is 10 mm; k;~ 1.07). (Unit: mm)
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Under torsional fatigue, fatigue lives of thin-walled tubular specimens and solid
specimens are different. The effects of specimen geometry on torsional fatigue life can be
understood from the shear stress distribution. The shear stress in the solid specimen is
linearly increasing from zero at the center to a maximum value at the outer surface;
whereas, the thin-walled tubular specimen has almost uniform stress distribution through
the wall thickness. As a result of different stress distributions, the measured torsional
fatigue life of solid specimens is higher than that of tubular specimens under the same

nominal shear stress at the surface (Miller and Chandler, 1969-1970).

For axial fatigue, Socie et al (1985) found that there is no difference in total fatigue life
between solid and tubular specimens. The effect of specimen geometry in axial fatigue is
different from that in torsional fatigue. In axial fatigue, the normal stress/strain is
uniformly distributed over the specimen cross section. Thus, at least for high cycle
fatigue where the crack initiation predominates the total life, axial life data from solid
specimens are comparable with those from tubular specimens, provided that there is the
same stressed volume in both specimens. However, for low cycle fatigue, initiation life
is a relatively small part in total fatigue life, and propagation plays an important role. The
effects of specimen geometry and dimensions should be not neglected even for axial

fatigue.

Table 3.2 presents axial stress-life data obtained with the hourglass specimen and those
first obtained with tubular specimens that failed prematurely from internal surface. These
last specimens give an underestimation of the actual fatigue performance that would have
been obtained with a better machining of internal surface. On the other hand, the
hourglass specimens, despite some stress concentration (K=1.07), could slightly
overestimate the fatigue performance because the stressed volume is significantly lower
than that in a tubular specimen. However, at lives of the order of 10° cycles, fatigue

strength of the hourglass specimens is 290-300MPa while that of the tubular specimens
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failed from internal surface is 260-300MPa. The possible overestimation of axial fatigue

strength using hourglass specimen is less than 10%.

3.2.3 Fatigue tests

High cycle fatigue tests (10°-10’ cycles) were performed using an Instron 8521 servo-
hydraulic axial-torsional machine (Figure 3.3). Five loading paths were employed, (a)
axial fatigue; (b) torsional fatigue; (c) axial-torsional in-phase loading (A=0.5); (d) axial-
torsional out-of-phase loading (®=90°, A=0.5 and 2) and (e) torsional fatigue with static
tensile load (A=0.75,1 and 1.67, here A=cn/1,). These loading paths are illustrated in
Figure 3.4. The effects of two types of non-proportional loadings (out-of-phase loading
and mean tensile stress) are investigated. All cyclic loadings are fully reversed
(sinusoidal waveform, frequency of 5-10Hz, R=-1). All tests are stress-controlled and
conducted in laboratory air at room temperature. Table 3.2 shows the details of the

fatigue test program and life results.

Figure 3.3 Instron biaxial test machine (can perform static and cyclic axial-torsional tests
including out-of-phase loadings; axial load = +100kN; torque = %1130 N.m)
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Figure 3.4 Loading paths employed in our tests: axial fatigue, torsional fatigue, axial-
torsional in-phase fatigue (A=0.5), 90° out-of-phase axial-torsional with A=0.5, 90° out-of-
phase axial-torsional with A=2, and torsional fatigue with static axial tension.
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Table 3.2 Biaxial tests and fatigue lives

T
. . Co To Om A= _~0 (I) N¢
Loading case Specimen (MPa) (MPa) (MPa) o, (deg) (cycles)
T4 0 166.5 0 ) 4,917,324
T8 0 180 0 0 498,000
Torsional T7 0] 180 0 0 440,920
T5 0 175 0 0 317,943
T3 0 180 0 0 257,679
Atub9 260 0 0 0 404,617
Aial (tubul Atub8 280 0 0 0 114,613
xial™ (wbular | b1 300 0 0 0 102,316
| Specumen. | b7 300 0 0 0 76,109
internal failure) | 4. 1.6 333 0 0 0 22,606
Atub3 300 0 0 0 21,231
Asoll 275 0 0 0 5,417,503
Axial Asol4 285 0 0 0 5,148,389
(hourglass solid Asol2 300 0 0 0 379,178
gl Asol3 290 0 0 0 366,512
specimen) | A qols 300 0 0 0 238,236
Asol6 300 0 0 0 214,908
Axial-torsional | ATl 220 110 0 0.5 0° 573,978
in-phase AT2 220 110 0 0.5 0° 177,263
AT4 220 110 0 0.5 9Q° 2,420,570
Axial-torsional | AT7 250 125 0 0.5 90° 397,940
out-of-phase |ATI2 230 115 0 0.5 90° 377,718
ATI10 240 120 0 0.5 90° 151,109
) ) ATS 80 160 0 2 90° >5,485,960
AX‘:‘“forZ'O“al ATI1 825 165 0 2 90° 1,490,671
out-of-phase
p ATS 85 170 0 2 90° 727,149
AT6 87.5 175 0 2 90° 345,774
TS2 0 150 90 1.67* 2,855,000
2?;:,‘:?:;5?“" TSI 0 150 150 * 616,542
i on
TS3 0 150 200 0.75* 462,000
T: torsional fatigue Atub: axial fatigue with tubular specimen
Asol: axial fatigue with hourglass solid specimen. AT: axial-torsional fatigue
p
TS: torsional fatigue with static tension * A=10/0m

*: axial data from tubular specimens are not comparable to other data due to premature failure
from internal surface
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3.2.4 Fatigue cracking monitoring

The replica technique is used to monitor the process of surface fatigue crack initiation
and propagation. It is probably the most popular technique for surface crack monitoring.
Several researchers (e.g. Hua and Socie, 1984; Ohkawa et al, 1997; Sakane et al 1987)
have used the replica technique to monitor the cracking behavior under multiaxial

fatigue.

Cellulose acetate is a popular replicating material in fatigue studies; it is available from
the electron microscope supplier. This material can reproduce fine details very accurately
and has good wetting properties. In this experiment, an acetate sheet produced by Oken
Shoji Co. Ltd in Japan was employed. An acetate thickness of 0.385mm was found to
give the best results. A piece of replica material, of size suitable to cover the area to be
replicated, is cut from the sheet. For the cylindrical or hourglass specimens, it is more
convenient to cover the full circumference with two replicas, each covering slightly more
than half of the circumference in order to allow some overlapping. The piece of acetate
film is softened with acetone for a few seconds, and is positioned on the surface of the
specimen, allowing the surface tension force to pull it down. After the film dries
completely, we carefully strip it from the specimen surface and fix it on a microscope
glass slide. In the entire procedure, the replica film is handled with tweezers. For the
successive replicas taken during the test, the gauge section has to be carefully cleaned
each time with compressed air to remove dust, or with acetone to remove debris adhering

to the surface.

Replicas are taken intermittently at the desired time interval during fatigue tests. Note
that the specimen was removed from the grips for taking each replica, that is, replicas
were taken at zero-load. The replicas are observed in the reverse order, commencing with
the last replica where the main crack can be easily located, and working backwards to the

very early stage of cracking. Figure 3.5 shows an example of the replication technique.
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The replicas can be observed under an optical microscope if they are flat enough.
However, even after careful mounting the plastic replica on a microscope glass slide, it
may not be sufficiently flat, particularly for the replicas taken from cylindrical and
hourglass specimens. In this case, it is necessary to observe the replicas under a scanning
electron microscope. While observed under SEM, replicas need to be trimmed to a
suitable size to be mounted on a plate and be coated with a thin conductive layer such as
a layer of gold-platinum. To obtain better results and to avoid the damage by the heat
produced by the high accelerating voltage, the replica is usually observed under
accelerating voltages lower than 10KeV. From the observation, one can obtain
information on crack initiation site(s), number of cracks and eventual coalescence, as
well as crack length and crack orientation as a function of loading cycles. This detailed
information is useful to understand the cracking process, and hence to establish a basis to

understand or to develop approaches for fatigue life prediction.

Figure 3.5 Illustration of the replica technique. These replicas are taken during an axial
fatigue test on an hourglass specimen at different number of cycles (N). The replicas are
observed backwards under SEM to trace the fatal crack initiation and propagation
process.
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3.3 Observation on biaxial fatigue cracking mechanisms

3.3.1 Crack initiation

Fatigue crack initiation was observed in three different manners. 1) The surfaces of
several selected specimens were directly observed under SEM to have a general view on
early crack nucleation. 2) The replicas taken during fatigue tests were observed under
SEM to trace back fatigue crack initiation sites to determine the life at initiation. 3) The
observation of the external surface of a failed specimen on an area away from main
cracks was employed to obtain statistical information on the orientation distribution of

slip-bands and grain-size cracks.

For the convenience of discussion, the shear and normal stress amplitudes on different
plane orientations under different loading conditions will first be examined. The detailed
stress analysis for axial-torsional fatigue of thin-walled tubular specimens is presented in
Appendix I. To simplify writing, the planes of maximum shear stress amplitude and of
maximum normal stress amplitude are called hereafter the maximum shear planes and the
maximum normal stress planes, respectively. For axial-torsional fatigue, the maximum
shear planes are always perpendicular to the specimen surface, except for axial fatigue
where two additional sets of maximum shear planes make an angle of £45° with respect
to both specimen axis and specimen surface. The variations of shear and normal stress
amplitudes acting on crack planes that are perpendicular to surface are shown in Figure
3.6. For axial fatigue, there are two maximum shear planes (£45°) in addition to the two
planes mentioned above, and the normal stress amplitudes on these two planes are equal.
For torsional fatigue, the two maximum shear planes are at 0° and 90°, and the normal
stresses on these two planes are zero. There are two maximum normal stress planes in
torsional fatigue (+45°) and only one in axial fatigue (0°). For in-phase fatigue, there are
two orthogonal maximum shear planes but only one maximum normal stress plane. The

normal stresses on the two maximum shear planes are equal. For high A (A>0.5) 90° out-
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of-phase loading, there are also two maximum shear planes (always at 0° and 90°), but
there is no normal stress acting on the plane at 90°. The 90° out-of-phase loading with

=0.5 is a special loading case. All planes have the same shear stress amplitude, and the
normal stress amplitude is maximum on the 0° plane. For low A (A<0.5) 90° out-of-phase
loading, there are two maximum shear planes (+45°) and only one maximum normal
stress plane (0°) as for axial fatigue. The normal and shear stress amplitude variations
with plane orientation in torsional fatigue with static tension are the same as those for
pure torsional fatigue, but there is a static tensile normal stress acting on the 0° maximum

shear plane.

Observations on the specimen surfaces during tests shows that persistent slip bands
(PSBs) are the first stage of fatigue damage under all stress states (Figure 3.7). After
several thousands of cycles, slip bands can be observed in the ferrite grains in which slip
systems are oriented to or close to the maximum shear planes (see the corresponding
plots in Figure 3.6). With increasing number of cycles, the density of the slip bands
increases, and the existing slip bands become wider and deeper. Crack initiation always

occurred at PSBs for all loading cases.

A statistical evaluation of the orientation distributions of slip bands and grain-size cracks
has been made using replicas taken at the end of lifetime. It is difficult to distinguish the
small cracks from the wide slip bands. Then we measure the orientations for both. Since
cracks always initiate from slip bands, this statistical evaluation can represent crack
initiation event. An area of about 0.2mm’ away from the main crack is observed under
SEM. Figure 3.8 shows the plots of the frequency of cracks at different orientations under
different loading conditions. The orientation of a grain-size crack (or a group of slip
bands) is also defined by the angle between the normal of the crack plane and the

specimen axis.
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Figure 3.6 Variations of shear stress amplitude 1, and normal stress amplitude o,
(normalized by the applied axial stress amplitude oy or the shear stress amplitude 1o) with
plane orientation for different loading conditions. The plane orientation is defined by the
angle between the normal of the plane and the specimen axis.
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Figure 3.7 Typical slip-bands and grain-sized cracks (see arrows) observed in 1045 steel
under SEM for different loading conditions. Specimen axis is horizontal in each photo.
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The critical plane concept is consistent with the observed fatigue mechanisms. For ali
loading cases (except for the special case: ®=90°, A=0.5), there are two peaks (Figure 3.8)
at angles corresponding well to the two maximum shear planes (Figure 3.6) (the third
peak at 0° under axial fatigue corresponds to case B cracks, not perpendicular to the
surface). One peak is often higher than the other. In torsional fatigue and in-phase
fatigue, this can be related to the effect of longitudinal inclusions in the material.
However, the higher peak at 0° in 90° out-of-phase fatigue with A=2 and in torsional
fatigue with static tension can be attributed to normal stress effects. More cracks initiate
on the maximum shear plane with higher normal stress amplitude (90° out-of-phase; A=2)
or with higher mean normal stress (torsion plus static tension). For the special loading
case (90° out-of-phase; A=0.5), the cracks are scattered in a large range of directions,
because all planes have the same shear stress amplitude (Figure 3.6). However, a higher

peak is still found at 0° where the normal stress amplitude is maximum

The common feature of these observations is that slip bands and grain-size cracks
develop on all maximum shear planes, but in higher number on those where the normal
stress (amplitude or mean value) is the largest. Similar results have also been found in
other investigations on out-of-phase fatigue (Kanazawa et al, 1977; Ohkawa et al, 1997).
But our results also put into evidence the effect of a tensile mean stress on the crack
initiation process. It is clear that crack initiation is governed by a shear process. The
maximum shear stress or strain amplitude is the control parameter for crack initiation.
But the normal stress amplitude and the static tensile stress on the maximum shear plane
can assist crack initiation. The normal stress (both amplitude and mean) on the maximum
shear plane plays a second important role in crack initiation. The special loading case,
where cracks can initiate in many directions, deserves a particular attention. Fatigue

damage is expected to be faster, and further explanation will be given later.
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3.3.2 Crack propagation

As the cycle life increases, a small number of the cracks, which initiated at PSBs in a
ferrite grain, grow across the grain boundaries into the adjacent network of ferrite grains.
The crack gro'wth occurs along the maximum shear planes (stage I or shear crack
growth). After growing across several ferrite grains, the cracks branch into the plane(s) of
maximum normal stress amplitude (stage Il or tensile crack growth). Note that stage I
here does not refer to a single slip mechanism. Micro-fractographic observations reveal
that in both stage 1 and stage 11 propagations; the grains offer two or more slip systems to

accommodate the macroscopic cracking path (section 3.3.4).

An example of surface crack propagation process under axial fatigue is shown in Figure
3.9. The photographs (a), (b) and (c) were taken at the same site from replicas taken at
three different cycle lives. The crack has initiated at slip bands in a ferrite grain (arrow
A). Then the crack has changed its direction normal to the specimen axis (arrow B). This
direction can be also the result of a shear process (case B shear). In the following crack
propagation, the crack direction returns to 45° with respect to the specimen axis (case A
shear) (arrow C). Such propagation by a shear process is defined as stage 1 propagation.
As it becomes longer, the crack changes its local direction again, but it is now globally
perpendicular to the specimen axis (Figure 3.9 (c)). Then it joins with another crack also
perpendicular to the specimen axis. This is stage Il crack propagation on the planes of

maximum normal stress.

It is difficult to identify the transition from stage I to stage Il propagation because the
local crack path is very tortuous for axial fatigue. There are several possible reasons: (1)
the crack prefers to propagate in ferrite; (2) the crack may follow the direction of pearlite

lamellae; (3) the crack can grow by local shear on an infinity of maximum shear planes.
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Figure 3.9 Crack propagation in 1045 steel under axial fatigue. (a) N/N=23.2%; (b)
N/Ng=55.8%;  (¢) N/Ng=74.5%. (The arrow on the top-left of each photo showing the
specimen axis).
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As shown in Figure 3.10, the two stages of fatigue crack propagation are clearly put into
evidence under torsional loading. These three photographs were taken at the same
location from replicas taken at different cycle lives. A stage I crack first developed along
the maximum shear plane parallel to the specimen axis (arrow A). Then, after about 200
um, there is the stage I1 crack propagation along the two maximum normal planes (+45°
with respect to the specimen axis) (arrows B). There are also two sets of maximum shear
planes (parallel or perpendicular to the specimen axis), but more final cracks occur on the
maximum shear planes parallel to the specimen axis (900 plane). This could be attributed
to an assisting effect of elongated inclusions on the cracking process. The observations on
other specimens have shown that cracks can also initiate and propagate (stage 1) on the

transverse maximum shear planes (0° plane).

In-phase axial-torsional fatigue cracks also present two stages of crack propagation
(Figure 3.11). Stage I can occur on the two orthogonal maximum shear planes, but stage
IT cracks can only branch into the planes of maximum normal stress amplitude. This
observation is more or less documented in the literature. Looking at the normal stress
amplitude variations shown in the corresponding plot in Figure 3.6, there is only one
maximum normal stress plane for in-phase loading. This is why in this loading case the
crack can only branch into one plane instead of two orthogonal planes in torsional

fatigue.
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Figure 3.10 Crack propagation in 1045 steel under torsional fatigue. (a) N/N=24%. (b)
N/Ng=58.2%. (¢) N/Ni=92.5%. (Specimen axis is shown by the arrow in each photo)
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Figure 3.11 Typical fatigue crack in 1045 steel under in-phase axial-torsional fatigue.
The specimen axis is shown by the arrow at the top-left of the photo. The solid white
lines at the top-right show the maximum shear planes, and the dotted white line shows the
maximum normal plane.

In torsional and in-phase fatigue, the transition from stage I to stage Il is clearly
observed. The two stages of crack propagation, first identified by Forsyth (1961) in axial
fatigue, have been already observed in biaxial in-phase fatigue by several researchers
(Kanazawa et al, 1977; Ohkawa et al, 1997). Note that Hua and Socie (1984) did not
observe the stage II crack propagation in torsional and in-phase fatigue. The possible
reasons for this difference can be 1) their observations were made under low to
intermediate cycle fatigue; 2) the carbon content or the inclusion fibering may vary in the

two materials employed by them and by us even though both are 1045 steel.

Further attention is paid here to non-proportional loadings. Figure 3.12 shows the crack
evolution under 90° out-of-phase loading with A=2. The crack initiates on the critical

plane (6=0°). It propagates on the same plane until about 0.15 mm in length, then it
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branches into a plane of maximum normal stress amplitude. This process resembles that
of torsional fatigue. However, in torsional fatigue stage I cracks can propagate on both
maximum shear planes, while in the present case they only propagate on the maximum

shear plane with the larger normal stress (Figure 3.6).

KUf - kBB fdva-MD44 -
(b) N/N=33%

(c) N/N=66% (d) N/N=80%

Figure 3.12 Crack evolution under 90° out-of-phase loading (A=2) observed on replicas
taken under SEM at different lifetime. (In each photo, specimen axis is vertical; N/N¢ is
life ratio; cracks are pointed by arrows; white solid lines represent the critical plane while
dashed lines represent the planes of maximum normal stress amplitude, see (a).)
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A possible reason for the single stage 11 branching could be that the phase angle between
the normal and shear stresses on one maximum normal plane is higher than that on the
other, even though the shear and normal stress amplitudes are the same on both planes
(Figure 3.13). The plane with lower phase angle is more damaging. As a result, the crack

only branches into plane of maximum normal stress with less de-phasing.
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Figure 3.13 Normalized shear and normal stress variations with time on the two
maximum normal stress planes (i450). The phase angles between shear and normal
stresses on these two planes are different (arrows); the phase angle on the +45° plane is
larger than that on the -45° plane.

Figure 3.14 shows the crack evolution under 90° out-of-phase loading with A=0.5. This is
what we call the “special loading case” for which the shear stress amplitudes on all
planes are equal. The crack is horizontal until the end of the fatigue life. Despite some
local fluctuations in orientation, no crack branching is observed for this loading case.
According to Stress analysis (Figure 3.6), the critical plane (initiation and stage 1) is the
same plane as that of maximum normal stress amplitude (stage II). This explains why no
crack branching occurs. Ideally the surface crack should remain horizontal throughout the

fatigue life. However, because all planes are maximum shear planes, the crack can



112

propagate on such other planes for a certain distance, but it comes back to the critical
plane after a certain distance. The fact that all planes are maximum shear planes, and that
stage I and stage II propagations occur on the same plane could result in faster crack

propagation.
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(c) N/N=63% (d) N/N=88%

Figure 3.14 Crack evolution in 1045 steel under 90° out-of-phase loading (A=0.5)
observed on replicas taken at different lifetimes. In each photo, specimen axis is vertical;
cracks are pointed by arrows; white solid line in photo (a) represents the critical plane
while dashed line represents the plane of maximum normal stress amplitude.

Note that no detailed information is obtained on fatigue cracking process under torsional
fatigue with static tension, since the specimens were damaged due to a problem of the

machine.
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3.3.3 Crack length and depth versus cycle life

In Figure 3.15, the surface crack lengths are plotted against the fatigue life ratio N/Ny for
several loading cases. The surface crack lengths were measured from replicas taken at
different lifetimes. In medium cycle fatigue (105<N<106 cycles), crack initiation occurs
early in lifetime for all loading cases. But crack initiation and small crack propagation
(<0.5mm) represent a large part (>80%) of the total life under all loading conditions
observed. In high cycle fatigue life (N>106 cycles), crack initiation represents more than

80% of the total life for axial fatigue.

It is difficult to quantify the crack initiation life. It is not easy to distinguish grain-size
cracks from wide PSBs. Initiation can be detected with full confidence only when the
crack is observed propagating in a second grain. However, we have more interest to
observe the transition from stage I to stage Il crack propagation, in order to estimate what
fraction of total life is controlled by a shear process. The stage I to stage Il transition is
casily identifiable for torsional fatigue and high A 90° out-of-phase fatigue. For axial
fatigue, it is not easy to identify the stage I/stage Il transition due to the infinity of
maximum shear planes. However, the transition can be defined as the number of cycles
after which no inclined (45°) shear crack can be observed. The arrows point out the
approximate transition from stage I to stage II for these three loading cases. The
transition from stage I to stage II occurs between 30% and 50% of total life. It is
impossible to identify the stage I/stage II transition for 90° out-of-phase loading when
A=0.5.

Note that for a given total life, the surface cracks propagate initially faster under torsional
fatigue and high A out-of-phase loading than that under axial fatigue and the special
loading case. However, crack depth is always more crucial for fatigue damage. Different

pictures are observed when fatigue crack depths are plotted against the fatigue life ratio.
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Figure 3.15 Surface crack length versus fatigue life ratio for several loading cases in
1045 steel, with the arrows pointing out the approximate transition from stage 1 to stage
I1. No cracks or PSBs are observed until 80% of total life under high cycle fatigue axial

loading.
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Figure 3.16 shows the relations between crack depth and life ratio for the same loading
conditions. An interesting result is that, whatever the loading in medium cycle fatigue
(10°<N<10°), these curves are consolidated until 50% of total life. This confirms that the
crack depth is more appropriate than the surface crack length to describe fatigue damage.
All transitions from stage I to stage II occur approximately at the same depth of 20-
40pum. This depth is larger than one ferrite grain size. The transition from stage I to stage
I1 propagation could correspond to a microstructural barrier in depth. After propagating
in a network of some ferrite grains (near prior austenitic grain boundary), the crack must

grow through pearlite colonies.

Crack depth was derived from the surface crack length by using crack aspect ratios,
which were measured from small cracks on the fracture surface. The fracture surfaces of
different loading cases were carefully examined under SEM. Several small cracks, away
from the main crack, were observed for each loading case, and their average aspect ratio
was measured. Figure 3.17 shows examples of small cracks observed on the fracture
surface for several loading cases. The average aspect ratios are also listed in Table 3.3.
These investigations show that cracks are almost semi-circular for axial fatigue and axial-
torsional in-phase fatigue, and for the special loading case. On the other hand, shallow
cracks are observed for torsional and high A out-of-phase fatigue. The crack aspect ratios
measured in the present study under axial, torsional and in-phase loadings are comparable

to those measured by Hua and Socie (1984).

Table 3.3 Crack aspect ratios for several loading cases.

Loading . . In-phase | Out-of-phase | Out-of-phase
cases Axial | Torsional 2=0.5 =2 2=0.5

Aspect ratio 0.45 0.10 0.45 0.15 0.44
(a/2¢)
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Figure 3.16 Crack depth versus fatigue life ratio for several loading cases in 1045 steel
(arrows pointing out the approximate transition from stage I to stage II).
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Figure 3.17 Small cracks observed on the fracture surface in 1045 steel. The crack aspect
ratio depends on the loading case.
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3.3.4 Fractography

In addition to the above-mentioned observation of the fracture surface for measuring

crack aspect ratios, other fractographic features were also observed under SEM.

Multiple crack initiations were observed under the axial loading case (Figure 3.18).
Cracks always initiated at the specimen surface. Figure 3.18 shows multiple crack
initiations observed on the macro-scale as well as on microscopic scale. Lines
representing crack coalescence are pointed out by arrows in Figure 3.18(a). These
observations were similar to those made on the replicas. Multiple initiations were also

observed under other loading cases.

Figure 3.18 Multiple crack initiation in 1045 steel under axial fatigue observed under
SEM. (a) On large scale. (b) On microscopic-scale.
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Figure 3.19 shows the fracture surface of torsional fatigue at low magnification. There is
a ridge in the middle of this photograph (see arrow), which shows the graduate transition

from stage I to stage 11 propagation.

1815 15KY 43 Tmm WOZ21

Figure 3.19 Fracture surface of torsional fatigue in 1045 steel under SEM at low
magnification. The globe fracture surface is oriented at 45° with respect to the specimen
axis. The arrow shows the stage I crack.
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In the area close to crack initiation, roughness was observed on the fracture surface for
the different loading cases. Figures 3.20 (a) and (b) show the fracture features of axial
fatigue and out-of-phase fatigue (A=2). Not much difference was observed for these two

loading cases.

Out-of-phase loading (A=2)

Figure 3.20 Fracture features at area close to initiation observed in 1045 steel (arrows
showing the initiation sites).
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In areas away from initiation regions, striations, a characteristic fracture feature of
fatigue, were observed in different loading cases (Figure 3.21). These striations are
generally observed at ferrite grains. They show the local propagation direction. In the
special loading case, local crack coalescences were observe. This coincides to the high

surface crack density measured on replicas (section 4.5.3).
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Figure 3.21 Fatigue fracture features at area away from the crack initiation sites observed
in 1045 steel under several loading cases.
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Fracture surface observations at different depths revealed similar propagation micro-
mechanisms. There are two or more slip systems to accommodate the cracking path.
Figure 3.22(a) shows the small steps formed by the different slip systems under axial
fatigue. Similar observations were made for torsional fatigue (Figure 3.22 (b)). In both
stage I and stage 11, the grains seem to offer two (or more) slip systems to accommodate

the macroscopic cracking path.

(b) Torsional fatigue

Figure 3.22 Multiple slips accommodate cracking paths under different loading cases
observed in 1045 steel.
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Under both torsional fatigue and combined axial-torsional loadings, extensive rubbing of
fracture surfaces was observed (Figure 3.23). This shows the importance to consider the

effect of the normal stress on the critical plane.

388  18pm WDI4
90° out-of-phase fatigue (A=2)

Figure 3.23 Rubbing traces on the fracture surface observed in 1045 steel under axial-
torsional in-phase and out-of-phase loadings.
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Finally, Figure 3.24 shows fractographic features in the area of static fracture. Dimples

were the main feature for this ductile material.

¢ 13KU  w1,588 18em WDLIS

Figure 3.24 Dimples in the static fracture area observed in 1045 steel in axial loading.
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3.4 Discussion

3.4.1 Factors influencing crack initiation

For all loading cases, the fatigue cracks initiate at PSBs on the specimen surface. This is a
well-documented observation for smooth specimens under cyclic loading. Fatigue crack
initiation is a shear predominant process. The maximum shear stress amplitude has
primary role in fatigue crack initiation. The peak crack densities always appear on the
maximum shear planes in all loading cases (Figures 3.6 and 3.8). The effects of normal
stress acting on maximum shear planes are also put into evidence in Figure 3.8. Both
normal stress amplitude and normal mean stress have a significant effect on the crack
initiation process. The higher peak of crack density always observed is present on the
maximum shear plane with either higher normal stress amplitude or higher normal mean
stress. In the special loading case, although cracks can initiate on many planes (all planes
are maximum shear planes), the highest peak still corresponds to the plane with highest
normal stress amplitude. Therefore, the critical plane for crack initiation should be the

maximum shear plane with the largest normal stress (both amplitude and mean).

Some researchers (Hua and Socie, 1984) have reported that under torsional fatigue, crack
“can initiate at inclusions on the longitudinal shear plane. In our fatigue tests, we did not
directly observe this kind of crack initiation. However, in Figure 3.8, we found that under
torsional and axial-torsional in-phase fatigue, more cracks appear at the maximum shear
plane that corresponds to the longitudinal alignment of inclusions (torsional fatigue) or
that is close to this direction (in-phase fatigue). This implies that the inclusions help the
crack initiation process in the loading cases where there is a maximum shear plane

parallel or close to the inclusion strings.
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3.4.2 Stage I and stage Il crack propagation

Although many cracks initiate, only a few cracks can propagate to specimen failure.
Which crack will propagate depends on the neighboring microstructure and grain
orientations. The cracks always initiate in ferrite grains, since ferrite has a lower fatigue
resistance than pearlite. For the same reason, the cracks prefer to propagate in ferrite.
Therefore, if more ferrite grains surround a grain-size crack, there is more chance of
propagation for this crack. This is why the initial crack propagation is often observed to

occur in a large network of ferrite grains.

The two stages of crack propagation, first reported by Forsyth in 1961, are put into
evidence in several loading cases in the present tests. In torsional fatigue and 90° out-of-
phase loading with A=2, stage I cracks are clearly observed propagating on the maximum
shear plane for a surface length ranging from 125um to 750pm before they branch at 45°
plane on a maximum normal stress plane. The transition from stage I to stage II is not
obvious in axial fatigue from the observation of surface cracking. This is understandable
because in axial fatigue, both case B type stage I cracks and stage II cracks intersect the
external surface on a line perpendicular to the specimen axis (see Figure 1.11). Note that
Hua and Socie (1984) did not observe the stage Il propagation in 1045 steel under
torsional fatigue. Two possible reasons for this difference could be: (1) their observations
were made in low cycle fatigue, in which shear crack propagation is preferred; (2) their

material has a strong mechanical fibering.

It was reported that the transition from stage 1 to stage Il depends on material, stress state
and stress level (Socie, 1987, 1993). In some materials (e.g. 1045 steel, Inconel 718),
stage | propagation prevails, and in other materials (e.g. 304 stainless steel) stage 1l
propagation prevails. High stress level and torsional loading favor stage I propagation.

How these factors influence the transition however is not well explained.
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Plumbridge (1972) stated that in axial fatigue as the stage I crack extends along the active
slip plane further into the body of the specimen, shear crack growth becomes more
difficult due to an increase of the tensile stress component. Eventually the constraint is
sufficient to cause a gradual macroscopic rotation of cracks to a non-crystallographic
plane approximately normal to the direction of the applied stress; this marks the onset of
stage II crack propagation. He also reported that the proportion of the total fatigue life
spent in each stage is largely controlled by the stress amplitude. At low stress level, the
majority of the life (up to 90%) is taken by the initiation and stage 1 growth; whereas, at
high stress level, stage Il propagation may occupy a similar portion of the life. This
seems in contradiction with Socie’s observation that high stress level favors stage |

propagation.

Suresh (1998) used the concepts of near-crack tip plasticity to explain the microscopic
mode of fatigue crack growth under axial fatigue. In ductile solids, cyclic crack growth is
envisioned as a process of intense localized deformation in macroscopic slip bands near
the crack tip. When the crack and the zone of plastic deformation surrounding the crack
tip are confined to within a few grain diameters, crack growth occurs predominantly by
single shear, in the direction of the primary slip system. This single slip mechanism leads
to a zig-zag crack path (stage I). Stage I crack growth has also been observed for a crack
length substantially larger than the grain size provided that the zone of near-tip plasticity
is smaller than the grain dimensions (long cracks at very low AK levels). At higher stress
intensity ranges, the plastic zone at the crack tip encompasses many grains. The crack
growth involves simultaneous or alternating flow along two slip systems. This duplex slip
mechanism results in a planar crack path normal to the far-field tensile axis (stage II
crack growth). Factors such as material slip characteristics, characteristic microstructural

dimensions, applied stress level can strongly affect the crack growth mode.

On the contrary to Suresh’s explanation, several other authors found that shear crack

growth is preferred when the plastic zone size at the crack tip is large. This is easily
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achieved in torsional fatigue (Verpoest et al, 1985). This could explain the dependence
of crack growth mode on the stress ratio A. On the other hand, tensile mean stress on the
critical plane can also assist stage I crack propagation and results in a longer stage I
cracks (Zhang and Akid, 1997). Brown et al (1985) showed that the competition between
mode I growth and mode 111 growth leads to shear crack growth at high stress level, and

tensile crack growth at low stress level (Figure 1.22).

In this investigation, it is found that the transition from stage I to stage Il occurs
approximately at the same crack depth (20-40um) for three different stress states. This
depth could correspond to a characteristic microstructural dimension, such as the prior
austenite grain size. The transition from stage I to stage 1l crack propagation could occur
at a depth where crack propagation meets a microstructural barrier, such as pearlite
colonies. Our argument is that the transition from stage 1 to stage I depends on the steel

microstructure.

In our opinion, no confusion should be made between stage I crack propagation and
single slip mechanism. Stage I crack is a macroscopic crack that propagates on the
maximum shear plane. This is clearly observed in torsional fatigue. Single slip
mechanism describes the crack propagation on a microscopic scale and only one slip
system is operating in one grain. Our observations have shown that multiple slips can
occur in stage I crack propagation (Figure 3.22). On the other hand, in 7075 aluminum
alloy (Chapter V), the stage 1 cracks can be as long as 10mm, and as deep as Imm. They

encompass many grains and single slip concept is not necessarily involved.
3.4.3 Relative life consumed under shear control
Both crack initiation and stage I crack propagation are controlled by a shear process,

while stage 11 crack propagation, on macro-scale, is a tensile controlled process. Different

‘damage modes require different fatigue life parameters (Socie, 1993).
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In the present material, the life consumed under shear control is an important part of the
total life. In present observations, it was found that Fatigue life for crack initiation and
stage I crack propagation is about 30-45% of the total life for N¢= 5x10° cycles. For high
cycle fatigue life (>10° cycles), initiation represents more than 70% of the total life.
Shear-based parameters seem to be appropriate in high cycle fatigue life prediction.
However, it should not be forgotten that an important part of life can be consumed by

stage 1l propagation at high stress level (medium cycle fatigue).
3.4.4 Special loading case (900 out-of-phase; 2=0.5)

From the observation of the cracking behavior, it is found that whatever the stress state,
crack initiation occurs on the maximum shear plane, and is then followed by stage I and
stage Il crack propagation. However, attention must be paid to the fatigue mechanisms in
the special loading case. In this case, crack can initiate on many planes since all planes
are maximum shear planes. Crack initiation is easier as compared with the other loading
cases. High crack density and crack coalescences are observed in the special loading case
(Section 4.5.3). Further, there is no stage 1I branching, which can also lead to faster crack
propagation. Therefore, the special loading case results in more damaging mechanisms. It

deserves a special consideration in fatigue life prediction.
3.5 Summary

Detailed fatigue cracking processes have been observed in as-rolled 1045 steel under

different loading conditions.

The observation of the replicas under SEM and the direct observation of the specimen
surfaces show that cracks initiate at PSBs on the specimen surface whatever the loading
condition. The orientation distribution of small cracks (or PSBs) shows that most of

cracks initiate on the maximum shear planes under all loading conditions. But with the
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assistance of normal stress amplitude or normal mean stress on the maximum shear plane,
more cracks initiate on the plane of maximum shear stress with highest normal stress, i.c.,

the critical plane.

The two stages of crack propagation are evident in three loading cases: torsional loading,
in-phase and 90° out-of-phase (A=2) axial-torsional loadings. In axial fatigue, the
transition from stage I and stage 1l is not obvious, since both case B type stage I crack
and stage IT crack intersect external surface at a line perpendicular to the specimen axis.
In the special loading case, there is no crack branching for stage II propagation, since the

maximum shear plane is the same as the maximum normal stress plane.

Differences in surface crack growth lives and in crack aspect ratios are observed between
axial, torsional, in-phase and out-of-phase loadings. However, curves of crack growth
against fatigue life ratio are approximately consolidated when crack growth is defined in
terms of crack depth. In other words, the relative fraction of total life spent to initiate a
crack of given depth would not depend on the loading condition. In particular, the
transition from stage I to stage 11 occurs at about 30-45% of total life in the region of 10°-
10° cycles. While the stage I crack length ranges from 50 um to 750 pm depending on the
loading conditions, their depth is approximately the same of about 20-40 pm. The stage

I/stage 11 transition could correspond to a microstructural barrier in depth.

Special attention should be paid to the special loading case (90° out-of-phase; A=0.5) for
which fatigue crack initiation and propagation are easier as compared to the other loading
cases. More damaging mechanisms result from this loading case. This should be taken

into account in fatigue life prediction.
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CHAPTER 1YV - EVALUATION OF CRITICAL-PLANE FATIGUE
LIFE PREDICTION PARAMETERS

4.1 Introduction

Fatigue life prediction is one of the main objectives of fatigue research. As reviewed in
Chapter I, many fatigue life prediction parameters have been proposed over the last
decades. Early fatigue life parameters were often based on some equivalent stress/strain.
More recent parameters were developed according to the critical plane concept. The
stress/strain components resolved on the critical planes are used to characterize fatigue

performance.

Fatigue crack initiation and growth are caused by cyclic plasticity. Even in high cycle
fatigue, local plastic deformation occurs in some well-oriented grains and generates slip
bands at the specimen surface. Cracks eventually nucleate from these slip bands where
intrusions and extrusions have developed. Stage I crack propagation occurs on the
maximum shear plane. Stage II crack propagation occurs on the plane of maximum
normal stress, but local growth at the crack tip is still a shear strain-controlled process
(Laird, 1967). Therefore it is not surprising that equivalent stress/strain developed for
static yielding criteria were also used for multiaxial fatigue life prediction. But many
researchers (e.g. Kanazawa et al, 1977) reported that these parameters failed to correlate
fatigue lives obtained under axial and torsional loadings, as well as under proportional
and non-proportional loadings. However, both Tresca and von-Mises equivalent

stress/strain are the basis for developing multiaxial fatigue life parameters.

Fatigue strength of metals is also fundamentally related to ductility and this ductility
depends on the applied hydrostatic stress (Bridgman, 1952) or on the normal stress/strain
acting at the crack tip (Kanazawa et al, 1977). The normal stress acting on the maximum

shear plane is believed to contribute to fatigue damage process; it can open the crack and
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assist cracking process (Findley, 1959). Many multiaxial fatigue life parameters include
either the hydrostatic stress (Sines, Dang Van and Papadopoulos) or the normal stress or
strain on the maximum shear plane (e.g. Fatemi-Socie, McDiarmid and Kandil-Brown-
Miller), in addition to the maximum shear stress/strain (Tresca) or the octahedral von-

Mises stress/strain.

At the present time, the critical plane parameters are most prominent. They are based on
the cracking mechanisms (Chapter I1I). These parameters are extensions of the Tresca
criterion. They focus on the “critical plane”, i.e. the plane of maximum shear stress or
strain amplitude, that experiences the maximum normal stress or normal strain. The
critical plane parameters have obtained some success in correlating fatigue lives under
various loading conditions (e.g. Kanazawa, 1977). However, there are many different
parameters that use different combinations of stresses and/or strains on the critical plane.

Which combination is the most appropriate? What are the limits of each parameter?

In this study, the life prediction abilities of eight selected parameters have been evaluated
under various biaxial high cycle axial-torsional and bending-torsional loadings. Fatigue
life data on ferritic-pearlitic steels from two different authors are employed for this
evaluation. The capabilities and the limits of the different parameters in predicting biaxial
high cycle fatigue life are compared and analyzed. The discussions are based on the stress
analysis and the fatigue cracking mechanisms. Particular attention is paid to two loading
cases: 90° out-of-phase axial-torsional loading (with various stress ratio A) and torsional

loading with axial tensile mean stress.
4.2 The eight parameters

The fatigue life prediction parameters selected for evaluation are the following. The

mathematical formulas are listed in Table 4.1.
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e Tresca parameter (Maximum shear stress amplitude) — the basis of the critical
plane parameters for fatigue failure dominated by the crack initiation and shear
crack growth.

e McDiarmid parameter — a stress-based parameter, an extension of Tresca
parameter that considers the maximum normal stress on the critical plane; it
accounts for the effects of both the static and cyclic normal stresses.

e Dang-Van parameter — a stress-based parameter, using again the maximum
shear stress amplitude, but using the maximum hydrostatic stress to account for
normal stress effects.

e Papadopoulos parameter — an extension of von Mises criterion by adding the
maximum “average normal stress” to account for normal stress effects; it reduces
to Crossland parameter under axial-torsional loading.

¢ Kandil-Brown-Miller (KBM) parameter — a strain-based parameter (LCF); the
second term takes into account the normal strain amplitude on the critical plane.

¢ Wang-Brown parameter — a strain-based parameter proposed for variable
amplitude fatigue; it is a modification of KBM parameter, that uses the normal
strain excursion during one reversal of shear strain on the critical plane, which
makes the difference between in-phase and out-of-phase loadings.

¢ Fatemi-Socie parameter — a strain-based parameter, using the maximum normal
stress on the critical plane to account for the additional hardening under out-of-
phase loading and for the mean stress effects.

¢ Glinka-Wang-Plumtree (GWP) parameter — an energy-based parameter,
considering shear stress and strain amplitudes on the critical plane as well as

maximum shear and normal stresses to account for mean stress effects.

The stress-based parameters are proposed for high cycle fatigue. The strain-based
parameters have been proposed for low cycle fatigue, but they are applicable for high
cycle fatigue where the macroscopic deformation becomes predominantly elastic. The

GWP parameter is claimed to be applicable to both high cycle fatigue and low cycle
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fatigue. All parameters are based on the critical plane concept, except the
Papadopoulos parameter, that uses the average of the resolved shear stress amplitude
over all plane orientations and the maximum average normal stress. it can be
considered as an extension of the von Mises criterion. It was recently used for
predicting high cycle fatigue life under out-of-phase loading. In the mathematical
formulas listed in Table 4.1, parameters have an adjustable constant k (except for the
GWP parameter). This constant can be experimentally determined from two simple

tests (e.g. torsional fatigue and axial fatigue).

Table 4.1 The eight parameters to be evaluated.
4 Stress-based parameters

3 Strain-based parameters

Tresca =t . KBM=y__ +ke

McDiarmid =t,,,, + ko™ Wang-Brown =y . +ke *

Dang-Van=t__ + ko ;" P
Fatemi-Socie =y (1+k—"—)

Papadopoulos * =1, , + ko ;" G,

1 Energy-based parameter

GWP =17 T ! + ]
1-t™/t," 1-6,"/c,

* For axial (bending)-torsional fatigue, the Papadopoulos parameter reduces to the Crossland parameter.

4.3 Fatigue data

Two sets of fatigue data (data 1 and data 2) from different authors are employed to

evaluate the above-mentioned eight fatigue life parameters:

Data 1: this set of data is obtained from the present axial-torsional fatigue tests on as-
rolled 1045 steel reported in this thesis. The fatigue life results for these tests
(data 1) have been shown in Table 3.2 (page 96). A thin-walled tubular specimen
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was used for axial-torsional fatigue, and an hourglass solid specimen for axial
fatigue. Five loading cases were employed: axial fatigue, torsional fatigue,
combined axial-torsional in-phase fatigue (A=10/6o=0.5), combined axial-torsional
90° out-of-phase fatigue (A=to/0o=2 and 0.5), and torsional fatigue with static
tensile load (A= 1¢/oy, =1.67, 1, 0.75). Both the effects of normal stress amplitude

and mean normal stress can be evaluated on the same material.

Data 2: This set of data was obtained by Nishihara and Kawamoto (1942) on normalized
mild steel with a carbon content of approximately 0.1%. In their fatigue tests,
solid specimens were submitted to various reversed bending and torsional
loadings. Eight loading cases have been selected: bending fatigue, torsional
fatigue, in phase bending-torsional fatigue (A =1.2, 0.5 and 0.2) and out-of-phase
bending-torsional fatigue (A =1.2, 0.5 and 0.2). Data 2 are listed in Table 4.2.

The influence of the stress ratio A in out-of-phase fatigue is emphasized, and a special
attention is paid to the special loading case (@=90° and 1=0.5). In torsional fatigue with
static tensile load (data 1), there is a mean normal stress on the maximum shear plane.
The mean normal stress effect can be discriminated from the normal stress amplitude
effect in the other symmetrical loading cases. Note that data 1 and data 2 are not

comparable, since different materials, loadings and specimen geometries were involved.
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Table 4.2 Data 2 from Nishihara and Kawamoto (1942).

Loading Ty O A ¢ Ny
case (MPa) (MPa) (t/ce) __ (Degree) (Cycles)
Torsional 170 0 00 123,000
150 0 0 1,496,000
145 0 w 5,196,000
140 0 ) 11,041,000
Bending 0 300 0 108,000
0 270 0 944,000
0 260 0 1,470,000
0 250 0 1,419,000
0 240 0 10,036,000
0 230 0 10,084,000
0 220 0 11,028,000
Bending- 124.7 103.3 1.2 0 5,323,000
torsional 120.1 99.5 1.2 0 10,184,000
in-phase 95.4 190.9 0.5 0 2,253,000
91.9 183.8 0.5 0 10,637,000
49.8 240.2 0.2 0 1,312,000
47.1 227.3 0.2 0 10,111,000
45.9 221.7 0.2 0 10,374,000
Bending- 143.2 118.6 1.2 90 790,000
torsional 138.6 114.8 1.2 90 1,645,000
out-of-phase 134 111 1.2 90 10,182,000
120.2 240.4 0.5 90 182,000
113.1 226.2 0.5 90 2,608,000
106.1 212.1 0.5 90 1,635,000
102.5 205 0.5 90 11,094,000
51.7 249.5 0.2 90 592,000
49.8 2422 0.2 90 4,726,000
47.8 231 0.2 90 10,172,000

4.4 Parameter computation and stress analysis

Each parameter has been computed for the different loading cases. The results are
presented in Table 4.3. This computation is based on the stress analysis described in
Appendix 1. The computation permits us to make mathematical comparisons between
parameters. The evaluation of fatigue life parameter is made in the high cycle fatigue
regime where the macroscopic cyclic deformation becomes predominantly elastic. Plastic
strain is neglected and a purely elastic stress-strain response (Hooke’s law) is used to

compute strain-based and energy-based parameters from applied stress (€.8. Ymax=Tmax/G).
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Several recordings of applied torque versus rotation angle were made at different cycles

through the life of a specimen under torsional cyclic loading (specimen TS1,

Tmax=1350MPa, Nr= 616,542 cycles; Table 3.2). After 1000 cycles, the specimen behavior

was almost elastic, with a cyclic plastic strain (loop hysteresis) of the order of 1% with

respect to elastic strain computed from the specimen gauge length. However, plastic

strain could be non-negligible at higher Tn. values. Possible consequences of a non-

elastic stress-strain response are discussed at the end of this chapter.

Table 4.3 Fatigue life parameters computed for different loading cases

Parameters | Torsion Axial In-phase Out-of-phase}  Out-of-phase Torsional
®=90° ©=90° fatigue
220.5 A<0.5 +static
tension
1 437 +1 1
Tresca To 5% 5 o, Ao, 500 To
N +1 c, 2
1 k 20 {
McDiarmid Ty =0, +=G, 9 0T, Aq, ko, —lo;,+k » +1<70 T, ko,
22 2 2
41 o,
Dang-Van Ty o, +§00 5 T3 Ao, w2 —0, + %00 T, + k%’"—
2 2 2
Papadopoulos Ty £300 -i—kcso ﬂco +2 1132\‘—60-%/(% 1—-lhi)\—(rﬁkE Ty +k—r
373 d 3 3 V73 3 B 3 3
o M=) _ Wa#u 1 ok et
KBM Yoo et O [ s | A% 0 2G+-2\/(1—o)2+4(1+o)27» A e
G G E G
g,  Kl-v) oS I g K X
T — O e Aoy Oy [ (1-OF +AFK To
Wang-B < 0 —+k— —-
g-brown G x; 28 .6 2E G oE G2 E| G
o o 1 o
. . T, —°[l+k—°) V241 a | | o o, G Vi +1o —0[1 +k—"’)
- 2 42| [—| 1+k— L+
Fatemi-Socie G 2G Lo, g R >, + 5, G + 2, G o,
GwWP q)) @ 3) @ ©)) (6)
2 ] 02 l 2
(])z%(l I ”J (2):%{1 1 /zg’] 0=} ] e
~Ty/t, 0/, 1-0,/X; 4G 1-V# +1o, 2, 1-0,/20,
252 2 2 3
@="2 ! 4 ! : (5)=22 LN ! L S B
G \1-,q /1, 1-o,/0, 4G|(1-0,/2t, ]_60\/412“/20'[ G\l-t/t, 1-o,/0; )
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In above calculations, E = 205Gpa, and v = 0.30. of’ and 17 have been evaluated for two
materials, respectively. For 1045 steel, o = 388.6 MPa and 17 = 246.9 MPa. For
Nishihara et al’s material, o = 595.4 MPa and t¢ = 278.9 MPa.

For the convenience of later discussion, Figure 4.1 is introduced here, in which the
variations of shear and normal stresses on the critical plane with time are given for
different loading conditions. For a given maximum shear stress amplitude, the normal
stress amplitude varies with loading cases:

- oy = 0 under torsional loading;

- Op= Tmax under axial loading;

- 0,= 0.707 1« under in-phase loading (A = 0.5);

- o= 0.5Tmax under out-of-phase loading (A = 2);

- On= 2Tmax under out-of-phase loading (A = 0.5);

- 0n= 1.077Tmax under out-of-phase loading (A = 0.2).
The phase angle between shear and normal stress on the critical plane is 0° for axial and
in-phase loadings. 1t is 90° for 90° out-of-phase loading when A > 0.5. It is smaller than

45° for 90° out-of-phase loading with A < 0.5.
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Figure 4.1 Normalized shear and normal stresses on the critical plane during one loading
cycle under different loading conditions.
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4.5 Evaluation results

The two sets of data (data 1 and data 2) are plotted against the eight selected parameters
in Figure 4.2 and Figure 4.3, respectively. All plots using the same stress scale for the
purpose of comparison. The symbols corresponding to the different loading conditions
are given in the plot of McDiarmid parameter in both Figures 4.2 and 4.3. Except for the
Tresca and GWP parameters, the solid baseline in each plot represents the linear
regression made after consolidation of pure axial and pure torsional fatigue data (constant
k is determined by this consolidation). Above the baseline, the fatigue life is
underestimated, while below the baseline it is overestimated. The dotted lines correspond

to deviations from the baseline by a factor of 3.

4.5.1 The Tresca and GWP parameters

In Figures 4.2(a) and 4.3 (a), large discrepancies are observed when fatigue data are
plotted against the Tresca parameter. The maximum shear stress amplitude alone cannot
correlate biaxial fatigue data. This is a well-documented result. Although the shear stress
amplitude is the main driving force of fatigue damage, the normal stress on the critical
plane can influence the fatigue life. The effects of normal stress (both amplitude and
mean stress) on the critical plane are well illustrated on the plots against the Tresca
parameter. The fatigue performance decreases with increasing normal stress amplitude or

with a tensile normal mean stress (Figure 4.1).

GWP parameter gives a better correlation than Tresca parameter (Figures 4.2(h) and
4.3(h)). In both materials, o and 17 have been determined using axial and torsional
fatigue data respectively. The prediction errors are not much larger than that of the other
parameters. But GWP parameter cannot consolidate pure axial fatigue and torsional

fatigue data. The second term in parentheses of this parameter (Table 4.1) accounts for
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normal stress effect but in the present evaluation it is not sufficient to consolidate axial

and torsional fatigue data in our case.
4.5.2 The six other parameters

For the six other parameters (Figure 4.2 (b)-(g) and Figure 4.3 (b)-(g)), a constant k is
adjusted to a value such that pure axial and pure torsional data are consolidated. Note that

the parameters have different k-values. But these values are related to each other. For

example, k,,, :kKBM.E(l—l_-FLv) (v is the Poisson ratio) (see computation results in Table

4.3). It is remarkable that all six parameters predict well fatigue life for in-phase loading
cases. They can account for the in-phase normal stress amplitude effects. However, their

prediction of fatigue life under out-of-phase loadings and mean stress effects gives

varying results.
4.5.2.1 90° out-of-phase loading

Three different cases are distinguished: high A (X>0.5) out-of-phase loading, low A

(1<0.5) out-of-phase loading and the special loading case (A=0.5, in which all planes are

maximum shear planes). All parameters work relatively well for low A out-of-phase

loading, but fatigue life for high A and for the special loading case can be either
underestimated or overestimated.

(1) The McDiarmid and Fatemi-Socie parameters give similar results. They both
underestimate fatigue lives for high A out-of-phase loading and overestimate fatigue
lives for A=0.5.

(2) The KBM parameter underestimates lives for both high A and A =0.5.

(3) Both the Dang-Van and Wang-Brown parameters work relatively well for high A out-

of-phase loadings, but both seriously overestimate fatigue lives for A=0.5.
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(4) The Papadopoulos parameter works relatively well for high A out-of-phase loading,

but underestimates fatigue life for out-of-phase loading with A=0.5.

4.5.2.2 Torsional fatigue with mean tensile stress (Data 1 only)

The KBM and Wang-Brown parameters do not include any mean normal strain or stress
term. As a result, these two parameters give coarse overestimation of lives obtained for

this loading case.

Both the Dang-Van and Papadopoulos parameters that account for mean normal stress in

terms of maximum hydrostatic stress overestimate fatigue lives for this loading case.

The McDiarmid and Fatemi-Socie parameters, which account for mean normal stress in
terms of maximum normal stress, can predict relatively well fatigue lives for this loading

case.

In a summary, the Tresca parameter cannot correlate biaxial fatigue lives. The GWP
parameter accounts for normal stress effect but it cannot consolidate fatigue lives under
in-phase loading. The six other parameters work well for in-phase and low A out-of-phase
loadings, but prediction errors exist for other non-proportional loadings. Fatigue lives
under high A out-of-phase loading are underestimated by McDiarmid, Fatemi-Socie and
KBM parameters. Fatigue lives for the special loading case are often overestimated
expect for the KBM and Papadopoulos parameters. Only the McDiarmid and Fatemi-
Socie parameters that use the maximum normal stress on the critical plane work
relatively well in the loading case of torsional fatigue with a mean tensile stress. In the
subsequent sections, the limitations of these parameters will be discussed on the basis of

stress analysis and observations of cracking mechanisms.
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Figure 4.2 Fatigue lives plotted against the eight selected parameters (data 1). Loading
conditions and symbols are given in the plot of McDiarmid parameter (b). (Continued on
the next page).
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Figure 4.2 Fatigue lives (data 1) plotted against the eight selected parameters (continued
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4.6 Discussion

According to the observation of fatigue cracking mechanisms (Chapter III), both crack
initiation and stage 1 propagation occur on the maximum shear plane. These two phases
of crack damage process represent an important part of fatigue life. Therefore, fatigue life
prediction approaches based on the concept of critical plane are qualitatively appropriate.
The shear and normal stresses/strains on the maximum shear plane are appropriate terms
in a life prediction parameter. Different combinations of these stresses/strains have been
used in different parameters but result in different life prediction abilities in different
loading cases, as summarized above. It is of interest to look at the characteristics of shear
and normal stress variations on the critical plane. These characteristics can be described
by shear stress/strain amplitude, normal stress/strain amplitude, normal mean stress/strain

and phase angle between cyclic shear and normal stresses/strains.
4.6.1 High A out-of-phase loading and phase angle effects

Fatigue lives for high A out-of-phase loading are underestimated by the McDiarmid,
Fatemi-Socie and KBM parameters. This can be explained by the large phase angle
between the normal and shear stresses on the critical plane. As shown in Figure 4.1, a
maximum phase angle of 90° is reached when A > 0.5. The phase angle is small when
1<0.5, and it reduces to 0° under in-phase loading. The material should be more damaged
when the shear and normal stresses reach their peak values simultaneously such as under
in-phase loading. With increasing phase angle, the normal stress amplitude effect is
attenuated. Parameters that do not consider this phase angle can overestimate the normal
stress amplitude effect and consequently underestimate lives for high A out-of-phase
loading. In the case of low A out-of-phase loading, the small phase angle does not have
much influence on the normal stress amplitude effect, and then a relatively good

prediction is obtained by different parameters.
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Kanazawa et al (1977) claimed that the phase angle has no significant effect on fatigue
life, but later Wang and Brown (1993) recognized its importance and proposed a
modification to the KBM parameter by using the normal strain excursion during one
shear reversal, which reduces the normal strain term for out-of-phase loading. A better
correlation is then obtained for high A out-of-phase data with the Wang-Brown parameter
(Figures 4.2(f) and 4.3(f)). McDiarmid (1987) also recognized the phase angle effects and
defined the critical shear plane as the plane at 45° or 135° with respect to the plane of
maximum normal stress where the phase angle between shear and normal stresses is
smaller. A better prediction was obtained for the fatigue strength under out-of-phase

loadings.

Note that in addition to the Wang-Brown parameter, the Dang-Van and Papadopoulos
parameters also work relatively well for high A out-of-phase loading. These two
parameters use the maximum hydrostatic stress to account for the normal stress effect.
This can make a difference in the life correlation as compared to the parameters using the
maximum normal stress on the critical plane. For example, under out-of-phase loading
(A=2), the McDiarmid parameter=t,,x+0.20,  and the Dang-Van parameter=
Tmaxt0.16,™. The Dang-Van parameter is smaller than McDiarmid parameter. This
explains why the Dang-Van parameter gives a better correlation than the McDiarmid

parameter. Similar explanation applies to the Papadopoulos parameter.

On the other hand, the above explanation of phase angle does not apply to the special
loading case. The phase angle is the largest (90°) but this case has a negative influence on
fatigue performance. A further explanation for the worst fatigue performance in the

special loading case will be given in section 4.6.3.
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4.6.2 Tensile mean stress effects (data 1 only)

It is obvious that the parameters considering only the normal strain amplitude (KBM and
Wang-Brown) overestimate the fatigue lives for torsional fatigue with a static tensile
load. These parameters were proposed for low cycle fatigue where stress relaxation
occurs under 0-Max strain cycling. In the other parameters, normal mean stress effect can
be taken into account by the maximum normal stress on the critical plane (the McDiarmid
and Fatemi-Socie parameters) or by the maximum hydrostatic stress (e.g the Dang-Van

and Papadopoulos parameters).

The effect of the normal stress amplitude and the effect of the normal mean stress on the
critical plane can be different. The normal stress amplitude is an intrinsic mode I driving
force, while the tensile mean stress can open the crack and assist crack propagation. It is
reasonable to separate these two effects. Separate calibrations of constant k in the
McDiarmid parameter for normal stress amplitude (fitting axial and torsional fatigue
data) and for normal mean stress (fitting fatigue data for torsional loading with or without
static tension) result in values of 0.2 and 0.16 respectively. Therefore, the cyclic and
static normal stresses have approximately the same contribution to fatigue damage.
Parameters such as those of McDiarmid and Fatemi-Socie that consider the maximum
normal stress on the critical plane can fortunately account for both the in-phase normal

stress amplitude effect and the normal mean stress effect on the critical plane.

The maximum normal stress is a more appropriate term than maximum hydrostatic stress
to account for the normal mean stress effects, as observed by Marquis and Socie (2000).
They did two kinds of critical tests in which the hydrostatic stress is zero but the
maximum normal stress is different (see section 1.3.2). The material has different fatigue
performances in the two loading cases. They concluded that the normal stress on the
critical plane is more appropriate to describe fatigue damage than the hydrostatic stress.

Under axial-torsional fatigue, the hydrostatic stress includes both the normal stress on the
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critical plane and the normal stress on the plane perpendicular to the critical plane.
However, physical reason to consider the latter normal stress is not clear. Our correlation
results quantify how much the Dang-Van and Papadopoulos parameters overestimate
fatigue life for torsional loading with static tension (Figure 4.2 (c)-(d)). The static part of
hydrostatic stress has a more important contribution on fatigue damage than the cyclic

part.

4.6.3 Extra damage in the special loading case (90° out-of-phase; A= 0.5)

Among all out-of-phase loadings, the worst case is 90° out-of-phase loading with A= 0.5.
Even after correcting the Tresca parameter for the normal stress amplitude effect, most

parameters still overestimate the poor fatigue performance in this special case.

Other authors also found that this loading case has a detrimental effect on fatigue
performance. Garud (1981) stated that the effect of out-of-phase loading on fatigue
strength is more evident when the phase angle is 90° and A is 0.5. McDiarmid (1987)
also realized the difficulty of predicting fatigue strength for this worst loading case and
he redefined the critical plane as already mentioned. A slightly better prediction was

obtained but was still nonconservative.

In this special loading case, all planes have the same shear stress amplitude (Figure 3.6).
Cracks can initiate in a large range of orientations. This is confirmed by the crack

orientation distribution for this loading case (Figure 3.8).

At the same time, a high crack density is observed, because a large number of grains are
well oriented. Figure 4.4 shows the crack densities for the different loading conditions
plotted against McDiarmid parameter. Exceptional high crack densities for the special

loading case demonstrate much easier crack initiation.
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parentheses is the stress ratio A).

Once there are more cracks initiated, easier crack propagation can be expected as a result
of crack coalescence. Figure 4.5 shows typical short cracks and a possibility of crack
coalescence in this loading case. There can be also less resistance as stage I crack
propagates from one ferrite grain to the other, since these ferrite grains are always well

oriented. Further, no stage II crack branching has been observed in this loading case

(Chapter 111; Figure 3.14).

More damaging mechanisms are involved in crack initiation and crack propagation. This

extra damage could explain why the fatigue life in this special loading case is often
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overestimated, in spite of the large phase angle between shear and normal stresses on the

critical plane.
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Figure 4.5 (a) A typical crack in the special loading case. (b) Possibility of coalescence
between two cracks with different orientations (see arrow).



153

On the other hand, the KBM and Papadopoulos parameters underestimate the fatigue
lives. In the KBM parameter, the normal strain term includes the effect of normat stress
on the plane perpendicular to the critical plane. This normal stress is zero for this special
loading case, while for axial loading, which is used to calibrate the constant k, it has the
same value as the normal stress on the critical plane. Normal strain has more of a
contribution in the special loading case than in axial loading. As a result, the fatigue lives
appear to be underestimated for the special loading case. However, the physical
justification for this normal stress is not clear. Attention should be paid to the
Papadopoulos parameter that uses the average shear stress over all plane orientations.
From a mathematical point of view, the Papadopoulos parameter is larger than the
McDiarmid parameter in the special loading case. Then an underestimation rather than an
overestimation could be obtained when the Papadopoulos parameter is used to predict

fatigue life.

One should not forget that more damaging mechanisms are involved in the special
loading case. The fatigue life in this loading case is not comparable with that in other
loading cases. It is difficult to account for this difference in mechanisms in a single

parameter-life correlation.

In engineering design, any overestimation of the fatigue life is not acceptable. Therefore,
in order to obtain at least a conservative life prediction, it is recommended to perform
tests in the worst case (the special loading case). A simple modification to McDiarmid
parameter is suggested by introducing an Extra Damage Factor (EDF) to account for the
extra damage in the special loading case:
EDF (tyaxtko,™)=f(N) “.1

EDF can be calibrated as the ratio between the fatigue strengths in torsion and in the
special case. An important conclusion here is that the most damaging case must be tested

for a reliable engineering design. EDF~1.13 for our 1045 steel (Figure 4.2(b)).



154

4.7 Summary

Eight multiaxial fatigue life parameters have been selected for evaluation of their life
prediction abilities for biaxial high cycle fatigue of ferritic-pearlitic steels. These
parameters include stress-based, strain-based and energy-based parameters. Seven of
them are critical-plane parameters, and one of them is an extension of von-Mises
parameter. Two sets of high cycle fatigue data obtained from different authors are used

for this evaluation.

The Tresca parameter cannot predict well biaxial high cycle fatigue life, due to the effects
of normal stress (both amplitude and mean) on fatigue performance. With increasing
normal stress amplitude or with a mean tensile stress on the critical plane, the fatigue

performance decreases.

The GWP parameter accounts for the normal stress effect but it cannot consolidate
fatigue lives under in-phase loading. However, the overall prediction errors are not larger

than those obtained with the other parameters.

The other six parameters can predict fatigue life well under in-phase and low A out-of-
phase loadings. Fatigue lives under the other non-proportional loadings (high A out-of-
phase loading, special loading case and torsional fatigue with static tension) are often

either underestimated or overestimated.

For the high A out-of-phase loading, the McDiarmid, Fatemi-Socie and KBM parameters
underestimate the fatigue lives. An attenuation of the normal stress/strain amplitude
effect due to the large phase angle with shear stress on the critical plane can explain this
underestimation. The Wang-Brown parameter, which considers this phase angle effect,
gives a better life prediction. Both the Dang-Van and Papadopoulos parameters, which

use the maximum hydrostatic stress, also work well for this loading case. In axial-
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torsional fatigue, the hydrostatic stress includes the normal stress on the plane
perpendicular to the critical plane, in addition to the normal stress on the critical plane.
This can make a difference in the life correlation in comparison to the parameters using

the maximum normal stress on the critical plane.

The maximum normal stress on the critical plane can fortunately account for both effects
of normal mean stress and in-phase normal stress amplitude on the critical plane. Fatigue
life for torsional fatigue with static tension can be relatively well predicted by the
McDiarmid and Fatemi-Socie parameters. Parameters such as the KBM and Wang-
Brown cannot account for tensile mean stress effects, since no mean stress/strain terms
are used in these parameters. The parameters using the maximum hydrostatic stress
(Dang-Van and Papadopoulos) overestimate the fatigue life for torsional fatigue with
static tension. This implies that the static part of hydrostatic stress has a more important

contribution to fatigue damage than the cyclic part.

The worst fatigue performance in the special loading case (¢=900; A=0.5) is attributed to
more damaging mechanisms for crack initiation and propagation. This can explain the
overestimations of fatigue lives in the special loading case. To obtain a conservative life
prediction, McDiarmid parameter can be modified with an extra damage factor (EDF).

Fatigue testing in the special loading case is needed to calibrate the EDF.

The above conclusions have been drawn assuming a purely elastic stress-strain response
of the material. As discussed in section 4.4, plastic strain can be non-negligible for Tyax
higher than 150MPa. In such conditions, a parameter using both stress and strain terms
(e.g. Fatemi-Socie parameter) can be required to account for different stress-strain
responses between in-phase and out-of-phase loadings. Additional cyclic hardening
caused by the rotation of principal axes has been reported in the low cycle regime. For
our stress-controlled tests in high cycle regime, a slight difference in ymax-values could

bring together fatigue lives obtained under in-phase and high A out-of-phase loadings
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(Figures 4.2 (g) and 4.3 (g)). In other words, the phase angle effect could be reflected in
the stress-strain response of the material. This point should be clarified in a further study
by recording strain paths resulting from different applied stress paths. However, higher
hardening (or less softening) cannot account for the opposite effect observed in the
special loading case (¢=9OO; 2=0.5). More damaging mechanisms are involved when all
grains are well-oriented (same shear amplitude in all plane orientations) and they result in

a detrimental effect on fatigue performance.
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CHAPTER YV - BIAXIAL FATIGUE BEHAVIOR OF UNDERAGED
AND OVERAGED 7075 ALUMINUM ALLOY: MATERIAL
ANISOTROPY EFFECTS

5.1 Introduction

Many engineering materials exhibit some degrees of anisotropy. Basically, there are two
kinds of material anisotropy: fibrous structure and crystallographic texture. Fibrous
structures are caused by the alignment of second phase particleslor inclusions or by
elongated grains. A metal that has undergone a significant amount of plastic deformation
will also develop preferred orientation or texture. Certain crystallographic planes and

directions tend to align themselves with the directions of deformation.

The important consequence of fibrous structure is that mechanical properties may be
different for different orientations of test specimen with respect to the fiber (working)
direction. Both the crystallographic texture and the fibrous structure have effects on the
fatigue properties of metals (Plumbridge, 1972). The influence of textures on the fatigue
life may depend on the formed textures. The formation of fibrous structure generally
decreases the fatigue resistance in the transverse direction. Leese and Marrow (1985)
used transverse and longitudinal specimens to perform axial fatigue tests on hot-rolled
1045 steel. The results showed that the specimens cut parallel to the transverse direction
have lower fatigue lives by a factor of 2 to 3 compared to the longitudinal specimens.
This life difference is attributed to the anisotropy induced by sulfide inclusions along the
longitudinal direction, which is then perpendicular to the stress axis. Socie (1985)
conducted similar tests with Inconel 718. Specimens were also cut from longitudinal and
transverse directions with respect to the forging direction. Unlike 1045 steel, the

anisotropy effect on fatigue life was small.
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There are relatively few studies on anisotropy effects on multiaxial fatigue (Lin and
Nayeb-Hashmi, 1993; Verpoest et al, 1985; Nouailhas et al, 1993; Shantil et al, 1994,
etc). These authors studied the material anisotropy effects from two aspects: 1) by
comparing the fatigue performance in different test orientations in anisotropic material
(e.g. Kiyotsugu et al, 1976; Lin and Nayeb-Hashmi, 1993); and 2) by comparing the
fatigue behavior of isotropic and anisotropic materials (Verpoest et al, 1985). Kiyotsugu
et al (1976) found that different orientations of steel specimens with respect to the rolling
direction resulted in different fatigue cracking mechanisms in torsional fatigue, since
cracks preferred to follow the rolling direction. Therefore, fatigue lives were different in
different specimens. Lin and Nayeb-Hashmi (1993) found that the orientation of the
specimen axis with respect to fibers did not influence the cracking behavior of Al-6061-
T6, but did influence the fatigue life. Then they proposed a shear-type parameter
incorporating material anisotropy effects. Verpoest et al (1985) found that the biaxial
fatigue behavior was different in isotropic and anisotropic carbon steels. In anisotropic
material, mode Il cracks appeared as soon as A > 0.5, while mode I cracks appeared in
isotropic material whatever the stress ratio. Material anisotropy effects on the multiaxial
fatigue behavior are complex, and they are strongly dependent on material microstructure

and applied loading conditions. Life prediction for anisotropic material is a challenge.

In this study, focus is placed on the effects of material anisotropy on fatigue mechanisms
and fatigue life under different loading conditions. Underaged and overaged 7075
aluminum alloys, in which anisotropy can be at least caused by fibrous structures, are
tested under three loading conditions: axial fatigue, torsional fatigue and torsional fatigue
with different levels of static tensile loads. The fatigue cracking behavior in underaged
and overaged material in different loading cases will be investigated. Based on the
understanding of fatigue cracking mechanisms, we try to find a parameter to correlate the

fatigue lives for different loading conditions in these anisotropic materials.
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5.2 Experiments

5.2.1 Material

A high strength 7075 aluminum alloy, an often employed aircraft structural material, was
used in this study. It was produced by Alcoa as a rod of 1.5 inch (38.1mm) in diameter in
the T7351 temper condition. The chemical composition and the tensile properties are
shown in Tables 1 and 2, respectively. Carter et al (1984) and Suresh (1993) found that,
for 7000 series aluminum alloys, underaged and overaged materials have different fatigue
behavior. In underaged material, the precipitates are coherent with the matrix, and are
shearable by the dislocations. Planar slip behavior results in underaged condition. Hence,
in near-threshold axial fatigue cracking, the crack path is tortuous and serrated; it follows
the crystallographic planes (slip planes). In overaged condition, the precipitates are
incoherent with the matrix. They are non-shearable by the dislocations that loop or by-
pass them. Multiple slip is promoted in this heat treatment condition. As a result, the
near-threshold cracking path is straight. These effects of slip characteristics on fatigue
failure mode reminded us the so-called tensile failure and shear failure defined by Socie
(1987). It seems that under axial fatigue, underaged material shows Mode II (shear)
failure and overaged material shows Mode I (tensile) failure. Motivated by these findings,
Initially this material was chosen to investigate if underaged and overaged conditions can

also result in Mode I and Mode I1 failures under torsional fatigue.

Table 5.1 Chemical composition of 7075 aluminum alloy (in weight %).

Si Fe Cu Mn Mg | Cr Zn | Ti Others | Others Al
Max | 0.40 | 0.50 |2.0 030 |29 (028 (6.1 {020 |0.05 0.15 Remain
Min 1.2 2.1 |0.18 5.1 Each Total

Table 5.2 Tensile properties of 7075 aluminum alloy (T7351).
U.T.S. (MPa) T.Y.S. (MPa) % Elongation %Area Reduction

Max 510 438 15.0 39.1
Min 508 436 14.0 39.1




160

Two heat treatment conditions, underaged and overaged, are used in this study. The
overaged condition corresponds to the raw material. The T7351 temper is developed to
obtain a microstructure with a good stress-corrosion resistance. The underaged condition
has been obtained by reheat-treating the T7351 tempered material. To find out an
appropriate aging condition, after solution heat treatment, aging tests at 120°C were first
carried out to obtain the aging curve shown in Figure 5.1. Then, the underaged conditions
were determined to obtain a hardness similar to that under T7351 temper (HRB=~ 85).
This could eliminate the material strength influence on the fatigue behavior. The heat
treatment is chosen as following: (1) Solution heat treating the T7351 tempered material
at 490°C for 2 hours; (2) Quenching in cold water with minimum delay; (3) Aging at
120°C for 4 hours.
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Figure 5.1 Aging curve of 7075 aluminum alloy at 120°C,
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Metallographic samples were cut along two directions in both the underaged and
overaged materials: longitudinal direction (the rolling direction) and transverse direction
(normal to the rolling direction). As shown in Figures 5.2 and 5.3, in both ageing
conditions, the grains are elongated along the rolling direction (see arrows), and are
approximately equiaxed in the transverse direction. Many inclusion strings can also be
found along the rolling direction. Anisotropy in both underaged and overaged material is
caused by elongated grains and aligned inclusions. In both materials, the grain size is 60-
70pm and the grain aspect ratio is 8:1. These data were determined using the method for

anisotropic material designated in ASTM standard E112.

,*_x"‘—‘ﬁ i
Va2 5=»7-
)

e XS

Figure 5.2 Microstructures of underaged 7075 aluminum alloy in (a) longitudinal section
and in (b) transverse section (Etchant: Keller’s regent).
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Figure 5.3 Microstructures of overaged 7075 aluminum alloys in (a) longitudinal section
and (b) transverse section (Etchant: Keller’s regent).
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5.2.2 Specimen geometry

A thin-walled tubular specimen was used. The advantage of thin-walled tubular specimen
is the uniform stress and strain distribution within the cross section. The specimen
geometry is shown in Figure 5.4. To obtain a good finish on the interior surface of the
specimen, the hole was honed after being drilled and reamed. The external surface was
polished up to 600 grit to eliminate the machining scratches. The specimen was finally
chemical polished at 85°C in a solution of 75%H3;PO4 + 20%H,SO4 + 5%HF. A
satisfactory surface finish was obtained by this procedure. Further, the grain boundaries
can be clearly seen under microscope after chemical polishing. This is beneficial for

understanding the interaction of the crack path with the grain boundaries.
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Figure 5.4 The geometry of thin-walled tubular specimen (units: mm).
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5.2.3 Fatigue tests

The fatigue tests were performed using the same Instron 8521 axial-torsional
servohydraulic machine as that described in section 3.2.3. Three loading cases are
employed: axial fatigue, torsional fatigue, and torsional fatigue with different levels of
static tension. Through these basic tests, we can get some understandings of multiaxial
fatigue behavior. It is of interest to see how the static tension load influences the fatigue
mechanism in the anisotropic 7075 aluminum alloy. All tests are stress controlled. The
cyclic loading is a fully reversed sinusoidal waveform. The tests are performed in
laboratory air at room temperature. The detailed test program and the fatigue life results

are listed in Table 5.3.

Table 5.3 Fatigue tests and life data of underaged and overaged 7075 aluminum alloys

Heat Loading Cases Specimen T max O Fatigue Life
Treatment (MPa) (MPa) | Number of Cycles (N)
Overaged Axial fatigue AL7A7 100 0 14,314
AL7A3 70 0 57,449
AL7A2 75 0 66,926
AL7A4 70 0 93,412
AL7AS 50 0 268,701
AL7A6 40 0 >8,000,000
Torsional fatigue AL7T2 100 0 89,240
ALTT1 100 0 105,525
AL7T4 60 0 331,497
AL7TS 60 0 385,413
AL7T3 70 0 624,613
Torsional fatigue AL7TS2 100 100 36,636
with static tension AL7TS3 100 60 49,055
AL7TS1 60 60 259,509
Underaged Axial fatigue ALUAS 100 0 74,214
ALUA2 70 0 144,684
ALUAI 70 0 316,663
ALUA3 60 0 569,061
ALUA4 50 0 >4,000,000
Torsional fatigue ALUT2 100 0 35,000
ALUT1 100 0 66,438
ALUT3 70 0 126,829
ALUT4 60 0 386,950
Torsional fatigue ALUTSS 100 165 24,923
with static tension ALUTS3 100 60 30,000
ALUTS4 100 135 31,220
ALUTS2 100 100 33,108
ALUTSI1 50 50 703,883
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5.3 Observations of fatigue cracking mechanisms

Before discussing the fatigue life correlations between the different loading cases, it is
important to understand the fatigue cracking mechanisms. The fatigue cracking process
was investigated at different levels by surface crack monitoring by the replica technique
and by macroscopic and microscopic observations of fracture surfaces. Replicas were
taken intermittently during fatigue test at regular time intervals. The replicas were
observed under the SEM after coating with a thin gold-palladium film. From this
observation, information such as crack initiation, cracking path, crack length with respect
to life ratio as well as crack densities can be obtained. These replicas were also observed
backwards under the SEM to trace the cracking process of the failure crack. The
macroscopic observation of fracture surfaces can provide information on crack initiation
sites, the macroscopic crack path with respect to specimen axis, and macroscopic features
on the fracture surfaces. The micro-fractographic features under different stress states in
different materials can be compared in order to understand the micro-mechanisms of

fracture.

5.3.1 Surface crack evolution

5.3.1.1 In overaged material

The crack initiation and propagation processes in overaged 7075 aluminum alloy under
axial fatigue are shown in Figure 5.5(AL7A4, oy =140MPa, N=57449 cycles). In Figure
5.5 (a), no crack is observed on the replica taken at 35% of total life. Figure 5.5(b) shows
two very small cracks initiated at inclusions at 52% of total life. Several cracks are
clearly observed in Figure 5.5 (c) at 70% of total life. Within one grain, the cracks are
almost straight. The small tortuousness within the grain could be attributed to the effects
of sub-grain boundaries. The cracks appear more or less perpendicular to the specimen

axis. These early cracks can be tensile cracks or case B shear cracks, since there is an
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infinity of maximum shear planes under axial fatigue. Some case A shear cracks, inclined
at 45° from specimen axis, were also observed. It is difficult to identify the so-called

stage 1 - 11 transition, similar to axial fatigue in 1045 steel.

This observation shows that crack initiation occurs at about 50% of total life. Many crack
initiation sites are observed in this specimen; then crack coalescence is also observed.
The observations show that crack initiation is not always at inclusions, and that crack

propagation can change direction from one grain to the other.

Figure 5.6 shows the surface crack evolution in overaged aluminum alloy under torsional
fatigue (AL7T2, 10=100MPa, N=89,240 cycles). In Figure 5.6 (a), a small crack was
found to nucleate at an inclusion, then the crack propagated longitudinally (Figure 5.6
(b)). It is noticed that the crack does not propagate along the grain boundary, which
means the fracture here is transgranular. As long as 2mm, the crack is still longitudinal
(Figure 5.6(c)). At the very final stage of life, some stage II branching can be found. In
this specimen, no crack occurs along the transverse plane (the other maximum shear

plane).

This is different from what observed in 1045 steel, in which crack initiation and stage |
propagation can occur on both maximum shear planes. The strong anisotropy of the 7075
aluminum alloy should be responsible for this kind of cracking behavior. The material
anisotropy makes the longitudinal shear plane weaker and less resistant to cracking as
compared with the transverse shear plane. However, when the shear stress level is low,

cracks can initiate and propagate on the transverse maximum shear plane.
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Figure 5.5 Axial fatigue crack evolution in overaged 7075 aluminum alloy observed
from replicas under SEM (AL7A4, 6,=140MPa, N=57,449 cycles.). Arrows show two
crack initiation sites. Specimen axis is vertical in each photo. (a) N=20,000 cycles. (b)
N=30,000 cycles. (c) N=40,000 cycles.
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Figure 5.6 Surface crack evolution in overaged 7075 aluminum alloy under torsional
fatigue (AL7T2, 10=100MPa, N=89,240 cycles) observed on replicas under SEM. (a)
N=20,000 cycles. (b) N=30,000 cycles. (c) N=60,000 cycles. Specimen axis is vertical in
each photo. Crack initiation site is pointed by arrow.
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In Figure 5.7 (AL7TS, 1:=60MPa; N=385,431 cycles), both horizontal and vertical shear
cracks are observed (specimen axis is vertical). In this specimen, horizontal shear cracks
predominate, and their coalescence and 45%branching are evident. It is noted that
horizontal shear cracks are not necessarily nucleated at inclusions, unlike longitudinal

shear cracks for which initiations are always associated with inclusions.

Under torsional fatigue with static tension, even if the cyclic shear stress level is high,
when there is a superimposed static tensile load, the main cracks initiate and propagate on
the transverse maximum shear plane. Few secondary cracks are observed in the

longitudinal direction.

Figure 5.7 Cracks in overaged 7075 aluminum alloy under torsional fatigue at low shear
stress level (AL7TS, 19=60MPa, N=385,431 cycles), observed on a replica taken at 78%
of total life. Specimen axis is vertical.
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5.3.1.2 In underaged material

The surface cracking process under axial fatigue of underaged material is not very
different from that of overaged material, except that crack initiation sites are relatively
few in underaged materials. This can be understood from the different slip characteristics
of the two materials. In overaged material, non-shearable precipitates promote uniform
deformation and then multiple initiations. In underaged material, shearable precipitates
promote localized deformation. Hence initiation sites are less numerous in this material

as compared with the overaged material.

The cracking process in underaged material under torsional fatigue is shown in Figure 5.8
(ALUT2, 10=100MPa, N=35,000). No crack is observed at 10,000 cycles. At 15,000
cycles (43% of total life), a crack about 0.5 mm in length was observed, and it is believed
to nucleate at the inclusion. The crack is more or less longitudinal. Under high
magnification, it was found that the crack did not follow the grain-boundary as the
propagation path, which means the fracture is transgranular in this material under
torsional loading. The crack continued propagating longitudinally as shown in Figure

5.8(c) (85% of total life), until the final failure.

In this specimen, other longitudinal cracks are also observed, and their initiations are also
related to inclusions. No crack branching and no transverse cracks are observed in this
specimen. However, as in overaged material, transverse cracks are observed under

torsional fatigue with low stress level, such as 1—=60MPa.

Under torsional fatigue with static tension, cracking can occur on transverse maximum
shear planes, only when the superimposed static tensile load is high enough. As shown in
Figure 5.9, at the same maximum shear stress amplitude of 100MPa, when the tensile
load is 100MPa, failure crack is still longitudinal (Figure 5.9(a)). However, when tensile

load is as high as 165MPa, the final crack is transverse (Figure 5.9(b)), despite
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longitudinal shear cracks also being observed. This is different from that observed in
overaged material, where transverse shear cracks predominate at lower static tensile
loads. This observation implies that the anisotropy effect on torsional fatigue is stronger
in underaged material than in overaged material. Again, the transverse cracks are not

always observed to be related to inclusions.

Figure 5.8 Crack evolution in underaged 7075 aluminum alloy under torsional fatigue
(ALUT2, 10=100MPa, Ni=35,000 cycles), observed on replicas under SEM. (a) N=10,000
cycles. (b) N=15,000 cycles. (c) N=30,000 cycles. Specimen axis is vertical in each
photo. Crack initiation site is indicated by arrows.
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Figure 5.9 Cracking behavior of underaged 7075 aluminum alloy under torsional fatigue
with static tensile load, observed on replicas under SEM. (a) 1o =100MPa, 6,,=100MPa.
(b) ©o=100MPa, 6,=165MPa. Specimen axis is vertical in each photo.
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The observation of the surface cracking process can be summarized as follows.

For axial fatigue, both underaged and overaged materials behave similarly. Final
cracks are more or less horizontal, as those observed in 1045 steel. Crack
initiations are often at inclusions. Overaged materials have multiple initiation
sites, while initiation sites for underaged materials are relatively few.

For torsional fatigue, at high stress level, both underaged and overaged materials
have longitudinal shear cracks. No transverse shear crack is observed. Stage 1l
crack branching occurs at the very end of life in overaged material; it never occurs
in underaged material. When the shear stress level is low, transverse shear cracks
appear in both materials.

For torsional fatigue with static tension, transverse shear cracking predominates
when a low static tensile load is applied to the overaged material. In underaged
material, this happens only when the static tensile load reaches a high level.
Longitudinal shear cracks always nucleated at inclusions, while transverse shear

cracks did not necessarily nucleate at inclusions.

5.3.2 Surface crack length versus life ratio

Surface crack lengths measured from replicas on the underaged and overaged materials

are plotted against life ratio for different loading conditions and materials (Figure 5.10).

Crack nucleate soon (about 20% of life) for pure torsional fatigue and for torsional

fatigue with static tension, when the longitudinal shear cracking occurs. For torsional

fatigue with high static tension (transverse shear cracking), crack initiation occurs at a

higher life ratio. For axial fatigue, crack initiation is the slowest among the three loading

conditions. Surface cracking behaviors can well reflect different mechanisms in different

conditions. The cracking behavior under axial fatigue in 7075 aluminum alloy resembles

that in 1045 steel.
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Figure 5.10 Surface crack length plotted against fatigue life ratio for different loading
conditions in underaged and overaged materials (solid symbols for underaged material,
and open symbols for overaged material).
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5.3.3 Fracture surface observations
5.3.3.1 Macroscopic observations

Microscopic fracture plane orientations as well as the features on these planes were
observed and compared in the different material-loading conditions. In axial fatigue, the
fracture in 7075 aluminum alloys resembles that in 1045 steel. The macro-cracks for axial
fatigue are basically normal to the specimen axis in both underaged and overaged
materials. The fracture surface of the underaged material is flatter than that of the
overaged material. A number of multiple crack initiation sites are macroscopically
observed in the overaged material; whereas, there is only one macroscopic initiation site
in the underaged material. This observation coincides with those made on the replicas.
The rougher fracture surface for overaged material can be associated with crack

coalescence from multiple initiation sites.

Under torsional fatigue, when the stress level is high, all cracks are longitudinal in both
materials. Stage I cracks can be as long as tens of millimeters, and as deep as the wall
thickness of the tubular specimen. There is a little stage Il branching at the very end of
cracking in the overaged material (Figure 5.11(a)); whereas, the cracks remain always
longitudinal in the underaged condition (Figure 5.11 (b)). When the stress level is low,
the cracks tend to propagate on the transverse maximum shear planes in both materials,
before stage II branching (Figure 5.11(c)). Stage I cracks are shorter compared to those at
the high shear stress level. Many longitudinal lines are observed on the longitudinal
fracture surfaces in both the underaged and overaged materials. This feature was not
observed in the isotropic 1045 steel. The elongated grain structures in 7075 aluminum
alloys could be responsible for these longitudinal lines on the fracture surfaces under

torsional fatigue.
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Under torsional fatigue, a static tensile load can change the cracking mechanisms in both
materials. In the underaged material, when there is a superimposed tensile load, cracking
occurs on transverse maximum shear planes. In the overaged material, transverse
cracking occurs only when the tensile load is high enough (Figure 5.11(d)). The stage I
crack can be as long as tens of millimeter and go through the entire wall thickness of the

specimen.

Figure 5.11 Macro-fractures of underaged and overaged 7075 aluminum alloys under
different loadings. (a) Overaged, torsional fatigue, 17p=100MPa. (b) Underaged, torsional
fatigue, 1o=100MPa. (c¢) Underaged, torsional fatigue, t=60MPa. (d) Underaged,
torsional fatigue with static tensile load, 1e=100MPa, cy=165MPa.
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5.3.3.2 Microscopic observations

The fracture surfaces near the initiation sites in both the underaged and overaged alloy
under axial fatigue present crystallographic features (Figure 5.12). The cracks in both
materials initiate at inclusions (highlighted by arrows). Fracture surface within the first
grain is flatter in the underaged material than that in the overaged material. The different
slip characteristics in these two materials can cause this difference between the fracture
surfaces. In the underaged material, the precipitates are coherent with the matrix and can
be sheared by dislocations. Thus, dislocations can slip on a single set of planes, which
result in a flatter fracture surface. In the overaged material, the precipitates are incoherent
with the matrix and the dislocations can only by-pass the precipitates. As a result, the
striations appear closer to the initiation site in overaged material as compared with the
underaged material. Fracture surfaces do not reveal much difference between fracture
mechanisms in the underaged and the overaged materials, although more crystallographic
features are observed in the underaged material. In both materials, the fractographic
features from initiation towards propagation direction are crystallographic facets,

crystallographic facets mixed with striations, striations and striated dimples.

Under torsional fatigue, fractographic features are quite different in the underaged and
overaged materials, although some common features such as striations were observed in
both materials. In underaged material, the striations are always mixed with
crystallographic facets. In overaged material, regions with pure striations are observed.
Further, a very crystallographic fracture (Figure 5.13(a)) is predominant on the entire
fracture surface in underaged material. That could be caused by the microstructure
feature in the underaged material (the shearable precipitates) and by the loading condition
(torsion fatigue), and both promote shear damage. Figure 5.13 (b) shows the early
fracture in the overaged material, which is not so crystallographic as in Figure 5.13 (a).
The crystallographic features in underaged material leads to a lower torsional fatigue life

at the same shear stress amplitude as compared with overaged material.
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Figure 5.12 Fractographic features in 7075 aluminum alloy under axial fatigue.
(a) Underaged material. (b) Overaged material.
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Figure 5.13 Fractographic features in 7075 aluminum alloy under torsional fatigue.
(a) Underaged material. (b) Overaged material.
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5.4 Fatigue life

5.4.1 Overaged material

In Figure 5.14, fatigue life data for overaged 7075 aluminum alloy are plotted against the
maximum shear stress amplitude (Tresca criterion). At the same maximum shear stress
amplitude, torsional fatigue life is longer than axial fatigue life. Further, a static tensile
load decreases torsional fatigue life. This result is similar to that obtained in 1045 steel. It
is generally accepted that both normal stress amplitude and normal (tensile) mean stress
on the maximum shear plane can assist the cracking process and reduce the fatigue life.
The McDiarmid parameter would be appropriate in predicting the fatigue life of this

material.
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Figure 5.14 Fatigue life data of overaged 7075 aluminum alloy plotted against maximum
shear stress amplitude.
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5.4.2 Underaged material

Figure 5.15 shows the fatigue life data plotted against the maximum shear stress
amplitude for underaged material. The opposite trend is observed in this material. Axial
fatigue has a slightly higher life than torsional fatigue at the same Tmax. This result is not
reported in the literature. Besides the stress state effect, the material properties play a
fundamental role on the fatigue damage process. This worse fatigue performance in
underaged material under torsional fatigue is attributed to the material anisotropy.
Further, a static tensile stress superimposed on torsional fatigue does not have an
important effect on the fatigue life. A slight decrease in fatigue life can be observed only

when static tensile stress is high enough (c,=165MPa).
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Figure 5.15 Fatigue life data of underaged 7075 aluminum alloy plotted against
maximum shear stress amplitude (the values of the static tensile load o, refer to Table
5.3).
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5.4.3 Static tensile stress effects

To illustrate the effects of the superimposed static tensile stress on the torsional fatigue
life of the underaged and overaged materials, the torsional fatigue lives obtained at the
same cyclic shear stress (t1p=100MPa) are plotted against the static tensile stress (Figure
5.16). In general, a superimposed static tensile load decreases the torsional fatigue life.
Tensile mean stress makes the fatigue performance worse on the transverse shear planes.
This is true for the overaged material. However, torsional fatigue life of underaged
material remains approximately constant until the static tensile stress reaches 165MPa.
This means that the anisotropy effects are more significant in underaged material than in

overaged material.
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Figure 5.16 Effects of the static tensile stress on the torsional fatigue life of underaged
and overaged 7075 aluminum alloys. The applied torsional stress amplitude is
19=100MPa for all data points.
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5.5 Discussion and analysis

5.5.1 Anisotropy effects and materials

Anisotropy effects on the fatigue crack behavior are observed during torsional fatigue of
both the underaged and overaged materials. No transverse shear crack is observed at high
stress level. This is understandable since under torsional fatigue the weak plane
(longitudinal plane) coincides with one of the two maximum shear planes. Therefore, the
longitudinal shear plane is the weakest plane and damage occurs on this plane. Under
axial fatigue, there is no shear stress acting on the plane weakened by material

anisotropy. The material anisotropy effects are not observed in axial fatigue.

The material anisotropy effects are different in the underaged and overaged materials
under fatigue loading. First, in the underaged material, shear cracks appear along the
longitudinal direction in torsional fatigue (at high stress level), even when there is a
superimposed static tensile load of 100 MPa (Figure 5.9), while cracking tends to occur
on the transverse shear plane in the overaged material once there is a static tensile load of
60 MPa. As a result, a superimposed tensile load has little influence on torsional fatigue
strength in the underaged material, while it decreases the torsional fatigue strength of the
overaged material (Figure 5.16). Secondly, at the same shear stress amplitude, the
torsional fatigue life is lower than that of axial fatigue in the underaged material, while
the overaged material behaves like an isotropic material. All of these results indicate that
material anisotropy effects (weakness of longitudinal plane) are more significant in the

underaged material than in the overaged material.

The underaged and overaged materials have approximately the same strength, the same
grain structure and the same inclusions. One difference elated to their microstructure is
that they have different slip characteristics. In underaged material, the precipitates are

coherent with the matrix and are shearable by dislocations, while in overaged material the
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precipitates are incoherent with the matrix and are non-shearable. Then underaged
material deforms preferably by single-slip and overaged material deforms preferably by
multiple-slip (Carter et al, 1984; Suresh et al, 1984). As a result of the different slip
characteristics, a crystallographic fracture is favored in the underaged material. The
difference in the slip characteristics of the underaged and overaged materials can explain
the low fatigue performance of the overaged material under axial fatigue. In overaged
material, multiple crack initiations sites and crack coalescence due to the multiple slip

accelerate the cracking process.

The other difference between the microstructures of the two materials is that there is a
preferred orientation (crystallographic texture) in the underaged material but not in the
overaged material. Figure 5.17 shows the X-ray diffraction patterns of the overaged
material on the longitudinal and transverse planes. The two patterns are identical. There
is no preferred orientation in this material. Different X-ray diffraction results are obtained
in the underaged material. Figure 5.18 shows the X-ray diffraction patterns of the
underaged material on the longitudinal and transverse planes. The X-ray strength
resulting from the diffraction by {111} plane is much higher on the longitudinal plane
than that on the transverse plane. The {111} planes are oriented parallel to the specimen
axis. The {111} planes are the slip planes. Under torsional fatigue, these slip planes
coincide with the longitudinal maximum shear plane and help longitudinal shear
cracking. Therefore, one can understand why an easy crystallographic fracture occurs in
the underaged material under torsional fatigue. The combination of (111) texture and
planar slip enhances the material weakness along the longitudinal direction. This unique
crystallographic fracture is responsible for the low torsional fatigue performance of the

underaged material.
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Figure 5.17 The X-ray diffraction patterns on the longitudinal and the transverse planes
in the overaged material (relative strength being the X-ray count normalized by the
highest peak count).
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peak count).
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5.5.2 Anisotropy effect and stress level

In torsional fatigue, fatigue cracks in both materials are observed along the longitudinal
direction at high stress level, but that cracking can occur on the transverse plane at low
stress level. This observation indicates that material anisotropy effects are more
significant at high stress level than at low stress level. The reason of the changeover of
shear cracking plane with stress level could be that material anisotropy is detrimental
only at the high shear stress. level. At a high stress level, the plastic zone ahead of crack
tip is larger than that at low stress level. It can encompass more inclusions. Because of
the stress intensity at the crack tip, the interfaces between inclusions and the matrix could
open, leading to a local strain concentration in the adjacent matrix (Kaynak et al, 1996).
Therefore, inclusion-enhanced shear cracking should be easier at a high stress level. It
seems that only when the stress level is high enough to overcome the bonding strength
between inclusion and matrix, inclusions can help fatigue cracking. Further, at low stress
level, the transverse shear cracks are not necessarily nucleated at inclusions. This
indicates that inclusions do not help crack initiation and propagation in torsional fatigue
at low stress level. More shear cracks were observed to nucleate and propagate on the
transverse shear planes at low stress level. A possible explanation is that inclusions could
act as a strengthening phase when the applied shear stress is not enough to break the
interface between inclusion and matrix. The elongated grains are helpful for longitudinal
shear cracking, since less grain boundaries and therefore less resistance to the crack

crossing such boundaries are encountered in longitudinal direction.
5.5.3 Fatigue life prediction parameters

Very few multiaxial fatigue life prediction parameters have considered material
anisotropy even though its importance has been reported (Fernando, 1990; Shatil et al,
1994). Lin and Nayeb-Hashemi (1993) found that an effective strain could correlate in-

phase biaxial fatigue lives of RD specimens (specimen axis along rolling direction), but
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not those of TD specimens (specimen axis normal to rolling direction). They proposed

the following parameter to predict fatigue life:
A(y,.. +Be,)=f(N) 5.1

Here A and B are material anisotropy coefficients, the values of which depend on the
material orientation. A is introduced to reduce the two torsional baseline data obtained
from RD and TD specimens into one, and B is obtained by fitting torsional and axial

fatigue life data.

Engineering applications involved in biaxial fatigue behavior in anisotropic material
differ from case to case. The life prediction parameters should be proposed according to

the actual fatigue cracking behavior.

In the present study, two types of mechanisms contribute to fatigue failure in axial and
torsional fatigue of the underaged and overaged 7075 aluminum alloys: anisotropy
enhanced fatigue mechanisms (along weak longitudinal planes) and critical plane failure

mechanisms. Both mechanisms should be taken into account in fatigue life correlation.

Anisotropy effects are not important in overaged 7075 aluminum alloy. The fatigue
behavior was almost similar to that observed in the isotropic 1045 steel. Fatigue failure
occurred on the critical plane, even though longitudinal shear cracks predominated in
pure torsional fatigue. In Chapter 1V, the McDiarmid parameter has been shown to be a
good life prediction parameter for in-phase fatigue of steel, and also relatively good one
for torsional fatigue with static tension (slight underestimation). The same results are
obtained for overaged 7075 aluminum alloy. As shown in Figure 5.19, the McDiarmid
parameter gives a relatively good correlation of fatigue lives obtained from three loading
conditions. However, it still slightly underestimates lives under torsional fatigue with
static tension. Note that the normal stress effects (k=0.5) is twice that obtained for 1045

steel (k=0.2).
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Figure 5.19 Fatigue life versus McDiarmid parameter in overaged material.

However, a different fatigue behavior was observed in the underaged material (Figure
5.15). For the same T, even when additional normal stresses (cyclic or static) act on the
critical plane (planes at +45° in tension or the transverse plane in torsion), pure shear
fatigue cracking is much easier along the weak longitudinal planes and it results in a
lower life (solid line in Figure 5.15). In this material, there is a competition between
transverse cracking (critical plane failure mechanism) and the easier longitudinal
cracking (anisotropy enhanced failure mechanism). Only one stress-life relationship
cannot account for two possible mechanisms (longitudinal cracking and non-longitudinal
cracking). For the transverse cracking, fatigue life can be correlated with a usual critical

plane parameter:

Tpax ThG," = f(N) (5.2)
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in which k can be calibrated by axial, torsional (+ high o) or in-phase axial-torsional
fatigue. In the case of easier longitudinal cracking, lives can be correlated with the stress

components acting on the longitudinal plane:

(Ta + k'Gnmax )]ongitudiml plane = g(N) (53)
here, k’ can be calibrated by torsional fatigue and torsional fatigue with internal pressure.
To predict fatigue life for a given loading condition, one computes the lives given by the

two parameters, and takes the smaller life as the predicted life.

In summary, the McDiarmid parameter correlates axial and torsional (with or without
static tensile load) fatigue lives of the overaged material. It could be used to give
reasonable life predictions for other loading conditions. The Tresca parameter (maximum
shear stress amplitude) correlates the fatigue lives recorded for the underaged material.
However, two stress-life relationships should be considered to predict fatigue lives for
other loading conditions. Here, again we can see the importance of observing the fatigue
cracking mechanisms for appropriately correlating or predicting fatigue life under biaxial

fatigue.

5.6 Summary

Underaged and overaged 7075 aluminum alloys have been tested under three loading
conditions: axial fatigue, torsional fatigue and torsional fatigue with static tension. The
fatigue cracking behavior was observed through surface crack monitoring by the replica
technique and by fractography. Based on the understanding of the fatigue cracking
mechanisms, different fatigue life prediction parameters are proposed for the underaged

and overaged materials.

Cracking occurs on the weakest planes. Two kinds of weakness are involved in the
fatigue of 7075 aluminum alloy: intrinsic weakness caused by the material anisotropy and

extrinsic weakness caused by the applied loading. The former makes the longitudinal
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plane weaker, and the latter favors the so-called critical planes as the possible cracking
planes.

- Under axial fatigue, anisotropy effects are not observed in both materials, since
the weak plane caused by material anisotropy does not coincide with the critical
plane.

- Under torsional fatigue, critical planes are the longitudinal maximum shear plane
and the transverse maximum shear plane. Anisotropy does have important effects
and results in longitudinal shear cracking in both materials, especially at high
stress level, since the longitudinal shear plane coincides with the weak plane.

- Under torsional fatigue with static tensile load, only the transverse maximum
shear plane is the critical plane. The competition of two mechanisms results in
two kinds of fractures: 1) transverse shear cracking in the overaged material once
a tensile load is applied; 2) longitudinal fracture in the underaged material as long

as the applied static tensile load is not high enough.

Material anisotropy effects are more important in the underaged material. Inclusions play
a role in both materials but the combination of (111) texture and planar slip enhances the

weakness of the underaged material in the longitudinal direction.

The fatigue life results showed that under the same maximum shear stress amplitude,
torsional fatigue life is higher than axial fatigue life in overaged material, and the
application of static tension decreases torsional fatigue life. A different trend is observed
in underaged material. Axial fatigue life is higher than torsional fatigue life, and the
application of static tensile stress does not have much influence on the torsional fatigue

life.

These life differences are associated with the difference in fatigue mechanisms. The
observation of fatigue cracking shows that two mechanisms compete in fatigue cracking

of 7075 aluminum alloy: a material anisotropy enhanced failure mechanism and a critical
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plane failure mechanism. It is not appropriate to use one parameter to correlate fatigue
lives corresponding to different fatigue mechanisms. It is suggested to use the
McDiarmid parameter to correlate fatigue life for the overaged material, since anisotropy
effects are not pronounced. However, for the underaged material, strong anisotropy
effects have been observed. Two stress-life relationships are needed to account for the
two failure mechanisms. To predict fatigue life for a given loading condition, the fatigue
lives corresponding to two stress-life relations are computed and the lower life is taken as
the predicted life. However, these conclusions are based on a limited number of tests.

Further investigation is required for confirmation.
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CHAPTER VI - AXIAL AND TORSIONAL FATIGUE BEHAVIOR
OF CIRCUMFERENTIALLY V-NOTCHED CYLINDERS MADE OF
AS-ROLLED 1045 STEEL

6.1 Background of this study

The study of notch effects on fatigue is important, since notches are unavoidable in
mechanical components. Several approaches have been used to deal with notch fatigue
problems, such as local stress/strain approaches, critical distance approaches and fracture

mechanics approaches.

A fundamental assumption of local stress/strain approaches is that fatigue crack initiation
life at notches corresponds to that measured on smooth laboratory specimens at the same
stress/strain level. They are successfully used in practical applications where crack
initiation dominate fatigue life (blunt notches). However, local stress/strain approaches
are not applicable for sharp notches where fatigue failure is controlled by fatigue crack
propagation. They do not account for the stress/strain gradient that exists at the notch tip.
Further the applicability of biaxial fatigue criteria developed for smooth specimens to
notches is questionable. Even though some success has been obtained in some cases by
different approaches (Gough, 1949; Takahara et al, 1972, Williams et al (1985)), notch
fatigue life prediction under multiaxial fatigue is a challenge (Grubisic and Simburger,
1976; Fash et al, 1985), since fatigue mechanisms could be different in smooth and

notched specimens.

Critical distance approaches attempt to consider the stress gradient at the notch root by
using a stress at a critical point (Peterson, 1959; Tanaka, 1983; Taylor, 1999) or the
average stress over a critical length (Neuber, 1958), etc. More often, the critical distance
is obtained in an empirical manner. Tanaka (1983) and Taylor (1999) attempted to relate

the critical distance to material properties such as the fatigue crack threshold. Taylor and
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Wang (2000) showed that critical distance approaches are useful for both blunt and sharp
notches, even though two different mechanisms are involved. However, any critical
distance approach cannot explain the occurrence of non-propagating cracks at severe

notches.

Fracture mechanics approaches have been developed to predict short crack propagation
life. As reviewed in Chapter I, short crack behavior at a notch is strongly influenced by
the notch plasticity. The condition of small scale yielding at the crack tip is violated and
LEFM cannot account for behaviors such as crack deceleration and non-propagating
cracks in notched specimens. Smith and Miller (1977,1978) assumed that the effective
driving force for short crack growth is the sum of contributions of notch plasticity and
crack tip plasticity. Verreman et al (1986, 1987, 1997) measured the evolution of the
crack opening level with crack depth, and found that the opening level rapidly increases
before reaching a stabilized level. The initial transient of the opening level explains what
has been observed on crack growth rates. Although K increases with crack depth, the
effective crack driving force decreases because of the rapid and important increase in the
opening level. They found that if crack growth rates are plotted against the effective
stress intensity factor range AKesy, short and long crack growth rates are consolidated in a
single trend. Considering short crack behavior, both Smith & Miller (1977, 1978) and
Verreman et al (1987) related fatigue limit to fatigue crack growth threshold and notch
geometry.

A simple and conservative linear elastic fracture mechanics approach can be developed
for the limiting case of severe V-notches with very small root radii. Williams (1952)
found that the stress field distribution at sharp re-entrant corners is singular and is
uniquely determined by a notch stress intensity factor. Provided that notch plasticity is
confined within this singularity, different notches having the same notch stress intensity
factor have the same stress-strain field, and hence should have the same fatigue

performance. The notch stress intensity factor has been successfully used in initiation life
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prediction of welded joints and V-notched members under mode I, mode I1 and combined
mode 1 and mode II loadings (Boukharouba et al, 1995; Dunn et al, 1997; Lazzarin and
Livieri, 2001; Tovo and Lazzarin, 1998 and 1999;Verreman and Nie, 1996; 1999). No

application of this approach for mode III loading has been reported.

The advantage of the notch stress intensity factor approach lies in three aspects: 1) it is
theoretically appropriate for predicting fatigue crack initiation and propagation within the
notch field; 2) it avoids making complex computation of local cyclic plastic strains and/or
finding complex relations between crack growth rate and crack stress intensity factor; 3)
it gives a conservative life prediction for blunt notches. On the other hand, the difficulty
of this approach is that the stress singularity depends on the notch angle and the loading
modes. At the present time, the objective is limited to the behavior under pure axial
fatigue (mode I) and pure torsional fatigue (mode III) of two V-notched specimens with
same angle (90°) but different notch size. It is expected that the mode I notch stress
intensity factor (K;™) could correlate fatigue lives obtained from the two specimens under
axial fatigue. The applicability of mode III stress intensity factor (Ky") in correlating
fatigue lives of the two specimens under torsional fatigue is also examined. If these
correlations could be made, a door can be opened for a future study on notch fatigue

behavior under combined axial-torsional loadings.

6.2 Experiments

6.2.1 Material

As-rolled 1045 steel was used as test material. This is the same material as that used for

axial-torsional fatigue tests of smooth specimens. The material microstructure and

properties have been described in Chapter I11.
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6.2.2 Specimen geometry

As shown in Figures 6.1 and Figure 6.2, two types of notched specimens N1 and N2 are
used. They both have a circumferentially 90° V-notch around the cylindrical surface.
They were machined to have a notch radius as small as possible (<0.075mm). The two
specimens are designed so that the ratio between their notch stress intensity factors under
the same nominal stresses is maximized. Their global dimensions are also determined by

the grip size and the specimen design standard for axial fatigue.

R 76.2 -k

f Y
S e A 3 R S — #-19.05 $25.4
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Figure 6.1 Geometry of N1 specimen (unit: mm); notch depth is 2.86mm
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Figure 6.2 Geometry of N2 specimen (unit: mm).; notch depth is 0.635mm

Before computing numerical solutions of mode I and mode III notch stress intensity
factors, the stress intensity expressions for cracks (Eq. 6.1 and 6.2) were used for the

purpose of specimen design (Rooke and Cartwright, 1980).

YNl 2{0.80+ (- N)x [4+ 108N }} ©.1)
K, (-(1-N)X)'-N 1-(1-N)X | (1-N)(1-X)

Ky _(=NYA-(-MX) | A-MX [, 246N ]2 (6.2)
K, (A-(1-NX)-N*" | 1-0-MX| "~ (1-NYI-X)

Eqgs. 6.1 and 6.2 are stress intensity factors for an external circumferential crack in a tube

under axial and torsional loading respectively. Note that K, =o,  vnain Eq. 6.1 and

Ky =1,,,vra in Eq. 6.2, where Gpom is the nominal axial stress and Tnom is the nominal
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shear stress at the specimen surface, and “a” is the crack depth. In both equations, N=

Ri/R; and X=a/ (R;-R;), where R; and R; are the internal and external radii of the tube.

2
The shear stress 1, = —4512—7
T (Rz - Rl )

, where T is the applied torque.

In the present case, R;=0, N=0, X=a/R,=2a/D (D being the specimen diameter). The
mode 1 and mode 111 stress intensity factors are plotted against 2a/D, as shown in Figure
6.3. Both K| and Ky are normalized with respect to the nominal axial and shear stresses
over the net (smallest) section, one and Tner. Since the net section decrease with increasing
crack depth, the curves reach maximum value then decrease. The two notch geometries
N1 and N2 chosen are specified in Table 6.1. The notch N1 (a/D=0.15, D=19.05mm)
corresponds to the highest stress intensity factor (SIF). The notch N2 (a/D=0.05;

D=12.7mm) is smaller but it is still large with respect to the microstructure (average

ferrite grain size of 15um).

2.5 : ‘ .
N I ]
- NI . . Ki(D=19,05mm)
e . - K\(D=12,7mm)
= T~
4 T ~20 |
S N . o
o . ‘ S L ‘
2 , ‘ / ‘
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Figure 6.3 Normalized SIFs K; and Ky plotted against a/2D for circumferentially
cracked round bars. (Stars and circles show K; and Ky;; for notches N1 and N2.)
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Table 6.1 Geometry specifications of the two notched specimens (Figures 6.1 and 6.2).

Specimen | D (mm) d* (mm) a(mm) a/D KI/G:? Klll/‘;n: t
(mm™) (mm™)

N1 19.05 13.335 2.86 0.15 1.89 1.48

N2 12.7 11.43 0.635 0.05 1.27 1.06

* d=D-2a, being the diameter at the smallest (net) section of the specimen.

Note that the above SIF solutions for cracks (notch angle = OO) are only approximations
of those for notches (notch angle = 90°). FEA analysis of notch SIFs will be presented in

section 6.5.1.

6.2.3 Fatigue tests

Fully reversed axial fatigue and torsional fatigue tests are performed on both types of
specimens N1 and N2, respectively. All tests are load (torque)-controlled using the
Instron 8521 servo-hydraulic biaxial machine. Tests are conducted at room temperature
in laboratory air. Load waveforms are sinusoidal with a frequency of 10HZ. The

detailed fatigue test programs are shown in Tables 6.2 and 6.3.

Table 6.2 Axial fatigue tests and life results for N1 and N2 specimens.

Specimen (1\71';;) %12;(; (Kfff;g) (MPaI.<nllm0‘5) (cyljlfes)
NI1Al 150 20.95 73.5 283.5 40,929
NI1A2 100 13.97 49.0 189.0 145,995
N1A4 85 11.87 41.7 160.7 314,635
N2A1 150 15.39 121.5 190.5 149,829
N2A2 100 10.26 81.0 127.0 1,442,225
N2A3 125 12.83 101.3 158.8 283,485
Opnet: NOmMinal stress amplitude in net section Ki: stress intensity factor for a crack

Gnom: Nominal stress amplitude in full section Ny: life at final fracture
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Table 6.3 Torsional fatigue tests and life results for N1 and N2 specimens.

Specimen (I\T[nIi;) T&“.iff (1:;;3) (MP:f:rlnlmO'S) (C;:iles)
NIT2 129 60.06 44.25 190.9 >5,000,000
NIT3 160 74.50 54.88 236.8 616,343
N1T4 200 93.12 68.60 296.0 55,000
NITS5 180 83.81 61.74 266.4 100,000
NI1T2B 220 102.43 75.46 325.6 16,920
N2T1 125 36.65 91.13 132.5 >5,000,000
N2T12 180 52.80 131.22 190.8 270,000
N2T3 210 61.57 153.09 222.6 135,000
N2T4 160 46.91 116.64 169.6 1,500,000
N2T5 140 41.04 102.06 148.4 >5,000,000
N2T6 235 68.90 171.32 249.1 15,000
N2T1B 230 67.40 167.67 243.8 40,000
N2T5B 235 68.90 171.32 249.1 30,000
Taer: nominal shear stress amplitude in net section Kyy: stress intensity factor for a crack

Taom: NOMinal shear stress amplitude in full section
N;: initiation life (rotation amplitude increase of 1%)

6.3 Fatigue life results

The main objective of our work is to validate that mode I and mode III notch stress
intensity factors can correlate the “initiation lives” of the two notched specimens, under
axial and torsional fatigue respectively. The earliest initiation life (that for the
microstructural scale) is negligible at very sharp notches (Verreman and Espinosa, 1997).
The “initiation life” considered here is in fact the short crack propagation life spent in the
first tenths of millimeter. For a given loading mode, the same notch SIF gives the same
stress field and thus should give the same events ahead of the notch, provided that they

remain confined at this singularity.
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The fatigue life results are listed in Tables 6.2 and 6.3. Note that in axial fatigue, most of
the life is spent in initiating the crack (N/Nf>50% at 0.5mm crack depth; Verreman and
Espinosa, 1997). Lazzarin and Livieri (2001) made successful correlations between notch
stress intensity factor and total axial fatigue life. However, in torsional fatigue, the
initiation life is only a small part of the total life, especially for solid specimens where the
stress gradient resulting from specimen thickness is strong. Total lives of specimens with
different diameters would not be comparable. Only initiation life can be comparable,

since it is controlled by the notch stress field.

The variations of displacement amplitude and rotation angle amplitude are monitored
during axial fatigue and torsional fatigue, respectively. Both displacement amplitude and
rotation angle amplitude increase with fatigue cracking. These variations are uniquely
related to the crack depth for a given specimen geometry. They represent the compliance
variations in both cases. Figure 6.4 shows a typical curve of the relative variation of the

v/IP-v,/P

displacement amplitude (=
v,/ P

, Vo and v are the displacements at 0 and N cycles,

and P is the applied load) versus cycle life under axial fatigue. It can be seen that once the
displacement amplitude changes, it increases rapidly until final failure. This confirms that
in axial fatigue, propagation life is not significant. Then the total lives from different
specimen geometries are comparable. On the other hand, in torsional fatigue, once a
change in rotation angle amplitude is detected, the subsequent evolution of rotation angle
amplitude develops slowly. A typical curve of rotation amplitude variation

(:a_/Z:./f'iTQ./Z, oo and o are the rotation angles at 0 and N cycles, and T is the applied
Qo

torque) with lifetime is shown in Figure 6.5. Therefore, the propagation life is a
significant part of the total life. If the propagation lives in two geometries are not
comparable, then the total life is also not comparable. In torsional fatigue, it is
appropriate to compare initiation life in two geometries. Initiation life is defined as the

number of cycles at which an increase of 1% in rotation angle amplitude is detected.
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Figure 6.4 Typical curve of compliance variation, plotted against fatigue lifetime under

axial fatigue.
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Figure 6.5 Typical curve of compliance variation plotted against fatigue lifetime under

torsional fatigue.
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The relations between the crack depth and the variation of rotation angle amplitude are
experimentally characterized for both geometries by periodically marking the crack front
using intermittently axial fatigue. Figure 6.6 shows an example of marks found on the
fracture surface (see arrows). The cracks depths corresponding to the marks have been
measured with an optical microscope. Figure 6.7 shows the relationship between
compliance variation versus crack depth obtained by the marking procedure. It can be
seen that under torsional fatigue, the crack depth corresponding to 1% increase in
compliance is approximately the same in the two notched specimens, of the order of 0.4-
0.5mm. Then, the fatigue initiation life defined by a 1% increase in compliance is
comparable in the two notched specimens. The stress fields at the notch tip control the
short crack behavior. It is appropriate to correlate the notch stress intensity factor and the

crack initiation life for these two notched specimens under torsional fatigue.

Figure 6.6 Illustration of marks, made by intermittent axial fatigue, (indicated by arrows
that also show the radial crack growth direction) on the fracture surface of notched
specimen under torsional fatigue.
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Figure 6.7 Relationship between the compliance variation and the crack depth in the two
types of notched specimens under torsional loading.

6.3.1 Axial fatigue

Figure 6.8 shows the total fatigue lives of notched specimens (N1 and N2) and tubular
smooth specimens plotted against the amplitude of nominal net stress (being the applied
axial stress for tubular specimens). Notched specimens have lower resistance to fatigue
compared with smooth specimens. The fatigue notch reduction factor (Ky) in N1 (= 3.53)
is higher than that in N2 (=2.44), especially at low stress. The same trend was also
observed by Fatemi et al (2002). For notched specimens, specimen N1 has a lower
fatigue performance than specimen N2. This is the so-called size effect in notch fatigue,
as observed by Verreman and Nie (1996) for welded joints. The nominal stress Gy

cannot account for this effect. Figure 6.9 shows fatigue lives of notched specimens
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plotted against the mode 1 stress intensity factor K; (computed with Eq. 6.1) for a crack

with same depth as notch depth. A good correlation is obtained with K.
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Figure 6.8 Total fatigue lives plotted against nominal net stress one for notched
specimens (N1 and N2) and for smooth specimen under axial fatigue.
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Figure 6.9 Total fatigue lives plotted against crack stress intensity factor (K;) for notched
specimens N1 and N2 under axial fatigue.
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6.3.2 Torsional fatigue

Fatigue lives obtained from notched specimens (N1 and N2) and smooth specimens (thin-
walled tubes) are plotted against the amplitude of the nominal net shear stress T, (being
the applied shear stress for the tubular specimen) (Figure 6.10). For notched specimens,
the fatigue life is the “initiation” life defined by a 1% increase in rotation compliance. For
smooth specimen, the total life is used. The notch effect is very small in torsional fatigue
in comparison to axial fatigue. This trend was also observed by Nisitani & Kawano
(1968, 1970) and by Fatemi et al (2002). Note that fatigue notch factor in torsional
fatigue is very much dependent on the definition of initiation life. Specimen N1 still has a
lower fatigue performance than specimen N2; however, this difference is not as
pronounced as in axial fatigue. It is noticed that the “initiation life” in the V-notched
specimens is in fact the short crack propagation life (the very initiation can be very short).
Caution should be taken to the lives of notched specimens we compared to those of

smooth specimens.

An attempt was also made to use mode III stress intensity factor Ky to correlate fatigue
life data obtained from the two notched specimens under torsional fatigue, as shown in
Figure 6.11. Ky;; is computed using Eq. 6.2, assuming that the notch is equivalent to a
crack with the same depth. Contrary to axial fatigue, the stress intensity factor gives a
worse correlation than that obtained with the nominal net stress. This implies that the
torsional fatigue behavior of a 90°-sharp notch is different from that of a crack (a 0°-sharp
notch). The assumption of the equivalence of their behavior overestimates the notch
effect. Under torsional fatigue, there is an important difference between crack and notch
singularities. Further discussion will be made after the notch stress analysis (section

6.5.3).
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Figure 6.10 Fatigue “initiation” lives plotted against nominal shear stress Ty for notched
specimens (N1 and N2) and smooth specimen under torsional fatigue.
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Figure 6.11 Fatigue “initiation” lives plotted against crack stress intensity factor (Kyy) for
notched specimens N1 and N2 under torsional fatigue.
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6.4 Fractography

The fracture features of notched specimens under axial and torsional fatigue were

observed by SEM.

6.4.1 Axial fatigue

Figures 6.12 and 6.13 show the fracture surfaces of notched specimens N1 and N2,
respectively. Under low magnification (Figures 6.12(a) and 6.13(a)), specimens N1 and
N2 show the same features. Cracks initiate at the notch tip over the entire circumference,
since a V-notch is a severe stress-concentrator. The notch immediately imposes mode 1
cracking contrary to the smooth surface where cracks initiate at PSBs and propagate to
some extent under mode II. In notched specimens, in spite of the roughness induced by
crack coalescence at the initial stage of fracture, the overall fracture surfaces are quite
flat, and perpendicular to specimen axis. Mode I fracture is the failure mode for notched

specimens under axial fatigue.

Under high magnification (Figures 6.11(b) and 6.12(b)), both N1 and N2 specimens show
the same microscopic features. These are typical fatigue fractographic features of 1045
steel. Some faint striations are observed (see arrows). Due to the microstructural
features, striations observed in 1045 steel are not as well defined as those in aluminum
alloy. No obvious crystallographic features are observed. Fracture surfaces of smooth
specimens under axial fatigue also have the same microscopic features as those shown in
Figures 6.12(b) and 6.13(b). For mode I fracture, there is no intrinsic difference in
fracture mechanisms between notched specimens and smooth specimens. Notch size does

not affect fractographic features under axial fatigue.
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Figure 6.12 Axial fatigue fracture surfaces of specimen N1 observed under SEM. (a)
Under low magnification. (b) Under high magnification; the crack direction is from
bottom to top in this photo.
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Figure 6.13 Axial fatigue fracture surfaces of specimen N2 observed under SEM. (a)
Under low magnification. (b) Under high magnification; the crack direction is from
bottom to top in this photo.
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6.4.2 Torsional fatigue

Observations have also been made of the fracture surfaces of notched specimens N1 and
N2 subjected to cyclic torsion. Whatever the notch size and the stress level, the so-called
“factory-roof” fractographic feature is observed in all specimens (see Figure 6.14). This
is a common fracture feature for circumferentially V-notched cylindrical specimen under
torsional fatigue, as observed by Tschegg in 4340 steel (1983) and by Brown et al in
1%Cr-Mo-V steel (1985). This kind of fracture surface is formed by mode I crack
propagation. Many cracks initiate along all over the circumference at notch tip as in axial
fatigue. These cracks could have a small amount of shear propagation, but this is not
obvious. They propagate under mode I on planes inclined +45° with respect to specimen
axis (planes of maximum normal stress) into larger section. They encounter more
resistance and eventually stop their propagation on these planes. This resistance forces
cracks to propagate into specimen thickness from the circumference to the center. Two
adjacent main cracks, which propagate on two orthogonal maximum principal planes,
coalesce to form the hills and valleys of the factory-roof fracture. Mode I fracture is the
basic fracture mode in notched specimens; whereas, in smooth specimen made of 1045
steel, mode II fracture is important under torsional fatigue (Chapter III). Sakane et al
(1988) also observed this difference in fracture modes between notched and smooth

specimens.

Note that all specimens were finally broken by axial fatigue after the rotation angle
amplitude increased by about 20%. The fracture features of torsional fatigue and axial
fatigue of these notched specimens are different, macroscopically and microscopically.
Macroscopically, the fracture surface of axial fatigue is flat; whereas, the fracture surface
produced by torsional fatigue looks like a factory-roof. Microscopically, there is a
difference between the local crack propagation directions as shown in Figure 6.15. The

photograph shows microscopic fracture features at the boundary between torsional
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fracture (right) and axial fracture (left). However, there is no obvious difference in their

micro-mechanisms of the mode I fracture caused either by torsional or by axial fatigue.

@@3a 15Ky

(b)

Figure 6.14 “Factory-roof” fracture surfaces in torsional fatigue.
(a) Notch N1. (b) Notch N2,
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Figure 6.15 Fracture surface caused by torsional fatigue (right), then by and axial fatigue
(left). The ridgeline in the middle of the photo is the boundary between torsional fatigue
and axial fatigue. Arrows show the crack propagation directions by torsional fatigue and
by axial fatigue, and the direction of macro fracture is the same as that of the axial fatigue
crack growth (N1T3).

More detailed observations have been made on the fracture features of torsional fatigue.
Figure 6.16 shows that initially many cracks propagate. Many small hills are observed,
and then coalescence occurs and higher hills form (Figure 6.16). This is why the fracture
surface close to the notch tip is flatter. The arrow in Figure 6.16 indicates a secondary
mode I crack that propagates on the plane perpendicular to the main crack plane.
Intensive friction is observed at the very initial stage of cracking as shown in Figure 6.17.
The photograph is taken from the notch tip at the valley. Secondary cracks propagating
on the plane perpendicular to the main crack plane are also observed (see dotted arrows
in Figure 6.17, while the solid arrow shows the notch tip). Coalescence of 45%cracks is
observed on a microscopic scale (see the steps and ridges in Figure 6.18). Figure 6.19
shows fractographic features in torsional fatigue which again similar to axial fatigue.
There is no intrinsic difference between the micro-mechanisms in mode I fracture of
torsional and axial fatigue, even though an obvious difference is observed between the

macroscopic features of the two loading cases.
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Figure 6.16 Crack coalescence observed on torsional fatigue fracture surface of specimen
N2T4 (arrow showing a crack propagating on the plane perpendicular to the main crack
front).

Figure 6.17 Intensive friction observed on the torsional fatigue fracture surface close to
the notch tip in specimen N2T4. The solid arrow shows the notch tip, and the dotted
arrows show the cracks propagating on the plane perpendicular to the main crack front.
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Figure 6.18 Microscopic coalescence on 45° crack planes leaves steps and ridges on the
torsional fracture surface of specimen N2T4.

Figure 6.19 Microscopic features observed on the torsional fracture surface of specimen
N2T4.
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6.5 Correlations between fatigue lives and notch SIFs
6.5.1 Finite element analysis and notch stress intensity factors

Williams (1952) showed that a singular stress field exists in the region surrounding a
sharp re-entrant corner (V-notch). By analogy with a crack, the stress field at V-notch tip

can be expressed as,

o, :KNr"’f,j(G) (6.3)
Here, oj is the stress tensor; r and 0 are the polar coordinates. KN is the notch stress
intensity factor. The order of stress singularity a is a function of the notch angle. It differs

from mode I to mode II or to mode [11, except for a crack (00 V-notch) where a=0.5 in all

modes (Verreman and Nie, 1996; Dunn et al, 1997).
6.5.1.1 Mode I notch stress intensity factors (KIN' and KINz)

Under axial loading, the elastic stress field at a V-notched tip presents a singularity. The

normal stress o, (Figure 6.20) at the notch tip can be expressed as

%= o, [ﬁj (6.4)

G r

M\ is a function of the notch angle and the dimensionless geometry. By analogy with

crack, the following relation can be obtained

N
G, = K(’, (6.5)
r
Then the mode I notch stress intensity factor is defined as
K =\o,,a" (6.6)

For a given geometry and a given loading system, the stress distribution c,,(r) can be
obtained by finite element analysis. Through linear regression, A; and o can be obtained,

hence the expression of K;" is obtained.
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Figure 6.20 Illustration of V-notch under axial loading.

Stress analysis was performed for the two notches N1 and N2 using the linear elastic
finite element module available in the Catia 5 code. The mesh size at notch tip is about
0.1lmm. All details of the numerical analysis are given in Appendix II. The relations
between 6,,/6xe and r obtained for both notches N1 and N2 are shown in Figure 6.21. It
can be seen in this log-log plot that both curves have a linear portion. Therefore, in
circumferentially V-notched specimens N1 and N2 subjected to axial loading, stress
singularities exist within a small zone at the notch tip and their stress fields at the notch
tip are characterized by the so-called notch stress intensity factor. Comparing the normal
stress in N1 and N2, we can see that notch singularity zone in N1 is larger than that in
N2. The depth of the singularity (6./0ne=1) is about 1 mm for N1 and 0.6 mm for N2.
Notch N1 is more severe than notch N2. It has a stronger stress concentration within the
stress singularity zone. This explains the difference in fatigue performance in terms of net

stress oyt between the two specimens (Figure 6.8).
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Figure 6.21 Normalized normal stress 6., as a function of the distance r from the notch
tip in specimens N1 and N2 under axial loading.

Linear regression of the straight parts (straight Figure 6.21) determines the notch stress

intensity factors for notches N1 and N2 as follows,

KM =0.559,,a"" (6.7)

KM =0.7675,,a"*" (6.8)

From these FEM solutions, it can be seen that under axial loading, the exponent of
singularity a is only a function of the notch angle; whereas, A; is a function of the
geometry for a given notch angle. The value of a in the 90° V-notch (0.42) is only slightly

lower than that in a crack (0.5). It is close to the value obtained from analytical solution
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(a=0.455; Dunn et al, 1997). With a=2.8575mm in N1 and a=0.635mm in N2, the mode |

notch stress intensity factors in N1 and N2 are,

KM =0.869c (6.9)

net ?

K =0.6340,,. (6.10)

The unit of mode I notch stress intensity factor is MPa.mm®**.
6.5.1.2 Mode III notch stress intensity factors (Kt and Kyi™2)

Under torsional loading, if there is a stress singularity, the shear stress singularity (Figure

6.22) at the V-notch tip can be written as

T a *
i:k,,,(—) , (6.11)
T r

net

where Ay is a function of notch angle and geometry.

By analogy with crack, the following relation is obtained

KN
» =—2. (6.12)
r
Then mode I1I notch stress intensity factor is defined as
K =\,t,,a%. (6.13)

For a given geometry and a given loading, the stress distribution t,9(r) can be obtained by
finite element analysis. Through linear regression, Ay and a can be obtained, hence the

expression of Kur™ is obtained.

The stress analysis was performed for the two notches N1 and N2 using the Catia 5 code
and the same mesh as that used for axial loading. All details are given in Appendix II.
The relations between shear stress T, and distance r obtained for specimens N1 and N2

are shown in Figure 6.23. This figure uses the same scale as in Figure 6.21.
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Figure 6.22 Illustration of V-notch under torsional loading.
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Figure 6.23 Normalized shear stress distributions at notch tip in specimens N1 and N2
under torsional loading (smooth 1 and smooth 2 represent the stress distributions of
smooth specimens with the same diameters as the notch specimens N1 and N2,
respectively: the straight line represent the regression lines).
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Notch stress concentration in torsional loading is lower than that in axial loading, and the
difference between the two notches under torsional loading is not as large as that under
axial loading. This can explain the lower notch effect on the fatigue performance under

torsional loading (Figure 6.10).

Straight portions (solid lines) are also observed on the two curves in Figure 6.23, but they
are not as clearly defined as for axial fatigue. A possible reason is that the minimum
available meshing size in Catia 5 is not small enough to catch well the immediate region
of the notch tip. Errors are introduced for the stress computed at distances very close to
notch tip. However, the linear portion of the curve can still be employed for linear

regression.

From linear regression of the linear portions (straight lines in Figure 6.23), the following

solutions of the mode I notch stress intensity factors are obtained,

Ky =0.56t,,a%" (6.14)
K}’ =0.81t,,a"" (6.15)

With a=2.8575mm in N1 and a=0.635mm in N2, the above solutions become,

K} =0.778,, (6.16)
K} =0.703,, 6.17)

It can be seen that for the mode III notch stress intensity factor, the singularity exponent
is equal to 0.313, which is close to analytical solution (2=0.333; Sonsino and Maddox,
2001). The unit of mode 111 notch stress intensity factor is MPa.mm®*". The depth of the

singularity zone (T(r/Tnerry=1) is about 0.6 mm in specimens N1 and is about 0.3 mm in

N2.



224

6.5.2 Fatigue life and notch stress intensity factor

The notch stress intensity factor can describe the stress field at the notch tip. For a given
loading mode, the same notch stress intensity factor results in the same stress field, and
the same fatigue events are expected. The mode I notch stress intensity factor is plotted
against the axial notch fatigue life in Figure 6.24 and the mode III notch stress intensity

factor against the torsional notch fatigue life in Figure 6.25.

The Mode I notch stress intensity factor Ki™ gives a good correlation of axial fatigue lives
from the two notched specimens N1 and N2. Several authors have also shown that K
can correlate fatigue lives obtained from V-notched welded joints of different sizes
(Verreman and Nie, 1996; Lazzarin and Livieri, 2001). By comparing Figure 6.24 and
Figure 6.9, no significant difference in correlating abilities is observed between K; and
K;™. The crack and the notch stress intensity factors have similar singularity exponents
(0.5 in K;j and 0.42 in KlN). Further, there is not much difference between the ratio of

crack stress intensity factors: Ky1y/Kje) =1.5 and KM/KMN =14,
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Figure 6.24 Axial total fatigue lifé plotted against mode 1 notch stress intensity factor
K.
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Figure 6.25 Torsional “initiation” fatigue life plotted against mode III notch stress
intensity factor Ky

A good correlation is also obtained when the torsional fatigue lives (“initiation” lives) of
the two notched specimen are plotted against the mode III notch stress intensity factor
K (Figure 6.25). Kur® for N1 and N2 are computed according to Eq. 6.16 and Eq. 6.17,
respectively. Such a correlation with the mode 111 notch stress intensity factor was never,

to our knowledge, reported yet.

By comparing Figures 6.25 and 6.11, a significant difference in life correlating ability is
found between crack stress intensity factor Ky and notch stress intensity factor K.
Note that the singularity exponent obtained for a 90° V-notch (0=0.313) is smaller than
that for a crack (a=0.5). The ratio between mode 111 notch stress intensity factors of N1

and N2 (KmN]/KmNZ=1.]O6) is smaller than that computed for cracks
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(KmayKm@=1.396). Using the crack stress intensity factor overestimates the difference
between the two notches under torsional fatigue. Ky gives a worse correlation than that
obtained with the nominal shear stress T,e. On the other hand, the correlation of fatigue
life with Ky is better than that with T,e. This is an experimental confirmation that K™

controls the stress field at the notch tip under torsion.

Mode I and Mode 111 notch stress intensity factors are good life correlating parameters for
90° V-notches under axial fatigue and torsional fatigue, respectively. For the
circumferentially V-notched specimens, the stress field is singular at the notch tip under
both mode I loading and mode III loading. The notch stress intensity factors alone
describe the stress fields. For a given loading mode, the notch stress intensity factor
reflects the same stress field, which results in the same fatigue events, whatever the

combination of nominal stress and notch size.

6.6 Notch effects versus loading conditions

By comparing Figure 6.8 and 6.10, two remarks can be made: 1) fatigue notch factor in
axial fatigue (2.44 for N2; 3.53 for N1) is higher than in torsional fatigue; 2) the life
difference between the two notched spécimens (size effect) is larger in axial fatigue than
in torsional fatigue. The global conclusion is that the notch effect is more important in
axial fatigue than in torsional fatigue. Several researchers have reported similar results

(Nisitani and Kawano, 1968 and 1970; Fatemi et al, 2002).

The stress analysis has shown that notch stress concentration is higher in axial fatigue
than in torsional fatigue (6,/Cnet >Tz0/Ther; Figures 6.21 and 6.23). In axial loading, the
stress concentration in notch N1 is higher than that in notch N2; however, for torsional
loading, stress concentration in N1 is only slightly higher than that in N2. Higher stress
concentration results in lower fatigue performance. This analysis is in good agreement

with the different fatigue performances measured in axial fatigue and in torsional fatigue.
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The low fatigue notch factor in torsional fatigue can also result from the factory-roof
fracture. As compared with the straightforward mode 1 fracture in axial fatigue, crack
propagation resistance is higher when the crack propagates in the zig-zag manner in V-
notched specimens under torsion. In torsional fatigue, when a mode I crack propagates
into the larger section of specimen along the planes at 45° to the specimen axis, it
encounters more resistance and finally is forced to propagate into the specimen thickness.
A lot of resistance is caused for the crack propagation by the friction due to the large
asperities on the crack faces. This high resistance of crack propagation can explain the
good torsional fatigue performance of the V-notched specimens. The torsional fatigue
“initiation” resistance of V-notched specimens is almost as good as that of smooth

specimens if comparison is based on the net stress Tye.. This is of engineering interest.

The mode I notch stress intensity factor correlates well the axial fatigue lives of the two
90° V-notched specimens. The mode III notch stress intensity factor also gives a good
correlation of torsional fatigue lives. Note that these correlations cannot be used to
predict fatigue lives for notches with an angle different than 90°. Different notch angles
will result in different values of the singularity exponent, different stress fields and
different units in the notch stress intensity factor. Comparison or finding equivalence
between these stress fields is complex. This is a limit for the notch stress intensity factor
approach. However, configurations with fixed notch angle do exist in real engineering
applications. For example, many welded joints contain a 135° sharp V-notch at the weld
toe. Many machine components contain 90° L-notches. For a given notch angle, the
notch stress intensity factor approach offers a life prediction method, theoretically

founded and conservative.
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6.7 Summary

The purpose of this study was to investigate notch effects on axial fatigue performance
and on torsional fatigue performance, and to examine the ability of notch stress intensity

factors to correlate axial and torsional fatigue lives.

Axial and torsional fatigue tests were performed on two types of circumferentially V-
notched cylindrical specimens (with a same notch angle of 90°, but different notch depths
and specimen nominal diameters). Fatigue life results show that in terms of nominal net
stress (et for axial fatigue and 1y for torsional fatigue), notch effects in axial fatigue are
more important than in torsional fatigue. Firstly, the fatigue notch factor is higher in
axial fatigue than that in torsional fatigue. Secondly, the notch size influence on fatigue

performance is more important in axial fatigue than that in torsional fatigue.

These differences are explained from stress analysis and fatigue mechanisms. Detailed
FEM stress analysis shows that the stress concentration due to the notch in axial fatigue
(622/Cnet) is higher than that in torsional fatigue (T,0/taer). The different stress
concentration levels can explain the different notch effects in axial fatigue and in

torsional fatigue.

Observations on fracture surfaces showed that in both axial and torsional fatigue, mode [
is the main failure mode. The fracture surface in axial fatigue is flat. In torsional fatigue,
the “factory-roof” fracture in V-notched specimen results in a high crack propagation
resistance and hence in good fatigue performance. This is another reason why the fatigue

notch factor is low in torsional fatigue.

The FEM stress analysis confirms that the stress fields at the notch tip are singular for
both mode I and mode III loadings. These stress fields can be characterized by mode 1

and mode III notch stress intensity factors. The same stress field should give the same
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fatigue events within the stress field. Very good experimental confirmation has been
obtained. Both mode 1 and mode III notch stress intensity factors can well correlate
fatigue lives of two specimens of different notch size, under axial and torsional loadings,
respectively. These correlations leave the door open to a future study on notch fatigue
behavior under combined axial-torsional loadings. Fatigue life is expected to be a
function of mode I and mode III components of the notch stress field. Different loading

combinations are required to determine this function.
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CONCLUSIONS

Axial-torsional high cycle fatigue tests were carried out on smooth tubular specimens
made of as-rolled 1045 steel. The effects of two types of non-proportional loadings (90°
out-of-phase and mean tensile stress) were investigated. Surface fatigue cracking
processes were monitored by a replica technique. Fatigue cracking mechanisms were
observed in detail by SEM. From the observation of fatigue cracking behavior, the

following conclusions are drawn:

- Cracks initiate at PSBs on the specimen surface in well-oriented ferrite grains.
Whatever the loading condition, most cracks initiate on planes of maximum shear
stress amplitude. Crack initiation is a shear-controlled process. Under non-
proportional loadings, more cracks initiate on the maximum shear plane where the
normal stress (amplitude or static value) is the highest. Stage I propagation of the

fatal crack occurs on this critical plane.

- The two stages of crack propagation have been observed: stage 1 on maximum shear
planes and stage Il on maximum normal stress planes. Stage 1 is a shear-controlled
process, while stage II is a tensile-controlled process. The two stages are clearly put
into evidence in three loading cases: torsional fatigue, in-phase and 90° out-of-phase
(A=2) axial-torsional fatigue. In axial fatigue, the transition from stage I to stage Il is
not obvious due to the infinity of maximum shear planes. In the special loading case
(=90 A=0.5), there is no stage I crack branching, since the stage 1 crack propagates

on the maximum normal stress plane.

- Differences in surface crack growth lives and in crack aspect ratios are observed
between axial, torsional, in-phase and out-of-phase loadings. However, curves of
crack growth against fatigue life ratio are approximately consolidated when crack

growth is defined in terms of crack depth. In other words, the relative fraction of total
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life spent to initiate a crack of given depth would not depend on the loading
condition. In particular, the transition from stage | to stage Il occurs at about 30-45%
of total life in the region of 10°-10° cycles. While the stage I crack length ranges from
50 pm to 750 um depending on the loading conditions, their depth is approximately
the same of about 20-40 um. The stage I/stage Il transition could correspond to a

microstructural barrier in depth.

- A special attention should be paid to the special loading case ($=90°; A=0.5) for
which the shear stress amplitudes on all planes are equal. All grains are well oriented
and crack initiation is easier. A much higher crack density is observed compared to
the other loading cases. Then crack coalescence occurs and results in faster crack
propagation. Faster crack propagation can also result from no stage Il crack
branching. More damaging mechanisms are involved in crack initiation and crack

propagation.

- Fatigue life consumed under shear control (initiation and stage 1 propagation)
represents an important part of total life. Therefore, shear-based parameters are
appropriate for the prediction of biaxial high cycle fatigue life in 1045 steel.
However, the more damaging mechanisms in the special loading case should be taken

into account in life prediction.

The life prediction abilities of eight multiaxial fatigue life parameters have been
evaluated for ferritic-pearlitic steels under biaxial high cycle fatigue. There are four
stress-based parameters (Tresca, McDiarmid, Dang-Van, and Papadopoulos), three strain-
based parameters (KBM, Wang-Brown, Fatemi-Socie) and one energy-based parameter
(GWP). Seven of them are based on the critical-plane concept (extensions of the Tresca
stress/strain parameter), and one (Papadopoulos) is an extension of von Mises parameter.
Two sets of biaxial high cycle fatigue data on ferritic-pearlitic steels (our own data and

data from literature) are used for this evaluation. The following conclusions are drawn:
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The Tresca parameter cannot predict biaxial high cycle fatigue life, due to the effects
of normal stress (both amplitude and mean) on the fatigue performance. With
increasing normal stress amplitude or increasing mean tensile normal stress on the
critical plane, the fatigue performance decreases. The Tresca parameter must be
modified to account for the normal stress effects.

The GWP parameter accounts for the normal stress effect but it cannot consolidate
pure axial and pure torsional fatigue lives. However, the overall prediction errors are

not larger than those of the other parameters.

The six other parameters can well predict fatigue lives for in-phase and low A out-of-
phase loadings. Fatigue lives for the other loading cases (high A out-of-phase loading,
the special loading case and torsional loading with static tension) are either

underestimated or overestimated.

For high A out-of-phase loading, the McDiarmid, Fatemi-Socie and KBM parameters
underestimate fatigue lives. An attenuation of normal stress/strain amplitude effect
due to the large phase angle on the critical plane can explain this underestimation.
The Wang-Brown parameter, which considers this phase angle, gives a better life
prediction. Both the Dang-Van and Papadopoulos parameters that use the maximum

hydrostatic stress, also work well for this loading case.

The effects of normal stress amplitude and normal mean stress on the critical plane
are different a priori. The former is a mode [ driving force, and the latter has an
opening effect. The maximum normal stress on the critical plane can account for both
effects of normal mean stress and in-phase normal stress amplitude on the critical
plane. The McDiarmid parameter and the Fatemi-Socie parameter can predict
relatively well the fatigue life under cyclic torsion with static tension. Parameters

such as KBM and Wang-Brown cannot account for tensile mean stress effects, since
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no mean stress/strain terms are used in these parameters. The parameters using the
maximum hydrostatic stress (Dang-Van and Papadopoulos) overestimate fatigue life
for the torsional loading with static tension. This implies that the static part of the
hydrostatic stress has a more important contribution on fatigue damage than the cyclic

part.

The worst fatigue performance in the special loading case is attributed to more
damaging mechanisms during crack initiation and crack propagation. This can
explain the overestimation of fatigue lives. To obtain a conservative life prediction,
the McDiarmid parameter can be modified by introducing an extra damage factor
(EDF). It can be calibrated from the ratio between the fatigue strength in torsion and

that in the special loading case.

The above evaluation of multiaxial fatigue parameters has been made in the high
cycle fatigue regime, assuming a totally elastic stress-strain response of the material.
However, plastic strain can be non-negligible above the fatigue limit. In such
conditions, parameters using both strain and stress components (e.g. Fatemi-Socie
parameter) can be required to account for different stress-strain response between in-
phase and out-of-phase loadings. Better life predictions could be obtained for high A
out-of-phase loadings but the detrimental effect observed in the special loading case

(¢=90°; 2=0.5) could not be taken into account.

Underaged and overaged 7075 aluminum alloys have been tested in three loading

conditions: axial fatigue, torsional fatigue and torsional fatigue with static tension. Based

on the observations of the fatigue cracking behavior and on the analysis of the fatigue life

results, the following conclusions are drawn:

Cracks occur on the weakest plane. Two types of weakness exist in fatigue of 7075

aluminum alloy: intrinsic weakness caused by the material anisotropy and extrinsic
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weakness caused by the applied loading. The former makes the longitudinal plane
weaker, and the latter favors the so-called critical planes as the possible cracking
planes. As a result, there are two types of fatigue cracking mechanisms: the
anisotropy-enhanced failure mechanism and the critical-plane failure mechanism.

These two mechanisms compete and the fastest one determines the fatigue failure.

Under axial fatigue, anisotropy effects are not observed in both underaged and
overaged materials, since the weak plane caused by the material anisotropy is not

submitted to a shear stress.

Under torsional fatigue, anisotropy does have important effects, since the longitudinal
maximum shear plane coincides with the weak plane. As a result, longitudinal shear

cracking occurs in both materials, especially at high stress level.

Under torsional fatigue with static tension, the competition between the two
mechanisms results in two Kinds of fractures: 1) transverse shear cracking in the
overaged material once a tensile load is applied; 2) longitudinal shear cracking in the

underaged material as long as the applied static tensile load is not high enough.

Material anisotropy effects are more important in the underaged material. Inclusion
fibering plays a role in both materials, but the combination of {111} texture and
planar slip enhances the weakness of the underaged material in the longitudinal

direction.

At the same maximum shear stress amplitude, the torsional fatigue life is higher than
the axial fatigue life in the overaged material, and the application of static tension
decreases the torsional fatigue life. A different trend is observed in the underaged

material. The axial fatigue life is higher than the torsional fatigue life, and the
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application of static tension does not have much influence on the torsional fatigue

life.

- These life differences are attributed to the differences in the fatigue mechanisms. In
the overaged material, material anisotropy effect is not important. A conventional
fatigue life parameter (e.g., the McDiarmid parameter) can give a good correlation of
the fatigue lives under different loading conditions. In the case of the strong
anisotropy effects in the underaged material, two stress-life relations are needed to
describe the two different mechanisms. Each stress-life relation can be calibrated by
different loading cases giving the same mechanism. For a given loading case, the
lower life computed from the two relations is taken as the predicted life. However,
these conclusions are based on a limited number of tests. Further investigation is

required for confirmation.

Axial and torsional fatigue tests were performed on two types of circumferentially V-
notched cylindrical specimens (with a same notch angle of 90°, but different notch
depths) made of as-rolled 1045 steel. The study of the fatigue behavior of these notched

specimens leads to the following conclusions:

- Notch effects in axial fatigue are more significant than in torsional fatigue. Firstly, the
fatigue notch factor is higher in axial fatigue than in torsional fatigue. Secondly, the

notch size effect is more pronounced in axial fatigue than that in torsional fatigue.

- Detailed FEM stress analysis shows that in axial fatigue, the notch stress

concentration (0,,/0ye) is higher than that in torsional fatigue (tze/tner). This difference

explains the different notch effects observed in axial fatigue and in torsional fatigue.

- The observation of the fracture surfaces in the V-notched specimens shows that mode

I fracture prevails in both axial and torsional fatigue. The fracture surface in axial
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fatigue is macroscopically flat, while the “factory-roof” fracture is observed under
torsional loading. The torsional resistance to crack propagation is almost the same as
that to crack initiation in the smooth specimens, if comparison is based on the

nominal shear stress.

- The stress analysis also shows that the stress fields at the V-notch tip are singular
under both mode 1 and mode III loadings. These stress fields are characterized by
mode I and mode III notch stress intensity factors. The same stress field should give
the same fatigue events. Very good experimental confirmation was obtained. Both
mode 1 and mode I1I notch stress intensity factors can correlate well the fatigue lives
from notches of different depth under axial and torsional loadings, respectively.
These correlations open the door for a future study on notch fatigue behavior under
combined axial-torsional loadings. Fatigue life is expected to be a function of mode I

and mode III notch stress intensity factors.

Fatigue life prediction must be based on a good understanding of the fatigue mechanisms.
For smooth specimens made of materials dominated by a shear cracking (1045 steel and
7075 aluminum alloy), shear-type critical plane parameters (e.g. McDiarmid, Fatemi-
Socie) are appropriate. But modification is necessary to take into account the more
damaging mechanisms in the special loading case (same shear stress amplitude on all
planes) in order to have conservative life prediction. In the case of strong anisotropy
effects (underaged 7075 aluminum alloy), the anisotropy-enhanced cracking mechanism
should also be taken into account in fatigue life prediction. For severe notches, fatigue
cracking is a propagation-controlled process, and a Fracture Mechanics approach is
needed to correlate the notch fatigue lives. The stress fields at a V-notch tip can be
characterized by the notch stress intensity factors under both mode I and mode IlI
loadings. The mode I and mode III notch stress intensity factors can correlate well the
axial and torsional fatigue lives, respectively, for V-notches with the same angle but

different geometries.
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STATEMENT OF ORIGINALITY AND
CONTRIBUTIONS TO KNOWLEDGE

In this study, several links between fatigue life prediction and fatigue cracking

mechanisms have been established. The original contributions of this thesis are the

following:

1.

An extensive description of axial-torsional high cycle fatigue mechanisms in 1045
steel using replica technique and fractographic observation, wth a special attention
paid to cracking mechanisms under non-proportional loadings.

An evaluation of the prediction errors of eight multiaxial fatigue life parameters
under a variety of proportional and non-proportional loadings; and an analysis of
these errors based on cracking mechanisms and stress analysis.

A modified critical-plane parameter proposed to account for the extra damage in the
special loading case where shear stress amplitude is equal over all plane
orientations, and to obtain at least conservative life prediction.

A critical evaluation of anisotropy effects in high cycle torsional fatigue behaviors
of underaged and overaged 7075 aluminum alloy, including the description of
competition of two different cracking mechanisms (critical plane failure mechanism

and anisotropy-enhanced failure mechanism).

. A model based on two stress-life relations proposed to predict biaxial fatigue life

for an anisotropic material.

An evaluation of axial and torsional stress singularities and high cycle fatigue
strengths of circumferential V-notched specimens of different depths.

A consolidation of notch size effects on axial and torsional fatigue life using mode I

and mode III notch stress intensity factors, respectively.
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APPENDIX I - STRESS ANALYSIS OF THE THIN-WALLED
TUBULAR SPECIMEN UNDER AXIAL-TORSIONAL LOADING

This stress analysis is available in literature (Ohkawa et al, 1997). We remake it for our

understanding and verification.

A tubular specimen is submitted to a combined axial-torsional cyclic loading as shown in
Figure I.1. The applied axial and shear stresses (c and 1) are:
=Gosinmt (LD
{j:’to sin (ot-¢) (1.2)
Where oy and 7o are the applied axial and torsional stress amplitudes, respectively. o is
the angular frequency. ¢ is the phase angle between the applied shear and axial stresses.
Stress ratio A is defined as the ratio between the applied shear and normal stress
amplitudes (=1¢/cp). The applied axial-torsional stress can be described with stress ratio A
and phase angle ¢. A=0 corresponds to axial fatigue, and A=co to torsional fatigue. $=0°

corresponds to an in-phase loading and ¢=90° to a 90° out-of-phase loading.

GT
)

Figure I.1 Schema of a tubular specimen submitted to an axial-torsional loading.
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The applied stress tensors for a general axial-torsional loading (stress-controlled high

cycle fatigue) are:

Cum Tz Tz ocosinmt Tosin(mt-¢) 0
[Tel OIT  Trr ] = [tosin(mt-q)) 0 0 ]
Tz TWr Or 0 0 0

Here z corresponds to the specimen axis, T to the circumferential (tangential) direction
(the letter “T” is used not to confuse with the plane angle “0”) and r to the radial

direction.

The Mohr circle of a general axial-torsional loading is schematized in Figure 1.2. The
plane of maximum shear (tmax) is perpendicular to the specimen surface plane zT. The
normal of the maximum shear plane lies in the surface plane, and the angle between its
normal and the specimen axis is determined by the applied stress system (A and ¢). Note
that in pure axial fatigue, there is also a maximum shear plane perpendicular to the zr

plane.

A Tmax

G3

(0, tr2)

Figure 1.2 Mohr circle of a general axial-torsional loading.
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Figure 1.3 is the 2D schematic of a triangular small element (ABC) on the specimen
surface. AC represents a plane perpendicular to the specimen surface and whose normal
(n) makes an angle 0 with respect to the specimen axis (z). AB and BC represent the
longitudinal and transverse planes. The shear and normal stresses on each plane are also

illustrated.

z (specimen axis)

A Og

To

Toz

B <__T> Toz C
GZZ

Figure 1.3 A small triangle surface element used in stress analysis (ce and 1 are the
normal and shear stresses on the plane 0).

The normal and shear stresses (g and 1g) on plane AC can be obtained:

{fezczzcoszé)wLZtZesinOcosB (1.3)

6=T1,0(c0s°0-sin’0) -6, sinbcosO 14
Note that 6,,=cosinwt and 1,6=Tosin(wt-$), then the equations 1.3 and 1.4 become:

Ge=Gosinmtcos’0+2tesin(mt-¢)cosOsin® (.5

To=ToSin(wt-d) (cosze-sin ’0)-cosinwt cosOsin® (1.6)



Stress ratio A=To/cp; then the above equations can be expressed as:

% _ H—c;—)—siqsin ot + A sin 20 (sin ®f cosh — cosmt sin¢)

Gy

. . | .
To —hcos20 (sinwtcosp —coswtsind) — Esm 20 sin ot
S

From the equation 1.7, the following relation is obtained:

S _ 1 +c0s20 +2A sin29 cos¢ sinm? — A sin 20 sin¢ coswt

G, 2

_ \/(l +¢0s20 + 21 sin20 cosd)? + (21 sin 20 sin¢)’
- 2

2 sin 20 sind
1+ c0s20 +2A sin 26 cos¢

Here, tanx =

From the equation 1.8, the following relation is obtained:

. . 1. .
To X c0s20 sinot cos¢ —A cos20 coswtsind —-Esm 20 sinwt
Oy

_ 2\ cos20 cos¢ —sin 20 sinof — A cos 20 sind cosof

2
5 o 2 i 2
_ (220526 cos¢ ~sin20)* + (21 cos 20 sin) sin(@f — y)
2
2A cos20 sin¢

Here tany = -
2 c0s20 cosd —sin 20

sin(wf — x)
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(17)

(L8)

(1.9)

(1.10)

(1.11)

(1.12)
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From the above calculations, the following relations are obtained:

The normal and shear stress amplitudes (Gg. and te.,) on the plane 0 :

Coa \/(1 +00820 +2Asin 20 cosd)” + (2)sin 20 sin¢)’

I.13
- . (1.13)
Toa \/(2K c0s20 cosd —sin20)? + (2A cos 20 sind)’ (1.14)
G, - 2 '
The phase difference & between the normal and shear stresses on the plane 6:
0 =y —x =arctan 2).cosX qu)_ —arctan 24 sin2) s.md) (1.15)
2\ c0s20 cosdp —sin20 1+ cos20 + 2A sin20 cosé

The maximum shear plane is the plane on which the shear stress amplitude is maximum.
Then it can be derived by maximizing the equation 1.14 with respect to the angle 8. Such
a computation leads to the maximum shear plane (determined by the angle & between its

normal and the specimen axis) as:

(4R = 1) — (402 —1)? + 1607 cos ¢

tan 2§ = L.16
an 2 45 cosd (116)

The maximum shear stress amplitude (tmax) and the normal stress amplitude acting on

this plane (o,) are determined by the following relations:

[L@_)z _ (404 1)+ (427 - 1)? +16) cos” L.17)
8
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J@R =17 +16)7 cos’ ¢

0

2 2 2 2 2 }’:
(&j =%[(4x2+3)—\/(4x2—1)2+16x2cos2¢ +2«/§{(4xzcos2¢+1)+(47“ —D -4 @k +3)cos ¢} } (1.18)

Substituting the stress ratio A and the phase angle ¢ by the values of each loading case in
the equations 1.13 and 1.14, the normal and shear stress amplitude variations on different
planes are obtained (Figure 3.6, page 99). From this figure, the plane(s) with maximum
shear stress amplitude and the plane(s) with maximum normal stress amplitude can be
determined for different loading cases. The normal and shear stress variations with time
on the critical plane can be also derived (Figure 4.1, page 138) using the equations 1.9

“and 1.11 after the critical plane has been identified.
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APPENDIX II - STRESS ANALYSIS OF CIRCUMFERENTIALLY V-
NOTCHED CYLINDRICAL SPECIMENS UNDER AXIAL AND
TORSIONAL LOADINGS

Two 3-D solid models (Figure II.1) for circumferentially V-notched cylindrical
specimens (N1 and N2) are created using “Part Design” in CATIA V5. Before the stress
analysis, a material is assigned to these models: 1045 steel, Poisson ratio v=0.30 and
Young’s modulus=205GPa. Linear elastic finite element stress analyses of these models
under axial and torsional loadings are carried out using “Generative Structural Analysis”

in CATIA V5.

(a) (®
Figure IL.1 The 3-D solid models for the two notched specimens: (a) N1; (b) N2.
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1. Stress analysis for axial fatigue

In CATIA 5, first open a model (to which a material has been assigned), and then go to
“Generative structural analysis”. An analysis workbench is then open. A finite element
mesh is defined. The boundary conditions (restraints and loads) are selected. Then the

computation is carried out. The results are extracted for post processing.

1.1 Meshing

The meshes in the two models N1 and N2 are shown in Figures 11.2 and I1.3, respectively.
In both meshes, the same linear tetrahedron element is used. In most of volume, the
element size is Smm. Finer elements (0.2mm) are assigned to the notched zone. At the
notch tip, the smallest elements (0.1mm) that can be obtained using CATIA VS5 are used.
In N1, the total number of elements is 172396 and the total number of nodes is 34558. In
N2, the total numbers of elements and nodes are 65449 and 12945, respectively.
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Figure I1.2 Mesh of notched specimen N1
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Figure I1.3 Mesh of notched specimen N2
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1.2 Boundary conditions

The same restraints are applied to the models N1 and N2. A “Clamp” is created on the
circumferential surface of one specimen end. This setting fixes all degrees of freedom for
this end. It reflects the real testing situation that the specimen end attached to the upper
grip of the machine cannot move in any direction. At the other end of the specimen
(lower grip), a “Virtual Part” is created on the circumferential surface. Axial loads of
16.959KN for N1 and 12.313KN for N2 (c,.~=120MPa for both N1 and N2) are applied

to the specimen end where a virtual part has been created.

1.3 Computation

After the “Compute” command is applied, the finite element computation is
automatically performed. After the computation, the solutions of displacements and
stresses (von Mises stress, principal stresses and stress tensor components) can be either

visualized as images or be reported as text documents.

The numerical computation has been verified with the analytical solution for a smooth

cylindrical specimen.

1.4 Post-processing

“Cut Plane Analysis” consists in visualizing results in a plane section through the
structure. “Cut Plane Analysis” is used to obtain the distribution of the normal stress o,
in a longitudinal plane that cuts through the specimen axis. An iso-stress contour color
map on this plane is then obtained. Figures [1.4 and I1.5 show the iso-stress contour maps

for the two notches N1 and N2, respectively (15 colors in each map).
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Figure IL.4 The iso-stress contour map of 6, on the longitudinal plane
(through the specimen axis) in notched specimen N1.



0.5mm

Figure IL5 The iso-stress contour map of ¢, on the longitudinal plane
(through the specimen axis) in notched specimen N2.
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The stress concentrations at the two notches are readily visualized. A higher stress
concentration is found in specimen N1, which is evident by the higher stress values and

the larger stress concentration zone.

From the stress contour maps, the stress value and the corresponding coordinates at each
boundary of different colors along the diametrical direction on the notch plane (the
smallest cross-section of the specimen) can be obtained. The relations between 6./Gnet
and distance r from the notch tip for the two notched specimens N1 and N2 can be
obtained as shown in Figure 6.21. The notch stress intensity factors K" and K are
then obtained by linear regression of the linear parts of the two curves in Figure 6.21.
Note that the singularity exponents obtained in this analysis is 0.42, which is slightly
lower than the analytical solution (0.455). One possible reason is that the meshes used in
this analysis are not refined and result in some inaccuracies. A 2-D finite element stress
analysis is also conducted on these two notched specimens using another software (Forge
2). With Forge 2, very fine meshes can be defined at the notch tip, and the obtained
singularity exponent (0.45) is closer to the analytical solution. However, the curves of
G,/0net VS. T obtained with CATIA and with Forge 2 are close to each other when

r>0.1mm (beyond one element from notch tip).

2. Stress analysis for torsional loading

The procedure of notch stress analysis for torsional loading is very similar to that for
axial loading. For torsional loading, the same meshes and the same restraints are used as

those for axial fatigue for both specimens N1 and N2.

Torques of 69.84 N.m for the notch N1 and 43.98 N.m for the notch N2 (1,~150MPa for

both N1 and N2) are applied to the specimen end where a virtual part has been created.
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“Cut Plane Analysis” is also used to obtain the iso-stress contour maps for shear stress 1,9
on the longitudinal plane that cuts through the specimen axis, for both specimens N1 and

N2 (Figure 11.6 and Figure 11.7).

Notch stress concentration at notch is readily visualized in both specimens NI and N2.
Near the notch tip, the shape of iso-stress contours is more or less circular. Unlike axial
loading, a stress gradient still exists at the specimen center. This is understandable from
the fact that when a smooth cylinder is submitted to torsional loading, a shear stress

gradient exists along the diametrical direction.

The stress value and the corresponding coordinates are known at each boundary of
different colors along the diametrical direction on the notch plane. Then the relations
between T,0/The and distance r from notch tip for N1 and N2 are obtained as shown in
Figure 6.23. Then, by the linear regression of the straight parts of each curve in Figure
6.23, the mode III notch stress intensity factors Ky and Ky\? are obtained for the

specimens N1 and N2, respectively.
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0.5mm

Figure IL.6 The iso-stress contour map of 1, on the longitudinal plane
(through the specimen axis) in notched specimen N1.
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. :

Figure I1.7 The iso-stress contour map of t, on the longitudinal plane
(through the specimen axis) in notched specimen N2.



