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ABSTRACT

Crack tip shielding phenomena, wherehy the "effective crack driving
force" experienced at the crack tip is reduced compared 1o the applied
(far-field) value, are examined with reference t6  fracture toughness,
sustained-load cracking and fatigue crack propagstion tehavitr in motsls,
ceramics and composites. Sources of shipiding are described tn forems of
mechanisms relying on crack path deflection and mesndaring, on the
production of slastically constrained zones which envelop the cragh i
shielding), amd on the generatioh of widning, hridgiey or 4liding
between the crack surfeces {centact shielding},

The fatigue crack propagation bemavior of presture «psied szeply 3
investigated, with particular emphasss on the role of orgck tip smieloing,
Existing data has been reviewed and pew data gre presented, for put»
baseplate and weldments, on ¢rach growth 1o shesls expiued 0 nyener
environments. TE i5 shown that, at ihe Powsr growth cairg wherp the
majority of fatigue life is abtarned, the ieflugnce of enyvirgrmerts?
degradation may be surprisingly small, & resoll whogh appeses 10 grigrests
from the mutvally offsetiing efforts of orvrrorrertel famage and »roepase
crack tip snielding,

The rle of dispersions of pree-eststsrg grate DTaedacy BAceoagrds “4
investigated in facture toughress eed fategue trach propagatacn bebse-ps
in a low alloy steel. Whoress the £rack 1rotsgteon and desch growl®
tougkness {i.e., Kjg and the laring cofalus? sen severely Segvedes, even
for comparatively mild degrees of microverd Syemsge, retes of subpesteis
crack growth by fatigue rem3in relslyvely unsffected. Pesulls aeo
interpreted n teems of & suiual Competriiss hotwpsn micepsiruttural SATAGY
generated by the grain boundary migravetds, swhigh proso¥es Srack growi® vy
Towering the fntrinstc resistance of tus mrosteuttore, and the result-+g
tortuous crack paths, which extrinsically retard crach growth ot Yew sieoss
intensities by lowering the local fip “driving forae™ forack 00
shielding).

Contrary to ‘traditional notipns conserning Ceramscs, fategue crack
propagation under tension-tension losding 13 obserynd 1R g transformstnoes
toughened partially-stabilized zirconia ceramic, Sueh suberiticel bebavirr
is demonstrated to be cyclically taduced, based on & comparison weih
behavior under sustained loading and at varying cyelic frequencies. Growt®
rates over the range 10-10 to 106 mrcycie wore found to be powor-law
dependent on the stress Intensfty range, and L0 show wean stress, crach
closure, frequency and environmental effects, analogous to behavior n
metais. Such behavior is ratfonalizad primsrily in terms of the non-linpar
behavior of material elements in the region of the crack tip due to
mechanisms of extrinsic transfermation toughening.

Although utilization of crack tip shiolding can be a potent means to
enhance toughness, the implication of such extrinsic toughening is crack
size dependent behavior. This important consequence is shown to result in
resistance curve behavior, anomalous "small crack" effects, and contrasting
microstructural factors contralling crack fnftiation and growth. An
additional consequence 1s susceptibility to cyelic fatigue damage in 2
range of advanced ceramic materfals. Pessible mechanisms of such fatigue
degradation are identified and discussed with regard to four major classes
of ceramic and ceramic-matrix composites. Suggestions for future work are
presented.

P . — .




ACKHOWLEDGEMENTS

I am indebted to Professor Robert 0. Ritchie who provided a
challenging and helpful supervision of the research program and most
importantly, was a constant source of inspiratfon. Togethzr with his
remarkable knowledge of the literature, his assistance with compiling
the extensive survey af available literature is gratefully
acknowledged.

I am grateful to a number of people for many stimulating and
helpful discussions. I would particularly like to express my
gratitude to Mr Paul Spencer and Professor Earl Parker for assistance
in the pressure vessel program, and Dr. Roland Cannon and Dr. David
Marshall for discussions in che ceramics program.

For their extensive technical assistance which was indispensable
in the completion of this work, I would 1ike to thank in particular
Dr. Weikang Yu, Fred Haulbensak, Jim Mason, and Dr. Raj Pendse.

Finally, I would Tike to thank Madeleine Penton for her patience
and assistance in preparing the manuscript.

-
4




=%

CONTENTS
DECLARATION .........c.s L R P R
RBSTRACT  o1iviinensasunsrinorinesransussesrannannes tesreriien
ACKNOMELEDGEMENTS
CONTENTS  ....cuenens

CHAPTER 1: INTRIMSIC AND EXTRINSIC TOUGHENING

ABSTRACT ...

1.1, INTRODUCTION toii eevnriivenicnvannrnnmnnioororsnssrsas
1.2. MECHANISMS OF INTRINSIC TOUGHENING .......coeioe
1.3. GENERAL CONSIDERATIORS OF EXTRINSIC TOUGHENING ........ .

1.3.1. "Crack Driving Force® ...
1.3.2. Mechanisms of Crack Tip Shie\ding

1.4, CRACK DEFLECTION AND MEANDERING

1.5, ZONE SHIELDING

1.5.1, Introduction ...iveevass
1.5.2. Transformation Toughening
1.5.3. Micracrack Toughesing
1.5
1.5

14 Dislocation Shielding ........
.5, Other Forms of Zone Shielding .........

1.6. CONTACT SHIELDING .....

1.6,1. Introduction
1.6.2. Wedging .....
1.6.3, Bridging ...
1.6.4, Stiding ...
1.6.5. Combined wedging and Brxdgmg

1.7. COMBINED ZONE AND CONTACT SHIELDING ............

1.7.1. Plasticity-Induced Crack CIOSUrE .vuveeresenrninne

iv




1.8. CONCLUDING REMARKS .........uue L P :+
1.9, REFERENCES ..icevervaranas F I = Y
1,100 FIGURES  tuuviureanovseesocnsoonssvaveansnes bererrens seer 29,

CHAPTER 2: FATIGUE CRACK PROPAGATION BEHAVIOR IN PRESSURE VESSEL
STEELS FOR HIGH PRESSURE HYDROGEW SERVICE

ABSTRACT  wvveirunnsnecnonsniiensoaisanoncans e serisene 37,

2.1.

I

2.3, RISULTS ...

2,3.1. Exposure to Gaseous Hydroges ...veesevesscnensanes. 41,
2,3.2. Prior Exposure to High Pressure Hydrogen .
2,3.3, Influence of Load Ratio .....seiivannns

2.3.4. Influence of Cyclic Frequency

2.3.5, Influence of Temperature ....

2.3.6. Influence of Weld and HAZ Micrastructur‘es Ceveraee 45,
2.4, DISCUSSION ivuiiivuvvarvirnuieninvannens erveereeavereaens 470
2.5, SUMMARY AND CONCLUSIONS .

2.6. REFERENFES L. eivurverennnnnsnenssncernarnasssnarnesnnnanns 50.

2.7, FIGURES  iiiiaiviiiniariciaisansnarssnsansaesssnnssnaeses 52,

CHAPTER 3: EFFECTS OF PRE-EXISTING GRAIN BOUHDARY MICROVOID
DISTRIBUTIONS ON CRACK PROPAGATION IN LOW ALLOY STEEL

ABSTRACT  «usivnnirnaenvnesrraniararsaneroaennas e w72,
3.1, INTRODUCTION oueiivavuioniannannonsoasarasnonnnas e 72,
3.2, EXPERIMENTAL PROCEDURES ......... T R L N
3.3, RESULTS  thriiiriiisiniiisannnrasasnaannrnnanas revereas 76.

v

R T W N

1.7.2. Phase Transformation-Induced Closure .....eeveeee, 22,

INTRODHETION hivuvinnveininnneunnvnvennnvensonnnscacsaees 37,
2.2. EXPERIMENTAL PROCEDURES .iuvevivarsseeveancernarnvrnesoss 38,




3.3,1. Characterization of Microstructural Damage ....... 76.
3.3.2, Effects of Pre-Existing Microvoids

an Fracture TOUGhNESS . ..ivvieivrinnsnanenas cereee 78,
3.3.3. Effecis of Pre-Existing Microvoids

on Fatigue Crack Propagation ....... caresvaeanes . 83,

3.4, CONCLUDING REMARKS ....... 87.
"5, CONCLUSIONS vveerennnn. 8.

s 3.6. REFERENCES wevvvenereennes UUOTTRTTORON e, 90,
3.7, APPRNBIX T .vuveen e TUITOTOVORPRISIOUUOTRY-
3.8, APPENDIX T1 wvvvvecenerservraracrnnnnnss aveneeserncnens 96, v
3.9, FIGURES vvvvvvesesrerersemrevssrennenseensenins U X o

CHAPTER 4: FATIGUE CRACK PROPAGATION IN TRANSFORMATION-TOUGHENED :
ZIRCONIA CERAMIC |

w
) ABSTRACT «vvusvvvvnsnsnonvsrssronuernrvnn [ETTOT .13,
- o
4.1, INTRODUCTION ......ocvvvnianns P PR § ¥ Y B
4.2, EXPERIMENTAL PROCEDURE ....uviivvvinrenersnsrnoanannnnana W lid.
4.3, RESULTS v 116.
S 4.3.1. (1) Sustafned Load Behavior ...... 116.
Ls {11) Influenca of Cyclic Frequancy 117.
. {iii} Influence of Stress Intensity Range . 117,
4.3.2, Environmental Contribution to Crack Growth 117,
4.3,3. Influence of Fracture TOUghness ......c.e.. 118, H

4.3.4. Constant 4K and Block Loading Sequences L sl .
4.4, DISCUSSION ..vivvvvans
4.5, CONCLUSIONS ........

5 4.6, REFERENCES +vevvervees .
4.7. FIGURES ..... e e 120, )

) <

: |




5.1.
5.2,

5.4,

5.5,

FUTURE WORK

ABSTRACT ..uvius

INTRODUCTION ouuiieiaiieeevnnnrsnennresaanaraniessnnanans
BENERAL IMPLICATIONS OF EXTRINSIC TOUBHENING ............

. POSSIBLE MECHANISMS OF FATIGUE IN CERAMIC MATERIALS AND

PROPOSALS FOR FUTURE WORK ..vvvvensenniaans ERETTTTTRTEN .

3.1, Introduction ..iiivervaveanss
3.2, Transformation and Microcracked Toughened Materials
3
3.

. Deflection and Bridging Materials .
. Whisker Reinforced Ceramic-Matrix Mat
.3.5, Ductile Phase Toughened Materials .....

REFERENCES  ...avucveennnas Presisseses it irtirans rresies

5
5
5
5
5

FIGURES +.vvvanes feesarearersasenas [ETTTPN

I T . Y - Y

CHAPTER 5: IMPLICATIONS OF EXTRINSIC TOUGHENING AND PROPCSALS FOR

136.
136.
137.




CHAPTER §: IMPLICATIONS OF EXTRINSIC TOUGHENING AND PROPOSALS FOR ;
FUTURE WORK |

ABSTRACT  ..ivvnnnninnnan .

eavevasses 136,

§.1. INTRODUCTION ..vv.enn

al §,2. GENERAL IMPLICATIONS OF EXTRINSIC TOUGHENING ............ 137, '
5.3, POSSIBLE MECHANISMS OF FATIGUE IN CERAMIC MATERIALS AND |

PROPOSALS FOR FUTURE HWORK +.vveivanviavannans veeneveniees 139,
s 5.3.1. INEPOQUEEION  vuvnsuneseesrsennsnnssnnenns 139, !
. 5.3.2. Transformation and M1cr0cracked Tnughened Matemals 142, :
. 5.3.3. Defiection and Bridging Materials .......... veo 145,
5.3.4. Whisker Reinforced Ceramic-Matrix Materfals . 146, i
! §.3.5. Ductile Phase Toughened Materials ..... . 148, i
6.4, REFERENCES .i.civvvnnennnsen Crerasiaenaens tevsasananasas, 149,
6.5, FIGURES ....vovvenn D TR veveaeeenre 161 -

: i
AR
| <

]
<.
R
vil




CHAPTER 1: INTRINSIC AND EXTRINSIC TOUGHERING
ABSTRACT

Crack tip shielding phenomena, whereby the “effective crack
driving force" actually experienced in the near-tip region
is reduced compared to the applied (far-field) value, are
examined with reference to fracture toughness, sustained-
load cracking and fatigue crack propagation behavior in
metals, ceramics and composites. Sources of shielding are ! .
described in terms of methanisms relying an crack path o
deflection and meandering, on the productinn of elastically
constrained zones which envelop the crack (zone shielding),
and on the generatiop »f wedging, bridging or siiding o
forces between the cruck surfaces (contact shielding). voge.
Examples of such extrinsisc toughening are taken primarily P
from the crack closure and deflection of fatigue cracks, by i
mechanisms involving cyelic plasticity, corroston debris

and tortuous crack path morpholegies, and from the
toughening of brittle materials, by transformation, |
microcracking and 1igament toughening mechanisms, B

1.1. INTRODUCTION

In fracture mechanics terms, the extension of a erack can be
considered to be driven by the presence of a “crack driving force®
and opposed by the resistance of the microstructure. Here the crack
driving torce is generally defi . by some characterizing parameter,
such as the stress intensity .: or pathindependent integral J, i
which describes the deminant stress and deformation fields in the
vicinity of the crack tip from a knowledge of crack size, applied i
toad and geometry. Crack advance is thus restrajned by lowaring the »
applied load or by “"tougheaning®" the material, e.g.. through
compositional or microstructural modification.

In alloy design, it is generally the perception that : wwhening
{s achieved by increasing the inherent microstructural 5

e.g., by coarsening particle spacings, changing hend s+
increasing ductility, etc, This process hereafter
intrinsfc toughening. However, in many matertaf
particularly with britéle fracture in ceramics (1) nd

*Tuughening 1s used in the general sense here o duscribe
material factors which impede crack extension, both in {nsreasing
fracture toughness and in retarding sub-critical crack growth by
stress corrosion or fatigue.




metals (2), the actua) source of toughness is distinctly different
and arises from mechanisms of crack tip shielding, where tot-hness is
achieved, 1.e., crack extension is impeded, by mechanical,
microstructural and environmental factors which Jocally reduce the
crack driving force. This process Is termed extrinsic toughening.

The initial aim of the present study is to provide a
comprehensive review ¢f the mechanistic arigin and effect of such
crack tip shielding fn metals, ceramics and composites. Particular
emphasis is placed on extrinsic shielding which arises from fatigue
crack closure effects in metallic alloys and transformation
toughening fn ceramics. The study is subsequently extended to fnclude
three detajled independent investigations on crack propagation in two
widely different material systems, namely, pressure vessel steels and
a transformation toughened parvially stabilized zirconia ceramic.
Each study s designed to elusidate the separate roles of intrinsic
and extrinsic tougheming during crack propagation under different
loading and environmental conditions. Finally, the general
implications of extrinsic toughening, on crack extension behavior
under monotznic and cyclic loading, is discussed. In particular, the
discussion focuses on an important recent range of advanced
structural ceramic and ceramic-matrix composites. Intensive
scientific research in the last decade has resulted in major advances
in the extrinsic toughening of these ceramics. However, the work
undertaken in this study seems to fndicate that these materials,
contrary to conventional wisdom, may as a result become susceptible
to cyclic fatigue degradation. Based on these considerationx,
possible mechanisms of such cyclic fatigue damage are discussed and IR
suggestions for future research are presented.

Due to the considerable subject breadth of the preseat i
undertaking, each individual study has been compartmentalized and is 3 W
reported as a complete study, usually associated with each chapter. I
Therefore, although the underlying concepts and implications of ; .
Tntrinsic and extrinsic toughening are maintained and apparent !
throughout the work, the continuity of each individuzl study is '
nevertheless preserved. |

1.2. KECHANISMS OF INYRINSIC TOUGHENING

Intrinsic toughening mechanisms 1involve pracesses which i
predominate ahead of the crack tip, Typifcally, they pertain solely to
a specific fracture mode, such as cleavage fracture induced by
cracking of particles or microcracks in brittle materials, or ductile
fracture from the coalescence of microvoids formed via interface |
decohesfon {or cracking) of fnclusion particles. This is in direct |-
contrast to extrinsic mechanisms which generally result from .
processes occurring in the wake of an advancing crack, While the
migrostructural details of intrinsic processes are fn general quite
well understoed, only fairly simplistic models exist for the

2 |
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operation of those mechanisms in the highly triaxial field
surrounding a crack tip, which 1& 15 necessary to consider for the
prediction of fractur¢ toughness,” These models are generally based
on the concept of a c¢ritical fraiture stress being exceeded across a
microstructurally-significant characteristic distance for brittle
fracture, e.g., the Ritchie-Knoti-Rice model for cleavage fracture
toughness (Figure 1.1(a)) (3), ar a stress-state modified critical
strain being exceeded over a characteristic distance for ductile
fracture (Figure 1.1{b)), as recently reviewed for stationary and
moving cracks by Ritchie and Thompson {4).

“ore recently, such intrinsic models have been reformulated on a
stachestic basis and involve, for example, the statistics of sampling
an array of fracture-inducing particles within the crack tip fleld
ahesd of the tip (5). Such probabilistic approaches ¢re particularly
usaful for the mere brivtle ceramic materials which contain a
strength dispersion due to the presence of surface machining flaws
and interior microcracks (6}. The approach is based on the Weibull
fracture theory whic, takes the material volume under stress into
cousideration. This volume effect, which ultimately determines the
final integrity, 1s based on a weakest-1ink statistical theory where
failure of a single link or flaw implies catastrophic faflure of the
component. Most recent advances in this area have been the
incorporation of the Batdorf theory which, based on Griffith fracture
mechanics, specifies crack shape, size, and orientation, and includes
multiaxial fracture criteria and the effects of shear sensitive
cracks (7).

These approaches have been utilized principally for modelling
the intrinsic fracture toughness behavior of metallic alloys (3-5,
and see Chapter 3) and ceramics (6). They have yet to be utilized
{in association with crack tip shielding modets) to define the
inflaence of microstructural features on the toughness and
subcritical crack growth resistance of extrinsically toughened
materials, In particular, ih ceramic and ceramic.matrix comosite
materials, fracture behavior is tikely to be far more of a comprumise
between intrinsfc and extrinsic mechanisms. In addjtfon, where crack
proragation occurs under cyclic loading conditions, the effect of
repeatad foading and unloading cycles on decreasing the intrinsic
toughness, by processes of accumulated damage ahead of the crack tip,
requires further attention.

*Intrinsic mechanisms describing processes involved in the growth of

fatigue cracks are even less understood, in part due to the Tack of
realistic analytical solutions describing the stress and deformation
fields in the vicinfiy of a crack tip in the presence of cyclic
plasticity.
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1.3, GENERAL CONSIDERATIONS OF EXTRINSIC TOUGHERING

1.3.1. “Crack Driving force"

The se-called *driving force" for crack growth is generally
described by a field characterizing paraweteér. This is defined by
characterizing the stress and deformation fields local) to the region
at the crack tip, usually through the use of asymptotic continvum
analyses, and determining the functional form of the singular crack
tip field which is appropriate for the primary mechanism of
deformation, i.e, for the prevailing constitutive relationship.
Provided this field can be considered to “dominate” the local
stresses and strains over a region which is large compared to the
scale of microstructural deformation and fracture events in the
vicinity of the tip, the scalar amplitude of the field is taken as
the characterizirg parameter and can be used as a correlator of
crack extension. By similitude, cracks are then assumed to extend at
equal rates when subject to equal “driving forces®.

Best known examplies of this approach are for stationary cracks
subjected to tensile (Mode 1} opening leads. For materia) obsying a
Tinear elastic constitutive law, in the limit of r+0, the as;~ptotic
crack tip stress fiald is given as a function of the polar angle &
and distance r from the tip by (8,9):

K
a4(r.0) »ZFY‘" £45(0) (1.1)

where fi; is a dimensionless function of O. Here, crack advance
for small-scale yielding conditions can be characterized in terms of
the stress intensity factor, Kj. Alternatively, for elasztic-plastic
material obeyfng a nonlinear elastic constitutive law { E/e =
a{ §/0)P), the limiting asymptotic field is given by the so-called
HRR singtlarity (10,11), in terms of the flow stress op, flow strain
€q and work hardening exponent n, e.g.

oij(""@) + g Ejj(e,n) (1.2a)

2

€. (r8) * ar (=l Y E..(8,n) (1.2b)
i3 0'06 € In 3 ii
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1.3. GENERAL CONSIDERATIONS OF EXTRINSIC TOUGHENING

1.3.1, *Crack Driving Force"

The so-called "driving force" faor crack growth is generally
described by a field characterizing parameter, This is defined by
characterizing the stress and deformation fields Tocal to the region
at the crack tip, usvally through the use of asymptotic continuum
analyses, and determining the functional form of the singular crack
tip field which is appropriate for the primary mechanism of
deformation, i.e. for the prevailing constitutive relationship.
Provided this field can be considered to "dominate" the local
stresses and strains over a region which is large compared to the
scale of microstructu:al deformation and fracture events in the
vicinity of the tip, the scalar amplitude of the field is taken as
the characterizing parameter and can be used as a correlator of
crack extension. By similitude, cracks are then assumed to extend at
equal rates when subject to equal "driving forces". :

8est known examples of this approach are for stationary cracks
subjected to tensile {Mode I) opening leads. For material obeying a
linear elastic constitutive law, in the limit of r+0, the asymptotic .
erack tip stress field is given as a function of the polar angle © .
and distance r from the tip by (8,9):

K

1
0,,(r,8) » ——= . .(8) 1.1
1t vz M .

i

i

!
where fi; is a dimensionless function of ©. Here, crack advance i
for sma]li-scale yielding conditions can be characterized in terms of }
the stress intensity factor, Ky, Alternatively, for elastic-plastic t
material obeying a nonlinear elastic constitutive law { &/e = 1.
a( 8/oy)), the limiting asymptotic tield {s given by the so-caqlled [
HRR singularity {10,11), in terms of the flow stress o, Flow strain
€g and work hardening exponent n, e.g.

1
(r.0) + oplggelrg) By ) )
0,.(r,0) + o 3..(e,p (1.22 i
1J LEIEN In i 1§ !
L ; ]
3 nl i
eu(r,e) »aec(w) Eij(o’") (1.2b)
i ‘i
| .
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where &4, €45 and I, are dimensionless functions of © and n, and o
is a material® constant of order unity. Here, crack advance can be
characterized by the path-independent integral J (9,12), at least
provided crack extension s 1limited (4). Similar characterizing
parameters can be defined for creeping solids in terms of
constitutive laws for primary and Qecondary creep, This approach
provides a basis for the parameter C°, the rate-dependent or viscous
analeg of J (13,14},

As characterizing parameters remain undefermined by the
asymptotic analyses, they are generally computed from a complete
analysis of the applied loading and geometry. Such solutions for Kp
and J appiicable to a wide varisty of cracking situstions are now
tabulated, for example, in several handbooks (15-17), and are used
with regularity in fracture mechanics based design and lifetime
caiculations and for characterizing crack extension in standard crack
initiation and ‘rack propagation tests. Although the adoption of
these solutions rely on global considerations of crack size, overall
geometry and applied loading conditions, they are assumed to
guarantee a characterization of the local field. However, where the
local, near-tip "driving force®, actually experienced at the crack
tip, differs from this pomina) or applied “driving force”, due to
some local mechanical, microstructural or environmental phenomenon
in the vicinity of the crack tip, the crack can be considered to be
experiencing crack tip shielding, or in some casas anti-shielding.
For small-scale yielding under monotonic joading conditions, this can
be expressed as:

Keip = K1 - K (1.3)

where Kyip 15 the local near-tip stress inteasity, Ky is the applied
or nominaq stress intensity, and Kg is the strass intensity due to
shielding. Under cyclic loading, this expression can be written as:

MKyjp = K - Ky, {1.4)

whare &Kyiy 1s the Jocal near-tip stress intensity range, and the
applied stress intensity vange, &K, is given by Kpax - Kpin. The
objective of extrinsic toughening is thus to enhance K.

As rates of sub-critical crack growth, by mechanisms such as
fatigue, stress corrosion and hydrogen-assisted cracking, are
generaily found to exhibit a power law dependence upon the driving
force, extrinsic toughening may be extremely potent in reducing crack
extension rates. For this reason, crack tip shielding can provide a
general approach to teughening in the widest spectrum of materials,
ranging from the primary mechanism of toughening brittle ceramics to
the retardation of fatigue crack growth rates in ductile metals.

5
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1.3.2. Mechanisms of Crack Tip Shielding

Mechanisms of extrinsic toughening may be categorized into
several distinct classes {2,18). These classes involve crack tip
shielding trom &) crack deflection and meandering, b) nonlinear or
ditated zones surrounding the wake of the crack, termed "zone
shielding®, c) wedging, bridging and/or sliding between crack
surfaces, termed "contact shielding", and d) combined zone and
contact shielding. Individual micro-mechanisms are illustrated
schematically in Figure 1.2. Distinctions between these classas of
shielding are important as they cause reductiaons in the local
"driving force" via different routes. These, in turn, have
implications on how their potency changes with cyclic versus
monotonic loading and with increasing v-rsus decreasing stress
intensities.

Althaugh under monotonic loading, shieiding simply results in a
reduction in the local "driving force", under cyclic loading the
effect may take different forms, schematically illustrated in Figure
1.3. Since the principal “driving force” for fatigue crack advance,
under smajl-scale yielding for example, is the range of stress
intensity, &K may be reduced locally by a decrease in Kpax and a
smaller decrease in Xpin, 2s with crack deflection; a decrease in
Knax and an increase in Kpin, as with bridging or sliding; or simply
an increase in Kyjn, as in wedging.

The nature of the shielding mechanism, ar cambination ¢
mechanisms involved, will thus dictate the specific hbehavie
observed. For example, crack deflection produces a multiplicative
reduction in the local Mode I stress intensity, and thus may be
expected to have an equal effect at all stress intensity levels.
Shielding from enclaves of plastic zones or dilated zones of material
undergoing phase transformetion, microcracking or void formation
conversely produces a fixed raduction in local stress fntensity, at
Teast for a constant equili{brium zone size. As the degree of
shielding is related to the zone size {see section 1.5), zone
shielding mechanisms are favored at high stress intensity levels, but
are generally less potent in fatigue as the range of stress intensity
remains unchanged, although the mean K or load ratio (R = Kpin/Kpax)
is reduced. Contact shielding through wedging, conversely, raises
the local stress intensity under monotonic loading, yet reduces the
driving force for fatigue by opposing the closing of the crack. This
latter process is the assence of the well-known phenomenon of fatigue
crack closure whereby the nominal AK range is reduced by effectively
raising Kpin. The effect of crack closure is therefore favored at low
stress intensities where crack tip opening displacements are
smallest. Contact shielding through bridging (e.g. ligament or fiber
toughening}, or sliding (e.g. sTiding crack surface interference),
results in a reduced driving force for both monotonic and cyclic
crack extension as these mechanisms oppose both the apening and
closing of the crack.
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The following sections examine broadly the various categories of
extrinsic toughening, and describe the individual mechanical,
micrastructural and eavironmental micra-mechanisms responsible for
such processes fn a diverse range of materials, including, metals,
ceramics, concrete, polymers and composites, subjected ta monotonic
and cyclic loading.

1.4, CRACK DEFLECTION AND MEANDERING

Crack deflection, whereby the Hode I “crack drivimg force" is
locally reduced by deviations of the crack path from the surface of
maximum tensile stress, has been shown to play a significant role in
roverning the toughness and rate of sub-critical crack grov % in a
wide range of materials, from the toughness of brittle ceramiv: (19) N
to fatigue crack growth in ductile metallic alleys {20). Solutions .
for various idealized deflection geometries are available for both :
elastic and nonlinear elastic cracks. As an example, the Cotterell
and Rice solution (21) for a simply kinked crack {Figure 1.2},
subjected to a nominal Mode 1 stress intensity Ky, can be expressed

in terws of the kink angle © and l1ocal Mode I and Mode [ stress i
intensities ky and kz along the kink: .
k1 = cos3(8/2) X[ {1.5a) _
R
ky = stn{e/2) cos2(e/2) Ky (1.5b) .

This solution applies provided the length b of the deflected
portion is small compared to the total crack length, although the
magnitude of the changes in stress intensity are kink size !
independent. In the general case, which includes twisting of the
crack, the local crack tip “driving force", Kijp, {for coplanar
growth along the deflected portion} can then be estimated in terms of
the maximum strain energy release rate, G:

Kip = /BB = (K12 (1-v2) + kp? (1-v2) + kg? (149)]043 (1.8)

where k3 is the local Mode III stress intensity, E is Young's i
moduius, and v is Poissen's ratio.  For the simply tilted crack in i
Figure 1.2, reduction in ‘crack driving force" for in-plane

deflections of, say, 30 and 90 deg are thus of the order of 10 and

50%, respectively; much Jarger reductions can be achieved with

associated twisting of the crack.

The size, rather than simply the angle, of the deflected crack i .
segment can have an effect on the kinetics of crack advance, as it b 4
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dictates the extent of crack extension which experiences the reduced
"driving force". Accordingly, shielding through crack deflection can
be more significant in affecting sub-critical crack growth rates,
such as by fatigue. By considering both the changes in apparent
growth rate and local "driving force" for repeated (two-dimensional)
crack segments involving a deflection angle © , a deflected distance
b and undeflected distance ¢, the effective crack-tip stress
intensity range, AKtig' and growth rate, da/dN, of an idealized
(linear elastic) deflecied crack have been estimated to be (20):

K. = (b cos? @2} + c} AK {1.7a}
tip L b+cC L
da/dy = [b cnss: c] (da/dy, (1.7b}

where (AK)| and {da/dN)| are the nominal stress intensity range and
growth rate of the Tinear undeflected Mode I crack, raspectively.

By promoting crack deflection through the inclusion of particles
with high aspect ratios, increases in fracture toughness by up to a
factor of 3 have been claimed for ceramic materials (22}, Moreover,
the phenomenon can be extremely fmportant during the fatigue of
metallic alloys where the deflection of the crack path may
additionally induce shielding from the wedging of enlarged fractur:s
surface asperities (20,23).

1.5, ZONE SHIELDING

1.5.1. Introduction

Most material systems exhibit an inetastic zone of material that
surrounds a crack and varies in geometric form in response to the
applied stress field ahead of the crack tip. Such zones are typically
exemplified by the plastic zone in metals, a microstructurally
“damaged® zone in ceramics-and.a “crazed" zome in polymers. In some
systems, however, the specific mechanism of deformation respensible
for the zone may lead to a substantial reduction of the stress fields
in the region of the crack tip. The crack tip is thus effectively
shielded from the remotely applied stress. The general form of the
crack tip stress fields may therefore be characterized by two stress
intensity factors in the presence of a process zone as shown in
Figure 1.4. Outside the process zone, for a linear elastic material
under small scale ylelding, eqn. 1.1 may be written as:

B da . e . . ReOBa N 3%
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9;5(r.0) v (1.8)

where K1 {s the stress intensity determined from the applied loads.
Assuming that the non-linear deformation mechanism has saturated in
the process zone and hence, the material once more behaves linear
elastically, the stress fields near the crack tip may be
characterived by another stress fntensity factor, Ktip, such that:

Koo :
oy4(r,8) »-V,:_—;!_; fyl0) 11.9)

The extent of zone shielding is finally obtained by rearranging
ean. 1.3 to obtain:

Ks = K1 - Keip (1.10)

This form of “zone shielding" was first quantitatively studied
in ceramic systems containing a dispersion of metastable zirconia
particles which transform from a monociinic to tetragonal crystal
structure {n the high stress fields ahead of a crack tip. When
confined to a regfon surrounding the crack, shieiding results from
the dilatational and shear strains associated with the
transformation, and is termed transformation toughening (24-28). The
concept of such shielding has subsequently found more general
application in the explanation of microcragk toughening in ceramics
{29-31), crack tip disiocation shielding (32,33), crack wake
plasticity in metals (34}, and void formation and growth in rubber
toughened polymers (35).

It is important to emphasize that the above mechanisms of
shielding, which will be individually discussed in more detail in the
following sections, results primarily from the zone left behind in
the wake of a stably advancing crack. Indeed, the zone at the tip of
a stationary crack may in some fnstances lead to local increases in
the crack tip fields {anti-shielding) (27) and decreasas in the
intrinstc toughness (30). This is in contrast to the significant
toughening effect observed in austenitic steaels which undergo a
deformation-induced martensitic transformation. Here the principal
effect of the transformation plasticity has been suggested to
stabilize plastic flow by accommodating flow localjzation ahead of
the crack tip (36). This mechanism might also provide some
contribution to toughening in transformation toughened ceramics,
however, theoretical understanding is limited and beyond the scope of
the present review.




Finally, the deformation mechanism responsible for the process
zone may result in modification of the crack tip geometry or changes
in the intrinsic toughness of the crack tip material. These effects
may produce significant alteration of the final measured toughmess in
addition to the zone shieiding effect. A number of possibilities are
immediately apparent and are schematically illustrated in Figure 1.5.
The most simple case involves the crack remaining atomically sharp
typical of mast brittle materials. Here only the shielding
contribution to the final toughness need be considered. However,
where blunting of the crack tip occurs, characteristic of metallic
alloys, the synergistic effect of both biunting and shielding
contribute to the final toughuness. Where crack tip processes occur to
degrade the fintrinsic toughness, such as microcracking in ceramic
systems and void formation in metals, the counteracting influences of
a reduced intrinsic toughness and shielding from the process zone
need be assessed, Lastly, changes of the intrinsic toughness due to
phase transformation of material at the crack tip, or when the crack
intercepts a second phase, should alsc be considered.

1.5.2. Transformation Toughening

L — Transformation toughening, in which shielding is achieved >/, )
N N from the stress-induced phase transformation of material surrounding . .
H a crack, has proved to be a potent toughening mechanism in a variety ‘” "

of primarily brittle material systems. A number of independent
: theoretical approaches have be¢n advances tr .c2ount for the extent
W of toughening that may be attributed to the principally dilatant
. transformation strains. The fnitial approach of McMeeking and Evans
e {25) was based on direct calculation of the modified crack tip stress
E fields using Eshelby transformation and weight function technigques.
Subsequent more general thermodynamic approaches are based on
Griffith concepts ?37) or by adopting energy balance integrals (26).
Most recently, in a detailed account of the mechanics of
transformation toughening, Rose (38) has used a continuous
distribukion of strain centers to represent the inelastic strain due i
to the transformation. Shleiding is then characterized by H

|

!

I

: perturbations in the complex potentials which are used to describe
| the stress fields, due to strain centers in the vicinity of the crack
tip‘lln general, these models have resulted in reasonably consistent i
resuits, H

o Common to these theoretical approaches is the requirement to

[ specify the transformatiom zone shape. While early approaches i
considered only the hydrostatic component of the crack tip field as :
the transformation criterion (25,26}, later works have attempted to |
include shear effects {27,38-40). Depending on the selected
transformation criterion, marked differences in the shape of the B
‘rontal transformation zone may result. As the attendant toughening, i
Kg, not only scales with the process zone height H, but 1y modified i
by the frontal zone morphology, specification of the zone shape is
important (28,38,39),




The extent of shielding iw. may derive from the frontal process
zone has been shown to be K¢ o for the case of purely dilatational
transformation strains and hyo:sstatic nucleation criterien (25,26).
However, 1f shear strains are inzluded in the analysis, marginal
contributions to shielding may resuli depending on particie shape
and orientation effects (27). As the transformation zone extends inte
the wake of a stably advancing crack, R-curve behavior, where
resistancs to further crack advance increases, cbtains and is
depicted in Figure 1.6. Steady state shielding results after a crack
extension of approximately 5H. The magnitude of the maximum
toughening incrament predicted for a purely dilatational
transformation which does not reverse in the wake, and when all
particles in the zone transform (supercritical transformation). has
an asymptotic value {25,26):

Ks = 0.22 £ fy €Ty M /{1-v) (1.11)

where fy in the volume fraction of transforming particles, and erij
is the transfermation strain, The transformation zone width is given
by:

2

a2 [x

H=§};\’ [Ell (1.12)
C

where @, is the critfcal hydrostatic stress to initiate
transformation. The jnclusion of shear and particle shape and
orientation effects have revealed that substantially more toughening
may result than the purely dilatational case (27). In addition, it
has been suggested that where transformation proceeds by shear
localization in the process zone, damage in the form of microcracks
are accumulated by the intersection of shear bands and grain
boundaries, therafore providing an additional component of
dilatational strain in the zone which will enhance the toughening
efffgg)(ag). The resulis of these vonsiderations have been summarized
in .

The most comprehensive experimental data demonstrating
transformation toughening and associated R-curve behavior, that is,
increasing toughness with crack propagation, has been obtained in
zirconia and alumina ceramics containing partifally stabilized
zirconia particles as a dispersed phase (41-44). The stress-induced
transformation of these particles from the tetragonal to monoci‘nic
crystal structure is accompanied by an unconstrained volumetric
exoansicn of 4 - 6% (45,46) and a shear component of about 143 (47).
Typical volume fractions, fy, of particles of 0.3 to 0.5 (48) resylt
in total dilatational strains, eq, of 0.012 to 0.03, The concomitant
increase in toughness presently achievable in a Mg-PSZ, for example,
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is from an untoughened matrix of 3 MPa/mm to 14 MPa/im (41,44,49).

Experimental measurement of R-curve behavier in transformation
toughened materials is difficult and often exacerbated by near
surface residual <omprgssion due to specimen preparation procedures,
contributions from other extrinsic toughening mechanisms, such as
microcrack shietding, deflection and branching, and uncertainty in
the lorstion on the R-curve {28,43), A comparison of theoretical and
measured R-curves of a Mg0-PSZ ceramic, displaying characteristically
large tncreases in toughness with initial crack propagation, is shown
in Figure 1.7 {from vef, 44}, Mote the complexities introduced by
different test methods (surface cracks compared to through thickness
cracks) can lead to variations of the measured R-curves. Suppression
of transformation toughening in the same material by heat-treatment
results in a significantly reduced R-curve reflecting microcracking
and crack branching effects {50).

The effect of transformation toughening is also apparent un other
forms of subcritical crack propagation behavior, The beneficial
effect of a reduced near tip driving force due to transformation
toughaning on the environmentally-enhanced sustained-leoad crack
growth behavior of both zirconia and alumina ceramics has been
investigated by Becher (51,52). A marked reduction of slow crack
growth velocity in these toughened ceramics, compared to untoughened
versions, was apparent in moist air and water environments.

The effect of transformation toughening on crack propagzcion
under cyclic loading conditions is less clear, Rates of cyclic crack
propagation in materials exhibiting susceptibility to fatigue are
generally more dependent on the range of stress intensity, rather
than the mean or maximum levels {53}. As zone shielding mechanisms
influence Kpay and Kyip equally, and hence do not alter the range of
stress intensity, potential berefits may only be derived from a
reduction of the mean stress.

In metallic alloys, studies of ltow cycle fatiguwe behavior in
unstable austenitic steels subject to a strafn-induced martensitic
transformation, fn which a positive volume expansion eccurs, have
revealed that at small strain amplitudes where the transformation is
limited to a region surrounding the crack, improvements in fatigue
1ife may result (54-56). However, at high strain amplitudes and in
Tess stable austenite where the extent of transformation is Targe and
not confined to a zone surrounding the crack, fatigue behavior may be
independent of the extent of transformation {57} or exhibit a reduced
fatigue life (55,56). Results of these early studies have been
reviewed by Hornbogen (58) and retardation of fatigue crack
propagation rates rationalized in terms of the internal compressive
stresses associated with the transformed zone.

Conversely, it is generally considered that conventional

monolithic ceramics do not suffer significant degradation by cyclic
fatigue based primarily on the very Tlimited -ack tip plasticity
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apparent i these materials (59-61). In ceramics toughened by zone
s#ielding mechanisms, however, the resulting nonlinear stress-strain
response of material in the transformation zone suggests the strong
possibility of fatigue effects unde vclic loading conditions. Such
fatigue crack propagation behavior L * tension-tension Toading in a
transformation-toughened zirconia ces wic was first cobserved in the
present study, and results are pru.e‘led in Chapter 4. Akin to
fatigue behavior in metals, cyclic crack growth rates are found to
show similar dependencies on cyclic frequency, lead ratio and
alternating stress intemsity range (Chapter 4}, It would therefore
appear that the non-linear behavior of material elements in the
region of the crack tip associated with transformation toughening may
induce significant susceptibiliiy to fatfgue crack propagation in
materials normally not prone t¢ fatigue degradation.

1.5.3. Microcrack Toughening

Analogous to the role of 2 dilatational phase transformation in
transformation toughened materials, the formation of microcracks in
regions of high stress fields ahead of a crack tip in brittie
materials may lead to a dilated microcrack zene and hence an
aﬁtendant toughening enhancement. Specifigcation of the dilatation,
My, allows the toughness to be predicted by adepting similar
proCedures developed for transformation toughening (25,26). The
analysis, however, differs in two important respects: firstly, the
intrinsic toughness of the microcracked material directly ahead of
the crack tip {s degraded; and secondly, the bulk modulus of the
microcracked material in the process zone is reduced (30,31,62-64),

For brittle materials, studies on porous glasses (65) indicate

that an appropriate choice for the decay in intrinsic toughness with .
increasing volume fraction of microcracks, fy, might be: -

Ky = Ko(1-fy) (1.13) ;

where K, and K, are the intrinsic toughnesses of the material with
and without microcracks, respectively. In addition, solutions of the
bulk modulus of the micracracked material (66) allow the dilatational
component of the strain induced by non-interacting microcracks to be i
written in terms of the prior residual stress on the microcrack

plane, og, as (28,67):

Mg = T, (1.14)

where Eq is the modulus of the uncracked material,

It follows from the analytic development of {30,63) that the
frontal process zone does not produce an appreciable change in
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toughness, due to the counteracting influences of crack tip shielding
from the initial microcracking zone and degradation of the intrinsic
toughness. The maximum predicted shic®ding increment obtained from a
fully developed microcracked process zone exhibits the form:

Ks = 0.21 € &Mz /(1 - v} (1.15)

where H is the zone height. Similar to transformation toughening, R-
curve behavior naturally obtains for process zone sizes intermediate
of the frontal and fully developed zone (30). Comparison of the
magnitude of transformation toughening with microcrack toughesing,
eqn. 1,11 with eqn. 1.15, revea] that for similar zone sizes, H,
and ditatatioral strains, e’rij » eMij, the mechanisms are comparably
effective. However, as the microcracked toughening increment is
superimposed on a degraded intrinsic toughness (egn. 1.13), the
effect of microcrack shielding may be offset particularly at larger
e

Microcrack toughening and associated R-curve behavior have been
abserved in a number of material systems including polycrystalline
Alp03 and Zr0z ceramics (28,31), and in concrete and rocks (68,69},
Microcracking is particularly susceptible to residual stress fields
which when superimposed on the applied crack tip fields initiate
microcracks, Nucleation therefore occurs at sites of therma)
contraction anisotropy among randomly orientated grain boundarfes
(28,31}, thermal contraction mismatch around incluuions, and in the
matrix between intergranular particles with large facet lengths
(28,62). In addition, particles undergoing phase transformation
induce residual tensile stresses that may inftiate microcracks (62).
Preliminary analysis of the simultaneous transformation and
microcracking situation have revealed that more potent shielding may
be expected than for transformation toughening alene (70).

1.5.4. Dislocation Shielding

The generation of a distribution of dislocations in the plastic
zone ahead of a crack tip s expected in materials which exhibit
plastic behavior, In particular, between the extremes of truly
ductile materials which exhibit gross plasticity, and ideally brittle
materials which fail by pure brittle cleavage with no discernible
plasticity, a class of materfals exist ir which cracks remain
atomically sharp, but are surrounded by a zone of dislocaticns
enerated by the high stress fields associated with the crack tip
?71). For example, in situ TEM observation of shear cracking of Mo
and W (72), and stainless steel {73} has revealed the presence of
dislocation distributions ahead of sharp crack tips in Mede III
separation,

The yuestion then arises as to the interacticn of the
dislocatfons with eachother, and more specifically, their role in
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modifying the applied crack tip stress fields. In addition, if the
production {aor annjhilation) of dislocations results in a blunting
reaction at the crack tip then a concomitant decrease in the stress
intensity of the blunted crack tip results. The combined effect of
blunting and dislocation shielding processes on the crack tip stress
fields may be approximated by:

Otip = Japp’S/P - Ushield (1.16)

where ¢ is the crack length and p the root radius,

At present, only a limited number of crack tip dislocation
configurations have been treated analytically (32,33,71}. These
results do, however, provide a basis for understanding more complex
Toading modes and materiaj defect configurations. For the trivial
case of a screw disiecation with Burgers vector b, situated a
distance c ahead of a semi-infinite Mode III shear crack (Figure
1.8(a)), the analysis indicates that the crack tip stress intensity
factor, Kp, close to the crack tip due to the presence of the
dislocation is given by (32):

b
Ky = - ,& cos(e/2) (1.17)

where u is the shear modulus, If the dislocation is generated by the
crack tip stress fields then the applied stress intensity Kpyr and
the stress intensity due to the dislocation Kp have opposite signs
and net shielding obtains. A simple extension of the analysis
indicates that for an array of 2N-1 dislocations situated on a
circle, radius r, around the crack tip (Figure 1.8(b)). the resultant
shielding stress intensity is {32):

Ky = - A [ﬂ] for N > 10, (1.18)
/Znc "

The combined effects of a large number of dislocations may
therefore be expected to produce a significant effect an the
dislocation shielding component {for example, a value of Kp = 50
MPa i has been estimated from egn. 1.18 for typical values of 1y, b,
¢ and N characteristic of steels (32)) and hence the final measured
fracture toughness. In additi.n, knowledge of dislocation and crack-
tip interactions has alse been used to assess the extent of shielding
expected in brittle transformation toughened ceramic materials where
the transformation strains are represented by dislocation dipole
configurations (33).




1.5.5, Other Forms of Zone Shielding

A number of additional forms of zone shielding have been
postulated which fnvolve constrained zones formed by processes of
crack wake piasticity (35) and void formation and growth (35,74). In
the case of zones formed from crack wake plasticity, shielding is
assumed to derive from the irreversible plastic deformation of
material associated with the crack tip plastic zone, Some progress
has been made in the understanding of contained plasticity associated
with crack tips {9), however, analytical solutions are mathematically
difficult, particularly in the case of tensile (Mode I) opening under
piane strein cond{tions. With the introduction of plasticity, added
complexities resulting from finite geometry changes at the crack tip
must also be considered if an accurate description of local
conditions fs desired. Nevertheless, estimates of the extent of
toughening from plastic dilatation have been undertaken, particularly
when enhanced by the presence of ductile particle dispersions.
Typical material systems i=clude rubber precipitate toughened
polymers (35) and ductile phase toughened ceramics, which at present
is limited to two composite systems: A1203/A1 and WC/Co (1). Here the
plasticity induced zone shielding tends to be increased by ductile
particles having small size and low yield strengths (1).

The dilatatior, associated with the formation and growth of voids
in a zone of material surrounding a crack has also been suggested as
3 potential form of shielding (1,35). In particular, the marked
reduction in the stress singularity ahead of a crack exposed to the
rowth of cavitation damage in the crack tip field has been analyzed
%74). In the present study, estimates of the shielding from hydrogen
attack damage in the form of creep-enhanced methane bubble formation
in a zone surrounding a crack in a low alloy steel are presented in
Chapter 3. In the majority of these preliminary studies, however,
certain conjectures have been required to obtain a final result.
These have inciuded the neglect of the influence of the holes on the
plastic crack tip stress field and tnteractions between holes.
Caution should therefore be exercised in applying these results in a
fully quantitative sense.

Although perhaps not primarily a zone shielding mechanism, an
important additional form of toughening may result from the
plasticity associated with the crack tip in materials which exhibit
elastic-plastic constitutive behavior. In particular, this effect is
related to the nonproportional straining of material near the crack
plane of a growing crack, compared to the predominantly proportional
plastic straining of material elements near a stationary crack.
Analysis of the deformation field traveling with an advancing plane-
strain crack has been attempted and the functional form of the near
tip crack profile revealed for a elastic-plastic solid {75,76). It is
shown that, neglecting any large-scale crack tip geometry changes,
whereas the strains decay as 1/r ahead of a stationary crack, for a
moving crack, the strain singularity is weaker, decaying as a
function of In{1/r). This effect therefore necessarily leads to
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characteristic resistance curve behavior and stable crack growth for
initial crack extension.

1.6. CONTACT SHIELDING

1.6.1. lntroduction

Contact shielding involves physica'l contact between mating crack
surfaces, either d\rect'ly, through the presence of fracture surface
asperities or with fibers {n a composite, or through the presence of
an external medium, such as with corrasion debris or ths ertry of a
fluid. The principal mechanisms of such contact are through wedging
inside the crack, bridging across the crack, sliding between crack
surfaces and combinations of these modes. In general, since the
degree of shielding will be Jargest when the extent of crack opening
is comparable with the size of tha contacting entity, in contrast to
zone shielding, contact shielding is enhanced at low stress
intensities where the crack tip opening diplacements are smallest,
Furthermore, where wedging is involved, although significant
shielding can be achieved under cyclic Joading, the effect under
monotonic loads may be quite different and lead to local Increases in
the crack tip "driving force", i.e. to anti-shielding.

1.6.2. Wedging

Corrosion debris-induced crack closure: It is now realized that
inseluble corrosion products formed within slowly growing cracks
expased to active enviruements can significantly affect their
subsequent crack extension rates., This octurs by a mechanical
wedging action which can efther promote sustained-load cracking or
retard cracking under cyclic loads where the size of the products
becomes comparable with the crack tip opening displacements (77,78).
The 1atter shielding phenomenon, termed oxide-induced crack closure,
causes a reduction in the Jocal stress intensity range through an
effective increase in Kpin, and has been found to have significant
effects on fatigue x:rac‘zI growth at very low, near-threshold strass
intensities. Notable examples are where crack surface oxides and
calcareous deposits are formed during corrosior fatigue {n structural
sterls tested, respectively, in moist air and sea water (79,80).

The concept of shieldirg by oxide-induced crack closure in
fatfgue can be simply modelle! by considering the excess corrosion
deposit as a rigid wedge, of thickness s comparable with the crack
opening displacement, extending along the crack length a distance 2%
behind the crack tip (81). Assuming only a mechanical closure
phenomenon arising from the wedge and ignoring hysteresis and
inelastic effects, the resultant stress intensity at the crack tip
due to the wedge is given by:

B o N e Bt WA o %




Ky = —2E 1.19
R0 - A {.19)

Note from Eqn. 1.19 that deposits in the immediate vicinity of the
crack tip have a dominating influence in the development of shielding
by this mechanism.

During a fatigue cycle, contact between the crack surfaces wiil
occur on unloading when the -*ress intensity reaches a value
Kp = Kcya. referred to as the closure stress intensity. Using
conventional fatigue terminology, the "driving force" for crack
ta]dvance is reduced from the nominal AK to an effective value, given
y:

AKesr = Kmax - Ke1 (1.20)

provided the excess oxide thickness exceeds the minimum crack opening
displacement imposed by the fatigue cycle. In terms of the general o
nomenclature used in the present review (Eqn. 1.4), MKegf = &Ktip, L e
with the shielding stress intensity given by:

Ks = K1 = Knin (Key > Knin) DK
=0 (K1 € Kpin)  (1.21)

Contact shielding during fatigue crack growth from crack closure
induced by the formation of crack surface corrosion deposits is v,
promoted by a) small crack tip opening displacements {j.e. at tow .
stress intensity ranges), comparable with the size of the debris, b)
1ow Toad ratios, which facilitate fretting between the crack walls
through small crack tip opening displacements, c¢) highly oxidizing
media, which generate excess corrosion deposits, d) rough fracture
surfaces, which at low 4K levels again facilitates fretting, and e)
Tower Strength matersals, where again the extent of corrosion debris
is enhanced due to greater fretting (82). !

As wedge shielding is only relevant where the size of the wedge
and the crack opening displacements are comparable, oxide-induced
crack closure is most effective during fatigque crack propagation at
near-threshold levels, typfcally below 10°7 m/cycle. For example,
near-threshold fatigue crack growth rates at low lToad ratios in
structural steels are significantly faster in dry helfum gas, and
slower in water or steam, compared to behavior in room air {82). This R
surprising effect can be primarily attributed to the generation of B
thicker oxide films, and hence greater shielding, for tests in the
oxidizing environments. No such effect js apparent at high load
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ratios or at higher AK Tevels. In such lower strength materials, the
thickness of these films can be far larger than the natural limiting
oxide thickness due to fretting oxidation between the crack walis.
The accumulation of debris here arises from a continual breaking and
reforming of oxide scale due to repeated contact and inelastic Mode
II displacements between the crack surfaces.

Aside from its contribution to the role of environment and load
ratio in influencing near-threshold behavior, contact shielding from
oxide-induced closure also results in a strong effects of yield
strength on AKTH values, as oxides films are enhanced in Jower
strength materials. However, with steels of higher tensile strength
and in the majority of atuminum alloys, the degree of fretting
oxidation appears much reduced, with the result that, except in very
oxidizing environments, the thickness of the oxide films remains
small compared to the crack tip opening displacements such that the
t(:gg}ribution to shielding from this mechanism becomes negligible

Fracture surface roughness-induced crack closure: A more general
source of contact shielding during cyclic crack growth arises from
the wedging action of fracture surface asperities, where crack tip
apening displacements are small and where significant Mode II rrack
tip shear displacements occur (23,83-85). Such roughness-induced
fatigue crack closure is thus most effective at near-threshold stress
intensities, particulariy where the crack path morphology can be made
tortuous and Tocaily wixed-mode by frequent crack deflection.  Such
irregular crack profiles are promoted in coarse planar rlip
materials, e.g., in coherent particle hardened systems such as
underaged aluminum al{oys and certain Ni-based superalloys where a
faceted crystallographic mode of crack growth is often observed at
Tow &K levels, and in duplex microstructures, e.g., in dual-phase
steels and o/f titanium alloys where a meandering crack path can be
achieved through frequent deflection at the harder phase (82},

Tha concept of shielding by roughness-induced c¢losure arises
from the premature contact of fracture surfaces asperities on
unloading due to mismatch from the irreversible nrature of inelastic
crack tip displacements and slip-step oxidation. The extent of
wedge shielding thus depends upon the degree of fracture surface
roughness and the extent of Mode II crack tip displacements. For
example, from simple two-dimensional geometric modelling of the
process, the closure stress intensity at the point of first asperity
contact has been given as {23):

2yX
Ke1 = Knax TTI??Y (1.22)
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where ¥ is a measure of surface roughness taken as the ratio of
height h to width w of asperities and X is the ratio of Mode If to
Mode I crack tip displacements.  Although only a first order model,
experimental results in a range of ferrous and npon-ferrous alloys
have been found to be in reasonable agreement with this relationship.

Contact shielding during fatigue crack growth from roughnass-
induced closure 1is similarly most effective at low stress intensity
ranges. It is promoted by a) swall crack tip opening diplacements,
comparable with the size of the asperities, b) low load ratios, again
to minimize crack tip opening, c) fnelastic crack tip deformation and
oxidation of siip-steps, which can lead to a mismatch of mating
portions of the crack surfaces on unloading, d} small plastic zone
sizes, of order of grain size, which encourages single shear (Stage
1) mechanisms of crack advance, e) coarse-grained materials and
microstructures hardened with coherent shearable precipitates capable
of inducing coarse planar slip, where crack paths are
crystallographic, and f) crack deflection mechanisms, induced by
stress-state, environment, duplex microstructures and load
excursions, where crack paths may be highly nonlinear.

Roughness-induced crack closure has been found to play a
significant role in influencing fatigue crack growth in a wide range
of materials. For example, the beneficial effects in reducing near-
threshold crack growth rates {at low load raties) of coarse grain
sizes in ferritic steels and titanium alloys (88), underaged or
planar stip microstructures in precipitation-hardened aluminum and
nickel-based alfoys (87), and duai phase microstructures in steels
and of8 titanium alloys (88,89), have been directly traced to
enhanced shielding from rougher fracture surfaces. The largest
effects, however, are seen in duplex microstruciures, as shown by the
results for duplex ferritic-martensitic structures in Tow carbon
steels {90), By modifying the proportion and primarily the
morphology of the two phases by intercritical heat-treatment,
significant deflection of the crack path can be achieved with
corresponding large increases in closure {i.e., ax apprnaching
0.9). The result for Fe-25{-0.1C and AISI 1008 stee{"s is thresheld
Alqy values of approximately 20 MPa/m without loss in strength,
thought to be the largest thresholds reported to date for a metailic
material (90). However, consistent with extrinsic toughening
mechanisms, crack initiation resistance (evaluated in terms of the
fatigue 1imit) was net similarly enhanced.

In the present investigation, the effects of both forms of
wedging mechanisms, namely, oxide- and roughness-induced crack
closure, are examined on influencing the fatigue crack propagation
behavior in severa] classes of structural pressure vessel steels
{2.25Cr-1Mo, 3Cr-1.5Mo and a Mn~Mo-Ni steel) under different
environmental conditions. The results of these studies are reported
in Chapter 2.
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1.5.3. Bridging

Crack bridging is most prominent in whisker- and fiber-
reinforced composites where the matrix fails leaving a region of
unbroken fibers spanning the crack wake; the intact fibers act as
bridges and inhibit crack opening. Such shielding is promoted in
ceramic-matrix composites where interface debonding occurs, i.e.,
where the fibers are strong but the interfacial shear strength
between fiber and matrix is weak. This topic has been extensively
studied by Evans (1),

Understanding of the role of crack bridging in influencing the
fracture and fatigue of metai-matrix composites is considerably less
advanced. This is in part because many such composites are designed
with strong fiber/matrix interfaces and thus do not develop crack
bridging to any significant degree. An exception is a laminated
aluminum alloy composite bonded together by an arimid fiber
reinforced adhesive. Since the strength of the laminate/matrix
interface is comparatively weak, crack propagation in these hybrid
#lloys is impeded both by delamination along the interface and
consequent bridging of the unbroken laminated sheets (91).

1.6.4. Sliding

31iding crack surface interference: A prominent characteristic of
non-Mode I crack growth is the interaction (i.e., rubbing) between
s1iding crack surfaces. This phenomenon has been shown to be a very
potent shielding mechanism during fatigue crack growth in Mode III
{anti-plane shear), i.e., in torsionally-loaded sampies, where it is
referred to as sliding crack surface interference or torsfonal crack
closure {92,93). Mechanisms of interference involve frictien,
abrasion, fretting debris formation and interlocking of fracture
surface asperities, enabling the broken portion of the specimen to
carry a portien of the applied torque. It further leads to heating
of the specimen and obstruction of fractographic details. Since this
mechanism acts to oppose equally bath the “opening" and “closing" of
the crack, similar to bridging mechanisms, the effect in fatigue is
to] reduce the range of local "driving force”, at a constant mean
value.

1.6.5. Combined Wedging Plus Bridging

Fluid pressure-induced crack closure: Contact shielding can also
o¢cur in 1iguid environments through the hydradynamic action of fluid
within the crack (fluid pressure-induced crack closure), Due to the
approaching velocity of the crack walls, such flufds can generate an
internal fluid pressure, which acts as a wedge to oppose the closing,
and to & lesser extent as a bridge to oppose the opening, of the
crack under cyclic loading {94,95)}. The mechanism has been shown to
be important during fatigue crack propagation in oil environments,
8.9., for rolting contact fatigue in lubricated bearings, where the
rate of crack growth, at fixed nominal AK, becomes a function of the
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kinematic viscosity of the oil,
1.7. COMBINED ZOSE AND CONTACT SHIELDING

1.7.1. Plasticity-Induced Crack Closure

The original concept of crack closure, as described by Elber
{96), was considered to arise from the elastic comstraint of material
surrounding the plastic zone enclave in the wake of the crack tip.
Crack wake material elements had previously been plastically
stratched at the tip. Closure then resulted from interference between
crack surfaces due to the misfit strains. Such shielding induced by
cyclic plasticity, which has been described analytically (34} and
numerically (97-99), is generally considered ta be more prevalent
under plane stress conditions and in thus more significant at higher
stress intansity levels.

1.7.2. Phase Transformation-Induced Crack Closure

The stress~ or strain-induced phase transformation of material
surrounding a crack, analogcus to transformation toughening reviewed
in sevtion 1.5.2, can produce an additional crack closure mechanism,
Examples of materials in which this effect may occur include shape
memory alloys and metastable stainlass steels, Here, if the
transformation from an austenitic to martensitic phase, which occurs
Tocally in the region of the crack tip, involves a positive volume
change, the constraint of the surrounding material will place such
regions under compression. In addition to the expected zone shielding
which may then arise (sectfon 1.5.2), enhanced crack closure effects
are also expected during fatigue crack propagation as a result of the
reduced crack opening displacements assocjated with the
transformation strains. However, the effect in fatigue has not been
carefully documented, nor analyzed for the more realistic case where
deformation involves significant deviatorfc strains under cyclic
Toading conditions.

1.8, CONCLUDING RENARKS

The mechanisms of fntrinsic and extrinsic toughening have been
discussed, particularly with regard to the potent crack tip shielding
that may derive from the latter. Although some mechanisms of
extrinsic shielding have long been known to operate during fatigue in
metallic alloys, their full potential has only recently been realized
with the development of an fmpressive range of advanced material
systems, particularly in the area of ceramic and composite materials,
which rely on mechanisms of extrinsic shielding to enhance tougnness.
These materials now have the capability of offering a unique set of
properties commonly not available in more traditional materials,
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Schematic idealization of microscopic fracture criteria
pertaining to (a) critical stress-controlled model for
cleavage fracture {RKR), and {b) stress-modified critical
strain-contrelled model for microvoid coalescence. Such
models provide a m1cro -mechanical description of
intrinsic toughness. of and Ef are the critical fracture
stress and critical equivalent plastic strain,
respectively, and %o the characteristic distance.
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EXTRINSIC TOUGHENING MECHANISMS
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Figure 1.2 Schematic representation of the classes and mechanisms of

crack tip shielding. Such processes impede crack
propagation by locally reducing the “crack driving force".
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Figure 1.3 Effect of specific crack tip shielding mechanism of the t
*crack driving force", e.g., the stress intensity Ki, and
crack velocity, v, under menotonic and cycltic loading.




Crock

Figure 1.4 The modified crack tip stress fields in the presence of &
transformation zone assuming (a) that the field outside
the zone is not modified by the zone, and (b) including a
possible reduction of the field outside the zone due to
N the presence of the zone,
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Figure 1.5 Deformation mechanisms occurring in the vicinity of the
v crack tip may result in modifications to the crack tip
geometry or the intrinsic toughness, Possible scenarios
include (a) the crack remaining atomically sharp, (b}
blunting of the crack HJ)’ (c) degradation of the e
intrinsic toughness, and {d} changes of the intrinsic .
. toughness due to phase transformation or the interception ]
4 of second phases.
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CHAPTER 2: FATIGUE CRACK PROPAGATION BEHAVIOR 1A PRESSURE
VESSEL STEELS FOR MIGH PRESSURE HYDROGEN SERVILE

ABSTRACT

The fatigue crack propagation behavior of heavy-section
pressure vessels steels is reviewed, with specific emphasis
on alloys commonly utilized for high pressure hydrogen
service, Existing data has been surveyed and new data are
presanted, for both base plate and weldments, on crack
growth In steels exposed to im situ gaseous hydrogen
environments, whera hydrogen embrittlement §s the principal
consern, and after prior expesure to high pressure/high
temperature hydrogen environments, where hydrogen attack
becomes critical. It is shown that at the lower growth
rates, where the majority of fatigue 1ife is obtained, the :
influence of hydrogen on crack growth rates may in certain i
cases be surprisingly small, a result which appears to it
originate from the mutually offsetting effects of !
environmental damage and fincreased crack tip shielding.
Such shielding, which reduces the tocal *crack driving
force", may arise from fracture surface corresion debris,
heavily deflected crack paths and compressive zones around
the crack tip (due to dilation induced by methane bubble L
forniation). &

2.1, INTRODUCTION

Economical large-scale coal conversion procasses require the use
of extremely large, thick-section pressure vesscls, capable of
containing mechanically and chemically hostile, hydrogen-containing
environmints at high temperatures and pressures (1), Material
requirements for such applications invelve tough, weldable steels, P
with sufficient hardenability to maintain uniform properties 0o
throughout plate thicknesses up to 300-400 mm, yield strenpths in
excess af 350 MPa, and sufficient creep, fatigue and environmental
degradation resistance to withstand hydrogen (+ HpS) atmospheres at
gas pressures of typically 20 MPa and temperatures tp to 5500C /1.3),
In recent yvears, several low alloy steels have been identified a ‘
candidate materials for such applications, including ASTM A3B7, AS42 1
and AS338, and 3Cr-Mo steels. Strength, ductility, toughness and
creep properties of these materfals are generally well documented
{e.g., refs, 1-5), although data on the resistance to fatigue crack
propagation are not commonly available. H

To meet this need, studies in recent years have focused on '
axamining the mechanics and mechanisms of crack growth in structural
allays, specifically with respect to the roles of low temperature
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damage from hydrogen embritilement and high temperature/pressure
damage from hydrogen attack (6-14). Studies have cnnrelntrated on
examining behavior at Tower growth rates (down to n 10-il m/cycle),
as this regime dominates overall 1ife in defect-tolerant 1ifetime
calculations. In the present study, new data on fatigue crack
propagation in experimental pressure vessel steels and weldments are
- presented and compar~4 with existing results on a number of
- comnercial steels whiz- “ave been considered for high pressure
hydrogen seryice. The stusy therefore severs as a compendium of the
fatigue propertfes of these materials under selected environmental
conditions.

HMore 1importantly, howe . the investigation elucidates the =
roles of intrinsic and ex .ic toughening effects during crack
growth in a metallurgically wure traditional metallic alloy system.
Consistent explanations of both new and existing data fs demonstrated
using these concepts. It is shown that the detrimental effect of o
hydrogen environments in accelerating fatigue crack advance is offen 1N
reduced at lower growth rates, due primarily to the retarding ;
influence of crack tip shielding (15,16). Such shielding, which i
results in the crack tip experiencing a reduced Vocal "driving force" !
(t.e., a lower near-tip AK), acts to offset microstructural damage i
from environmental attack.

2.2. EXPERIMENTAL PROCEDURES

The steels investigated were selected to provide a wide range of

response to varying testing conditions and hydragen environments.

Materials from existing studies includ~d several classes of 2.25Cr-

1Mo steels (ASTM designations A387 Class 2 Grade 22, A542 Class 2 and

A542 Class 3), and a Mn-Ho-Ni (ASTM designation A533B Class 2}

nuclear pressure vessel steel, Data {rom the weld and heat-affected-

zone (HAZ) regions of a thick-section A387-2-22 steel weldment are

also included. New data 1s presented on one commercial (Japanese

Steel Works, JSW) and two experimental (3Cr-1.5Mo-0.2V and 3Cr-1.5Mo)

3Cr-Mo pressure vessel steels. In addition, the fatigue propérties of

. the weld and HAZ regions o, thick-section JSW and 3Cr~1.5Mo steel
weldments were also assessed. The materials, together with their ;
chemical composition and ambient temperature mechanical propertfes, i
are listed in lables I and II, respectively. Details of heat :
treatments and microstructures are presented in Table III. i

Fatigue crack propagation rates were measured using either
manual or computer controlled decreasing (load shedding) or
increasing stress fintensity range techniques on 10-12.5 mm thick
compact tensior C(T) specimens machined principally in the 7-L

' orientation. Fatigue data are presented in the form of crack growth
rate per cycle, da/dN, as a fupction of the nominal stress intensity
range, AK. Tests were conducted at frequencies between ! and 500 Hz :
(primarily at 50 Hz) on electro~servo-hydraulic testing machines in vy
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temperature-controlled environments of moist Jaboratory air (30%
relative humidity) and dehumidified gaseous hydrogen {138 kPa).

Crack iengths were continuously monitored using d.c. electrical
potential techniques, whereas the extent of crack closure was
assessed using a back-face strain compliance method. The stress
intensity at crack closure, Kci, was calculated at the point of first
crack surface contact during unloading by defining the deviation from
linearity of the elastic compliance curves {13}, Closure - alues were
computed in situ durine the testing procedure using high speed
camputer data acquis®: o= aue control equipment. Based on such data,

) ctive (near-: ‘ng force", aKegf, Tocally experienced
ar ~rack tip, -~z otetied as Kyay = Koo where Key 2 Kpin
{5 . Luad raties inewrzo} were maintained in the range 0.05
oL with - reshold stinss intensity range,  AKpy, below

- o8 ar easuaed dormant, defined at a maxfuum growth rate

sioarkow wel

Prev o . ruts in gaseous hydrogen envirunments were conducted
using an o . sealed chamber, Tena!lly clamped to the test piece.
Gas purity 4n. .emperature were preserved by means of an extensive
purificaticn 4. temperature contro: vystem (14). In the present
study, prigor mrerostructural damage in the form of hydrogen attack
was achiered hy prolonged exposure of oversized specimen blanks to
gaseous hydvogen in high presgure autoclaves. Various combinations of
time, tomperatuve and hydrogen pressure vere selected for the A387-2-
29 and the RE33B steels (13%, und the 3CGr-ho and JSW steels, and are
Tisted va Tabla iV, Following exposure, the material was held at
20009¢ for 24 hours to elimin:te the effccts of any reversible
hydrogen embritilement caused by dissolved atomic hydrogen. Further
experimental details are described elsewhere {13,14}.

As an indication of the effect of the microstructural damage on
material toughness, ductile to brittle transition curves were
determined using Charpy V-notch impact tonghness tests. Specimens
were tested at temperatures renging from -78%C ts 1009C. In addition,
plane strain fracture toughnass tests to determine Jp{da) resistance
curves were conducted using 20% side-grooved, 25 mm thick, compact
C{T} testpieces. Crack inftiation toughne:s was estimated from Jdjc
(= K1c2/E') values, i3 accordance with revision 23-3 of ASTH Standard
£813-83, where E' (= £/(1-v2) is the effective Young's modulus for
plane strain and v is Poisson's ratio.

Futigue crack propagation studies in the HAZ regions were
conducted by growing cracks perpendicularty through the BAZ at
constant AK = 1° MPa/m in the JSW and 4K = 12 MPa/m in the 3Cr-
1.5M0 .teel weldments, C{T) specimens were cut from appropriate
locations in the weldment to contain the HAZ perpendicular to the
direction of crack growth. A Toad ratio R = 0.08 was used and the
Toads were continuously adjusted using computer control in order to
maintain the reouired comstant AK. As an indication of the variation
of tensile properties through the HAZ regions, Vickers micro-hardness
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traverses were performed on appropriately cut and polished sections
in the regions of interest. Tensile tests were also conducted on 6.4
mm diameter specimens of 32 mm gauge length, machined from selected
locations in the weldment.

2,3. RESULTS

To facilitate comparison with other ferrous alloys, values of
the fatigue threshold AKyy for the pressure vessal steels assessed in
the present study are plotted as a function of yield strength in
Figure 2.1, and indicate the characteristic trend of dacreasing
thresholds with increasing strength (8,17), Detailed resutts for the
three classes of alloys investigated are dezeribed in the fullowing
sections.

Table I. Chemical Composition (wt-3) of Aliuys Investigated.

Material c Mn 8i Ni Cr Mo P $ Cu v
sCr-1.5Mo-.2v 0,14 0.49 0.22 0.50 2.95 1.50 .006 ,003 21
3Cr-1.5M0 ¢.15 0.61 0.25 0.55 3.03 1.52 .012 .003 .10 -
JSH 0.14 0.45 - 0.18 3.06 1.00 .007 .009 29
A387-2-22 0.12 0.42 0.25 0.14 2.48 1.06 .013 ,020 .16 -
A542-2 0.14 0.44 0,22 0.61 2,28 .92 .010 .010 - -
AG42-3 0.12 0.45 0.21 0.1 2.28 1,05 .014 .015 .12 -
A5338-2 0.25 1.29 0.16 0.63 0.07 0.4z .01¢ .0O7 - -

Table II. Ambient Temperature Mechanical Properties.

Yield Redn
Materfal Strength uTs Area Kic Krsce {H2 gas)
(MPa} (Mpa) (%)  (MPa/m) (MPar/m)

3Cr-1.5M0-0.2V 676 821 74 - -
3Cr-1.580 585 7 73 479 -
JSH 503 621 72 228 -
A387-2-22 290 500 76 286 80
A542-2 759 820 56 - 20
A542-3 500 610 7 295 85
A533B-2 648 767 73 217 -
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Table III. Heat Treatment and Microstructure.

Material Heat Treatment Microstructure
3Cr-1,5Mo-.2V slow cooled/tempered 100% bainite
3Cr—1 &Mo slow cooled/tempered 100% bainite
slow cooled/tempered 100% bainite
A387 2.22 normalized/tempered 60-90% bainite/40-10% ferrite
A542.2 quench and tempered 100% martensite &
A542-3 quench and tempered 100% bainite i
A533B-2 01l quenched/tempered 1004 martensite |

Table IV. Hydrogen Exposure Schedules.

Exposure R
Material Condition Time Temp. Pressure Code i
(hours) (oc) (MPa) !
3Cr-1.5Mo- .2V severe 1000 600 17.2 SE
3Cr-1.5M0 severe 1000 600 17.2 SE
JsH severe 1000 600 17.2 SE
A3872-22 severe 1000 650 13.8 SE
A387-2-22 unexposed 1000 850 (molten satt) UE {
A5338 unexposed - - - UE i
Tight 7 550 13.8 LE Pt
normal 240 §50 17.2 NE
severe 1500 4§50 13.8 e
+ ;
96 600 17.2 SE |
very severe 1000 550 13.8
¥ .
480 600 17.2 VSE

2.3.1. Exposure to Goseous Hydregen {Hydrogen Embrittiement)

2.25Cr-1Mc Steels: The fatigue crack propagation behavior of
A387-2-22, A542-3 and A542-2 steels, showing the typical influence of
dry gaseous hydrogen and maist air at a frequency of 50 Hz and Toad
ratios between 0.05 and 0.86, are presented in Figures 2.2, 2.3 and
2.4, respectively (7,9,14). Crack propagation rates appear to exhibit

two distinct re~imes of hydrogen-affected cracking, characteristic of &
the test enviionment, frequency, load ratio and stress intensity [
range {12). )
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Behavior appears to result from a mutua) competition between
hydrogen embrittlement mechanisms, which accelerate growth rates, and
resulting crack tip shielding, wgl'lch retards growth rates (15). At
Tow growth rates below ~10-8 m/c cle, near-threshold crack
propagation rates are observed to be decreased significantly, and
threshold AKy values increased, for tests in moist air environments
compared to gaseous hydrogen. This difference is particulariy marked
at low load ratios where, in moist air, fretting oxidation between
crack surfaces promotes extensive corrosion depysits, causing
enhanced crack tip shielding from premature contact across the crack
{oxide-induced crack closuve} (6,7). This is the primary reason for
slower growth rates in afr compared to gaseous hydrogen below 108
m/cycie. HMoreover, it is the reason such differences diminish at
high lead ratios where closure, from the wedging effect of the
oxide, becomes less effective due to the Targer crack tip opening
displacements, similar to behavior observed in other dehumidified
environments, including argen (6), helium (7), oxygen (9,18) and
. silicone/paraffin oils (18), From the high R résults in the present
i alloys, the atcelerating fnfluence of gaseous hydrogen on crack

N growth rates can be seen to be quite small when subjected to high

y frequency loading in the near-threshold ragime.

,7‘ With increasing growth rates the difference in crack propagation
AN behavior for the moist air and hydrogen environments initially
: decreases. However, above typically 10°% m/cycie, a hydrogen
embrittiement contribution to cracking may be observed, particularly
at lowar frequencies, resulting in a sharp enhancement in propagation
rates compared to behavior in moist air (12). This effect, which is N
concurrent with a fracture mode transition to predominantly
intergranular cracking, has been shown to be promoted by decreasing
frequency and increasing load ratio (12). Such hydrogen-assisted
| cracking at lower frequencies is particularly evident in higher |
! strength pressure vessel steels (Figures 2.2 and 2.3), which i
generally are more susceptible to embrittlement, e

2.3.2. Prior Exposure to High Pressure Hydrogen {Hydvogen Attack)

2.25Cr-1Mo Steels: Fatigue crack propagation behavior of A387-

2-22 in the heat treasted (HT) and severely hydrogen exposed (SE)

conditions is shown in Figure 2.5 for load ratios of 0.05 and 0.75

(13), In addition, results are given for a thermally exposed

condition (UE) having the same 1600 hour/5500C thermal treatment as

L the SE condition, A]though behavior 1is almost identical at higher

8! growth rates, below ~10-% m/cycle (R = 0.05}, near-threshold growth !

t rates are apparently reduced and threshold #&Kyy values increased

following hydrogen exposure. chis somewhat S$urprising result can

again be traced to the offsetting effects of hydrogen damage and

shielding, in the latter case from enhanced crack closure from

thermal softeming, although the degree of hydrogen damage in this

A steel was clearly slight. The fact that behavior in the hydrogen H

é s exposed SE conditfon is essentia’ly idenstical to that in the 4
unexposed LE conditiun is consistent with this notion. S
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3Cr-Mo Steels: The effact of hydrogen attack damage on the roam
temperature Charpy V~-notch toughness ductile to brittle transition
curve for the 3Cr-1.5Mo steel is presented in Figure 2.6, With the
introduction of microstructural damage, the steel shows a reduction
in the upper shelf energy of approximately 10 to 50 J, and a shift of
50°C in the 54 J (40 ft-1b) transition temperature to higher
temperatures. It has, however, been previously reperted that the
increase in the transition temperature may in part be attributed to
temper embrittlement which may eccur due to the tlevated
X temperatures associated with the hydrogen attack procedure (3). The
A effects of prior expusure to hydrogen attack is further illustrated
i by the Jp{da) renistance curves for the unattacked and attacked 3Cr-
1.5Mo steel shown in Figure 2.7. (Note that the unexpectedly high
- toughness of the unattacked material has resulted in the test
°) specimen not being in compliance with the ASTM standard thickness
requirement. The result is, however, included for comparative
purposes.) Although a reduction in fracture toughness Kye from 480
#Paym, in the unattacked condition, to 339 MPa/m in the attacked
material is apparent, this reduction is comparatively minor compared H
to the devastating affect of & similar exposure on the toughness of i
steels containing less stable iron and alloy carbides, Detailed i
studies of the effect of micrestructural damage in these lower b
alloyed steels are reported in the following section and in Chapter
3.

Fatigue crack propagation behavier and corresponding closure
data for the 3Cr-1.,5Mo-0.2V, 3Cr-1.5Mc and JSW steels prior to and P
Following prolonged high temperature/high pressure hydrogen exposure
. o are shown in Figures 2.8(a) and (b}, respectively., These alloys, .
Vike 2,25Cr~-1Mo steels, offer good resistance to hydrogen attack due .
© ‘ to the precipitation of stable alloy carbides, such as ..7C3, M23Cs,
- and Mgt (3,19), Although the effect of prior hydrogen damage is
apparent under monatonic loading, behavior under cyclic toading shows |
Tittle influence. This again may be explained by the offsetting
effects of microstructural damage which results in 2 reduced -
intrinsic toughness, and crack tip shielding which promotes the t E
extrinsic toughness <omponent. In the present example, only the ©
effect of jnereased crack defiection due to the hydrogen damage is
1 apparent under monctonic loading conditions. However, under gyclic
" Toading, the associated additional increase in the potent roughness
- indyced closure mechanism is alse apparent and results in a marked
increase in the extrinsic shielding component.

Mn-Mo-Ni Steels: rhe hydrogen attack resistance of the lower
alloyed Ma-Mo-Ni steefs, such as nuclear pressure vessel grade A533B,
tends to be quite low as the primary hardening carbides, i.e., FesC
and MegC, are relatively unstable in the presence of hydrogen {
{20,21). Correspondingly, such steels generally show a dramatic
degradation in strength, ductility and toughness properties following
damage from hydrogen attack., This takes the form of weakened prior i
austenite grain boundaries from the nucleation and coalescence of
smat] methanea gas bubbles, formed by the reaction of ingressed
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hydrogen with carbon in ihe steel (21}, Reductions in Kyo fracture
toughness values from over 200 MPa/m to less than 30 MPa/m with the
severe damage falloving prolonged exposure are not uncommon (20).

The corvespond’'ng effect of hydrogen attack on fatigue crack
propagation, however, is surprisingly minor, once more awing to the
offsetting influence of crack tip shielding, This is illustrsted in
Figure 2.9 for pregressive degrees of hydrogen damage in AS33B-2
stee] following prior hydrogen exposure {13). Growth rates above
~10-9 m/cycle are essentially identical except where severe dagrees
of attack, in the SE and VSE structures, result in accelerated crack
extension rates as 1nstab1‘];1ty is approached, Conversely, at lower
growth rates below ~ 16~7 m/cycle, crack propagation rates and
threshold KTy values are only marginally influenced by very severe
prior hydrogen damage.

Such behavior has been found to be associated with significantly
enhanced crack tip shielding in the severely damaged structures, as
shown by the back-face strain measurements of the closure stress
intensity Ky fn Figure 2,10 (13). Metallographic studies of the
fatigue crack profiles clearly show that this shielding originates
from crack deflection and resultant crack closure induced by
fracture surface asperity contact (roughness-induced crack closure),
caused by the tortuous morphology of the crack path as it follows
severely damaged prior austenite grain boundaries. Such shielding s
sufficient to offset the accelerating effect of the environmental
damage (13,20). A more detailed analysis of the above results, in
which guantitative variations ia both intrinsic and extrinsic
toughness are estimated, is presented in Chapter 3.

2.3.3. Influence of Load Ratio

High mean stresses superimpesed wpon cyclic loading generally
cause an increase in fatigue crack propagation rates, principalty
from & veduction in shielding from crack clesure (12), This is shown
by results (6,10) for A387-2-22 and A542-3 steels tested in moist air
2L 50 Hz {Figures 2.11{a) and 2.12{a)). Consistent with explanations
based on ciusure, above & 10-8 m/cycle, growth rates in moist air are
Jargely lnsensitive to load ratio, while at near-threshold levels,
growth rates are markedly increised, and threshold AKyy vatues
decreased, with increasing R. The lalter observation, however, is
onrly apparent up to » critica) load ratio where the closure stress
intensity becomes comparable with Kmin (6). At higher load rvatios,
closure effects become minimal with the result thay near-threshold
growth rates and AKyy values become independant of R,

Behavior as a function of load ratio s essentfally similar in
dry gaseous hydregen, as illustrated in Figures 2.11({b) and 2,12(b)
(6.10). Hawever, above ~10"8 m/cycle where differences in crack
< ¢ rates In air and hydrogen at low Trequencies are due primavily
~.d hydrogen embrittlement, increasing the load ratio causes the
sharp acceleration from hydrogen-assisted cracking to occur ai lower
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values of Kpayx (12). Conversely, at near-threshold levels where
slower growth rates in moist air result primarily from enhanced
oxide-induced closure, increasing the load ratio minimizes the
closure contributions such that behavior in air and hydrogen {at high
frequencies) becomes comparable.

2.3.4. Influence of Cyclic Frequency

The role of cyclic frequency in influencing fatigue crack
propagahon rates {n AS4c-3 2,26Cr-1Mo steel at near~threshold levels
is shown in Figure 2,13 (22). Data are preseated, from tests in
moist air at R = 0.1, for frequencies ranging from 1 to 500 Hz (sine
wave), and show that the slowest growth rates, and highest
thresholds, occur at intermediate frequencies. Based ‘a back-face
strain Kc1 measurements and Auger spectroscopy of fract re surface
corrosion depesits, such behavior could be rationalized .n terms of
contributions from oxide~indu~’ “k closure, as the variation in
&Kty values was found to va'" y to changes in the magnitude
of 8Kafr and in the thicknes. ¢k surface oxide films,

2.3.5. Influence of Temperature

Temperature effects on fatigue crack prapagation 1in A387-2-22
steel over the range 28 to 1109C {R = 0.05) are shown in Figure 2.14
for atmospheres of moist air and dry gaseuus hydrogen environments
(14}, Results show that crack growth rates are increased, and AKTH
values decreased, with increasing temperature, although the effect of
temperature dimnishes at higher growth rates. Results at 1109C in
hydrogen gas, however, oppose this trend and show significantly
higher threshold values.

2.3.6. Influence of Weld and HAZ Microstructures

Results 11lustrating the fatigue crack propagation behavior of
A387-2-22 steel in the base, heat-affected-zone (HAZ) and weld metal
regfons of a thick section weldment are shown in Figure 2,15, again
for environments of moist afr and dry gaseous hydrogen (R = 0.05 and

0,8) (14). Microstructura) characteristics and strength levels for
the three weldment regions are listed in Table V.

Restlts show that, whereas crack propagation behavior is similar
at high load ratios and above ~10-8 m/cycle, at near-threshuld levels
{R = 0.05) growth rates are faster, and threshold ATy values lower,
in the weld metal and particularly HAZ regions, compared to the base
plate. Such results are again consistent with concepts of crack tip
shielding as the axtent of crack closure (from hoth the plasticity-
induced and roughness-induced mechanisms) becomes diminished in the
higher strength weld and HAZ regions, where the finer microstructures
promote a more linear crack path {14)




Table ¥. Microstructural Characterization and Yield
Strength of SA387.2-22 Steel Weldment.

Region in Yield
Weldment Migrostructure Strength

(MPu?

Base plate ferrite-bainite 348

fine bainite 476

Weld metal coarse bainite 423

Optical examination of Nital etched sections of the baseplate,
HAZ and weldmetal of the 3Cr-1.5M0 and JSW stael weldments revealed
an apparently ferrite-free, fully bainitic microstructure in ail
regions, Typical representative aptical micrographs of the HAZ
regfons are presented in Figures 2.16(a) and 2.17{a}. The finer
bainitic wicrostructure of the KAZ is clearly apparent compared to
the coarser micrestructure of the baseplate and weldmetal, The
resutis of the microhardness traverse through this region are
presented in Figures 2,16(b) and 2,17(b). In both weldments a
microstructurally “hard zome" exists wn the HAZ {mmediately adjacent
to the fusion boundary. In the JSW weldment, a “soft zone" comprising
an over-tempered microstructure was apparent on the opposite side of
the HAZ (Figure 2 17), Microstructural characteristics and yield
strengths of the 3Cr-1.5Mo steel weldment are summarized in Yable VI.

Table VI. Microstructural Characterization and Yield
Strenyth of 3Cr-1.5Mo Steel Weldment.

Region in Damage Yield
Weldment Migrostructurs Condition Strength
(MPa?
Base plate coarse bainite unattacked 558
attacked 544
HAZ fine bainite unattacked
Weld metal coarge bajnite unattacked 840
attacked 772

The fatigue crack propagation behavisr of the 3C~-1.5Mo steel
weldmetal in both the unattacked and attacked condition was found to
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be essentially similar to the data for the 3Cr-Mo steels presented in
Figure 2.8, Growth rates were marginally fpcreased, and threshoid
Aty values stightly decreased in the hydrogen attacked weldmetal
compared to the unattacked material. The fatigue crack growth rate at
constant AK = 12 MPavm for cracks growing perpendicularly through the
HAZ region, both prior to and after hydrogen attack, are shown in
Figures 2.18{a} and 2.,18(b), respectively, The crack growth rate is
plotted as a function of distance through the HAZ. Both sets of data
indicate fncreased crack propagation rates in the HAZ regions. The
minimal effect of prior microstructural damage from exposure to
hydrogen attack on the growth rates observed is apparent by
comparison of the data in Figure 2,18. Crack growth rates in the base
plate material are relatively unaffected, and those in the weldmetal
marginally im 'eased, by the prior exposure to hydrogen attack as was
confirmed by separate tests in these regions.

Results of the fatigue crack growth rate and corresponding crack
closure level through the HAZ at a constant AK = 10 MPa/m in the JSW
steel weldment is shown in Figure 2.19(a) and 2.19(b), respectively.
Similar to the 3Cr-1.5Mo steel weldment, the maximum growth rate was
observed in the HAZ region. Results are rationalized in terms of
crack tip shielding from crack closure associated with reductions in
both ptasticity- and roughness-induced mechanisms, Plasticity-inducad
closure, favored by a Tower flaw siress, 1s diminished in the higher
strength HAZ region. In addition, the finer microstructure of the HAZ
promotes a more lirear crack path and hence reduces the roughness-
induced closure contribution. Such behavior is consistent with the
¢losure data presented in Figure 2.19(b} which indicates a decreased
level nf closure in the HAZ region.

2.4. DISCUSSION

In the present study, existing fatigue crack propagation data of
several commercial steels for hydrogen-containing thick-section
pressure vessel applications has been reviewed and compared with new
data on three recent 3Cr-Mo pressure vessel steels. Specifically,
the respective roles of hydrogen embrittlement, hydrogen attack, lead
ratio, temperature, cyclic frequenc: and weldment microstructure have
been examined in several classes of 2,25Cr-1Mo, 3Cr-Mo, and Mn-Mo-Ni
ferritic, bainitic and martensitic steels, tested in ambient pressure
gaseous hydrogen and moist air emvironmments. In general, optimum
crack growth resistance is found in the lowest strength
microstructures, such that when normalized with respect to strength
leve], thesm steels show largely similar growth rate behavior. The
more Teanly alloyed Mn-Mo-Ni steels, however, are less resistant to
damage from hydrogen attack.

Environmentally-assisted crack growth is observed above ~10-3
o m/cycle, particularly at lower frequencies, in both hydrogen
i embrittled and prior hydrogen attacked microstructures. At lower
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growth rates, however, appreaching near-threshold levels, behavior
has been considered in terms of the mutual competition of
enviranmental damage, wnich promotes crack growth, and the resultant
crack tip shielding. which retards it. Such shielding leads to a
reduction in crack extension rates, not by increasing the resistance
af the microstructure {f.e., by intrinsic toughening mechanisms) but
rather by decreasing the local "driving force" actually experienced
at the crack tip {i.e., by eatrinsic toughening mechanisms). Salient
micro-mechanisms of shielding, pertinent to the present
material/environment systems, are iiiustrated schematically in Figure

20,

In moist environments, shielding from the wedging action of
corrosion debris (oxide-induced closure (6-8}) acts to offset the
accelerating effect of corrosian fatigue processes {active path
corrosion and hydrogen embrittlement) (Figure 2.20{a}). Accordingly,
near-threshold growth rates In 2.26Cr-1Mo steels are found to be much
slower in water or wet gaseous hydrogen compared to dry gaseous
hydrogen (10)., Similarly, growth rates are faster at room
temperature in dry air or dry oxygen, compared te moist air (9,14),
A more general form of shielding, however, arises where environmental
processes lead to a change in crack path (Figure 2.20(b)). In the
present work, the steels subjected to extensive damage from prior
hydrogen attack, which show markedly reduced toughnesses, are found
to show only marginally accelerated fatigue crack growth rates at
near-threshold Tevels. Here, the grain buundary damage from methane
bubble formation results in a meandering intergranular crack path,
which promotes shielding from both reduced local stress intensities
due o deflection out of the Mode I plane (23) and, more importantiy,
from the resultant crack closure from fracture surface asperity
contact (roughness-induced closure {24-26}). Similar mutually
offsetting effects of roughness-induced closure and environmental
damage have been reported for hydrogen embrittled low alloy steels
following hydrogen charging (27).

Although as yet unproven, crack propagation in steels subjected
to in situ high pressure/high temperature hydrogen environments may
be impeded by an addittenal form of shielding, induced by
preferential hydrogen attack darage in the form of creep-ephanced
methane bubble formation in the process zone at the crack tip (Figure
2,20{d}}. Since the bubble formation involves dilation, the elastic
constraint of surrounding material will result in the crack growing
inte a region of compression, anatogaus to microcrack toughening in
ceramics and rocks (28). Thus, with respect to hydrogen attak, it
is concelvable that prior hydrogen expcsive, where bubbles nucleate
througheut the microstructure, may well be more damaging than in situ
exposure, where bubbies form preferentially at the tip, since zone
shielding will only occur in the latter case. (Estimates of the
extent of extrinsic shielding from in situ exposure to hydrogen
attack are presented in Appendix I of Chapter 3.)

Finally, atthough the deflection, wedge and zone shielding
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mechanisms described provide a potent meir. in these steels to
restrict the accelerating Influence of aggressive hydrogen-containing
enviranments, it must be remembered that in particular situations the
effect of these mechanisms can become muted. Related studies in
steels and aluminum alloys have shown that this can arise with
superimposad high mean stresses {7-12), following compressive
overloads {25), and in the presence of physically small cracks
{<1 mm) or cracks emanating from notches (15,30-32). In these
instances, care must be taken in interpreting and applying
conventional Taboratory data (i.e., based on "long crack®, tow R,
compact tension testing) to predict service behavior, as the role of
crack tip shielding may differ markedly between test and service
conditions,

2.5. SUMMARY AND CONCLUSIONS

q. Based on a study of fatigue crack propagation behavior in a
. series of 2.25Cr-1Mo, 3Cr-Mo and Mn-Mo-Ni pressure vessel steels
b suttable for thick-section, high pressure hydrogen service, data
have been provided on the variation in growth rates (da/dN) with
nominal stress intensity range (aK} as a function of environmentat
damage (hydrogen embrittlement and hydrogen attack), temperature,
weld/HAZ microstructure, load ratio and frequency. It is redsoned
that at near-threshold levels, where the majority of fatigue 1ife is
spent, environmental coatributions to crack gyrowth under cyclic
: Toading may bw offset by a local reduction in the "crack driving |
i force” from mechanisms of crack tip shielding. Primary micro- i
o mechanisms of such shielding relevant to the present steels have been '
i identified, in terms of crack deftection and crack closure induced by b

;

i

,) corrosion debris, fracture surface asperties, and void-induced
ditation in the elasticaily-constrained crack tip process zone.
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Figure 2,15 Fatigue crack propagation behavior in a thick-section

weldment of normalized 2.25Cr-1Mo stee, (A387-2-22},
showing comparison of growth rates in base plate, HAZ and
weld metal microstructures in (a) moist air and (b) dry
gaseous hydrogen (138 kPa) at R = 0.05 and 0.80 ("4).
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Figure 2.18 Fatigue crack propagation behavior of the 3Cr-1.5Mo steel
weldment showing the variation of the crack growth rate
(da/dN) as a function of the distance through the HAZ at
a constant &K = 12 MPav/im, both {a} prior to, and {b)
after the introduction of microstructural damage
associated with hydrogen attack.
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Figure 2.19 Fatigue crack prapagation behavior of the JSH steel i
weldment showing (a) the variation of the crack growth P
rate (da/dN) as a function of the distance through the :

HAZ at a constant AK = 12 NPa/m, and (b} the level of e
crack closure.
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CHAPTER 3: EFFECTS OF PRE~EXISTING GRAIN BOUNDARY MICROVOID
DISTRIBUYIONS ON FRACTURE TOUGHNESS  AND FATIGUE
CRACK GROWTH IN LOW ALLOY STEEL

ABSTRACT

The role of dispersions of pre-existing grain boundary
microvoids is investigated in fracture foughness and
fatigue crack propagation behavior in a Tow alloy steel.
Microvoid damage is achieved by prior exposure of the steel
to gaseous hydrogen atmospheres at high temperatures and
pressures, where carbon within the steel reacts with
ingressed hydrogen to nucleate methane bubbles along prior
austenite grain boundaries (hydrogen attack). It is shown
that, whereas the crack initiation and crack growth
toughness (i.e., Kig and the tearing modulus) are severely
degraded, even for comparatively mild degrees of microvaid
damage, rates of sub-critical crack growth by fatigue
remain relatively unaffected. Such results are
interpreted in terms of a mutual competition batween
microstructural damage generated by the grain boundary
microveids, which promotes crack growth by lowering the
intrinsic resistance of the microstructure, and the
resulting tortuous crack paths, which extrimsically retard
crack growth at Tow stress intensities by lowering the
local crack tip "driving force® (crack tip shielding), As
shielding effects are minimized at high stress intensities,
the degradation in fntrinsic toughness is related to
chenges in ductility by means of a stress-modffied critical
strain model for ductile fracture, where the presence of
small microvoid clusters is shown to promote coalescence
through the easier onset of ptastic strain localization,
Fatigue behavior, conversely, is dominated by extrinsic
shielding mechanisms and fs modeled in terms of two-
dimensional models of crack deflection and roughness-
induced crack closure.

3.1, INTRODUCTION

Microstructural damage in the form of micro-porosity is
fregquently encountered in materials. Mechanfcally, it typically
results in a degradation of tensile and impact toughness properties,
and is most often associated with the formation of a dispersion of
microvoids at phase or grain boundaries. Such void formation may
arise from improper fabrication of the material;, :.g., shrinkage
porosity in alleys exhibiting a wide selidification range (1) and gas
bubble formation due to insufficient out-gassing prior to casting
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(2), or may be associated with the par 1lar operating environment;
e.g., creep cavitation at high temper. s (3), severe radiation-
induced damage (4), or from hydrogen at.ork 1n materials exposed to
high temperature, high pressure hydrogen ... ronments {5).

Mechanistically, the introduction of a dispersion of microvoids
may be expected to produce significant effects on crack propagation
behavior under both monotonic and cyclic leading conditions. Under
monotonic Yoading, where crack extension occurs at a high stress
intensity comparable to that of tine fracture toughness, Kic,
presence of a pre-existing microvoid dispersion in ductile materra]s
will encourage the onset of plastic strain localization {6) and
consequently Tower the critical fracture strain associated with
ductile fracture. This results in a reduced intrin;lc resistance to
crack growth (i.e., lower intrinsic toughnessl). Where micraveids
form preferentially at the crack tip, e.g., with in situ creep
or hydrogen attack damage, this mey be offset by mild extrinsic
toughening from the constraint of the resulting zone of dilated
material surrounding the crack (see Appendix I). The significance of
the Jatter effect, however, which is analogous to microcrack
toughening in brittle materials (9), is generally small in ductile
materials due to their high intrinsic toughness {(8).

Convevsely, where crack extension may proceed at a Tower
“driving force", e.g., under cyclic loading, the effect of a
dispersion of microvoids may involve significant contributions from
both extrinsic and intrinsic effects (10}, In addition to the
extrinsic toughening from a surrounding dilated zene of microvoids,
more potent crack tip shielding can develop in fatigue from crack
deftection and, in particular, fatigue crack closure. Crack c1asure,
which resuits in a reduction in the stress intensity range,
lecally experienced at the crack tip, is in general developed by the
presence of cyclic plasticity in the wake af the tip (11}, or more
importantly at low track tip opening displacements by the wedging
action of corrosion debris {12-14), fracture surface asperities {15«
17), or fluid pressure within the crack (18}, Thus, the possible
accelerating effect of a dispersion of grain baundary microvoids may
be offset by shielding from enhanced crack deflection and roughness~
induced crack closure, as the fatigue crack attempts to follow a more
tortuoys interyranular path {e.g., ref, 10).

The objective of the present work is to investigate the effects
of a dispersion of pre-existing grain boundary microvoids, of

1The distinction is drawn here between intrinsic toughening, where
crack growth is fmpeded by mechanisms which increase the
microstructural resistance to crack advance, and extrinsic
toughening, where crack growth is impeded by mechanisms which
locally reduce the "crack driving force®, i.e., through crack tip
shielding (7,8).
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progressively increasing size and density, on crack propagation under
monotonic and cyclic loading. Specifically, studies are performed on
a low alloy steel, where grain boundary microvoid dispersions are
achieved by prior exposure to high temperature/high pressure gaseous
hydrogen environments through hydrogen attack, i.e., from nucleation,
growth and eventuai coalescence of small methane bubbles, formed by
the chemical reaction of ingressed hydrogen with carbon in the steel.
It is found that jntrinsic toughness is severely degraded oy the
presence of the microveids, essentfally by prometing the earlier
onset of incipient plastic strain lTocalization of the intervoid
matrix, a process exacerbates by the presence of small microveid
clusters in the highly triaxia] stress flelds ahead of the crack tip.
In marked contrast, the rates of fatigue crack growth are largely
unchanged, observations which are attributed to the mutual
competition between microstructural dsmage, which accelerates crack
advance, and the resulting crack tip shielding, which acts to retard

3.2. EXPERIMENTAL PROCEDURES

The alloy investigated was & Mn-Mo-Ni nuclear pressure vessel
steel, ASTM AB33B Class 2, of composition shown in Table I. Afr
induction melted ingots, prepared by Lukens Steel Co., were first
upset forged and cross-rolied to 35 mm thick plate, before
?gstennnmg at 1000°C (1 h), o1} quenching, and tempering at 6500C

Table 1. Composition of A533B Class 2 Steel in Wt Pct

[4 Mn Mo Ni Cr §t P $ Al Fe

0.25 1.29 0.2 0.63 0,07 0.16 0.010 0.007 0,02 bl

Controlled distributions of pre-existing grain boundary
microvoids were obtained through the process of hydrogen attack,
involving the nucleation of methane filled Lubbles at grain boundary
carbides, and their progressive coarsening with prolonged exposure to
high pressure/high temperature hydrogen gas (5). Resistance to such
damage is a prime function of the carbon activity, and hence of the
thermadynamic stahility of the precipitated carbides (5,19,20). The
Tow alloy A533B steel, hardened primarily by the relatively unstable
Fe3C carbide, was therefore particularly susceptible to attack.
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Exposure to gaseous hydrogen was performed on oversized blanks
of heat-treated material in high pressure autoclaves for various
combinations of time, temperature and hydrogen pressure. Exposure
sequences were sejected to achieve increasing microvoid size and
density. As listed in Table II, increasing degrees of exposure up to
1480 nr at temperatures between 5§50 and 600°C were utilized for
hydrogen pressures in the range 14 to 17 MPa (2000 to 2500 psi). To
avoid confusion with hydrogen embrittlement effects, this was
fallowed by a 4 h 'baking’ treatment at 1809C to minimize the amount
of residual hydrogen within the steel.

Table I1. Specific Heat Treatment Schedules for Hydrogen Exposure

Condition Exposure Code
Unexposed - UE
Light Exposure 72 tr at 550°C in 13.8 MPa hydrogen LE
Normal Exposure 240 hr at 5509C in 17.2 MPa hydragen NE
Severe Exposure 1000 hr at 5500C in 13.8 MPa hvdrogen SE
+
96 hr at 600°C in 17.2 MPa hydrogen
Very Savere 1000 hr at 550°C in 13.8 MPa hydrogen VSE
Exposure

+
480 hr at 600°C in 17.2 MPa hydrogen

Early stages of hydrogen damage were monitared by density
measurements of the degree of swelling, and are noted in terms of the
percent change in specific volume, AV.

Fracture toughness tests ta determine Jp(Aa) resistance curves
were performed on 25 pct {V-notched) side-grooved, 25 mm thick,
compact C{T) test pieces, machined in both L-T and 5-T grientations.
Crack initiation toughness was estimated from Jre (= Kyc2/E') values,
in accordance with ASTM Standard E813-83, where E' (= E/{1 - V2}) is
the effective Young's modulus for plane strain and v is Poisson's
ratio. Crack growth toughness was estimated fram the slope of the
resistance cnrve (dJ/da), and is expressed in terms of the tearing
modulus (¥; = E/c§ « #J/da), in accordance with the praposed ASTM
standard (21), where oy is the flow stress. In all tests, unloading
compliance methods were used to monitor crack extension.

Rates of fatigue crack propagation down to 10-11 m/eycle were
measured under manual Joad shedding conditions using 10 mm thick C{T)
specimens, machined in the L-T orientation. Tests were conducted at
80 Hz in room temperature air {220C, 45 pct relative humidity} at a
load ratio {R = Kpin/Kmax) of 0.1, using electrical potential
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methods to menitor crack length and back-face strain compliance
methods to assess the extent of crack closure (described in ref. 7).

To provide detailed characterization of the basic
microstructures and the dispersion and size of grain boundary
wicrovoids, suitably polished sections, thin foils and carbon
extraction replicas were examined using optica), scanning (SEM) and
transmission electron (TEM) microscopy. In addition, carbon
extraction techniques were employed to study the cavitated
intergranular fracture surfaces at higher magnification using a
Phillips 400 scanning transmission electron microscope (STEM),
equipped with an energy dispersive X-ray attachment.

3.3, RESULTS

3.3.1. Characterization of Micrestructural Dawage

Prigr to hydrogen exposure, the unattacked microstructure
{hereafter designated UE) was tempered martensite {Figure 3.1).
Observation at higher magnification {Figure 3.2) revealed coarse M3C
(Fe rich + Mo,Ni Mn,Cr} carbides (n 0.23 um in diameter} along prier
austenite grain and martensite lath boundaries, and fine needle-
shaped intralath MaC (Mo rich + Fe) carbides (v 0.08 um in diameter)
in the matrix. Room temperature mechanical properties are listed in
Table 1II.

Following 1ight exposure {72 h at 550°C in 14 MPa hydrogen,
termed LE), the microstructure remained essentially unchanged,
although thin foil TEM revealed that the prior austenite grain
boundaries were decorated with bubbles of diameter ™ 0.1 pm and
spacing ~ 0.8 pm (Table IV}. Indicative of incubation stages of
attack, mechanical properties, with the exception of toughness and
ductility, were Jargely unaffected (Table III).

With more prolonged exposure (240 k) in 17 MPa hydrogen {termed
NE}, coarsening of the carbide dispersions; typical of extended
tempering, was apparent. Mean M3C and MpC carbide sizes were 0.30 um
and 0.12 um, respectively. Methane bubbles, of mean diameter 0.6 um
and spacing " 1 um, could be readily detected in micrographs (Figure
3.1}, Gas pressure inside the bubbles was estimated to be of the
order of 20 MPa (10). With such damage, considerable swelling and
decarburization were apparent, leading to a 30 pct loss in strength
and a twentyfold reduction in ductility.

Detailed metallographic examination of the early stages of void
formation (LE and NE) indicated that, although all boundaries
exhibited a relatively uniform background volume fraction of voids,
small clusters of microveids formed preferentially on boundaries
parallel to the rolling plane, with a mean cluster spacing of ~ 20
wm, Initial cluster sizes of a few void spacings in the LE condition
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Table III. Room Temperature Mechanical Properties Before and After

Exposure
True Charpy
Yield Redn Fract mpact
Cendition Strength UTS  Area Strafn _Toughness Jie Kie TR
Upper
DBIT Shelf
(MPa)  (MPa) (pct) (°¢) () (kd/m) (MPavim)
VE {L-T) 648 767 73.0  1.27 -150 142 208 217 162
(s-T) 630 750 70,0 1.20 - - 170 197 47
LE {L-T) 632 748 T30 0.87 - - 84 138 14
{5-T) 630 778 12.5  0.13 - - - 58 1
NE {L-T) 440 505 3.5 0.05 - - - 57 4
(s-7) 440 - - 0.04 - - - 30 1
SE {L-T) 242 315 5.0 - +10 20 - -
VSE {L-T) 240 310 5.5 - - - - - -

Tabie IV, Microstructural Characterization of Hydrogen Damage

Grain Boundary

Carbon Volume Bubble  Bubble Vol. Fract.
Condition  Content Change, &V Size Spacing Vegb
{wt pet) (pct) () {um)
P13 0.250
LE 0.230 0.10 0.1 0.6 0,02
NE 0.0%0 2,18 0.6 1.1 0.28
SE 0.018 2.52 0.9 - 6.30
VSE 0.009 2,50 0.9 - 0.30

grew rapidly with increasing exposure, eventually to form fissures
via coalescence of grain boundary bubbles. Incipient fissure
formation is shown in Figure 3.3 for the NE condition,

Scanning electron microscopy of the fracture surfaces following
hydrogen exposure indicated an intergranular fibrous or cavitated
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fracture surface along prior austenite grain boundaries, as shown for
the NE structure in Figure 3.4(a,b). Close examination revealed the
presence of smatl particles in the fracture surface dimples, which,
using extraction replicas in the STEM, EDS and electron diffraction
techniques, were found to be primarily Fe-rich M3l carbides (Figure H
3.4(c,d})). This finding Tends support to the notion of carbide- !
assisted nucleation of bubbles, and furthermore suggests that the i
presence of carbon in the form of the less stable FezC carbide is not P
rate limiting in the earli¢v stages of hydragen attack.

With prolonged exposure in 17 MPa hydragen at 600°C (termed SE),
structures showed severe damage indicative of rapld attack stages,
i.e., considerable swelling {(aV ~ 2.5 pct), extansive
decarburization, and a microstructure devoid of its martensitic lath
character. Such damage resulted in a twofold loss 1n strength and
dramatic decreases in ductility (by a factor of 15) and impact
toughness (ductile-to-brittle transition temperature, DBTT, increased
by & 1600C) {Table III). Further increases in exposure time in 17
MPa hydrogen (VSE conditton) resulted in no further changes in
properties, indicating that the damage had reached saturation.

3.3.2. Effects of Pre-Existing Microvoids on Fracture Toughness

{
|
|

The effects of grain boundary microvoid formation on crack
inftiation (K[, J1c) and growth (Tp) toughness are fllustrated by
the Jp{Aa) resistance curves for both orientations in Figure 3.5;
data are listed in Table III. It is apparent that progressively
increasing degrees of microvoid size and density in the LE and NE
structures have a devastating influence on fracture toughness. Xjg¢
values were decreased by factors of up to 6 by prolonged exposure in
the NE structure, the S-T orientations consistently showing the lower L
toughness. The effect on crack growth toughness was even more i
striking; tearing modulus Tg values were reduced by facters of over
40 in the NE structure, compared to behavior in the unexposed
condition.

e

Fractograp ically, unattacked surfaces consisted largely of {
primary void growth around MnS inclusions, linked by inclined shear "
band regions {void sheets) containing numerous smaller oblate voids

formed at carbides (Figure 3.6). With 1ight hydrogen exposure (LE},

there was additional evidence of intergranular facets, decorated with

ciosely spaced 0.1 um diameter spherical bubbles. Following more

extensive exposure (NE)}, fracture surfaces comprised 100 pect

cavitated intergranular facets, the bubbles befrg somewhat larger o
{v 0.6 um) and more widely spaced (Table 1V). The grain boundary

volume fraction of voids, estimated using the wethod outlined in
Appendix II, varied from + 2 pct in the LE structure to ™~ 30 pct in i

the SE and VSE structures.

The marked reduction in toughness with progressively coarser
microvoids appears to be consistent with a change in the ductile
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fracture mechanism, specifically related to easier plastic strain
localization in structures containing methane bubbles. In unattacked
and mildly attacked microstructures containing few pre-existing i
microvoids, failure occurs in the classical ductile manner by primary : 1
void growth and coalescence. In attacked microstructures containing SN

extensive microvoid dispersions, conversely, failure involves almost
immediate coalescence of pre-gxisting voids along grain boundaries.

To provide a first order micro-mechanical modet for such
behavior, we consider a stress-modified critical strain criterion for
crack initiation by ductile fracture (22-24). Using & constitutive
Taw for AS533B steel of the form:

G

= n
2 - 4|2 3.
x .

where the work hardening exoonent, n, is of order 10, we assume first
that the Hutchinson, Rice and Rosengren (HRR) nonlinear elastic
singular field (25,26) dominates the stresses and deformations in the
i vicinity of the statfonary crack tip over the microstructural regions
B of interest:

i
}

(3.2)

0g and o ave the fiow stress and strain, respectively, & and Ep are
the equivalent stress and plastic strain, respectively, o'is a
materdial constant of order unity, J is the path independent iptegral,
¢ In is an integration constant weakly dapendent on n, and £3i is a
dimensionless angular function of n and ©. Values of the latfer two H
functions are documented elsewhere (27), although for the present i

3 steel, Ip is approximately 4.5, P

To model fajlure, we consider the onset of ductile crack .
extension, at J = Jl¢, where the local equivajent plastic strain &p 1
exceeds a critical fracture s“rain or ductility £F{o/8) over a

characteristic microstructural dimension 13. comparable with the mean ¢
" spacing of the void initiating particles (Figure 3.7). The b
: ductility, however, js specific to the appropriate degree of .
triaxiality in the region of the crack tfp, defined in terms of the i
ratio of hydrostatic stress, o, to equivalent stress, & (23). i
Following Ritchie et al. {24), this implies that, for failure
primarily by microveid coalescence in a material with high n, the
fracture toughness can be expressed as:
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J, = 9, E k. (3.3)

where the constant of proportionality is given by ln/s”. Restated in
terms of stress intensity, this gives (24 ?

0.5
K = (E o, & a0 (3.4)

where the constant of proportionatity is now (In/Eu)o-f‘.

Evaluation of Eqn. 3. 4 invoives estimaling §f and 19. In
previous analyses (23,24), Ef has been estimated experissntally by
determining the change in ductility with stress-state, using
clrcumferentiﬂ1y—notched tensile specimens for example, and chaosing

as the value of ductility appropriate to the stress-state in the .
v{cimty of the crack tip. In the absence of such data, this local i
fracture strain (relevant to a fracture process regfon withkin a
couple of crack tip displacements from a blunting crack tlp) can be
estimated (28) from the uniaxial fracture strains listed in Table III
using Rice and Tracey's analysis (29) for the rate of veid expansion
in a triaxial stress field. This approach assumes, for a fixed H
distribution of particles, that the fracture strain at tnitiation,
i.e., at the point of void impingement, is given by:

In{d_/m.)

_*
& = T (3.8)

where Dy and dp are the mean void diameter and spacing,
respectwe}y, Using Eqn. 3.5, critical fracture strains ahead of the
crack tip (where from Rice and Johnson's {30} and McMeeking's (31}
blunting solutions, o/ 1is arcund unity) will thus be on the order
of 2.9 times smalfer than the uniaxial fracture strains (where o/3 !
is 0.3). Estimated values of the crack tip fracture strains are b
listed 1n Table V. Also Tisted are the critical crack tip opening Vi
displacements, computed from §t = 0.580/0g (31). Note that the (.
effect of methane gas pressure on void growth has been ignored, as |
the internal pressures are small compared to the crack tip stresses.

Using such values of Ef and taking e” to be of order 0.1 for
initial <,oa195cgnce between 0 and 45 degrees to the crack p'lane {such
that (In/€45) is of order 6 to 7), Eqn. 3.4 is evaluated gn I’vgure
3.8 by )ﬂogting the observed toughness versus (E'&}
separate lineal segments are apparent. At high toughnesses, fanure
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Table ¥. Crack Tip Parameters at Fracture

Condition KIc St et (r/88)* 1%
(WPav/f) () ()

UE (L-T) 217 150 0.44 0.43 602
{s-7) 197 130 0.62 0.51 692

LE {L-T) 138 70 0.30 0.79 552
(s-7} 58 10 0.05 2.10 11b
NE {L-T) 57 15 0,02 3.00 agb
(s-T} 30 5 .01 3.00 15b

8from Eqn. 3.6, berom Eqn. 3.4,

occurs by the primary growth of voids, until coalescence by shear
localization along smaller microvoids around carbide particles. In
this rvegime, a characteristic distance of order 60 um is apparent.
Although primary inclusion spacings in A533B may be somewhat smaller,
this figure is not unreasonable for the spacing of the largest,
active vold-initiating particles, However, it is in contrast with
behavior is ultrahigh strength steels where the larger inclusions
play & relatively minor role (for fracture ahead of a sharp crach)
and characteristic dimensfons are on the order of the spacing of the
finer carbide particles {32). Thus in Tightly exposed structures, the
role of the secondary network of pre-existing microvoids is to
provide a mechanism for earlier localization, and hence for earlinr
coalescence, of the primary voids, resulting in veduced toughness.

At jow toughnesses, failures consist almost entirely of
coalesced bubbles along grain boundaries with little or no primary
void growth, The characteristic distance in this regime appears to
be signiffcantly smaller and similar to the void cluster spacing of
20 um (Figure 3.3). Here the relatively high volume fraction of pre-
existing microvoids reduces the local ductility such that direct
coalescence can occur very rapidly via Jocalization of plastic strain
within the cavitated grain boundary regions. As negligible plastic
strains are required for either the initiation or growth of voids,
significant reductions in toughness become apparent.

Such toughness behavior is essentially consistent with the
analysis of Needleman and Tvergaard (33} for ductile fracture in
materials containing both inclusfons and sub-micron carbides, Here a
reduction fn the critical strain to initiate voids in the carbides
led to substantially lower local faflure strains within the high
triaxfal stress field of a crack tip, due to accelerated coalescence
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of primary voids. However, in the present study, the dramatic
difference in toughness of the two orientations of the LE condition
does not appear to be consistent with the small difference in grain
boundary microvoid volume fractions observed. In addition, the role
of the microveid clusters in providing active ductile fracture
initiating sites requires closer examination.

The tatter questions are examined in terms of the recent
analyses of plastic flow Tocaiization due to non-uniform void
distributions §n an elastic-plastic solid, Specifically, the
investigation of Chno and Hutchinson {34) into the role of void
clusters in promoting incipient flow Tocalization in a voided solid,
from the two extremes of a bifurcation soiution, obtained for 2
uniform void distribution (35), to the substantially reduced critical
strain from localization predicted by infinite band calculations of
a non-uniform void distribution (36,37), is considered. In these
analyses, it is shown that even small microvoid clusters may induce
premature localization and hence reduced dyctility, particularly at
the high stress triaxialities typical of the region close to a crack
tip in plane strain.

Although Ohne and Hutchinson's mod.? {34) is based an a
simplified representation of a voided material, the ductility results
may nevértheless be employed in the stress-modified critical strain
model to provide some fndication of the trends in fracture toughness
that may be expected from a uniform void dispersion and the
subsequent influence of void clusters, In particular, the critical
strain at incipient plastic strain localization, (e )cr, predicted
by ref. 34 (fur a stress state given by op » 9 = 6z/4), is used in
place of £% in Eqn.

By first considering a uniform vofd distribution (bifurcation
solution) and a constant characteristic distance, the decay in
intrinsic toughness with increasing uniform void volume fraction, as
oredicted from Eqn. 3.4, i5 shown by the solid Tine in Figure 3.9.
It 4is apparent that, for initfal microvoid formation (volume
fractions up to 0,01}, marked decreases in toughness of up to 25 pct
are to be expacted, although further degradation requires fairly
large increments fn the void volume fraction (as the function becomes
asymptotic with the horizontal axis), By considering the additiona)
effect of small microvoid clusters, the Hutchinson and Ohno (34)
analysis {uniform band solution} predicts significantly diminished
toughness values, as shown by the upper broken line Jn Figure 3.9,
The lower broken line indfcates the synergistic effect of an increase
fn the microveid cluster volume fraction and a decrease in the
characterfstic distance ¥° from 70 um te 20 um, similar to that
obtained in the present study, It is immediately apparent that the
dramatic decrease in critical ductilfty predicted with the
development of microvoid clusters by this model (34) is reflected in
a sm;”ar decrease in the intrinsic fracture toughness of the
material
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From these censiderations, it is apparent that the marked
deterioration in intrinsic toughness with hydrogen attack damage can
be rationalized by the increased volume fractjon of pre-existing
microveids, and particularly small microvoid clusters, in the
microstructure, Specificaliy, the significant difference in
toughness of the LE structure in the L-T and S-T orientations is
consistent with the Tocation of the microveid clusters; their effect
is partially masked in the L~T orientation where the crack plane cuts
vertically through them {Figure 3,10).

The stress-modified critical strain approach used above is
appropriate provided the critical fracture processes occur in a
region dominated by HRR fields, typically 28t < r < 88t. However,
estimates of the crack opening displacements, &g, which range from 70
to 150 pm in the high toughness regime to 5 to 1§ um in the Tow
toughness regime (Table V?. indicate that HRR fields may not be
dominant in all cases over the scale of fracture events. At law
toughnesses, the characteristic distance s generally larger tham 6t,
such that the HRR fields would be expected to be centrolling.
However, in the high toughness regime, the characteristic distances
are well within two crack tip displacements of the crack tip,
implying that the critical events occur in the finite strain field
gcvernad by the blunting solutions (30,31). Following Lee et al.
{32), the critical strain loca)l failure criterion now gives the
ductile fracture toughness as:

8

o
*
20, E 1o

Kig ™ |
Ic (r/6

(3.6) a
)

where (r/ﬁt)* is the critical value of (r/di) corresponding to & =
& in the Finite strain region. Estimates of (r/S:)* were obtained
using the strain distributions of Rice and Johnsan (30} and McMeeking
{31), for initial void coalescence between 0 and 45 degrees to the
crack plane, By setiing r = 1;, characteristic distances were
recalculated for microstructures in the higher toughness regime and
these are Jisted in Table V along with their respective (r/8¢)*

values. It is apparent that whereas the finfte strain criterion is

more appropriate to microscopic failure procesges in the unexposed !
~.;d5119ht1y damaged microstructures, values of 1g remain of the order i
o .,

3.3.3, Effest of Pre-Existing Microvoids on Fatigue Crack H
Propagation

The corresponding effect of progressively coarser distributions
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of grain boundary microvoids on crack growth under cyclic loading is
shown in Figure 3.11, with threshold data 1isted in Table VI (11).
By comparing behavior after proionged hydrogen exposure (NE
structure) with the unexposed structure (UE} in Figure 3.11(a}, pre-
existing microveids can be seen to Save 1ittle influence on fatigue
crack propagation., Above v10-7 m/cycle, growth rates were
identical, whereas at near-threshold levels helow ~ 10=9 m/cycle,
there was a marginal increase fn growth rates in the damaged
microstructures.  Surprisingly, this minimal reductfon in fatigue
resistance with increasing grain boundary microvoid formation was not
accentuated with more severs degrees of damage in the SE and VSE
microstructures, although above 10-% m/cycle the latter structures do
;hnw(ba)c)celerated propagation rates as Kyc is approached {Figure
W11 .

Table VI. Threshoid Data for Hydrogen Attacked and Unattacked Steel
Displaying Increasing Degrees of Microvoid Formation

ditd Kominal Max}mum N Ligea'l " Effective
Conditfon AK: Key/Kmax oughness AK:
(HParm) )
UE 7.8 0.52 1.07 4.2
NE 6.8 0.59 1.08 3.1
SE 7.0 0.73 1.52 2.1
VSE 7.0 0.70 .51 2.3

*Ratio of tota) crack Tength to projected Tength on plane of maximum
tensile stress,

Fractography associated with the fatigue failures at near-
threshald and higher growth rates is shown in Figure 3,12, Fatigue
surfaces are similar {n the UE and NE structures and are
predominantly transgranular, In the more heavily attacked SE and
VSE structures, however, surfaces become predominantly intergranular,
with grain boundary surfaces decorated with evidence of methane
bubbles, Such cavitated fntergranular facets persist to sear-
threshold level: where there {s additional evidence of abrasion,
presumably due to the softened condition of the heaviiy damaged
dacarburized material,

The lack of a marked deterjoration in fatigue crack propagation
resistance with Increasing grain boundary microvoid formation fs at
first sight unexpected, particglarly in light of the dramatic effect
on toughness descridbed above.Z However, crack closure measurements
(Figure 3.13) revealed that much higher closure stress intensities
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2pt high stress intensity ranges, severely damaged struciures do show
accelerated growth rates. This is a direct consequence of the
decreased toughness, since growth rates are invariably enhanced as

max approaches Ky (38,39), In damage-tolerant Tifetime
calculations, however, this regime generally has little fmpact on
overall life as crack extension rates are too rapid.

were developed fin voided structures, compared to undamaged and LE
conditions, Since crack closure provides a potent mechanism for
“shielding" the crack from the full applied "driving force", the
effective stress intensity range actually experjenced at the crack
tip must be reduced in severely voided structures, and this will act
to offset the decreased intrinsic resistance of these microstructures i

i

to crack growth (40).  This is apparent by examining values of the
effective stress intensity range at the threshold, defined in terms
of MKeff = Kmax - Kel, Where Kei 2 Kyin (Table ¥I), Once closure is
subtracted out, crack growth resistance decreases progressively with i
incyeasing damage.

Mechantstically, the enhanced crack shielding in severely !
damaged structures can be attributed to several factors. First, the
extensive decarburization causes marked softening, which can promote
cantributions to closure induced by cyclic plasticity {40). |
Moreover, lower strength steeis tend to suffer more abrasion between }
fracture surfaces (41), which results in excess fretting debris and i
hence more oxide-indured closure (12-14),  However, the principal ,
factor responsible for "shielding® in heavily grain boundary voided
structures is associated with a substantially rougher crack path
morphology where the crack follows an irregular path around cavitated
grain boundaries (10)., This is illustrated in Figure 3.14 by an
extremely tortuous crack path profile for the SE structure {1¥neal
roughness of over 1.5} in contrast to comparatively linear paths in i,
the UE and NE structures {1ineal roughnesses of order unity). :

The extrinsic benefits of a meandering crack path are: (1)
growth rates ave effectively veduced by the longer path Tength of the ;
crack, {i1) the local stress intensity at the tip is reduced (from —
crack deflection mechaniss) whenever the crack deviates from the
plane of magimum tensile stress {42), and most importantly (i1i) the
local stress intensity range is reduced due to enhanced roughness- .
induced crack closure (15-17) from mismatch between geometrically
irregular crack surfaces, ajded by inelastic grack tip shear
displacements (43).

Modeltng the influence af microstructural damage from a grain
boundary microvoid dispersion on cycliic crack extension is
complicated by opposing intringic and extrinsic factors. In the
present work, changes in crack growth resistance are estimated by
comparing predictions of the extent of crack tip shielding with the
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observed growth rate behavior, The latter predictions are achievad
by considering current models for the respective roles of crack
defiection (42? and consequent poughness-induced crack closure {17),

Based on a Yinear elastic two-dimensional model, Suresh (42) has
recently examined the role of crack deflection in fatigue, both in
terms of the reductions in local stress fntensity and the apparent
changes in crack propagation rates. For an idealized non-planar
crack with perfodic tilts threugh an angle ¢, where the lengths of
the linear and deflected segments are ¢ and s, respectively, the
effective stress intensity range, &k, in each sagment of span (c + s)
was shown to be related to the nominal far-field 2K through the
expression:

B {Lﬂ!ﬁ)—*ﬁ-] & (3.7)

c+s

with the apparent average propagation rate of the tilted crack
{da/dN), due to the longer crack path, given by:

d - [y @ (3.8)

where gda/dN)L 1s the growth rate of the linear {undeflected) Mode I
crack (12), Corresponding modeling for the fracture surface contact
generated by the deflected crack has beem aralysed by Suresh and
Ritchie (17) using 2 sfmple, two-dimensiona: geometric model for
roughness-induced crack closure. By assuming equal-sized fracture
surface asperities, of height h and width w, the non-dimensfonal
closure stress intensity at the point of firsi asperity contact on
unloading 1s given hy:

(3.9)

K,
cl 2y X
L [1 2y

where vy 15 the non-dimensional surface roughness parameter, defined
as (h/w), and X is the ratio of Mode II to Mode I inelastic crack Lip

86

- P B b e WA o e NP Gt o

)

T N O

¢ g




displacements.

Such considerations of crack tip shielding via crack deflection
and closure are applied to the present crack growth rate behavior of
the solid (UE) amd voided {SE} microstructures in Figure 3,15,
First, using the experimentally measured closure data in Figure 3.13,
propagation rates are replotted in terms of an effective stress
intensity range, &Keff, in Figure 3.11(a}, thereby demonstrating the
significantly lower intrinsic crack growth resistance of the veided
microstructures once the extrinsic shielding effect is removed,
Second, the role of deflection is assessed by applying Eqns. 3.7 and
3.8 to such data, using the crack path profiles in Figure 3.14. The
da/dN results for the UE condition are taken as a refgrence line with

= 0 deg, since the crack path is essentially linaar {see Figure
3.14). With deflection of such a linear crack, the reference fatigue
crack growth curve will be shifted to the right to a degive dependent
upon the deflection angle ¢ and c/{c + s). Quantifying the
deflection of the crack path in the SE microstructurs (e.g., from
Figure 3,14{c¢)) is complex because the extent of crack path
meandering is not uniform and tends to be more pronounced at Tower
growth rates, Howevs , since the crack deflects aleng grain
boundaries, ¢ will be approximately a grain diameter. Accordingly,
typical values of ¢ are taken between "% and 75 deg with c/{c + §]
between 0.25 and 0,50, Resulting predictions of the contribution
from deflection only are plotted in Figure 3.15(b). Comparisen of
Figures 3.15{a) and 15{b} gives an indication of the relative
contributions of crack deflection and crack closure to crack growth
behavior in severely voided microstructures, It is apparent vhat
even with large degrees of deflection, the principal source of crack
tip shizlding arises 1in ttis case from the crack closure effect,
rather tham any major redurtion in 4K from crack deflection
mechanics.

The predictions of the reduction in Yocal "crack driving force"
ciearly are first order, due to the simplicity and two dimensional
nature of the models and the experimental uncertainty in closure
measurements. However, the approach is instructive as it enables
some ranking of the relative contributions of various shielding
mechanisms.  Moreover, it demonstrates the very potent effect of
crack tip shielding in offsetting the Tower intrinsic fracture
resistance of extensively void damaged structures, where crack
advance can proceed at low stress intensity levels.

3.4. COKCLUDING REMARKS

This study provides evidence that, although the presence of
environmentally-induced grain baundary microvoids can markedly
degrade fracture toughness, the role of such microstructural damage
in accelerating sub-critical crack growth under eycifc Joads may be
considerably Jess potent. This arises from a mutual competition of
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intrinsinz mechanisms, where a dispersion of microveids accelerates
crack advance by lowering the intrinsic microstructural resistance to
fracture, and extrinsic mechanisms, where the consequent generation
of crack tip shielding through crack deflection and closure, retards
crack advance by lowering the effective “driving force®™ actually
experienced at the crack tip. In meta's, the influence of the
extrinsic mechanisms on fracture toughness is generally minimal due
to their high intrinsic toughness, whereas during sub-critical crack
growth, which occurs at much Tower stress intensities, shielding can
assume far greater relevance, In materials of Tow intrinsic
toughness, conversely, extrinsic mechanisms provide major
contributions to fracture toughness as well, as for example shown by
the processes of transformation, microcrack and tigament toughening
in ceramics (e.g., refs. 8 and 9},

Cther examples of the offsetting effects of environmentally-
induced microstructural damage and vesulting shielding phenomena are
the faster near-threshold propagation rates observed in Tower
strength steels tested in dry helium gas compared to moist afr; 2
consequence of increased fretting oxidation debris formed on the
crack surfaces, which promotes oxide-induced closure and offsets
moisture-induced hydrogen-assisted growth in the air enviromment (12-
14).  sSimilarly, higher strength steels, cycled at near-threshold
Tevels in ambient pressure gaseous hydrogen, often show far less
evidence of accelerated growth rates, compared to hydrogen-assisted
crack advance under monotonic loading, simply because the resulting
hydrogen embrittlement gives rise to an intergranular crack path,
which acts to retard cyclic crack growth through enhanced roughness-
induced closure (44). Finally, closure due to the hydrodynamic
action of fluids inside the crack may also counter the
environmentally-assisted contribution to corrosion fatigue crack
growth in liquid environments. Such fluid-induced closure has been
demonstrated in viscous environments, and with sufficient fluid
penetration into the crack can lead to values of Kc1 approaching 50
pet of Kpay (18).

3.5.  CONCLUS [0S

Based on a study of the influence of grain boundary
distributions of microvoids, {nduced by damage from hydrogen attack,
on fracture toughness and fatigue crack propagation in a quenched and
tempered ASTM A533B Class 2 cteel, the following conclusions can be
made.

1. The intrinsic toughness of AS33B {s severely degraded by the
presence of pre-eqisting ~ ~'butions of microveids. Such
microvoid distributions pron-*. e earlier onset of plastic
strain Jocalization of the fntervoid matrix, a process which is
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exacerbated b, the presence of small microvoid clusters in the
highly triaxial stress state ahead of a crack tip.

Mild degrees of damage, in the form of 2 pet volume fractios of
pre-existing grain boundary microvoids, led to 30 to 90 pct
losses in ductility and to reductions in both crack initiation
and crack growth fracture toughness, fracture occurring by
classical primary void growth and coalescence,

Severe damage, in the form of 25 to 30 pct volume fraction of
pre-existing grain boundary microvaids, led to abrupt lesses in
ductility {by >90 pct), even larger reductions in crack
initiation and growth toughness {by factors of = 6 and ~ 40,
respectively), with fracture occurring by extensive intergranular
cavitation,

Despite the dramatic influence on intrinsic toughness, even
severe degrees of pre-existing microveid damage had 1ittle
apparent influence on ratigue crack propagation rates, In
microstructures showing a 30 pct grain boundary volume fraction
of microveids, only minor increases inm crack] growth rates were
observed belaw ~ 10~9 m/cycle and above ~ 1077 m/cycle, and were
associated with tortuous, cavitated intergranular fracture
surfaces and large increases in measured crack closure,

The surprisingly small influence of distributions of pre-existing
microvoids on fatigue crack propagation was attributed to 2
mutual competition between intergranular veid-induced damage,
which accelerates growth rates by lowering the intrinsic crack
growth resistance of the microstructure, and crack shielding from
the consequent deviation of the crack path, which acts to
decelerate growth rates by extrinsically lowering the effective
tocal *crack driving force®. From c=imple models of crack
deflection and roughness-induced closure, crack closure from the
tortuous nature of the cavitated intergranular crack path is
shown to provide the principal source of shielding.
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3.7, APPERDIX I
Crack Tip Shielding due to a Crack Tip Zone of Microveids

The extent of extrinsic toughening from the in situ formation of
microvoids in a zone surrounding the crack may be approximated by
application of models developed for microcrack toughening in brittie
materials (9}, In the present analysis, only an initial indicatian
of the shielding will be attempted; a more rigorous appifcation of
zone shielding models using J-integral techniques appropriate to
ductile materials {45,46) 15 beyond the scope of the presen® study.

Calculations are based on the originat medet of Evans and co-
workers (47,48} for toughsning derived from a dilatant phase
transformation in a zone surrounding a crack. The model fs modified
to account for the effect of void formation on reducing the bulk
modulus, B, in thf process zone (49}, and assumes uniform void size
and distribution.

AFor damage from hydrogen attack, the small effect of the methane gas
pressure within the voids, which will tend to offset this reduction
in wlk modulus, have been ignored.

A schematic iliustration of a crack surrounded by a constrained
dilatant zone is shown 1n Figure 3,Al. The resulting stress
associated with the formation of voids, in a zane constrained by a
rigid surrounding matrix, is given by (49):

P e eBopr s (3.41)

where € is the total unconstrained dilational strain of the voids,
and Begs is the effective bulk modulus of the process zone afier void
formation, which may be approximated in terms of the bulk modulus B
gf E:évoe) surrounding matrix and the volume fraction Vf of microvoids,
Yy H

{ L2
g = 9|1 W} (3.82)
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It follows from the analytical development of (47-49) that the
maximum shielding obtained from a fully developed process zone is:

Ks = 0.22 € Bagp /N (3.3)

where W is the zone height.

The applied stress intensity, Kapps associated with the remote
toading, therefore, differs from the near tip stress intensity, K pr
actually experienced at the crack tip, by the extent of shie]ﬂng
given by Kg, fe.:

Kapp = Keip + Ks « (3.79)

For a distribution of voids similar to those obtained in A533B
(LE and NE conditions}, assuming that ¢ = ¥f, and equating the
process zone height to the plastic zone size (ry = 1/2m {K1c/op)?,
where Kic 1s the critical stress intensity faltor of the process
zone), the resuiting shielding stress intensities, Ks, are estimated
in Table AI. It can be seen that the magnitude of shielding from a
zone of microvoids surrounding the crack, f.e., from in situ damage,
can be very significant for large microvoid volume fractions, even in
materials of relatively high intrinsic toughness, Such shielding
would not be expected in the present study on prior damage, as the

Table Al. Estimated Extrinsic Zone Shielding, K¢, for In Situ Void
Formation in A533B

Condition Kie vf ry Betf/B Ks
(MPavin) (ram) {MPavi)

LE (L-T; 138 0,001 7.6 0,995 [

{s8-T 58 0.001 1.3 0.995 3

NE éL-T) 57 0,021 2.7 0.901 68

$-T) 30 0.021 0.7 0.901 35

microvoids are uniformly dispersed on grain boundaries thraughout the
sample. Moreover, the shielding may be offset by a reduction of the
intrinsic toughness of the material. This degradation may be
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particularly severe with increasing void volume fractions in ductile
materials, as is apparent in the present study for Vf 2 0.001

5This fs in contrast to brittle materials, which display a linear
decay in intrinsic toughness with increasing microcrack volume
fraction {9).
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3.8. APPEWDIX II
Estimation of Grain Boundary Volume Fraction of Microveids

The average grain boundary volume fraction of microvoids, Vfgy,
was estimated from tr%e specific volume change, AV, determined from
density measurements. The steel {nvestigated had a grain size of

Ssmall changes 1n velume assocjated with the gradual JToss of
martensitic character of the microstructure and changes in carbide
morphology during exposure to hydrogenr have been ignored.

~ 30 um and average intercept count, N, of 38 per mm (51). The grain
boundary surface area per unit volume, Sy, may be related to Np by
the expression {52):

Sy = 2N (3.45)
y = 2N,

where Sy has units of ame /mm3, Thus, for the present study, Sy = 75
mmé/mn3. A uniform grain boundary distribution of spherical voids
was assumed with a mean spacing of 2. If the width of the boundary
{s taken to be the mean void spacing thea:

AY

Vg = e (3.56)

where the values of V and & are given in Table IV,
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3.9. FIRURES

LE

NE

SEM TEM

Figure 3.1 Microstructure of AS33B steel in the unexposed (U.; and
hydrogen pre-exposed (LE and NE} conditions. Micrographs
on the Jeft are from SEM of polished surfaces (etched in
2% nital); on the right from TEM of thin foils.
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Figure 3.2 Typical carbide morphologies in the unexposed A533B steel
showing the coarse int~rlath and grain boundary Fe-rich
M3C and fine needle-shaped iitralath (Mo rich + Fe) MaC
carbides. (TEM carbon extraction replica,)

¥

i
i‘



Figure 3.3

Optical micrograph showing incipient Yissure formation
from microvoid clusters in the RE condition.




*m%./‘m »

Souwrs_
2o00f

e
2 s

5o tem]

() {9) foyt b

Figure 3.4 Severely cavitated intergranular fracture surface from
fracture toughness test en A5338 following NE. {a) SEM :
micrograph, {b) TEM of fracture surfage extraction !
replica, and identification of particles using EDS and
SAD in {c} and {d}, respectively. i
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Figure 3,5 Jp(Aa) resistance curves for the undamaged (UE) and grain
boundary voided {LE and NE) conditions in A533B steel
tested in the {a) L+T and {b) S-T orientations. Tests on
C(T) specimens are used to determine the crack initiation
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Figure 3.6 SEM fractographs of broken C(T) specimens in the
unexposed UE and hydrogen exposed LE and NE conditions.
Note the increasing incidence of methane bubble formation
on grain boundaries with increasing hydrogen exposure.
Arrows indicate general direction of crack growth,
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Figure 3.7 Schematic {}lustration of the stress-modified critical
strain model for ductile fracture by microvoid
coalescence.
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Figure 3.8 PIot of fracture toughness Kpe as a function of
(E' £ 54)0-5, showing two discrete regimes of toughness
behavwr, namely primary void growth at high toughness
Yevels and intergranular cavitation at Jow toughness
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Figure 3.9 Predicted trends of the relative intrinsic toughness of
an elastic-plastic solid with increasing background veid
volume fraction, Vf (solid Yine), microvoid cluster
volume fractfon above the background Vf of 0.01 {upper
broken 11ne), and the addlt!onﬂ effect of decreasiag the
characteristic distance 15 (lower broken line).
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Figure 3,10 Extent of vaid ¢lusters intersacted by the crack plane in
the {a) S~T, and (b} L-T arlentations.
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Figure 3.11
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Fatigue crack propagation {da/dN) behavior as a function
of the nomfnal stress intensity range (AK) in AS33B steel
at R = 0.1. Both (a) mild degrees (NE} and (b) severe
degrees {SE and VSE} of pre-existing grain boundary
microvoid formation have only a small influence on crack
propagation rates, compared to hehavior in the undamaged
(UEg condition {after ref, 10).
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Figure 3.12 Scanning electron micrographs of fatigue fracture

surfaces at near-threshold and higher growth rates in
A6338 skeel, for varying degrees oy grain boundary
rnc?gvom damage, showing UE structure at {a) AK » B
MPavi and (b) aK = 30 MPayii; NE structure at (c) &K = 7
MPa,/ii and (d) AK = 29 MPa/mi; and SE structure at {e) &K =
7 MPavit and (£) AK = 26 MPa/m. Arrows indicate general
direction of crack growth.
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Figure 3.13 Experimentally measured variation of fatigue crack
closure in A533B steel, for varying degrees of grain
boundary microveid damage, showing ratie of closure to
maximum stress ‘lntensit,y, Kc'I/Kmaxn as a function of K,
for undamaged (UE) and voided {NE and SE)
microstructures, HNote how ingreasing degrees of
microvoid formation results in increased crack tip
shielding through closure.
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Figure 3.14 Near-threshold crack path morphologies, obtained in A5338
steel from nickel-plated fracture surfaces, showing ;
Tinear crack paths in (a) undamaged (UE) and (b) voic:d i
NE) microstructures, and highly tortuous crack path fn .
€} extensively voided (SE) microstructure. Arrows N
indicat: general direction of crack advance, L‘
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Figure 3.15 Respective roles of crack closure and crack deflection in
influencing fatigue crack propagation in undamaged (UE) |
and extensively voided (SE) A533B steel, showing (a) i
experimertal da/dN versus nominal AK data (from Figure
o 3.11) corrected for closure for da/dN versus AKges Cata, H
H using experimental Ky measurements; and (b) predictions
b of the effect of crack deflection using two-~dimensional
N linear elastic deflection model (Eqns. 3.7 and 3.8) for !
§ ¢ = 45 to 75 deg with ¢/(c + s) = 0.25 to 0.5,
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POSITION OF
ORIGINAL
CRACK TIP

Figure 3.A1 Schematic illustration of a crack surrounded by a
constrained dilatant zone: tractions give rise to an i
internal pressure resutting from the dilatant strain of
void formation.
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CHAPTER 4: FATIGUE CRACK PROPAGATION IN TRANSFORMATION-TOUGHENED
ZYRCONIA CERAMIC

ABSTRACT

Fatigue crack propagation under tension-tension Toading is
observed in a transformation-toughened partialiy-stabilized
zirconia {PSZ) ceramic containing 9 mol% MgO. Such
subcritical crack growth behavior 1is demonstrated to be
cyctically induced, based on a camparison with behavior
under sustained Ioadmg (at the maximum load in the fatigus
cycle} and at varying cyclic frequencies. Crack extension
rates, which are measured as a function of fBe cyc]i
stress intensity range AK over the range 10-1° tc 10
m/cycle, are found to be load ratio dependent and o show
evidence of fatigue crack closure, similar to behavior in
metals, Cyclic c};k growth rates are observed at AK levels
as low as 3 MPavm, and are considerably faster in moist
environments. Moreover, transient accelerations and
decelerations in growth rates were obtserved following low-
high and high-Tow block overioads. Compared to
environmentally-assisted, sub-critical crack growth in PSZ
under sustained-lvad conditions, cyclic crack velocities
were up to 8 orders of magnitude faster and showed a 40%
Tower threshold.

4,1, IKTRODUCTION

It has long been the general perception that ceramics do not
suffer significant degradation by fatigue {1-3). Accordingly, other
mechanisms of subcritical crack growth, primarily fnvolving
environmentalliy-assisted cracking processes under monotonic loading,
have received far more attention (4-7). Of late, however, there has
been increasing interest ia possible mechanisms of cychc crack
propagation as viable modes of subcritical crack extension in brittie
materials (7-11}, although uneguivocal demonstrations of fatigue
effects are not common (1),

The refuted existence of true cyclic crack propagation effects
in conventional momolithic ceramics has been based primarily on the
very limited crack tip plasticity apparent in these materials (1).
However, where other mechanisms of local inelastic deformation
prevail, or where unloading induces additional fracture phenomena,
the notion of fatigue in ceramics clearly becomes more acceptable.
For tension-tension and tensjon-compression loading, several such
mechanisms have been suggested, including the deformation and
Tateral cracking of crack surface asperities on unloading (1},
tensile opening from the wedging action of asperities (1) or
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corrosion/reaction products (12) between the crack walls, friction
induced heating at the crack tip (8), and envirenmentally-assisted
cracking processes (8,12}, In addition, fatigue cracking has
recently heen reported in polycrystalline alumina ceramics under far-
field cyclic compression loading (11).

In ceramics toughened by crack tip shieiding mechanisms,
employing, for example, dilatant zones around the crack arising from :
in situ phase transformation or microcracking phencmena (13,14), the
resulting nonlinear stress-strain response suggests the strong
posstbility of fatigue effects., Although evidence for such behavior
in “"shielded" ceramics has been observed in bend bars subjected to b
applied cyclic compressive.loading (15), there is 1ittle information :
on corresponding cyclic crack growth under more conventional tensien- ~
tension loading.

It is the prime objective of this study to demonstrate that such
cyclic crack growth can occur in transformation-toughened ceramics
under tensjon-tension lcading, and furthermore that such behavicr
occurs at stress intensities below, and at crack velocities far
above, that commonly reported {5-7) for subcritical crack advance
induced by environmental mechanisms.

4£.2. EXPERIMENTAL PROCEDURE P
~aeipitated partially-stabilized zirconia (PSZ}. econtaining § _

mol% my. . Was selected for the present study as it has been
extensively characterized with respect to its transformation
toughering behavior (13,16-18). Approximately 6% by volume of this
material undergoes a stress-induced martensitic transformation,
although up to 40% can transform in the high stress fields near a
crack tip {18). The microstructure consists af cubic Zr0p grains,
50 um in dismeter, containing lens-shaped tetraganal precipitates of
maximum dimension 300 nm (17).

Uniaxial tensile properties indicate 2 temsile strength of 400
MPa and a Young's modulus of 208 GPa. The material <‘'splays marked
resistance curve toughness behavior, characteristic of significamt
crack tip shielding, An initiation fracture toughness of
approximately 3.9 MPa./r% (for an initfal crack length of approximately
one grain diameter) was apparent with a maximum achievable fracture
toughness Kc of up to 18 MPa/m. Using suitable "aging" heat
treatments, a low toughness condition (K. of ~5.5 MPa/m) and a mid- !
toughened condition (Kc of v11.5 MPa/fi} were also assessed. Extensive i
microstructural and mechanical property evaluation on this material
have been described elsewhere (13,16-18).

3
i
i

Fatigue crack propagation studies were conducted on ‘tong (> 3
mu) through-thickness cracks 1n 3 mm thick compact C(T} specimens,
tested in controlled room air (220C, 45% relative humidity) using
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high resolution automated electro-servo-hydraulic testing mzchines.
Initiation of a pre-crack was facilitated by a wedge shaped starter
notch. The cyclic frequency, v, of the applied stress intensity range
(8K = Kmax ~ Kpin, where Kpay and Kpip are the maximum and minimum
stress intensities in the fatigue cycle) was varied between 1 and 50
Hz (sine wave) and the load ratin (R = Kmin{é‘max) betg«een 0.10 and
0.46. Crack growth rates over the range 10~ and 10~ m/cycle were
determined under both manual and computer-controlled K-decreasing and
K-increasing conditions {normalized K-gradient set at 0.08 mm~
(19}). Crack lengths were continucusly monitored, with a resclutien =
typically better than 2 um, by employing an electrical resistance .
technique {20) on thin {0.05 to 6 um thick) NiCr metal foils, which
were either bonded or evaporated onto the specimen surface,
Simuttaneous measurement of the extent of fatigue crack closure
{21,22) was achieved using strain gauges mounted on the back surface
of the C(T) samples. Using this iechnique (23), the stress intensity
at closure, Kci, defined at first contact of the fracture surfaces on
unloading, is determined from the load corresponding o the first
deviation from linearity of the elastic compliance curve,
schematic illustration of these techniques is shown in Figure 4.1,
Fatigue data are presented in the form of both crack growth rate per
cycle, da/dN, and crack velocity (with respect to time), da/dt =
v{da/JdN), as a function of either the applied maximum stress
intensity, Kmax, or the cyclic stress intensity range, AK.

Environmental tests were conducted in dry nitrogen gas (inert
environment) and distilled water (corrosive environment) by sealing
the test piece in an airtight environmenta) chamber. Gas purity and
the environmental temperature were preserved using an appropriate
purification and temperature control system. The effect of the crack
wake was assessed by growing a crack fn the mid-toughened material
under constant AK conditions, A load ratio of R = 0.1 was employed
and the loads were continuously adjusted using computer control to
maintain the required constant AX = 5.48 MPavm. Subsequently, a high-
Tow and low-high block loading seguence was employed io determine
transient varfations in the crack growth rate.

In order to provide an indication of the maximum transformation
toughening under monotonic Toading, fracture toughness tests to
determine Kp(Aa) resistance curves were conducted on selected |
specimen subsequent to the fatigue test. Kp versus crack extension Aa i
curves were computed using appropriate C{T) stress intensity
calibrations and Joad versus crack Jength data recorded during the i
test. Tests were conducted in similar environmental conditions to IR
those employed for the respective fatigue test, 3

Fracture surfaces were examined in the scanning electron
microscope (SEM). Crack path profiles were studied using aptical
microscopy on appropriate pelished surfaces perpendicular to the
fracture surface.
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4.3. RESULTS

Results iltustrating rates of fatigue crack propagation da/dN
in the low toughened PSZ are presented as a function of the applied
stress intensity range AK in Figure 4.2. The majority of data
periains teo a load ratio of 0.10 at a cyclic frequency of 50 Hz,
although additional results, at load raties of 0.15, 0.31 and 0.46
and frequencies of 1 and 10 Hz, are included for comparison. It is
apparent that, over the wide range of growth rates studied,
propagation rates are a power law function of the stress intemsity
range, exhibiting a growth law of the form da/dN = AK", jdentical te
that observed during fatjgue in metals (24), However, whereas the
exponent m in metals is typically of the order of 2 to 4 in this
regime {24,28), growth rates in the ceramic are far move seasitive io
&K, with m values approaching 24. In addition, a marked dependence on
Toad ratio is also apparent. The actual crack growth equation at R =
0.10, determined from Figure 4.2 using regression analysis, is given
in urits of m/cycTe and MPa/ii by:

da/dN = 6,31 x 10722 (aK)24 | (8.1)

The closure level corresponding to the R = 0.10 data is plotted as
the ratfo Kg1/Kmax in Figure 4.3 as a function of the applied AK
range.

Optical micrographs of the fatigue crack path in Figure
4.4(a,b) shew significant crack deflection and evidence of crack
bridging just behind the crack tip. SEM examination of the
corresponding crack surfaces revealed a transgranular fracture
morphology, nominally similar to that obtained under monotonic
Toading conditions {Figure 4.4(c,d)). Although striations have been
reported for a glass ceramic during cyclic contact loeding (26} and
are comnonly secn during the fatigue of metals (27), no evidence was
found in the present study of striations or crack arrest markings in

heveas the data in Figure 4.2 apparently show a clear fatigue
effert, in view of past skepticism over fatfgue in ceramics, it is
necessary to demonstrate unequivocally that the crack growth observed
is cyclically induced, and that other subcritical cracking mechanisms
are not responsible. To this end, three separate sets of experiments
were conducted (Figure 4.5), as described below.

4.3.1. (i) Sustained Load Behavior
To show that the observed crack growth was not merely a

result of sustained load cracking at maximum load, crack
extension was menitored with &} the stress intensity

116

o

B

N T T e



cyclically varied between Kgpay and Kyijn, and b) the stress
intensity held constant at the seme valve of Kpax. This
procedure was periodically repeated during the entfre range of
growth rates; a typical result is shown in Figure 4.6(a), It
is apparent that, whereas crack extension proceeds readily
under cyclic loading conditions (region a), upon removal of
the cyclic component by holding at the same Kmax (region b},
no crack growth wag detectable.

{i1) Influence of Cyclic Frequency

The frequency dependence of rate of crack advance was
examined, at a constamt &K of 3.5 MPasm, for cyclic
frequencies of 1, 10 and 50 #z (Figure 4,5{b)). For the range
of frequencies tested, crack growth rates per cycle, da/df,
were effectively constant and frequercy-indeperdent, whereas
crack velotities with respect to t: =, da/dt, increased
tinearly. This behavior is agafn simiis» to fatigue crack
propagation in metallic alloys where environmental effects
have been inhibited.

{iii) Influence of Stress Intensity Range

Rates of fatigue crack propagation in metals are
generally more dependent on the range of stress intensity,
rather than the mean or maximum levels {24). To examine this
effect in the ceramic, tests were performed at a constant Kpax
{equal to 4.2 MPavim) with increasing Kpip. Results, in the
form of crack velocity, da/dt, as a function of 4K or the
ratio Kmin/Kpax Shown in Figure 4.5(c), clearly indicate a
marked effect of decreasing crack velocities with decreasing
stress intensity range at constant Kpax.

4.3.2. Environmental Contribution to Crack Growth

The fatigue crack propagation behavior of the low toughened PSZ
indicating the influence of an inert (dry nitrogen) and corrosive
{distilled water} environment at a frequency of 6Q Hz and load ratic
R = 0.10 is preseated in Figure 4.6. Results of the crack growth
behavior in air are included for comparison., It 1s apparent from the
data that growth rates are increased, and threshold &Kty vatues
decreased, in the moist environments compared to the inert
environment. This behavior may be attributed to an eavironmentally-
assisted slow crack growth contributfon which acts to decrease the
intrinsic resistance of the crack tip material to crack advance and
hence accelerates growth rates. This degradation of the intrinsic
toughness does not appear to be offset hy increased extrinsic
shielding from mechanisis such as oxide-induced crack closure or
crack deflection which typically occurs in many metallic alloys when
exposed to environmental degradation processes.
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The effect of envirvonment on the maximum extent of
transformation toughening achieveu was assessed under monotonic
Joading by determining the R-curve subsequent to each fatigue test,
The resutting Kr{aa) curves showing similar maximum toughness values
observed in the dry nitragen, air and water environments are
presented in Figure 4.7. Note that the full R-curve is not observed
but begins at the final Kpax of the AK range employed in the prior
fatigue cycliny. The abrupt decrease in the measured foughness
apparent 1n the R-curves determined in the air and water environment
{Figure 4.7) has only recently been observed for the present PSZ
ceramic {28). Albeit beyond the scope of the present study, the
effect is most 1ikely associated with transitions from plane stress
to plane strain dominated crack extension. In addition, despite the
strong athermal component of the phase transformation experfenced at
the crack tip, previous zone size studies seem to indicate that
thermal activation still plays a minor role (29). This effect may
become noticeable as a decrease in zone size and concomitant decrease
in toughness with increasing Toading and crack propagation rates,
Although of potential importance, particularly for components where
design is based on maximum toughness considerations, a more indepth
analysis awaits further detailed experimental data.

4.3.3. Influence of Fracture Tosghness

The influence of fracture toughness on fatigue behavior is
indicated in Figure 4.8 which shows the fatigue crack propagation
rate of the peak-toughened material (Ko = 18 MPav/m) compared to that
of the low-toughness condition {Ke = 5.5 MPa/m). The entire growth
rate curve has been shifted to higher AK ranges suggesting that
fatigue crack propagation might scale with the fracture toughness
determined under monotonic Joading conditions. This is in contrast ta
the power-law Paris regime (Vinear section of crack growth rate
log{da/dN) vs. tog(aK) plot) in metallic alloys which in general is
not sensitive to the fracture toughness. It is, however, similar to
the high growth rate region of fatigue crack propagation in metallic
atloys, where Kpayx in the fatigue Joading cycle approaches the
fracture toughness ﬁ(;c of the material and hence an obvious ~caling
with K1z occurs. In this regfon there {s typically a crack growth
mechanism transition to static fracture modes, such as cleavage
fracture, which more closely approximates the brittle fracture modes
in ceramic materials,

4.3.4. Constant AK and Block Loadimg Sequences

The extrinsic shielding associated with transforms*’ -
toughening derives principally from material in the wak~
advancing crack tip. A characteristic of such shielding ir
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crack~size dependent behavior typically manifest by R-curve behavior
under monotonic loading, and “anomalous” small crack growth rate
effects 1in fatigue. Crack wake effects are therefors expected to
exert a significant influence on the crack propagation rates during
fatigue crack growth in PSZ, Such effects will, in addition, result
in a sensitivity of meastred fatigue crack growth rates to varfation
af the stress intensity range with crack Tength (dAK/da) employed
during threshold fatigue tests.

In order to provide some indication of these crack wake effects
crack propagation rates were measured under constant AK = 5.48 MPa
conditions n the mid-toughened (Kc = 11,5 MPa/m) material. Data
indicating trans1ent responses subsequent to high-Tow (from 4K = 5.48
to 5.30 Mpavin) and Tew-high (from aK = 5,30 to 5.60 MPavh) block
toading sequences were also determined and results are presented in
F'gure 4,9, It is apparent from the data that the fatigue crack
propagatwn rate remained approximately constant for a conmstant AK =

8 MPa/m over a distance of 72,5 mm. This distance was considered
sufﬁctenﬂy long to demonstrate that once steady state toughening is
achteved, no further fncreases in transformat{on toughening with
crack extension occurs, Consequently, during fatigue crack
progagation, growth rates remain uniform under constant 4K Tloading
conditions.

The resuits of the high~low block loading frdfcate a marked
retardation {n growth rates immediately after the lodad change,
followed by an increasing growth rate until steady-state velocity is
achieved (Figure 4,9}, The crack length incremant over which
trans!ent retarded growth rate behavier occurred was approximatew

.2 mm. Mirror image results were observed following the low-high
block loading sequence in which transient accelerated crack growth
rate behavior over a distanee of approximately 1.0 mm was apparent.
The crack Tength increments over which transient crack growth rate
behavior was observed are slightly Targer than 5H, where H is the
transformation zome width. A transformation zone size of
spproximately 150 um was observed in the mid-toughe=at) i
Namarski fnterference and Raman spectroscopy techniques [9¢,30). The
maxfmum enhancement in transformation toughening is - Jicted to
occur after a crack extension increment of 5H under monwton:t Toading

4.4, DISCUSSION

The above results provide persuasive evidence of true cyclic
crack growth in PSZ. Crack growth rates display a similar dependency
to metals on mechanical factors such as freguency, load ratfo, and
AK, aTthough the sensitivity to the latter two factors is clearly far
greater in the ceramic. Increased crack growth rates were apparent in
moist environments and have been attributed to an environmentally~
assisted contribution to crack growth. Moreover, crack advance is
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