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Abstract

Environment assisted fatigue involves plastic deformation and degrading chemical reac-
tions, which occur in a localized region ahead of the crack tip. Basically, transgranular
crack growth proceeds by alternating slip processes. In this study, a transzranular fa-
tigue crack growth rate model is developed on the basis of restricted slip reversibility
(RSR), where transgranular fatigue crack growth rate is related to plastic deformation
accommodation ahead of the crack tip (the product of the cyclic plastic strain range
and the plastic zone size). The model is shown to take the form of the Paris equation

with a power law exponent of 3 at positive R values.

Fatigue crack growth behavior of a 8090 aluminwm-lithium alloy has been examined by
a series of tests using compact tension (C(T)) specimens with the load axis a) parallel
to the rolling direction (LT specimen), b) inclined at 15° (L+15°), ¢) inclined at 30°
(L+30°), d) inclined at 45° (L+45°) to the rolling direction. It has been found that
in the LT, L+15° and L+-30° specimens macroscopic cracks propagate along the plane
normal to the rolling direction regardless of the deviation of loading directions and the
fatigue crack in the L+45° specimen propagates along the plane of specimen symmetry.
Fatigue crack growth rate has heen found to vary with the specimen orientation with the
LT direction exhibiting the best fatigue crack growth resistance. These phenomena are
discussed in terms of the crystallographic texture and the highly planar slip behavior
of this alloy. A revised RSR model is developed for the description of transgranular
fatigue crack growth in aluminum-lithium alloys, where the effect of texture is related

to a geometric factor for the favorable slip planes.

Extension of the RSR model to environment assisted fatigue is also discussed. It is
recognized that environmental effects contribute to crack propagation by the formation
and rupture of an embrittlement zone in front of the crack tip. By incorporating a
corrosion damage zone into the RSR model, fatigue crack growth rate in a deleterious
environment is shown to be consists of two components: i) mechanical fatigue which
occurs by partially reversible slip and ii) environmental enhancement of crack growth
that results from the rupture of the embrittlement zone and is directly related to the

characteristic dimension of this corrosion damage zone.



In addition, fracture kinetics analysis is extended to crack growth behavior which ex-
hibits the positive-negative temperature dependence. A constitutive law is derived from
the general rate equation for a two-barrier consecutive system which represents stress
corrosion cracking. The transition condition of the positive-negative temperature de-
pendence is discussed and defined in terms of microstructural characteristic quantities
(activation energy and work factor) and loading constraints (stress intensity factor and

temperature).

For the description of plastic deformation, a set of evolutionary rate equations is de-
veloped from deformation kinetics theory. Corresponding constitutive equations are
derived for the dislocation glide mechanism, glide-plus-climb mechanism and diffusional
flow. The operational equations are soived from the governing differential rate equation

to determine deformation responses under different loading constraints.
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Chapter 1

Introduction

1.1 Background

Failure of engineering components operating in various environments due to cracking
is a safety and economic problem in many industries including the aerospace indus-
try and energy industry. Time dependent plastic deformation and fracture are two
of the major concerns in the design and maintenance of these engineering structures.
Predictive material models (constitutive laws), as one of the necessary ingradients to
predict deformation and fracture response (among other ingradients such as the equa-
tions of equilibrium and compatibility and the mathematical description of boundary
conditions and loading history), are generally needed in large computer-based analysis
schemes (e.g. finite element programs) which serve in manufacturing processes, product
design and long-term life time prediction [1,2)].

Fatigue crack growth has been the most common cause of structural failures and, there-
fore, is an important aspect of fracture. Despite the efforts that have been devoted
to the understanding of the phenomena and mechanism of fatigue crack growth, some
key problems remain unsolved and urgently need to be addressed. Among them is the

establishment of physically based constitutive laws of environment assisted fatigue.

With the advent of aluminum-lithium (Al-Li) alloys as the promising materials to re-



place the conventional high strength aluminum alloys in the next generation aerospace
structures, the study of fatigue crack growth behavior of Al-Li alloys has became a
topic of interest in the aerospace industry. Quantitative assessment of the fatigue crack
growth resistance of these alloys, through both experimental testing and deterministic

physical models, needs to be done from the damage-tolerance-design standpoint.

1.2 Project Goals
The objectives of this project are as follows.

¢ To derive a mathematical model for transgranular fatigue crack growth from the

underlying physics (the restricted slip reversibility (RSR) model) (Chapter 3).

¢ To do some preliminary studies for a future research project on the fatigue crack

growth behavior of Al-Li alloys (chapter 4)
~ by a series of tests, to examine the fatigue crack growth rate in a 8090 Al-Li
alloy as a function of the specimen orientation.
~ to study the possibility of extending the RSR model to include texture (pre-

ferred orientation) effects.

o Toinvestigate the possibility of extending the RSR model to include time-dependent

environmental effects (corrosion fatigue and hydrogen embrittlement) (Chapter 5).

» To give a fracture kinetics analysis for the cross-over behavior in stress corrosion

cracking (Chapter 6).

¢ To derive kinetics representations for thermally activated plastic deformation
mechanisms {Chapter 7).

¢ By doing all of these, to provide a physical framework for the future development

of constitutive laws of plastic deformation and fracture.

QW]



Chapter 2

Literature Review

This chapter reviews the development of constitutive modeling for deformation and
fracture in metals. The first section (“Plastic Deformation of Crystalline Materials”)
gives a summary of deformation mechanisms and a brief review of Ashby’s deformation
maps. The second section ( “Environment Assisted Fatigue”) provides an introduction
to environment assisted fatigue crack propagation. Environment assisted fatigue is a
generalized term to include fatigue in benign environments (mechanical fatigue) and in
aggressive environments (corrosion fatigue); here the “aggressive environment” does not
necessarily refer to the one which alone results in significant chemical attack but rather
any environrnent which, when in conjunction with cyclic stress produces subcritical
crack extension below a critical stress level determined in an inert environment. The
phenomenology and mechanistic models of fatigue crack growth are summarized and
critically reviewed. The third section “Deformation/Fracture Kinetics Theory” briefly
reviews the key points of the deformation and fracture kinetics theory which will serve

as the guidelines for the theoretical developments in later chapters.

2.1 Plastic Deformation of Crystalline Materials

Crystalline solids deform plastically by a number of independent mechanisms which are

often divided into five groups [3,4]:



1. collapse at ideal strengeh—flow when the ideal shear strength is exceeded;

[(W)

. low-temperature plasticity by dislocation glide—— limited by lattice resistance (Pelerls’

stress) or by discrete obstacles;
3. low-temperature plasticity by twinning;
4. dislocation creep — limited by glide-plus-climb or by glide alone;

5. diffusional flow— limited by lattice diffusion (Nabarro-Herring creep) or limited
by grain boundary diffusion (Coble creep).

Time-dependent plastic deformation is controlled by the structure of the material and
external constraints: temperature T, stress 7, and strain rate . Ashby {3,4] developed

the concept of deformation mechanisin maps to represent the constitutive relation

4 = f(r,T,5:) (2.1)
where S; represents a sct of structural variables.

The maps are divided into fields in cach of which a particular deformation mechanism
dominates. Superimposed on these flelds are contours of constant strain rate. An
example is shown in Figure 2.1. In Ashby’s description, dislocation creep is represented
by mechanism-based rate equations that take empirical forms such as power function
or sinh™ function and therefore is named power law creep. These maps would allow
one to predict the mechanism and the mode of deformation with the knowledge of
applied stress and temperature, however, much empiricism they have in the form of
representation and in the result of prediction. Furthermore, some important aspects of
deformation such as threshold phenomena and transient behaviors are not included in

Ashby’s maps.

In the description of plastic deformation, an important realization was introduced by
Becker [5], Eyring [6], Orowan [7,8] and Boas [9] that plastic deformation is essen-
tially identical with chemical reactions and its description may follow chemical kinetics
[10,11,12,13]. By this approach, deformation mechanisms can be related to the rate-

controlling energy barrier system. Kinetics approaches relating various mechanisms with
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a single energy barrier were critically reviewed by Hirth and Nix [14]; their analysis is
now widely accepted. Further, it was shown by Krausz and Eyring that mechanisms of
dislocation motion can be represented by multi-energy-barrier systems [13]; the theory
of deformation kinetics is now well established. A further development will be in the
establishment of theoretical deformation maps which should be the graphic represen-
tation of physically based constitutive laws that are rigorously derived from: the first
principles of physics.

2.2 Environment Assisted Fatigue

Environment assisted fatigue generally refers to the fatigue process enhanced by envi-
ronmental effects. In principle, there could be as many different types of environment
assisted fatigue as there are metal/environment combinations, since each will interact
chemically and eletrochemically in different ways. The object of this review is to identify
those common threads running through the experimental observations that enable us to
deduce worthwhile generalizations and to develop constitutive laws from the fundamen-
tal physics of the deformation and crack growth processes. Such laws are indispensable
for theoretical developments, for the guidance of experimental studies, and are critical

for engineering design and maintenance applications.

2.2.1 Phenomenological Characterization

In the study of fatigue crack growth, an important observation was first made by Paris in
the early 60s that fatigue crack growth rate (FCGR), da/dN (a is the crack length, N is
the number of cycles}), depends upon the range of stress intensity factor,AKX, associated
with the cyclic stress (AKX = Y Ao\/7a) [16,17):

da —~n
= C(AK) (2.2)

which is the well-known Paris equation. It is an empirical relation based on the experi-

mental observation that fatigue crack growth rate under different loading configurations

6
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may be uniquely represented by a straight line in the log da/dN vs logAK coordinates.

C and n are purely empirical parameters which represent the intercept and slope re-
spectively.

Classes of Fatigue Crack Growth

For a wide range of stress intensity and with the presence of environmental effects, more
complicated crack growth behavior (non-linearity in the double logarithm representa-

“ion) is observed, where falls behavior Jargely into three typical patterns as schematically
shown in Figure 2.2 [18,19].

The first type, curve A, represents fitigue in a vacuum or inert, harmless environment.
This is often referred as “reference fatigue” or “mechanical fatigue”, which signifies crack

growth that is due to purely mechanical effects. In a wide range of AK, mechanical

-1



fatigue is represented by a sigmoidal curve {20]. The intermediate range of crack growth
is described by the Paris equation {1.1) and therefore is called “Paris regime”. Crack
growth in this regime is associated with striation formation on crack surfaces, which is
evidence of alternating slip. Above the Paris regime, crack growth rate increases rapidly
with AKX and it eventually leads to catastrophic fracture as AK approaches Ky,. Crack
growth in this region is often associated with ductile dimple formation, which is a static
mode of fracture and virtually depends on K,,,,. Below the Paris regime, crack growth
rate vanishes asymptotically at a low AK value called “threshold”. The threshold
behavior is believed to be caused by crack closure (this will be discussed later) Various
empirical or semi-empirical equations (estimated to be about 100 [21,22]) have been

proposed for the representation of the sigmoidal variation in mechanical fatigue.

The second type, curve B, represents those material-environment systems in which the
environmental effect results from the synergistic actions of fatigue and corrosion. This is
often referred as “true corrosion fatigue” (CF). The environmental effect is evidenced by
a reduction in the apparent threshold for crack growth and increases in the rate of crack
growth at given AK levels. As AN approaches either K, or K., the environmental
influences are diminished as a result of either the rate-limiting nature of transport

processes or other mechanical-chemical interactions.

The third type of behavior, curve C, typified by hydrogen-steel systems, represents
those systems where there is a substantial environmentally enhanced sustained load
crack growth component, which is usually referred to as stress corrosion cracking (SCC).
Stress corrosion cracking typically consists of three stages of crack growth (stage I, II,
II1), as indicated in Figure 1.1. Above K scc, at stage I, crack growth is strongly stress-
dependent, which is then followed by stress-independent, transport/diffusion controlled
crack growth, stage II; and in region III, the crack growth rate curve becomes coincident
with that of mechanical fatigue.

Effects of Critical Variables

A plethora of interactive variables influence the da/dN-AK relationship. Among them
are mechanical variables such as mean stress, frequency, waveform, and overloads;
metallurgical variables including impurity, composition and microstructure (grain size,

precitipate size and shape); and environment chemistry variables (viz., temperature;



gas pressure and impuwity content; clectrolyte pH, potential, conductivity; and halogen
or sulfide ion content)., Detailed analysis of each effect is beyond the purposes of this

thesis, the following discussion illustrates typical cffects of the more important variables.

mean stress. Increasing mean stress, as characterized by the stress ratio (R =
Kpin/Kmaz), generally increases the rates of fatigue crack growth, since it may in-
clude an increasingly severe static loading effect. This effect can be significant for crack
growth by static mode of fracture, such as crack growth in brittle materials like poly-
mers and ceramics, or AKX range crack growth in high strength alloys, but insignificant
or even negligible for low strength alloys and mild steels [23,24]. The R dependence of

crack growth in the Paris regime and high AL range is often found to be described by
the empirical Forman equation [25]:

da  CAK)
dN ~ (1-R)K.~-AK’

frequency. Environment assisted fatigue is a time dependent process. Therefore, the
crack growth rate depends on the cyclic loading frequency (f). The general notion is
that da/dN increases with decreasing frequency, beceuse of increasing time per cycle
available for increased chemical reactions and mass transport. In the limiting case
where environmental effects are absent (type A), the frequency effect is diminished and
fatigue crack growth is cycle dependent. In the material-environment system where
Kiscc is high (type B), corrosion fatigue crack growth is also largely cycle dependent
[26,27,28] and is called “true corrosion fatigue”. Above K;scc where stress corrosion
cracking becomes a dominant mode (type C), da/dN due to environment is inversely
proportional to f [26,28,29]. Figure 2.3 shows the frequency dependence behavior of
fatigue crack growth in 4340M steel exposed to vacuum and water [26].

microstructure and material properties. It is believed that microstructure (grain
size, precipitates, etc.) and material properties (e.g. yield strength) have significant
effects on fatigue crack growth. However, the examination of these effects has been
hindered by the difficulty of isolating them in experimental data since different mi-
crostructures are often associated with different yield strengths; hence their individual
effects are not well understood. Although lacking a theoretical basis, Paris [17] and

Speidel [26] reported that fatigue crack growth rate data of many materials tested in
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vacuum or inert environments, when normalizing AN with the elastic modulus E, may
be represented by one curve in the log da/dN vs AK/E plot [17,26], as shown in Fig-
ure 2.4 [26]. This choice of normalization was fortunate until it was applied to the
aluminum alloy systems, when comparisons were made between conventional aluminum
alloys and an Al-Li alloy, 2090-T8E41 [30]. The latter shows uncommonly good fatigue
crack growth resistance, and this cannot be solely accounted for by the increase in elastic
modulus of this Al-Li alloy, as demonstrated in Figure 2.5 [30}. Aluminum-lithium al-
loys contain ordered, shearable, coherent &' (Al;L1) precipitates and has a strong texture
which is developed during mill processing. Such a microstructure increases the propen-

sity to highly planar slip [31,32], and its role in increasing the resistance to fatigue crack
growth has not been characterized quantitatively.

environment chemistry. Material-environment interactions may induce complicated

mechanisms of crack growth such as film growth and rupture [33,34], slip-dissolution

11
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[35,36) and hydrogen embrittlement [37,38]). Environment chemistry variables that may
affect subcritical crack growth include water vapor or gas pressure; solution composi-
tion; electrode potential and pH. Understanding of these effects requires that a specific
chemical variable be considered within cach of the three AN regimes: the near-threshold
region, the Paris regime and the near N¢ region. The scope of this study limits the
author to discuss these effects in detail any further. Interested readers can see reference
[28]. However, temperature is also an environmental variable, and due to its importance,

the temperature dependence will be discussed in a separate paragraph.

temperature. Corrosion fatigue, being thermally activated, is by the very essence of
the physical process sensitive to temperature. Usually increasing temperature increases
crack growth rates. Some Arrhenius-type equations have been proposed to describe this

temperature dependence {39,40,41], for example,

AGH

du Bexp (—- T

dN

) AR™

where AG?H is the activation energy; B and n are experimental constants. Qccasionally,

12
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Figure 2.6. Temperature dependence fatigue crack growth in high strength HP-9-4-20

steel in vacuum (0) and gaseous hydrogen {g); after Marcus et. al. [42].

unusual crack behavior which exhibits the positive-negative temperature dependence has
also been observed, as shown in Figure 2.6 [42]. It is interesting to note that mechanical
fatigue exhibits less temperature dependence, as represented by the solid line in Figure
2.6. This is due to the nature of cyclic plastic deformation. High-temperature fatigue
crack growth that involves creep deformation are beyond the scope of this project and

its discussion is not included here. Interested readers can see reference [43].

crack closure. Crack closure, first observed by Elber [44], has received a great deal
of attention [43,46,47,48,49,50,51] because it plays an important role in the threshold
of fatigue crack growth. It was suspected by Beevers that the threshold in corrosion
fatigue may occur partly as an intrinsic property of the material-environment system
and partly as the result of crack face interferences {46}, The mechanisms of crack
face interference are usually classified into a) plasticity-induced crack closure which

is caused by the elastic constraint of material surrounding the plastic zone enclave

13



in the wake of the crack tip, ou material elements previously plastically stretched at
the tip [44]; and b) roughness-induced crack closure which is caused by the wedging
actions arised from the misfitting of surface roughness; and c) oxide-induced crack
closure caused by corrosion debris on the fracture surfaces [45,48]. All these closure
actions may play a role in reducing the effective stress intensity range experienced by
the crack tip. Two rate-dependent closure mechanisms, thermodynamic bond healing
and work-promoted closure, were also suggested by Krausz [19,50,51], based on the
reaction rate concept. In both of these two processes, the crack re-heals by the re-
establishment of atomic bonds that have been broken along the crack front during
crack propagation; the thermodynamic healing occurs against mechanical work, while
the work-promoted closure is promoted by the residual stress on the contacting crack

surfaces during unloading.

2.2.2 Modeling of Fatigue Crack Growth

Early crack propagation models (1960-1980) were largely developed on the basis of
continuum mechanics principles in which the analysis of crack-tip plasticity was coupled
with critical damage criteria to formulate crack growth rate equations [52]-[55]. These
damage criteria were defined in terms of either accumulated plastic work (hysteresis
energy)}, accumulated plastic deformation (fracture strain) or balance of total energy
input into the system. A plastic blunting model was also proposed [56,57] in which crack
growth rate was related to the crack tip opening displacement by taking account of the
effect of geometrical factors ahead of the crack tip. None of these models was developed

on the basis of the underlying physics of the deformation and fracture processes.

The kinetics approach was initially developed in the 1970s for the study of stress cor-
rosion cracking, which was based on linear fracture mechanics and was predicated on
the recognition that environmentally assisted cracking is the result of sequential rate-
controlling steps (transport, surface reactions, diffusion, embrittlement, bond breaking
etc.) and is limited by the slowest step in this sequence [37,38,58,59,60,61,62]. Par-
ticularly, atomistic crack growth models were developed by Krausz and Krausz [19],
recognizing that crack growth involves atomic bond breaking and bond healing along
the crack front. The fracture kinetics analysis was also extended to corrosion fatigue
by Krausz and co-workers [50,51,63]-[67] based on the bond breaking-healing kinetics.
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For general environment assisted fatigue, a linear superposition model was proposed
by Wei [68] in which the crack growth rate in a deleterious environment, {da/dN).,
was decomposed into two components: mechanical fatigue, (da/dN),,, and corrosion

fatigue, (da/dN)., each weighted by a fractional parameter; i.e.,

da da da

where 6 is the fraction of the crack surface formed by mechanical fatigue and ¢ is
the fraction of the crack surface formed by corrosion fatigue. Equation {2.3) is only
qualitative since the fractional parameters, 6 and ¢ are not given quantitatively and the

description of mechanical fatigue remains empirical.

2.3 Deformation/Fracture Kinetics Theory

Atoms in condensed phases occupy equilibrium positions and are vibrating about the
minimum of the free energy well. Under the combined effect of mechanical forces and
thermal vibrations, any atom will move into a new equilibrium valley while breaking

the previous bonds and establishing new bonds.

2.3.1 Deformation and Crack Growth Processes

Crystalline materials contain lattice defects such as dislocations, voids, solute atoms,
precipitate particles and grain boundaries etc.. These atomic disorders possess higher
energy than the ordinary atoms. Therefore, the breaking and rearrangement of atomic

bonds are likely to occur by thermal activation at such defect sites, which will result in

plastic deformation and crack growth.
Dislocation Motion

The bond breaking process in crystalline materials at low temperature occurs with

high probability at line defects-the dislocations. It was already recognized that thermal



fuctuation can facilitate the displacement of dislocations in the direction favored by the
shear stress. The effect of an applied stress on the potential energy along a dislocation
slip plane is shown in Figure 2.7 [70]. The gliding of many dislocations results in
slip, which is the most common manifestation of plastic deformation. This mode of
deformation can be depicted by Polanyi’s salami [71] as shown in Figure 2.8. The

plastic strain rate, 4,, is given by the Orowan equation [72] as

Yo = bpmv (2.4)

where b is the Burgers vector, p,, is the mobile dislocation density and v is the mean

dislocation velocity.

The concept of crack growth was initiated by A.A. Criffith in the 1920’s [73,74]. His
argument was based on energy considerations: crack growth is accompanied by the
formation of new surfaces and the strain energy released from crack propagation should

be equal to the newly-formed surface energy.

Since the total energy change AU, duc to the formation of a crack of length 2a, is the
sum of the elastic stain energy change (AU, = —(wo?¢?®)/E) and the surface energy
change (AU, = 4T ;a):

AU = AU+ AU,

wola?

+ 4T, a

where T', is the specific surface energy, the equilibrium condition is defined by:

d woig?
E (-— E o4 4I‘,a) =0

which leads to
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Figure 2.7. The effect of a shear stress on the potential energy along a dislocation
slip plane; after Taylor [70].

Figure 2.8. The deformation of
Zn single crystal in tension. (a)
illustrates the specimen before

and (b), during tensile test (71

fa) (h)
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G = 2T, (2.5)

where G = (mola)/E is the strain cnergy release rate.

Equation (2.5) lays the foundation of modern fracture mechanics. It sets a critical
criterion for crack growth: either crack growth occurs catastrophically (when G > 2T,)

or crack growth does not occur at all (when G < 2I',}.

Extending the Griffith’s concept, Krausz and Krausz {19] further considered that a
subcritical crack may grow by thermally activated atomic bond breaking along the crack
front, as illustrated in Figure 2.0. At some instant of time, the crack front is defined
by the solid line linking atoms on the crack surface. Atoms at some distance from
the crack tip vibrate about their equilibrium positions; near the crack tip the atoms
are displaced from equilibrium by mechanical work. Due to thermal vibration, the
interatomic distance between the pair of atoms just ahead of the crack tip fluctuates,
as shown by the cross-hatched cycles in Figure 2.9. As changes in amplitude sweep
through the solid with a wavelike motion, at some instant a crest will arrive that is large
enough to separate the atoms to the extent that the “spring”, or atomic interaction,
breaks. Then. crack advances a few atomic distances. Oceasionally, also due to thermal
vibration, some previously broken bonds may be re-established between the pair of
atoms to partially close the crack. The crack growth rate is thus controlled by net
activation rate k times the activation distance nag (n is the number of activated atoms

and ag is the interatomic distance):

da
g = naok (2.6)
The above crack growth model depicts the “opening mode” crack growth, i.e. crack
extension by bond breaking along the main erack plane. In mechanical fatigue processes,
alternating slip may produce partially reversible slip steps that lead to crack extensiomn.
The role of alternating slip in inducing fatigue damage (crack initiation and propagation)
was first noted by E. Orowan {75]. He assuimed that crack initiation occurs by alternating

microscopic slips. In his deseription,



e e W e

Figure 2.9. Schematic representation of crack-tip region [19]. The model allows the

vibrational motion of atoms. Springs indicate that atoms are interacting; missing springs

indicate loss of interaction - broken honds. The region without ‘springs’ is equivalent

to the free surface — that is, the crack surface ~ and is shown by the heavy line.
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the slipping “surfaces” become increasingly abraded in the course of the
alternating straining, and their cohesion diminishes until finally a crack ap-

pears.

This recognition was verified overwhelmingly by later experiments [76]-[82]. Laird and
Smith [79] and Newmann [80] even made direct observations of crack opening profile
and related crack propagation to the crack tip opening by alternating slip. The concept
was further extended by Fong [83,84] to the restricted slip reversibility (RSR) model.
The description of this “shear mode” crack growth was not included in the original
fracture kinetics theory [19]. As a distinguished mode of crack growth, the restricted

slip reversibility must be recognized here.

2.3.2 Deformation/Fracture Kinetics

Plastic deformation and crack growth, as well as chemical reaction, are essentially iden-
tical processes in the sense that, in the microscopic scale, they are all the result of the
breaking and re-establishment of atomic bonds which occur by thermal activation. The
rearrangement of atomic configuration takes place either by replacing one (or more)
atoms with a different kind (c.g. chemical reactions, diffusion) or by changing “neigh-
bors” in plastic deformation or by separation of “neighbors” in crack initiation and
growth. It follows from the axioms of statistical mechanics that all thermally activated
processes proceed by the dual occurrences of forward and reverse steps [10]-[13]. In
chemical reactions this is recognized as the dual activity of reactant-to-product and
product-to-reactant reactions. In diffusion and in dislocation glide it is conventional to
label them as “forward” and “backward” steps, the first being the one that promotes
the macroscopically observed direction of plastic deformation while the second is in the
opposite direction. Crack growth is also recognized as the concurrent processes of bond
breaking and bond healing [19]. The threshold represents the set of stress conditions

where forward and reverse activation are in equilibrium {13].

For all thermally activated processes the rate of each activation step is rigorously de-

scribed by the =lementary rate constant cxpressed as (Appendix A):



(2.7)

= vy (-S40

kKT

where & = 1.38 x 107%JIX™" is the Boltzmann constant; T is the absolute temperature;
v is the pre-expcnential frequency factor defined by the absolute rate theory; AGH W)

is the apparent activation energy (average thermal energy).

The apparent activation energy is defined by the energy condition necessary to rearrange
atoms into the configuration that exist after one activation step. For forward activation

steps it is defined as

AGHIV) = AGY - W, (2.8)

where AGf, is the true activation energy for forward activation and ¥ is the mechanical

work input by the applied force system; and for reverse activation steps as

AGHWY = AG} + W, (2.9)

where AG} is the truc activation encrgy for reverse activation and W, is the mechanical

work to be overcome for reverse activation to occur.

Generally, thermally activated deformation and crack growth processes consists of di-
verse activation steps, and therefore can be represented by various combinations of rate
constants. Deformation/fracture kinetics recognize three basic kinetic systems (i) single
energy barrier; (i) parallel barrier system; and (iii) consecutive barrier system. More

complicated systems can be represented by the combination of the above three.

Single Energy-Barrier

The simplest kinetics represent the activation event controlled by a single energy barrier,
as shown in Figure 2.10. The forward activation rate is defined by k; and the reverse
rate is defined by k,. Such forward-reverse twin processes are recognized, for ins.tance,
in diffusion as forward-backward diffusion, in crack growth as atomic bond breaking-

healing, in fatigue as forward slip-slip reversal. The overall rate, v, is the result of the
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Reaction Coordinate

Figure 2.10. Single-energy-barrier kinetics: k; represents the forward activation rate;

k. represents the reverse activation rate.

competition between forward and reverse steps [15,19):

v = ()(ky — ky) (2.10)

where ! is the activation distance.

In application to deformation processes, expressing W = V' (V is the activation volume,

T is effective stress), equation (2.10) can be written as [15]

AGL -V, LV,
v =lsvexp (—-——Lﬁ;——r) —lvexp (H—AG"T;Y—E) X (2.11)

Equation {2.11) was found to describe well the dislocation velocity in many crystalline

materials [15].

In application to crack growtl, following cquation (2.6) and expressing W = al{ (o is

the work factor, K is stress intensity factor), the crack growth rate can be expressed as
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v = [vexp (—%—@ﬁ) — lyrexp (—é—q}‘—k#\—) . (2.12)
Here, the subscripts “b” and *h” signify bond breaking and healing respectively. Equa-
tion (2.12) was found to describe well the stress corrosion cracking of a variety of ce-
ramics and glass materials exposed to various environments [19]. Sometimes, the energy
release rate G was also used to formulate the work dependence of crack growth processes
[19,40]. Under cyclic loading with triangular wave form it was shown by Krausz and

co-workers that corrosion crack growth rate, da/dN, can be obtained by integration of
equation (2.12) over one load cycle as [50]:

da _ &kTK [ [ amAK ] [ aRAK
dN T 2famaR P [MTU =R OP|FTA < R)

bk Tk} apAK ayRAK
R —_—n 1 . —_—— 9
T fanAR {"xp [i T1-Rr)| P |*tra-n (2.13)

where ¢ is the activation distance and k! is defined as the rate constant at zero stress in-
tensity. The £ sign indicate that two healing mechanisms—thermodynamic and closure

type—may operate in the case of corrosion fatigue.

Parallel Energy-Barrier System

When several independent steps occur concurrently to promote deformation or crack
growth, that is, when activations procced along different paths on the potential surface,
the process can be represented by a parallel energy-barrier system. In such an event,
each activation proceeds independently and makes its individual contribution to the
overall rate. Therefore, the process is controlled by the fastest step. For a parallel

system with two energy barriers, Figure 2.11, the rate equation is expressed as:

v=l(ky— k) + la(ky — k)2 (2.14)

Consecutive Energy-Barrier System




Activation Energy

Reaction Coordinate

Figure 2.11. Kinetics of two energy-barriers in parallel.

When a deformation or crack growth process occurs as the result of several sequential
steps, that is, the overall activation consists of a series of dependent steps, the pro-
cess can be represented by a consccutive energy-barrier system. In such a system, the
continuation of any step depends on the outcome of the previous step. Therefore, the
overall process is limited by the slowest step in the sequence. The rate equation for a

consecutive system with two energy barriers (Figure 2.12) takes the form [15,19]:

kirkirg — kiekir o1k
) 2.15
krp+Kkerp+ ke + kisr (2:15)

v={l

Equation (2.15) was found to describe well stress corrosion cracking processes [19,61].

2.3.3 Work Dependence

As shown above, the rate of a thermally activated process is controlled by the apparent

activation energy, its content depends on the mechanical work input which is a function
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Figure 2.12. Kinetics of two energy-barriers in sequence.

of stress. The true stress dependence of activation energy is often not known from basic
physics, because even the construction of one theoretical potential surface is a formidable
task for a real deformation/crack growth process that involves the motion of millions
of atoms. However, the activation energy, AGH{ W), can be measured experimentaliy.
For example, for a single-rate-constant controlled deformation process the rate equation

takes the form (Arrhenius equation)

.. AGHW

¥ = Joexp (——--——-—ké, )) : (2.16)
and the apparent activation energy can be determined as follows:

AGHW) = —p 207 (2.17)

21/T) "

For processes that are represented by combinations of rate constants, the evaluation of

AGYW) can be done by a step-by-step procedure as illustrated in references [15,19).

]
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Once the relation of AGHW) vs 7 is determined, the stress dependence of the process
is also determined. This is a stancard, well-established procedure of kinetics analy-
sis for chemical reactions, plastic deformation as well as crack growth. Of course, the
so-obtained relationship can only be valid for the particular mechanism under consid-
eration. As a single mechanism may be rate controlling only over limited stress and
temperature ranges, the associated activation parameters cannot be measured outside

this regime. Within it, the stress dependence of the activation energy may be linearized:

AGHT) = AGHro) + (7 — 7o) 7o+ ors (2.18)

SAGH
or
where 7g 1s a constant, reference, stress swithin the range. Defining the activation volume

V as

OAGH
~or

V=
and writing
AGH = AGH ) + Vo,

equation (2.18) becomes

AGHT)= AG, -V (2.19)

The activation energy AGH may be different from the activation energy at zero stress,
AGY it is, however, the only value experimentally determinable, unless the true stress
dependence of the activation energy is known a priori. Nevertheless, the stress depen-
dence relation (2.19) has been widely used in the kinetics description of plastic defor-
mation [13]. Alefeld [85] showed that even with constant activation volume equation

(2.16) could describe adequately some experimental results.

In fracture kihetics, the work dependence is often expressed as a function of the con-

trolling fracture quantity such as stress intensity factor K, energy release rate G, or
J-integral or C* [19):



W=g(K, or G, or J, or C*).

The stress intensity factor I is defined as a stress function that characterizes the inten-
sity of the elastic near-tip stress field, while G, J and C* are stress functions defined by
energy considerations. The J-integral and C* are often related to large scale yielding
condition and time dependent creep fracture respectively, which are beyond the scope
of this study and will not be discussed further.,

Activation energy dependence on & or G implics that either the stress or the energy
release is the driving force of crack growth. Within the constraints of linear elastic
fracture mechanics (LEFM), both concepts may apply {19,40]. It is customary to express
the work as the linear function of stress intensity factor I or the energy release rate

G [19]. The exact and physically approved expression for the fracture work, W, is still
needed.

2.3.4 Internal Stress

Lattice distortion due to the presence of defects represents an internal stress field within
the solid. Only the effective stress which is the difference between the applied stress,

7, and the internal stress, =;, does work when a dislocation surmounts an obstacle by
thermal activation, i.e. {15],

W(r)=Vry=V(r—mn) (2.20)

Equation (2.20) suggests that at zero effective stress, the activation work is zero and,
therefore, the plastic strain rate must be zero. This principle renders the measurement
of internal stress by stress relaxation tests {15]. Figure 2.13 illustrates the method of

hunting for the internal stress in the combined positive and negative stress relaxation
test.

Generally, the internal stress 7; depends on the work hardening rate and recovery rate

[ O]
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Figure 2.13. Schematic representation of the testing procedure used in the positive-

negative stress relaxation method of internal stress measurement [15}.

of the material. Following the Bailey-Orowan equation [137,138], it can be expressed as
i .
%}- = HY — R(r,m;,Tt) (2.21)
where H is the work hardening coefficient and R* the recovery rate. This concept has

been used extensively in the constitutive modelling of plastic deformation [88,89].

The role of internal stress in fracture processes has been addressed by Krausz and Krausz

[19], but the analysis has not been applied to particular crack growth processes.

2.3.5 Comments

Deformation/fracture kinetics, together with rate theory, constitute the physical frame-
work for the building of constitutive modlels. The theory is coherent with the description
of transport/diffusion and chemical reactions. Thermally activated processes are con-
trolled by the atomic-level energy content, AG*W). This common aspect of atomic

bond breaking, dislocation motion, diffusion and chemical reactions is the essence of
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plastic deformation and environment assisted fracture. In modeling of a deforma-
tion/crack growth process, the rate controlling steps have to be identified from the
underlying physical mechanism. For fatigue crack growth in metals, the restricted slip
reversal is an indispensable part of the mechanism. Fracture kinetics description should

be extended to this distinct mode of fatigue crack growth.



Chapter 3

Transgranular Fatigue Crack
Growth in Metals

3.1 Restricted Slip Reversibility (RSR)

Slip occurs as a result of dislocation motion {glide), which is a thermally activated
process. It proceeds by the dual occurrences of forward and reverse activation steps
over a single rate-controlling energy barrier where the barrier arises as a result of lattice

resistance or defect obstacles [4,15].

The role of alternating slip processes in inducing fatigue damage (crack initiation and
propagation) has long been recognized [76]}-[78]. Particularly, the slip reversal has been
found to be responsible for sharpening the vertex of the crack [80]. The forward slip
and slip reversal processes also lead to the formation of striations during fatigue crack
propagation. This concept is consistent with experimental observations and explains
many essential features of fatigue fracture [80,81,82]. These considerations were ex-
tended by Fong [83,84] to a restricted slip reversibility (RSR) model for depicting the
events at a propagating crack tip, as shown schematically in Figure 3.1. The model

explains transgranular crack propagation events as follows.

(1) Upon loading, slip systems on two favorably oriented parallel slip planes S1 and S2
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Figure 3.1. Schematic diagram of fatigue crack growth by restricted slip reversibil-

ity (RSR) [83].
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are activated. (ii) Forward slip occurs predominantly on S1 during the rising load cycle,
producing a slip step of length I;. (iii) During the decreasing load cycle, an increment
of slip reversal I, occurs on Si. (iv)A final slip reversal occurs on S2, producing a
sharp crack tip. This process may be repeated over several or many load cycles (N) to
produce a final crack length (a) increment, after which a similar process may occur on
another (conjugate) favorably oriented slip system variant along another pair of parallel
slip planes, 53 and S4, as shown in the schematics (v) to (viii) of Figure 3.1.

3.2 The Proposed Crack Propagation Model

In a deforming crystalline material, plastic deformation accumulates by crystallographic
slip that occurs in local stress concentration regions. Figure 3.2 (a) illustrates the
situation of crack initiation at a slip offsct location. In the case of a growing crack, it
is well established that plastic strain accumulates in the form of a plastic zone ahead of
the crack tip and the slip activity is limited to this plastic zone. Figure 3.2 (b) shows
a schematic of slip activity in the plastic zone in conformity with the RSR model for
crack growth. According to the RSR model (Figure 3.1), the fatigue crack growth rate

can be expressed as [90]:

!
% = (ly = I,)cos b, (3.1)

where 8 represents the favorably oriented slip direction within the plastic zone in Figure

3.2 (b).

Each slip step occurs by dislocation glide with the slip step length ! equal to the total

dislocation glide distance, and this distance is given by:

| =nl, (3.2)

where X is the average distance moved by individual dislocation and n is the number of

mobile dislocations on the favorably oriented slip plane. The number n can be counted
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Figure 3.2. (a} Crack initiation at a slip offset location; (b} Schematic of slip

activity in the case of fatigue crack propagation.
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by multiplying the mobile dislocation density (the number of mobile dislocations per

unit area}, rho, with Burgers vector, b, and the plastic zone size, 7, as

n = bpry, (3.3)
Substituting (3.2} and (3.3) into (3.1):
da - -,
v = blprAs = pede)rpcosb. (3.4)

Here and in the following text, the subscripts “f” and “r™ signifies the physical quantities

for forward slip and slip reversal respectively.

The mean dislocation free path components in equation (3.4) can be translated into
shear strain (y) components associated with forward slip () and slip reverseal (,) by
using Orowan's [72] equation:

~ = bpA
Equation (3.4) can therefore be written in the form:

% = (7 — ¥ )rpcosd. (3.5)
Equation (3.5) expresses fatigue response of a growing crack in terms of the net strain
ahead of the crack tip. This equation agrees in principle with Laird and Smith’s [79]
early conclusion that plastic deformation is responsible for crack propagation in ductile
metals. When dealing with crack initiation, r, represents the size of a localized yield
zone. In the case of fatigue crack growth under small scale yielding condition, from the
analysis of linear fracture mechanics [91):

Ty =Tpc088 = —1-(

AK\?
o ) . (3.6)

20,

34



Upon substituting for 7, cos @ in equation (3.5), crack growth rate can be expressed by:

da 1 AR? -
N = Rl e ) (a—y) (3.7
The description of plastic deformation at the crack tip follows the theory of deformation

kinetics and in the case of dislocation-glide mechanism, shear strain rate, 4, can be
expressed as [4,15]:

AG*—VQH) (3.8)

7= Yo ©XP (— T
where %, is a pre-exponential factor, AG? is the activation energy, V is the activation
volume. 7.y is the effective stress experienced by the dislocation at the activation sites,
and 7esy is the difference between the applied stress and the internal stress. The internal
stress in turn depends on the material properties such as work hardening and softening
rate and can be expressed as a complex function of stress, strain, temperature and

time. For simplicity, a linear strain-hardening rule is used to express the effective stress
[15,92]:

Tejf =T —Hy—1,,

where 7 is the applied stress, H is the strain hardening coefficient, v is the plastic shear
strain, and 7, is the initial internal stress,

Substituting the expression of effective stress into equation (3.8),

AGH— (Vr = VHy-Vr,)
kT

Y=o exXp |— (3.9)

According to linear elastic fracture mechanics, the shear stress at the crack tip along

the 8 direction is expressed as (Appendix B)

K
22w
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where r is the distance from the crack tip.

The average plastic strain rate within the plastic zone can be computed through the
summation of local strain rate 4(r,8) over the length of plastic zone along the crystal-

lographic direction 8:
. 1 fm»,
(¥)average = —j 4(r, 8)dr
rp Jb

Upon using the mean value theorem for integrals [93] and equation (3.9), the average

plastic strain rate can be represented by

- (ol — -V,
= gyenp |- 2 el - VHy - V) (3.10)
kT
where
a= V sin & 2
T avERL 2

is the work factor and L is the characteristic length of activated distance defined by the
mean-value theorem. Since the stress decreases rapidly away from the crack tip, the
plastic strain rate is mainly influenced by thermally activated glide that occurs with a
short distance of the crack tip. The parameter L depends largely on the microstructure
and defect density near the crack tip and is less relevant to the actual length of the
entire plastic zone over which the average is taken. Therefore, @ can be considered as a
material constant which is independent of the plastic zone size and the stress intensity
factor.

It will be recognized that forward slip occurs during rising load in a fatigue cycle and slip
reversal occurs during the decreasing part of the load cycle. The mechanisms controlling
the forward slip and slip reversal processes are the same in mechanical fatigue, but
these mechanisms will be different in corrosion fatigue where for example the oxide film
formation on fresh metal surface may affect the slip reversal. For generality, we first

consider that two separate slip mechanisms operate in alternating slip processes,

- In the case of a triangular wave form during fatigue, Figure 3.3, the stress intensity

varies with time as:
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Figure 3.3, The schematic of triangular loading profile in fatigue, where I? is the
stress ratio.

1 S AW A <t <
K(t) = { (o +5)ah Ostsp (3.11)

(Zp+1-59HAK p<t<2p,

where ¢ is the time, p is the half cycle period, AKX = R,1a; — I{nin is the stress intensity

range, R = Koin/Kmez is the stress ratio.

The forward strain s can be obtained by integrating equation (3.10) over the rising
load cycle,

s Vi Hey , AGL + Vyr) P (Q,K)
i — . el MBS AL ; dt
fo e“p( T )d” fol e"p( T /oe‘p 1T

AG? + ‘VJT f v CYIAI\' R t
. _BG+ VT . AR
Yot €XP ( W ./o exp [ T \T-RE ' p

and the result is
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e = (i) -

ViH kT
. 4 | 17 -
_ FoshT _AGT+ Vi) asRAR [ (cw&fx) N ]
= 2fa;AK 7 ( KT “P\m—Rwr) ["P\ kT ) !
(3.12)
where the test frequency f = 1/2p, as defined in Figure 3.3.
Over the decreasing load cycle, the reverse plastic strain is obtained by
/‘fr o (V;Hv) dv = i oy | _OGE Voo, f2pe (a,-K) Ui
o TP\ Tgr )T T Ter ¥ kT p *PA\%T
, AGE+Vir,\ 2 [aAK [ 1 ¢
‘_%,exp(————-——kT )/p exp[ T (1—-R+1_1_J)}dt
and the result is
kT [ (V;H'y,) 1]
v.H TP\ T%T
_ YorkT x _/_}.Gf. + Viror a.RAK [ (a,AI{) _ 1]
= 2fa,AK P KT CP\T—RET) [P\ 3T :
(3.13)

Often for a ductile material at low temperature (T < 0.3T,,, T}, is the absolute melting
temperature), the condition:

aAK
kT

VH ‘
exp (—M,-,—T) > 1 and exp ( ) > 1 (3.14)

is satisfied. For example, for a typical value of the activation volume of 80%%, b =
2.5 x 10~'°m, and a work hardening cocfficient of 1000 MPa, if the ductility is taken as

20%, the magnitude of the term exp (%%—1) approximates €®® which is much greater than
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unity. For mechanically assisted thermal activation, the activation work, a =V Hy—r,.
is positive. Hence, « AN > VH«y and exp (“—é—f‘-) > 1. Therefore, condition (3.14)
1s valid for most test and service conditions. Then the forward slip plastic strain in

equation (3.12) can be approximated by:

kT V;H5, AGY + Vyryy a;AK
= 1 il (7 _ ! i )
T=yvE" [2 fa,0K &P ( kT (1-RV;H

and, similarly, the reverse slip plastic strain can be depicted by:

_ AT [ ViHA o AGH Vit \ __@AK
=V E 2 nr P WT 1-RV.H

The net cyclic plastic strain range alicad of the crack tip can be calculated as:

. kT N
vt[[’)'ui Vel —ﬁf: +era_f
I (QfG}AI\) I exp ( —"——Vf” N o a, ALY
a— _ n - - .
wer (Miﬂgr_)% sy (__AG’,.;tVEnt) ViH V.H)1-R
2farAN K] V. H

Then, the crack growth rate according to equation (3.7) can be expressed as:

da _ (eyVi—aVy) . . AK,
dN = 12n(1 — R)V;V,H(AA ~ ALK )( Y )
where
. KT
Vil Vel
1—RHVE. AG: A'I {a af '
AI\’th = ( ) ! _1" Tof — Tor -+ / - _G-,- _— ln&%
Oth‘ - erVf H Vf Vr ( V. H4 ) i
WardK

(3.15)

—

3.16)

(3.17)

(3.18)

(3.19)

Equation (3.19) defines the fatigue threshold condition in terms of a complex function
of temperature, frequency, and stress ratio. The AL, value is a microstructure —

. environment sensitive variable because it is controlled by activation energies, activation

volumes and activation work factors.



In mechanical fatigue, where microstructure is stable and where environmental effects
are absent, a; and a, are in the same order of magnitude, and both forward slip and
slip reversal oceur by the same mechanism so that AGL=AGL V=V, =V, 1,5 = 7w
and 4,5 = Yor, AN}, vanishes to zero because FT/VH < 1. Hence for pure mechanical

fatigue:

da _ (ay- o, )AR®
dN ~ 12m(1 - R)VHo?

(3.20)

Equation (3.20) is similar to the Paris relationship (equation (2.2)) with a physically

defined proportional factor and power law exponent.

3.3 Experimental Verification of The Proposed Model

Transgranular fatigue crack growth data for a variety of alloys, tested at room temper-
ature in vacuum, over a frequency range of 1 to 5 Hz, are shown in Figure 3.4 [26],
where crack growth rates vary as a power law function of AL with an exponent value
of 3 within the Paris regime. The alloy designations and yield strength values are given
in Table 3.1, and the values of the proportional constant variable (e — a,)/V H, which
are estimated by fitting to test data [26], are also listed. Fatigue crack growth in cer-
tain engineering alloys, tested at room temperature in low humidity air, also exhibits a
similar behavior [94], as demonstrated in Figure 3.5. In addition to this, experiments
have also shown that in a large number of alloys the power law exponent falls within
the range of 2.7 ~ 3.4 [95]-[101}, as listed in Table 3.2. The power law exponent values
are found to be closer to 3 than 2 or 4, which are the values predicted by other models
(52]-[57].

Outside of the Paris regime, in Figure 3.4, the fatigue crack growth rate data deviates
from the fitted lines with the slope of 3 in Zr, Ti and Fe at AK values lower than
10MPa+/m whereas at very high AK values, the slopes are considerably greater than 3
in all cases. The derivation at low AR values may be caused by crack closure which is
not included in the present crack propagation model. The deviation in the predicted and

the observed slopes at very high AR values is not totally unexpected because the “static
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mode” fracture (such as void growth and ductile dimple formation) oecurs concurrently
with the RSR process [20,102] and this would obviously increase the crack growth rate.

It is thus evident that the agreement between theory and experiments is quite good in
the Paris regime.

3.4 Discussion

The restricted slip reversal (RSR) model provides a physical description for crack initia-
tion and growth processes that result in transgranular fracture. The model also provides
a physical basis for striation formation during fatigue crack growth, a feature that has
been verified through numerous experimental observations. The fatigue crack growth
rate is shown to be dependent on microstructure (activation volume and work factor),
material properties (yield stress and work hardening coefficient) as well as test condi-
tions (AN and R). The relationship between these parameters takes the same form as

the Paris equation (2.2) with the power law exponent of 3:

da -3
— = 2
FiN C{AR) (3.21)
where
__ (y—a)
127(1 — R)V Ho?

It is interesting to note that if A, in equation (3.18) is negligible, the test environment
and material mirostructure only affect the constant C in equation (3.21) rather than

the power law exponent.

3.4.1 The effects of R, 0, and H

In equation (3.21), the proportional constant C' is expressed as a function of microstruc-
ture (ay, a,, V'), material properties (o, H) and stress ratio, R. For microstructurally
stable alloys where the microstructure does not change with the mean stress, the R
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dependence predicted by equation (3.21) is similar to the Forman equation (2.3). In the

Paris regime where AN < I, the Forman equation,

da C'ARD

dN T (1= R)K.- ALK’

can be correlated to equation (3.21) with ¢’ = C(1 — R)K, and n = 3. Figure 3.6
shows the R-dependence of fatigue crack growth in 7075-T651 aluminum alloy. Close

agreement was found between the theoretical description and the observed behavior.

Different materials have different microstructures which will affect their mechanical
properties and the slip behavior. It is difficult to isolate their individual effects on
crack growth rate because they vary with cach other. Benson examined the effect
of yield strength on fatigue crack growth rate using %Cr—%Mo—iV steel transformed
(after austenitization) at different tcimperatures [105]. The corresponding mechanical
properties are given in Table 3.3 [105]. From these, the work hardening ccefficients are

roughly estimated by

H = (UTS-YS)/EL

where El. = 13%, typical for this class of steels (Metals Handbook Vol. I).

Plotting the fatigue crack growth rate data against H 03, as shown in Figure 3.7, it
can be seen that the crack growth rate, da/dN, is indeed inversely proportional to the

mechanical factor H a;f.

3.4.2 Threshold

Equation (3.19) further predicts that the intrinsic threshold of fatigue crack growth
does not occur in the absence of any microstructural change and environmental effects
ahead of the crack tip such as in the case of pure mechanical fatigue. This also im-
plies that, for stable microstructure, the intrinsic fatigue threshold solely occurs as a

result of environmental interactions. The model, in its basic expression in the context
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Figure 3.7 Variation of fatigue crack growth rate with Ha?in ;Cr-2Mo-4V steel

transformed at 450°, 550°, 750° and quenched and tempered; test data after Ben-
son (105].
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of equations (3.18) and (3.19), describes this cenvironmental effect by assuming that
the environment influences the characteristic activation quantities (AG?, o, V) in both
forward slip and slip reversal processes. Quantitatively, AK,, will only become signifi-
cant in equation (3.19}) if 7, is greater than 7., AG? is smaller than AG? and/or V, is
considerably greater than V. In practical terms, this may happen when environmental
effects weaken the point defect obstacles after the new crack surface exposure, which
will result in a decrease of both AG? and 7,,, or when some weak point obstacles are cut
by dislocations during the forward slip and do not act as obstacles in the slip reversal,
which will result in an increase of V,. Indeed, corrosion fatigue is a complex process
and detailed kinetics need to be specified when considering other mechanisms such as
corrosion debris formation [106]. However, fatigue threshold may oceur as the result of
extrinsic shielding (viz. roughness-induced crack closure, etc.). Crack closure is often
quantified by a measured stress intenssity level, Ky, below which the crack does not
propagate and above which the crack is in the onening mode. It is reascnable to as-
sume that alternating slip processes only operate in the range from Ky to Nyua. Then,
the effective stress intensity range AR, ;; = Ko, — Ko and the revised stress ratio

R' = K,/ K e= should be used to substitute for AKX and R in equation (3.21) to take
account of crack closure effects.

In conclusion, the proposed model correlates transgranular fatigue crack growth with
the plastic deformation accommodation ahead of the crack tip. Its formulation through
equation (3.5) comes out of a rationale based on the physically realistic RSR model,
although the subsequent theoretical treatment deals primarily with positive R values
and small scale yielding conditions, where stress intensity factor is believed to control
the near-tip stress fleld. The model could be further modified to incorporate cyclic
hardening or softening and large scale yielding effects but it is beyond the scope of the

present study to digress on these issues any further.
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Table 3.1 Materials Tested in Vacuum [26]

Designation Material o, MPa | (af — o, )/HV (MPay/m)~1
Mg ZIN60A-TH 206 9.9 x 1071
Al 7079-T6 463 6.46 x 10~
Ag pure silver 300 1.22 x 10~
Zr Zircaloy 4 470 1.91 x 1071
Cu 70/30 Brass 560 3.66 x 10~
Ti Ti-6Al-4V 990 3.38 x 1071
Fe 300M 1700 2.77 x 1071
Fe 12% St 12T 690 4,56 x 1073
Fe 460 TS 590 3.33 x 107°
Fe Type 304 270 6.98 x 1076
Ni pure nickel 201 165 1.03 x 10~%
Ni Inconel 600 340 4.36 x 10~
Ni Inconel 738 930 3.26 x 103
Ni Nimonic 80 A 448 7.56 x 107°
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Table 3.2 Experimental Values of Power Law Exponent for Alloys

Alloys Power law | Temperature | reference
expouent
Type 316 steel 3.4 25°C (93]
AISI 301 & 302 2.73 25°C [96]
Ti-6Al-4V 3.3 24°C [97]
Alloy 718 3.0~ 34 | 24°~427°C | [98,99,100]
Inconel X-750 forging 3.0 24°C [101]
3.5 Ni steel 3.2 24°C (101)
9 Ni steel 2.7 24°C [101]
Type 304 annealed plate 3.0 24° ~ —269°C {101]
Type 310S annealed plate 3.0 24°C [101]
A-986 forging, STA 3.0 24°C [101]
A-286 plate, STA 9.7 24°C [101]

Table 3.3 Mechanical Properties of 1Cr-2Mo-3V steel

%Cr-%Mo-iV YS, MPa | UTS, MPa | RA, %
Transformed at 750°C 466 638 33
Transformed at 550°C 609 736 47
Transformed at 450°C 597 722 46
Quenched and Tempered 8§34 872 43
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Chapter 4

Transgranular Fatigue Crack
Growth in Al-Li Alloys

The development of aluminum-lithium (Al-Li) alloys has been motivated primarily by
their potential for use in the next gencration aerospace structures. Interest lies in their
high modulus-to-weight ratio and superior performance, as compared with traditional

high strength aluminum alloys.

It is now well known that aluminum-lithium alloys exhibit uncommonly good resistance
te the growth of fatigue cracks and show extremely marked anisotropy in their mechani-
cal properties and fracture behavior. Such performance is believed to be the consequence
of strong textures developed during mill processing and the highly planar slip behavior
of these alloys [111]. The unusual crack growth behavior of Al-li alloys has been noticed
by many laboratories [107]-[110]. Particularly, it has been found that growing fatigue
cracks in compact tension specimens may deflect from the plane of symmetry to follow
sharply inclined crack planes. It is believed that the crystallographic crack growth may
be related to the crystallographic texture in the material and the point of transition
from “symmetrical crack” growth to crystallographic crack growth may be related to a
“transition” stress intensity range under AK increasing conditions. While these fatigue
crack growth phenomena in aluminum-lithium alloys are thought to be understood in
qualitative terms, a complete understanding in physically rigorous, quantitative terms

has not been provided. In addition, the practical implications of these fatigue phe-



nomena have not been considered. For example crack growth rates during the period

of crystallographic cracking, in zomparison to symmetrical crack growth rates, are not
known.

In the study of this chapter, a scries of tests has been run to demonstate the general
feature of fatigue crack growth in Al-Li alloys and to generate experimental data on an
alloy of current practical interest. Based on the information obtained from these tests,
a FCGR model is developed which extends the éoncept of restricted slip reversibility to
include the effect of texture (preferred orientation).

4.1 FCGR Testing

A series of FCGR tests (4 tests) has been carried out in this study to determine da/dN
in a 8090 Al-Li alloy as a function of AL and specimen orientation with respect to the

rolling direction. Variations in da/dN with specimen orientation would reflect the effect
of texture on the FCGRs of the alloy.

4.1.1 Experimental Procedures

Material

The material studied was 8090-T8771 Al-Li alloy, in the form of 12.5 mm plate, pro-
- vided by Dr. J. Morrison of the Defence Research Establishment Pacific. The nominal
composition of the alloy is given in Table 4.1. Its mechanical properties in the longitudi-
nal (L) direction are listed in Table 4.2. Four compact tension (CT) specimens, Figure
4.1, were cut from the original plate (20 x 20”) such that the loading direction was a)
parallel to the rolling direction (LT specimen), b) inclined at 15° (L+15° specimen), ¢)
inclined at 30° (L+30° specimen) and d) inclined at 45° to the rolling direction (L+45°
specimen). The CT specimens used conformed to ASTM E-647 specifications.



Table 4.1 Nominal Alloy Composition

Element (wt. %)
Li Cu Mg Zr Fe S Al
237 113 0.74 011 0.05 0.03 Bal

Table 4.2 Mechanical Properties

Orientation o, (MPa) o, (MPa) EL (%)
L 471 546 5.6

Instrumentation

FCGR, testing was performed on a MTS 810 testing system at the SML-IAR, NRC.
Measurements of crack opening displacement (COD) were obtained using a clip-on gage
(MTS 632.02¢-20) placed betw.n knife edges mounted on the front face of the specimen
on either side of the machined notch. A traveling microscope was used to measure
crack length on either side of the specimen. The traversing stage of the microscope was

readable to 0.01 mm.
13 cedures

All CT specimens were precracked in fatigue at a maximum lead of 8 kN and a minimum
load of -0.0125 kN at a frequency of 20 Hz. The precracked length e, > 1.4 mm.

Constant amplitude FCGR tests were conducted under the following conditions:

Test Frequency: f =20 Hz;
Maximum Load: Prar = 8 kN;

Stress Ratio: R = Prin/Puner = Kpin/ Kinaz = 0.1;
Environment: laboratory air;
Wave Form: sine wave;

Test Temperature: RT.

The maximum load was chosen to yield AK values in the range of 10-30 MPa./m. At

(]
o



these AX values, the size of the plastic zone ahead of the crack tip was presumed to be
small compared to the crack length such that linear clastic fracture mechanics could be
applied in accordance with ASTM E-G47 specifications.

At selected cycle intervals, fatigue cycling was stopped, then the load vs COD relation
was recorded and, at the maximum load, crack length was measured. This test sequence
was repeated until the specimens fractured.

4.1.2 Results and Discussion

It was observed that crystallographic crack growth occurred in all specimens, exhibiting
meandering crack path profiles. In the LT, L+15° and L+30° specimens, the macro-
scopic crack propagates along the dircction normal to the rolling direction but the
catastrophic fracture occur slantingly. In the L+45° specimen, fatigue crack propagates
in the notch direction but the catastropic fracture occurs along the plane normal to the
rolling direction. Pictures of the broken specimens are shown in Figure 4.2. It appears

that LT and L+45° planes are the planes of microstructural symmetry in 8090 Al-Li
plate.

Compliance data for LT, L+15°, L+30°, L445° specimens are plotted against the crack
geometry parameter a/W as shown in Figure 4.3, where the projected crack length
is used for a and CEB represenis the normalized compliance (BXEx COD/P, where
B is the specimen thickness and E is the elastic modulus, COD is the crack opening
displacement measured from the crack mouth and P is the load). It can be seen from

Figure 4.3 that the normalized compliance varies slightly with the specimen orientation.

It was observed that catastrophic fracture occurred at different crack lengths in different
specimens. Crack length vs number of cycles cycle data for the four specimen are shown
in Figure 4.4. Since the final crack length can be related to the fracture toughness, the
results indicate that fracture toughness, I, is also a function of specimen orientation.

Statistically significant data base will have to be generated to determine whether these

results represent a general trend.

Since, in all the specimens, the macroscopic crack deflection is less than 30° with respect



to the notch direction, it is appropriate to use the projected crack length to calculate
the stress intensity factor AL {112]. The fatigue crack growth rate, da/dN, is calculated

from the crack length vs cycle number relation using the secant method, i.e.,

Aa a1 —a;
AN Ny - N;

(4.1)

at & = (aig1+a;)/2. da/dN vs AK relations for LT, L+15°, L430° and L+45° specimen
orientations are shown in Figure 4.5, and all data are shown in Figure 4.6. It can be
concluded from Figures 4.4 and 4.6 that LT orientation exhibits the best fatigue crack
growth resistance and the fatigue crack growth resistance 1s increasingly reduced with an
increase in the inclined angle with respect to the LT orientation. One exception to this
trend was observed during crack growth in the L+30° specimen, which showed higher
crack growth rates than the L+45° speciinen at low AKX values. This could be attributed
to the presence of “cleavage like” fracture initiated during specimen precracking and
continued to dominate the crack path in the early stage of crack growth up to a AK
value of about 16 MPa,/m. This “cleavage like” fracture formed a flat fracture surface.
The same mode of crack growth was also observed in L+45° during precracking but not
to the same extent as in the L+30° specimen. This may accounts for the earlier failure
of the L+30° specimen than the L+45° specimen. The reasons for the occurrence of
such an unexpected mode of fracture are not clear. It is recommended that further tests

on L+430° and L+45° specimens be run at a lower load to avoid any “overload” effect.

The crack closure effect was also examined under the increasing AR condition in these
four tests. As shown in Figure 4.7, for all the specimens, the COD vs P relation exhibits
a good linear behavior over the full load range. From this, no significant crack closure
level could be detected following the ASTM recommended procedures [113).

4.2 The Mathematical Model

It is well recognized that planar slip is operative during fatigue crack growth in Al-Li
alloys. Marked slip planarity results in faceted fatigue crack growth along intersecting

slip bands and leads to periodic deflection in the direction of crack growth Figure 4.8



shows the fracture surface morphology which is comprised of intersecting slip band
facets. Slip, i.e. dislocation glide, occurs in definite crystallographic directions and
along definite crystallographic planes, usually the closely packed planes. The preferred
slip system is thus defined by the preferred direction and the preferred plane. Slip bands
in a face centered cubic (f.c.c.) system, such as an Al-Li-Cu alloy during fatigue, are
anticipated to form along the (111) plane. In f.c.c. ploycrystalline materials with strong
textures, the (111) pole is often displaced from the stress axis, and as a consequence,
slip occurs along the preferred crystallographic planes which lie at angles of 8 and ¢
with respect to the specimen width and thickness axes respectively. A three dimensional
and a two dimensional view of such a deformation and fracture mechanism are shown
schematically in Figure 4.9 and Figure 4.10 respectively. According to the concept of
restricted slip reversibility, the nect fatigue crack growth rate represents the difference
between the distances travelled by dislocations within the plastic zone during forward
slip (Iy) and slip reversal (1.} in one load cycle. In the RSR model, the fatigue crack
growth rate (FCGR) has been found to be equal to the product of the net plastic strain
ahead of the crack tip and the plastic zone size, and this is expressed by the relationship
[90] (equation (3.5)):

da
v = {77 — e )rp cos 8. (4.2)
where v; and 7, are the plastic strain associated with the forward slip and slip reversal

respectively, r,, is the plastic zone size and 8 is the preferred slip direction (Figure 4.10).

The accumulation of plastic strain during dislocation glide is governed by the rate
equation

AGY —(Vryy—VHy~V1,)
kT

¥ = Y, exp | — (4.3)

where 74 is the shear stress on the inclined slip plane (Figures 4.9 and 4.10). Upon
resolving the applied stress onto this inclined plane, the shear stress is obtain, using the
LEFM approach (see Appendix C for dectail}, as

Too = Tg cos? ¢

[uy ]
(o]



where 75 is the shear stress in §-direction provided that the crack surface is perpendicular

to the rolling plane, and according to LEFM (Appendix B),

K
9_2\/27”"

sin & cos —.
2

Taking the average of plastic strain rate (equation (4.3)) over the plastic zone (following

the same procedure in section 3.2), the average crack-tip strain rate can be obtained as

AG* ~(aKcos? ¢ —VHy—-V1,)

o exp | — 4.4
¥ = Yo eXPp T (4.4)
where
V.
o= sin @ cos .
2v2rL 2
Defining the stress intensity factor for an inclined crack plane as
Ky=FRKcos¢ and AL, = AR cos® 4, (4.5)

following the same procedures in section 3.2, the net plastic strain can be obtained
by integration of equation (4.4) over the increasing load period for vy and over the

decreasing load period for v,.

kT
( V( Hioy )F}ﬁe‘{p (_ Aal+v,-ro;)

2fasaly Vi H ay ar |\ Al
-4 =1in + - . 4.6
L ( Ve Hir )Vk};? exp (__ Aatj:v,m) (VfH V,-H) 1-R (4.6)
2fardly (7]

Substituting equation (4.6) for (v, — 4,), equation (3.6) for r, cos § into equation (4.2),

the crack growth rate can be expressed as:

da _ (Vi —aVjeos?$ oo oo\ OK
IN = - myvvg K- AR (4.7)




where

L
Vo H e WH oo [ AGE VT
(1-R)HV;V, | (‘L‘farcmi? m\r\‘) exp ( ViH )
- —In -
(afV: — o, Vi) cos? o ( Vil )ﬁcﬁ oxp { — AGH+Vyrog
T cos AR ! Vi

ALy, =

(4.8)

In mechanical fatigue, where microstructure is stable and where environmental effects
are absent, ay and a, are in the same order of magnitude, and both forward slip and
slip reversal occur by the same mechanism so that AGf. =AGLV, =V, =V, 1, f = Tor
and 9,7 = ¥or, and as a result, the A, term in equation (4.7) vanishes to zero because

ET/VH <« 1. Hence, in highly textured materials, the FCGR under pure mechanical
fatigue condition is given by

da (v — o )cos® ¢

dN T 12r(1 - R)VHq?

(AR, (4.9)

Here the proportionality constant would change with specimen orientation because the
work factors, as in equation (4.4), the yield strength and work hardening coefficient
of this 8090 Al-Li alloy are all dircctionality-dependent variables. The quantitative

analysis of these individual effects will he examined in future works.
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b) L+15° Q) Ltas’

Figure 4.2. Pictures of broken specimens: a) LT; b) L+15° c) L+30° and d)
L+45° specimen. Arrows indicate the rolling direction.
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Figure 4.9. A three dimensional view of fatigue crack growth mode in highly

textured materials.
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Chapter 5

Extension of RSR Model To

Environment Assisted Fatigue

5.1 The Slip-Rupture Model

With the presence of a reactive euviromment, corrosion will affect the material within
a localized zone around the crack tip. The corrosion product may accumulate in the
form of an oxide film [114] - [116], or hydrogen embrittlement, or dissolution may occur
[37,117,118]. The actual process depends on the mechanism of crack growth enhance-
ment, namely, oxide film rupture, active path dissolution or hydrogen embrittlement.
For a dissolution mechanism, crack growth is controlled by the combination of transport
of the deleterious environment to the crack tip and surface reaction to affect localized
dissolution. On the other hand, if hydrogen embrittlement is the dominant mecha-
nism, the internal and external hydrogen diffusion and embrittlement reactions are
rate-determining. The corroded material is usually embrittled and may fail by rupture
(atomic bond breaking). It will be appreciated that no matter by what mechanism(s)
the corrosion damage zone accumulates, it is the rupture of this brittle layer that con-
tributes to crack growth in addition to the component promoted by incomplete slip
reversal. Therefore, the characteristic dimension of the corrosion damage, d (which can
be either the film thickness or the size of the embrittlement zone), is an important

quantity in determining the rate of crack growth in deleterious environments. Incorpo-
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plastic zone

Figure 5.1. The schematic of a corrosion damage zone incorporated in the RSR model.

rating this corrosion-damage zone into the restricted slip reversibility model, as shown
schematically in Figure 5.1, a physical description (the slip-rupture model) of general

environment assisted fatigue may be obtained as follows.

It has been show in chapter 3 that fatigue crack growth rate, (da/dN)n, (the sub-
script “m” signifies mechanical fatigue), is related to plastic deformation accommoda-

tion ahead of the crack tip by the following relation [90]:

da _ (ay — o )AKS
(dN)m =y —wirpcost = o T RWHS? (5-1)

Considering that the corrosion layer d ruptures during the rising load period, then the

crack increment associated with forward slip can be expressed as:



o

ANar =
“ 14¢.

+ yp{r, — d)| cosd. (

(1]
[ AW
e

The first term in equation (5.2) is the amount of erack growth due to the rupture of the
corrosion damage layer, the factor 1/(14¢.) (¢, is the fracture strain of the corroded
material) takes account of the effect of deformation of this layer, the second term is

the contribution of the forward slip process. In the decreasing load period, the crack
shrinks in association with slip reversal by an amount of

Aa, = y,(r, — d)cos 8. (5.3)
Thus, the corrosion fatigue crack growth rate is formulated as

da d cos @
AN - r 14 e, +(7f_7r)(rp_d)coser

which can be rearranged into the form:

da 1
= _Af:pc0b9+(1—:;-a~,)dcosa (5.4)

where Ay = vy — v, is the cyclic plastic strain range as depicted by equation (3.17).

5.2 Discussion

According to the slip-rupture model, environment assisted fatigue crack growth rate
consists of components, as expressed by equation (5.4). The first term in equation (5.4)
is the component of pure mechanical fatiguc that results from the restricted slip reversal,

as defined by equation (5.1); the second term is the enhancement of crack growth by
environmental effects, defined by

=1
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dua 1 -
(ZN—)C— (l_i_sc—Af)dcosG. (5.5)

Equation (5.4) has two limiting cases: 1) when the reactive environment is absent so that
d = 0, or the plastic deformation is dominant so that Ay = 1/(14¢.) cos 8, equation (5.4)
reduces to equation (5.1) and the crack growth process is purely mechanical fatigue; ii)
when corrosion reactions are so active as to prevail through out the plastic zone, that

is, d = rp, then

da ) dcos 8
—_— = - (5.6)
(rlN oF 142,

which states that the crack growth process is true corrosion fatigue.

For most material-envivonment systems, crack growth proceeds by the occurrence of
both components. Following equation (5.4), environment assisted fatigue crack growth

rate, (da/dN)., can be expressed as

da da da . -
E@ e e
where £ = [1 — Ay(1 + ¢.)] is the weight function for corrosion fatigue. Equation
(5.7) predicts that corrosion fatigue may predominate in the low or intermediate stress
intensity ranges where plastic deformation remains small but the environmental effects
will be diminished as £ approaches 0 (at high stress intensities near K 1c). This feature
of corrosion fatigue has been established by many experiments and concluded by Ritchie
[45]. Figure 5.2 shows the corrosion fatigue behavior of 4130 steel in moist air {119].
Figure 5.3 shows the corrosion fatigue behavior of 4340 M steel in distilled water at
different frequencies [26]. Fatigue crack growth behaviors of these two steels in vacua

are depicted by equation (5.1), as represented by the dashed lines in Figures 5.2 and
5.3.

Equation {5.7) renders quantitative evaluation of the environmental effects by FCGR

testing in a deleterious environment. Since the component of mechanical fatigue, (da/dN)m,
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and the weight function, §{ = 1 ~ (1 + ¢.)A7 where Aycosf = (da/dN ) /rp, can be
determined in an inert environment, the environmental enhancement of crack growth
can be determined by

dcosf = (‘f—;)" _ (';j&)m

1 1 a (5‘8)
e ().,

14=e rp \dN

The quantitative determination of the chemistry effects in corrosion fatigue follows the
mathematical formulation of reaction kinetics. The corrosion damage zone size, d, being
an indicator of how far the reaction goes in the material, depends on the rate of surface
reaction, transport/diffusion and embrittlement reactions. Each of these processes is
understood to a significant extent [13,15,19,37,117,120], but none fully. Because they
are all thermally activated, their individual description and combined effects follow
rigorously from the principles of statistical thermodynamics and are integral parts of
the framework reported in this thesis. The general constitutive law of corrosion fatigue

was derived in the reports {50,51]. Specific chemical processes have to be incorporated

in detailed corrosion fatigue models.



Chapter 6

Kinetics of Cross-Over Behavior in

Stress Corrosion Cracking

The conventional, usually observed material behavior is increasing crack growth rate
with increasing temperature. Occasional observations of unusual material response to
temperature effects have also been reported. It was found that near threshold the higher
the temperature the slower the crack growth rate [121]-[130]. In the early models of
stress corrosion cracking [122,123,125,131,132], it was considered that the crack growth
process is controlled by the absorption-desorption of hydrogen at the metal interface.
These models over-simplified stress corrosion cracking to a single-energy-barrier con-
trolled process. Based on multi-reaction rate concept, a “hydrogen partitioning” model
[133] was proposed to account for hydrogen/microstructure interactions. In these mod-
els various mechanisms for the stage II crack growth were suggested, while the stress

dependence over the full range of crack growth was not discussed.

It has been shown by Krausz and Krausz [134,135], using a synthesis approach, that
the anomalous temperature-dependence behavior can result from the kinetics of atomic

bond breaking and healing steps that control the crack growth.

In this chapter, fracture kinetics analysis is extended to the case where a transition from
positive to negative temperature dependence results from the kinetics of a two-barrier

consecutive system. A constitutive law is then derived for the cross-over behavior of

30



stress corrosion cracking., Quantitative assessiments are applied to some stress corrosion

cracking tests. This approach can provide an effective means to control environment
assisted fracture.

6.1 Stress Corrosion Cracking

In brittle fracture such as stress corrosion cracking, crack growth may proceed by atomic
bond breaking along the crack front, as illustrated in Figure 2.9. Under the combined
effects of stress and thermal vibration, atomic bond breaking may occur in succession by -
thermal activation which results in crack propagation; occasionally, bond healing may
also occur to partly close the crack. The crack growth rate is thus controlled by the
activation rate times the activation distance na, (n is the number of activated atoms

and a, is the interatomic distance).

It has been shown that crack growth in Regions I and II of stress corrosion cracking
(Figure 2.2) can be represented by a consecutive system with two energy barriers [19,61].

The crack velocity, v, can then be expressed as a combination of rate constants in the

form of (equation (2.15))

v = h'lfklffi'sz'zf — Ky KirKo Koy (6.1)
Kifkis + Karkap + K-k + Korkay

where k is the elementary rate constant defined in section 2.3 as

( AG*(W’)) ( AGH :l:aK)
k=vexp|—————=] =vexp| - )

= 6.2

kT kT (6:2)
the minus sign applies to forward steps (such as bond breaking) denoted by the subscript
“f”, the plus sign applies to reverse steps (such as bond healing) denoted by the subscript
“r”; & combines the effects of activation distance and concentration of environmental
species in a pre-exponential form and, as a first order approximation, is considered to

be independent of stress and temperature; AGH W) is the apparent activation energy.
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Figure 6.1. Schematic represcutation of equation (6.1) (heavy curve) and the rate con-

stants (light lines).

6.2 Kinetics of Cross-Over Behavior

In an Arrhenius plot, Figure 6.1, cach rate constant is represented by a straight line with
the slope of —AGHW)/k and the intercept of xv. The kinetics combination expressed

by equation (6.1) results in the behavior represented by the heavy curve in Figure 6.1.

In region A (low temperature range), the fastest step is represented by iski;, while
all other rate constants are negligibly small, i.e., xiskis > &2skas, K1-Ky1ry K2rkar. Then
equation (6.1) reduces to

b e = e (_M)
= KgpKpp = KyylV XD .

LT

82



which coincides with the usual Arrhenius relation.

In region C (high temperature range). one of the healing terms, #1-k;., is dominant, 1.e.,

Kikie 3> g1k g, Ragkep, Koeka,. Then equation (6.1) reduces to

k k
= a2t _1f:2f 2 _'KZrk?r
KirKr
- . AGIW)Y _ AGL(W)
= KVexp T Rapl €XP T
= h'.lll:z/k] — Hz.,.kg,. (6-4)

where K1 = KsKa7/K1r,
Aot
k;, = rexp (—é%l—(zjl—))

and

AGHW) = AGL(W) - AGH (W) - AG}(W)
= (AGL + 0, K) = (AGY; — a K) - (AGY; — ayK)
= (AGE + AGH + AGH) + (o + a1y + apf) K
= AG!+ oK.

For the present purpose, we limit our discussion on the condition where AGH W) > 0.
Then, equation (6.4) is represented by the heavy line in region C with a positive slope
of AGHW)/k. With increasing temperature, the healing term (or mechanism) xy ko
becomes significant, crack growth rate vanishes rapidly when the bond breaking and

bond healing steps are balanced.

In conclusion, for an activation system where the sum of &;fkis and &1-kq, is dominant

over the full temperature range, as shown in Figure 6.1, equation (6.1) will reduces to

~ Rigkisraskas — irkerkorker
Kigkip + K1 kee

v

The healing terms, &)k, and x,.ks,, are negligible at low temperatures (region A), ouly

83



the term x4k will effectively promote crack healing at high temperatures (region C)

where x;j-ki- 3> #17kis. Then, the above rate equation can be further simplified to

o Kiskigrarks
v = - A AR _52rk2r
Kiskis + s1rkar

-1
K1k 1
= ( T + ) - I"‘721'k‘2r-
Huklfﬁ,2fk-2f h‘.gfkgf

Using the definitions of &, and ki, the rate equation can be written as

k 1\
v=( L ) — KopkKer {6.5)

k2 Kgrkayg

In region A where x1#%/ki 3> Kagkay, equation (6.5} reduces to equation (68.3); in region

C where karkos > £17%/k1, equation {G6.5) reduces to equation (6.4).

In the transition region B, crack growth is described by equation (6.1) or equiva-
lently equation (6.5). The transition from positive temperature-dependence to negative
temperature-dependence occurs at the temperature where crack velocity is the maxi-

mum, i.e., at the condition

h'-[!/z/kl = Ezfl(zf. (6.6)

Substituting the expression of AG{(W’) into (6.6), the transition temperature is defined
as

_ AGL(W) - AGE (W)
™ kln(ky,/k1y)

(6.7)

Example. The crack growth process under consideration is the stress corrosion cracking
of AISI 4340 steel (tempered at 200°C) in gascous hydrogen. The experimentally ob-

served behavior is shown in Figures 6.2 and 6.3 where the symbols represent the crack
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Figure 6.2. Cross-over behavior of stress corrosion cracking in 4340 steel
(tetrered at 200°C) under hydrogen pressure of 1.1 x 10" MPa. Symbuls
represent the test behavier[120]. The curves were obtained from equation

1G.5).

growth rate data [129]. Equation (6.6) is used for the theoretical descriptions (solid
lines) using the characteristic activation quantities listed in Table 6.1.

Table 6.1 Activation Parameters for AISI 4340 in Gaseous Hydrogen

subscript AGY ] a mb? kv msT!
1 8.28 x 10~% 0.0 1x 10710
2f 2.88 x 10~% 0.0 0.0666

2r 3.35 x 10=% | 4.55 x 10718 0.45

Figure 6.2 shows the cross-over pattern of crack growth at stages I and I1. Figure 6.3
shows the corresponding positive-ncgative temperature dependence behavior. Good

agreement was found between the theoretical descriptions and experimental results.
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Chapter 7

Constitutive Laws of Plastic

Deformation

Ashby [3,4] has distinquished five major groups of independent mechanisms by which
a polycrystalline material can deform, and yet preserve its crystallinity. The mecha-
nisms involving thermal activation include dislocation movement (dislocation glide and
dislocation creep) and vacancy diffusion (Nabarro-Herring creep and Coble creep). In
the following, the rate equation for cacli thermally activated deformation mechanism is
derived, which consists of a set of differential equations governing the plastic strain rate
and the evolution of the microstructural variables. The operational equations under dif-
ferent loading constraints are obtained by solving the governing differential equations.
Neither the shear-collapse process nor twinning will be considered here, although both

may lead to important effects in the plastic flow behavior [136].

7.1 Low Temperature Plasticity

7.1.1 The Rate Equation

The mechanism of low temperature plastic deformation (in the range of T' < 0.37,,

where T, is the melting point) is controlled predominantly by the conservation motion
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of dislocations—dislocation glide [71.72]. Dislocation glide occurs by thermal activation
over the rate-controiling obstacles in its slip plane, These obstacles, following Dorn [139],
may be classified as either linear or localized. Linear obstacles occur in, for example.
the Peierls-Nabarro mechanism [140]-[144]. Localized obstacles result from the various
kinds of point defects, and in the cutting of forest dislocations [4,145]. It has been

shown that the plastic strain rate represents the net activation rate over a single energy
barrier (15].

Combining equation (2.4) and {2.11), the plastic strain rate is expressed as [15]:

. Vir Vet -
T = Apexp (ﬁ) — A, exp (_k ) (7.1}

where .
AG AGH
Ar=vblpsexp | ——L ) and A, =vblprexp | ——== .
fF=v ;p;c\p( T ) wd A, =vdlp L\p( T )

Equation (7.1) has been widely used for the description of plastic deformation [15,147-
150]. It expresses the most genecral condition that

e the dislocation density p,
s the activation energy AG?,

e the activation volume V

may not be the same in the forward and in the reverse direction. The rate constants,
A; and A, usually vary with stress because the dislocation density changes during
deformation [151,152]. Dislocation multiplication can affect significantly the yield drop
and the time-delay of creep in low activation energy materials such as Ge, LiF, ice
and even in mild steels [15,152]. In high strength alloys the activation energy is large
and the stress dependence of the exponential function is so large that the effect of the
change in the pre-exponential term can be neglected and Ay and A, can be considered
to be independent of the stress. Under various conditions equation (7.1) can be further

simplified. In particular, for symmetrical barriers the rate equation reduces to a sinh
type relation [147-150).
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The empirical refation [153,154]:

-
-~
%]

4p = A'sinh™ 37

was proposed a very long time ago and is still used extensively for the kinetics equation
of the constitutive law. In (7.2) A’, 8 and n are experimental constants. Equation
(7.2) appears to be a reasonably good description of the behavior exhibited in many
tests, however, being an empirical expression its validity can not be assurned outside
the actually tested range. This limits its application severely. Because the deformation
kinetics rate equation (7.1) is physically based and rigorously derived it can be used for
extrapolation with confidence and for the physical description of the parameters of the

sinh® relation (7.2). Equating (7.1) and (7.2) gives

fp = sk r = 4 [exP(BT) —.exp(_ﬂr)] = Ajexp (Vf ) Ay exp ( V"')

2 kT kT
(7.3)
At high stresses the reverse term A4, exp (—%ﬂf-) and exp(—pr) are negligible, i.e.,
A
5 explngr] = Ajexp (Z{;)
from this it follows that
A =2"4; and nf= :—% (7.4)

At low stresses (when A7 < 1) the sinh term in equation (7.3) reduces to a power law

function
' anon Vi Ver
A'G"r —A;e'{p(kT) A, exp( AT)' (7.5)
From (7.5) the exponent is

dlngy e () + Azerp (-15)

T k
dint — Agexp (%’%) — Arexp (—%)

n=

(7.6)



and from equations (7.4) and (7.6). 3 is defined as

- Ay o (VeI
1] 1e e ()

e KT o
b= kT 7 14 adebe oo VVaTY | (7.7)
T v, P (_ kT )

Equations (7.4), (7.6) and (7.7) define 4’, 3 and n in terms of rigorously derived physical
quantities: the 4, = A’sinh” 87 relation is now equivalent to the physically based rate
equation (7.1) and describes the plastic strain rate well.

In applications the integration of cquation (7.1) and (7.2) may be inconvenient when
the internal stress, and hence the effective stress, changes with deformation in low-
temperature deformation. For the economical evaluation of test results and for the
design of components a constitutive law that incorporates the rigorousness of the defor-
mation kinetics rate equation and the simplicity of the empirical form of the hyperbolic
sine model expressed with physically defined parameters is of advantage. To obtain this
form equations (7.1}, (7.2), (7.5), (7.6) and (7.7) are combined to

r

‘/ T N V_{T)
= A4 exp ( AT) — Al exp (-—- o) (7.8}

Equation (7.8) is in formal agreement with the rigorously derived rate equation (7.1) at
the condition that the work is the same in forward and reverse activations. In equation

(7.8) AL is an activation parameter which can be determined by expressing the threshold
condition %, = 0 from equations (7.1) and (7.8)

kT A kT A'
In=" = _—In-". 7.9
TV, A T3 (79

"'th=1

From this it follows that

In the high strain rate range the reverse rate terms are negligible and equations (7.1)
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and (7.8) are identical. In the low range the difference between the two is

_A_‘:fﬁ B Al exp (—%,—f) — A, oxp (——‘ff-)
o Agexp (%) — Avexp (- %)
_ Asexp (“““—H ) - Avexp (‘%)
- Aysexp ( - Ay exp ( )
3 AIGYP (_.f_.) - A4, e*cp( )e (ML—M) ex (_VI(T"TM))
- 4,e~cp( ) A, e\p( %FT) N - |

where A%, represents the difference between equations (7.1) and (7.8).

Typically for |V, — ¥;| < 100 (the lower limit for Peierls-Nabarro mechanism (15]),
7 — 74 < 30 MPa (about one third of Orowan stress, which characterizes the threshold
condition [4]) and T = 300X,

W=V =) L, (V= VAT = )
‘“P( AT =1 kT ’

the error reduces to (the condition 4, = 0 at 7 = 73, has been used):

| AT IVr_‘_/M A, exp ( 'LLTTm) exp (_ V.:(Em))
b Afexp(kT) — A exp (—%I—T)

Vilr—1in} Ve(r=1
exp (—f-—ﬁ.—-) — exp (—- e )

which approaches to |V, — V;|/(V, + V) < 1 as 7 — 7 and diminishes rapidly with
increasing stress. Because in the threshold region strain rate measurements have a
scatter factor of about 4, equation (7.8) is a good approximation of the general equation
(7.1) within the specified error range. Figure 7.1 illustrates the strain rate defined by

equations (7.1) and (7.8) together with the empirical equation (7.2) measured in an
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Al-Mg alloy [153]. All curves fall within the £2 band that envelopes the experimental
data.

Letting Vy = V. = V', both equation (7.1) and cquation (7.8) become

V(T — 1) V(r — 1)
A [ (Mo - o ()

which can be expressed as a hyperbolic sine function:

Vir ( e Tth.)
kT

AGY + AGH
A=\ Apd =bn/llpp, t\p( 7:_1"' )

Yp = 24 sinh (7.10)

where

During deformation polycrystalline materials often undergo work hardening. For small

strains [152] the effective stress can be expressed as

Teff =T—Ti=7—Hy—1. (7.11)

where 7; is the internal stress, ;o is the initial internal stress and H is the work hardening
coeficient.

Substituting the effective stress from equation (7.11) into (7.10) the rate equation is

. . V(r—Hy, — 7o)
4 = 24 sinh kTp g (7.12)

where KT A
TO=Ti0+Tth=TiO+2V1nZ;- (7-13)



7.1.2 Operational Equations

Define an energy function ¢ as

v ]
¢ = E(T—H*ﬁ,——m). (7.14)

By definition @ is the effective activation work normnalized with thermal energy content
kT. Because the activation parameters (Ay, 4., V, 1) and the work hardening coeffi-
cient H are microstructural quantities the function @ depends on the current stress, the
accumulated plastic strain andthe temperature. The evolution of function @ controls
the deformation response. For an isothermal process, the small-strain deformation is

governed by

. T
To= ot (7.15)
¥ = 24sinh®, (7.16)
: 1%
= —(7— H~,). A

4 = e + Yp where v, = 7/p (g is the shear modulus) is the elastic strain, and «, is the
plastic strain. The shear strain, ¥, can be converted to the normal strain ¢ with the

relation [4] € = v/v/3 and the shear stress T can be converted to the normal stress ¢
with [4] ¢ = V37,

By imposing the loading constraint the evolutionary equation {7.16) and (7.17) can be

solved to yield the operational equation that describes

e stress-strain
e stress-time

e strain-time

response.
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Constant Strain Rate Loading.

At constant strain rate, equation (7.15).

7= p(y — )

Substituting this and the rate equation (7.16) into (7.17):

T

. 'f -._ u‘) .
$ = ‘,.’1’,':’ [1 - (1 + E) 24 Ginh @] : (7.18)

Equation (7.18) can be integrated to

u—a l-a Vpdv/1 + Yot -
: = exp | ——— (7.19)
Xe+b yv+0b kT
where
24, H. VIFE-1 VI+xZ+1
x=—(14+=>), a=—"—— b= r-=——
¥ I \ 2
and
= exp —P.
After a short elastic-plastic transient ¢ reaches a steady value of
14 VIFxi-1
%, = pr(r — Hy, = 70) = —In ———J—’-:{‘-‘— (7.20)

Equation (7.20) describes the stress-strain response in the range of plastic deformation.

By back-extrapolation the yield stress can be obtained at v, = 0 as
Ty = To — — In ——F—m, (7.21)
For more complicated yielding behavior, e.g. for yield drop phenoména,, a dislocation

multiplication model has to be incorporated into the kinetics description [15,152]. In

that case, the differential equation (7.18) has to be solved numerically.
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In stress relaxation, the total strain is held at a constant value so that

LT
TEL Y= 0.
Equation (7.17) then reduces to
. VT H), W+ HA
¢ =— T = T sinh @

which can be integrated to the form

b § 27 H)At
ta.nh(f.;)‘) = tnnh(-(%-) oxp (._ (H;‘T ) ) .

o -

o,
From this the stress variation in stress relaxation can be expressed as

kT 5
T=T1+ w tanh™! [ta.nh(—q;—)exp

]

kT

Constant Stress Rate Loading and Ratcheiting

(_ZV(,LL—I-H)At)].

(7.24)

Consider a triangular-wave loading profile shown in Figure 7.2 where ¢, represents the

starting time of plastic flow and t; the final time of plastic flow, both satisfying the

condition ® = 0.

(i) In the loading period (t, £t < tp)

vVt (1 _24H4
T

. Vo . .
¢ = ﬁ(r — H,) = T smh@) .

which can be integrated to

u—p _ l—pﬁ ViV Nt —t,)
Mi+qg  Adq kT

where

24H 1M1  JIFA+1
R T2

?

(7.25)

(7.26)



t = exp —®.

(i) In the unloading period (t; <t < ty),

v Vi 2AH
b= -+ Hiy) = - (14

- inh&). 27
T — sinh ) (7.27)

=z
which can be integrated to

w+p UR+p ( V'i'\/l-l—/\z(tn-—t))
= exp { -

q—Au  q—Aup kT

where ug = exp ~®(tg) is determined by (7.26) at ¢ = ip,

In stress controlled cycling materials often exhibit ratchetting behavior in which the
plastic strain accumulates progressively. The small amount of plastic strain that is not
reversed in the cycles may lead to unacceptably large accumulated strains. For this
condition equations (7.26) and (7.28) provide a set of iterative equations which express
the accumulated plastic strain. Although equations (7.26) and {7.28) are derived for
zero-to-tension loading case they arc also valid for loading with a positive stress ratio

(R = Trin/ Tmaz) Provided the minimum stress does not exceed 7.

At low temperatures A is small and then cquations (7.26) and (7.28) can be combined

in a differential form (see Appendix D for detail):

dy, kT SAH B )] ,

g ﬁ[‘b+ln (-—;—--}-exp( )], (7.29)
4

(I’ = ﬁ(Tmur"H'}‘p"Tﬂ)-

Creep

In creep 7 = 0 and equation (7.17) reduces to

VH, 2VHA

S

sinh @. (7.30)

26



which can be integrated to

tanh(-(g) = tanll((—};—o) exp (—-

(7.31)

2VH At)
kT '
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7.1.3 Comparison and Discussion

Plastic deformation is always rate and temperature dependent - it is thermally activated
[155-158]. Amnalyses of experimental results obtained in tensile tests demonstrate that
equation (7.19) and (7.20) represent the behavior well over a wide strain rate and
temperature range. Figure 7.3 represents the behavior of 304 stainless steel at three
strain rates [155] and Figure 7.4 shows the effect of temperature on the stress-strain
relation in 8660 steel [158]. The variation of yield stress with strain rate and temperature

is shown in Figure 7.5. The good agreement with the constitutive law is noted.

The behavior in stress relaxation is expressed with equation (7.23). Stress relaxation
tests provide a method for the determination of the internal stress. As shown by equation
(7.24), 7; is the stress level at the end of stress relaxation. The stress relaxation of a
1100 aluminum alloy was analyzed by Wilson and Garofalo [147,148] using a kinetic
equation similar to (7.24) for a symmectrical barrier. Their results are shown in Figure

7.6.

Creep was also analyzed. Equation (7.31) shows that the initial value of ® controls the
subsequent creep: it depends on the stress, temperature, and the initial strain. Figure
7.7 shows the creep behaviors of Type 304 stainless steel at three stress levels. Very

good agreement is found between the theoretical description (7.25) and the observed

behavior.

The validity of the deformation kinetics model can be further verifiea by a simulated
test on Type 304 stainless steel in comparison with the actual experiments of Ruggles
and Krempl {159]. The imposed loading sequence (History I) are: OA-strain controlled
loading to € = 1 percent with strain rate ¢ = 8,33 x107*s™", AD- stress controlled cycling
(1000 cycles) with a rise time of 2 sec., DE-creep for 700 sec., FG-strain controlled
loading to ep+1% strain and HI-one cycle of stress controlled cycling (2100 sec.). These
processes are described by equations (7.19), (7.26) (7.28), (7.29) and (7.31) with material
constants and activation parameters as listed in TABLE 7.1. The measured behavior is
shown in Figure 7.8(a) and the calculated stress-strain response in Figure 7.8(b). The
measured and calculated behavior is also given in TABLE 7.2 Excellent agreement was

found between the theoretical description and the experiment.
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In stress controlled cycling materials often exlibit significantly rate dependent ratchet-
ting behavior [159]. The classical treatment applies either time-independent plasticity
or plasticity [160). Equation (7.29) provides a theoretical description developed from
deformation kinetics theory; it expresses the strain increment per cycle (dy/dN) explic-
itly in terms of stress, temperature and loading rate. Figure 7.9 shows the comparisons
of equation (7.29) with the observed behavior and a power-law model [160]. 1t is obvious

that deformation kinetics theory provides a good description of ratchetting.

7.2 Dislocation Creep

7.2.1 The Rate Equation

At high temperatures in the range of 0.3-0.67,,, atoms possess higher thermal energy
so that dislocation movement acquires a new degree of freedom—climb. The climb step
relcases the gliding dislocation in front of an obstacle, allowing it to glide continuously
on another crystallographic plane until it meets another obstacle where the process is
repeated. The mechanism based on this climb-plus-glide sequence is referred as climb-
controlled creep [161,162,163]. The process can be represented by a consecutive system
with two energy barriers (Figure 7.10): barrier I represents gliding and barrier II rep-

resents climbing. In this activation system, climbing, as a new degree of freedom of
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material constants

value | unit
i 5766.4 | (MPa)
H 718.33 | (MPa)
V3 1.213 x 1072 | (cm®)
A/V3 5.08 x 1072 | (sec™!)
V370 157.5 | (MPa)
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g4

ERAT
€CR
P
€sc

TABLE 7.2 Comparison of Calculations and Measurements

test

mechanical quantities | test | calculation calculation
tr () 2 2| 210 210
o4(MPa) 217 219 | 209 219
erat(%) 0.561 0.575 | 1.139 1.286
ecr(%) 0.365 0.386 | 0.018 0.016
er(%) 1.810 1.834 | 2.039 2.176
oc(MPa) 257 258.5 | 256 258
esc(%) 0.702 0.6 | 0.847 0.733

stress at point A;

stress at point G;

rachet strain accumulated from point B to C;

creep strain in DE;

plastic strain at point G;

plastic strain produced by load sequence HI.
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Figure 7.1. Typical strain rate vs stress relation. The solid line represents equation (7.1)
with Ay = 2x 1073, V;/kT = 0.073, 4, = 2.5 x 10~% and V;/kT = 0.01. The dotted line
represents equation (7.2) with A’ = 9.17 x 10~3, 3 = 0.034 and n = 2.06. The dashed

line represents equation (7.8) with 4; = 2 x 1073, A, = 3 x 107% and V/kT = 0.073.
The symbols represent the observed hehavior [153].
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Figure 7.4. Stress-strain curves for 8660 steel [156]. The solid lines represent the ob-
served behavior. The dashed lines represent equation (7.19) with x = 66.97 exp(—~2589/T),
V/k = 6.5. The elastic modulus E and work hardening coefficient H vary with the
temperature as £ = 40006[1 — 0.0008(T — 300)] and H = 963{1 — 0.00093(T — 300)].

Temperature is in degree Kelvin,

105



1000

o & = 0.00002/s
a & = 0.002/s
v E=0.2/s
A
800 |- ag= 200/5
Q
@
.
=2
600 |-
>
)
400 |
O o]
200 Ll L i |
o 2000 4000 6000 8000 10000

T Inlgg/8) K

Figure- 7.5. Yield stress as a function of strain rate and temperature. The symbols

representthe behavior of a micro-alloyed steel [149] and the curve represent equation
(7.21)

o, = 359.54 — 0.0042T In{[V(1+ x*) — 1/x}
where x = (5.4 x 108/é)exp(—5800/T).
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Figure 7.7. Comparison of equation (7.31) with the creep behavior of Type 304 stainless
steel tested at room temperature [155]. The ereep strain is given by € = ($o—®)/ V3V H,

where @ is obtained from equation {7.31) with V/AT = 0.52(MPa)~!, H = 718.33 MPa
and 2VHA/ET = 6.6 x 107°.
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Figure 7.10. The schematic of energy barriers for dislocation motion in the glide-plus-
climb sequence.

motion. proceeds independently with gliding. Suppose dislocations are stopped by an
obstacle, during the time ¢; = 1/k,, when dislocations are waiting to glide backwardly,

some may overcome the climbing barrier to climb onto another crystallographic plane.

The number of climbing dislocations can be calculated by

T?-j = [)]szfl = ,'f)lkgf/k],..

Occasionally, some of the dislocations that have climbed on the new crystallographic
plane may also fall back by reverse activation. Since the waiting time at the gliding

barrier is £, = 1/kys, the number of backward dislocations will be

n, = pokorty = pzkzr/ku-

Thus, the net flow over the climbing barrier is

n=ny—N, = PEkEI/kIr - P2k2r/k1f°

Only these dislocations that stay on the new crytallographic plane can glide continuously

to produce plastic strain, following Orowan [72], the resulting plastic strain rate is

111



klfkgf
klr

¥ = bnvyge = nblkip = 8 p — pakas). (7.32)

Equation (7.32) expresses the glide-plus-climb mechanism. At low stresses when the
ghding is limited, i.e., ki & ky,, the process is climb-controlled. At high stresses,
kis > ki and ko, then the process is glide-controlled. For simplicity, consider that the
two barriers are symmetrical: for the gliding barrier, AG’{ f= AGL, Vig = Vi, = Vg
and for the climbing barrier, AG}; = AG}, = AGh, Vay = Vi, = Q (Q is the atomic
volume), then equation (7.32) can be written into

_ AGiD ( ! Q)Jeff AGt + SZTeff
Y= Arexp| — — 4 exp | —=—L01 7
[ EXP ( LT r EXP LT ( i 33)

where V' = 2V, A; = 8prv and 4, = §pur. Since @ (about ) is very small comnpared
with the activation volume for gliding, Vi (about 10 — 1006%), and Qres; < kT when

the temperature is high, the stress dependence of the Q term can be neglected. Then,
equation (7.27) reduces to

. N AG?) . I-’PTeff _ -
Y = exp (—— T [.—lf exXp (-—A-I—:-) - A,.] . (7.34)

As indicated by equation (7.32), the rate controlling process is the diffusion of single
ions or vacancies to or from the climbing dislocation. The activation energy has been
found to be almost equal to that of the self-diffusion [164],

In addition to strain hardening, on the other hand, high-temperature dislocation creep
may be associated with diffusion controlled recovery mechanism which involves ther-
mally activated cross-slip and edge dislocation climb. Recovery is a time-dependent
process, which can be expressed with the simplest model as [166]

Trecovery = It

Then the effective stress is expressed as
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Tefy =T7—Hy+ Rt (7.35)
Substituting (7.35) into cquation (7.34):
AGH V(r — Hy + Rt)
y = - 3 — A, .
4 exp( T ) [Afe'{p( T (7.36)

Equation (7.36) is the constitutive law for creep in the primary and secondary (steady-

state) stages.

At the steady state work hardening is in dynamic balance with recovery such that,

following equation (2.21},

dri=Hdy~R*dt=0. (7.37)
Then, the material has a stable substructure with
7 = H~y — ™t = const.

Substituting (7.37) into (7.36), at steady state,

e B (2RGR) [ e (Y2
Y=g =exp (— T ) [Af exp( T — A, (7.38)

Equation (7.38) is the rate equation for secondary creep where the strain rate is the

lowest.

7.2.2 The Operational Equation
Let
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v .
‘I’—ﬁ(TnH‘y-{—Rﬂ.

In a creep process, the evolutionary equation of function @ is
VH

. Vo . .
e = H(B - HY) = 7= (% =) (7.39)

Substituting equation (7.38) into (7.41),

. VHA AG} V(r -
¢ = T { exp (— A-(’:I"D) (cxp (%’—)) — exp (I’) (7.40)

which can be integrated to the form

exp—® = exp (—W;‘—;Tfl) {1 — [1 — exp (—%)] exp(—cvt)} (7.41)

where

VHA, _AGt—V(T—T,')
o OXP T .

From this, the plastic strain can be found as

Ti . kT Vr
o graie i [oen (e}

7.2.3 Discussion

Empirically, steady-state creep is often represented by a power-law function
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y=A (1) ’ (7.43)
14

and therefore is called power-luw creep. The power law (7.39), however, fails to describe
creep at high stresses (above about 107%u) where it is believed that deformation un-
dergoes a transition from climb-controlled to glide-controlled flow and a better fit to

experiment is found with [4]

AG}

s X €Xp (__ ATD) exp B,

and the phenomenon is called power-law breakdown [4].

To describe creep rates over the full stress range, a sinh”™ type equation was proposed
by Garofalo [165}]:

4s = A’sinh”® 8. (7.44)

The correlation of these empirical or semi-cmpirical equations with the physically based
rate equation has been discussed in the previous section and will not be repeated here.
Figure 7.11 shows the comparison of equation (7.38) with the power-law equation (7.41)

and the sinh™ equation (7.38) for creep in pure aluminum [167).

The operational equation (7.42) describes the strain vs time relation in the primary and
the secondary stages of creep. Generally, creep decelerates with the accumulation of
plastic strain in the primary stage until the creep rate reaches a minimum value, and
follows the secondary creep where creep strain vs time exhibits a linear relationship.
Figure 7.12 shows the creep behavior of Ti-8Al-1Mo-1V alloy solution annealed at 1950°
F [168).
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Figure 7.11. Steady-state crecp rate in pure aluminum. Symbols represent test data
[167]. The heavy curve represents the description of equation (7.32):

€D.s; = 10"[exp(0.28 x 10°+/E) — 1.38]
The light curve was obtained from (7.38) with A’ = 1.13 x 10", B = 8 x 10°/E and

n = 3.5. The dashed curve was obtained from the power law (7.37) with n = 3.5 and
A=164x10°.
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7.3 Diffusional Flow

The diffusion of point defects results in a deformation rate falling into the high temperature-
low stress region of the deformation map as shown in Figure 2.1 [4]. In this regime,
however, a distinction is made between Nabarro-Herring creep [169,170] associated with
diffusion through the grain, and Coble creep {171] associated with diffusion at grain
boundaries. As an alternative mode of deforination, these diffusional flows lead to
strain, provided they are coupled with grain boundary sliding to accommodate the
shape change of grains [173,172,i74]. It has been shown that diffusion-controlled plas-
tic deformation can be represented a symmetrical barrier, and hence the rate equation

takes the form of a hiyperbolic sine function as {15,166}

K _;t ’
v =24 exp (— L:g, ) sinh (-T-’-;—;L) (7.45)

where 7.5y = T — H7y 4+ R"t is the effective stress.

At high temperature and low stress such that Vires /AT < 1, equation (7.45) reduces
to

. Vr, Vir — Hvy + R*t)
= 24Kk 8LL — 9 gt .
~ Ak T Ak iT

(7.46)

Following the same procedure as in the previous section, equation (7.46) can be inte-
grated to

: 2 it
¥ = At 4 -% [1 — exp (——%)] . (7.47)

Equation (7.47) is the operational equation for diffusional flow-controlledplastic defor-

mation. It is in formal agreement with the well-known Garofalo equation {175], the

validity of this equation has been firmnly established and needs no discussion further.

118



Chapter 8
Summary and Conclusion

The time and temperature dependence of plastic deformation and crack growth is an
indispensable part of deformation and fracture of metallic materials. When deformation
and/or crack growth results from thermally activated processes, each elementary step

is described by the the elementary rate constant defined by statistical mechanics as

= oy [ DG
= I/ OX] T .

Following kinetics principles, the appropriate combination of elementary rate constants
can be derived to represent the underlying mechanism of deformation and/or crack
growth. The mathematical expression of the kinetics combination is the physically

based constitutive law,

8.1 Transgranular Fatigue Crack Growth

1) Based on the concept of restricted slip reversibility (RSR), a transgranular fatigue
crack growth model has been developed to represent crack growth processes that result
in transgranular fracture. The RSR model provides a physical description for striation
formation during fatigue crack growth, a feature that has been verified through numer-

ous experimental observations. The proposed model correlates transgranular fatigue
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crack growth with the plastic deformation accommodation ahead of the crack tip. Its
formulation through equation (3.5) comes out of a rationale based on the physically ve-
alistic RSR mechanism. Under the assumption of small scale yielding conditions where
stress intensity factor is believed to control the near-tip stress field, the fatigue crack
growth rate is shown to be generally dependent on the microstructural and environmen-
tal quantities (activation energies, activation volumes, work factors, internal stresses),
material properties (yield strength and work hardening coefficient) as well as test con-
ditions (AR, R, T, f). In the absence of environmental effects, the FCGR model takes

the form of the Paris equation with a pliysically defined power law exponent of 3:

da v x red

where
- Qp — ey
~ 12a(1 - R)Ho?

¢ Equation (8.1) predicts that, if microstructural change only results in the change
of yield strength o, and work hardening coefficient H without affecting the slip
systems of the alloy, FCGRs will decrease inversely with increasing Ho?2.

¢ The model also predicts tliat the rate of fatigue crack growth increases with in-
creasing the stress ratio R. For the first order approximation (the R effect on

the cyclic plastic zone size has not been taken into account), FCGR is inversely

proportional to (1-R).

2) FCGR tests on a 8090 Al-Li alloy have shown that fatigue crack growth in this alloy
proceeds along crystallographic slip planes and fatigue crack growth rate varies with
specimen orientation. With strong textures in the material, the geometrical relation
between the preferred slip planes and the load axis will vary with specimen orientation.
The RSR model is extended to transgranular fatigue crack growth in Al-Li alloys in-

volving highly planar slip. In the absence of environmental effects, the model takes the
form

da A 32
IN = C(AK)’ cos* ¢. (8.2)
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where the geometric factor cos?o (¢ is the angle betieen slip band facets and the

specimen thickness axis) is texture related.

Equation (6.2) predicts that FCGR is slower in textured materials than texture free

materials because for a textured material ¢ > 0 and cos? ¢ < 1.

3) In a reactive environment, corrosion products may accumulate in the form of either
oxidation or hydrogen embrittlement, or dissolution may occur. It is appreciated that
all corrosion damage processes occur in a localized region ahead of the crack tip. In-
corporating a corrosion damage zone into the RSR model, it has been shown that the

general environment assisted fatigue can be expressed as

da da da
(), = (i), ve (o). 59

the first term represents the mechanical fatigue described by equation (8.1}, the second
term represents the environmental enhancement of crack growth and is directly related
to the corrosion damage zone size, £ = [1—{1+¢,)A~] is the weight function for corrosion

fatigue.

8.2 Temperature Dependence in Stress Corrosion

Cracking

The conventional, usually observed material behavior is increasing crack growth rate

with increasing temperature, as described by the Arrhennius type equation

M) (8.4)

v=v,exp | -
P ( kT
which exhibits a positive temperature dependence.

Under circumstances, the rate of crack growth may decrease with increasing tempera-

ture, exhibiting a negative temperature dependence. This unusual behavior is thought
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to be the result of competition between hond breaking and healing processes that control

the crack growth.

A fracture kinetics description is derived for the positive-negative temperature depen-
dence of stress corrosion cracking at stages I and II. The constitutive law (6.6) is derived

from the general rate equation for a consecutive system with two energy barriers, which
takes the form

k 1\
v = ( ! + ) — Rgrkgr (8.5)

ri? o Kapkay

where

ky, = vexp ————AG% llfE
1 = X1 A;‘T
AGY, — ay K
key = wvexp (————C—-'l!—-ﬁgﬂ—-\-)
) Do - AGYH + anK
o = MOXP|—-——"""7T
2y 1 A'T

It expresses the rate of crack growth explicitly in terms of stress intensity factor and
temperature: it provides a quantitative description of the cross-over behavior. The

theoretical description has been found in good agreement with the observed behavior.

The fracture kinetics analysis shows that the cross-over behavior cccurs in the near-
threshold region where bond healing effects predominate. Although no particular mech-
anism is implied in the description, it does suggest that reverse activation is an impor-
tant part of the crack growth mechanisn, may it be an absorption-desorption type or

diffusion-controlled hydrogen partitioning. In all of these processes, reverse activation

does occur.

The fracture kinetics analysis provides an effective method for quantitative determina-
tion of the transition condition at a given stress intensity level, using equation (6.7).

The study provides the means for crack growth control.
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8.3 Plastic Deformation

Based on deformation kinetics theory, evolutionary rate equations have been derived for
the representation of dislocation-glide mechanism, the glide-plus-climb mechanism and

diffusional flow.

Generally, the plastic strain rate can be expressed as

. AGY = Ve . AGE+Vr
Yp = Yso €XP (———’—ﬁ-"—i) — Y0 €XP (——T—eﬁ (8.6)

where the effective stress can gencrally be expressed as
Teff =7 — Hy+ 7t — 7.

For low-temperature plastic deformation, the above rate equation can be equivalently
expressed by a hyperbolic sine form. The operational equations under constant strain
rate, constant stress rate and stress controlled cycling, constant strain (stress relax-
ation) and constant stress (crecp) conditions Liave been integrated and shown in good

agreement with experimentally observed material behaviors.

For dislocation creep, the rate equation (8.6) represents the kinetics combination of
glide and climb steps. An operational equation is obtained by integrating the governing
rate equation, which describes the strain-time response in primary and secondary creep.

The theoretical description has been found in close agreement with observed behaviors.

For diffsional flow, the evolutionary rate equation is integrated to a form similar to

Garofalo equation.

Comparing with other unified constitutive models (see the reference [88]), deformation
kinetics theory leads to mathematically rigorous, simple yet adequately accurate consti-
tutive models that can be used to predict material responses under a variety of loading

constraints,
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The concept of the evolutionary encrgy function & is proposed. Since all thermally acti-
vated deformation processes are controlled by the apparent activation energy, AGH V) =
AGH+ W = AG* + kT®, the ongoing of a deformation process is fully determined by
the evolution of the activation energy content. This principle may render an unified
approach to the establishment of physically based constitutive laws of plastic deforma-
tion. According to the laws of statistical thermodynamics, any structure change that
results from the rearrangement of atomic configurations could be related to the change

in entropy and enthalpy of the material. In the notion of thermodynamics,
AGHT ) = AH + TAS

where H represents the enthalpy and § represents the entropy.

8.4 Recommendations on Future Research

1. The FCGR tests on the 8090 Al-Li alloy should be completed by metallurgical
measurements of angles § and ¢ for all specimen orientations. A few tensile tests

should also be carried out to obtain the mechanical properties along the interested
direction.

2. A series of tests under ALK decreasing conditions should be carried out to allow

the examination of crack growth rates in the near threshold region.

3. A series of tests with periodic overloads, approaching K., should be conducted to

see whether the overloads induce inclined fracture.

4. The texture of the 8090 Al-Li alloy should be examined by metallurgical means in
order that a deterministic relation can be established between the orientation of
the specimen and the path of crystallographic crack growth. The RSR model in
the form of equation (8.1) and (8.3) should be further testified by the data obtained
from the above experiments. For the description of the full range of crack growth,
the model should be further extended to include crack closure effect, if significant

crack closure level is detected in cxperiments (2).
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5. Corrosion chemistry processes should be incorporated into the RSR model to de-
scribe the time dependent environmental assisted fatigue (e.g. corrosion fatigue
and hydrogen embrittlement). The fracture work condition in environment as-

sisted cracking should be examined on a physical and mechanical basis.

6. The possibility of extending Ashby’s deformation map concept to crack growth
should be investigated.
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Appendix A:

The Absolute Rate Theory

Atoms in condensed phases occupy equilibrium positions and are vibrating about the
minimum of the free energy well. Under the combined effect of mechanical forces and
thermal vibrations, these atoms will move into a new equilibrium valley while breaking
the previous bonds and establishing new bonds. The motion of atoms can be conve-
niently represented in the ‘configuration space’. Generally for a system of N atoms,
the configuration space has 3N-5 dimensions to specify their relative position plus one
more for the potential energy. The pliysical concept, however, can be illustrated by the

following simple configuration.

Suppose there are three atoms moving with respect to each other in a straight line,
Fig. A.la, the configuration space is then two dimensional, the X-coordinate being
the distance of atoms 1 and 2, the Y-coordinate being the distance between 2 and
3. Every point in this configuation space corresponds to a configuration of the three
atoms. The forces between these atomns can be derived from the potential energy for
this configuration. If we make a landscape over the configuration spcae such that the
height at any point is equal to the potential energy for this configuration, Fig. A.lb,
a ball rolling on this landscape will represent the motion of the three atoms under the
influence of forces among them. The relative motion of the atoms will change in real

space in such a way that the corresponding point in configuration space always coincides
with the position of the ball.
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A6 (W)
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Figure A.1.  (a) The coordinates of three atoms moving in a straight line; (b) a typical potential
energy surface for the linear three-atom interaction shown in (a).

Equilibrium states correspond to valleys in our landscape. A reaction consist in passing
over of our ball from one low region to another. Such a passage will occurs along the
path that leads through the lowest saddle point between two valleys. The saddle point is
the place of almost no return and is called the transition or activated complex, denoted

Win

by “1”.
By assuming a thermodynamic equilibrium to exist between the initial and the activated
states, the specific rate of a reaction can be determin calculating the concentration of the

activated complexes and the rate of passage across the saddle point using the methods

of statistical mechanics.

The rate of reaction over a single potential barrier is

v
rate = Gt —
A

where C* is the concentration of activated complexes per unit volume lying in the
length A along the reaction path at the activated state; ¥ is mean velocity of the

activated complexes moving within the distance A. Using Boltzmann statistics, ¥ can
be calculated as

137



(T 1/2
~ \2xamt )

where m? is the mass of the activated complex in motion through the distance A, & is

the Boltzmann constant, and T is the absolute temprature. The activation distance A
can be defined as

A = hvV2emikT

such that the translational partition function along the reaction coordinate is nomal-
ized to unity, where h is Plank’s constant. The ratio v/A represents the frequency of

emptying the length of path A of activated complexes.

Accordingly,

rate = EC*
h

In equilibrium, according to Boltzinann statistics, the fraction of particles at the ith

energy level with respect to the total munber of particles N, 1s

Ni exp(—AE;/kT)
N, ¥, exp(—AE;/kT)

Then, the ratio between the number of atoms in the activated state, Ny, with respect

to the total number of atoms, N, (N, = N; + N;, where N, is the number of reactant),
is

N: _ Nt
N, N, + Ny
[T, exp(—AE;/kT)]y
[, exp(—AE;/kT)], + [Z; exp(—AE; /kT));
Qs

Qr+QI
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where  is the partition function. Similar relation also holds for ;.

Hence,
ct Ny @y
C, N, @
Accordingly,
ate = FLQ:
rate = p QrC,.
kT AGH

= exp (_ﬁ) Cr,

here the definition G = —&kTInQ has been used. AG?*, therefore, is the difference of

Gibbs free energy between the reactant and the activated states at absolute zero.

It is customary in chemical kinctics to define a rate constant k so that

rate = k()

where

k=—exp T

kT (_AG*(W))
h
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Appendix B:
Linear Elastic Crack-Tip Field (I)

Fracture processes arc controlled by the stress-strain flelds at the crack tip. Except
in an ideal brittle material, non-linear deformation will occur in the near-tip region
due to stress concentration. The results of linear elastic analysis for a cracked body
depends on the crack length and the dimension of the non-linear deformation zone
which, in most cases, are much smaller than other characteristic dimensions. The non-
linear deformation that satisfies this condition is called small scale yielding which is
embodied in the concept of LEFM.

In & two-dimensional crack problem, let the origin of the ozy coordinates be set at the
crack tip with the z-axis pointing the main crack direction, as shown in Figure Bl, the

near-tip stress field (mode I) is expressed as (22

ad = g 1 1 ?.. 1 .3—01
r - cOs 5 s 5 SN 9
I q g 36

Try ores sin 5 €08 5 cos o

o, = K csg 1+sin—9-sin§-9-
v o 3 2 2

where 7 and 8 are the polar coordinates defining point P, K is the stress intensity factor.
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The shear stress on the plane that lies at the 8 angle with respect to the crack plane

can be obtained by stress transformation as

oy — Oz .
Tg = Tgycos26 4 y—o?- sin 28
1
= ~sinfcos -
2mr 2 2
11
Y
Oy
1 Txy
Pram— / — O'x
r 1T
a -
X
A ————
a

Figure B.I. The coordinate system and stresses associated with the description of LEFM
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Appendix C:
Linear Elastic Crack-Tip Field (II)

In LEFM, a crack problem can be, by the principle of superposition, decomposed into
(1) the stress problem of an uncracked body with the prescribed stress and displacement
boundaries (denoted as S and S, respectively) and (2) the stress problem of the cracked
body with a distribution of stress, o,, along the erack surfaces which is oppsite in sign
and equal to the resolved stress on the assuined crack plane in problem 1, as shown
in Figure C1. The crack-tip ficld is then obtained by solving problem 2, which can be

expressed in a generalized form as { Appendix B)

og; =

i
i = = fil8
! \/:'.)Trrf i)
where the stress intensity factor can be expressed as

K =Yo,/7a,

Y is the shape factor.

If the crack plane is inclined to the stress axis at an angle ¢, as shown in Figure 4.12, the
resolved stress on the crack plane will be given by dividing the resolved load, P cos ¢,

by the area of the inclined plane, A/ cos¢ (A is the area of the plane normal to the
stress axis), and this yields



r .
On = — cos® ¢.

A
Accordingly, the crack tip stress fields for such a crack configuration is expressed as

K
7= Jomr

fi;(8) cos® ¢

|

|
1
+

(1) (1)

Figure C.1. Decomposition of a crack problem into problems I and IIL
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Appendix D

Let 7,(:) denote the accunmulated plastic strain after ¢ cycle. In the n-th eycle, plastic

flow starts at ¢, when

1% )
®(t,) = ﬁ[‘rmew —T(tp—t,) — Hy,(n—-1)—~ 7] =0

and ceases at t; when

V :
(I)(tf) = ﬁ[rmux - T(f-f —tp) — H"fp(n') - TU] = 0.
From equation (7.28),

MT o, L p)(g = dug)
Vivi+ A2 (g=A(up+p) .

Substituting equation (12.3) into (12.2), by rearrangement,

ty—th =

T (1+p)(g = dup)

L1
(1) =% =1) = Fltmez = Hyyn—1) = 7o) = gmmmg In S0

where up can be obtained from equation (7.26) as

UR — P 1 —pe\{ _V'i'\/1+)\2(t,q—t,,)
Aug + ¢ Atqg P kT

kT
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(8.7)

(8.8)

(8.9)

(8.10)



At low temperatures where A < 1, then p 2 A/2,¢ 2= 1, and

up = p+exp (__1' [Tinur = HZJ&EH -1)— To]) ,

equation {12.4) reduces to

kT YT
B = 2= [#n = 1) 410 (255 + expl-(n - 1))

where
Ay = (n) = 3yl = 1)
v
P(n-1)= E;[Tm,u, — Hy,(n—1) — 7).
Writing equation (40) in a continuous form results in
dy, _ kT (2.4H )]
iN = VH [b (= tep(=9))],
Vv
¢ = 'E'j—.'(TmaJ: - H7p - TU)'

(8.11)





