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ABSTRACT

The primary objective was to develop a model for the effects of the range of
stress intensity factor (AK), cyclic loading frequency (f), and temperature (T) on the
enhancement of the crack growth rate (ECGR) for medium to high strength steels in
aqueous environments. Also, an understanding was sought for the role played by AK, f,
and T on the chemical and mechanical processes leading to an ECGR.

An experimental study was performed to determine the crack growth (CG)
response of a HY-130 steel in de-aerated 3.56% NaCl solution, as a function of AK, f, and
T. Tests were performed at three AK levels: 30, 21, and 14.5 MPaym, with R=0.25; four
temperatures, from 273 to 345 K; and eight frequencies, from 0.05 to 10 Hz; and
polarization at —800mV (SCE). Reference rate tests were performed in dehumidified
ultra high purity argon gas.

The crack growth rate (CGR) exhibited an exponential-like dependence on 1/f,
with saturation occurring as the frequency decreased. Increases in AK increased the
saturation CGR and shifted the data to lower frequencies. Increases in temperature
shifted the CG response curve to higher frequencies, which corresponded to an apparent
activation energy of 30 kJ/mol.

A modeling framework was developed to link the chemical and mechanical
processes occurring at the crack-tip. ECGR was assumed to result from hydrogen
embrittlement was controlled by the rate of the electrochemical surface reactions.

A model for the CG response, as a function of f and T, was developed based on
the kinetic response of the transient surface reactions. The CG response'is related to the
charge transferred during the transient reactions, which explains the frequency and
temperature dependence in terms of reaction kinetics and time.

A model for the CGR magnitude, as a function of Kpax and the saturation
charge transfer level, was developed based on the distribution of hydrogen at the crack-
tip. The model accounts for the effect of K on the CGR in terms of its effect on the

hydrogen distribution and the local crack-tip environment.
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CHAPTER 1 - INTRODUCTION

SECTION 1.1 - BACKGROUND

The problem of corrosion fatigue is recognized as an important consideration in
the design of engineering components and structures that are exposed to aqueous
environments, The need for an accurate understanding of the problem is evident when
considering the projected lifetimes of a number of engineering structures which can range
from thirty years for offshore oil rigs and electric power plants to eighty years for
bridges and even longer periods for high level nuclear waste storage. This has led to a
considerable effort on the part of engineers and scientists to characterize and develop an
understanding of the mechanisms for corrosion fatigue.

The problem of environmentally enhanced fatigue, or corrosion fatigue as it is
known, seems to have first been noted in the early 1900’s, by a publication of Haigh
(1917), who showed that the presence of ammonia greatly decreased the fatigue life of
some brasses. He also noted that a similar phenomenon had been observed in fatigue of
mild steels and other metals when exposed to a number of corrosive environments. Since
that time, research has shown Haigh’s observations to be valid, and that both the
initiation and the crack propagation phases of fatigue are accelerated by corrosive

environments.
With the advent of linear elastic fracture mechanics in late the 1950’s and early

1960’s came a new approach for investigating the fatigue phenomenon. Environmentally
assisted crack growth became an important area of research, with a focus on the

complex interactions of the mechanical, environmental, and metallurgical variables.

Work began by investigating the higher strength materials in simple gaseous
environments, where an extensive data base was developed and used to obtain a
mechanistic understanding of the influences of the key environmental, loading, and
microstructural variables, and the effects of their interactions. It is only within the last

decade that attention has been given to the more complicated problem of aqueous

corrosion fatigue,

SECTION 1.2 - STATEMENT OF THE PROBLEM
At present, the understanding of the combined effects of the stress intensity
factor range AK, the cyclic loading frequency f, and the temperature T, on the fatigue

crack growth rate of medium to high strength steels in aqueous environments is
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incomplete. This is especially true of the region of CG where AK is decreased towards
the threshold level, AKth’ where the growth rate approaches zero.

An understanding of the effect of these variables on the crack growth rate is of
considerable importance from the standpoint of elucidating the complex mechanical,
environmental, and metallurgical interactions which occur during crack propagation. It
is also important from the standpoint of estimating the reliability and durability of
engineering components and structures with pre-existing cracks and flaws. Lifetime
estimates must often be made using incomplete or limited laboratory data that have
been obtained under test conditions more severe than those experienced in service. The
required extrapolation to less severe operating conditions introduces unknown
uncertainties into the estimate which have to be accounted for by large factors of safety.
This underestimates the performance capability of the structure and adds to its cost.
And so, in addition to the scientific interest in the problem, there is a genuine

engineering need for a deeper understanding of corrosion fatigue and the variablas which

affect it.

SECTION 1.3 - THE RESEARCH OBJECTIVE
The main objective of this dissertation research is to contribute to the current
understanding of the effects of the variables AK, f, and T, on the ECGR for medium
and high strength‘steels in aqueous environments. The role and importance of these
variables on the chemical and mechanical processes which govern the phenomenon will
be examined by integrating mechanistic process models into a modeling framework for

aqueous corrosion fatigue crack growth.

SECTION 1.4 - AN OUTLINE OF THE DISSERTATION RESEARCH

The approach taken in this dissertation is essentially an experimental one.
Fatigue crack growth experiments are conducted on a single material & environmental
system, under varying conditions of AK, f, and T. The results are used to provide a
data base for the development and comparison of mechanistically based process models
for the enhancement in the CGR.

A modeling framework for corrosion fatigue crack growth is developed and used
to link the chemical and mechanical processes occurring in the crack. Mechanistic models
for the surface reactions and the hydrogen diffusion process are examined and used to

explain the effects of AK, f, and T on the enhancement of the CGR.
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SECTION 1.5 - THE DISSERTATION STRUCTURE
Chapter 1 is an introduction to the dissertation research.
Chapter 2 is a technical review of the background material.
Chapter 3 is a description of the test objectives and experimental plan.
Chapter 4 is a description of the experimental techniques.
Chapter 5 is a description of the data analysis procedures.
Chapter 6 is a description of the experimental results with a discussion.
Chapter 7 is a description of the corrosion fatigue modeling,
Chapter 8 contains a comparison between the CF models and the FCG data.

Chapter 9 is a summary of the research and the conclusions.
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CHAPTER 2 - TECHNICAL BACKGROUND

SECTION 2.1 - INTRODUCTION
This chapter serves as a review of the definitions, experiments, literature, and
current level of understanding of the corrosion fatigue phenomena. The chapter is
divided into four main sections. The first section deals with the definition of terms, the
second with a review of the literature on experimental results, the third with a
description of the chemical and mechanical processes which give rise to corrosion fatigue,
. and the fourth section contains a discussion based on the review which outlines the

current research needs and the area investigated in this work.

SECTION 2.2 - DEFINITIONS
2.2.1 - The Definition of an Enhancement in the Crack Growth Rate
The enhancement in crack growth rate (ECGR) refers to the increase in CGR
over some selected ”reference” or ”baseline” CGR and is expected to reflect the influence

of an external environment on the cracking process. It is defined by:

()= @)~ (0, @

where the subscript ”cf” refers to the ECGR, "e” refers to the physically ﬂabserved or
total CGR, and ”ref” refers to a reference CGR.

Note that this definition does not imply the adoption of a “superposition” model
(Wei & Landes, 1969; Wei & Gao, 1983) for crack growth. The identification of
Equation 2.1 with a superposition model for CG requires an additional assumption that
(da/dN)_; is independent of (da/dN) ¢ If for instance, (da/dN), = a(da/dN)
where a=a(f,T,etc.) is a multiplicative response function, then simple additivity no
longer obtains and (da/dN)yo4 = (1+a)x(da/dN) ;.

On the other hand, if (da/dN)_; is taken to be independent of (da/dN),.¢, then
the superposition model is applicable. In the most recent version of the model, Wei &
Gao (1983) have parameterized the ECGR on the basis of experimental observation and

a model for the weighted average of two parallel processes. The crack growth process is

composed of two parallel CG processes, a ”pure-mechanical” fatigue process with CGR,

(da/dN) ¢, and a ”pure-corrosion” fatigue process! with CGR, (da/dN)max. The CGR

! The quantity (da/dN)_ .. in this dissertation can be identified with the

quantity (da./dN)::fs in Wei & Gao (‘1983).
]
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of each process is characteristic of the specific material/environment system under
investigation. The overall growth rate is taken as a weighted average of the two
processes which is equal to the sum of: (1) the fractional amount of the pure corrosion
process times (da/dN)max, and (2) the fractional amount of the pure mechanical

process times (da/dN)_ c. Mathematically it is expressed as:

((Sii—l%)e = (g_%)ma,xd’ + (_%) (1 ¢) = {(a_N)ma.x - ( 1%)ref}‘zS * (d&)ref(2 2)
{(08),e - (80), )¢ = (80, @)
and 0<¢<1 (24)

and ¢ corresponds with the fractional amount of pure corrosion fatigue.

2.2.2 - The Driving Force for Crack Growth

Experimental evidence shows that the range of stress intensity factor
(AK=Kmax-—Kmin) provides an excellent correlation? with the CGR for mode I
loading conditions, when the assumptions of linear elastic fracture mechanics (LEFM)
are satisfied (Paris & Erdogan, 1963; Johnson & Paris, 1968; and Erdogan, 1968; see
also Section 2.3). This arises from the fact that K characterizes the stress and
deformation fields at the tip of a crack (Rice, 1967; Erdogan, 1983), and led Paris et al.
(1961) to suggest using AK as the "driving force” for crack growth.

For mixed-mode loading, Sih & Barthelemy (1980) and Badaliance (1980) have
suggested using the range of the strain energy density factor, AS, as the driving force for
crack growth, For mode I loading and satisfaction of the assumptions of LEFM, AS and
AK are related (i.e. AS o« AK?), and either one can be used (see Chapter 4).

Having a measure of the driving force for crack growth has led to significant
progress in understanding the mechanisms of fatigue, by uncoupling crack initiation and
crack propagation (McEvily & Wei, 1972; and Wei, 1976). Interest in crack propagation
phenomenon has resulted in a large number of proposed FCG "laws” (see for example:
Paris & Erdogan, 1963; Erdogan, 1968; Hoeppner & Krupp, 1974) and led to
advancement in the level of fatigue design (Paris, 1964; Hoeppner & Krupp, 1974; and
Wei, 1978) by explicitly accounting for crack propagation in the design analysis.

2 The correlation is valid only when the average stress intensity level (K) is held
constant. This condition is satisfied when the load or stress ratio (R) is held constant.
See Section 2.3 for further details.
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2.2.3 - Reference or Baseline CGR, Characterization

The reference CGR refers to a CGR free of any environmental effects. It
presumably can be determined by fatigue experiments in an "inert” environment (i.e.,
vacuum or inert gas) with the other controlling variables held constant (i.e., tests
conducted with the same values of AK, T, etc.).

Unfortunately, problems can arise in that different, supposedly ”inert”
environments are known to give different CGR’s (Liaw, et al., 1982; and Gao et al.,
1988). This is probably due to causes such as the rewelding of the crack in a vacuum

environment and inhibition of slip reversal by oxidation.

2.2.4 - Long and Short Corrosion Fatigue Crack Growth

Short crack growth phenomenon, or more precisely “chemically-short” CG
phenomenon®, refers to the observed behavior of small cracks in aqueous environments
where the CGR is not a unique function of AK. Both AK and the chemical and
mechanical enhancement processes depend on the crack length and this leads to a
changing CGR with crack length under constant AK test conditions. The phenomenon
has been observed for crack lengths shorter than 10 mm and generally leads to an

increase in CGR over the long crack growth rate (see Table 2.2).

Long Crack Growth

Figure 2.1 is a schematic diagram representing the CG behavior of a number of

different alloy-environment systems and is based on experimental observation (McEvily
& Wei, 1972). Type A behavior is usually exhibited by aluminum-water systems, type B
by steel-hydrogen systems, and type C behavior by most other alloy-environment
systems, including the steels and environments considered in this dissertation. Note that
the CG enhancement, (da/dN)_ ¢, is equal to the difference between the aggressive CGR
and the inert CGR at a given value of Kpax.

The diagram illustrates three important K values: the fracture toughness, K¢ or
K¢, the fatigue CGR threshold, Kip and the stress-corrosion cracking threshold, Ky....
Ky or K¢ are well known measures of the material’s resistance to fracture, and Kih and
K{scc are apparent threshold values for fatigue CG and stress-corrosion cracking (SCC)

respectively and indicate K5 values at which the CGR. approaches zero.

3 There are also cracks that are referred to as "mechanically” short and
"microstructurally” short. For general background on ”small” crack phenomena, see
Ritchie & Lankford (1986).
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/Short Crack Growth

Experimental observations have shown that the growth rate of short fatigue
cracks (<10mm) in aqueous environments may be significantly different than the
expected behavior, based on longer crack data at a given AK level. A schematic diagram
illustrating the effect is shown in Figure 2.2 (Nakai et al., 1986). The CGR is plotted
versus crack length, for constant AK conditions showing several regimes of CG behavior
and two characteristic crack lengths. This anomalous CG behavior was first reported by
Gangloff (1981) who observed short CGR’s an order of magnitude larger than the long
CGR/’s, for an AISI 4340 steel in a NaCl solution at a given AK level.

The difference in CGR has been attributed to changes in the local crack-tip
chemistry with crack length, via crack length effects on the electrochemical mass
transport processes, and possibly to crack closure (Gangloff, 1981, 1985; Tanaka & Wei,
1925; Gangloff & Ritchie, 1985; Nakai et al., 1986; and Gangloff & Wei, 1986).

SECTION 2.3 - A REVIEW OF EXPERIMENTAL OBSERVATIONS

2.3.1 - Long Crack Growth Behavior

A large number of variables are known to have an effect on the CGR. They can
be conveniently grouped into four categories of variables, namely: the mechanical,
geometric, metallurgical, and environmental variables (Wei & Speidel, 1971, and Wei,
1979), as shown in Table 2.1. The primary variables, for a specific material/environment
system, belong in either the mechanical or environmental categories. They include the
variables AK, f, and T, specifically examined in this dissertation, as well as a number of
others such as: R (load ratio), ®ec (applied electrochemical potential), pH, species
concentration (c;), etc. To provide some background on the effect of these variables and
the evolution of aqueous corrosion fatigue modeling, a number of published results are
summarized below.

Figure 2.3a shows the results of a study performed by Barsom (1971) on a 12Ni-
5Cr-3Mo steel in aerated 3% NaCl solution at room temperature. The purpose of the
investigation was to characterize the below K; .. fatigue CG behavior in terms of AK

and f. He proposed an empirical model for the CGR:

da = paK?. (2.5)

4 The CGR is usually faster, but slower rates have also been observed (see Table
2.2 and Appendix A).
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Dy is taken as a function of cyclic loading frequency (i.e., Dy=D¢(f)) and reflects the
frequency dependence of the CGR.

Figure 2.3b is a plot of Dy(f) versus { showing the large increase in D, that
occurs with decreasing f, and the asymptotic decrease towards the D, value obtained for
tests in air, as f increases. He concludes, for this particular material/environmental
system, that: (1) the primary factor affecting the CGR is the AK level, and (2) the
Dy(f) factor reaches a maximum value at small f, and a constant value, represented by
the value in air, for increasing f.

Figure 2.4 shows results from Gallagher (1971) for a HY-80 steel in 3.5% NaCl
solution and vacuum, under varying conditions of f and ®Pec, at two AK levels®. The
Kinax for each case was below the Kigcc Value. The results show a number of important
features: (1) vacuum data which is independent of f; (2) a saturating CG behavior at
both the lower and upper values of f; (3) a CGR which approaches the vacuum CGR for
higher f; (4) increasing CGR with increasing cathodic overpotentials; (5) relative values
of enhancement (i.e., (da/dN)_ ;/(da/dN) ) which are greater for the lower AK level;
and (6) a possible shift in the CGR curves towards higher f values for the data at the
lower AK level,

Using these results, and others not mentioned, Gallagher concluded that the

below K; .. CG behavior depends strongly on the mechanical action of fatigue. It is

taken to mean that the localized environmental attack will take place only when the
crack is extended by the mechanical action of fatigue. He also concludes, on the basis of
the cathodic polarization results, that hydrogen embrittlement is responsible for the
ECGR. |

Figures 2.5a and 2.5b show the results of Misawa et al. (1976) for a low alloy
(0.5Cr-0.5Mo0-0.25V) steel, in de-aerated, distilled water, at 20Hz, and different
temperatures. The data in Figure 2.5a show a decrease in the number of cycles required
for crack initiation and growth as the temperature is increased. Figure 2.5b shows the
CGR behavior at several temperatures, over a range of AK levels,

Misawa et al. proposed an Arrhenius-type rate equation to describe the

temperature dependence of the CGR:

3_& = A exp(—Q/RT). (2.6)

5 Note that the minimum load was held constant resulting in R values which
varied during the test, and therefore, the results should be viewed with caution.

9
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The coefficient A is a constant; R is the universal gas constant; T is absolute
temperature; and Q is the apparent activation energy (see also Wei, 1968; and Telseren
& Doruk, 1974, for similar models). Figure 2.56c is a plot of log(da/dN) versus 1/T
which shows that the data exhibit a linear behavior. Figure 2.5d shows the calculated
activation energies as a function of AK. They range from 4.2 to 21 kJ/mol and show
some dependence on the AK level®. .

Unfortunately, they have neglected the possible influence of loading frequency
which might account for the non-constant activation energy with AK level. This
possibility is shown below in the discussion of Wei & Shim’s results and also in Chapters
6 & 8.

Figures 2.6a through 2.6d are results taken from Vosikovsky (1978) showing the
effects of AK, f, R, and ®ec on the CG behavior of a HY-130 steel in an aerated 3.5%
NaCl solution. They show that the CGR increases with decreasing frequency, increasing
R value, and increasing cathodic overpotential. They also show that an increase in R
leads to a decrease in AKth’ and that the CGR curves for all the different frequencies
converge to a single curve as AK approaches AKth'

Figure 2.7a show the results of Wei & Shim (1984) for HY-130 steel in de-
aerated, acetate buffer solution (pH = 4.2), for a single AK and R level and multiple {
and T levels. The results show the effect of both frequency and temperature on the
enhancement in CGR.‘ A saturating, exponential-like CG behavior is observed with the
saturation in CGR occurring as f decreases. The increasing temperatures are seen to
produce a "shape-preserving”, horizontal shift of the data towards higher f values,

As a first order approximation, Wei & Shim suggested the use of the simple, first

order reaction kinetics model”:

(d'il%l)cf =(§%)sac {1 — exp (—%)} (2.7)
where
v = vo exp (~R) (2.8)

6 Misawa et al. claim the activation energy is ”sensibly” independent of AK level
but that does not appear to be true on examining their data in Figures 2.5¢ & 2.5d.

7 Note that the argument of the exponential function has been changed from (v/2f) to
(v/f) to reflect the current understanding of the time available for the rate controlling
reaction processes (Wei, 1985).

- 10
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The factor (da/dN)g,; is the saturation CGR, v, is a constant, and AH is the apparent
activation energy. The frequency and temperature dependence of the ECGR is expressed
solely by the exponential term in Equation 2.7. Figure 2.7b shows a plot of v versus
1/T, where an estimated activation energy of 39 kJ/mol is obtained.

The difference between Wei & Shim’s interpretation of the temperature effect
and that of Misawa et al. is by now obvious, and may be understood in terms of the CG
response curve. The CG behavior exhibited in the log(da/dN) ¢ versus log(1/f) plot is
known as the CG response or CG response curve. The curve describes the characteristic
functional behavior of the CGR on a loading cycle time base. The term or expression
"characteristic functional behavior” refers to the fact that the rate controlling process
(see Section 2.4) has a certain functional dependence on 1/f which is manifested by the
CG response curve. The difference between CG response and CGR magnitude then,
corresponds to the horizontal and vertical translations of the CG response curve. In
other words, vertical shifts along the CGR axis correspond to changes in magnitude
while horizontal shifts along the time or 1/f axis correspond to changes in response. Wei
& Shim had looked at temperature as an effect on the CG response (horizontal
behavior) whereas Misawa et al. looked at it as an| effect on CGR magnitude (vertical
behavior).

The model proposed by Wei & Shim is an extension of gaseous corrosion fatigue
modeling to the aqueous corrosion fatigue problem. The model is based on the
assumption that the ECGR results from embrittlement by hydrogen. (da/dN); is

assumed to be proportional to the amount of hydrogen produced by the surface

reactions each loading cycle, which is proportional ilP turn, to the “effective” crack area
produced by fatigue during the prior loading cycles. They also assume that the
electrochemical surface reaction processes are rate controlling with a time available for

reaction directly proportional to 1/f.

Similarity between the activation energies for fatigue CG and the formation of
an oxide layer on the bare surface of AISI 4340 steel via reaction with water vapor (i.e.,
36 kJ/mol, Simmons et al. (1978)) tends to support the assumption of the surface
reaction step as rate controlling., Further support is obtained from the experimental

electrochemical results on bare surface reaction kinetics for steels in aqueous solutions

(see Chapter 8, Section 2).

11
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2.3.2 - Short Crack Growth Behavior

Table 2.2 lists a number of experimental results concerning the effect of crack
size on the CGR of steels exposed to aqueous environments. The results show that both
increases and decreases in the CGR have been observed, with the ratio
(da‘/dN)small/(da‘/dN)long ranging frem 500 to 0.8.

Nakai et al. (1986) conducted a study of the short crack phenomenon on a HY-
130 steel, in de-aerated, 3.5% NaCl solution, under constant AK test conditions, and
two different ®ec levels. Their results are shown in Figures 2.8a and 2.8b, and 2.8c,
where short crack effects were observed over crack lengths, extending sometimes to 12
mm. Figures 2.8a and 2.8b show the effect of AK on the short CGR for both the open
circuit and zinc coupled conditions, and Figure 2.8c shows the effect of ®gc.

It can be seen that the short CG effect is not very pronounced at any of the
given conditions. It appears that higher AK levels lead to a longer range of short crack
effects (Figures 2.8a & 2.8b) as does higher cathodic overpotentials (Figure 2.8c). The
effect of AK and ®ec on the ratio of the maximum short CGR. to the long CGR show
that the maximum ratio occurs at: (1) the lower AK level for the open circuit condition
(Figure 2.8a), (2) the higher AK level for the zinc coupled test (Figure 2.8b), and (3)
the open circuit condition for equal AK levels (Figure 2.8¢c). It is apparent that the zinc
coupled specimens exhibit a higher overall crack growth rate for all AK conditions; this

is consistent with the previously reviewed results.

SECTION 2.4 - THE CHEMICAL AND MECHANICAL PROCESSES OF CF

2.4.1 - The Concept of a Rate Controlling Process

In modeling the corrosion fatigue crack growth behavior, the concept of a rate
controlling process becomes important. The enhancement in CGR occurs as a result of
the interaction between a number of coupled, mechanical and chemical processes, which
include: electrochemical (EC) mass transport, heterogeneous (and homogeneous)
reaction chemistry, and some sort of enhancement mechanism, all acting in series (see
Figure 2.9, and also Figure 7.1). It is clear that an analytical description of the
enhancement process, if one is possible, will be difficult to formulate and difficult to
solve,

In certain situations, the rate of a single process controls the overall rate. This
occurs when the sequence of processes are all connected in series and the rate constant of

one process is much smaller than all the others. The rate of the whole process is then

12
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controlled by that single process and the other processes can be considered to proceed at
their quasi-equilibrium rate or steady-state rate (Bockris & Reddy, 1977b; Conway,
1965). Note however that the rate constant of the controlling process often contains
variables or quantities that can be affected by the preceding and/or subsequent
processes (see Boc}{ris & Reddy, 1977b). This provides the means for a non-rate
controlling process to exert an influence on the kinetics of the process by effecting a
change on the rate constant. The concept is very useful in modeling complex series
processes in that only the dynamic response of “rate controlling” process need be
considered. The concept arises traditionally in queuing theory whose concern is to relate
the magnitude of the queue to the arrival and servicing rates (Van Kampen, 1984).

The rate controlling process in the corrosion fatigue problem will define the
characteristic functional behavior of the CG response curve. For example, if the rate
controlling process is described by an exponential function of time, then the fatigue
crack growth response curve (i.e., (da/dN) ; versus 1/f) will also be an exponential
function of time (1/f). The other processes in the sequence occur at their steady-state or
quasi-equilibrium rate and are only capable of producing a change in the vertical or
horizontal location of the CG response curve in the (da,/dN)cf versus 1/f plot.

Identification of the rate controlling process is made possible by comparing
experimental CG response data with viable process models, developed from independent
analysis and/or experiment. When the functional behaviors match, a candidate for the
rate controlling process has been found. In the case where two or more processes have
the same functional form which match with the CG response data, an examination of
the effect of the other variables must be used. For instance, a number of processes are
thermally activated in nature and the value of their activation energies provides a
criterion for discriminating amongst competing models. Examples of this method applied
to corrosion fatigue modeling can be found in Wei & Simmons, 1981; Wei & Shim, 1984;
Shim & Wei, 1987; Wei, 1989.

2.4.2 - Electrochemical Mass Transport Processes

The theoretical description of the electrochemical mass transport processes is
useful in determining the local crack-tip environment (i.e., the chemical species
concentrations and electrochemical potential) which is known to influence the rates of
electrochemical reactions in the crack-tip region. Analytical approaches have become

necessary because of the small size of the crack-tip region where experimental probing
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has not yet be'aen accomplished in a totally satisfactory manner (see Turnbull, 1982).
Unfortunately, obtaining solutions to the transport equations is difficult and must often
be accomplished numerically, leading to a limited use of the results. Specification of the
boundary conditions is also very difficult because of the lack of information concerning
bare surface reaction kinetics. A review of the theoretical description of the
electrochemical mass transport process is given below along with pertinent references to
published results.

The spatial and temporal description of chemical species concentration and
electrochemical potential, in and along an opening-and-closing, fluid filled crack, is an
electrochemical mass transport problem. The theoretical formulation of the problem
derives from the theory of mixtures within the field of non-equilibrium continuum
thermodynamics (see Chapter 7, Section 7.3). The formulation consists of (1) the
balance equations of mechanics: mass balance of the entire mixture, mass balance for
each independent solute chemical species, and balance of linear and angular momentum;
(2) the first and second laws of thermodynamics: balance of energy for the entire
mixture, and non-negativity of entropy production; and (3) because the aqueous solution
is ionic in nature, Maxwell’s equations of electrodynamics.

The three steps listed above are capable of delivering the most general
macroscopic description of an electrochemical mass transfer process. Completely general
models have been formulated, but because of the resulting mathematical complexity, a
number of assumptions must be made to simplify the problem and obtain a solution.
The most important assumptions used are listed below and then a description of the EC
mass transport process, for the localized crack geometry, is given with reference to the
pertinent literature.

The assumption of an "infinitely dilute” solution, where the solute chemical
species concentrations are vanishingly small, is usually applied, leading to the
simplification of the chemical potential to the species concentration. The electrodynamics
problem is simplified to one of electrostatics, and within this framework, further
simplification comes from ignoring the charge distribution at the boundary, in the diffuse
region of the electrode double layer, so that an assumption of electroneutrality may be
imposed (see Newman, 1973). The water solvent is considered to be a simple Newtonian
fluid with material properties that are uninfluenced by the presence of the chemical

species. And thermal transport is neglected and a uniform temperature distribution is

assumed.

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Imposing these assumptions on the problem leads to a relatively simple” set of
governing equations, capable of describing the important details and serving as an useful
approximation. They consist of a description of: (1) the movement of mobile solute
chemical species, (2) material balances, (3) current flow, (4) electroneutrality, and (5)

fluid flow, and are given below in their usual form (Newman, 1973).

(1) Species Flux
The following equation relates the molar flux of a minor component (ith species)
to the three driving forces for species movement namely, the electric field gradient (ionic

migration), the concentration gradient (diffusion), and the bulk solution movement

(advection).

Ji = —-ziutiiV(I’ — Dchi + CiV (2-9)

where

j'i is the vector flux of the ith species [mol/m?.g],

z; is the number of proton charges carried by the jth species,

i
h

u; is the mobility of the ith gpecies [m?.mol/Js],

I is Faraday’s constant [coul/mol of electrons],

h species [mol/m?],

c; is the molar concentration of the it
¢ is the electrochemical potential [volts],
D; is the diffusion coefficient of the ith species [m2/s],

v is the barycentric (mass center) velocity [m /s].

(2) Mass Balance for the Minor Species

(o>

Ci - _
¢ + V- I =R (2.10)

where
h

R, is the rate of production of the ith species [mol/m3. s).
(3) Current Flow
= 3. F2J, (2.11)
where =1
1 is the current density vector [A /m?]
n is the total number of minor species.

This equation expresses the current density in terms of the flux of the charged species.
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(4) Charge Neutrality

n
>z =0 (2.12)
=1

This equation implies that in any region of space the total charge is equal to zero.

(5) Fluid Flow
The following well known equations for an incompressible, Newtonian fluid, are
used to describe the bulk motion of the fluid. The first equation expresses the balance of

mass for the entire mixture, and the second equation, the balance of linear and angular

momentum,
Continuity Equation for an incompressible fluid
V:¥y=0 (2.13)
Navier-Stokes Equation
p(%ii + 9 V9) = ~Vp + uV + pi (2.14)
where '

p is the fluid density [kg/m?],
p is the thermodynamic pressure [N/m2],
p is the fluid viscosity [kg/m-s]

g is the vector acceleration of gravity [m/s?].

In cracks and crack-like geometries, the problem is often further reduced to one
’spatial dimension by neglecting the variations of concentration, potential, and fluid flow,
in the specimen thickness direction, and by assuming an average value for them in the
crack opening direction.,

The analysis of electrochemical systems by means of the above differential
equations requires additional statements describing the geometry of the system, the
conditions at the boundaries of the system, and the conditions throughout the system at
time t=0. The boundary conditions must be obtained from equations describing the
reactions at the surface (see below) and consist of the prescription of species
concentrations or flux, ¢ or ii’ and electrochemical potential, ®, at all points on the
boundary, for all times. The initial conditions consist of the prescription of G and ¥, for

all locations at time t=0.

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Particular models and analyses of EC mass transport in a growing fatigue crack
have been published. These will not be described here as there are a number of good
reviews on the state of transport modeling and experimental measurement in the
litcrature. These reviews include the papers by Turnbull (1982, 1983, and 1984a), Wei et
al. (1984), and the books edited by Gangloff (1984), Staehle et al. (1974), and Turnbull
(1984b).

In Chapter 8, some published results are examined with respect to the effect of

AK on the CG response and magnitude via its effect on the local crack-tip chemistry.

2.4.3 - Heterogeneous Reactions in a Fatigue Crack

A number of factors complicate the description and understanding of reaction
processes which occur at the interface between the aqueous environment and the metal
surface. These include: the difficulty in specifying the local crack-tip chemistry (i.e., @,
pH, ¢, etc.); the unknown electrode surface state (i.e., film characteristics, subsurface
metal composition, surface area, etc.); lack of information on film-free surface reaction
kinetics; and the small volume of the crack-tip region. An idealized outline of the
reaction processes, as they occur in a growing fatigue crack, is given below. It is
assumed, for simplicity, that there is no externally applied potential.

With each mechanjcal loading cycle, an increment of crack growth is produced
exposing a small amount of bare (or film-free) surface to the surrounding environment.
The bare surface is very unstable, with a potential that is negative with respect to its
oxidized (filmed) state (see below), and it immediately reacts with surrounding
environment to form a surface film and continues until a stable surface state is achieved.

Because the bare surface is in electrical contact with the adjacent oxidized
(filmed) crack flanks, a current transient between the two surfaces results with anodic
reactions taking place on the bare surface and cathodic reactions on the oxidized
surfaces. Because the oxidized surfaces are much larger in area, the overpotential® at the
oxidized surface is only slightly cathodic while the overpotential at the bare surface is
highly anodic. It is like having the bare surface potentiostatically controlled at the
oxidized surface potential, using the electrically connected oxidized surfaces as a

potentiostat.

8 The overpotential is a measure of the current producing potential on an electrode. It is
equal to difference between the potential measured at the surface of the electrode and
the free corrosion potential of the electrode for the given chemical environment (see
Bockris & Reddy, 1977b; and Bockris, 1971). In the present case, the measured surface
potential is taken to be equal to the mixed potential of the bare and oxidized surfaces.
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The experiments on the nature of fresh metal surfaces in aqueous solutions, by
Funk et al. (1957a, b, 1958), Giddings et al. (1959) and more recently, Anderson et al.
(1969), showed that the sudden exposure of bare surface, via straining or scraping, led
to a large shift in the measured potential. The bare surface potential was usually
negative with respect to an oxidized surface and rose rapialy to the oxidized surface
potential (see Figures 2.10a, 2.10b and 2.10c). The potential transients were described in
terms of three parameters: the maximum potential, the potential rise time, and the
potential decay time (Funk, et al., 1957;3.).

A number of environmental and experimental factors were found to effect the
maximum potential difference between the bare and oxidized surfaces (this difference is
denoted by AV or (AV) p in Figures 2.10a and 2.10b). The most important factor in
determining the magnitude of AV was the nature of the filmed surface (Giddings et al.,
1959). Environmental conditions which led to little or no surface film, or materials that
have a porous film (such as iron and zinc), were found to have much smaller potential
differences. Other environmental factors such as: pH, species concentrations, and
concentrations of dissolved gas were all found to affect the transient. The tecﬁnique used
for generating the bare surface, and the equipment’s transient response capabilities also
could have an effect.

Due to the restricted nature of these experiments, no information on the
resulting current transients could be obtained. This’ information, however, is very
important for modeling the enhancement of the crack growth rate in a growing fatigue
crack. Knowing the current is equivalent to knowing the rate of the reactions on the
bare and filmed surfaces. In the simplest reaction scheme (i.e., anodic dissolution of iron
on the bare surface and hydrogen reduction on the oxidized surface) the rate of the
reactions tells: (1) how fast the iron on the bare surface is being dissolved, and (2) how
fast the hydrogen is being generated on the oxidized surface. This information is very
important for both anodic dissolution and hydrogen embrittlement models for the
enhancement of the CGR.

Quantitative information on both the potential and current densities, and their
transients under dynamically changing conditions, is also important for mechanistic
studies of the electrode reactions (Bockris & Reddy, 1977a, 1977b; Laidler, 1970; Vetter,
1967; Conway, 1965; and Petrocelli, 1951). These mechanistic studies attempt to
mathematically model the electrode behavior in terms of the surface and environmental

conditions existing at the electrodes. This type of information (either analytical or
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empirical) is very important in connection with transport problem in corrosion fatigue,
in that the problem specification is incomplete until the potential and species
concentration or flux along the boundaries can be given,

An in-situ fracture technique has been recently developed to generate a bare
surface to measure the resulting current and potential transients (Alavi et al., 1987; and
Wei & Alavi, 1988; also see Newman, 1984a; and Wei et al., 1989). In this technique, a
fresh or bare surface is generated by the fracture of a notched round tensile specimen.
The specimen is contained within an electrochemical cell and is electrically connected to
an "oxidized” electrode through a zero-resistance current measuring device. The notched
specimen is loaded to fracture while the current and potential transients are recorded.
The technique is being used to probe the effect of electrode composition, solution
composition and concentration, pH, temperature, etc..

The experiments performed utilizing this technique have been oricnted towards
simulating the electrochemical processes which occur in a fatigue crack as opposed to the
direct determination of electrochemical reaction mechanisms. From the measured
current transients, the charge transfer between the bare and oxidized surfaces |is
calculated and is related to the CG response. A number of different environments,
temperatures, and applied potentials have been used in the tests, and comparisons with
the fatigue crack growth response have been made (Thomas et al., 1986; Wei & Alavi,
1988). The results are encouraging and have been applied in Chapter 8 to provide

support for the hypothesis of surface reaction control and to demonstrate the effect of

the local crack-tip environment on the CG response.

2.4.4 - The Cause of CG Enhancement

The precise manner in which the crack-tip reactions lead to an enhancement in
the crack growth rate is still a debated issue but two particular mechanisms are favored
for steels. The first is known as the "anodic-dissolution” mechanism; generally applied to
the lower strength alloys, where film rupture and growth, and dissolution of the crack-
tip material leads to the increased .crack growth rate. The second mechanism is known
as the "hydrogen embrittlement” model and is generally applied to the medium and
higher strength alloys. This model assumes that atomic hydrogen, generated by a
reduction reaction, "embrittles” or weakens the material at the crack-tip. The weakened
material has less resistance to crack growth which combines with the ongoing

mechanical fatigue process to increase the crack growth rate,
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Both mechanisms are related by the electrical coupling of the conjugate
oxidation and reduction electrochemical reactions (i.e., the electrons generated by the
oxidation reaction are consumed by the reduction reaction). Both processes are

examined below with respect to the current understanding and applicability to the

modeling of corrosion fatigue.

2.4.5 - The Anodic Dissolution Mechanism for CG Enhancement

The anodic dissolution mechanism, incorporating the "slip-dissolution”, ”brittle-
film”, and "active-path-corrosion” models, is generally applied to ductile-alloy/aqueous-
environment systems, including low-strength ferrous alloys. The mechanism has recently
been applied to the problem of corrosion fatigue by Ford (1983, 1984), and Hudak
(1988).

The ECGR is related to the oxidation reactions which occur at the crack-tip,
when the filmed crack-tip surface is periodically ruptured by the straining of the metal
substrate. Thus crack advance is related, via Faraday’s Law, to the amount of charge
transferred (via the oxidation reaction) over the time period of a film rupture event.

The two primary components are the oxidation and repassivation kinetics, and
the rate of occurrence of the film rupture events at the crack-tip. The ECGR is related

to the mechanism by the following model (Hudak, 1988):

(0 = () (80 239

where t*

(4 = / i(t)dt (2.16)

r
0

SN

is the amount of crack growth per rupture event, and

(&%) =

is the number of rupture events (r) per loading cycle. In these equations, M denotes the

>

< (2.17)

[}

molecular weight of the reacting crack-tip metal, p the density of the metal, z the
average number of electrons transferred per metal atom, F is Faraday’s constant, t* is
the amount of time between rupture events, i(t) is the functional representation of the
current generated by the oxidation reaction, Ac¢ is the crack-tip strain range during a

fatigue cycle, and ¢ I} is the failure strain of the oxide film.
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Quantitative prediction requires estimates of the reaction kinetics (i(t)), the
crack-tip strain, and the film rupture strain. Bare surface reaction kinetics experiments
are used to determine the current generated during the repassivation of the bare surface
after exposure by scraping or straining (Newman, 1984a, 1984b). The crack-tip strains
are estimated using analytical solutions for the deformation fields at the crack-tip, and
more recently by experimental measurement (Hudak, 1988). And the film rupture strain
is determined by experiment.

A recent examination of the predictive capability of the model, applied to the
corrosion fatigue problem, found evidence to suggest that the model does not account for
the ECGR (as a function of loading frequency) for a 304 stainless steel in an aqueous
environment (Hudak, 1988). Also, the results of Ford (1983, 1984) need to be
reexamined in light of the incorrect interpretation given to the bare surface reaction
kinetics data (Wei et al., 1989).

For the medium and higher strength steels, the hydrogen embrittlement
mechanism is favored as the cause for the ECGR (Hirth, 1980; Oriani, 1978). For this
reason, and the failure cited above, the anodic dissolution mechanism will not be

considered any further in this work.

2.4.6 - Hydrogen Embrittlement Models for CG Enhancement

Hydrogen embrittlement models are generally applied to the medium and higher
strength steels, in hydrogenous environments. A full understanding of the manner in
which hydrogen leads to an enhancement in CGR has not yet been achieved, but a
number of mechanisms have been proposed (see Bernstein & Thompson 1974, 1981;
Hirth, 1980; Louthan & MecNitt, 1976; Oriani et al. 1985; Oriani, 1972, 1978; and
Staehle et al., 1977). These include: the pressure expansion theory (Tetelman, 1969); the
slip softening model (Beachem, 1972); the adsorption models (Petch & Stables, 1952;
and Petch, 1956); and the decohesion model (Oriani, 1972, 1974, and 1977).

A number of these have been criticized (Hirth, 1980; Louthan & McNitt, 1976;
and Oriani, 1978) based on comparison with a number of experimental results, and the
decohesion model seems to have withstood the criticism best, perhaps because of the
difficulties in quantifying certain terms in the model. Most likely, a complex process
composed of a number of coupled mechanisms is necessary to account for the observed
phenomena, A qualitative model, similar in nature to the decohesion model, is used later

in the dissertation and so a brief description of the decohesion model is included below,
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The decohesion model (see Oriani, 1972, 1974, and 1977) supposes that hydrogen
at high concentrations lowers the maximum cohesive force between the atoms of the
iron-alloy lattice, at grain boundaries, and at interfaces. Bond breaking results when the
local stress equals the hydrogen-lowered cohesive stress. The hydrostatic tensile stress at
the crack-tip serves to concentrate the hydrogen by several orders of magnitude (see
Chapter 7, Section 3), and to sever the atomic bonds weakened by the hydrogen.
Unfortunately, an explicit formulation for the decohesion model is impossible at present
because of the lack of knowledge of how the local stress behaves in terms of the
macroscopic parameters, and by the lack of knowledge of the precise change in cohesive
force for a given hydrogen concentration,

A conceptual model for hydrogen embrittlement, similar in nature to the
decohesion model and applicable to the corrosion fatigue problem, has been proposed by
Pao et al. (1977). The model supposes that a zone of "embrittled” material exists ahead
of the crack-tip under steady-state conditions (i.e., prescribed AK, f, T, environment,
etc.) and is related to the enhancement in CGR in a simple fashion. The model is shown
schematically in Figure 2.11, where the damaged zone is depicted as circles, representing
some appropriate hydrogen concentration contours ahead of the crack-tip. The elongated
regions represent a changing hydrogen concentration, as the crack grows, that occurs
after a change in the cyclic load frequency. Because more hydrogen is produced at the
lower frequencies (longer reaction time), the size of the damaged zone or the amount of
hydrogen within the zone is expected to be larger at these frequencies. On each cycle of
loading, the crack extends, in one step, through a fraction of this zone. Following this
increment of crack growth, a steady-state zone is reestablished ahead of the extended
crack-tip through reactions of the environment with the freshly created crack surface,
and hydrogen diffusion and redistribution. A criterion similar to this is adopted for the

modeling performed in this dissertation and is explained further in Chapter 7.

2.4.7 - The Hydrogen Entry Process

The process of hydrogen entry into the metal matrix from its source along the
filmed crack walls, or through the filming new surfaces at the crack-tip, is a complicated
problem irrespective of the nature of the source. The rates of deposition of atomic
hydrogen on the interface, combination of the adsorbed hydrogen to form hydrogen gas,
and the transition from adsorbed to absorbed hydrogen are controlled by a number of

factors. These include: (1) solution pH, (2) electrochemical potential, (3) chemical
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composition of the aqueous environment local to the entry point, (4) composition of the
metal, its inclusions, and the surface films, and (5) the mechanical and thermal state of
the material and environment (Bockris et al., 1965; McBreen & Genshaw, 1969; Kim &
Wilde, 1971; McCright, 1977; Wilde & Kim, 1981; and Scully & Moran, 1988a, 1988b).
The rate of transition between the adsorbed and absorbed hydrogen determines the
subsurface hydrogen activity, which sets the boundary conditions for the diffusion of
hydrogen into the bulk of the metal. This is an important concern for modeling the
diffusion of hydrogen in the crack-tip region, and it is considered further in Chapter 7.
Hydrogen permeation by cathodic charging has been used with some success in
studying hydrogen absorption and hydrogen diffusion behavior under a number of
different conditions (Beck et al., 1965; Bockris et al.,, 1965; McBreen, et al., 1966; Kim
& Wilde, 1971; Bockris, 1977; Wilde & Kim, 1981; and Scully & Moran, 1988a, 1988b;
see also Turnbull & Saenz de Santa Maria, 1989). The technique generates hydrogen on
one side-of a specimen and measures the flux of hydrogen on the other side. Depending

on the specimen’s thickness and other environmental conditions, either the surface

rez‘tction or the hydrogen diffusion is rate controlling,

2.4.8 - The Hydrogen Diffusion Process

The hydrogen diffusion process for a solid, with a crack, under stress is
co‘ plicated by at least two factors. There is the effect of hydrogen trapping at the
chemical and microstructural inhomogeneities, and the effect of mechanical stress on the
diffusional driving force. The second effect is discussed in Chapter 7 where a stress-
assisted diffusion model is used to connect the crack-tip stress field to the magnitude of
the ECGR. A brief discussion of the hydrogen trapping effects is given below along with
the phenomenology of hydrogen in steels.

Hydrogen dissolved in the lattice of iron exists predominantly in the dissociated
atomic or protonic form and occupies interstitial positions. The solubility of hydrogen in
« iron is very small, and therefore the major portion of the hydrogen in ferritic steels is
the result of attractive interactions at the chemical and structural features in the metal
(Oriani, 1969, 1978; Hirth, 1980; and Johnson, 1988). These attractive interactions are
known to "trap” the hydrogen at grain boundaries, internal interfaces, dislocations,
voids, microcracks, etc.. Such trapped hydrogen is not as mobile as when it is moving
through the normal lattice positions. In transient diffusion problems, the trapping can

lead to anomalous results because of the hydrogen stored in the traps.
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The modeling of Chapter 7 is concerned with "steady-state” fatigue crack growth
and this mitigates, to some extent, the necessity of considering the trapping effects in
the diffusion problem. This is because a steady-state hydrogen atmosphere surrounds the

crack-tip, filling the traps and eliminating the anomalous diffusion behavior.

SECTION 2.5 - DISCUSSION

The review has focused on two major aspects of the research efforts in the field
of corrosion fatigue crack growth. The first aspect to be considered was the results of
the previous experimental FCG investigations. Most of this work was geared towards
assessing the effects of a number of important variables on the enhancement of the
CGR. The second aspect to be considered was the chemical and mechanical processes
which exist in the growing fatigue crack and give rise to the enhancement phenomenon.
This type of research is interdisciplinary in nature, and has evolved over a long period of
time.

The previous experimental results showed that AK, f, T, R, and ®e¢ all play an
important role in the corrosion fatigue crack growth process. Most of the siudies were
exploratory in nature, and conducted by investigating only one, and sometimes two or
three variables at a time. This was due to the level of understanding of corrosion fatigue

phenomenon at that time, which precluded anything other than the simple experiments

that were performed.

Research on the individual chemical and mechanical processes which contribute
to the corrosion fatigue phenomenon is necessarily complicated and interdisciplinary in
nature and is not strictly (directly) applicable to corrosion fatigue modeling. In addition,
there is the added complexity of integrating the individual models into a framework for
the entire corrosion fatigue process. There are ongoing investigations into many aspects
of these individual chemical and mechanical processes, but applications to corrosion
fatigue phenomenon go slowly because of the complicated nature of each process, and
the lack of understanding of the actual conditions which exist in the fatigue crack.

A new level of experimentation began with the work of Wei & Shim (1984).
FCG experiments were designed to probe the CG behavior in a mechanistically relevant
manner. They began their research program with the hypothesis that the surface
reaction processes were rate controlling. Experiments were run under varying conditions
of loading frequency and temperature, in order to probe the CG response, and the

results were used to develop a mechanistic model based on surface reaction processes.

24

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



There is a need for further studies of this type in order to assess the combined
effects of the other variables on the corrosion fatigue cracking process. An experimental
research plan is undertaken in this dissertation, to assess the combined effects of AK, f,
and T on the enhancement of the CGR. The effects of f and T can be predicted based
on the current level of understanding, but the combined effects of all three variables is at
present unknown,

Because AK is known to affect both the electrochemical mass transport process
and the hydrogen diffusion process, a modeling framework will have to be developed to
integrate all of the chemical and mechanical processes which contribute to the
enhancement of the crack growth rate, To limit the scope of the investigation, only the
effect of AK on the hydrogen diffusion process will be considered in detail. In addition,
further consideration will be given to the currently proposed models for the surface

reaction processes.
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CHAPTER 3 - EXPERIMENTAL STUDY

SECTION 3.1 - INTRODUCTION
There were two objectives for the experimental phase of the dissertation
research. The first, and most important objective, was aimed at providing a data base
for the effect of AK, f, and T on the enhancement in crack growth rate of a single
material/environmental system. The second objective was to provide data on the effects

of AK, f, and T on the short fatigue crack growth behavior.

SECTION 3.2 - THE LONG CRACK GROWTH TESTS

3.2.1 - Test Objective Number 1: Long Crack Growth Characterization
To characterize the fatigue crack growth rate, of a HY-130 steel in a de-aerated,
3.5% NaCl solution, as a function of AK, f, and T. The AK levels were selected to cover
the lower range of AK values, as AK was decreased towards AKth' The loading
frequencies were selected to cover the range of maximum environmental effects, and the
temperatures w;re selected to cover the range of applications for the solution and
madterial.
Reference rate tests were also required. These were conducted in a dehumidified,

ultra high purity (UHP) argon gas environment, with a 10 Hz loading frequency and the

same AK and T values that were used in the saltwater tests.

3.2.2 - The Test Plan

The long crack growth tests are conducted over the range of crack lengths fron*)
9 to 18 mm. The test variables AK and T, are held constant over this interval, while
different f levels are used over small sub-intervals of crack growth. Figure 3.1 illustrates
the manner in which the test variables were varied over the range long crack growth and

Tables 3.1 and 3.2 list the test values used.

SECTION 3.3 - THE SHORT CRACK GROWTH TESTS
3.3.1 - Test Objective Number 2: Short Crack Growth Characterization

To determine the range of crack lengths over which the short crack effects were

present, and to determine the effects of AK, f, and T on the short CGR.
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3.3.2 - The Test Plan
The preliminary tests (13-20) were conducted at two different levels for each of

test variables (i.e., AK, f, and T). The results of these tests established that the first 9
mm of crack growth was the range over which the short crack effects could be detected.
For the subsequent tests, crack growth data obtained from the region starting from the
notch to 9 mm in length was considered as belonging to the ”short-crack” regime. Test
conditions (i.e., AK, f, and T) were maintained constant in this region so that changes
in the CGR could be detected and easily interpreted. Figures 3.1 & 3.2 illustrate the
manner in which the test variables were varied over the range of crack growth and

Tables 3.3 and 3.4 list the test values used.
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CHAPTER 4 - EXPERIMENTAL TECHNIQUE

SECTION 4.1 : INTRODUCTION
This chapter describes the method, procedures, and equipment used to measure
the fatigue crack growth behavior of HY-130 steel in a de-aerated, 3.6% sodium chloride

solution, under varying conditions of crack driving force, loading frequency, and

temperature.

SECTION 4.2 TEST MATERIAL AND SPECIMEN INFORMATION
4.2.1 - Introduction
The material used in this investigation is a quenched and tempered HY-130 steel,
similar to a 5Ni-Cr-Mo-V steel. It has a high resistance to crack propagation, in heavy
sections, for temperatures down to about —60C, but both conventional fatigue strength

and fatigue crack growth behavior are deleteriously affected by sea water and salt

solutions.

4.2.2 - Physical, Mechanical, and Chemical Properties

HY-130 is a medium strength steel with high toughness and good corrosion
resistance. The available properties and composition of this steel are listed in Tables 4.1
and 4.2. Some of the values were estimated, and others obtained from the literature, and
are so indicated along with their sources.

The expression for the mechanical driving force for crack growth (MDFCG),
explained below, contains the elastic constants, G, the shearing modulus, and v, the
Poisson’s ratio. Because the FCG tests are conducted over a range of temperatures, an
expression for the elastic constants, as a function of temperature, is required.

Bell (1968, 1973) had experimented with a number of materials and found that »
did not change with temperature, and that, a simple empirical relation characterized the

temperature dependence of G. The relationship he recommended for use is:

— _.T
G(T) = a (1 "I‘E) (4.1)
where
T = material’s temperature (K),
Tm = material’s melting temperature (K), and

« is a constant that can be determined using G(293) and Tyy,.

28

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.2.3 - Specimen Geometry and Analytical Expression for K

The specimen configuration used is a 25.4 mm wide by 7.62 tam thick, single-
edge-notched (SEN) specimen, with a 0.26mm long crack starter notch! prepared by
electrical discharge machining (see Figure 4.1). The specimens are machined in the LT
orientation, from a 25.4mm thick plate. The final direction of grinding is perpendicular
to the direction of crack growth.

An expression for the mode I stress intensity factor, K, for the case of pure
bending, is obtained by least squares fitting a gth degree polynomial (BMDP Program
5PR; BMDP, 1985) to the data given by Kaya and Erdogan (1980), Joseph and
Erdogan (1987), and Joseph (1986). The expression, so obtained, is given below:

1/2
K = stl:z%/2<(1ﬂ—(z//‘()vv)) 3) F(a/W), (4.2)
where the range of validity is 0<a/W<0.8, and

P = applied load,

L = 25.19 mm (pin spacing of the four-point bend fixture),

B = specimen thickness,

W = specimen width,

a = crack length, and

F(a/W) = 1.122 — 2.987(a/W) + 8.920(a/W)? — 21.12(a/W)? +

31.79(a/W)* — 26.02(a/W)" + 8.755(a/W)°C.

4.2.4 - The Mechanical Driving Force for Crack Growth

The range of the strain energy density factor (AS=Smax—Si) is used as the
mechanical driving force for crack growth (MDFCG). This was proposed by Badaliance
(1978), and was examined by Sih and Barthelemy (1980), Badaliance (1980), Sih and
Moyer (1983), and Moyer and Sih (1984).

The expression for AS, for plane strain conditions, is given below:

— 12 (14+R 2
AS = 41rG(T)(1——R)AI( ’ (4.8)

where
v is Poisson’s ratio,

G(T) is the shearing modulus as a function of the temperature (T),

1 The specimen originally contained a 0.10 mm long notch, but due to initiation
problems, it had to be increased to 0.25 mm (see Appendix A: Tests 3 and 4).
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AK is the stress intensity factor range (AK=Kmax—K;,), and
R is the load ratio (R=P . /Pmax)-
The advantages of using AS for the MDFCG include its greater generality and the

explicit incorporation of the load ratio and the material’s elastic properties.

4.2.5 - FCG Specimen Preparation
Each specimen requires preparation in the form of cleaning, dimensional

measurements, scribing of location marks on the specimen, attachment of electrical leads
via spot welding, attachment of a strain gage on the back face of the specimen,
attachment of a temperature probe, and mounting of the specimen in an environmental
containment chamber. These steps are described, in sequential order, in the paragraph
below,

(1) The cleaning procedure for the specimens includes sanding the entire
specimen with #240, 320, and 400 grit SiC sandpaper, and then ultrasonically cleaning
the specimen in an acetone bath. (2) Each specimen’s width, thickness, notch width, and
notclll depth are measured. (3) The attachment points for the current, potential, and
potentiostat leads, and the back-face strain gage (BFSG) are scribed on the specimen.
(4) The potential leads are spot welded and sealed with epoxy. (56) The BFSG is
attached with an epoxy bonding agent and then cured for two hours at 80°C. (6) The
BFSG leads are soldered and the gage coated with a flexible, polysulfide polymer
protectant (Measurements Group, 1986). (7) The current supply and potentiostat leads
are gpot welded and epoxy sealed. (8) The temperature probe is attached to the
specimen surface using an alcohol based silicon rubber sealant and an O-ring clamp. And
(9) the specimen is secured in the environmental containment chamber, and sealed with
an O-ring and silicon rubber sealant. A fully prepared specimen is shown in Figure 4.2.

At the end of a test, the specimen is immediately removed from the chamber,
rinsed in distilled water, and then immersed in liquid nitrogen. When sufficiently cooled,
it is placed in the load fixture and fractured, and then placed in a beaker of methyl
alcohol until it reaches room temperature. The electrical leads and strain gage are
removed, and the specimen ultrasonically cleaned in acetone. The fracture surface is then
scribed to aid the final crack length measurement. Figure 4.3 shows the location of the

scribe marks on the fracture surface.
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SECTION 4.3 - THE TEST MACHINE, BEND FIXTURE, AND CHAMBER

4.3.1 - The Test Machine

The tests are conducted on a MTS Series 809 Axial/Torsional Materials Test
System, which is a computer (automated) controlled servo-hydraulic system. The test
control programs are user written, in MTS Basic, and run on a DEC PDP 11/23 Plus
computer. The load frame uses a 90 kN load cell which is calibrated at least once a year.

The capabilities of the test system, for the given configuration (hardware and
software), include: load control better than +40 N, for all loading conditions, a
frequency range of approximately 0.01 to 10 Hz, and the capability of acquiring data
every 12.5 um of crack growth, at all loading frequencies.

The data acquisition system consists of 16 multiplexed channels using 16 bit
conversion. The full scale range of +10 Volts measurement on each channel gives a

conversion graduation of 3280 bits/volt or 300 xV /bit.

4.3.2 - The Four Point Bend Fixture

The load fixture is a four point load fixture which creates a constant bending
moment in the test section of the specimen. An outer pin span of 117 mm and an inner
pin span of 67 mm gives a 25 mm moment arm, and a minimum pin to crack separation

distance of 34 mm. The pins are precision ground alumina rods (for electrical isolation)

of diameter 15.88 mm, and are spring loaded to allow rotation under specimen flexure
(Brown and Srawley, 1966).

A special alignment fixture is used to insure proper specimen to load fixture
alignment. Two 0.25 mm thick brass shims, attached to the specimen under the inner

load pins, helps to minimize any alignment or load distribution problems.

4.3.3 - The Environmental Chamber

An environmental chamber, shown in Figure 4.4, is used to contain the aqueous
environment about the crack. It is constructed of a chlorinated polyvinyl-chloride
(CPVC) material, having quartz glass windows on both sides of the chamber at crack
level, and polyethylene plumbing fittings. The chamber is sealed to the specimen by
clamping the chamber around the specimen; a Viton O-ring and alcohol based silicon
rubber sealant are used to provide a water tight seal. The chamber has eight fluid or
wire entrance ports; the ports containing wire leads are sealed by passing the wires

through a rubber septum filled with silicon rubber sealant and then clamped shut. The
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Luggin probe, for electrochemical potential measurements, is terminated about 1 mm
from the specimen surface, close to the neutral axis of the specimen, and about 5 mm to

the side of the crack path. The chamber fluid volume is 70ml with the specimen in place.

SECTION 4.4 - TEMPERATURE CONTROL AND MEASUREMENT
4.4.1 - Temperature Control of the Specimen and Solution

The temperature of the specimen is controlled by the attachment of two copper
heat exchange blocks, clamped at both ends of the specimen. The solution entering the
environmental chamber is also temperature controlled using a glass heat exchanger (a
Graham condenser). The source of heating or cooling is a temperature controlled water
bath with a remote circulation pump. The temperature of the bath is manually set and
then maintained by a thermostatic controller, The specimen temperature is controlled to
within +1°C, once the starting temperature is achieved. An improvement in temperature
control could be achieved by incorporating an electronic feedback control system to

directly control the bath temperature based on the specimen’s temperature.

4.4.2 - Temperature Measurement

Temperature is measured on the surface of the specimen using a commercially
available thermistor? probe. The probe is contained within a Teflon sheath and attached
to the surface using silicon rubber sealant and an O-ring clar?p (see Figure 4.2). The
probe manufacturer’s specified accuracy is +0.1°C, and the accuracy of the total
temperature measurement system is estimated to be better than|+0.5°C.

The temperature of the thermistor is determined by measuring its voltage drop
for a constant 1.2 pA throughput current. The voltage is amplified and sent to the
computer which converts it to a temperature using Ohm’s Law and the Steinhart &
Hart equation (Trietley, 1985a & 1985b; and Flora, 1985). Better accuracy could be

obtained with a Wheatstone bridge arrangement for the resistance measurement.

SECTION 4.5 - THE SALTWATER AND ARGON GAS ENVIRONMENTS

4.5.1 - The NaCl Solution Preparation
The solution is 3.5% NaCl by weight, and is prepared in 50 1 batches using
reagent grade NaCl and distilled water, Class A precision glassware is used for the

volumetric measurements. A standard reference state temperature of 20°C is used for

2 A temperature sensitive resistor.
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glass and fluid volumetric corrections due to temperature deviations during mixing
(CRC Handbook, 1976).

The solution is de-aerated using high purity N, gas, passed through an Oxi-sorb
cartridge and then bubbled into the stirred solution, in the reservoir, for at least 12
hours prior to the start of a test. The dissolved oxygen concentration, pH level, and
specific gravity are measured 1 m downstream from the reservoir, in a sealed sampling

chamber. The average measured value of these quantities is reported in Table 4.3.

4.5.2 - The Solution Supply System

The solution supply system, shown in Figure 4.5, consists of a 50 | supply
reservoir, a peristaltic pump, a flowmeter, two glass heat exchangers, the environmental
chamber, and the counter electrode chamber. Connections are made with Tygon tubing,
and a 3.5 ml/min flowrate is maintained throughout the test. This results in a
replenishment rate equal to 3 complete fluid replacements within the chamber per hour.

One of the glass heat exchangers is used only during the high temperature tests
(T>320K) to remove excess dissolved N, from the solution; N, bubbles will form in the

chamber otherwise.

4.5.3 - The Argon Gas System

The argon gas system is shown in Figure 4.6, and consists of the following
components: the argon supply tank with pressure regulator, 3 liquid N, moisture traps,
a (5x) zeolite molecular sieve3, a 10 to 200 kPa pressure gage, an oil back diffusion trap,
assorted fittings & valves, and polypropylene tubing. Commercially available, ultra high
purity (UHP) argon gas (99.999%), in conjunction with purifying equipment is used to
provide an atmosphere free from water vapor. During the test, a pressure of 27.6 kPa

(gauge) is maintained on the system with a continuous flow of Argon.

SECTION 4.6 - THE CRACK LENGTH MEASUREMENT SYSTEM
4.6.1 - Introduction

In automated FCG testing, an indirect method for measuring the crack length is
necessary. The AC and DC potential drop (PD) methods, the compliance method, and a
number of other methods have been used for this purpose (Beevers, 1980, 1978; Hudak
Jr. & Bucci, 1981; Birnbaum & Free, 1981).

3Purged and dried at 150°C for 24 hours before the start of the Argon tests,

33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




The AC potential drop method is used in these experiments, and is capable of
very precise crack length measurements. The method requires minimal computation to
obtain a crack length from the measured voltage, is easy to use in hostile environments
and small spaces, and has excellent noise filtering capabilities (Wei & Brazill, 1981; PAR
TAN 115, 116, 127; Letzter & Webster, 1970; and PAR OSM 126).

A description of the AC potential drop method, the experimental equipment and
setup, and the steps taken to generate the calibration data is given in the following

subsections. A description of the relationship between the crack length and PD is given

in the next chapter.

4.6.2 - The Theoretical Relationship Between Crack Length and PD

The electrical behavior of an metal, under the influence of a sinusoidal current, is
described by the vector Helmholtz equation (Moon & Spencer; 1961, 1960, 1953). This
equation follows from Maxwell’s equations of electrodynamics, by introducing the
simplifications which result from the fast relaxation time of a conductor and the
sinusoidal nature of the applied current signal.

The presence of mechanical stresses in the conducting solid affects the electrical
behavior of the system and accurate modeling requires the use of the equations of
magneto-solid mechanics (Moon, 1984; Hutter and Ven, 1979; and Jordan & Eringen,
1964a, 1964b). A number of interesting interaction phenomena are known to occur in a
solid under stress (see Williams (1931) for a particularly simple account) depending on
the magnitude of the applied current and stress level, as well as the material’s electro-
mechanical properties. The presence of a crack, with possible crack face contact, further
complicates the analysis (Gangloff, 1982). Fortunately, the electro-mechanical effects are
second order (i.e., enter into the constitutive equations as squared terms) in the strain
and current density magnitude which suggests that the electro-mechanical effects will be
small for the present situation. The crack face contact effects may not be small, as
shown by the results of tests 1 through 12 in Appendix A.

A theoretical description of the AC potential distribution for the SEN specimen
was not attempted. Instead, an empirical approach was used, where a polynomial is fit
by least squares to the crack length/potential drop data obtained by an experiment.

Details of the method are presented below.
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4.6.3 - The Test Equipment and Setup

A small alternating current of 950 mA (true RMS) is passed longitudinally
through the SEN specimen via spot welded current supply leads attached at the sides of
the specimen, as shown in Figure 4.2. Two small wires (0.25 mm diameter) spot welded
across the notch (0.51 mm from the notch centerline) serve as voltage probes, measuring
the differential voltage across the crack. Placement of the current supply leads away
from the voltage probe leads and twisting of the voltage probe leads is done to minimize
the induced voltages (Allison, 1988).

The electronic system consists of: (1) a lock-in amplifier (LIA), (2) a current
amplifier, (3) an isolation transformer, and (4) an AC current ammeter (see Figure 4.7).

(1) The LIA is a specialized AC voltmeter which uses synchronous demodulation
to measure signal strength and/or phase, even under severe noise conditions (PAR OSM
126, and PAR TAN’s 115, 116, 127, and Lefzter and Webster 1970). The output is a
phase sensitive DC voltage which is proportional to the AC signal.

(2) The current amplifier takes a low level sinusoidal reference signal from the
LIA and amplifies it to the desired level of 950 mA.

(3) The isolation transformer serves two purposes. It electrically isolates the
specimen from LIA circuitry, and it increases the voltage and the apparent specimen
impedance, resulting in better LIA preamplifier noise reduction (PAR TAN 226, and
PAR OSM 1900/1/2).

(4) The current supplied to the specimen is monitored by an ammeter which
produces a DC voltage proportional to its magnitude. This allows for a real time

correction of the PD due to unavoidable current fluctuations.

4.6.4 - Experimental Determination of the Crack Length Versus PD Data

Calibration tests are run by growing a fatigue crack under constant AS
conditions, and measuring the PD and changing the AS level at specified intervals. The
change in AS produces a visible mark on the fracture surface, at the current crack front
position so that a post-test determination of the crack length can be made.

The tests are conducted with alternating blocks of constant AS, with R=0.25,
and f=5 Hz, in a de-aerated, 3.5% NaCl solution at room temperature. The crack is
grown from the notch to a length of 18.0 mm, with changes in AS every 0.75 mm. This

provides approximately 24 crack length versus PD data points per test.
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Twelve "calibration” tests have been performed, but only the results from tests
11 and 12 are used in the calculation of the calibration relationship. This is due to large
interaction effects, which required testing to quantify, and finally rectify. The effects are

described below; a detailed description of the tests can be found in Appendix A.

4.6.5 - The Temperature and Current Fluctuation Effects

The measured PD was found to be affected by changes in the applied AS level,
load ratio, loading frequency, specimen temperature, and supply current. All of these
effects, except for the temperature and supply current fluctuations, were eliminated

using the filtering capabilities of the LIA.

Two methods were tried for eliminating the effect of temperature and current.

The first method used a normalized PD to eliminate the effects. It was defined by:

V-V
PDporm = Vo 0, (4-5)

where
V = the measured PD, and
Vo = a reference PD.

An attempt was made to use this method using the PD measured before the
start of cracking for V, (i.e., the notch PD), but large deviations in V, with notch
geometry led to large errors in the normalized PD, and consequently, unacceptably large
errors in the predicted crack length.

For the method to work properly, the reference PD should be measured on an
uniform section of the specimen, and it should be measured each time V is measured. If
the probe spacing for the reference PD measurement can be repeated in a precise
fashion, then the normalized PD method for temperature and current corrections is best
It is the simplest and most accurate possible method. Unfortunately, the method could
not be used with the present electronic equipment.

The second method works by applying multiplicative correction factors to the

measured PD. The corrected PD is defined as:

= pr(293.2K) = 950mA
PDeorrected = V ¥ pr(T) =1 0 (4.6)

where
V = the measured PD,

pr(293.2K) = the "reference resistivity” of the specimen,
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pr(T) = the "resistivity” of the specimen at temperature T [K],
950mA = the "standard” supply current level, and
I = supply current level at the time of measurement.
An expression for pr(T) was obtained using final crack length (actual and
calculated) and measured PD data from tests 13-20. The correction factors, calculated
post-test, were used to obtain an empirical relation for p(T) via a non-linear LS

regression analysis (BMDP Program P3R, BMDP (1985)). The relation obtained was:
p+(T) = —4.937 + 6.080x10~2 T — 9.1x10~° T2, (4.7)

This method of temperature compensation is adequate, but improvements are
needed. The most important improvement could come from the method for generating
the pr(T) relationship used in the data correction. More data, at different crack lengths,
should be obtained.

The current correction factor is much simpler due to the fact that the effect of
current <’)n the PD is linear in nature. It could be eliminated altogether if a better

current control system was implemented.

4.6.6 - The Crack Length and PD Measurements

C‘rack lengths are measured on the fractured calibration specimens using an
optical microscope and a two stage micrometer table. The fracture surfaces of both
halves of|the specimen are scribed as shown in Figures 4.3a and 4.3b, and crack length
measurements taken twice, for each half of the specimen, at five locations across the
crack front (see Figure 4.3a). All four of the measurements, at each of the five positions
across the crack front, is averaged, for a total of twenty measurements per crack length
average. The standard deviation is determined by pooling the standard deviations
determined for each of the five positions across the crack front (four measurements at
each location).

The calculated standard deviation applies to the measured average crack length.
It is used in the least squares analysis for the calibration relationship as a crack length
weighting factor.

A value for the potential drop is obtained by averaging twenty consecutive PD
measurements for each measured crack length. Estimates for the standard deviation of

the PD measurement are also calculated and recorded.
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In summary, the a-PD calibration data consist of the crack length and potential

drop averages, & & Vi, and standard deviations, ba, & Gy, from tests 11 & 12.

4.6.7 - A Note on the Analysis of the Calibration Data

An important consideration for an indirect measurement technique is the
accuracy of representation of the crack length/voltage calibration relationship, in that
the uncertainty in the calculated FCG rate depends, in part, on the uncertainty in the
calibration representation. Considerations of this nature fall under the heading of
propagation of error and are properly considered within the framework of mathematical
statistics. For that reason, a discussion of the analysis of the ”calibration” data is
deferred until the next chapter, where the appropriate statistical concepts and

considerations are outlined in a comprehensive manner.

SECTION 4.7 : CRACK CLOSURE MEASUREMENT
4.7.1 - Introduction
Crack closure occurs when the faces of the crack make contact leading to contact
forces. These contact forces, which |are absent for the larger applied loads, gradually
increase in strength as the applied load decreases, changing the apparent compliance of a
specimen, as manifested by non-linear P-6 behavior. A technique known as the ”Back-
Face Strain Gage” (BFSG) or ”"Unloading Elastic Compliance” technique (Kikukawa et

al., 1976) was developed to use the specimen compliance to indicate crack face loading.

4.7.2 - The BFSG Method of Crack Closure Detection

A strain gage on the back face of the SEN crack specimen® (see Figure 4.7) is
used to measure the strain as a function of load. The gage is incorporated into an
unbalanced Wheatstone bridge arrangement (quarter-bridge). The MTS DC signal
conditioner serves as the voltage supply and signal amplifier for the bridge, giving a DC
output signal proportional to the strain, with a full scale output of £10 VDC. A
computer algorithm corrects the strain data for temperature and nonlinearity effects
(Measurements Group, 1986), and then performs an analysis to determine if crack

closure loads are present while the test is in progress.
At preselected crack length intervals (0.75 mm) 25 pair of load-strain data (P;-

€;), evenly spaced with respect to load (i.e., 24 equal AP increments from Ppax to

4 Bonded opposite to the EDM notch and centered with respect to the notch.
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Pmin)’ are measured for 3 increasing and 3 decreasing load half cycles. Each of the six
data sets is separately used to calculate a least squares straight line through the 14 P-¢
points with P between (0.85Pma,x+Pmin) and (0.45Pmax+Pmin). The slope of this line
is the specimen stiffness (i.e., the reciprocal of compliance).

The least squares line is used to calculate strain values for given values of the
load, as the load is decreased towards Pmin' The calculated strain value can be
compared with the actual measured strain value to detect deviations from ideal
behavior. This is done for each of the 8 P-¢ values, with PS(0.45Pmax+Pmin), and
when the percent difference between the two is greater than 2%, crack face contact is
assumed to have occurred. This criterion of crack closure is denoted as the strain
difference criterion (SDC) (see Figure 4.8), and it can be shown that method is a more
sensitive detection method than a similar criterion based on load deviations. A number
of investigators (Newman & Elber, 1988; Donald, 1988; Gill et al., 1984; Macha et al.,
1979; and Kikukawa et al., 1976) have used similar techniques.

The sensitivity of the SDC technique has not been established analytically. This
would require an analytic expression for back-face strain as a ilunction of the applied
loads (both external and crack face contact), but it has been established experimentally.

Experimental evidence, from tests 9 and 13-24, indicates the method has
sufficient sensitivity to detect closure loads. In test 9, with R=0.1, closure loads were
detected (see Figure 4.9), while in test 13-24, with R=0.25, no closure was detected.
The elimination of the closure loads with increasing R ratio is consistent with results
presented in the literature (Unangst et al., 1977; and Shih & Wei, 1973).

The results indicate that the BFSG technique, when used with the SDC, is

sensitive enough to detect crack closure, and that FCG tests with R=0.25 show no

evidence of crack closure. The second result has been used in selecting the R value for

the FCG tests, so that complications due to closure are eliminated.

SECTION 4.8 - THE FCG TESTS

4.8.1 - Introduction
This section describes the pretest preparations, the crack initiation procedures,

the collected data and data intervals, the crack growth regimes, and the final crack

length measurement.
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4.8.2 - The Testing Procedures

At the start of a test, steps are taken to minimize the oxygen contamination and
to stabilize the temperature and electrochemical potential. Before solution is allowed into
the chamber, the plumbing network is flushed with N, gas for 10 minutes. Solution flow
is started, the temperature and potentiostat controls properly set, and after reaching
test temperature, the system is allowed to stabilize for at least one hour. After
stabilization the test is started.

A precracking routine is used for all tests, with a standardized loading frequency
and AS level. The frequency is 5 Hz, and the starting AS level is within the range
120<AS<190 (J/m?), regardless of the level required for the test. If the test AS level is
not within this range, AS is initially set to start at 150 (J/m?) and then exponentially
ramped to the test value, over 0.40 mm of crack growth, at which point the precracking
routine ends. Tests with the AS level within this range are run with this value
throughout the precracking routine. In this case, the precracking routine is used for the
first 0.13 mm of crack growth.

The FCG rate testing begins after the precracking routine. The primary data
collected or calculated are the: (1) observation number, (2) elapsed cycles, (3) maximum
PD, (4) variance of the PD, (5) crack length, (6) AS, (7) R, (8) (da/dN)gec, (9) T, (10)
the electrochemical current, and (11) the electrochemical potential. Secondary data
includes AS calculated using the measured closure load, and the ratio Pop/Pmax-

The primary data is based on an average of ten consecutive measurements and is
recorded every 12.7 um of crack growth. The secondary (closure) data is based on the
average of 6 consecutive measurements and is recorded every 0.75 mm of crack growth.

The crack grows from notch to 18 mm in length, and is divided into two crack
length regimes. The first is the "short-crack regime” (SCR), extending from the notch to
9 mm, and the second is the "long-crack regime” (LCR), which extends from 9 to 18
mm. The SCR tests are conducted with constant AS, f, and T throughout the range of
crack growth, while the LCR tests are constant AS and T, with different frequencies
over small intervals of crack growth (1.0, 0.5, and 0.25 mm) (see Figures 3.1 and 3.2).

At the end of the test, the specimen is fractured and its final crack length
measured in order to verify and correct the crack length data, when needed. This

procedure is described in the next chapter.
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CHAPTER 5 - ANALYSIS OF THE DATA

SECTION 5.1 - INTRODUCTION
This chapter contains a description of the statistical methods used to analyze the
experimental data. Some basic statistical concepts are reviewed, and the nature of the
FCG data is examined. A general look is taken at the methods of least squares and least
squares splines and how they can be applied to the problem of determining the FCG

rates and uncertainties. And finally, a description of the procedures used for analyzing

the FCG data is given.

SECTION 5.2 - BACKGROUND ON THE METHODS OF STATISTICS

5.2.1 - Introduction
The concepts important to the statistical description of experimental data can be

found in many different books; a more complete description of the topics to be discussed
can be found in the books by: Mandel (1984), Gnedenko & Khinchin (1962), Natrella
(1966), Box et al. (1978), Stuart & Ord (1987), and Ross (1984).

The statistical concépts of: (1) random variables (rv), (2) probability distribution
or density functions (pdf), (3) cumulative pdf’s, (4) parametric descriptions for a pdf,
(5) populations and samples, (6) pdf parameter estimates from a sample, (7) the Central
Limit Theorem, and (8) statistical independence and its quantification, are discussed

below.

5.2.2 - The Statistical Concepts

A rv is a mathematical variable whose value is subject to chance fluctuations,
and its value can be considered as the outcome of an experiment. The rv can either be
discrete or continuous, but only continuous rv’s are considered here.

For each rv there is an associated pdf, f(x), which associates with each value of

the rv, say X, between the values of x and x+dx, a probability p. This is denoted by:
p=Prob{x <X <x+dx} =1(x)dx, (6.1)
which reads "The probability that the outcome of the experiment, X, be contained in

the small interval extending from x to x+dx, is equal to p.” Note that a pdf has the

property:
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/ f(x) dx = 1. (5.2)

A cumulative pdf, F(x), associates with each rv, another probability, say P,

defined as: %
P=Prob{X < x} = / £(¢) dé = F(x), (5.3)

—00
which reads ”The probability that the outcome of the experiment, X, be less than or
equal to x, is equal to P.” Note that F(x) is a monotonically increasing function with

values that satisfy 0<F(x)<1.
There are an infinite number of functions which could serve as pdf’s. In statistics,

a number of "standard” pdf’s are recognized as being useful for the description of rv’s
including: the normal or Gaussian, log normal, extreme value (smallest and largest),

Weibull, etc.

It is convenient to be able to describe a pdf using a small number of parameters.
Two such quantities, the expected value and variance, are used for this purpose. The

expected value of a rv is defined as:
m .
E [x] =/ x f(x) dx = py, (54)
-0

and is used as a measure of the "central” location of the pdf, It is commonly referred to
as the "mean” or "average” value and is equal to the first moment of x about zero.
The variance of a pdf is a measure of the dispersion or spread of the distribution

about the mean value and is described by:
o0
VARD = [ (x = )" fx) dx = 0? = B [(x - ), (5.5)
00

and it is equal to the second moment of x about the mean.

The sequence of quantities consisting of the mean, the variance, and all the
successive moments about the mean, provides, in a mathematical sense, a complete
characterization of the pdf from which they were derived.

The set of all hypothetically possible outcomes of an experiment, is called the

population of a rv, and in many cases, is infinitely large. A finite subset of values from

the population is called a sample.
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To exclude the possibility of any form of bias in the measurement process, a
method of sampling called random sampling is used. The method’s function is to exclude
biases of any form, such as a conscious, or even unconscious, process of discriminatory
selection on the part of the experimenter, or the effects of a gradual shift in the
measuring apparatus,

The importance of random sampling in statistical analyses should not be

underestimated. From Mandel (1984):

”"The science of statistics establishes relationships between samples and
populations. These relationships allow us to judge the reliability of the
sample as a representation of the population. But in practically all cases,
such relationships are based on the assumption of randomness in the
selection of the sample. It follows that the drawing of inferences from
sample to population by statistical means is unjustified and may in fact
lead to serious errors if the conditions of randomness are grossly violated.”

The expected value and variance of a pdf are population parameters, that is,
they are calculated from the knowledge of the pdf, which characterizes the entire
population. The term sample estimate refers to an estimate of a population parameter
using a finite selection of items from the population. The two most common sample

estimates for u and ¢? are the arithmetic mean:
o 1 &
B=g X xi9 (5.6)
and the estimated variance or standard deviation squared:
n
=gy L(X-a) (5.7)
i=1
where
n = the number of items in the sample

Xi = the i*! outcome of an experiment, and
The overhead hat(") denotes an estimated quantity.

For the Gaussian pdf these estimates are the “best” in a statistical sense. They
are the most efficient, non-biased, minimum variance estimates for the mean and
variance (Stuart and Ord 1987). For distributions other than Gaussian, the arithmetic
mean and standard deviation squared may not the best estimates for u and o2,

A finite sample of experimental data cannot be used, all by itself, to prove that
it comes from a specific pdf. It can only be used to test whether there is reason to doubt
its identification with a certain pdf*. To positively identify the pdf for a rv, additional

information concerning the nature of the chance fluctuations in the rv is required.
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An important theorem in mathematical statistics is called the Central Limit

Theorem. In words it states (Mandel 1984):
"Given a population of values with a finite variance, if we take
independent samples from this population, all of size N with values that
are uniformly small with respect to the sum, then the population formed
by the averages of these samples will tend to have a Gaussian pdf,
regardless of the pdf of the original population; the larger the N, the
greater the tendency towards ‘normality’.”

This theorem can be very useful in the analysis of experimental data. For
instance, if: (1) the error or deviation of a rv from its expected value, (X — ), is made
up of many acting causes which are mutually independent, and (2) if the number of
acting causes, N, is very large, and (3) if the action of each of these causes, in
comparison with their total combined action, is small, then the pdf for the sum can
differ only insignificantly from a normal distribution law. A large body of statistical tools
exists for the analysis of rv’s described by a normal distribution.

A number of situations arise in statistical analyses where a relationship between
a multiple number of rv’s exist. Consider two rv’s, x and y, and their associated pdf’s,
fy(x) and fy(y). Let X and Y represent the outcome of an experiment in which both x
and y are measured. Now consider the deviations X — uyx and Y — py. If the
probability that the deviation X — uy assume a certain value is in no way affected by
the value ofl Y — uy, and vice versa, the rv’s x and y are said to be statistically
independent. ‘For independent rv’s, the joint frequency distribution function, f(x,y), (i.e.,
the pdf for the joint occurrences of x < X < x + dx and y <Y <y +dy) is equal to
the product of the individual pdf’s for x and y (i.e., f;(x):f5(x)). On the other hand, if
they are not statistically independent, their joint pdf no longer equals f;(x)-f5(x).

An important distinction can be made between functional dependence and
statistical dependence. Note that in the paragraph above, dependence between the
variable deviations was described. This is done to eliminate any functional dependence,
which would be contained in the relationship between the u’s. The statistical dependence
of x and y does not, in general, depend upon any functional relationship between them.

A common measure of statistical association is the covariance of two rv’s. It is

denoted by COV [x,y] and is defined below.

1 Note that statistical tests for the normality of a set of experimental data,
which come from an infinite population of values, can only provide an answer to the
following question; ”Can we, with a given level of confidence, reject the following null
hypothesis: *the pdf of the data is no different from a Gaussian pdf’”?
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=] [o o]
cov eyl = [ [ (= ma)ly = ) f0xy) dxdy = B [(x ~ we)ly = my)l. (58)
-0 -00
Note that the covariance of two rv’s is a population parameter and that COV [x,x] =

VAR [x]. A sample estimate for the covariance is defined by:
~ n
COV eyl = gy 3 (% ~Ax)(Y;=hy). (6.9)

In general, a normalized function of the covariance, called the correlation
coefficient, is used to described the degree of association. It is defined by:

pelxy) = Soered] (5.10)

and it ranges from —1 to 1, inclusive. The sample estimate for the correlation coefficient
is found by substituting the sample covariance and standard deviations into the above
expression. For statistically independent quantities, x and y, the correlation coefficient

equals zero, however the converse is not necessarily true,

SECTION 5.3 - THE GENERAL NATURE OF THE FCG DATA

5.3.1 - Introduction

It is the task of an experimenter to extract from the recorded FCG data, an
estimate of the rate of change of crack length with respect to elapsed cycles, and some
measure of uncertainty of the estimate.| These estimates are used for: CG model
development, discrimination amongst competing FCG models, design purposes, and even
for test development procedures. The intended use of the data will dictate the nature of
the CG experiment and the method of analysis. But regardless of the intended use, the
task of obtaining the CGR and uncertainty estimates is quite difficult because of the
inherent subjectivity in determining the rate from data that are subject to fluctuation.

The parameters used to model the FCG behavior (e.g.,, AK, f, and T) are
macroscopic, continuous, and smooth in nature, while FCG phenomenon is inherently
microscopic in nature (ASM, 1978; and Fong, 1979). A FCG model using these
parameters is restricted to representing the macroscopic behavior. This means that the
experimentally observed behavior, with fluctuations that arise from the material and the
experimental technique, must be smoothed so as to obtain an averaged behavior. It is

the averaged trend which is to be represented by the macroscopic continuum model.
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The problem of quantitatively identifying the different sources of fluctuation
requires special testing procedures and statistical analyses and is not considered in this
work. If the various sources of fluctuation could bel identified, more accurate FCG
models could be developed. These would be continuum models which characterize the
metallurgical (microscopic) state of the material using some sort of "internal variables”,

and would presumably account for some of the observed fluctuation.

5.3.2 - Definitions for da/dN and VAR(da/dN)

FCG data gathered from an experiment which uses an indirect method for crack
length measurement, consists of the finite data set {Vi, &%i, N;}. For generality, consider
Vi as an arbitrary variable which is related to the crack length in a unique fashion (i.e.,
a = f(V), where f(V) is some function of the parameter V). The crack growth rate can
then be related to the derivative of the calibration relationship and the recorded data by

the following expression?:

da _ da  dV (5.11)
where
da/dN = crack growth rate,
da/dV = slope of the calibration relationship,
dV/dN = slope of the V = V(N) relationship obtained from the FCG data.

An advantage of this procedure, as opposed to a direct conversiof‘l of Vi to crack
length, and then differentiating, lies in the ability to express the uncertainty of da/dN
as a function of both: (a) the uncertainty of the calibration relationsh p,‘a.nd (b) the
uncertainty of the FCG data. The uncertainty in the CGR which re¢sults from the
uncertainty in the calibration relationship has not been considered before.

Assuming da/dV and dV/dN are statistically independent, an exact expression
for the variance of da/dN can be derived:

van(ge) =(EY) vAR(S9) + (40)" VAR(E) + vAR(EY) vAR(dp)- o
This equation relates the variance of da/dN to the uncertainties in the calibration
relationship (i.e., (dV/dN)?*VAR(da/dV)), uncertainties in the experimental {V;,N;}
data (i.e., (da/dV)2VAR(dV/dN)), and a cross product term involving both variances,

which is a second order quantity and can be ignored for small component variances.

2 Mathematical relationships defined in terms of experimentally measured
quantities should be evaluated using averaged values for each of the variable arguments.
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SECTION 5.4 - THE METHOD OF LEAST SQUARES

In order to determine the calibration and differential relationships required for
estimating the FCG rate, differentiable functions must be fit to the experimental data in
such a way that the average behavior of the data is represented. In addition to this,
variance estimates for the fitted functions must be available. One simple method that is
ideally suited to this task is the Method of Least Squares (MLS).

Consider the problem of determining a known functional relationship, from a
finite sample of data {x;,Y;} which is known to contain errors in the measured values.
Let x; be considered the independent variable, and Yi the dependent variable3, If the
value of the X is known exactly, or at least with much less error than Yi’ then the task
of determining the relationship is simple. Each measured value of Y;, for a given value of
X;, can be considered a sample from the hypothetically infinite population of possible
outcomes. Therefore, each Y, value should be considered a rv that is described by a
conditional pdf*. The rv’s form a conceptual series of vertically oriented pdf’s, centered
about the known functional relationship (see Figure 5.1).

When the random fluctuations (the “residuals”) of the data satisfy a number of
conditions (discussed below), the MLS supplies estimates for parameters such that the
fitted curve passes through the estimated expected value of the rv at each x; value (see
Figure 5.1).

The MLS is used in this work to obtain an estimate for the parameters of a

function that is linear in the parameters and can be expressed as:

Yi(aax) = agFo(x) + ayFy(x) + a;Fy(x) + -+ + aaFa(x), (5.13)
where
ap are the parameters of the model,
x is the independent variable, and

Fa(x) is a specified function of the independent variable.

3 The upper and lower case notation for the independent and dependent
variables arises from the expressions Y=y+¢y and X=x+¢z, used in regression analysis.
The lower case signifies the exact or true value, and the upper case signifies an
experimentally measured value which equals the true value plus a random fluctuation, e.
This upper/lower case notation applies only in this subsection, on the discussion of
general LS principles.

4 A conditional pdf is a pdf which assigns a given probability to a rv, for a given
value of another variable (Ross 1984). In this case, the conditional pdf assigns a
probability to the random variable ¢, or equivalently Y, for a given value of x.
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The MLS applied to the curve fitting problem operates on the principal that the
?best” parameter estimates are obtained when the sum of the squared deviations of the
measured (Y) values from the predicted (§) values® is minimized. To determine these
values a statistical model for the data must be constructed. The model can be expressed
as:
Y = agFo(x;) + anFi(x;) + agFa(x) + -+ + aaFa(x;) + ¢, (6.14)
where
Y, is the experimentally measured value of the dependent variable at point X;
oy are the parameters of the model,
x; is the measured value of the independent variable,
Fa(x;) is a specified function of the independent variable, and
¢; is the fluctuation or error in the measured value of Y, (i.e., ¢; = Y;—¥;(&a,x)).

The quantity to be minimized (with respect to the ayvalues) is:

n n
() = EAY; = ()P (5.15)
$ — 1=
To minimize this quantity, the expression is differentiated with respect to each
oy, and then set equal to zero. The result is a system of linear algebraic equations which

can be solved to determine the estimated agvalues.

Once the "best” fitting curve is found, it can be differentiated to obtain an
expression for the derivative. The method also provides estimates for the parameter
standard errors and correlation coefficients, and these can be used to determine the
variance of any linear combination of the parameters, including the expression for the
derivative.

For the LS estimates to be valid, a number of assumptions are necessary. They
are listed below and discussed with reference to the FCG data. The discussion also
applies to the LS fitting of the calibration relationship. The Y, correspond with the PD
(V;), and the x; with the elapsed cycles (N;). The assumptions are:

1. The Fa(N;) are known without error.
2. Each error term, ¢, is normally distributed with constant variance.

3. The ¢; are statistically independent quantities (i.e., COV [¢;,¢;] = 0).
5 Recall that the hat (°) over a variable denotes an estimated quantity so the
quantity 5'(6:a,xi) is taken to denote the fitted curve with its estimated parameters.
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The first assumption is satisfied‘ exactly because the functional form of Fg(N;) is
specified, and the test equipment which measures N; is not subject to errors. For the
calibration data, the independent variable (PD) is not known exactly but its standard
deviation is much less than that of the dependent variable (the crack length) (i.e., oy, <

&a'.) and so the first agsumption is approximately satisfied.

The second assumption must be discussed with reference to the nature of the
error terms. The ¢; terms are the error in measurement of the PD; each ¢; can be
considered the sum of a large number of fluctuations from: the experimental apparatus,
small changes in the specimen’s wiring configuration, the electrical and FCG material
properties, and other sources. If each of the fluctuations, from all the individual sources,
is assumed to be small and approximately the same magnitude, then their sum should be
normally distributed (by the Central Limit Theorem), thereby satisfying the first part of
the second assumption.

The required constant variance of ¢; is assumed to be satisfied. Weights (i.e.,
1 /6';“','.) are used in the LS analysis, and the residuals examined after the fitting to
provide a check on this assumption. If the residuals show signs of abnormal behavior, a
transformation of the data can be used (sometimes) to eliminate the problem (Draper
and Smith 1985, and Cook 1982).

The third assumption is more troublesome. The fluctuations of the PD can vary
depending on the crack length, the amount of crack surface contact, and the crack-tip
deformation state, leading to the possibility of a crack length dependence of the error
terms. The errors are serially correlated”, in this case, which means that the value of
the current error depends wholly, or in part, on the magnitude of the previous error(s).
The MLS is not valid in these cases.

If the errors are correlated, more advanced curve fitting techniques are required.
Techniques are available for determining the extent of correlation, and accounting for it
in the analysis (Beck, 1974; and Box & Jenkins; 1970), but the author’s unfamiliarity
with them precluded their use at this point.

The consequences of violating the third assumption has been investigated for the
special case of a straight line fit with cumulative errors (Mandel 1958, 1964). He found
that the application of the standard LS procedure, led to an unbiased, but inefficient
estimate of the slope, and that the standard error of the slope was underestimated. This
suggests that caution should be used in interpreting the FCG rate estimates, especially

with the uncertainty estimates, which are likely to be underestimated.
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The MLS cannot specify the functional form (FF), Fg(N,;), that should be used
in the analysis. This information must be supplied by the analyst. If a theory for the
phenomenon is available, or known to be governed by a certain class of functions, then a
FF can be specified, and if not, then any simple or convenient form can be chosen.

The most used FF, in the absence of auxiliary information, is the simple
polynomial or powers of the x;. For this choice, the F-test (Mandel 1984) is available to
statistically test which polynomial best represents the data.

In this dissertation, simple polynomial functions have been chosen to represent

the calibration relationship and the FCG data. The choice is one of simplicity due to the

lack of auxiliary information.

SECTION 5.5 - THE ANALYSIS OF THE CALIBRATION RELATIONSHIP
The values of a;, &ai, and \_/i are used to determine the polynomial relationship
between crack length and potential drop, using software (BMDP Program 5PR; BMDP

(1985)) on a mainframe Cyber computer. Relationships of the form:

a=3"a;Vl (5.16)

i=0

are determined, for n=1 to 5. The BMDP program supplies estimates for ;) their

standard errors, the parameter correlation matrix, and the analysis of variance

(ANOVA) table for the residuals.
The value of da/dV is calculated by differentiation:

da _ & i—1
av —‘gll o Vi, (5.17)

and the variance of this is given by:

n . n R '_
VAR (ad’%) =Y (V7)Y x VAR [o] + Y (V™! x jv'T) x cov [ e,
=1 i je=1
. " (5.18)
where i#j, and VAR [ai] and COV [ai,aj] are determined using the standard errors and

correlation matrix for the a;.
The F-test, provided by the ANOVA table, and the magnitude of VAR(da/dV)
were used to select the polynomial for the calibration representation. Figures = 2 and 5.3

show scatter and residual plots for the third and fourth degree polynomials (best by F-
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test). An examination of VAR(da/dV) shows that the third degree polynomial has the
lowest variance values over the largest range of crack growth (see Figures 5.4 & 5.5).
Based on this information, the third degree polynomial was selected for the calibration

relationship. The results are summarized in Table 5.1.

SECTION 5.6 - THE ANALYSIS OF THE FCG DATA

5.6.1 - Introduction

The FCG data consists of data from the short crack regime (SCR) and the long
crack regime (LCR). The analysis is different for each regime due to different method of
testing in each regime. The SCR tests are conducted over the long intervals of crack
growth, with constant AS, f, and T, while the LCR tests are conducted over small
intervals of crack growth, with constant AS, f, and T (see Figure 3.1). Because of this, a
different FF has been selected for use in each regime. A LS spline is used in the SCR
data, and a LS straight lines are used in the LCR.

5.6.2 - LS Cubic Splines

A cubic sp{ine is a set of third degree polynomials which are joined over the
abscissa in a piece-wise fashion. In other words, the cubic spline is a curve which is
represented by a mumber of different third degree polynomials, each representing a
different section of ‘the curve. Where one polynomial ends, another begins, and the point
where they meet is called the knot. There are also continuity conditions which must be
satisfied. The adjoining polynomials and their first and second derivatives, at each knot,
must be continuousg. This results in a continuous curve, with continuous first and second
derivatives. The LS refers to the fact that the coefficients of the polynomials in the
spline are determined using the methods of least squares.

Wold (1974, 1971) has described the representation of experimental data by
spline functions in a very readable fashion. A number of mathematically oriented
descriptions are also available (de Boor, 1987; Hayes, 1970; Greville, 1969; and Ahlberg
et al,, 1967), but are more difficult to follow for the non-specialist. The advantages of

the LS splines are best explained by Wold (1974):
"Spline functions have the property of being very flexible; they can
approximate, infinitely well, any continuous variation of one variable, as a
function of another variable. The behavior of a spline function fitted to a
number of points, (V;,N.), is very stable with regard to the variation of
position of an individua point, (Vk’Nk)' Thus the form of the spline
function in a small interval, A, is influence by all points in the total
interval, T, where the influence decreases exponentially with the distance
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between the point, (V ’Nk) and the interval, A, (Powell 1969). The
definition of spline functions, in terms of polynomials, has the statistically
important consequence that a spline function, when fitted to the data by
the method of LS, conserves the first two moments of the data
(Schoenberg, 1964; and Whittaker, 1923) (i.e., the mean and variance of
the data). These properties, which are unique to spline functions, are
highly desirable for functions which are to be fitted to real data, which
seldom conform to one single function over a large interval. They further
make spline functions the ideal tool of analysis if one is interested in the
local behavior of the data; it has been shown that spline functions are, by
some criterion, optimal for the differentiation of data (Greville, 1969; and

Ahlberg et al., 1967).”
In order to simplify the numerical calculations, use is made of the B-spline

formulation for the numerical fit of the LS spline. Recall that the original problem is one
of fitting piece-wise polynomials, with certain continuity requirements at the knots. This
leads to a constrained LS minimization problem. Instead of solving this problem, a new
set of functions are derived which have the advantage that the number of unknown
parameters® is the same as the number of free parameters in the spline function. These
functions are called B-splines or ”Basis” splines (de Boor, 1987, and the references
within). Once the position of the knots is specified, the problem of determining the value
of the B-spline coefficients is linear. After, computing the values of the B-spline
coefficients, a transformation is affected to obtain the original cubic spline coefficients.
The IMSL Mathematical Software (The Variable Knot LS Cubic Spline Routine,
IMSL 1987) is used to fit the splines. Unfortyna.tely, the software does not supply the
variance-covariance matrix for the fitted coefficients, and therefore, estimates for

VAR(dV /dN) could not be obtained. A program capable of supplying this information

could not, at present, be written.

5.6.3 - Preparation of the FCG Data for Analysis

The data collected during the FCG test is transferred from the test machine to a
mainframe computer for analysis. Corrections must be made to the recorded PD to
compensate for the errors in crack length measurement. These errors are due primarily
to crack face contact, resulting in disagreement between the recorded and actual crack

lengths. The magnitude of the error, at the final crack length, is defined by:

arec—8.
_"“aactaCt x 100, (5.19)

6 The number of unknown parameters equals the number of cubic polynomial
pieces times four parameters per piece minus the number of knots times the three
continuity conditions at each knot.
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where
arec is the recorded final crack length, and
a, .4 18 the actual final crack length.
The error was never greater than 4.5%, and was usually less than 0.5%.

A PD correction is made, at the end of each test, by linearly adjusting the PD
value based on the true and recorded PD, at the initial and final crack lengths. The
correction scheme is illustrated in Figure 5.6.

The final step, before the curve fitting, involves checking the PD data for
outlying observations and transient effects (due to changes in the loading frequency)
which would adversely affect the calculated CG rates. This is accomplished by LS fitting
a 5th degree polynomial to the {Vi’Ni} data from the SCR, and a gnd degree polynomial
to the {Vi’Ni} data from the LCR’, for each constant frequency interval. The residuals
are visually examined to identify the transient and outlying data points, and then
eliminated. A less subjective method (i.e., based on statistical principles) should be

developed for eliminating the outliers (Draper & Smith, 1981; and Cook, 1982).

5.6.4 - Calculation of the CGR for the SCR Data

A LS fit cubic spline is fit to the SCR {Vi’Ni} data using the reciprocal of the
PD variance as a weighting factor (i.e., W; = 1/&%‘). The IMSL fitting routine requires
specification of the number and initial position of the knots. It works by ‘Varying the
knot positions until the residual squared error is a minimum (see IMSL, 1987; and de
Boor, 1987 for further details). Once the best fit is determined, the B-spline coefficients

are transformed back to the coefficients of the original spline. The resulting expression is

differentiated and used to evaluate the CG rate at each recorded data point.

The selection of the number and initial location of the knots requires subjective
judgment. The observed ”smoothness” of the resulting CGR curve (as a function of
crack length) has been used, in this case, as an indication of the proper selection. A
better, and less subjective method, would be to use the second or third derivative of
V(N) as a measure of smoothness.

The coefficients and knot locations of the cubic splines representing the SCR

V=V(N) data of tests 21-32 is given in Appendix A.

7 The 5'* and 2" degree polynomials were arbitrarily selected. This method for
examining the residuals is documented in Hayes (1970).
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5.6.5 - The Calculation of the CGR for the LCR Data

The BMDP Statistical Software (BMDP program P5R; BMDP, 1985) is used to
perform the LS analysis of the LCR data. It is assumed that the CG rate is well defined
(i.e., constant) when AS, f, and T, are held constant. This allows the analysis to be
performed directly in terms of the crack length. Using the software, a LS straight line is
fit to the {ai,Ni} data and used to calculated the CG rate (i.e., the slope of the fitted
line is equal to the CGR). The software supplies estimates for the fitted coefficients,
their standard errors, and a plot of the residuals.

The quantities, dV/dN and VAR(dV/dN) are required to determine the CG

rate variance, as expressed by Equation 5.12. In that equation, the expression:

2
() an(l), 60
serves as a measure of the CG rate variance due to fluctuations in the FCG test. This is
equal to the variance of (da/dN), which is determined from the LS analysis of the
{ai’Ni} data, and therefore, VAR(dV /dN) is not required. The quantity dV/dN can be

determined from Equation 5.11:

da/dN
:/dV’ (5:21)

j=WaW
=5

[=3)

where da/dN is known from the LS analysis and da/dV is known from the calibration

relation.

Using these expressions, the CG rate and CG rate variance can be determined at
each recorded data point. A single CG rate variance estimate is obtained for each
constant frequency interval by averaging the variances at each recorded data point. A

summary of the LCR results is contained in Appendix A.

SECTION 5.7 - ANALYSIS OF THE AUXILIARY DATA
The auxiliary data: AS, R, AK, T, ®ec, and electrochemical current are all based
on the average of ten consecutive measurements taken during the test. BMDP software
(BMDP Program P2D; BMDP, 1985) is used to calculate the average and median
values, estimates of the uncertainty, the maximum and minimum values, and other
statistics, over intervals of constant AS, f, and T, for both the SCR and LCR data. The
results of this analysis are listed in Appendix A for tests 21-32.
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CHAPTER 6 - THE EXPERIMENTAL RESULTS

SECTION 6.1 - INTRODUCTION
This chapter summarizes the experimental results for the fatigue crack growth
tests. This includes data from the long and short crack regime, and results from the
reference rate tests. The results from the long crack/saltwater solution tests are
presented first, along with a discussion. Next, the results from the reference rate tests
are presented. And finally, the results of the short crack tests are presented and

discussed. A detailed compilation of results, with plots and descriptions, can be found in

Appendix A,

SECTION 6.2 - THE LONG CRACK SALTWATER TEST RESULTS

The saltwater test results are presented in the form of plots of the enhancement
in CGR, (da/dN)cf, versus reciprocal cyclic loading frequency, in log-log coordinates
(i.e., CGR response curves). Figures 6.1 through 6.3 are plots of the CG response, over
the range of temperatures used, for each of the three different AK levels. Figures 6.4
through 6.7 are plots of the CG response, over the range of AK levels, for each of the
four different temperatures. Seven similar plots, with the total measured CGR,

(da/dN)e, plotted instead of the enhancement, (da,/dN)cf, are given in Appendix A.

SECTION 6.3 - DISCUSSION OF THE RESULTS

Figures 6.1 through 6.3 show the effect of temperature on the CG behavior. The
ECGR exhibits a saturating, exponential-like dependence on 1/f, with what appears to
be a temperature independent saturation rate, as time increases. An increase in
temperature leads to a horizontal shift in the CG response curve to shorter times (larger
f). This is in accordance with a thermally activated rate controlling process. It is also in
accordance with a rate controlling surface reaction process wiiere the effect of increasing
temperatures would be to decrease the amount of time required for the reaction to go to
completion (i.e., the time required for the bare surface to equilibrate with the filmed
surfaces).

Because electrochemical reactions are modeled as thermally activated processes,
it is instructive to plot the magnitude of the horizontal shift versus 1/T (i.e., an
Arrhenius plot) to see if the data fall on a straight line. A straight line would indicate

that the CG response curve is thermally activated, and the slope of the line would
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correspond with the apparent activation energy. This is done in Chapter 8 where a semi-
empirical model, similar to the one proposed by Wei & Shim (1986) (see Chapter 2), is
fit to the data to model the temperature shift. Without going into the calculation
details, the horizontal shift with temperature does plot as a straight line in the
Arrhenius plot, with an apparent activation energy of 27.8+4.4 kJ/mol (£2¢), averaged
over the three AK levels.

Figures 6.4 through 6.7 show the effect of AK on the CG behavior. The change
in CGR magnitude is both obvious and expected. The change in CG response is not so
obvious. It appears as though the CG response data shift to the left (faster times) as the
AK level is decreased. This is apparent at all temperatures, except perhaps the 345K
data shown in Figure 6.4. It should be noted that a change in the CG response with AK
level has not been previously reported.

If the CG response is controlled by the electrochemical reaction processes, and if
the direct effect of AK on the rate of reactions is small, then the only way AK can
affect the CG response is through its effect on the electrochemical mass transport

processes. This possibility is examined in Chapter 8.

SECTION 6.4 - THE REFERENCE RATE TEST RESULTS

The results of the reference rate tests are shown in Figure 6.8 and Table 6.1. The
CGR is plotted versus the.AK, in log-log coordinates. A power-law expression is used to
characterize the CGR as a function of AK. The fitted parameter values are given in
Table 6.1,

Figures 6.9 through 6.11 are plots of the measured CGR versus crack length.
The data show that no crack length effects are present, except at very short crack
lengths. This fact is important in interpreting the short crack effects in a deleterious
environments. It shows that the crack length effects are related to the environment and

not to some mechanical or microstructural factor.

SECTION 6.5 - SHORT CRACK TEST RESULTS AND DISCUSSION

The results of the short crack growth rate tests are given in Appendix A
(Figures A.20 through A.39). Plots of the total CGR, (da/dN),, versus crack length are
given for the preliminary short crack results (tests 13-20), and plots of the CG
enhancement, (da/dN)cf, versus crack length are given for tests 21-32. Tables A-1

through A-12 also contain short crack growth information, for tests 21-32, such as the
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observed maximum CGR and corresponding crack length, the average test variable
levels, and the spline coefficients and knot locations.

An examination of the results show that a increase in CGR. is definitely present,
but its magnitude is very small (i.e., less than 25% for the test conditions investigated).
Because the crack-tip pH level is expected to be close to the bulk solution pH level, and
because the applied electrochemical potential is very close to the material’s free corrosion
potential (i.e., ®ec=—800 mV SCE versus @, =—760 mV SCE), large short crack

effects would not be expected. Because of this, no further consideration of these results

will be given in this work.
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CHAPTER 7 - MODEL DEVELOPMENT

SECTION 7.1 - INTRODUCTION

This chapter describes the modeling of corrosion fatigue crack growth under
steady-state conditions (i.e., conditions where AK, f, T, R, ®¢c, etc., are held constant).
The first main section describes the development of a modeling framework to link the
chemical and mechanical processes occurring in the crack. This is used in the next
chapter to incorporate and interpret two different models for the surface reaction
processes, and a model for the hydrogen diffusion process. The second section contains
background information on diffusion modeling in a stressed solid and its connection with
the corrosion fatigue phenomenon. A stress-assisted diffusion model is adopted from the
literature and used to account for the K dependence of the CG enhancement. A

comparison of the FCG results with the model predictions is given in Chapter 8.

SECTION 7.2 - A CONCEPTUAL MODEL FOR CORROSION FATIGUE
7.2.1 - A Description oi' the Chemical and Mechanical Processes in CF
It is assumed that the enhancement of the crack growth, for medium and high
strength steels in aqueous environments, is due to hydrogen embrittlement. It is also
assumed that the superposition model for CG, introduced in Chapter 2, correctly
describes the total CGR in terms of: a "pure corrosion” fatigue CGR, a "pure
mechanical” fatigue CGR, and the fractional amount of ”"pure corrosion” fatigue. The

total CGR is the weighted average of the two CG process rates (from Chapter 2):

(g_a)e = (gi%)max‘-" + (3—1‘;)mf<1—¢), (2.2)

where ¢ is the fractional amount of pure corrosion fatigue, and 0<¢<1.

The mechanical fatigue process is described empirically using the Paris-Erdogan
law for crack growth (i.e., (da/dN)ref=CAKn). The corrosion fatigue process, which
controls the values of both (da/dN)_ .. and ¢, consists of a number of interacting
chemical, mechanical, and metallurgical processes. These processes, and their
interactions, are illustrated schematically in Figure 7.1.

The magnitude of (da/dN)maxd), denoted as "the environmental contribution to
the CGR” (ECCGR), results from the conjoint action of mechanical fatigue and

hydrogen embrittlement of the material in the crack-tip region. The hydrogen is
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generated by the electrochemical reactions! occurring along the crack surfaces. The
driving force for the reactions is the potential difference between the bare (and filming)
surface, at the crack-tip, and the adjacent filmed surfaces along the crack flank.

The rate of the reaction, and hence the rate of hydrogen production, depends on
the local ”chemical environment” at the crack-tip region (i.e., ®, pH, and ci), and the
nature of the reaction processes. The local environment is expected to be different from
the bulk and is determined by the electrochemical mass transport processes and the
reactions at the crack-tip and along the crack flank.

Adsorbed hydrogen, produced by cathodic reactions along the crack, undergoes a
transition reaction to become absorbed hydrogen (i.e., Hygq = Hy}g is the reaction and
it is denoted as the hydrogen absorption” process in Figure 7.1). This process, in
conjunction with the H,4, = Hy(gas) reaction, sets up the boundary conditions for the
subsequent hydrogen diffusion process.

The absorbed hydrogen resides in the subsurface layer of metal and is available
for transport to the crack-tip region. There are two driving forces for the hydrogen
diffusion process. The first is the gradient of the hydrogen concentration, and the second
is the gradient of the hydrostatic stress®., The net result is a large accumulation of
hydrogen in the crack-tip region.

Once the hydrogen reaches this region, it is partitioned among the various
microstructural elements (i.e., grain boundaries, internal interfaces, voids and
microcracks, etc.), where a large percentage of it will be trapped (see Chapter 2, Section

4). The trapping results in the continuous need for additional hydrogen as the crack

grows. Once the hydrogen is partitioned and trapped, the embrittlement occurs, and this
lowers the material’s resistance to crack growth. When combined with the ongoing

mechanical fatigue CG process, an enhancement in the CGR results.

7.2.2 - The Kinetics of the ECCGR
The kinetics of the ECCGR are described in this section, following the statement
of a working hypothesis. The hypothesis identifies a rate controlling process, its principal

elements, and then describes the nature of the kinetic CG enhancement control.

1 Only the hydrogen produced by electrochemical reaction is considered, and the
possibility of hydrogen production by a purely chemical reaction is ignored.

2 These two driving forces are obtained in the next section on hydrogen diffusion
modeling. Their use entails a number of simplifying assumptions which are discussed in
the next section.
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A Working Hypothesis for the Rate Controlling Process
It is assumed that the surface reactions which give rise to the production
of atomic hydrogen along the crack, are the rate controlling step in the
corrosion fatigue crack growth process. The quantity (da./dN)maxgb is
assumed to be proportional to the amount of hydrogen produced during a
single loading cycle, which is proportional, in turn, to the amount of

electrons that are made available through the anodic reactions.

Based on this hypothesis, the CG response curve (i.e., (da/dN) ¢ versus 1/f) will
have the same functional form as the charge transfer curve, when both are expressed as
a function of time. The logical starting point for kinetic modeling is the development of
a model for the hydrogen production process. But before that is done, a number of
points need to be considered so that the non-rate controlling chemical and mechanical
processes can be properly incorporated into the model.

The fatigue process is assumed to generate an increment of new crack growth,
each loading cycle, at the point of maximum load. The magnitude of the increment, per

loading cycle, is equal to (da/ dN)e, so the amount of bare surface created each loading

cycle, denoted by Ajg, can be expressed as:

Aps = {2xBx(§%) xlcycle}xSRF, (7.1)
where

B is the specimen thickness, and

SRF is a surface roughness factor.

The bare surface is very unstable, with a potential that is negative with respect

to its filmed state. It immediately reacts with the surrounding environment to begin the

formation of a surface film and continues until a stable state is achieved. Because the

surface is in electrical contact with the adjacent filmed surfaces of the crack flank, a

current (transient) will be induced between the two, with electrons flowing from the
bare surface to the filmed surface through the metallic specimen3.

The current transient peaks (is a maximum) at the moment of exposure of the

bare surface, and then decays to a steady state value or zero as the film on the bare

surface grows. The rate of decay reflects the reaction kinetics, and can change depending
3 The overpotential at the bare surface is large and positive (anodic) while the
overpotential at the filmed surface is small and negative (cathodic). See Chapter 2,

Section 2.4 for further details,
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upon the nature of the rate controlling reaction. The initial stage of the transient
correspond with the charging of the double-layer, and is expected to be complete within
milliseconds. The rest of the transient corresponds with growth of the film and is
governed by the rate controlling reaction. Because the filmed surface area is much larger
than Apgs the mixed potential will be very close to the potential of the filmed surface.

The local crack-tip environment (i.e., ®, pH, and the ci) has an influence on the
driving force for the reaction and the reaction rate constant. The local environment is
influenced, in turn, by the variables which affect the electrochemical mass transport
process, such as: (1) the applied electrochemical potential (®ec); (2) the variables AK,
R, and f which control the magnitude and frequency of the crack wall displacements; (3)
the bulk solution composition (i.e., pH and c;); and (4) the fluid flow conditions outside
of the crack or specimen. The influence of these variables on the driving force and the
rate constant is discussed in the next chapter.

The amount of hydrogen produced by the electrochemical surface reactions can
be determined from the current transient. Assuming that the concentration of adsorbed
hydrogen? (cHads) is proportional to the total amount of charge transferred, the
following expression can be written:

CHags = AoFA(KE); (7.2)

where the charge transfer, q(«t), is given by:

t
q(nt):Abs/ i(ker)dr, (7.3)

and where 0
v is a constant which reflects the proportion of current used to create hydrogen,
Acg is the total area of the crack surface (2aBxSRF'),
F is Faraday’s constant,
q(xt) is the amount of the charge transferred over a single loading cycle,
Ay is the total area of the bare surface,
i(xt) is the anodic current density on the bare surfaces,
k is the reaction rate constant for the rate controlling reaction, and

t==1/f, the time available for reaction (i.e., one load cycle).
4 The adsorbed hydrogen is expressed as a surface concentration (i.e., mol/m?)
and is assumed, in this work, to be uniformly distributed along the entire length of the
crack. The actual distribution is expected to be non-uniform and dependent on the local

environment, and can be determined, in principle, by a proper analysis of the
electrochemical mass transport processes.
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The functional form of i(«t) reflects the nature of the rate controlling reaction
process, and is determined by the kinetics of the reaction. The reaction rate constant (x)
contains a thermal activation term (Bockris & Reddy, 1977b; Conway, 1965; Eyring et
al., 1939) which characterizes its temperature dependence. It is also a function of the
potential and specific chemical species concentrations, at the electrode surface. These are
affected, in turn, by: AK, f, R, ®@app, etc.. Therefore, &, in its most general form, can be
expressed as &(T,AK,f,R,®app,etc.).

In the experimental work, only the influence of T and AK, on & have been
considered. The effect of the other variables is briefly examined in Chapter 8 using the
results of a published model for the electrochemical mass transport process.

The reaction rate constant can also be used to defined a characteristic time scale
(i.e., the time constant of the rate controlling reaction, 1/x). For times much greater
than 1/k, the reaction will have completed, and the initially bare surface will be
completely filmed. This corresponds with the maximum amount of transferred charge,
whose value is denoted as the "saturation” charge level (qg).

The connection between the amount of adsorbed hydrogen, and the quantity ¢
from the superposition model, can be made in the following manner. First, the quantity
@, which characterizes the CG response as a function of time (1/f) and temperature (T),
is identified with the quantity 8§ (0<6<1) which represents the percent completion of the
surface filming process (Simmons et al., 1978). Because the film at the bare surface is a
product formed by the surface reactions, the amount of film growth is directly related to
the amount of charge transferred during the reaction. Since # and CH,gs 2TC both
proportional to q(«t), they are alse proportional to each other. And because 0§ is a
normalized quantity (i.e., 0<#<1), its final relationship to CHgs must be determined by
normalizing CHy s with respect to its saturation value (i.e., the point at which the

surface filming process has gone to 100% completion). The final result is that:

t
J i(kr)dr
¢ t — 0 t = q(K,t) ] CHads b4 2 * 7.4
(kt) (kt) Gg (cHads)sat ;E»m J.*i(,cr)dr (7.4)
9

The quantity ¢(«t) can be determined, in general, by substituting i(xt) into the
above equation, and integrating. This requires that i(xt) be known, either analytically or

experimentally.
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In the next chapter, two different models for i(xt) are examined. The first is a
very simple analytical model, which is fit to the FCG data to determine k. The second
consists of some experimental bare surface reaction kinetics data which is numerically
integrated to obtain ¢(«t), independent from the FCG results. A comparison of the data
with the value of ¢ determined from the two models is made and the results discussed.

A connection between CH, 4 and the subsequent hydrogen absorption, diffusion,
and embrittlement processes can also be made. Assuming the hydrogen transition

reaction is in equilibrium, the following relationship between adsorbed and absorbed

hydrogen can be written:
Haps ™ KHcHads’ (7.5)
where
CHaps is the concentration of the absorbed hydrogen,
K}, is the rate constant for the transition reaction, and
CHags is the concentration of adsorbed hydrogen.
The hydrogen diffusion problem is examined in detail in the next section, where
an expression for hydrogen concentration inside of the body, cy(r,0), is obtained as a
function of Haps and Kmax. This is used with a simple hydrogen embrittlement model,
described below, to model the explicit K ax dependence of (da./dN)maqu.
The hydrogen embrittlement model is similar to the model proposed by Pao et

al. (1977) (see Chapter 2, Section 4), and is given in the form of a working hypothesis.

The Hydrogen Embrittlement Working Hypothesis
(da/dN).. ¢ is assumed to be linearly proportional to the distance
ahead of the crack-tip, for which the concentration of hydrogen is greater
than some critical value. The “critical” distance is denoted by §*, and the

"critical” hydrogen concentration is denoted by cfj.

The quantity (da/dN)max is assumed to be directly proportional to the quantity
6" (for ¢(xt)=1), and is expected to reflect the influence of any variable or process
which affects: (1) the overall magnitude of the rate controlling process (i.e., the value of

qs), and (2) the distribution of hydrogen at the crack-tip region.
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7.2.3 - The Timing and Chain of Events Over a Loading Cycle

The chain of events occurring over a single loading cycle, can be summarized in
the following manner, Start by assuming the load has just reached its maximum value in
the load cycle. The crack is incremented at this point, and the equilibration reactions
begin. The reactions continue as -the load is decreased, with absorbed hydrogen
distributing itself along the crack boundaries. After reaching the minimum load, the load
begins to increase, and while the reaction processes continue to generate hydrogen, the
diffusion process begins transporting hydrogen from the boundaries to the region at the
tip of the crack. Upon reaching the maximum load, the extent of the hydrogen is at a

maximum, and an increment of growth that is proportional to the extent of the

distribution occurs.

SECTION 7.3 - STRESS-ASSISTED DIFFUSION MODELING
7.3.1 - Introduction
In this section, a macroscopic model for the transport of atomic hydrogen in a

stressed, linear-elastic solid is examined to determine the explicit Kmax dependence of
(da/dN) ...
7.3.2 - Diffusion Modeling in a Solid With a Growing Fatigue Crack

It is assumed that hydrogen generated during the previous loading cycles® is used
‘for embrittling the material during the current cycle, and that the increment of crack
growth occurs instananeously at the maximum load in the load cycle. It is assumed,

therefore, that the extent of the embrittlement, and hence (da./dN)maqu, is governed by

the hydrogen distribution at the point of maximum load.

There are three different types of hydrogen distribution that can be considered in
the model. They are the: equilibrium, quasi-equilibrium, and transient distributions.

The equilibrium distribution refers to a distribution for which: (1) the diffusional
driving forces are held constant, and (2) sufficient time is allowed to pass such that no
changes in distribution are detected (i.e., t>>the time constant for diffusion).

A quasi-equilibrium distribution refers to a diffusion process that occurs
extremely fast with respect to the scale of time for the observation. The distribution, at
any instant of time, is considered equivalent to the equilibrium distribution that would

be obtained for the instantaneous value of the driving force. This occurs when the time

5 The amount of hydrogen used per cycle is equal to the amount of hydrogen
generated during the prior loading cycle.

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



constant for diffusion is very small, and can be determined by solving the "steady-state”
diffusion problem (i.e., all time derivatives set to zero) .

The transient distribution refers to the inherent time varying behavior of the
diffusion process and is sometimes referred to as the "non-steady-state” behavior., When
the time constant is of the same order of magnitude, or larger, than the time scale of
interest, then the transient behavior must be considered.

Because of the time-varying loads involved with fatigue crack growth process
(and moving crack tips in stress corrosion cracking processes), only the quasi-equilibrium
and transient distributions of hydrogen are of interest.

The question of whether the transient behavior can be ignored should be
answered by comparing models for both the quasi-equilibrium and transient distributions
with the CG response. If the hydrogen diffusion process is rate controlling, then the CG
response and transient diffusion model functional forms will be the same. If they are not
the same, then the hydrogen diffusion process is not rate controlling, and it becomes
possible to consider the diffusion process as a quasi-equilibrium process. The rate
controlling process, in this \llork, is assumed to be the surface reaction processes, and if

this assumption is correct, the use of the quasi-equilibrium distribution is acceptable.

7.3.3 - Background on Stress-Assisted Diffusion Modeling

The theoretical work of Fick, in many cases, is regarded as the phenomenological
basis for diffusion, and forms the starting point for many of the current developments in
diffusion modeling in solids, Reviews on the subject, from this point of view, can be
found in the books by Shewnion (1963) and Crank (1970).

The incorporation of stress effects on the diffusion process has been considered
by a number authors using: microscopic modeling concepts, equilibrium thermostatics,
and modifications to Fick’s Laws, to model the relevant phenomena (see Li et al., 1966;
Bockris et al., 1971a, 1971b, 1972; Oriani, 1969; and Girifalco & Welsh, 1967).

A better understanding of diffusion can be obtained by developing the model
within the framework of non-equilibrium thermodynamics. The advantages include: (1)
the level of generality obtainable; (2) an explicit detailing of the assumptions in the
model; and (3) the ability to restrict the constitutive function(al) so that the Second

Law of Thermodynamics is not violated.
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The stress-assisted diffusion model adopted in this work is based on non-
equilibrium thermodynamics, and so a short review of the subject is given bélow as an

assist to the reader.

7.3.4 - Non-Equilibrium Thermodynamics

A number of references on the subject are available, listed under the heading of
non-equilibrium thermodynamics, rational thermodynamics of a continuum, and
heterogeneous mixture theory. See, for example, the books by: de Groot & Mazur,
(1984); Gyarmati, (1970); Prigogine, (1967); and Truesdell, (1984); and papers by:
Aifantis (1980); Bataille & Kestin (1977); Bowen (1976); Atkin & Craine (1976a,
1976b); and Edelen, (1975).

There exist a number of different schools, each approaching the discipline of
"non-equilibrium thermodynamics” in a different manner. The two major schools are
known as ”Onsager thermodynamics” and ”Rational Thermodynamics”. An overview of
the classical Onsager thermodynamics can be found in the book by de Groot & Mazur
(1984) (also see Edelen (1975)). For an overview of Rational Thermodynamics, the book
by Truesdell (1984) should be consulted.

The diffusion model adopted in this work has been derived within the framework

of Rational Thermodynamics, and so a short description of this theory is given below.

The description of heterogeneous mixtures, in Rational Thermodynamics, follows two
principles (Truesdell, 1965):

(1) Every property of the mean motion is a mathematical consequence of the properties
of the motion of the constituents.

(2) If all effects of diffusion are taken into account properly, the equations for the mean
motion are the same as those governing the motion of a simple medium. That is, the
total medium does not "know” whether it is heterogeneous or homogeneous,

Theories developed within this framework assume that each of £>2 constituents
can be regarded as a separate deformable continuum. It is suggested that the mixture be
viewed as the superposition of ¢ single continua, each following its own motion, and that
at any time, t, each place ¥ in the mixture is occupied simultaneously by several
different particles, { X(a)l a=1,...,£}, one from each constituent. Thus the motion of the
mixture is described by § mapping functions referred to £ co-occupying reference frames.
Associated with each constituent is a mass density, p(a) , which represents the average

density of the constituent, C(a), taken over a small volume of the mixture.
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The laws of balance for mass, linear and angular momentum, and energy, are
considered for each component. This requires the postulated existence of separate:
velocities, accelerations, stresses, body forces, temperatures, heat fluxes, internal
energies, etc.. In addition, an "internal” diffusion force is postulated to exist which
reflects the force exerted on a constituent C(a), at ¥, by all other constituents. A
constitutive equation for this force is introduced and used to "properly” account for the
different effects of diffusion.

Regardless of the particles’ distinguishability, the mixture as a whole must
satisfy global (integral) laws of balance for the mass, linear and angular momentum, and
energy. This leads to conditions on the partial quantities that must be satisfied.

The next step consists of using the Second Law of Thermodynamics to restrict
each component’s constitutive description. The Second Law, in conjunction with a
number of other ”principles”, is used to further simplify (or complicate) the problem
(e.g., the principle of frame indifference, and the principle of*equipresence, etc.; see
Truesdell, 1984 and Truesdell & Noll, 1965). Also, the theory of invariants is used lto
represent the constitutive function(al) arguments as invariants of the material’s
symmetry groups (Rivlin, 1970; Spencer, 1971; and Truesdell & Noll, 1965).

And finally, a model is born! The validity of this approach, as a general theory
applicable to all classes of mixtures, can be questioned. A number of the issues raised by
this concern has been examined in the paper by Kestin & Bataille (1977). Because of the

simplicity of the model adopted here, questions of such a fundamental nature will not be

considered in this work.

7.3.5 - A Stress-Assisted Diffusion Model

A generalized model for the interstitial diffusion of gas or liquid in a stressed
solid has been developed by Aifantis and coworkers using modern thermodynamic
methods (see Aifantis, 1976; Aifantis & Gerberich, 1977a, 1977b, 1978; Wilson &
Aifantis, 1982; and Unger & Aifantis, 1983). Aifantis et al. chose a specific version of the
model and then applied it to the problem of hydrogen diffusion in a cracked solid. The
specifics of this model and the assumptions used in its derivation are reviewed below.

The description begins by expressing the flux of the hydrogen species as a
function of the diffusional driving force. The driving force consists of two components.
The first is due to a gradient in the hydrogen concentration, and the second is due to

the gradient of hydrostatic stress in the solid. An "effective” diffusion coefficient, which

67

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



depends on the magnitude of the hydrostatic stress, is also included. The equations for

the flux and diffusion are given below:
J = —(D + Noy)Vey + Mcy Vo, (7.6)

%%"j = (D + NO'O)Vch — (M -—_ N)Vﬂo‘VCH (7'7)

where
J is the vector flux of atomic hydrogen in the metal lattice,
D, N, and M are phenomenological coefficients,
oy is the trace of the stress tensor (3xhydrostatic stress), and
cy is the molar concentration of hydrogen in the metal matrix.

The first equation is equivalent to Fick’s First Law, expressing the flux as a
function of the diffusional driving forces, and the second equation is equivalent to Fick’s
Second Law, a expression for the balance of mass of hydrogen. The quantity D 4 No,
can be thought of as an "effective” diffusion coefficient, reflecting the influence of the

hydrostatic stress on the diffusional properties of the solid.

7.3.6 - The Assumptions Used in the Modeling Process
A number of assumptions, over and above those implied by the approach, have

been invoked in the derivation of the above equations, and they are outlined and

discussed below.
(1) The hydrogen within the solid is assumed to behave as an infinitely dilute gas

which occupies the interstitial positions of a defect-free solid.

This assumption is important because a number of assumptions logically follow,
but care must be exercised in actual applications (i.e., the magnitude of ¢, can become
quite large at the tip of the crack).

(2) The solid’s thermal and mechanical response is considered to be independent
of the presence of hydrogen, and the solid is considered to have an isotropic, linear
elastic response to loading. Thus, the constitutive equations for the solid are independent
of the thermodynamic state variables for the gas (i.e., concentration, pressure, etc.).

This important assumption is justified in light of assumption #1. It permits an
uncoupled description of the stress and deformation states of the solid, allowing the
stress and deformations to be determined as a problem in linear elasticity with a

constant value for the modulus of elasticity and Poisson’s ratio.
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(3) The hydrogen’s thermal and mechanical response is assumed to depend on
the variables which describe the thermodynamic state of the solid, (i.e., in this case, only
the hydrostatic stress gradient). It is also assumed to behave as a non-viscous, ideal gas.

(4) The temperature of the hydrogen and the solid are assumed to be identical,
and there are no thermal gradients in the solid. This simplifies the model and eliminates
thermal conduction from consideration,

(5) All inertial effects are considered to be negligible,

These assumptions lead to a considerable simplification of the problem. Several
further assumptions are applied, in reference to a model for the hydrogen distribution in

cracked solid, with mode I fatigue loading, and are explained below.

7.3.7 - The Application of the Model
The model represented by Equations 7.6 and 7.7 is simplified further by

assuming the magnitude of N is negligible6. This assumption simplifies the problem and
allows for a comparison with previous theories, but it is not necessary (see Unger &

Aifantis, 1983). The resulting equations for the flux and diffusion are given below:

i= —DVcy + Mcy Vo, (7.8)
0CH 2
_t' = DV CH - Mva'o'VCH- (7-9)

The resulting diffusion equation is identical to the one used by a number of
workers previously (see, for example, Lui, 1970, and Van Leeuwen, 1974). These workers
applied their results to the problems of hydrogen embrittlement, stress corrosion

cracking, and solute diffusion in solids.

6 In a number of hydrogen permeation experiments with iron alloys, Beck et al.
(1965), and Bockris et al. (1971b), found that the diffusion coefficient was unaffected by
the application of tensile and compressive stresses, while the hydrogen permeation rate
was, leading them to conclude that the solubility of hydrogen in iron alloys can increase
or decrease depending on whether there are tensile or compressive hydrostatic stresses
present. On the other hand, McAffee (1958a, 1958b), in series of interesting diffusion
experiments on glass, found that a stress effect on the diffusion constant did exist for
stresses greater than one-half the fracture strength. Aifantis & Gerberich (1978) and
Varotsos & Aifantis (1980) also found an effect (from data published in the literature),
but it was small for room temperature results. Since the permeation experiments of Beck
et al. and Bockris et al. were conducted at low stress and temperature levels, it is
possible the effect was not noticeable.
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Because diffusion is assumed to be rapid, the steady state distribution of
hydrogen is desired. This is obtained by setting the time derivative of c, equal to zero,

resulting in:

DV?cy — MVo,y-Vey = 0 (7.10)

This partial differential equation is to be solved for a two-dimensional planar
solid of infinite extent, with a semi-infinite crack under mode I loading conditions.

For a cracked body in mode I loading, the asymptotic hydrostatic stress (o) is

defined by (Rice, 1967):

oo = 2(%1/) K cos(0r/2) — AK cos(i/2) (7.11)

where
oy is trace (aij),
v is Poisson’s ratio,
K is the stress intensity factor (the K value for the specimen of interest is chosen),
0 and r are polar coordinates centered at the crack-tip, and
A = {2(14v)/{27}.

Inserting this into Equation 7.10 results in the following differential equation for

the H distribution:

8¢y  10cy 1 0%y My O0g 8oy | 1 8og Oy
Tttt i - b e =0 (7.12)

This is to be solved for cy(r,0), subject to boundary conditions along the crack flank and

the boundaries at infinity.

7.3.8 - A Mathematical Solution
The solution outlined below follows Liu (1970) and Unger & Aifantis (1983). An

elementary solution to Equation 7.12 is given by:

cy(r,0) = coexp(l\'glx)K %_f—l—z—)), (7.13)

where cg is a constant. This corresponds to the problem with an uniform concentration
of hydrogen (c;) along the crack flanks and boundaries at infinity (see Figure 7.2a).

A general solution can be obtained by including spatial variations in the constant

g, resulting in the expression:
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cy(r,0) = F(r,B)exp(l\g“lx)K %(f/_”), (7.14)

where F(r,0) can be determined by substituting into Equation 7.12, and solving the

resulting differential equation, which is shown below.

2
V2F — (2145 lgrad q|) F = 0, (7.15)
or in expanded form:
2 2 2
P+ O - (M) P =0 (7.16)

Using a separation of variables approach with F(r,0) = R(r)©(#), the following

identity is obtained:

2 92 2 2
T rRR-For=-450 (717

where
B = (M{iﬁK)’ and
A is a constant.

There are two solutions for the problem depending on whether A > 0 or A = 0.
The solution for A < 0 is unrealistic and will not be considered. For either choice of A,
the differential equation for R(r) is the modified Bessel equation for functions of a purely
imaginary argument (McLachlan, 1955), while the equation for ©(8) is a simple linear

constant coefficient differential equation. The general solutions are given below.

@(0) = 010 + Cg, (7-18)
R(r) = 0310(%%) + c,,Ko(%%), (7.19)
32 >0
O©(0) = Cjcos A8 + C,sin A0, (7.20)
R(r) = Calz,\(gﬁ) + C4K2,\(%.%), (7.21)
where

C,, Cqy C3, C, are constants,
I, is a modified Bessel function of the first kind, and

K, is a‘modified Bessel function of the second kind.
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A number of properties of the actual hydrogen distribution can be used to
restrict the solution. For example, the distribution should be symmetric with respect to
the plane of the crack, so that cy(r,0) should be an even function of 0, and this restricts
the coefficients of sin A0 and # to zero. Also, the concentration at infinity (r—o0) must
be finite, implying that the coefficients of K,,, A > 0, must be zero (note that 2B /T —0
as r—oo and K,, diverges as its argument approaches zero).

To determine the remaining constants (and the permissible values of A) the
boundary values of cy(r,d) must be specified. It is assumed, for simplicity, that the
concentration at infinity is constant and equal to cy. Therefore, only A=0 is considered,

resulting in the following expression for cy(r,0):
cos (0/2
cy(r,0) = {co + clIo(%)}exp(l\—’%‘-‘j\:)—lS -——%/—)) (7.22)

The crack flank boundary concentration of hydrogen is uniform (c;) for ¢;=0,
and can be modified to reflect an increase or decrease in concentration, as the crack-tip
is approached, by varying the value of c;.

This solution is expected to be valid for a region of material surrounding the
crack-tip. The infinite concentrzition at the crack-tip is clearly invalid and results from
the infinite nature of the hydrostatic stress at the crack-tip.

)
7.3.9 - Applications to Corrosion Fatigue Modeling

Recall that (da/dN) .. |is assumed to be proportional to 6*, the distance ahead

of the crack-tip for which cy(r,0=0) is greater than the critical level, cf;. An expression
for 6*, in terms of Kmax, must be obtained from the diffusion model. Also, in order to
have compatibility between the two working hypotheses, it is necessary for 6* to be
linearly proportional to CHaps”

Two different crack flank boundary conditions are investigated. The first case,
Cage I, corresponds to a uniform distribution, of magnitude ¢y, along all boundaries (see
Figure 7.2a). The second case, Case II, corresponds to the superposition of a uniform
distribution, with an increase or decrease in concentration as the crack-tip is approached
(see Figure 7.2b).

For Case I1, the function for I, is approximated by the expression given below, in

Equation 7.22 (McLachlan, 1955):
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4
2B\ ., AT exp(2B/+T)
Io(ﬁ) o~ fre (7.22)

which is valid for r<1.
For Case I: ¢;=0, r=6", K=Kmax, and cy(r,0=0)=c{y(6*,0=0)=c}, and

= OB () i =
For Case II: r=6", K=Kmax, and cy(r,0=0)=c{(§*,0=0)=c}y, and
oYy = {co + cl( 2W?4A)(%)exp(%—l‘%cz)}exp(%cz), (7.24)

where
K
Co= max.
2 - r&"

An explicit solution for §* has not been determined for Case II, but note that 6*
always appears in terms of a single parameter, C,, implying a K& ax dependence. It is
clear from these equations that the hydrogen distribution |is directly related to the
nature of the elastic singularity at the tip of the crack.

To show that 6" is proportional to CH,ps’ the expression for ¢, in Equation 7.23

can be expanded in a Taylor’s series to give:

ln'z(ca%) = Constant + (E%){ln’a(g%)}co + Higher order terms, (7.25)

where

co' is a nonzero constant, and

C0=CH .
abs
For values of c,‘l|>>c0' , the higher order terms are assumed to be negligible, and the

following expression is obtained for §*:

6" o~ (—I\z/—l—’é)?{Constant + (c%,){ln"a(g"%)}c,_,abs}l(?nax. (7.26)

This is related to (da/dN) .. & by the hydrogen embrittlement hypothesis.

Ignoring the constant in the above equation and lumping the remaining constants into a

single one results in the expression(s) given below:
(da/dN) 08 = {Colep, gqs Kinaxd: (7.27)
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or

(da/dN) oy = {Caleuyyy)gas Jihnax: (7.28)
where .
Ca—(%‘ﬁ)z(é){ln'a(g)}, is a constant, and
t
(H Dt =:!me(%ﬂ)(ﬁg_:) [iteryar
0

This expression predicts an explicit K& ax for (da‘/dN)max‘ The validity of this
prediction is examined in the next chapter by comparison with the experimental FCG

sat has an intrinsic Kjmax dependence that arises

from the effect of Kjpax on the mass transport process, which affects the local crack-tip

results. Note that the quantity (cHasb)

chemistry, This Kmax dependence is also investigated in the next chapter.
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CHAPTER 8 - MODEL COMPARISON AND DISCUSSION

SECTION 8.1 - INTRODUCTION

This chapter describes the comparison of models for (da/dN), ... and ¢(xt) with
the experimental FCG data. There are two major sections, each containing a description
of the model(s), a comparison with the FCG data, and a discussion of the results.

The first section examines two different models for ¢(xt), and compares them
with the CG response data. The first model is developed using a simple decaying
exponential function for i(xt) and then determining the value of « from the FCG data.
The second model is based upon independent surface reaction kinetics data for i(«t).

The second section examines the Kmax dependence of (da,/dN)max, and then

compares it with the prediction by the stress-assisted diffusion model.

SECTION 8.2 - THE FCG DATA AND MODELS FOR ¢

8.2.1 - Introduction

This section begins by examining a simple model for i(«xt), where k=x(T,AK) is
determined from the FCG data. The model serves as an approximation to the actual
i(kt) so that the CG response may be quantitatively examined. Next, some experimental
surface reaction (ESR) data is used in a direct comparison with the room temperature
CG response data. An activation energy for the ESR data is used to provide a
comparison with the value determined from the empirical model. Also, a brief
examination is made of the effect of AK on the local crack-tip environment and used to
explain the effect of AK on the reaction rate constant.

As a matter of convenience, the CG response curves (i.e., (da,/dN)cf -1/f), are
used to exhibit the FCG time response (i.e., ¢(xt)). A conversion from (d:ar./dN)cf to the
quantities (da/dN) and ¢ is easily accomplished. Recall that (da./dN)cf is related to

max
(da/dN)max and ¢ by the following expression (Equation 2.3):

(%), = {8%),..m (g%)ref}'ﬁ ={($%)_J¢ (8.1)
or

da da, da

(a—)sat - (‘Tﬁ)max— (d_N)ref' (8.2)
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Regardless of the manner chosen to represent the FCG data (either (da,/dN)cf
or (da./dN)maqu; see Equations 2.1 and 2.2 in Chapter 2), the quantity ¢ remains the
same, and when any two of the quantities in Equation 8.2 is known, the other can easily
be determined.

In both of the models considered below, an expression, or experimental data, for
i(xt) exists, and an expression (or numerical values) for ¢(«t) is required. In each case, it

is obtained using the expression below (Equation 7.5):
t

sty = q(qlct) _ {i(nr)d'r 5

t
‘y_'mw{ i(kr)dr

8.2.2 - An Empirical Model for i(xt)

A decaying exponential function has been chosen as an approximation to i(xt).
This function was used by Wei & Shim (1984), and is capable of providing a good fit to
the FCG data and quantitatively characterizing the CG response data. The model is

shown below:

i(kt) = ipexp(—xt), (8.3)
where
AE
K = noexp(——R—‘;ITa'), (8.4)
and where

ip is a peak current density,

K is a thermally activated reaction rate constant,

t=1/f,

Ky is a pre-exponential factor,

AE, is an apparent activation energy,

R is the universal gas constant, and

T is absolute temperature.
Substituting this into Equation 7.5, and integrating, results in the following expression
for ¢(kt):

d(kt) = {1 — exp (—%)}, (8.5)

which is used with Equation 8.1 to represent (da./dN)cf:
(§%),, = (), {1 — e (=)} (8.6)
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8.2.3 - Determination of (da‘/dN)sat and &
The values of (da‘/dN)sat and k, as a function of AK and T, are determined

from the CG response data by non-linear, least squares regression analysis. The BMDP
software (BMDP3R; see BMDP, 1985) is used to perform the analysis, supplying
estimates for the two parameters and their standard errors. The use of the regression
analysis prevents the inherent subjectivity in directly determining (da/dN)wt and «

from the data, a problem mentioned by Wei & Shim (1984).

8.2.4 - The Results

The results are shown in Table 8.1, where (da/dN)_ ..., (da/dN)sat’ and k are
listed, for each value of AK and T. Figures 8.1 through 8.3 show scatter plots of the
model, for given values of AK, and different T levels. Figures 8.4 through 8.7 show
scatter plots of the model, for a given value of T, and different AK levels.

The simple model appears to represent the FCG data quite well. There are some
deviations though, particularly at the high frequencies, for the low T and high AK
levels. The magnitude of the deviation is somewhat magnified because the regression has
been performed in non-logarithmic coordinates whereas the plots are composed in
logarithmic coordinatesl. But the fact that (da/ dN)cf is consistently underestimated in
this region indicates that a problem exists with either the model for i(xt) or the FCG
data or both.

The data problem can arise at the higher frequencies because (da,/dN)cf is
calculated as the difference of two quantities which are very close in value (i.e.,
(da/dN)cf= (da/dN), — (da/dN)ref). If there is any bias in the value of (da/dN), or
(da'/dN)ref’ it will be accentuated in (da,/dN)cf in the high frequency region. Also, the
variance of (da/dN)cf is equal to the sum of the variances for (da/dN), and
(da/dN)ref’ and this results in a standard deviation for (da/dN)cf that can be quite
large in comparison to the actual value of (da./dN)cf. This makes the (da,/dN)cf data in
this region a poor choice for model comparisons.

The reaction rate constant has also been examined as a function of both AK and
T. Equation 8.4 demands a specific functional form for the T dependence of k, and this
is verified in Figure 8.8 by plotting the data in an Arrhenius plot (log (k) versus
1000/T). The straight line slope exhibited by the data corresponds with the apparent
activation energy, AEy, which appears to be about 30 kJ/mol for all three AK levels.

1 The logarithmic coordinates tend to magnify the apparent size of a residual at
the higher frequencies and attenuate it at the lower frequencies.
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This information is important and will be used in support of the working hypothesis for

surface reaction control.
It was previously mentioned (in Chapter 6) that the "horizontal placement” of

the CG response data appears to depend on the AK level. This is obvious in Figures 8.4
through 8.7, but it can also be observed in the Arrhenius plot (Figure 8.8) where the
intercept of each line (i.e., log(x,)) exhibits a AK dependence. After investigating the fit
of a number of different empirical relations, it was determined that a power law
relationship for x, as a function of AK works best. The results are illustrated in Figure
8.9 where a plot of log(x) versus log(AK) is shown, for the different temperature levels.
The apparent value of the slope is about —2.3, which is quite large, indicating the
importance of its effect on the CG response. The AK dependence of the CG response
has not been previously noted in the literature, and is likely due to an interaction with
the mass transport process.

The actual values assigned to k; and AE, have been determined using all of the
data by a multiple least squares linear regression (BMDP2R; BMDP, 1985) of log(«).
AssumingI kp has a power law dependence on AK, the following expression can be

written for «:
K = C,CAKn'cexp(—éR—]?rﬁ). (8.7)

A‘ single estimated value ig obtained for each of the quantities, C, ng, and AE,,

by the regression analysis using the entire set of data in Table 8.1. The results are

reported in Table 8.2.

8.2.5 - Bare Surface Reaction Kinetics Data for i(«xt)

In this subsection, some recent experimental results on the Kkinetics of bare
surface reactions are used in a direct comparison with the CG response data. The data is
also used to determine an activation energy for the reactions, which is compared with
the value for the FCG data obtained by the empirical model.

The in-situ fracture technique, described in Chapter 2 - Section 4, has been used
to generate current transient data for an AISI 4340 steel, in de-aerated 3.5% NaCl
solution, for four different temperatures, and with the bare surface controlled at a
potential of —700 mV (SCE) (Wei & Xu, 1989). Figure 8.10 and 8.11 show an example

of a typical current transient (long and short times), recorded during the experiment.

78

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Note the distinct linear regions in each plot. The first region occurs within the
first 0.1 second (or less) and corresponds with double layer charging at the bare
electrode surface. A second linear region is apparent in the 2 to 20 second range
(approximately), and a third region, corresponding to a very slow decay to a constant
baseline value, occurs for times greatcr than about 20 seconds. This is to be contrasted
with the behavior of the simple exponential model which would plot as a single straight
line in these coordinates.

The current transients, for the four different temperatures, are numerically
integrated (without subtracting the baseline currents) to give the charge transfer as a
function of time (Figure 8.12). The similarity between charge transfer and CG response
data is evident, and is examined by direct comparison, below. An estimated activation
energy of 35.1+6.5 kJ/mol has been obtained for the data, which is very close to the
apparent value obtained for the FCG data (i.e., 27.844.5 kJ/mol) (:2¢ in both cases).

A comparison between the charge transfer data (with the base current
subtracted), at room temperature, and the CG response data, at room temperature, and
three AK levels, is made in Figu‘re 8.13. The comparison is made by matching
(da'/dN)sat’ for each AK level, with q;. The results are quite interesting. For the high
AK level, the results match very well, even at the higher frequencies. As the AK level
decreases, the curves fail to match due to the shift of the CG response to faster times.
This can be interpreted in terms o‘ the change in the crack-tip environment with

changes in the AK level, as shown below,

8.2.6 - Discussion
A number of important observations can be made concerning the comparison of

the models for i(xt) with the CG response data. First of all, the results are consistent
with the hypothesis of surface reaction rate control. The match between the
experimental charge transfer data with the CG response data, plus the similar values for
the two activation energies, tend to support this hypothesis.

Further support can be given after examining some other experimental results in
electrochemistry and the results of a published model for the mass transport process in a
fatigue crack. These results are used to rationalize the effect of AK on x in terms of
changes in the local crack-tip chemistry.

Some experimental results which illustrate the effect of applied potential on

q(xt), for a NiCrMoV steel in de-aerated 0.15N Na,SO, solution, are shown in Figure
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8.14. The results show that cathodic polarization apparently increases x (shifts the q(«t)
curves to faster times) and decreases the magnitude of q(«t).

The results of an experiment to determine the effect of solution pH on the free
corrosion potential (®rc), for an AISI 4340 steel in a de-aerated 3.5% NaCl solution at
room temperature, are shown in Figure 8.15. The results show that ®gc increases (is
more anodic) for decreasing pH, and decreases (is more cathodic) for increasing pH.

And finally, a recent paper by Turnbull & Ferriss (1986), reported the results of
a mathematical model for the electrochemical mass transport process for a BS 4360 50D
steel, in a number of saltwater environments, including a de-aerated 3.5% NaCl solution.
The model accounted for mass transport by ionic migration, diffusion, and convection,
and the principal electrochemical reaction was taken to be reduction of water. The
effects on the crack-tip pH, potential and molecular hydrogen concentration of: (1) the
externally applied potential, ®ec; (2) AK; (3) R; (4) the crack length, a; and (5) the
cyclic loading frequency at a temperature of 5°C were investigated. Their results are
shown in Tables 8.3 through 8.7 and Figure 8.16. The results show that the local crack-
tip environment is very alkaline (pH>10) for all of the conditions in‘vestigated.

The main point of these three results is that the crack-tip pH level, for the
material & environment, and for the conditions used in the FCG tests, is probably quite
high (pH>10), and this implies that a significant decrease in ®¢ occurs near the crack-
tip. Now recall that the applied potential during the FCG tests was ®gc=—-800mV
(SCE). Therefore, the applied external potential is probably acting ‘to anodically polarize
the material near the crack-tip, and since the potential drop| down the crack is
diminished as AK increases, it follows that the magnitude of |the "applied anodic
potential” increases as AK is increased, and decreases as AK is decreased. Assuming the
reaction kinetics behave as shown in Figure 8.14, it would be expected that as AK
increases, £ would decrease, and as AK decreases, k increases.

This rationalization is consistent with the facts, and it illustrates the importance
of the electrochemical mass transport processes in modeling corrosion fatigue crack

growth. This rationalization is also used in the next section, where the effect of AK on

the magnitude of q(«t), via the mass transport process, is examined.
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SECTION 8.3 - THE FFCG DATA AND THE MODEL FOR (da/dN)max
8.3.1 - Introduction
In this section, the Kmax dependence of (da‘/dN)max is compared with the

predicted Kpax dependence by the stress-assisted diffusion model.

8.3.2 - An Empirical Model for (da/ dN)sat

The value of (da/ dN)sa.t has been determined in the previous section by a non-
linear regression analysis of the CG response data. The results of this analysis are given
in Table 8.1. The (da'/dN)sat values show only slight differences at the different
temperature levels, and the differences are insignificant when compared to the
magnitude of the standard errors (og,,).

The values of (da/dN) ., also given in table 8.1, are calculated using the

expression given below.

(88 e = (@R),,, + (@), (8.8)

(da/dN)mt is obtained from the data in Table 8.1, and
(da'/dN)ref = 2.13x10"6AK337, for AK selected from the values in Table 8.1.

where

8.3.3 - The Results

Plots of log(da/dN) .
8.17 and 8.18. The data appears to be well represented by a straight line, for both of the

and log(da,/dN)sat versus log(AK) are shown in Figures

crack growth rates. The results of a least squares straight line fit to the data is reported

in the figures and in Table 8.2.

The AK dependence of (da/ dN)max is converted to a Kmax dependence using

the expression:
AK
1—

Kmax = i—R = AK, (8.9)

b

where the second equality results from taking R=0.25. The conversion from AK to
Kmax in the power law representation does not change the value of the exponent, only
the value of the constant (i.e., by (4/3)"™).

The final form of (da/dN)_ . is:

da — n
(4%)__ = Om (Kmax)"", (8.10)

where
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Cm = 6.82x107%, and

nm = 3.00.
The value of nm (i.e., nm=38.0), exhibited by the FCG data, is compared with

the value predicted by the stress-assisted diffusion model, in the next subsection.

8.3.4 - The Stress-assisted Diffusion Model for (da/dN),, ..
The model for (da/dN) .., obtained in Chapter 7, is written below:

(g_l%)max = {Ca(cHabs)sat}K?nax (7.30)
where
Ca=(%)2(c—27){ln'3 -SZH;)}, and is constant, and
0 0

t
— e (YK Abs [
(cHabs)Sat_!Lmoo(T)(m) i(kr)dr.
0

The model predicts an explicit KZ,ax dependence for (da/dN)max’ (this is true
for both of the boundary condition investigated), which is different from the K ax

dependence of the experimental FCG results.

8.3.5 - Discussion

Three possible reasons for the discrepancy in the exponent for the Kmax
dependence are discussed below, in order of increasing importance.

The first possibility is concerned with the assumption of ideality for the hydrogen
gas, which was used in the derivation of the model. Equation 7.30 predicts an infinite
concentration of hydrogen at the crack-tip, which in itself is unrealistic, but points to
the fact that extremely large concentrations could exist. The modifications required to
incorporate non-ideality of the hydrogen gas are not trivial, and all the assumptions
which logically followed (i.e., the uncoupling of the elasticity problem, etc.) would need
to be reexamined. Therefore, this possibility should not be considered until alternative
explanations have been explored.

Another possibility involves a modification of the stress solution to account for
plasticity at the crack-tip. The square root singularity at the tip of the crack is

characteristic of the crack problem in linear elasticity, and solutions capable of giving
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different singularities might be considered (e.g., the HRR crack-tip solution2). Again,
this could complicate the formulation of the stress-assisted diffusion problem in that it
would have to be recast in terms of strain® instead of the stress. This modification might
be simple, and should be explored, but only after closer examination of the next, more
likely explanation.

The best explanation for the lack of fit is the implicit Kmax dependence of the
quantity (cHabs)sat‘ The most important term in the expression for (cHabs)sat’ in terms
of its Kmax dependence, is probably i(xt), which is affected by Kmax through its
interaction with the mass transport process.

Recall from the discussion in last section that a plausible explanation for the AK
dependence of x was given. This same rationalization can also be applied to explain the

Kmax dependence of (cHabs) . As K increases (Kmax or AK), the magnitude of the

sat
anodic polarization increases, which in turn increases the magnitude of the charge

transferred (i.e., i(xt) increases leading to an increase in q(«t); see Figure 8.14). In order
for there to be a match between the model and the data, (cHasb)Bat must have a linear

dependence on Kmax, which is a very reasonable requirement.

2 The HRR (Hutchinson, Rice & Rosengren) crack-tip solutions refer to the case
of a cracked solid which undergoes plastic strain hardening (Hultchml on, 1968; and Rice
& Rosengren, 1/!%68 The result is a stress which goes as o~r /("*and a strain which
goes as €~r , for a material with constitutive behavior that is described by

e=o+ao”, where n lS the reciprocal strain hardening coefficient.

3 It is really the hydrostatic strain gradient which drives the diffusion, and not
the hydrostatic stress gradient, but since stress and strain are directly proportional in
linear elasticity, either of the two may be used in the formulation with equivalent

results.
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CHAPTER 9 - SUMMARY AND CONCLUSIONS

SECTION 9.1 - SUMMARY OF THE DISSERTATION RESEARCH

Experimental and analytical studies were undertaken to develop a model for the
effect of AK, f, and T on the magnitude and time response of the enhancement of the
crack growth rate (CGR) for medium to high strength steels in aqueous environments.

The work began with a review of current understanding of corrosion fatigue
crack growth phenomenon and the chemical and mechanical processes which govern the
phenomenon. This provided an outline of the current research needs and set the stage
for the work in this dissertation.

The experimental work was described next. The goal was to develop a data base
for the effects of AK, f, and T on the CG enhancement. The tests were conducted on a
HY-130 steel in de-aerated, 3.5% NaCl solution, and were run under constant AK
conditions, with a variety of AK, f, and T levels. Reference CGR tests were run in a
dehumidified Argon gas environment under the same conditions as the saltwater tests.

The results showed the presence of a short crack effect for crack lengths up to 9
mm. The effect was very small though, with a maximum increase in CGR of about 26%.
The long crack data exhibited a saturating, exponential-like dependence on time (i.e.,

1/f), where the saturation as the frequency was decreased. Increasing temperatures did

not affect the saturation level, but did produce a shift of the CG response curve to
higher frequencies (smaller 1/f values). Both the CG magnitude and the CG response
were affected by AK. A decrease in AK led to a decrease in CGR magnitude, and a shift
of the CG response curve to higher frequencies (smaller 1/f values).

A modeling framework was developed next. Hydrogen embrittlement was
assumed to be responsible for the enhancement of the CGR, and a superposition model
was used to model the CGR in terms of a mechanical and corrosion fatigue process (i.e.,
(da/dN)g=(da/dN)p $+(da/dN), (1~ 9)).

The electrochemical surface reactions were assumed to be rate controlling, and
(da‘/dN)ma.x
cycle. A model for ¢ was developed by assuming it to be directly proportional to the

amount of charge transferred during the reactions, which was calculated as the integral

¢ was related to the amount of hydrogen produced during a single loading

of the transient current i(xt) between the bare (and filming) surfaces (at the crack-tip)
and the filmed crack flank surfaces. Two models for i(xt) were developed and used to

obtain estimates for ¢(xt), which were then compared with the CG response data.
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A model for (da/dN) .. was also developed by relating the hydrogen
distribution in the crack-tip region to Kjmax and the saturation level of charge transfer.
This was accomplished using a stress-assisted diffusion model from the literature. The
result was a model for (da/ dN)max that was proportional to K¥ax, and the amount of

hydrogen absorbed along the crack flank.

SECTION 9.2 - CONCLUSIONS

The results of the CG experiments showed that the CG response exhibited the
previously observed frequency and temperature dependence, with an apparent activation
energy of 27.844.4 kJ/mol (%20 limits). The value of the apparent activation energy
compared very well with the value determined from independent bare surface reaction
kinetics measurements (i.e., 35.1+6.5 kJ/mol, again with the +2¢ limits) giving further
support to the working hypothesis for surface reaction control.

The CG response data exhibited a shift in time with changes in AK. The data
shifted to lower frequencies (larger 1/f values) for increasing AK levels, and was
explained in ter[ms of a change in crack-tip chemistry with AK level.

The saturation CG rate exhibited a K{ax dependence, whereas a stress-assisted
diffusion model|provided an explicit K& ax dependence which results from the crack-tip
stress singularity from linear elastic fracture mechanics. The difference is considered in
terms an impli" it dependence via terms related to the surface reaction process. The
Kmax dependence of the surface reaction processes arise from the effect of Kipax on the
mass transport process, which affects, in turn, the local crack-tip chemistry.

This research has demonstrated that to model the effects of AK, f, and T on the
CG enhancement, all of the interacting processes have to be considered. It will be
impossible to account for the effects of AK, f, T, R, ®ec, PH, etc. on the CG response
and CGR magnitude without considering the entire set of interacting processes and the
interactions between them. The implication is that future aqueous corrosion fatigue
crack growth modeling is going to depend on the researcher’s ability to model within a

framework which accounts for all the chemical and mechanical processes, and not just

one or two of them.

SECTION 9.3 - RECOMMENDATIONS FOR FURTHER WORK
For the continuation of this study, an investigation should be conducted of the

?explanation” given for the change in CG response with AK level. The questions that
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need to be answered are given below.
Are the crack-tip pH levels for this material/environmental system really that

high? And do the charge transfer curves for this material/system really respond to an
anodic polarization by shifting to slower times, and is that true for tests run in an
environment with a high pH level? And what is the relationship between the change in
polarization and the change in the magnitude of saturation charge level? And can this be
related to the Kmax dependence of the potential drop along the crack, and be used to
explain the required linear Kmayx dependence® of the saturation level of charge transfer?

To answer these questions, two recommendations for work in the immediate
future can be given:

(1) Studies should be conducted to determine the effect of applied potential and
bulk pH levels on the kinetics of the bare surface reactions, using the in-situ fracture
technique, for this particular material/environmental system.

(2) A study should be undertaken of the electrochemical mass transport problem
for this material/environmental system, for the conditions used during the test to better

understand the chemistry at the crack-tip.

In the long term, additional recommendations are given.
(1) Studies should be done in order to determine the effects of ®¢c and R, in

conjunction with the effects of AK, f, and T, on the enhancement of the crack growth

rate.
(2) The possible modifications of the stress-assisted diffusion model to account

for different crack-tip singularities should be investigated.
(3) Experimental measurements and analytical modeling of the contributing

chemical and mechanical processes must be undertaken to link the entire set of processes

to the enhancement of the CGR.

! In order to get the Kjax dependence for (da/dN) ax® While using the model
proposed in this work, the quantity (cHabs)sat must be linea,rg'l ependent on Kmpax.
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TABLE 2.1 - Some Significant Variables Affecting Fatigue 1

Mechanical Variables

Maximum stress or stress intensity factor, oqax, or K ax>s

Cyclic stress or stress intensity factor range, Ao or AK',

Stress ratio, or load ratio, R7, that is, ratio of minimum to maximum stress (load)
or stress intensity factor in one load cycle,

- Cyclic load frequency, f,

Cyclic load waveform (for constant amplitude loading),

Load interactions in variable amplitude loading,

State of stress, and

Residual stress.

Geometrical Variables
Crack size and relation to component dimensions,
Crack geometry,
Component geometry adjoining crack, and
Stress concentrations associated with design.

Metallurgical Variables
Alloy composition,
Distribution of alloying elements and impurities,
Microstructure and crystal structure,
Heat-treatment,
Mechanical working,
Preferred orientation of grains and grain boundaries—(texture), an

Mechanical properties (strength, fracture toughness, etc.).

Environmental Variables
Temperature, T,
Pressure,
Types of environments—gaseous, liquid, liquid metal, etc.,
Partial pressure of damaging species in gaseous environments, P,
Concentration of damaging (or beneficial) species in aqueous or other
liquid environments, ¢
Electrochemical potential, ®,
pH,
Viscosity of environment, 7,
Velocity of environment, and
Coatings, inhibitors, etc.

1 Wei & Spiedel, 1972.
2 These three parameters are interrelated. Only two of the three need be specified. For

loading into compression, stress intensity factor is not defined and the effective K i is
either zero or nearly zero. An operational definition of AK = Kpax, with R speci leg in

terms of the applied stress or load, has been adopted for R<0 (ASTM, 1989).
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Crachk Size daldNgpmar L Limiting Sman
ys Trpe da/dN Delined Crack Size
Material [MPa) | Environment {mm) by \k? dsidN| onG (mm) Comments Aelerence
AlIS| 4130 1330 3% NaCt 1-40 Long Yes - Alr, Vacuum 1.2 to 500 >25 Growth Retarded by increased Kigy, A: 32
{.3C-9Cr..2N1) 1.9 Wide No - NaCl Hvmax Describes daldN. 15 um Graln Size. £
Edge. Ellipticat e
E
ASTM A289-B 1120 | 655kPaH, | .1-40Llong Yes - Alr 22°C 1.0 to 100 3 Small Crack Grawth Enhanced by Increased 26. ';
{18.2Mn-4.8Cr-8C) Sat. H,0 25 Wide Yes - 10 Hz H, Initlal AK and Loading Time. 100 um Grain %
80°C Edge @ Notch No - .02 Hz H, Slee.
HY130 930 I% NaCt .1-40 Long Yes - Alr ] >10 Inltia} AK Nol Important. 2
(.1C-SCr-5Ni) 1.9 Wide No - NaCt
Edge
912 3% NaCt A-40 Long Yes - Alr 2 1.1 Limhing Crsck Size Unaffected by Aq, A. 18, 27
‘ 76 Wide No - NaCt
Edge =
B
912 3ty NaCt 4-40 Long Yes - Alr 1.0-18 Free 0.9-1.4 Limiting Crack Sizes Up 1o 10 mm at a8 2
1.6 Wide No - NsCt Cortoston H Constant AK. No Significant Crack Closure L
Edge 0.8-1.3 Cathadle Mapsured. :E,
H
950 Sexmaler »5long Yes 10 <5 Limited Oata. 29 =
12.7 Wide
Edge
[EX = e Water ? No L] ? High Frequency, Near Threshold Data. 25
{.03C-12.8Cr-5M]) Magnitude of Small Crack Effect Enhanced
stHigh R,
QIN 828 Seawater 5-8 Long Yes - Alr 4 20 No Crack Size Effect 81 R=05 or K > 30 29,0
(.97C-1.2Cr-2.4N) 12.7 Wide No - NaC! MPssm. Limiled Data for Alr.
Edge
£
854380:50D n Seawster 1-7 Long Yes - Al 3 10-30 Crack Size Efect Efiminaled by Cathodlc 31 g
(16C-1.20n) 235 Wide No - NeC? Polsrization; da/dN Small to Large < $.0. &
Edge §
ENS 300 Seawaier 5-5 tong ?- Al 2 20 Limited Dats. 29
(:3C..7Mn) 12.7 Wide No - NsCt
Edge

TABLE 2.2: Literature Results Demonstrating the Effect of Crack Size on the Corrosion Fatigue Crack

Growth Rate of Steels Exposed to Aqueous Environments (Gangloff & Wei, 1986).




TABLE 3.1: The Longcrack Saltwater Tests

Tests in De-aerated 3.5% NaCl Solution: Tests 21 - 32

AK levels: 30.6, 20.9, and 14.0 MPaym
T levels: 277, 298, 320, 345 K } 12 specimens total
flevels: 10, 5, 2.5, 1, 0.5, 0.25, 0.1, 0.05 Hz

R=0.25 and ®ec=—800 mV (SCE)

Each specimen is tested at a single AK and T level while the f levels are scanned.

TABLE 3.2: The Argon Gas Tests

Tests in Dehumidified UHP Argon Gas: Tests 33 - 35

AK levels: 28.3, 19.3, 13.4 MPa¥m
T levels: 284, 298, 320, 345 K } 3 specimens total

{level: 10 Hz

R=0.25

Each specimen is tested at a single AK and f level while the T levels are scanned.
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TABLE 3.3: The Preliminary Short Crack Tests
AK (MPa+m) T (K) f (Hz) # of Tests
30.5 278 10 2
30.4 278 1 2
30.4 3256 10 1
30.5 326 1 1
14.5 326 1 1
144 325 10 1
R=0.25, ®¢c=—800 mV (SCE), Tests 13-18.

TABLE 3.4: The Short Crack Saltwater Tests

AK (MPaym) T (K) f (Hz) # of Tests
30.3, 21.1, 14.3 278 1 3
30.4, 21.0, 14.4 298 10 3
30.2, 21.0, 14.4 320 1 3
28.3, 21.0, 14.1 345 10 3

R=0.25, $¢c=—800 mV (SCE), One AK level per specimen, Tests 21-32.
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TABLE 4.1 : Properties of HY-130 Steel

Mechanical Properties

Proportional I.limit;1 : 730 MPa

Yield Strength (2% Offset) : 932 MPa
Tensile Strength : 974 MPa
Reduction in Area : 66%

Hardness : 34.6 R

Physical Properties

Melting Temperature : 1760 K (est.)
Density” : 7890 kg/m?

Magnetic Permeability® : 630 (max)
Electrical Resistivity® (20°C) : 0.35 uQ-m
Specific Heat® (20°C) : 489 J/kg-°C
Thermal Expansion® : 13.1x107¢ m/m-"C

Elastic Properties

Modulus of Elasticity’ (20°C) : 205 GPa
Shear Modulus (20°C) : 79 GPA (est.?)
Poisson’s Ratio : 0.294 (est.?)

Fracture Properties
K;, : 2756MPa{m (est.?)
6 .
Ky, ¢ 110 MPaym
K;}: 4 to 6 MPaym (est.?)

Electrochemical Properties

(De-aerated 3.5% NaCl Solution)

Free Corrosion Potential : -760 mV SCE
(est.®)

Thermal Conductivity® (20°C) : 27.7 W/m-"C

References

1. Boblenz et al., 1966;

4. Vosikovsky,1978;

6. Fujii, 1984;

2. Bell, 1968;

7. US Steel, 1968;

3. Ryder & Gallagher, 1974;
5. Hamburg, 1971;

8. Xu & Wei, 1988.

TABLE 4.2 : Chemical Composition of HY-130 Steel

Weight Percent wppm
C Mn P S Si Ni C Mo VY Al Fe N O H
.08 .70 .010 .004 .23 466 .40 .39 .03 .02 Baln, | 72 16 1.5
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TABLE 4.3 : Average Bulk Solution Properties

[0,] = 0.33 ppm pH = 6.2 Specific Gravity = 1.0235 (T=24.3"C)

TABLE 5.1 : Calibration Results

—_ 950 ., 5.0436
V = Vieasured X T X p (T)

p (T) = —4.937 + 6.080x10"2 T — 9.1x10~° T?
a = —1.603 + 2.342x10"! V — 8.774x10™* V2 + 2.575x10™¢ V3

gTa, = 2.342x10~!— 1.756x103 V + 7.725x10~¢ V2

VAR (@ = 1.270x10~% — 1.033x10~¢ V + 3.086x10~8 V?

=¥
N—r

— 3.900x107° V34 1.771x10~12 v

V : [uV] I:[mA] T : [K] a : [mm)

TABLE 6.1 : Argon Gas Fatigue CGR Test Results

Crack Growth Law : (g—i@-) . = CAK ™"
re

Crack Growth Law Parameters
T (K) C n
284 2.47x107¢ 3.33
208 2.39x1076 3.31
320 2.25x107° 3.36
345 1.37x10"% - 3.50
AVERAGES: 2.13x107° 3.37
92

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE 8.1: The Semi-Empirical Model Parameter Values

AK T g_ﬁ)max (gi%)sat Ogat K O
14.20 277.4 0.0804 0.0641 0.0037 0.645 0.0797
14.13 297.9 0.0712 0.0552 0.0020 2.248 0.2679
14.20 320.0 0.0827 0.0664 10.0027 4.718 0.7978
13.54 345.8 0.0747 0.0608 0.0067 9.467 4.9994
21.24 277.4 0.2731 0.2099 0.0166 0.262 0.0550
20.87 297.7 0.2405 0.1809 0.0062 0.949 0.1067
20.81 319.8 0.3015 0.2425 0.0197 1.187 0.3302
20.56 344.3 0.3071 0.2505 0.0238 2.950 1.3317
30.72 277.4 0.7239 0.5047 0.0704 0.115 0.0339
30.85 297.9 0.7864 0.5640 0.0193 0.342 0.0342
30.20 320.7 0.7827 0.5757 0.0198 0.976 0.1061
27.10 344.9 0.7053 0.5616 0.0505 1.470 0.4936

AK: [MPay] T: [K]; (ddﬁ

da

)max: [#m /cyc] (m)sa.t: [um/cyc] &: [cyc/sec]

0gat(Standard Error): [um /cyc]

o (Standard Error): [cyc/sec]
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TABLE 8.2 : The Results of the Fitted Empirical Model

(g—a-)max= CpAK™™

— =B o —
Cm = 2.871x10™° & &y, s ) = 0.359

nm = 3-005 & &nm = 0.118

Cs = 3.142x107% & &ln(Cs) = 0.468

ng = 2.889 & dp, = 0.154

K = Noexp(—%ETTa‘) & g = C,cAKn’c

AE, =27.83 % & opp, = 2.23 %
Cx = 2.871x107

ng = —2.328 & op,, = 0.268

(da/dN) . & (da/dN)sat: [pm/cyc] and AK: [MPaym]

Cm» Cs» & Cy: [(um /eye) /(MPad) 1], i=m, s, or

T: [K]
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AK pi,, —a(mV)  —d(mV)  Ad(mV) iPA" em™h) [Ha}(molt™!)
sca water 10 10.7 £7.9 90.3 57 7.3 x 1073 4.7 x 1073
Mg-free seawater 119 9.5 69.5 78 —
3.5% NaCl 12.3 30.7 0.7 13.0 —
sca water 20 0.7 67.8 68.7 6.0 93 x 10 29 x 107!
Mg-frec seawater 1.7 54.1 54.1 24 —
3.5% NaCl 12.1 228 228 10.8 —
seawater 40 1.8 474 9.6 5.3 1.2 x 107} 1.8 x 107}
Mg-free sca water 1.5 8.4 49.3 438 -—
3.5% NaCl 1.9 218 218 15.0 —

E™ = -100mV;R =05 =0.1Hz:/ = 2.0em; T = 5°C.

TABLE 8.3: The Effect of AK (MPaym) on the Crack-Tip pH and Potential (mV)
(Turnbull & Ferriss, 1986).

! pH., —fnu(mV) =y, (mV)  Ad(mV) iPAV em™")  [Ha](moll™)

seawater 0.01 10.8 SL3 54.6 8.5 1.0 x 107} 1.9 x 102
Mg-free sea water 12.5 14.3 14.3 3.6 —
3.5% NaCl 12.6 7.0 7.2 24 —
scawalter 0.1 0.7 67.8 68.7 6.0 9.3 x 10~% 2.9 x 107°
Mg-free sca water 11.7 54.1 541 24 —_
3.5% NaCl 12.1 028 28 10.8 —
scawater 1 10.0 121.7 131.6 18.1 1.2 x 1072 6.4 x 107*
Mg-freesea water .o 130.0 140.3 19.1 —
3.5% NuCl 11.5 125.9 126.9 106.0

E™ = —{0mV: R = 0.5 f=0.11z:0 = 20em: T = 5°C.

TABLE 8.4: The Effect of Cyclic Frequency, f (Hz), on the Crack-Tip pH and Potential (mV)
(Turnbull & Ferriss, 1986). _
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l{cm) pH,, b (MV) = Gp(mV)  Ad(mV) A" em™) [Ha](mol1™%)
scawater 2.5 x 1072 10,9 25 25 0.1 20x 1073 83 x 10~*
Mg-free sea water 1.3 0.0 0.0 0.0 —
3.5% NaCl 115 0.0 0.0 0.0 —
scawater 02 10,9 59 5.9 0.5 1.8 x 107} 8.6 x 1073
Mg-freeseawater 12.2 1.0 1.0 0.4 —_
3.5% NaCl 12.2 0.3 0.3 0.0 —_
seawaler 06 10.9 19.7 19.7 2.4 1.6 x 1073 7.6 x 1073
Mg-free scawater 12.1 8.2 83 2.9 —
3.5% NaCl 12.2 3.0 30 0.5 —_
scawater 2.0 10.7 67.8 68.7 6.0 9.3 x 107! 29 x 1077
Mg-freescawater 1.7 54.1 54.1 24 —
3.5% NaCl 12.1 228 23 10.8 —

E®™ = —1000mV: R = (.5: AK = 20MPam'®; f = 0.1 Hz: T = 5°C.

TABLE 8.5: The Effect of Crack Depth on the Crack-Tip pH and Potential (mV)
(Turnbull & Ferriss, 1986).

R PH.. —Fn(mV)  ~=dun(mV) AdmV)  iP(A%em™)  [Hy](moll™)

seawater 0.1 0.6 138.0 166.0 453 3.9 x 107 13 x 107
Mg-free sea water 1.3 135.8 162.6 45.7 _
3.5% NaCl 12.3 102.0 119.0 35.0 _
scawater 0.5 0.7 67.8 68.7 6.0 9.3 x 107 2.9 x 1073
Mg-freescawater 1.7 54.1 54.1 24 —
3.5% NaCl 12.1 ns8 28 10.8 —
seawater 0.8 10.8 25.5 258 03 1.5 x 1073 1.9 x 1073
Mg-freesea water 118 15.6 14.7 0.9 _
3.5% NaCl 11.8 6.3 6.6 0.5

E™ = ~1000mV; AK = 20MPam'*: f = (.1 Hz:/ = 2.0cni; T = 5°C.
TABLE 8.6: The Effect of R Value on the Crack-Tip pH and Potential (mV)
(Turnbull & Ferriss, 1986).
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Bulk environment E™ pH., —¢m(mV) =@ (mV)  AG(mV)  ilF(A%cemY) i2(A™cm™)  [HyJ(moll™Y)
3.5% NaCl —800 11.4 17.7 17.7 17.5 49 x 10°* -
3.5% NaCl(O, free) 109 1.5 1.5 0.1 1.2 x 1074 —
seawater (Mgfree) 1.2 18.1 214 6.1 32x 1w —
seawater (HCO; free) 10.6 3.8 4.0 0.3 1.9 x 107 1.0 x 1074
seawater 10.2 16.9 19.9 5.3 33x 107t 8.3 x 107 8.2 x 107*
3.5% NaCl —900 11.6 14.8 14.8 13.8 1.7 x 107 —
3.5% NaCi(O,free) 11.4 3.6 4.6 1.0 2.3 x 1074 —
seawater (Mgfree) 1.0 39.3 43.1 79 2.2 x 10t —
seawater (HCOj free) 10.6 13.6 154 33 5.6 x 10°* 79 x 1974
seawater 10.6 37.5 41.2 6.6 4.3 % 107* 2.1 x 1073 1.2 x 1073
3.5% NaCl —1000 12.1 22.8 228 10.8 5.0x 107 —
3.5% NaCl(O,free) 12.1 16.3 17.7 5.1 5.0 x 1074 —
sea water (Mg free) 1.7 54.1 54.1 2.4 3.6 x 1074 —
seawater (HCO3 free) 10.8 50.5 55.8 9.9 1.1 x 1073 3.2 x 1073
seawater 10.7 67.8 68.7 6.0 9.3 x 10™* 5.5 x 1073 2.9 x 1073
3.5% NaCl -1100 12.5 64.0 66.0 9.6 8.3 x 107} —
3.5% NaCl (O, free) 12.5 64.0 66.0 9.0 8.3 x 1074 -
seawater (Mg free) 123 91.3 91.3 6.3 6.9 x 107 —
seawater (HCOj free) 10.9 121.0 126.9 8.2 1.5 x 1073 6.7 x 1073
seawater 10.8 126.0 129.1 8.2 1.4 x 1073 1.4 x 1072 6.0 x 1073
seawater -1200 10.9 208.0 215.9 14.9 1.7 x 10*} 3.5x 1072 9.0 x 1072

R=05;AK = 20MPam'?;f = 0.1 Hz;/ = 2.0cmand T = 5°C.

TABLE 8.7: The Effect of Applied Potential on the Crack-Tip pH and Potential (mV) for Sea-Water

and 3.5% NaCl (pH=6.0) (Turnbull & Ferriss, 1986).
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FIGURE 2.3a: Corrosion fatigue crack growth data as a function of test frequency for
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FIGURE 2.3b:

12Ni-5Cr-3Mo steel tested in pH=7.0, 3% NaC]l solution
(Barsom, 1971).
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FIGURE 2.4: Corrosion fatigue cyclic crack growth rates in HY-80 steel as a function
of frequency and electrochemical potential (Gallagher, 1971).
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FIGURE 2.5a: Fatigue crack growth of a 0.5Cr-0.5Mo0-0.25V steel at constant load

range and frequency, versus elapsed cycles, for different temperatures
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FIGURE 2.5c: Arrhenius plot of the incremental fatigue crack growth rate in the
distilled water, for different values of AK (Misawa et al., 1976).
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corrosion fatigue as a function of AK (Misawa et al., 1976).
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FIGURES 2.6a & 2.6b: The fatigve crack growth rate of HY-130 steel in 3.5% NaCl, and air, as a

function of AK, for (a) the free corrosion potential, and (b) the Zinc corresion

potential, and four different loading frequencies (Vosikovsky, 1978).
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R=0.05, and (d) R=0.7 (Vosikovsky, 1978).
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buffered acetate solution (pH=4.2) (Wei & Shim, 1984).
(b) The effect of temperature on the characteristic frequency (v) for fatigue

crack growth in buffered acetate solution (pH=4.2) (Wei & Shim, 1984).
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FIGURE 2.8b: Change of crack growth rate with crack length for the Zinc coupled
condition under constant AK loading (Nakai et al., 1986).
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FIGURE 2.9: A schematic diagram illustrating the chemical and mechanical processes which occur in a

growing fatigue crack in an aqueous environment.
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FIGURE 2.10a: Some example potential-time curves of strain electrometry for a
copper material in a number of different environments (V measured

with respect to a Cu electrode) (Funk et al., 1957a).
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sulfuric acid, from the strain electrometry tests (V measured with

respect to SCE) (Funk et al., 1958).
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FIGURE 2.10c: A potential-time curve for an isolated bare surface of AISI 4340
steel in 0.3M Na,SO, solution via the in-situ fracture technique
(Wei & Alavi, 1988).
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FIGURE 2.11: A conceptual model for the hydrogen distribution at the crack-tip for
different frequencies. Note the change in size of the hydrogen

distribution zone, with crack growth, after a change in the loading

frequency (Pao et al., 1977).
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FIGURE 4.3b: A photograph of the calibration and FCG test fracture surfaces showing

the distinct surface zones and the crack length measurement scribe

marks.
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FIGURE 4.4: Photographs of the environmental chamber.
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FIGURE 4.5: A diagram of the saltwater solution supply system and the temperature control system.
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FIGURE 4.7: A schematic diagram of the ac potential crack length measurement system.
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FIGURE 4.9: The results of test 9 showing the ratio of the crack closure load to the maximum load for

an alternating AK calibration test. Note the presence of crack closure for the lower AK
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OF Y,

FIGURE 5.1: A schematic diagram of a linear functional relationship fit to some
experimental data, with only the Yi values affected by an error in
measurement. Note that the least squares fit relationship passes
through the estimated expected values of the Yi' The method estimates

the expected values and variance of Yi (Natrella, 1966).
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squares fit polynomial for the calibration relationship.
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FIGURE 6.8: Crack growth rate versus AK level in a dehumidified UHP Argon gas environment at

multiple temperature levels.
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FIGURE 7.1: A schematic diagram of the conceptual model for the interacting chemical and mechanical

processes which occur in a growing fatigue crack in an aqueous environment.
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FIGURE 7.2a: The infinite planar geometry and boundary conditions for the stress-
asgsisted diffusion problem - Case I: Uniform crack flank boundary

conditions.
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FIGURE 7.2b: The infinite planar geometry and boundary conditions for the stress-
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ass sted diffusion problem - Case II: Modified crack flank boundary
conditions to reflect an increase in the boundary concentration as the

crack-tip is approached.
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FIGURE 8.8: An Arrhenius plot for the reaction rate constant (x).
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FIGURE 8.9: A plot of the reaction rate constant (k) versus AK in logarithmic coordinates illustrating

the power law dependence.
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FIGURE 8.10: The experimental bare surface current transient data generated using the in-situ fracture

technique. The projected area of the bare surface (A} ) is 0.4 cm?(Wei & Xu, 1989).
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FIGURE 8.11: The experimental bare surface current transient data generated using the in-situ fracture

technique, for shorter times. The projected area of the bare surface (Abs) is 0.4 cm?
(Wei & Xu, 1989).
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FIGURE 8.12: The charge transfer as a function of time, for different temperatures. The charge

transfer is determined by numerical integration of I(xt) without subtracting off the

baseline current level (Wei & Xu, 1989).
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FIGURE 8.13: A direct comparison of the room temperature charge transfer data with the room

temperature CG response, for three different AK levels. The comparison is made

by vertically matching Ayt with (da/dN )sa.t’ at each AK level.
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FIGURE 8.14: The effect of applied potential (®¢c) on the kinetics and magnitude of charge transfer,
for a NiCrMoV steel in de-aerated Na,SO, solution. Note that the more positive
(anodic) ®ec curves exhibit a horizontal shift to longer times (smaller « values) and a

vertical shift to larger magnitudes (higher q_,, values) (Wei & Alavi, 1988).
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FIGURE 8.15: The influence of pH on the free corrosion potential (‘ch) of an AISI 4340 steel in
de-aerated 0.6N NaCl solution at room temperature (Xu & Wei, 1988).
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FIGURE 8.16: The variation of pH with distance from the crack-tip (”steady” periodic
value at 27ft=2n~) for different bulk solution chemistries. ESXt=_1.,0v

(SCE); R=0.5; AK=20 MPa<m; f=0.1 Hz; T=>5°C; and 1=2.0-cm
(Turnbull & Ferriss, 1986).
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APPENDIX A - DETAILED TEST RESULTS

SECTION A.1 - INTRODUCTION
This appendix contains the detailed test results for all of the fatigue crack
growth experiments. This includes: (1) a description of calibration experiments 1-12, and
some accompanying plots, (2) plots of the crack growth rate (CGR) versus crack length
for the short crack growth tests 13-20, (3) tabulated results from tests 21-35, along with
plots of the CGR versus crack length for the short crack growth regime of these tests,

and (4) plots of the total measured CGR versus reciprocal loading frequency.

SECTION A.2 - THE CALIBRATION TEST RESULTS
A.2.1 Background and Introduction

A total of twelve specimens were involved in the calibration phase of testing. The
first ten specimens (tests 1-10) were used in preliminary tests to determine the proper
equipment settings and procedures, and the last two specimens (tests 11 & 12) for
generating crack length (a) and potential drop (PD) data used for the calculation of the
calibration relationship.

Potential drop readings were taken both before and after the crack front marking
procedure, and each recorded PD value was based on an average of ten (tests 1-4) or
twenty-five (tests 5-12) successive, maximum voltage readings, over one loading cycle.
Two procedures were used for marking the crack front. Tests 1-4 used three overload
cycles (at 15 to 50% overload) every 0.64 mm, but did this not mark the crack front.
Tests 5-12 used alternating blocks of constant stress intensity factor, AK, over 0.75 mm
intervals of crack growth. The second procedure worked well when the normalized
change in AK level® was above 35%.

The results are listed by test and specimen serial number, and unless otherwise

noted, the test objective is to obtain data for the calibration relationship.

A.2.2 - The Result of Tests 1 Through 12

Test Numbers 1 (S16A-58) & 2 (S16A-61): These are room temperature,
laboratory air (RTLA) tests conducted with a constant alternating load, AP, a load
ratio, R, equal to 0.1, and a loading frequency, f, equal to 5 Hz. Test 1 used three, 15%
overload cycles and tests 2-4 used three, 50% overload cycles to mark the crack front.

-_ AK,. . — AK
! The normalized change in AK is defined as high low
AKave
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Lines scribed across the crack path, every 0.64 mm, were used to help indicate at which
point each overload cycle should be initiated. The results showed the PD ranging from 4
to 80 uV for crack lengths, a, of 0.1 to 15.6 mm; a problem arose with uneven crack

initiation in the thickness direction.

Test Number 3 (S16A-53): This was a RTLA test run under constant AK
control with R=0.1 and f=5 Hz. Crack initiation problems forced a premature end to
the test. Reasons for the uneven initiation include: the effects of the large gradient in
AK with respect to a, for a<0.26 mm, which leads to a large variation in the stress
conditions at the tip of an uneven notch whose length varies in the thickness direction,
and loading misalignment problems. The remaining specimens had their notch lengths

increased, from 0.10 mm to 0.25 mm, via electrical discharge machining, EDM.

Test Number 4 (S16A-30): This was a RTLA test with AK=16.5 MPaym,
R=0.1, f=5 Hz. The results showed an improvement in the initiation problem, with the
increased starter notch length, but that further improvement of the load alignment
procedure was still needed. The overload procedure for marking the crack front did not
work, and supply current flucuations of up to +15mA were observed, limiting the
usefullness of the a-PD data. Nevertheless, a least squares fit, 4th degree polynomial
relating normalized crack length, a-ay, to a normalized potential drop, (V-Vg)/ V,, was

obtained, where ay and V, were the initial notch length and PD, respectively.

Test Number 5 (S16A-36): This was a RTLA test with AK=19.26 & 13.75
MPaym, R=0.1, and f=5 Hz. This was the first test to use blocks of constant,
alternating AK to mark the crack front. Large changes in PD were observed when the
AK level was changed in the crack front marking procedure (see Figure A.l). Also,
uneven crack initiation remained a problem but a new load alignment procedure has

been developed to insure a proper specimen to load fixture alignment for future tests.

Test Number 6A (S16A-34): This test measured PD as a function of load, P, and
supply current, isup’ for a notched specimen. It was a RTLA test with the notch
potential initially stabilized by 150 load cycles at "AK"”=19.25 MPaym, R=0.1, and
f=5 Hz. The results showed a linear decrease in PD with increasing P, (slope=—2.25

nV/kN), and a linear increase with increasing igyp (slope=3.4 nV/mA) (see Figures A.2
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& A.3). The supply current was discovered to be distorted at currents greater than

965mA, and so igyp was decreased from 1000mA to 950mA, for all future tests.

Test Number 6 (S16A-34): RTLA test with AK=19.25 & 13.76 MPa+m,
R=0.1, and f=5 Hz. This was the first test to run without any problems, resulting in
useable a-PD data, from which an a-PD relationship was obtained. Because of the large
changes in PD with changes in AK, the average of the two PD values (i.e. - the PD at

each AK level) was used in calculating the a-PD relationship.

Test Number 6B (16A-34): This test was a repeat of test 6A, but with a crack
length of 18.4 mm. The results showed a crack length influence on the effects of P and
isyp on PD. The magnitude of the P effect was —135 nV/kN for 0<P<2.67 kN and
—404 nV/kN for 2.67<P<4.4 kN (see Figure A.4), and 92 nV/mA for the igyp effect

(see Figure A.5).

Test Numbers 7A & 7B (S16A-47): Test 7TA was used to determine the effect of
P and specimen temperature, T, on the notch PD while 7B measured the effect of f on
the notch PD. They were both RTLA tests with the notch PD stabilized by 500 load
cycles at "AK"”=19.25 MPaym, R=0.1, f=5 Hz, at the start of the test. The results of
showed that the effect of T was independent of the applied load, with an average effect
of 3.3 nV /K, while the effect of P, at different T values, was —1.94 nV /kN (see Figures
A.6 & A.7). The results of 7B showed significant increases in the PD, for increasing f,

with a logarithmic dependence on f. The effect was measured at 100.5 nV /decade (see

Figures A.8 & A.9).

Test Number 7 (S16A-47): This was a RTLA test with AK=19.25 & 13.75
MPay{m, R=0.1, f=5 Hz. Large errors in crack length prediction occurred at the start of
the test, and were attributed to V,, which is very sensitive to the notch geometry. This
led to large uncertainties in the value of (PD—V,)/V, when the PD was close to V.
Because of this, the normalized potential cannot be used in the calkibration relationship.
Temperature and current effects will be compensated by maultiplicative correction factors
(see Chapter 5). An AC ammeter, with 0-10V analog output, has been incorporated in

the AC potential system to provide information for the current correction factor.
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Test Number 8A (S16A-60): Most of the remaining calibration tests have been
performed in de-aerated 3.5% NaCl solution, at room temperature (DSSRT).

The purpose of this test was to determine the effect of f on the notch PD, in a
DSSRT environment, with AP=900 kN and R=0.1. The results showed two distinct
regions of behavior of magnitude 26.3 nV/decade for 0<f<0.6 Hz and 98.5 nV /decade

for 0.6<f<10 Hz (see Figure A.10).

Test Number 8 (S16A-60): A number of new experimental methods and
hardware were field tested for the first time including: full implementation of the DSS
plumbing, a constant delta strain energy density factor (AS) computer control program,
and implementation of the crack closure measurement system. Unfortunately, errors in

the control program caused premature specimen fracture, ruining the a-PD data.

Test Number 9A (S16A-43): The purpose of this test was to determine the effect
of f on the notch PD, folr different values of AP. It was a DSSRT test with AP values of
26.7, 17.8, and 4.4 kN, R=0.1, and 0.1<f<10 Hz. The results showed that the effect of {

decreases with decreasing AP levels (see Figure A.11).

Test Number 9 (S16A-43): Problems with the computer control program and the
electrochemical potentia‘.l control resulted in faulty a-PD data. Fortunately, the crack
closure system was able to prove itself by generating closure data over the range of
crack growth. Closure |[were present during the test, providing important data for
comparison with later tests (see Chapter 5). The addition of a peristaltic pump resulted

in better regulation of DSS flow rate.

Test Number 9B (516A-43): The purpose of this test was to determine the effect
of f on the PD. It was a DSSRT test with AP=2.2 kN, R=0.1, a=19.1 mm, AK=28.6
MPai{m, and 0.1<f<10 Hz. The results showed large changes in PD with f, 1500
nV /decade (see Figure A.12). The effect was not linear and might be due to crack

growth occurring during the test.

Test Number 10 (S16A-51): This was a DSSRT test with AK=33.0 & 27.5
MPaym, R=0.1, f=56 Hz. High AK levels were chosen to determine the effect of AK on

the a-PD relationship. Unfortunately, the crack front was not visibly marked.
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Test Number 11A (S16A-50): Changes in load ratio, from 0.1 to 0.25, and Lock-
in-Amplifier settings, (reference frequency: from 93 to 377Hz, and low-pass filter: from

30 to 300Hz), were made at this point.
This was a two part test to determine the effects of f and P on the notch PD. It

was a RTLA test with AP=17.8 kN, R=0.25, and 0.1<f<10 Hz for the first part, and
0.0<P<356.6 kN for the second. The results of the first part, though non-linear in
nature, resulted in an estimated effect of 114 nV/decade (see Figure A.13); the second

test’s effect was 15.8 nV /kN (see Figure A.14).

Test Number 11 (S16A-50): This was a DSSRT test with AK=27.56 & 22.0
MPaym, R=0.25, and f=5 Hz. As a result of the changes made in the LIA settings, the
PD values increased from their previous values. This was probably due to the decrease
in skin depth and increase in induced voltage. The test ran smoothly giving valid a-PD

data for use in the a-PD relationship.

Test Number 11B (S16A-50): The purpose of this test was to determine the
effect of f on the PD. It was a DSSRT test with AP=2.0 kN, R=0.25, a=15.0 mm,
AK=12.4 MPaym, and 0.1<f<4 Hz. The results show a large change in PD with f,
—2.0 4V /decade (see Figure A.15). This was probably due to large crack face contact,
which could be expected because of the decrease in ‘ K level, compared with test 11, A
recording of the PD and P signal waveforms was obtained for f=0.1 Hz, and is shown in
Figure A.16. Note the symettric, though non-sinusoidal, PD waveform and its position
relative to the P waveform. A similiar recording for test 12B was obtained which

provides an interesting contrast (see below).

Test Number 12 (S16A-66): This was a DSSRT test with AK=13.2 & 7.7
MPaym, R=0.25, and f=5 Hz. A most significant change in LIA setting was affected
when the DC output filter was changed from a single to a double filter (i.e.-from 6.0 to
12.0 dB/octave). All of the changes in PD, with changes in the loading parameters, were
greatly diminished, as shown in test 12B. The calibration data obtained from this test
and test 11 (corrected for the change in DC output filter setting) were used to obtain

the a-PD relationship.
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Test Number 12B (S16A-66): The purpose of this test was to determine the
effect of f on the PD. It was a DSSRT test with AP=1.6 kN, R=0.25, a=16.2 mm,
AK=10.6 MPaym, and 0.1<f<10 Hz. The effect of f was greatly diminished, as shown
in Figure A.17, and equal to F285 nV /decade, on each side of 1.4 Hz. A recording of P
and PD for f=0.1 Hz was obtained, for the two different DC filter settings, showing the
dramatic effect of the DC output filter setting (see Figures A.18 and A.19). Note the
unusual PD waveform and the relation of P to PD. This is probably due to crack face
contact with changing P level.

Test 12B marks the end of the calibration testing phase of the experimental

program and the start of the ”short” crack growth rate testing phase (tests 13-20).
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TABLE A-i: TEST NUMBER 21

Specimen Serial Number : S16A-62
Solution Environment: De-aerated 3.5 % NaCl Solution

Short Crack Data: {0.72% a £10.12} (mm)

f (Hz) =1.0
T (K) = 277.4 Spline Coefficients and Breakpoints
oK (MPa/m) = 30.33 Ng ag ox10'  ax103  agxto®
R = 0.250 (keye) (keye)
dee (mV SCE) = -797.2
6 5 1. 15.156 10.318  9.3632 80.894 -82.654 22.546
VAR(da/dN) x 107 (um/cye)® = 1.6339 2. 22.546 18.891  13.084 19.814  .N.955  28.623
ae (da/dN)maX (mm) = 6.40 3. 28.623 27.376 15.119 47.133 -38.069 48,405
(da/dN)max (um/cye) = 0.3107
@ (da/dN) . /(da/dN) ; = 1.091
Long Crack Data: {9.18£ a £18.16} (mm)
Test £ (da/dN), VAR x 10® (dazan), var x 10® T O No.
Order (Hz) (um/cye) (um/cyc)2 (um/cye) (um/cyc)2 (MPavm) (K) (mV) Obs.
1. 1.0 0.2848 1.7192 0.07191 3.7198 30.35 0.250 277.2 ~796.6 33
2. 5.0 0.2403 1.2650 0.02601 3.2656 30.41 0.250 277.2 -796.6 26
3. 10.0 0.2465 1.3673 0.03244 3.3679 30.40 0.251 277.2 -796.6 17
y, 2.5 0.3081 2.1599 0.09216 4.1605 30.48 0.250 277.2 ~796.6 25
5. 0.5 0.3411 2.5527 0.1235 4.5533 30.55 0.251 277.2 -796.6 22
6. 0.1 0.5346 6.3153 0.3054 8.3159 31.03 0.248 277.7 -796.6 20
T. 0.05 0.7183 11.306 0.4719 13.307 31.71 0.244 277.6 -796.6 17
8. 0.25 0.3985 2.9793 0.1752 4.,9799 30.79 0.251 277.5 -796.6 28
9. 1.0 0.3178 2.8543 0.09081 4.8549 30.94 0.251 277.4 -796.6 35
AVERAGE VALUES: 2.8094 30.72 0.250 277.4 ~796.6 190
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Specimen Serial Number

TABLE A-2:
: S16A-11

Solution Environment: De-aerated 3.5 % NaCl Solution

Short Crack Data:

TEST NUMBER 22

{0.29< a £10.08} (mm)
f (Hz) = 1.0
T (K) = 277.6 Spline Coefficients and Breakpoints
AK (MPav/m) = 21.08 Ng % ax102  ax1o a3x106 Ne
R = 0.250 (keye) (keye)
¢ (mV SCE) = -796.9
ec M ) 6 > . 19.801 9.9430 47.164 38.331 -42.318 67.745
VAR(da/dN) x 10 (um/cye)® = 0.56224 2.  67.745 36.183  60.678  18.042  43.708 106.483
ae@ (da/dN)max (mm) = 4.48
s (da/aN) .. (um/cye) = 0.1105
© (da/adN) . /¢da/dN);c = 1.007
Long Crack Data: {9.08s a £17.12} (mm)
Test £ (da/dN), VAR x 10° (da/aN),, VAR x 108 AK R T ¥ No.
Order (Hz) (um/cye) (um/cyc)2 (um/eye) (um/cyc)2 (MPavm) _ (K) (mV) Obs.
1. 1.0 0.1097 4,1217 0.04576 93.982 21.15 0.250 277.5 ~-796.3 75
2. 5.0 0.09397 6.3047 0.02983 96.165 21.17 0.250 277.4 -796.3 36
3. 10.0 0.08383  12.423 0.01939 102.28 21.20 0.250 277.3 -796.3 40
u, 2.5 0.09581 34.058 0.03106 123.92 21.23 0.250 277.3 -796.3 43
5. 0.5 0.1352 89.420 0.07015 179.28 21.26 0.250 277.2 -796.3 Yy
6. 0.1 0.2512 392.23 0.1857 482.09 21.30 0.250 277.7 -T796.3 27
7. 0.05 0.2649 486,14 0.2183  576.00 19.23 0.271  277.6 -796.3 12
8. 0.25 0.1947 298,28 0.1282 388.14 21.40 0.250 277.% -796.3 51
9. 1.0 0.1526  270.91 0.08507 360.77 21.50 0.251 277.5 -T796.3 3
AVERAGE VALUES: 85.534 21.24 0.250 277.% -796.3 257
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Specimen Serial

TABLE A-3: TEST NUMBER 23

Number : S16A-L0
Solution Environment: De-aerated 3.5 % NaCl Solution

Short Crack Data: {0.26< a £9.90} (mm)

£ (Hz) = 1.0
T (K) = 277.8 Spline Coefficients and Breakpoints
5K (MPa/m) = 14.33 Ng o ax102  axiot c3x105 Ne
R = 0.250 (keye) (keye)
] (mV SCE) = -796.6
e 6 > . 23.93%  8.5814 14.745  99.758 -70.707  38.000
VAR(da/dN) x 10° (um/cyc)® = 14.294 2 38.000 11.314 21.782 0.30309 3.2313  76.189
a @ (da/dN) . (mm) = 5.78 3. 76.189 19.995  24.254  12.643 -13.855 218.084
(da/dN)max (um/cye) = 0.05307
(da/dN) .. /(da/dN); - = 1.231
Long Crack Data: {8.915 a <17.75} (mm)
Test £ (da/dN), VAR x 10° (da/dN),e VAR x 106 AK R T Bee No.
Order (Hz) (um/cye) (um/cyc)2 (um/cye) (um/cyc)2 (MPavm) (K) (mV) Obs.
1. 1.0 0.04310  47.264 0.02565 55.394 14.32 0.251 278.6 -T96.3 66
2. 5.0 0.02609 19.802 0.008685 27.932 14,31 0.250 278.0 =796.3 4y
3. 10.0  0.02431 21.510 0.006986 29.640 14.29  0.250 278.1 -796.3 50
4, 2.5  0.03576 50.844 0.01856 58.974 14.26  0.251 277.6 =796.3 53
5. 0.5  0.06009 147.36 0.04301 155.49 14,23  0.251 277.5 =796.3 68
6. 0.1 0.08257 280.71 0.06561 288.84 14.20  0.251 277.5 ~=796.3 11
7. 5.0  0.03051 38.925 0.01359  47.055 14.19  0.251 277.4  =796.3 41
8. 10.0  0.02203 20.476 0.005265 28.606 14.15  0.250 277.3 -796.3 60
9. 2. 0.03487 51.417 0.01834  59.547 14.09  0.250 277.2 -796.3 67
10. 1. 0.04746 94,865 0.03132 102.99 13.99  0.252 277.1 -796.3 59
AVERAGE VALUES: 50.993 14,20  0.251 277.4 -796.3 453
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Specimen Serial Number

: S516A-28

TABLE A-4: TEST NUMBER 24

Solution Environment: De-aerated 3.5 % NaCl Solution

£ (Hz) = 10.0
T (X) = 297.8

AKX (MPavm) = 21.04

R = 0.250
- {mV SCE) =

VAR(da/dN) x 10® (um/eye)? = 0.21647

a @ (da/dN) .,

~796.6

(mm) = 2.55

Short Crack Data:

(da/dN-)max (pm/cye) = 0.1093

(da/dN)

max/(da/dN)LC =1 -239
Long Crack Data: {9.01< a £17.93} (mm)

— (keye)

{0.72s a £9.98} (mm)

Spline Coefficients and Breakpoints

Ng o)

ox102  apx103  agx10® N

(keye)

2.
3.
b,

16.336  10.294
27.051 15.200
56.139  30.754
59.298 32.371

36.584 23.737 -18.369 27.051

51.474
51.567

4.,0555 -2.7665 56.139
-3.9916 14.226 59.298

51.016 0.5030 0.1977 112.746

Test £ (da/dN), VAR x 10% (da/am), VAR x 10® R T 8 No.
Order  (Hz) (um/eye) (m/eye)? (um/eye) (um/cye)?®  (MPa/m) (K) (mV) Obs.
1. 10.0  0.08820  4.3767  0.02804 74.685 20.97  0.250 297.8 ~796.0 83
2. 2.5  0.1135  17.563 0.05363  87.871 20.94  0.250 297.7 ~796.0 51
3. 0.1  0.2312 102.88 0.1713  173.19 20.94  0.250 297.6 -796.0 34
3. 0.05 0.2579  150.94 0.1976  221.25 20.98  0.249 297.7 -796.0 9
5. 0.25 0.2344  161.28 0.1749  231.59 20.90  0.250 298.0 -796.0 32
6. 0.5  0.2045 159.52 0.1451  229.83 20.89  0.250 297.9  -796.0 38
7. 1.0 0.1676 132.20 0.1086  202.51 20.85  0.250 297.8 -796.0 60
8. 5.0  0.1011  67.633 0.04226 137.94 20.83  0.250 297.7 ~796.0 37
9.  10.0  0.08661  66.356 0.02833 136.66 20.77  0.250 297.7 =796.0 48
10. 2.5  0.1177  150.35 0.05970 220.66 20,74  0.250 297.7 ~796.0 41
AVERAGE VALUES: 122.70 20.87  0.250 297.7 =796.0 350
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TABLE A-5: TEST NUMBER 25

Specimen Serial Number : S16A-44
Solution Environment: De-aerated 3.5 % NaCl Solution

Short Crack Data: {0.725 a £10.17} (mm)

f (Hz) = 10.0

T (K) = 298.1

AK (MPavm) = 30.38
R = 0.250

Qec {mV SCE) = ~796.6

6 - y . 13.856  10.309 8.0540 61.368 ~-25.002  30.291
VAR(da/dN) x 10° (um/cye)< = 1.2742 2. 30.291 29.985 14,763 20.276 -51.011  37.585
a @ (da/dN)p,, (mm) = 4.98 3. 37.585 40.962  14.885 -16.931  U7.848 51.240

Spline Coefficients and Breakpoints

Ng o ox10'  ax103  agxto® W,
(keye) (keye)

(da/dN)max (um/cye) = 0.2789
(da/dN)p,,/(da/dN); ¢ = 1.121
Long Crack Data: {8.01< a £16.77} (mm)
Test £ (da/aN), VAR x 10% (da/aN),, VAR x 106 A R T Peq No.
Order (Hz) (um/cye) (um/cyc)2 (um/cye) (um/eyc)2 (MPavm) (X) (mV) Obs.
1. 10.0  0.2489 1.2930 0.04192  1.8407  30.48  0.250 ~ 298.0 -796.3 115
2. 0.05 0.7726 13.122 0.5611 13.670 30.68 0.250 298.0 ~796.3 13
3. 2.5 0.2944 1.9647 0.08448 2.5124 30.61 0.250 298.0 -796.3 1
u, 0.1 0.7692 14,248 0.5563 14,796 30.74 0.250 298.0 -796.3 29
5. 1.0 0.3697 3.1202 0.1552 3.6679 30.31 0.250 298.0 ~796.3 55
6. 0.25 0.6191 8.2581 0.4011 8.8058 30.96 0.250 297.9 -796.3 25
T. 5.0 0.3067 2.0194 0.08547 2.56T1 31.10 0.250 297.9 -796.3 41
8. 0. 0.5143 5.2547 0.2859 5.8024 "31.40 0.249 297.9 -796.3 53

AVERAGE VALUES: 3.1285 30.85 0.250 297.9 -796.3 257
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TABLE A-6: TEST NUMBER 26

Specimen Serial Number : S16A-31

Solution Environment: De-aerated 3.5 % NaCl Solution

Short Crack Data: {.425 a £9.85} (mm)

f (Hz) = 10.0
T (K) = 297.9 Spline Coefficients and Breakpoints
AK (MPavm) = 14.40 Ng % a;x10%  ayx10® a3x106 Ne
R =0.250 (keye) (keye)
¢oo (mV SCE) = -796.6
6 5 1.  14.198 8.8849  12.021 16.128 -28.156 70.278
VAR(da/dN) x 10° (ym/cye)< = 7.5972 2. 70.278 17.335 16.639 0.3387 -0.5759 263.112
a @ (da/dN) . (mm) = 2.00 3. 263.112 149.362 16.221 -0.7719 9.4699 327.661
(da/dl\l)max (pm/cye) = 0.03440
(da/dN)max/(da/dN)LC = 1.282
Long Crack Data: {8.50< a £17.72} (mm)
Test £ (da/aN), VAR x 10% (da/aN),, VAR x 106 R T Ber No.
Order (Hz)  (um/eye) (um/eye)? (um/cye) (um/cyc)2 (MPavm) (K) (mV) Obs.
1. 10.0  0.02684 27.823 0.009861 36.941 14.30  0.250 297.9 -796.0 121
2. 2.5  0.04750 92.897 0.03068 102.02 14.26 0.250 297.9 -796.0 77
3. 0.5  0.06737 189.21 0.05066 198.33 14.23  0.250 298.0 -796.0 5T
4, 0.1 0.07616 242,74 0.05953 251.86 14,21 0.250 297.9 -T96.0 8
5. 1.0  0.06191 160.91 0.04540 170.03 14.18  0.250 297.9 -796.0 54
6. 5.0 0.03816 61.419 0.02180 70.534 14,14 0.250 297.9 -796.0 75
7. 0.25 0.07410 231.97 0.05793 241.09 14.09  0.250 298.1 =-T796.0 54
8. 1.0 0.06407 173.50 0.04820 182.62 14.01 0.250 297.9 -T796.0 54
9. 5.0  0.03898 64,032 0.02352 73.150 13.90  0.251 298.3 =796.0 56
10. 10.0  0.03109  40.555 0.01592  149.673 13.82  0.250 298.4  -796.0 68
AVERAGE VALUES: 93.171 14.13  0.250 297.9 ~-796.0 503
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TABLE A-7: TEST NUMBER 27

Specimen Serial Number : S16A-54

Solution Environment: De-aerated 3.5 % NaCl Solution

f (Hz) = 1.0
T (K) = 320.4
AK (MPav/m) = 30.22

Short Crack Data: {0.70< a £10.04} (mm)

Spline Coefficients and Breakpoints

Ng g a;x10! a,x102 a3x103 Ne
R = 0.250 (kCYC) (kCYC)
¢ec (mv SCE) = -796.6
6 2 1. 10.014 10.223 21.606 9.7424 5.2188 15.278
VAR(da/dN) x 10° (um/cye)® = 18.358 2. 15.278 23.073  27.457  12.489 -59.389  16.229
a @ (da/dN)p,, (mm) = 5.45 3. 16.229 25.731  28.376  68.422  -2.5639 27.436
(da/aN) ., (um/eye) = 0.5543
(da/dN) . /(da/dN){ = 0.990
Long Crack Data: {9.01< a £18.01} (mm)
Test f (da/dN)e VAR x 106 (da/dN)cf VAR x 106 AK R T ®ec No.
Order (Hz) (um/cye) (um/cyc)2 (um/cye) (um/c:yc)2 (MPavm) (x) (mV) Obs.
1. 1.0 0.5600 9.2600 0.3468 17.980 30.17 0.250 320.3 ~796.3 4o
2. 0.25 0.7182 9.5172 0.5052 18.237 30.16 0.250 321.5 -796.3 25
3. 0.05 0.8563 23.256 0.6393 31.976 30.33 0.249 321.0 -796.3 12
y, 0.5 0.6993 6.1535 0.4858 14.873 30.18 0.250 320.5 ~796.3 17
5. 0.1 0.7888 17.946 0.5753 26.666 30.18 0.250 320.6 ~796.3 31
6. 2.5 c.4100 3.4582 0.1968 12.178 30.17 0.250 320.5 -796.3 37
7. 10.0 0.2746 0.79479 0.06139 9.5147 30.17 0.251 320.7 -796.3 29
8. 5.0 0.3369 1.9705 0.1220 10.690 30.24 0.250 321.2 ~796.3 35
9. 1.0 0.5993 8.2204 0.3837 16.940 30.27 0.250 320.0 ~796.3 20
10. 0.5 0.7023 4k 597 0.4770 53.317 30.67 0.247 321.1 ~796.3 6
AVERAGE VALUES: 6.0983 30.20 0.250 320.7 -796.3 212
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Specimen Serial Number :

S16A-63

TABLE A-8: TEST NUMBER 28

Solution Environment: De-aerated 3.5 % NaCl Solution

Short Crack Data: {0.71<5 a £9.97} (mm)

£ (Hz) = 1.0
T (K) = 319.2 Spline Coefficients and Breakpoints
AK (MPa/m) = 21.03 Ng 2 a;x101  ayx103 m3x1o‘l Ne
R = 0.250 (keye) (keye)
®__ (mV SCE) = ~796.6
ee 6 5 1. 12.134 10.277  10.593 -10.303  41.565 18.230
VAR(da/dN) x 10° (um/cye)® = 1.1155 2. 18.230 16.700  10.738  15.037  -6.7951 28.329
a @ (da/dN) . (mm) = 3.89 3. 28.329 28.194%  11.910 8.1752  1.1464 53.287
= (da/dN)max (um/cye) = 0.2277
(41}
(da/dN) . /(da/dN);; = 1.023
Long Crack Data: {9.00f% a $17.86} (mm)
Test £ (da/dN), VAR x 100 (da/dN),; VAR x 109 AK R T 3 No.
Order (Hz) (ym/cye) (um/cyc)2 (pm/cye) (um/cyc)2 (MPavm) (X) (mv) Obs.
1. 1.0 0.2227 1.2715 0.1602  85.752 20.95  0.250 319.3 -796.3 58
2. 0.25 0.2609 1.5908 0.1988  86.071 20.91  0.250 318.9 -796.3 49
3. 0.05 0.3694 4, 4459 0.3065  88.926 20.99  0.249 319.4 -796.3 21
4, 0.5  0.2532 1.5063 0.1916  85.986 20.86  0.250 319.8 ~796.3 u7
5. 0.1  0.3185 2.3757 0.2572  86.856 20.83  0.250 320.2 -T796.3 30
6. 2.5  0.1837 0.6003%  0.1227  85.080 20.80  0.250 319.7 ~796.3 56
T. 10.0  0.1089 0.19457  0.04867 84.675 20.72  0.250 320.1 ~T96.3 39
8. 5.0 0.1438 0.70080 0.08405 85.181 20.67 0.250 320.5 ~796.3 37
9. 1.0  0.2274 4y.7437 0.1685  89.224 20.58  0.250 319.8 -796.3 35
10. 0.5  0.2484 7.6721 0.1900  92.152 20.53  0.250 319.8 ~-796.3 21
AVERAGE VALUES: 1.5209 20.81  0.250 319.8 ~796.3 335
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Specimen Serial Number

: S16A-65

TABLE A-9: TEST NUMBER 29

Solution Environment: De-aerated 3.5 % NaCl Solution

Short Crack Data: {0.37< a 59

.89} (mm)
£ (Hz) = 1.0
T (K) = 320.3 Spline Coefficients and Breakpoints
K (MPa/m) = 14.38 Ng o @x102  ax103 agx10° Np
R =0.250 (keye) (keye)
- (mV SCE) = ~796.9
6 > 1. 9.997  8.7162 21.672  24.963 -U16.82  15.247
VAR(da/dN) x 10° (um/cyc)? = 0.26158 2. 15.247 10.098  29.034 3.0783 -4.3124 59.891
a @ (da/dN) .. (mm) = 4.98 3. 59.801 25.487  38.479 1.1531  -0.3641 132.323
(dasaW) . (um/cye) = 0.07502 4. 132.323 56.153  45.876 0.8894  146.027 141.085
(da/dN) ../ (da/dN){ s = 1.020
Long Crack Data: {9.015 a £17.80} (mm)
Test £ (dasdN), VAR x 10% (dasan),, VAR x 100 ak R T 8op No.
Order (Hz) (um/cye) (um/cyc)2 (um/cye) (um/cyc)2 (MPaym) (K) (mV) Obs.
1. 1.0  0.07352 17.653 0.05610  24.897 14.33  0.250 320.3 =796.0 65
2. 0.1 0.09249 43.056 0.07511  50.300 14.32  0.250 320.3 -796.0 27
3. 0.5  0.08327 51.289 0.06597 58.533 14.30  0.250 320.0 -796.0 5
u, 2.5 0.06876 146.97h 0.05154 54,218 14.28  0.250 319.8 ~796.0 10
5. 10.0  0.04526 31.159 0.02824  38.403 14.23  0.251 319.8 -796.0 53
6. 5.0 0.06007 7T7.632 0.04309 84.876 14.22  0.250 319.9 ~796.0 43
7. 0.25 0.09316 219.04 0.07642 226.28 14.16  0.250 321.0 <=796.0 54
8. 1.0  0.07787 168.64 0.06137 175.88 14.10  0.250 320.8 -796.0 64
9. 0.5  0.07946 193.29 0.06323 200.53 14.03  0.251 320.0 -796.0 55
10. 5.0  0.05702 105.71 0.04076 112.95 14.04  0.253 319.8 -796.0 26
AVERAGE VALUES: 82.115 14.20  0.251 320.0 =796.0 507
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Specimen Serial Number

: S16A-48

TABLE A-10: TEST NUMBER 30

Solution Environment: De-aerated 3.5 ¢ NaCl Solution

f (Hz) = 10.0
T (K) = 344.8

AK (MPavm) = 20.95

R = 0.250
9o (mV SCE) =

~796.9

Short Crack Data:

VAR(da/dN) x 10® (um/eye)? = 3.3752

a @ (da/dN)
(da/dN)

max

(mm) = 2.73
max (um/cye) = 0.1574
(da/dN)max/(da/dN)LC = 1.092

{0.77< a £9.91} (mm)

Spline Coefficients and Breakpoints

N ag a;x102  apx10 a5x10° Ne

(keye) (keye)
1. 9.468 10.540 71.456 57.508 -11.396 52.271
2. 52.271

4,904 85.632 $.7274 24,567  69.961

Long Crack Data: {9.11< a £17.73} (mm)

Test £ (da/dN)e VAR x 10 (da/dN)cf VAR x 106 AK R T @ec No.
Order (Hz)  (um/cyc) (um/cyc)2 (um/cye) (um/cyc)2 (MPavm) (K) (mV) Obs.
1. 10.0 0.1441 3.3244 0.08696 69.086 20.81 0.250 344.1 -796.3 51
2. 1.0 0.2301 1.2913 0.1732 67.053 20.79 0.250 344.8 -796.3 29
3. 0.05 0.4082 17.392 0.3510 83.154 20.82 0.249 343.8 ~796.3 11
g, 0.25 0.3141 1.9742 0.2578 67.736 20.72 0.250 344,.3 -796.3 29
5. 0.1 0.3638 13.168 0.3081 78.930 20.66 0.250 344.1 -796.3 39
6. 0.5 0.2820 11.235 0.2269 76.997 20.59 0.250 344.3 -796.3 31
7. 5.0 0.1993 3.6618 0.1452 69.424 20.49 0.251 344.4 -796.3 37
8. 2.5 0.2333 7.7344 0.1804 73.496 20.36 0.251 344.4  -796.3 37
9. 1.0 0.2424 13.762 0.1902 79.524 20.28 0.250 344.5 ~796.3 39
10. 0.5 0.2381 17.790 0.1867 83.552 20.19 0.250 343.9 -796.3 17

AVERAGE VALUES: 10.907

20.56 0.250 344.3 -796.3 269
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TABLE A-11: TEST NUMBER 31

Specimen Serial Number : S16A-38
Solution Environment: De~aerated 3.5 % NaCl Solution

f (Hz)

Short Crack Data: {0.80< a £9.67} (mm)

= 10.0

T (K) = 345.1

AK (MPa/m) = 28.32

Spline Coefficients and Breakpoints

NS ag a1x101 a2x101 a3x102
R = 0.250 (keye) (keye)
8o, (mV SCE) = ~796.6
6 5 1. 8.273 10.670  3.863% 33.681 -621.45  8.804
VAR(da/dN) x 107 (wm/eye)® = 11.939 > g gon  11.195  12.987 0.6795 -0.4884 19.573
a@ (da/dN)max (mm) = 3.97 3. 19.573 28.104 17.472 0.1535 0.0072 36.006
(da/dN)_ .. (um/cye) = 0.3344
(da/dN) . /(da/dN); o = 1.047
Long Crack Data: {9.00< a £17.37} (mm)
Test £ (da/dN), VAR x 10° (dasaN),, VAR x 10® sk R T 8 No.
Order (Hz) (um/cye) (um/cyc)2 (um/cye) (um/cyc)2 (MPavm) (X) (mV) Obs.
1. 10.0 0.3192 9.6784 0.1606 28.031 27.85 0.251 345.5 -796.0 34
2. 1.0 0.5675 11.132 0.4102 29.485 27.78 0.250 345.2 -796.0 26
3. 0.05 0.8533 36.673 0.7451 55.026 24,97 0.270 344.7 -796.0 8
4, 0.25 0.6702 7.6980 0.5180 26.051 27.52 0.250 344.9 -796.0 21
5. 0.1 0.7382 23.206 0.5887 41,559 27.38 0.250 344,3 -796.0 25
6. 0.5 0.6154 9.2979 0.4699 27.651 27.17 0.250 344.9 ~796.0 27
7. 5.0 0.3291 11.887 0.1903 30.240 26.81 0.250 345.0 -796.0 21
8. 2.5 0.4639 5.0093 0.3317 23.362 26. 44 0.250 344,9 -796.0 28
9. 1.0 0.5354 37.739 0.4094 56.092 26.08 0.250 344.8 -796.0 i8
10. 0.5 0.5108 119.16 0.3896 137.51 25.79 0.250 345.1 ~796.0 11
AVERAGE VALUES: 11.179 27.10 0.250 344.9 ~796.0 185
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TABLE A-12: TEST NUMBER 32

Specimen Serial Number : S16A-19
Solution Environment: De-aerated 3.5 % NaCl Solution

Short Crack Data:

{1.332 a £9.55} (mm)

£ (Hz) = 10.0
T (K) = 345.0 Spline Coefficients and Breakpoints
AK (MPaym) = 14.06 Ng o ax102  a,x10 a3x106 Ne
R = 0.250 (kCYC) (kcyc)
¢_. (mV SCE) = -796.9
c 6 ) 1. 9.875  13.181  19.350  37.652 ~-79.446  56.930
VAR(da/dN) x 10° (um/cye)® = 0.19344 2. 56.930 25.075 = 28.272 0.2687 35.845 101.872
a @ (da/dN) . (mm) = 3.40 3. 101.872 38.350  32.013  16.378 -86.104 162.875
(da/aN) .. (um/cye) = 0.05551
(da/dN),,,/(da/dN); o = 1.057
Long Crack Data: {7.00¢ a £17.29} (mm)
Test £ (da/dN), VAR x 10 (dazan),, VAR x 10® Ak R T b0 No.
Order (Hz) (um/cyc) (um/cyc)2 (um/cye) (um/cyc)2 (MPav/m) (x) (mV) Obs.
1. 10.0  0.05252  11.159 0.03838 14.665 13.97  0.250 345.3 -796.3 115
2. 1.0  0.06141 uh 304 0 04780 47.900——  13.82  0.251 386.6 =~796.3 28
3. 0.1 0.1139  189.4} 0.1004  192.95 13.78  0.250 345.3 ~-796.3 18
u, 2.5  0.06643 78.374 0.05323  81.880 13.70  0.250 346.1 -796.3 56
5. 0.25 0.08137 141.45 0.06850 144.96 13.60  0.250 345.8 -T796.3 34
6. 5.0  0.06722 113.40 0.05478 116.91 13.47  0.251 345.4  =796.3 31
7. 0.5  0.06851 132.63 0.05655 136.14 13.32 0.251 345.9 -796.3 34
8. 2.5  0.06269 123.04 0.05128 126.55 13.14  0.251 345.8 -796.3 41
9. 10.0  0.04758 78.853 0.03712 82.359 12.82  0.252 345.8 -796.3 13
10. 1.0 0.05197 98.73%4 0.04179 102.214 12.72  0.250 345.8 -796.3 22
AVERAGE VALUES: 114.59 13.54  0.251 345.8 -T796.3 277
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Test No.llB

Crack Length=15.0mm
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| [ |
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[ |
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Drop l.01uv
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FIGURE A.15 (TOP) & FIGURE A.16 (BOTTOM)
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Potential Drop (uV)

% Test No.1l2B

Crack Length=16.2mm
AP=1.6kN
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Test No.l2B
‘ Crack Length=16.2mm
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!
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!
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=
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FIGURE A.17 (TOP) & FIGURE A.18 (BOTTOM)
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Test No.l12B
Crack Length=16.2mm
f=0.1Hz
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A
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Load *
A
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-
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FIGURE A.19
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00g

HY=-130 Steel in 3.5% NaCl Solution
AK=31.3MPavVve & R=0.20 & £f=10H=z

Tenp=277K & ®4pp=—795aV SCE

[um/cycl
®

0 -4
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4 - Test No.13 (B16A-48)
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FIGURE A.20: A preliminary short CGR test result showing the influence of crack length on the CGR.

The give values for the test variables are only valid between a and b.
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HY=-180 Steel in 8.5% NaCl Solution
AK=31.0MPaVva & R=0.25 & f=1.0Hz
Tenp=277K & Papp=—795xV SCE

[um/cyc]
®
e

o -+f

L = o

o = __/\~‘J_ {

e ! |

n .2- a b
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9 - Test No.14 (S16A-6¢)
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FIGURE A.21: A preliminary short CGR test result showing the influence of crack length on the CGR.

The give values for the test variables are only valid between a and b.
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[um/cyec]

Growth Rate,.

HY=-1380 Steel in S.8X NaCl Solution
AK=3S0.4MPava & R=0.20 & f=10H=z
Tenp=320K & $4pp=-795aV SCE

8
\
/

Test No.18 (S164-39)
I | I | | 1 1 [ | [ | [ [ T I |

1 |
S 10 i5 20
Crack Size, [mm]

FIGURE A.22: A preliminary short CGR. test result showing the influence of crack length on the CGR.

The give values for the test variables are only valid between a and b.
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€03

[um/cyc]

Growth Rate,

HY=-130 Steecl in 83.8%X NaCl Solution
AK=3830.35NPava & R=0.28 & f=1.0H=

Test No.18 (8168A-87)
| SN WU R SO MNNNNE W NN WS NN TN SN NN N NN YU NN SUE S |

—9— — 10 158 20
Crack Size, [mn]

FIGURE A.23: A preliminary short CGR test result showing the influence of crack length on the CGR.

The give values for the test variables are only valid between a and b.
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-.075

[pm/cyc]

.05

-.025

Growth Rate,

0.

[ I N NIV NUNEN NS NN NS DN DU SN NN N 1

HY-180 Steel in 8S.5X NaCl Solution
AKk=14.8MPave & R=0.256 & f=1.0Hz

Tenp=3268K & 044,p=~795aV SCE

\l_, —

Test No.17 (S16A-48)

[ [ N TS DU I

S 10 15 20
Crack Size, [mn]

FIGURE A.24: A preliminary short CGR test result showing the influence of crack length or the CGR.

The give values for the test variables are only valid between a and b.
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Growth Rate,

.075

.05

-.025

0.

- BY-1S0 Steel in 8.5% NaCl Solaution
AKk=14.4MPava & R=0.25 & f=10H=z
-  Temp=320K & 8gapp=—795aV SCE

- Test No.18 (S16A-37)
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[mm]

FIGURE A.25: A preliminary short CGR test result showing the influence of crack length on the CGR.

The give values for the test variables are only valid between a and b.
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[pm/eyec]

Growth Rate,

HY=130 Steel in 3.6X NaCl Solution
AK=29.7¥PaVvm & R=0.20 & rf=10H=z

Temps=278K & @,,p=-795aV SCE

l |
e —

Test No.19 (S8i16A-38)
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FIGURE A.26: A preliminary short CGR test result showing the influence of crack length on the CGR.

The give values for the test variables are only valid between a and b.
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HY=-130 Steel in 3.5% NaCl Sclution
AK=29.7MPavn & R=0.285 & f=1.0H=z
Tenp=278K & Q‘pp=-795-7 SCE

[um/cyc]
o

g 4T

» 5

o i I

& I I

4 .2} a b
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2 = Test No.80 (S8168A-4%8)
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o S 10 18 20
Crack Size, [nm]

FIGURE A.27: A preliminary short CGR test result showing the influence of crack length on the CGR.

The give values for the test variables are only valid between a and b.
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(da/dN)o¢ [um/cyc]

0.0

HY-130 Steel in

De—aerated 3.5% NaCl Solution
AK=30.3MPaVm, R=0.25, f=1.0Hz
Te-§ﬁ277t'&*§a5557797iV(SCE)
pH=6.2 & [02]=0.5ppm

Test No.21:(S16A-62)

A —1 1 i | 1 J A 1 1

S 10
Crack Length [mm]

FIGURE A.28: A short CGR test reult showing the influence of crack length on the CGR. The dashed

line in the figure corresponds with the long CGR for these test conditions.
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(da/dN) s [um/cyc]
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.10

. HY-130 Steel in
De—aerated 3.5% NaCl Solution
AK=21.1MPaVm, R=0.25, f=1.0H=z
f Tenp=278K & §app=—797nV(SCE)
- pH=6.2 & [02]s0.5ppm
»
-
-
-
= — ——
.
- Test No.22:(S168A-41)
g ] I | | 1 1 1 1 [ ]
(0] 5 10

Crack Length [mm]

FIGURE A.29: A short CGR test reult showing the influence of crack length on the CGR. The dashed

line in the figure corresponds with the long CGR for these test conditions.
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HY—-130 Steel in
De—aerated 3.5% NaCl Solution
— AK=14.3MPaVm, R=0.25, f=1.0Hz
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FIGURE A.30: A short CGR test reult showing the influence of crack length on the CGR. The dashed

line in the figure corresponds with the long CGR for these test conditions.
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15
| HY—=-180 Steel in
De—aerated 3.5%7 NaCl Solution
—_ [ AE=21.0MPaVm, R=0.25, f=10Hz
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FIGURE A.31: A short CGR test reult showing the influence of crack length on the CGR. The dashed

line in the figure corresponds with the long CGR for these test conditions.
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HY-130 Steel in

De—aerated 3.5% NaCl Solution
[ AK=80.4MPaVm. R=0.25, f=10Hz
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FIGURE A.32: A short CGR test reult showing the influence of crack length on the CGR. The dashed

line in the figure corresponds with the long CGR. for these test conditions.
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- De—aerated 3.5% NaCl Solution
AK=14.4MPavVm. R=0.25, f£=10Hz
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FIGURE A.33: A short CGR test reult showing the influence of crack length on the CGR. The dashed

line in the figure corresponds with the long CGR for these test conditions.
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FIGURE A.34: A short CGR test reult showing the influence of crack length on the CGR. The dashed

line in the figure corresponds with the long CGR for these test conditions.
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FIGURE A.35: A short CGR test reult showing the influence of crack length on the CGR. The dashed

line in the figure corresponds with the long CGR for these test conditions.
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FIGURE A.36: A short CGR test reult showing the influence of crack length on the CGR. The dashed

line in the figure corresponds with the long CGR for these test conditions.
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FIGURE A.37: A short CGR test reult showing the influence of crack length on the CGR. The dashed

line in the figure corresponds with the long CGR for these test conditions.
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FIGURE A.38: A short CGR test reult showing the influence of crack length on the CGR. The dashed

line in the figure corresponds with the long CGR for these test conditions.
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FIGURE A.39: A short CGR test reult showing the influence of crack length on the CGR. The dashed

line in the figure corresponds with the long CGR for these test conditions.
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James P. Thomas was born on June 23, 1958 to Clifford and Margaret Thomas
in Detroit Michigan. He received his BSE in Mechanical Engineering in 1983 from the
University of Michigan-Dearborn, and his MSE in Mechanical Engineering in 1984 from
the University of Michigan-Ann Arbor.

During his undergraduate studies, Mr. Thomas worked as an engineering co-op
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consisted of assisting mechanical design and test engineers in their duties and lasted four
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Ph.D. in Applied Mechanics. His Ph.D. adviser was Professor R. P. Wei, and his
research topic was in the field of fatigue and fracture. He was a General Motors
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He is unmarried at present, and hopes to teach and do research as a university

faculty member in the future.

227

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



