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CHAPTER 1
INTRODUCTION
Problem Statement

It has been estimated that 50 to 70% of machine and structure
failures are due to fatigue [1]. Fatigue analysis is important for
design, troubleshooting of service problems, and failure analysis. In
the past, fatigue analysis <has relied heavily upon fatigue data from
constant-amplitude load-time histories [2, 3]. However, recent
research reveals that for some variable-amplitude load-time
histories, the traditional theory cannot provide satisfactory fatigue
life estimates [4-6].

In a study” by Zwerneman [6] where a loading program
consisting of overloads separated by nine small cycles was applied to
high-strength low-alloy steel samples, it was observed that the
overloads accelerated the fatigue damage above that predicted by a
linear damage summation model. @ The summation included both
overloads and minor cycles. This observation is not in line with the
traditional theory that overloads cause fatigue crack retardation [7-
9]. This is alarming since it was suggested that overloads can be

used to extend the fatigue lives of aircrafts [10, 11].



There are also reported cases of crack growth retardation
resulting from overloading [12, 13]. It seems that overload
retardation occurs under overloads at low rates of occurrence, while
overload acceleration occurs under overloads at high rates of
occurrence. There is a lack of knowledge concerning the transition
between overload acceleration and retardation. A better
understanding . of this transition will contribute to an improved
understanding of the mechanism of the overload effects on fatigue
crack growth, and provide important information on when overloads
are beneficial or detrimental.

It is generally accepted that no significant fatigue damage
occurs under a certain loading level. This loading level is called the
crack growth threshold. A large amount of fatigue crack threshold
data have been documented in the literature [14-16]. These data
were largely obtained under constant-amplitude load conditions and
have been used for engineering design, fatigue testing, and failure
analysis. However, it has been found that under variable-amplitude
load conditions, reported threshold data sometimes fail to represent
experimental results [17-19]. Further research on the fatigue crack
threshold is needed to provide a better understanding of the
threshold behavior, and more information on threshold values.

Among the many factors which the success of a fatigue study
depends upon, the effectiveness of measuring techniques for fatigue
damage is one of the most critical. Fatigue crack length, closure, and
striations are the commonly used parameters for quantitative

evaluation of fatigue damage. Recently, it was reported that the



acoustic emission technique can be wused to study the crack
propagation phase [20-25]. It is well accepted that fatigue damage in
metals generates acoustic emission activities [26-29]. Research on
aerospace structures showed that the acoustic emission signal is very
sensitive to small crack increments. McBride and Maclachlan [30]
discerned a crack increment of 20 um on a specimen attached to a
flying airplane. Horak and Weyhreter [31] detected cracks as small
as 0.010 in. long by 0.002 in. deep in threads on a nose landing
gear during fatigue testing. Carlyle and Scott [32] were able to detect
a fatigue crack in a laboratory specimen at approximately 100,000
cycles before it could be confirmed by visual examination. These
facts show that acoustic emission sensing is a promising technique.
However, the acceptance of this technique in fatigue study has been
very slow due to the experimental difficulty involved in isolation of
testing machine noise from real fatigue damage signals. More studies

are needed to promote its application.
Scope of Work

The present study investigates fatigue damage of ASTM AS588
steel under variable amplitude loads. It focuses on:
1. the effect of isolated periodic overloads on fatigue crack
growth, especially the transition phase; and
2. the threshold behavior of the steel.
Acoustic emission (AE), travelling microscopy (TM), back-face strain
(BFS), crack mouth opening displacement (CMOD), and scanning

electron microscopy (SEM) techniques are extensively employed in



this study. Some investigations were conducted into the applications
of these techniques.

Details of this research are presented in the following chapters.
Chapter II is a literature review of overload effects on fatigue
damage, and fatigue damage caused by loading cycles below the
threshold. @ The background on acoustic emission sensing, far-field
crack opening displacement techniques, and the fatigue striation
technique is also included. Chapter III describes the experimentali
investigation. Information on the K experimental setup, loading
program design, specimens and their orientation is presented.
Several aspects relating to the application of the measuring
techniques adopted, such as noise isolation in AE signal acquisition,
are investigated. Chapter IV contains the results and discussion. The
transition range of the overload effect is addressed statistically using
the results from five groups of experimental data. The fatigue
behavior of A588 steel below the crack threshold is discussed. The
CMOD and BFS results are employed to interpret crack growth
behavior. A comparison between the macrocrack and microcrack
growth results is also demonstrated. Summary and conclusions for
the present research are given in Chapter V. This chapter also

contains suggestions for future research.



CHAPTER 1I
LITERATURE REVIEW

Effect of Isolated Overloads on Fatigue Damage

Experimental Observations

It is well accepted that a single overload causes crack growth
retardation [33, 34]. Typical retardation phenomenon are illustrated
in Fig. 1 for a condition of constant stress intensity range. In this
figure, point A represents the point when a single overload is
applied. After this point, the crack growth rate decreases rapidly
until it reaches a minimum (point B), then it increases rapidly and
converges to a constant value at point C. This value is lower than
the crack growth rate before overloading. The crack tip at point A
propagates through a distance, Aa;, which is reported as being one-
quarter of the size of the affected zone [33, 35], before arriving at
point B. This behavior is termed "delayed retardation”.

When another overload is added to the single overload program,
it is expected that retardation still occurs. The number of loading
cycles retarded was found to be dependent on the crack increment
between the overloads [36], as shown in Fig. 2. Maximum
retardation occurs when the crack increment between the two

overloads, A al*, is equal to A a; (see Fig. 1). When the crack



da/dN

crack growth rate,

crack length, a

Figure 1. Typical Retardation Behavior Following a Single Overload



>

after the second overload, Ndz

number of retarded cycles

o

crack increment between overloads, d

Figure 2. Effect of the Crack Increment Between Overloads on
Retardation



increment is equal to or larger than Aa,*, the two overloads do not
interact. The parameter Aa2* is approximately three times the size
of the affected zone resulting from a single overload. It has been
shown experimentally [12, 13, 18] that overloads isolated by a
thousand minor cycles cause crack growth retardation in aluminum
2024, 2091, and 7075. |

In a recent study by Zwerneman [6], crack growth acceleration
was observed in compact tension specimens under overloads with a
high rate of occurrence. The number of the minor cycles between
the overloads was nine. The crack tip was tested under the mixed
plain stress and plain strain condition. The baseline for the crack
growth rate was the linear integration of the constant-amplitude load
results. Computational models, such as Willenborg's model (refer to
the section of Computational Models of the Crack Growth), were used
to calculate the growth rate resulting from the minor cycles.

Albrecht [37, 38] investigated the effect of isolated overloads on
the total fatigue life, i.e., the sum of the crack initiation life and the
crack propagation life, of welded specimens. Some fatigue damage
above the baseline was reported, but acceleration cannot be inferred
because the baseline did not include the damage caused by the
overload cycles.

Further support for the concept of crack growth acceleration
induced by overloads is found in recent research [39-42] indicating
that under certain conditions, crack growth acceleration occurs
immediately after a single overload is applied and before retardation

starts. The plain stress condition and small cracks were considered



to be the major factors contributing to acceleration. Therefore, if the
time interval between two adjacent overloads is within the transient
period of the acceleration, the isolated overloads might cause crack
growth acceleration.

According to the above discussion of previous research, it is
possible that overload retardation occurs when isolated overloads are
separated by a large number of minor cycles, and overload
acceleration occurs when overloads are separated by a small number
of minor cycles. However, documented work on the transition
between acceleration and retardation has not been found in the
literature. = One important focus of this research is to study the
transition range of the overload effect on fatigue crack growth in

AS588 steel.

Physical Models of the Overload Effect

Various physical models have been proposed for the mechanism
of crack growth after overloading in metals. @ Among them, the
residual stress model [8], the crack tip blunting model [7, 43], and the
plasticity-induced crack closure model [44] are the most popular.
The first two can be used to account for some aspects of crack growth
retardation behavior resulting from isolated overloads, but cannot
provide information on crack growth acceleration behavior. The
plasticity-induced crack closure model, the irregular crack front
model [42, 45], and the crack tip strain hardening model [46] are

relevant to the mechanism of acceleration.
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Residual Stress Model. After a single peak overload is applied,
residual stress ahead of the crack tip is compressive and higher than
that generated by the previous minor tensile cycles. Since the
compressive residual stress counteracts partly the effect of the
tensile loading, the overload retards crack growth.

This model does explain why crack growth is slowed down by
an overload, and is the basis of the computational models of Wheéler
[47] and Willenborg [10] (refer to the section of Computational
Models of the Crack growth). According to this model, the maximum
crack growth retardation should occur immediately after overloading
and the retardation should end when the crack is extended beyond
the plastic zone. This is inconsistent with the concept of delayed
retardation and the size of the retarded crack increment as
illustrated in Fig. 1. Also, there are experimental results [48]

showing that retardation is not caused by residual stresses.

Crack Tip Blunting Model. The overload cycle blunts the crack
and hence reduces the stress concentration factor at the crack tip.
Crack growth is retarded for a number of minor cycles following the
overload until the crack is reinitiated and propagates from the
blunted one.

Again, this model does not explain delayed retardation. An
analytical study [35] showed the crack increment that might be
retarded by blunting is only 2% of the minimum retarded crack
increment observed. Another common limitation of the two models

is the lack of explanation for crack growth acceleration.
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Plasticity-Induced Crack Closure Model. An overload produces a

large plastic deformation zone similar to the one in the residual
stress model. When the crack propagates into the plastic zone, the
residual deformation left behind the crack tip retards the crack
growth.

This model can be extended conceptually to predict acceleration.
Delayed retardation can also be explained using the crack closure
concept, but certain reported cases concluded the plasticity-induced

crack closure model failed to account for the retarded crack growth

[49, 50].

Irregular Crack Front Model. After overloading, crack branching
and microcracking occur ahead of the crack tip. These irregularities
in the crack front usually reduce the stress intensity factor. Hence, it
was suggested [45] that the irregular crack front causes crack growth
retardation. However, accelerated crack growth in thin specimens of
2024-T4, 7075-T6, and 6061-T6 aluminum was also attributed to
overload-induced crack branching [42]. It was suggested that under
certain conditions, the overload may accelerate crack growth along

the heavily deformed shear band in the irregular crack front.

k Tip Strain Hardening Model. Strain hardening around the
crack tip after overloading was first considered as the cause of the
crack growth retardation, because the excessive, plastic deformation
strengthens the material in the vicinity of the crack tip [46]. But it

was found later [46, 51] that cracks in strain-hardening materials
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grow faster in the prestrained material condition than in the as-
received condition.  Thus, strain hardening may result in crack
growth acceleration due to reduced ductility.

As shown above, none of the currently existing models is
capable of depicting a complete picture of crack growth behavior
after overloading. But each model points out some important factors

governing the post-overload crack growth.

Computational Models of Crack Growth

Computational models have been developed to quantify crack
growth after overloading. They can bé classified into four categories:
non-interaction models, residual stress models, crack closure models,
and statistical models. Residual stress models and crack closure
models can be used to predict crack growth retardation resulting
from overloading, but none of the available computational models

accounts for acceleration.

Non-Interaction Model. The non-interaction model for crack
propagation is also called the direct integration model. In the direct
integration model, the interaction effect between the overloads is
ignored, and the crack growth increment is calculated by directly
summing up the effect of each loading cycle applied. For example,

using the Paris law [3],

(gl%);d(mv]m 2.1)
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this model yields,

Aa = f Nfd(AK)N]mdN (2.2)

Ny

where C and m are material constants, N is the number of the

loading cycles, (Z—I‘\‘,—) and (AK)y are the crack growth rate and stress
N

intensity range of the Nth-cycle, Ni and N, are the initial and final
loading cycles, and Aa is the crack increment between the loading
cycle N; and Ny. This model accounts for neither crack growth
acceleration nor retardation. It can provide a base line for study of

the overload effect.

Residual Stress Models. The residual stress models are based on
the concept that compressive residual stresses generated by an
overload are the primary cause of crack growth retardation. The
Wheeler [47] and Willenborg models [10] are two examples of this
class of computational -model. In both models, retardation reaches its
maximum immediately after overloading, then decreases gradually
as the crack propagates into the plastic zone, and finally converges to
a constant level if no more overload is applied. The two models
differ in the manner in which this behavior is described analytically.

The Wheeler model vadopts an empirical retardation parameter
to modify the direct integration model. For the ith cycle after

overloading, the crack growth rate is expressed as

(f}%),- = (Co) {d(ak)]™) (2.3)
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where (C p),- is the retardation parameter for the ith cycle. This

retardation parameter can be written as,

(rp)
(Coli= { (2.4)

1, (rp)i 2 (rreq)

where p is an empirical shaping parameter, (rp); is the size of the
plastic zone resulting from the ith cycle, and (rreq); is the size of the
plastic zone required to fully eliminate the overload effect at the ith
cycle, as shown in Fig. 3. The variable (rreq); is equivalent to the
distance between the crack tip and the boundary of the plastic zone

generated by the overload,

(rreq)i = aol + (rp)ot - ai
K 2
=aol + —1—(—-0—”“’£) - ai (2.5)

where ao! and a; are crack lengths at the overload cycle and the ith
cycle respectively; (rp),; is the size of the plastic zone generated by
the overload; Ko,,max is the maximum stress intensity factor for the

overload cycle; oy is the yield strength of the material; and the



plastic zone required
to fully eliminate the
plastic zone caused delay effect of overload

plastic zone
of cycle i

\_

\/\
ﬁ/‘ i e (rp)i>

< (rreq)u

Figure 3. Plastic Zones in the Computational Residual Stress Models
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parameter S is 2 for the plain stress condition or 6 for the plain
strain condition.

Instead of using a retardation parameter, the Willenborg model
introduces the concepts of "effective stress” and "compressive stress".

The parameter (rreq); from Eq.(2.5) is now expressed as

g 1L Er_el)z 2.6
(rreq)i [m(@ (2.6)

where (Kreq); is the stress intensity factor required to generate the
plastic zone of size (rreq);. The variable (Kreq); is a function of the
stress required to generate that zone (Greq);,, and the crack length at

the ith cycle, a;.
(Kreq)i =F (Oreq)i Yma; (2.7)

where F is a factor used to modify the solution for an infinite
center-cracked plate for the effects of free surface, finite width,
nonuniform opening stresses, and elliptical crack front [52].

Combining Eqs. (2.5) through (2.7) results in,

Komax)
(Oreqh = %W/ ﬂaoﬁl‘;;(;T) . aiJ (2.8)

The compressive stress of the ith-cycle is defined as,
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(Oreq)i < (Omax)i

(Gcom); = { o i(-)(cmax)i] ’ a2 ol (2.9)

The effective stresses of the ith cycle are defined as,

(thax)i - { {Onax) - (Fom)i] » (Gnax)i > (Gom); (2.10)
0 d (Onax)i < (Gom)

(£, )= {[(%in)i - (®om)i] » (Gnink > (Fom), 2.11)
0, (o;nin)i s (Q‘om)i

where (Gnaxj and (G;,; are the maximum and minimum actual
stresses in the ith cycle, and (o%q;); and (of,) are the effective
stresses Of (Gpgx); and (Gy;n); -

In the Willenborg model, the stress intensity factors and the
stress ratio are determined using the effective stresses rather than
the actual stresses. The stress intensity factors and the stress ratio

are expressed as,

(K&ax)i = (axh Yma; F | (2.12)
(Kepunl: = (0, Vma; F | (2.13)
(aK®) = (Kfuan) - (KEi) | (2.14)
(R€); = (K i) (2.15)

p—

K rehax)'

-
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where (K,‘i,ax),- and (K,e,,,-,,)i are the maximum and minimum stress
intensity factors of the ith cycle, and (AKe),- and (Re),- are the stress
intensity range and the stress ratio of the ith cycle. The parameters

(AKe),- and (Re),- can be used with the Paris law, Eq. (2.1), or the
Forman equation [53]. Using the Paris law, the Willenborg model

yields,

(gg;)l_ = c[(ake)I" (2.16)

Using the Forman -law, the model leads to,

a) - [(ake)} o
gN),-_[l &e(f],fc_)(m)i (2.17)

where K, is the fracture toughness of the specimen material.

Crack Closure Models. This type of model originates from the
physical model of plasticity-induced crack closure.  The crack

opening stress, takes the place of the minimum stress in the

Oop
loading cycle when the stress intensity range is calculated. That is,

(AK e =F [(Gnax) - (GopVma; (2.18)

where (AKeff),- is the effective stress intensity range for the ith cycle.
The crack opening stress is usually calculated using finite element

methods [9, 54-56]. If the Paris law is used, the crack growth rate
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for the ith cycle is,
da) = c (A" 2.19
[44) = cllakep] @9

Statistical Models. Similar to the direct integration model, the
statistical models do not account for interaction effects between
overloads. These models statistically calculate the average fatigue
crack growth rate using data from each loading cycle. For example,

the root-mean-square stress intensity range is defined as [57],

ne

AKms= AN 2, [(Aft)"]z (2.20)

i=1

where n, is the total number of the loading cycles, and AK, is the
stress intensity range of the ith cycle. The statistical crack growth

rate with the Paris law is,

g—lfl=c(AK,msY" (2.21)

Threshold Behavior of Fatigue Crack Growth

The curve of crack growth rate versus stress intensity factor can
be divided into three regions as illustrated in Fig. 4. In region III,
the crack growth rate is extremely high and the fatigue life is usually

insignificant. In region II, the growth curve is basically linear and
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Figure 4. Three Regions of the Crack Growth Rate Curve
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several crack growth laws (e.g., the Paris law) have been developed
to predict crack growth rates under loading cycles of given stress
intensity ranges. In region I, the crack grovyth rate decreases rapidly
as the stress intensity range decreases. When the crack growth rate
is below a certain value, crack growth becomes so slow that the
growth rate can be considered to be zero. There are several numbers
frequently used in the literature as this nominal zero growth rate.
They range from 2.5x10-10 m/cyc [58], to 10% m/cyc [34], to 107
m/cyc [59]. The number recommended by the American Society for
Testing and Materials is 1010 m/cyc [60]. The corresponding stress
intensity raﬁge, AK,,, is called the threshold stress intensity range or
the crack growth threshold. The threshold behavior is of interest to
this research.

Many fatigue threshold data have been published by various
investigators [14-16, 58, 59]. Most of these data were obtained
under constant-amplitude loads. In an attempt to predict the
threshold values, Barsom [14] studied various crack growth threshold
data reported for seven types of steel. He suggested that a
conservative estimate of the threshold stress intensity range for a

given stress ratio, R, could be [34, 61]

AK,,,:{ [6.4(1- 0.85R)] (ksi Vin), R >0.1 (2.22)
5.5 (ksi Vin), R <0.1

According to this equation, the fatigue crack propagation threshold is

only a function of the stress ratio, and is independent of the material
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properties of the steels tested. The fatigue threshold decreases with
increasing stress ratio when the stress ratio is above 0.1.

However, when variable-amplitude loads were applied, it was
found [17] that the concept of a crack growth threshold may not be
applicable. To study the fatigue crack growth behavior of steel
under variable-amplitude loads mainly consisting of below-threshold
cycles, Fisher [17] adopted random-block variable-amplitude stress
spectra with a Rayleigh-type distribution. From the crack growth
data, he concluded that the existence of a crack growth threshold
below which no fatigue crack propagation occurs is assured only if
none of the stress cycles exceeds this constant-amp&itude load
threshold. If any of the stress cycles exceed the threshold, fatigue
crack propagation will likely occur at a rate indicated by taking all
cycles to be damaging. |

Koterazawa [62] further Stl;ldied threshold behavior under
variable-amplitude loading conditio:ns. In the loading program he
used, overload blocks consisting j,of a few overload cycles were
separated by a large number of small cycles below the threshold.
Significant acceleration of crack propagation (more than one hundred
times the damage calculated using the non-interaction model) was
observed. He concluded that the threshold stress intensity range
loses its physical meaning under such loading conditions.

The fatigue limit in conventional fatigue analysis is similar to
the crack growth threshold in fracture mechanics. Under variable-
amplitude loads, unexpectedly short fatigue lives were observed in

some steel [63] and aluminum [19] components when the majority of
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the loading cycles were below the constant-amplitude fatigue limits.
It was concluded [63] that as long as some stresses exceed the
constant-amplitude fatigue limit, damage should be assumed to occur
under all cycles. In Ref. [19], it was aiso found that omission of cycles
lower than one-half of the endurahce limit increased the total life by
30 to 70%.

From the above review of threshold behavior under variable-
amplitude loading programs with the majority of cycles below the
threshold, it seems the existence of the high cycles accelerated crack
growth rather than retarded it. @ However, as mentioned -earlier,
overload. cycles may result in crack growth acceleration in some
cases and retardation in others. Therefore, it will be interesting to
examine the fatigue damage contributions of the below-threshold
loading cycles and the high cycles. This research will explore the
effect of the occurrence rate of the overload cycles, separated by a
number of minor cycles in a loading program, on the fatigue damage

of A588 steel.
Acoustic Emission From Metal Fatigue

Acoustic emissions are transient elastic stress waves generated
as a result of rapid strain energy release from localized sources
within solid materials [64]. In fatigue testing, acoustic emissions
result from three major sources [25]: (1) material deformation and
fracture within the plastic zone around the crack tip, (2) crack
extension, and (3) crack closure or friction between the crack

surfaces.  The acoustic emission signal measured during fatigue
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testing might provide insight as to the fatigue damage within the
material. As mentioned in the introduction, earlier research has
shown that acoustic emission signals from fatigue testing are very
sensitive to small crack increments, and signal identification and
noise isolation have been major obstacles to the application of this
technique. This research will attempt to apply acoustic emission
sensing to the overload study. The following is an introduction to the
characteristics of acoustic emission signals from fatigue testing and

the signal measurement technique.

Acoustic_Emission Characteristics

In primitive form, the acoustic emission wave is generally a
simple step or pulse [65]. However, due to signal reflections and
separations in the course of propagation from different sources to the
AE sensor, the measured signal is rather random and complicated.
There are basically two types of acoustic emission signals: the Burst
type and the continuous type. A typical AE signal of the burst type
is shown in Fig. 5 [65]. A continuous signal is composed of many
burst signals occurring at a high frequency and overlapping with
respect to time. The acoustic emission signals from fatigue testing
are of the burst type.

Generally speaking, the intensity of the acoustic emission signal
is material-dependent. For example, aluminum generates higher AE
signals during fatigue testing than steels [66]. For steels, the higher
the material strength, the more intense the acoustic emission [25]. It

has also been observed [67] that the AE signals resulting from crack
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propagation in some steel weldments are higher than those in their
base steel.

As to the effect of the loading frequency on acoustic emission,
Morton [68] studied AE signals from fatigue testing of aluminum
2024-T851 and magnesium EZ33A using load cycling frequencies of
1, 4, and 16 Hz, respectively. He concluded that the generic
behavior of AE signals due to fatigue crack growth was insensitive to
variations in the loading frequency. Similarly, Harris [69] reported
that the load cycling frequency did not affect the acoustic emission
signals from fatigue testing of aluminum 7075-T6 and 4140 steel

when both high and low frequencies were used.

Signal Collection

During propagation, acoustic emission waves cause mechanical
displacements at the surface of the material. These mechanical
motions can be transferred into electrical signals through the acoustic
emission sensors. This process is demonstrated in Fig. 6. The AE
sensor is usually placed on the surface of the specimen. The
interface between the sensor and the specimen is covered by some
coupling substance. The electrical signal output of the sensor can be
further processed using the AE instrumentation.

There are two major types of AE sensors: resonant type and
non-resonant type. The non-resonant sensors are also called broad
or flat frequency response sensors. The resonant sensors employ

piezoelectric elements and are more sensitive than the non-resonant
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Figure 6. A Typical Set-Up for Acoustic Emission Sensing
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type. This type of sensor typically detects acoustic emission signals
in a frequeﬁcy range centered at their resonant frequencies.
Broadband sensors are mainly used to investigate the frequency
spectra of the AE signals, where a wide frequency range is more
important than a high sensitivity.

Acoustic emission signals have a broad frequency range from
audible frequencies to above 1 MHz [65]. To determine the effect of
the operating frequency range of the AE sensor on the acoustic
emission measurement, several AE sensors of different frequency
ranges were used to monitor acoustic emissions during fatigue crack
propagation in aluminum 7075-T6 and 4140 steel [69]. The results
showed no distinguishable, qualitative differences in AE signal data
from the different sensors. |

The primary function of the coupling substance is to eliminate
any air gaps and ensure good contact between the sensor and the
specimen. The major consideration regarding the selection of the
couplant is that the coupling medium be viscous enough to
effectively transmit the shear wave components of the acoustic
emission signals.

The acoustic emission signal output from the sensors (before
amplification) can vary from below 10 mv to above 1 v. Most AE
signals from fatigue testing are at the lower end of this range [25].
Hence, the elimination of noise effects on the AE measurement is
very critical to the success of acoustic emission sensing. There are
basically two types of noise: mechanical noises and electrical noises

[25, 67]. Mechanical noises come from the hydraulic system of the
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fatigue testing machine, the machine surroundings, and the loading
elements. They can be isolated to some extent by physical or
electronic barriers. The electronic barriers include analog or digital
filters which discriminate against noises in a particular frequency
range. Electrical noises are mainly from the acoustic emission
instrument, and their effects can be attenuated by filtering and
setting appropriate values of some relevant parameters in the
instrument, such as threshold and gain.

Signal attenuation due to geometric and material factors might
also affect the detection of an acoustic emission source at a distance.
Fortunately, it has been shown [65] that for metallic specimens up to

12 in. in size, the attenuation is negligible.

Signal Processing

The acoustic emission signal output at the sensor will be sent to
a preamplifier and then to an acoustic emission instrument. The
preamplifier usually has a 40 dB! or 60 dB gain and a built-in
analog filter. The AE instrument may also have an amplifier with
adjustable gains and a built-in analog filter. Therefore, the acoustic
emission signal can be amplified at a desired magnification and the
effects of background noises can be attenuated before the data

acquisition (sampling).

IThe amplifier gain in dB is calculated as follows: dB =
20 log10 (output/input). For example, a 40 dB gain means that

the output is one hundred times the input.
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The sampled signals can be recorded in time domain or
frequency domain. In the time domain, the amplitude of the AE
signal is expressed as a function of time. In the frequency domain,
the signal amplitude is expressed as a function of frequency. The
frequency domain data are calculated from the time domain data
using the fast Fourier transformation (FFT) algorithm. This approach
has been used to study the predominant frequencies of the AE
signals from fatigue testing of welded beams [67]. It might also be
used to identify the noise frequencies for filter design and noise
attenuation purposes.

Several parameters which are frequently used to characterize
the acoustic emission signals from fatigue testing can be extracted
from the time domain data. They are event count, ring-down count,
energy count, and amplitude of an event. The following is a brief

description of each parameter.

Event Count. A complete burst signal of the acoustic emission
above the threshold setting of the instrument is counted as an event.
The signals below the threshold are ignored. The event count is the
total number of events. Therefore, the event count depends very
much upon the choice of the threshold. An appropriate threshold
value is very critical. When the threshold is too high, some
important events resulting from weak acoustic emission activities
may be missed. When the threshold is too low, background noises
may be counted as events by mistake. There is always a trade-off
between the signal integrity and the noise attenuation. The event

count provides information about the occurrence rate of the acoustic
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emission activities. But it gives no weighing in favor of the intense
emissions. This parameter is recommended for the case where the

acoustic emission events have a statistically uniform intensity.

Ring-Down Count. The number of times that the acoustic
emission curve crosses the threshold line (shown in Fig. 5) in an
event is defined as the ring-down count. It isﬁ also called "count"
This parameter qualitatively reflects the intensity of an event.
Electronically, this is a very easy measurement and was the first to
come into wide use [65]. Many researchers [21-23, 32, 70, 71] have

made attempts to relate the ring-down count to fatigue damage.

Energy Count. The area under the envelope of the acoustic
emission signal curve of an event is the energy count. The energy
count is dependent on both the amplitude and the duration of the
signal. It is a better representative of the intensity of an event than
the ring-down count. This parameter has only recently become
available in acoustic emi#sion instruments due to the complex

circuitry required [20, 65].

Amplitude. The amplitude of an event refers to the peak
amplitude of the acoustic emission signal during the event. It was
frequently used for studying fatigue damage in previous research
[24]. It might also be used in combination with the count to measure

the intensity of an event.
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Methodology of CMOD, BFS, and Striation Measurements

Farfield Crack Opening Displacement

In recent years, crack closure has been recognized to play a
dominant role in fatigue crack growth in metals [44, 54, 72-76].
There are four categories of measurement technique for crack
closure: (1) global or thickness-averaging compliance techniques, (2)
indirect thickness-averaging techniques, (3) surface techniques for
measuring closure near the crack tip, and (4) techniques which
measure closure in the specimen interior.

Two techniques from the first category, crack mouth opening
displacement (CMOD) and back-face strain (BFS), are generally
preferred. They pro(vide reproducible and practical, global
measurements of the avefage closure response, and are the most
logical choices for standardization [77, 78, 79]. The BFS and CMOD
are measured at locations far from the crack tip. Therefore, they are
also called farfield crack opening displaéements [80, 81]. Both

techniques will be tried in this research.

Crack Mouth Opening Displacement. Crack mouth opening

displacement is usually measured using a clip gage mounted across
the notch mouth and located at the specimen edge [79, 82]. The

stress intensity factor for crack opening, K is determined

op’
graphically from the load-displacement curve illustrated in Fig. 7. In
the figure, the crack is fully closed below point A, partially open

along curve AB, and fully open above point B. Any point on curve
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displacement or strain

Figure 7. A Typical Load-Displacement Curve
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AB could be used as a measurement of the opening load. However, it
was reported [81] that the intersection of the extension lines of line
AD and AE, point C, has a close relation to the da/dN - AKeff data.
Point C is typically used to determine the crack opening stress

intensity factor [77, 78].

Back-Face Strain. 'The back-face strain is measured using a
standard strain gage bonded to the back-face of a compact tension
(CT) specimen. According to a study using finite element analysis
[83], when a tensile load is applied to a CT specimen, the back-face
strains are compressive instead of tensile, and the maximum
magnitude strain occurs at the center of the specimen back face. So
the optimum location of the strain gage would be the back-face
center. ’l‘:ile;crask opening load is determined from the plot of load
versus magnitude of the back-face strain, as shown in Fig. 7. The
procedure is similar to that used in the CMOD measurement.

The BFS measurement technique is simple and inexpensive. It
has been reported to be reliable and sensitive [77,83, 84]. This
technique was developed later than the CMOD measurement

technique.

Fatigue Striations

Under a scanning electron microscope, many small parallel lines
can sometimes be observed on fatigue fracture surfaces. These lines
are called fatigue striations. From fatigue testing of aluminum alloys,

Forsyth and Ryder [85, 86] found that each striation represents the
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incremental advance of the crack front as a result of one loading
cycle. Other characteristics of the striation phenomenon are [11]:

1. It is material-dependent. For example, aluminum alloys usually
have more visible striations than high-strength steels.

2. The presence of striations on fatigue fracture surfaces may not
always be guaranteed due to metallurgical reasons and service
conditions. The striations may be straight or curved, continuous
or discontinuous.

3. The striations usually occur at intermediate stress intensity
ranges (AK), which correspond to the second region in Fig. 4.
At high AK levels, microvoid coalescence may occur. And at
low AK levels, a cleavage-like faceted appearance may occur.
Although the striation phenomenon is rather complicated in

nature, it has been used as a measure of fatigue crack increment [30,
43, 87, 88]. For example, with the aid of striation observation
results, McBride [30] successfully correlated a crack advance of 20
pm in a 7075-T6 aluminum specimen with its acoustic emission
signal. Hertzberg [87] found reasonable correlation at a given AK
level between the growth rate macroscopically determined using a
traveling microscope and the microscopic growth rate as measured
using the striations, in 2024-T3 aluminum alloy.

The striation phenomenon has also been employed to study the
fatigue damage under variable-amplitude loading conditions [89-91].
Striation spacings on fracture surfaces of aluminum 2024-T3, 7178-
T6, and 7075-T6 have been related to specific cycles in variable-

amplitude load-time histories. It was observed [90] that the



36

minimum striation spacing did not occur immediately after
overloading, which indicates the delayed retardation. It was also
noted [89] that a slightly expanded striation occurred following an
overload, which could be the sign of overload acceleration. It is
expected that SEM observation of striations will provide information

on the overload effect in the present investigation.



CHAPTER 1III
EXPERIMENTAL INVESTIGATION

To study the overload effect and the threshold behavior of
AS588 steel from different aspects, this research employed a traveling
microscope (TM), the acoustic emission technique, the farfield crack
opening displacement techniques, and fatigue striation observations
under a scanning electron microscope (SEM). The functional diagram
of the experimental study is shown in Fig. 8. Figure 9 shows the
major portion of the experimental setup. Specimens and their
orientation, loading program, macrocrack growth measurement,
acoustic emission signal acquisition, CMOD and BFS measurement, and

fatigue striation observation will be discussed in this chapter.

Specimens and Their Orientation

Specimen Description

Two standard compact tension (CT) specimens of A588-80A
steel were used in the present research. The CT specimens were
chosen because of their availability and the possibility of utilizing
some of their fatigué testing data from previous research [6, 82].
Both specimens were premachined according to the specifications of

the American Society for Testing and Materials (ASTM) [61].  Their
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Figure 9. A View of the Experimental Setup
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size is shown in Fig. 10. The width of the specimens is greater than
that used in other studies [80, 92]. A wider specimen leads to a more
accurate estimation of the stress intensity factor, since the stress
intensity factor is dependent on the ratio of the measured crack
length to specimen width. The notch on the specimens as well as the
loading g_rips and pins used were also designed according to ASTM
specifications. Their sizes are dependent upon the size and shape of
the specimens.

A588-80A steel is a structural steel used for highway bridges.
Chemical compositions are shown in Table 1 [6]. Table 2 [6] lists
mechanical properties in directions both longitudinal and transverse
to the rolling direction of the material.

On both specimens, a horizontal line and several vertical lines
were scribed along the path of crack growth as shown in Fig. 10. The
horizontal line represents the idealized plane of crack growth. It was
used as a base line to identify any deviation of the crack path. The
ASTM specifications stipulate that if at any point during testing, the
crack path deviates outside an envelope that encompasses the
material between two planes oriented at +5° from the idealized plane
of crack growth and intersecting at the axis of loading, the data are
invalid [61]. All vertical lines are references for crack length

measurement.

Specimen Orientation

The orientation of a specimen in relation to loading direction is
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TABLE 1
CHEMICAL COMPOSITION OF THE CT SPECIMENS [6]

42

Source

Chemical Composition, %

S

Si

Ni

Cu

Cr

Al

Mill Test

0.13

1.02

.015

017

0.48

0.35

0.22

0.57

.050

Laboratory

0.14

0.99

.014

.031

0.37

0.34

0.21

0.56

0.01

.034

.024
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TABLE 2
MECHANICAL PROPERTIES OF THE CT SPECIMENS [6]

Yield Stress | Ultimate Elongation Reduction
(ksi) Stress (ksi) (%) of Area (%)
Orientation L -|- 2l L T L T L T
Mill Test ®| 3.2 90.8 185" i
P'\‘fvsoerit 50.0°| 49.4°| 82.9 | 82.5 | 33.0°| 27.0°| 67.5 | 47.0

1L, = longitudinal to rolling direction.

2T = transverse to rolling direction.
3Orientation unknown, load rate unknown.
4Gage length of 8 in.

SStatic yield stress.

6Gage length of 2 in.
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an important factor governing the fracture toughness of the
specimen [11, 93]. Orientation also influences the relationship
between crack growth rate and stress intensity range [6]. Several
possible orientations of the standard specimens are shown in Fig. 11.
The code system for the specimen orientation consists of two
hyphenated letters, with the first representing the loading direction
and the second representing the crack growth direction. The letter
"L" stands for the longitudinal (rolling or extrusion) direction, "S" for
the thickness direction, and "T" for the transverse direction.

It was previously known that the orientation of the specimens
used in this research is either L-T or T-L. Since grains and inclusions
in a steel plate elongate along its longitudinal direction, a metallurgy
test was carried out to determine the "L" direction of the specimens.
The result showed that the specimens are in the L-T orientation as

illustrated by the shadowed specimen in Fig. 11.
Loading Program

Loading Spectra

Four groups of loading spectra were adopted in this research.
The first three groups are isolated overload spectra. The last group
is a constant-amplitude loading spectrum. Table 3 is a summary of
all loading spectra used. Details of each loading group and the
objectives it served are described below.

The first loading group has six isolated overload spectra. They

share the same overload cycles and minor cycles. Their stress



Figure 11. Orientations of CT Specimens
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A SUMMARY OF THE LOADING SPECTRA

TABLE 3.3

Parameters Overload Cycles Minor Cycles
. AK, Ko,max Ko,min R AKn Km,max Km,min Ry n
Loading 0 Rm
Group (ksNim)[ksNin){ksNin)| (ksXin)fksKin) (ksXin)
0, 4, 9, 49,
1 15 16.7 1.67 0.1 4.5 6.17 1.67 9.3 0.3 99, 999
2 45 64.3 | 19.3 0.3 13.5 | 32.8 | 19.3 0.6 0.3 9, 49
top 16.7 | 12.2 0.7
3 |[middle | o | 167 | 167 0.1 4.5 11.5 | 6.92 0.6 | 0.3 9
bottom 6.17 1.67 0.3
constant-amplitude loading
4

AK, Kmax, Knin = 8.5,9.44 0.944(ksifin) and R= 0.1

o
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intensity factor versus time histories are illustrated in Fig. 12. The
stress range ratio or stress intensity range ratio of the minor cycles
to the overload cycles, R,, was chosen to be 0.3. As compared to the
R, values (0.4 or 0.5) used in other overload studies [36, 41, 94], 0.3
is relatively small and is expected to give a more significant overload
effect. The stress ratio or stress intensity ratio of the overload

cycles, R_, is 0.1, which is the same as that adopted in Refs. [6, 82]

o’
for data comparison. The stress intensity range of the minor cycles
was chosen to be 4.5 ksifin. It is below the threshold level of 4.93
ksilin., calculated using the Barsom formulé in Eq. (2.22). The only
difference between the six spectra in this group is the number of
minor cycles between two adjacent overloads, n. Values for n were
chosen to be 0, 4, 9, 49, 99, and 999, respectively. This loading group
was employed to study the transition from overload retardation to
acceleration as well as the threshold behavior under variable-
amplitude loading.

The second group of loadings was designed to make striations
and crack opening displacement more visible by increasing the stress
intensity factor and the stress intensity range. Increasing the stress
intensity factor leads to a larger plastic zone ahead of the crack tip
and more visible crack opening displacement. Increasing the stress
intensity factor and the stress intensity range leads to a wider
striation spacing. The stress intensity range of the minor cycles and
the stress ratio of the overloads were chosen to be 13.5 ksilin. and

0.3 instead of 4.5 ksilin. and 0.1. This higher stress ratio is also

expected to reduce the abrasion between the fracture surfaces and



Stress Intensity Factor, K

A AKo= Ko,max - Ko,mln

Ko,max

Km,max

Km,mm

(Ko,min)
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protect the striation profiles. The R, value remains 0.3. This group
has two isolated overload spectra, one with n = 9 and the other with
n = 49,

In the first two groups of loading, the minor and overload cycles
have the same minimﬁm étress intensity factor. Practical load-time
histories usually have minor cycles with different minimum stresses.
To study the effect of varying minimum stress, tests were conducted
in which the stress intensity range of minor cycles was held constant
but the minimum stress intensity factor varied. This third loading
group has three isolated overload speétra similar to the spectrum
with n = 9 in the first loading group, except that the stress ratio of

the minor cycles, R, , in each spectrum has a different value. The

m?
relative position of the minor cycles with respect to the overload
cycles in each loading spectrum is shown in Fig. 13. In the following
discussion, the effect studied in this loading group will be referred to
as the minor cycle stress ratio effect or the R, effect.

For the above three groups of loading, each loading spectrum
was applied at a different crack length. Thus, the effect of the crack
length was a concern. A final loading group was designed to study

the effect of crack length. The last loading group has a constant

stress intensity range of 8.5 ksilin. and a stress ratio of 0.1.

Loading Procedure

The loading system used is an MTS 810 material testing system.

It includes an MTS 318.10 fatigue loading frame with a 22 kip,



50

A
2>
2
eX
25
¥ VALY
- (O
N w
»
Time, t
(a) with minor cycles at the bottom level of
overload cycles
A
>
»
c
(]
£ () VUV V\ f
25
¢o
oL
»-
Time, t
(b) with minor cycles at the middle level of
overload cycles
: | MWW
: AVAVAVAVANAAY Y U
2
Ex
25
%
- O
»w
>

Time, t

(c) with minor cycles at the top level of
overload cycles

Figure 13. Loading Spectra With Different Minor Cycle Stress Ratios



51

model 204.22¢-05 hydraulic actuator, and a loading console
consisting of an MTS 430 digital indicator, an MTS 410 digital
function generator, an MTS 442 controller, and an MTS 436 control
unit. It was basically designed for constant-amplitude loading. The
loading range can be adjusted through two channels. An adjustable
cyclic impulsor was added to one of the channels to provide the
ability to produce intermittent overloads.

The minimum levgl of minor cycles with respect to overload
cycles was set with the digital function generator. Referring to Fig.
13, the haversine, sine, and invert-haversing functions of the loading
system were employed for cases (a), (b), and (c), respectively.

The loading process was continuously monitored with a built-in
peak detector. When the loading frequency was above 10 Hz, the
last digit of the peak detector showed a significant fluctuation, which
indicated the deterioration of the loading precision. @ When the
loading frequency was below 10 Hz, the fluctuations of the
maximum loading and the loading range were found to be within the
limit of +2% stipulated by ASTM specifications [61]. Since a high
loading frequency results in a short testing time, the loading
frequencies in all tests conducted in this research were chosen to be
10 Hz. When only the crack length was being measured, the loading
frequency was reduced to 1 Hz to enable location of crack tip with
less difficulty. The number of cycles of frequency 1 Hz was
insignificant as compared to that of frequency 10 Hz. In general, it
is considered that a fatigue test in a noncorrosive environment can

be run at almost any frequency without affecting the results [34, 95].
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Prior to formal fatigue tests, both specimens were precracked
under cyclic loadings'to minimize the geometric effect of the
machined starter notch and provide a sharpened fatigue crack of
adequate size and straightness. Precracking followed the procedure
suggested by the ASTM specifications [61]. The ratio of maximum
loading to Vminimum loading was chosen to be 0.1, the same as that in
the fourth loading group. The maximum stress intensity factor was
set to be higher than that in the formal tests, because a crack needed
to be initiated from the machined notch. The minimum fatigue
precrack length of both specimens was chosen to be 2 in. for reasons
to be discussed in the section on A K precision. This choice also
meets the ASTM stipulation [61] that the fatigue precrack length
should be larger than or equal to the greater of one-tenth of the
specimen thickness and the notch width.

The loading range was stepped down gradually during
precracking until it reached the loading level of the formal test. The
reduction of the loading range per step was 20%. To minimize the
transient effect of the step change in loading, it was ensured that the
crack length increment in each step was larger than three times the
diameter of the plastic zone resulting from a loading cycle in the
previous step. The diameter, d,, of a plastic zone resulting from a
loading cycle with maximum stress intensity factor K,  can be

calculated as follows,

2
Kmax (3.1)

o

dp=1
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For two adjacent formal tests, the above concept of step-down
loading was also used to eliminate the interaction between two
loading spectra. If the previous loading spectrum had any loading
cycle higher than the loading cycles in the following spectrum, a
step-down loading spectrum was added at the end of the previous
test. The loading range stepped down at a speed of 20% reduction
per step until it reached the loading level of the following test. The
minimum crack increment during each step was three times the
diameter of the plastic zone resulting from the last overload cycle in
the previous test. The diameter of the plastic zone can be calculated
using Eq. (3.1). A typical sequence of formal fatigue tests conducted
is: the fourth loading group — a loading spectrum from one of the
first three loading groups — a step-down loading spectrum — the

fourth loading group — **** .

AK Precision

When the loading range, AP, is kept constant, the stress
intensity range, A K, increases as the crack length increases. To
conduct fatigue tests with constant AK values, load should be shed
while the crack grows. The crack increment between two adjacent
load sheddings plays a dominant role in determining the precision of
the constant-AK tests. The smaller the crack increment between
two sheddings, the less the deviation of the actual AK from the
desired constant value. But shedding frequently is unfavorable

because of the time and effort required for each shedding. It is
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preferred to use the maximum possible crack increment as long as
the AK precision is met. However, no documented work regarding
the precision of AK during a constant-AK test was found in the
literature. An equation for the AK precision associated with CT
specimens will be derived below.

According to the ASTM‘ specifications [61], the stress intensity

range of a CT specimen can be calculated as follows,

aAk=2P Q240 po a 0.2 (3.2)
BIW  (1-)3/?
where

H(a) = 0.886+4.640-13.32a%2+14.720a3-5.6a* (3.3)

B is the specimen thickness, W is the specimen width measured
from the centerline of the loading pins to the back surface of the
specimen, and o is the ratio of the crack length, a, to the specimen
width. The parameter a “is measured from the centerline of the
loading pins to the crack tip.

From Egs. (3.2) and (3.3), the partial derivative of AK with

respect to the crack length can be derived as follows,

dAK) _ AP
oa  BYw (1-0)

3 { (1-)3 2[#}1(0:) + (2+a)H'(a)—v%7]

1 3 (10172
+ s (1-a) (2+a)H(a)} 3.4)
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where,

H '(0) =i§’—(9‘)—) = 4.64-26.640+44.1602-22.403 (3.5)
(04

Equation (3.4) can be simplified as,

AaK) __AP Q@

(3.6)

where

O(o) = 12.824-38.917a+59.3602-10.1a3-36.80*+19.6a°  (3.7)

From Eqgs. (3.2) and (3.6), the fractional change rate of AK with

respect to the crack length is,

1 a(AK)z 1 0(a) (3.8)
AK oa W(l-0)(2+a) H(e)

If the maximum crack increment between two load sheddings is

Aa the AK ﬂuctuatlon denoted as ¢ is,

max’

: (AIK a(a“‘)) (A Gmaz) x 100%
a

Admax Q(Ol) 100% (3.9)
W( 1-a)(2+0a) H(a)
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where Q(a) and H(a) can be calculated using Eqgs. (3.3) and (3.7).

In the present research, the specimen width is 8 in. Thus the
precrack length should not be smaller than 1.6 in. in order to utilize
Eq. (3.2). The maximﬁm crack increment between sheddings was
0.046 in. fof 0.25 < & <0.53 and 0.035 in. for 0.53 < a < 0.57. No
additional tests were carried out on the specimens when their crack
length was larger than 4.53 in. (i.e., & > 0.566). The &-a plots for
W =8 in. and Aa,, = 0.046, 0.035 in., obtained from Eq. (3.9), are
shown in Fig. 14. It is clear that the fluctuation of AK is within 2%, a
suggested value for loading precision by ASTM [61]. Therefore, the
A K precision of the constant-AK tests in current research is
reasonable.

In previous research, it was common that the crack increment
between sheddings was selected without proper justification [65, 68,
91, 92]. This is alarming because the A K fluctuation could be
unexpectedly large with a random choice of the crack increment as
the crack becomes longer and longer. As an example, the AK
precision in Ref. [68] is discussed below according to Eq. (3.9). In
that study, the specimen width was 2 in., and the crack increment
between sheddings was 0.05 in. The &-o plot from Eq. (3.9) is
shown in f. 15. It is noted that when the crack length is 0.4 in. (i.e.,
a = 0.2), the AK fluctuation is already higher than 2%, meaning that

the AK fluctuation will be larger than 2% for the entire test.
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Unfortunately, a crack length as large as 1.25 in. (i.e., a = 0.65) was
reported in Ref.[68], which means that the A K fluctuation in a
constant test was as high as 11% in that study. It is very important

to choose an appropriate crack increment between load sheddings.

Macrocrack Growth Measurement

Apparatus

A Gaertner traveling microscope with 32X magnification was
used to measure macrocrack growth. Lateral movement of the
microscope could be measured to a precision of 0.00005 in. A
specially designed two-piece fixture was used to connect the
microscope to the loading frame as shown in Fig. 16.

To determine the accuracy of the crack length measurement, a
precision test was carried out at a loading frequency of 1 Hz, which
simulated the actual measuring condition. For this test, the minimum
and maximum stress intensity factors were set at 19.3 and 32.8
ksi¥in. At the identical crack tip position, the crack length was
measured fifteen times. The fifteen readings are shown in Table 4.
The standard deviation of these data is 0.00067 in. According to the
ASTM specifications, 0.00067 in. is an estimate of the precision of

the crack length measurement.
Procedure

In each test, four to six crack tip positions were measured so as



Figure 16. The Traveling Microscope Fixture

60



TABLE 4
CRACK LENGTH DATA FROM THE

PRECISION TEST
Measurement| Crack Length Measured

No. (in)
1 2.77175
2 2.77430
3 2.77260
4 2.77260
5 2.77195
6 2.77230
7 2.77245
8 2.77140
9 2.77190
10 2.77240
11 2.77185
12 2.77220
13 2.77225
14 2.77160
15 2.77200

Average = 2.77224 in.

Standard Deviation= 0.00067 in.
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to obtain three to five crack growth values for each loading
spectrum.  The availability of multiple data can minimize any
misleading effect of random errors in the experimental data. While
measuring crack length, the loading frequency was decreased to 1
Hz, and the vertical crosshair on the micfoscope was used to locate
the crack tip. The difference between two consecutive position
measurements is the crack growth increment resulting from the
corresponding loading cycles. The ratio of the crack increment to the
number of the loading cycles applied is the crack growth rate.

In the variable-amplitude loading situation, it is usually more
difficult to locate the crack tip than in the constant-amplitude
loading situation. For convenience, the microscope crosshair was first
moved close to the tip during minor cycles. When an overload cycle
came, the crack tip could be located with a fine adjustment.

Due to the limited measuring precision, the crack increment
between two measurements should be sufficiently large to ensure
the accuracy of the crack increment measured. In the ASTM
specifications [61], it is suggested that the crack increment to be
measured be larger than or equal to ten times the precision of the
measuring system. In this study, the minimum crack increment
between measurings was selected to be 0.018 in., which is about
twenty-seven times the crack length measurement precision of
0.00067 in. To simplify the test procedure, load sheddings were
introduced immediately after the crack tip position measurements.
The process of loading, measuring, and shedding are summarized in

Tables 5 and 6.
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Acoustic Emission Signal Acquisition
Instrumentation

The major elements of the AE measurement system used are a
transducer, a preamplifier, an AE analyser, a digital oscilloscope, and
two microcomputers. Figure 17 is the signal flow chart of this

system. The instrument console is shown in Fig. 18.

Transducers and Preamplifiers Two piezoelectric transducers
were used. One is a broadband transducer of model PAC-WD772. It

has a relatively flat frequency response curve between 100 kH:z and
1 MHz, and was used with an all-pass preamplifier of model PAC
1220A-BP-SYS to identify the frequency range of noise. The other is
a PAC-R15 resonant transducer with a resonant frequency of 150
kHz. It has a satisfactory frequency response from 100 kH:z to 450
kHz, and was used together with a Dunegan 1801 preamplifier in
the formal fatigue tests. The preamplifier has a high-pass filter with
a corner or cut-off frequency of 50 kH:z. In other words, ideally,
only signals of frequencies higher than 50 kHz can pass through the
preamplifier. The diameter of both transducers is one half inch. The
gain of both preamplifiers is 40 dB. The coupling material is a hot
glue which provides a firm contact between the transducers and the

specimens and is removable.

AE _analyser The AE analyser is a PAC 8000 SPARTAN-AT

system. It provides multiple signal processing functions such as



TABLE 5

SUMMARY OF THE LOADING, MEASURING, AND
SHEDDING PROCESS (SPECIMEN TH1)

Crack Loading Loading Data in kips
Length Spectrum -
Overload Cycles Minor Cycles
a (in) Gli\(l)oll.p n Po,max Po,min Pm,max Pm,min
2.86965-2.89720 4.04 0.40
2.89720-2.93085 4 4.02 0.40
2.93085-2.95130 4.00 0.40
2.95130-2.98675 7.02 0.70 2.60 0.70
2.98675-3.02365 1 99 6.94 0.70 2.58 0.70
3.02365-3.06620 6.86 0.68 2.54 0.68
3.14040-3.16975 3.70 0.38
3.16975-3.19395 4 3.68 0.36
3.19395-3.22465 3.66 0.36
3.22465-3.24530 6.42 0.64 4.76 0.64
3.24530-3.26570 1 9 6.36 0.64 2.36 0.64
3.26570-3.28375 6.34 0.64 2.34 0.64
3.37330-3.39820 3.44 0.34
3.39820-3.43020 4 3.42 0.34
3.43020-3.45065 3.38 0.34
3.45065-3.47795 5.92 0.60 2.20 0.60
3.47795-3.49975 1 4 5.88 0.58 2.18 0.58
3.49975-3.52500 5.84 0.58 2.16 0.58
3.59035-3.61230 3.18 0.32
3.61230-3.63305 4 3.18 0.32
3.63305-3.66695 3.18 0.32
3.66695-3.69000 5.50 0.56 2.04 0.56
3.69000-3.71705 1 49 5.46 0.54 2.02 0.54
3.71705-3.74730 5.40 0.54 2.00 0.54
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TABLE 5 (CONTINUED)

Crack Loading Loading Data in kips

Length Spectrum Overload Cycles Minor Cycles

a (in) Glig:_p n P o,max Po,min Pm,max Pm,min
3.74730-3.78040 . ’ 49 5.34 0.54 1.98 0.54
3.78040-3.80965 5.28 0.52 1.96 0.52
3.95085-3.97885 4 2.80 0.28
3.97885-4.00790 2.78 0.28

4.00790 18.76 5.64 9.58 5.64
4.10895-4.13865 17.96 5.34 9.16 5.38
4.13865-4.16140 17.74 5.32 9.06 5.32
4.16140-4.18200 17.58 5.28 8.96 5.28
4.18200-4.20790 17.44 5.22 8.90 5.22
4.20790-4.23675 17.26 5.18 8.80 5.18
4.23675-4.25770 17.04 512 8.70 5.12
4.25770-4.28655 16.90 5.08 8.63 5.08
4.28655-4.31030 ) 40 16.70 5.00 8.52 5.00
4.31030-4.33710 16.56 4.96 8.44 4.96
4.33710-4.35880 16.34 4.90 8.34 4.90
4.35880-4.38175 16.20 4.86 8.26 4.86
4.38175-4.40495 16.06 4.82 8.20 4.82
4.40495-4.42865 15.92 478 8.10 4.78
4.42865-4.45195 15.72 4.72 8.02 4.72
4.45195-4.47320 15.56 4.66 7.94 4.66
4.47320-4.50400 15.42 4.62 7.86 4.62
4.50400-4.52795 15.22 4.56 7.76 4.56
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TABLE 6

SUMMARY OF THE LOADING, MEASURING, AND
SHEDDING PROCESS (SPECIMEN TH2)

Crack Loading Loading Data in kips
Length Spectrum -
Overload Cycles Minor Cycles

a (in) G';I)(:p n Po,max Po.min Pm,max 1)m,min
2.66925-2.69445 4 4.34 0.44
2.69445-2.71960 4.30 0.44
2.76860-2.80105 7.42 0.74 2.74 0.74
2.80105-2.82045 7.34 0.74 2.72 0.74
2.82045-2.84450 1 49 7.30 0.74 2.72 0.74
2.84450-2.86850 7.24 0.72 2.68 0.72
2.86850-2.90020 7.18 0.72 2.66 0.72
3.00745-3.02795 4 3.90 0.40
3.00745-3.02795 3.86 0.38
3.05455-3.07660 6.78 0.68
3.07660-3.09890 6.72 0.68
3.09890-3.12745 1 0 6.66 0.66
3.12745-3.14990 6.60 0.66
3.14990-3.16995 6.56 0.66
3.26810-3.29375 3.58 0.36
3.29375-3.31880 | * 3.54 0.36
3.31880-3.35080 6.20 0.62 6.20 4.52
3.35080-3.37920 3 6.14 0.62 6.14 4.48
3.37920-3.41145 | () 9 6.08 0.60 6.08 4.44
3.41145-3.43960 6.00 0.60 6.00 4.38
3.43960-3.45960 5.94 0.60 5.94 4.34
3.56680-3.58725 4 3.22 0.32
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TABLE 6 (CONTINUED)

Crack Loading Loading Data in kips

Length Spectrum Overload Cycles Minor Cycles

a (in) Glﬁ:p n P o,max Po,min Pm,max Pm,min
3.58725-3.61005 4 3.20 0.32
3.61005-3.64490 5.60 0.56 3.84 2.32
3.64490-3.67580 3 9 5.54 0.56 3.80 2.30
3.67580-3.69610 |(middle) 548 | o054 | 3.76 2.28
3.69610-3.71705 5.44 0.54 3.72 2.26
3.81240-3.83900 2.96 0.30
3.83900-3.86220 4 2.94 0.30
3.86220-3.89230 5.12 0.52 1.90 0.52
3.89230-3.91415 5.06 0.50 1.84 0.50
3.91415-3.93545 (bot-’;om] 9 5.02 0.50 1.86 0.50
3.93545-3.96060 4.98 0.50 1.84 | 0.50
3.96060-3.98265 4.94 0.50 1.82 0.50
4.08315-4.10895 2.66 0.26
4.10895-4.13110 ¢ 2.64 0.26
4.13110-4.15495 4.62 0.46 1.70 0.46
4.15495-4.17790 4.56 0.46 1.68 0.46
4.17790-4.22335 1 999 4.52 0.46 1.68 0.46
4.22335-4.25195 4.44 0.44 1.64 0.44
4.25195-4.28695 4.39 0.44 1.62 0.44
4.44135-4.47310 4 2.30 0.24
4.47310-4.50100 2.26 0.22

4.50100 2 9 | 12.66 4.44 7.64 4.44
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Figure 18. The Acoustic Emission Instrument Console
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system. It provides multiple signal processing functions such as
measurement, storage, display, and analysis. Its core elements are
Independent Channel Controllers (ICCs), which are two-channel
computerized analog boards with linear and log frequency responses
from 1.2 kHz to 1.2 MHz. Two types of signals can be used as the
input to this system. One type is an AE signal, the other is a
parametric signals such as a loading signals. @A parameter called
"threshold" is used as a criterion to determine the occurrence of an
event. The amplitude, count, energy, time of occurrence, and
corresponding loading of each event can be recorded and displayed
on the screen. The system also provides other types of output, such
as time-domain output and event output.

The SPARTAN-AT analyser is interfaced with an HP Vectra
RS/20 microcomputer.  The microcomputer monitors the analyser
through a provided software package called "SPARTAN-AT.INIL."
Most of the instrumental operations, such as setting parameters,
recording data, and starting or interrupting signal acquisition, can be
carried out using the microcomputer. The output data from the

analyser can be stored on floppy disks through the microcomputer.

Digital Oscilloscope A digital oscilloscope, model HPS54501A,
with a sampling frequency of 10 MHz was used to acquire, store,
and display AE data. According to the sampling theorem [96], the
maximum signal frequency below which aliasing due to sampling can
be avoided is equal to one-half of the sampling frequency.

Therefore, signals with frequencies ranging to 5 MH:z can be
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monitored without distortion using the oscilloscope. During fatigue
tests, the time-domain output and event output of the analyser as
well as the loading signal were connected to the input channels of the
oscilloscope. The time-domain signal is the amplitude-time history
of the AE signal, and the event signal consists of positive pulses with
each pulse representing the occurrence of an AE signal. The loading
signal was used as a reference to observe any correlation between
the AE signals and the loading cycles. To dump the AE data in the
oscilloscope memory to floppy disks, a TI microcomputer was

connected to the oscilloscope via its HP-IB connector.

Parameter Setting

Both the SPARTAN-AT AE analyser and the HP 54501 digital
oscilloscope are comprehensive instruments which have operating
parameters to be determined by the user. The selection of several
critical parameters is discussed below.

For the AE analyser, ‘'threshold' and 'gain' are the key
parameters governing the measuring sensitivity and the isolation of
the electric noise. Both parameters are in dB units. For a threshold
q,, in dB, the corresponding AE signal level in volts, below which

any AE signal cannot pass, is,

vp=101/20-3) (3.10)

The higher the threshold level, the lower the sensitivity.  The

sensitivity is considered to be very high and very low when the
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threshold is below 25 dB and above 55 dB, respectively. High
sensitivity is usually used in the case of low signal intensity. In such
an instance, special attention should be paid to noise isolation due to
the increased risk of picking up noise. In the present research, the
AE signals from AS588 steel were very weak, so an extremely low
threshold level of 18 dB was chosen. The corresponding measures
to isolate noise will be discussed later.

The SPARTAN-AT analyser manual suggests that the sum of the
gain and threshold should lie between 55 and 88 dB to ensure
accurate functioning and good adjustability of the system. Within
this suggested range, a relatively low gain of 39 dB was chosen
because it may provide a good barrier to the electric noises (i.e.,
parasitic noise and white noise) of the system [97].

In the oscilloscope, signal display is controlled by a trigger. For
noise study, the oscilloscope was in the auto trigger mode. For the
formal tests, the raising-edge trigger mode was chosen and the event
output of the AE analyser was used as the trigger. When an event
occurred, a positive-going pulse from the analyser triggered the
display of the corresponding AE amplitude-time history (scope

output) and the corresponding loading signal.
Noise Isolation

In addition to the use of a relatively low gain for reducing the
effect of the electric noises, three other precautions were taken to
isolate the three types of mechanical noise (machine surrounding

noise, hydraulic system noise, and loading element noise).
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A noise survey was first conducted to determine the frequency
range of the noise from the fatigue machine surroundings. When the
machine was in a power-on condition, the signal measured under the
auto trigger mode of the oscilloscope is shown in Fig. 19. The
preamplifier used is the one with an all-pass filter. This signal is
considered to be the machine surrounding noise. The Fast Fourier
Transformation (FFT) version is shown in Fig. 20. From this
frequency spectrum, it is clear that the dominant noise frequency
range is below 50 kHz. This is why the corner frequency of the
high-pass filter of the preamplifier chosen for the fatigue tests is 50
kHz. When this preamplifier was used, thev signal shown in Fig. 21
was measured. The effect of the filtering is clear.

The noise generated by the hydraulic system is a major concern
in noise isolation, because it is usually transmitted into the specimen
[67]. In previous research [67, 68], several approaches based upon
the principle of sound reflection, were taken to isolate this type of
noise. In Ref. [68], sound isolation was provided by numerous
aluminum-steel interfaces between the test frame, the hydraulic
actuator, and the specimen. The sound wave was reflected at the
interfaces due to the impedance mismatch. In Ref. [67], two noise
isolation boxes effectively isolated the noise and resulted in 99.5%
reduction in noise transmission. Similar to Ref.[67], two noise
isolation boxes were designed for this research. The configuration of
the boxes is illustrated in Fig. 22. [Each box contains three plastic
pads separated by two aluminum padé. One box was placed between

the loading grips and the actuator; the other was placed between the
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actuator and the load cell. The loading trains with and without the
isolation boxes are shown in Fig. 23. The noise isolation achieved by
these two boxes was satisfactory. Unfortunately, the loading
frequency had to be reduced because of the flexibility of the boxes.
Tests originally run at 10 Hz were slowed to 4 Hz to achieve the
same accuracy in load.

After the above measures were taken, a trial test was conducted
to determine if external noise had been adequately blocked. The
maximum and minimum loadings of all loading cycles applied were
7.4 and 0.74 kips, respectively. The loading frequency was 10 H:
which simulated the formal fatigue tests. The signal measured under
the auto trigger mode is shown in Fig. 24. It was noted that the
intense portions of the signal coincided with the decreasing-loading
portion of each loading cycle. Previous research [98-100] has shown
that such signals are most likely from crack closure or friction caused
by rotation of metal loading pins.

To eliminate the signal from crack closure, the crack wake in the
trial specimen was widened by using a band saw with a 1/8 in.
thick blade to cut out the crack. In addition to eliminating contact
between crack surfaces, the sawing blunted the crack tip and
reduced the level of fatigue damage occurring under initial load
cycles. The above trial test was repeated using the sawed specimen.
The signal measured remained basically the same as that in Fig. 24.
This behavior suggested that loading pin friction was the likely cause

of the periodic occurrence of intense signal components.
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In previous research [25, 100], coating metal loading pins with
Teflon was found to be an effective measure to reduce pin friction.
However, this approach is not economical due to the material and
manufacturing process costs. Since the loading levels in this research
are not very high, a pair of plastic pins made of Delrin were
employed. The plastic pins functioned very well. They isolated not
only the pin rotation noise but also the hydraulic system noise.
Figure 25 is the signal measured from the blunted specimen, under
the auto trigger mode, when the plastic pins were used but the
isolation boxes were not. It is clear that the periodic, intense signal
components disappeared. Under such test conditions, the signal was
monitored for a long period of time and no intense signal appeared.
Because of the excellent performance of the plastic pins, the isolation
boxes became unnecessary for the formal tests.

To reduce the working hours of the plastic pins, they were
employed only when the AE signal acquisition was conducted. For
the remainder of testing, the original metal loading pins were used.

One pair of plastic pins was sufficient for this research.

AE Monitoring and Signal Processing

The AE signal was monitored at preselected points dﬁring
application of the first and third loading groups. AE data were
collected each time the crack length was measured. Figure 26 is an
example of the AE events recorded in’ a peak amplitude vs. time

form. The raw signal of an AE event recorded in the time domain is
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illustrated in Fig. 27. As mentioned in Chapter II, the AE signal may
come from three sources: material deformation and fracture within
the plastic zone around the crack tip, crack extension, and crack
closure. The first two are directly related to fatigue damage during
loading, and are the focuses of this AE study. The last one is
relatively unimportant to the present study, although its AE signal
component is of potential use for crack closure study. The objective
of the signal processing is to sepavrate‘ information on fatigue damage
from that on crack closure;.

Previous research has shown that AE activities from the first
two sources usually occur at the peaks of loading cycles, while the AE
activities from crack closure occur near the valleys of loading cycles
[31, 63, 99, 101]. The former are defined as "peak emissions"”, and
the latter as "closure emissions". During AE monitoring, the AE signal
and the corresponding load signal were simultaneously recorded.
With the loading signal as a reference, the peak emissions and the
closure emissions can be separated. Similar to Ref.[31], an AE event
is counted as a peak emission only if its corresponding load level is

not less than 80% of the maximum load in the cycle.
CMOD and BFS Measurements

In this research, crack mouth opening displacement and back-
face strain were measured using similar approaches and with the

same recording instruments.  Figure 28 is the functional diagram of
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the measurement system. The major elements of the system are
transducers, signal processors, a plotter, and a microcomputer.

For CMOD measurement, the transducer is a clip gage made by
MTS Systems Co. It is capable of measuring displacement up to
0.150 in. The output of the clip gage was amplified by an MTS DC
conditioner of model 440.21 and then sent to the plotter.

For BFS measurement, the transducer is a CEA-06-125uw-120
strain gage. Its fatigue life at £1500 pin/in is 10° cycles. For each
fatigue test with COD monitoring, the maximum number of loading
cycles did not exceed 5x104 and the strain magnitude was below
500 win/in. Thus, a strain gage can easily last a single test. At the
beginning of each test, the old strain gage was replaced by a new one
to prevent the strain gage from failing during a test. The output of
the strain gage was sent to a P-3500 strain indicator. The 1/4-
bridge connection mode was adopted. The output from the strain
indicator was sent to the plotter for recording.

The plotter is a model HP 7090A and served as a sampler and
recorder in this research. The plotter has three input channels, Each
channel has its own analog-to-digital (A/D) converter and buffer.
Therefore, the CMOD, BFS, and loading signals can be recorded
simultaneously. Each buffer can store up to 1000 data points. The
recording time and frequency were 200 seconds and 0.1 Hz,
respectively. Twenty cycles were recorded each time measurements
were taken, with 50 data points per cycle. A TI microcomputer was
used to dump the recorded data from the plotter to floppy disks.
Figure 29 is an example of the recorded signals. The CMOD and BFS
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signals varied following the variations in loading with almost no
phase delay. Also the BFS signal was always negative as mentioned

in Chapter IIL
Striation Observations

Striation observations were made on one sample under a
scanning electron microscope of model Jeol JSM 35. The
magnification capability of the mic'roscope ranges from
approximately 20 to 20,000. The sample was taken from the
fracture surface of a broken CT specimen. The dimensions of the
sample are 0.55x0.45x0.35 in. ~ The fracture surface on the sample
was formed with n = 49 in the second loading group. The match
between the sample fracture surface and the corresponding loading
spectrum is assured using the following procedure.

For each crack growth test, the crack tip positions at the
beginning and end of the loading spectrum were marked on the
specimen surface. Any striations resulting from the loading
spectrum should be between the two marks. These marks are
illustrated in Fig. 30. "Beach markings" on the fracture surface of the
specimen were used to check the mark ‘positions. Beach markings
are the visible bands perpendicular to the growth direction as shown
in Fig. 30. They are also called "clam shell markings". Each band
represents a different loading condition. Therefore, the two marks
for each loading spectrum correspond to the edges of its band or its

pair of beach markings. The marks for the loading spectrum chosen
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signals varied following the variations in loading with almost no
sample encompasses the band between mark (11) and (10) as shown
in Fig. 31.

The striation observations were made at seven arbitrary points
on the sample. Their locations are indicated in Fig. 31. Table 7 lists

the coordinates of each point in the X-Y coordinate system in Fig. 31.
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TABLE 7

LOCATIONS OF STRIATION OBSERVATIONS

Location & Photo No.

Crack Length 2 3 4 5 6 41 | 421
X(mm) 0.08 |0.12| 0.20 0.28| 0.36 | 0.19 | 0.23
Y(mm) 024 ]| 024|024 | 0.24]0.24 | 0.12] 0.12
a(in.) 4.51 |1 4.47 | 4.39| 4.31|4.23 | 4.40 | 4.36
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CHAPTER IV
RESULTS AND DISCUSSION

This chapter presents the results of crack growth measurements
made with a traveling microscope, acoustic emission measurements,
crack opening displacement measurements, back-face strain
measurements, and striation observations. The presentation of each
type of result is followed by a discussion. Finally, a surhmary of the

results is given at the end of this chapter.
Macrocrack Growth

In this section, the transition in the overload effect and the
minor cycle behavior will be discussed in terms of the crack growth
rate data. Overload acceleration and retardation will be evaluated
using average and statistical baselines. The minor cycle behavior to
be studied includes the threshold aspect and the R, effect. The
effects of crack increment between load sheddings, crack length and
loading pins on the crack growth rate data are also discussed.

The crack growth data of the two specimens, namely THI1 and
TH2, are listed in Tables 8 and 9, respectively. For each crack
increment, the number of loading cycles applied and the loading

group name are also given. The characteristics of each loading group
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TABLE 8
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SUMMARY OF CRACK PROPAGATION DATA (SPECIMEN THI1)

Crack Cycles Loading Crack Cycles Loading

Length Applied| Spectrum Length Applied| Spectrum

a (in) fy"cﬁ‘f) Groupl a (in.) fy“cﬁ‘f) Group|
2.86965-2.89720| 1652 3.71705-3.74730| 6168
2.89720-2.93085| 1654 4 3.74730-3.78040| 6489 1 49
2.93085-2.95130] 1456 3.78040-3.80965| 6115
2.95130-2.98675] 17865 3.95085-3.97885| 1376 4
2.98675-3.02365| 13114 1 99 13.97885-4.00790| 1510
3.02365-3.06620| 11768 4.00790 20
3.14040-3.16975| 1348 4.10895-4.13865| 378
3.16975-3.19395 | 1350 4 4.13865-4.16140| 305
3.19395-3.22465| 1816 4.16140-4.18200| 330
3.22465-3.24530] 1647 4.18200-4.20790| 317
3.24530-3.26570| 1841 1 9 14.20790-4.23675| 289
3.26570-3.28375| 1365 4.23675-4.25770| 260
3.37330-3.39820| 1318 4.25770-4.28655| 290
3.39820-3.43020| 2162 4 4.28655-4.31030| 274 2 49
3.43020-3.45065| 1028 4.31030-4.33710| 292
3.45065-3.47795| 1290 4.33710-4.35880| 245
3.47795-3.49975| 1124 1 4 |4.35880-4.38175| 275
3.49975-3.52500| 1223 4.38175-4.40495| 275
3.59035-3.61230| 1284 4.40495-4.42865| 223
3.61230-3.63305| 1271 4 4.42865-4.45195 265
3.63305-3.66695| 1969 4.45195-4.47320| 253
3.66695-3.69000 | 3564 . 49 4.47320-4.50400| 288
3.69000-3.71705| 5622 4.50400-4.52795| 255
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SUMMARY OF CRACK PROPAGATION DATA (SPECIMEN TH2)

Crack Cycles Loading Crack Cycles Loading

Length Applied| Spectrum Length Applied| Spectrum

a (in.) gl:cfi(s)z) GrI:I):p n a (in.) ?;Icgi(f) GrI:I);p n
2.66925-2.69445| 1368 3.58725-3.61005| 1295 4
2.69445-2.71960| 1463 4 3.61005-3.64490| 2178
2.76860-2.80105] 5187 3.64490-3.67580| 1818 3
2.80105-2.82045| 2845 3.67580-3.69610] 873 |(middle) ?
2.82045-2.84450| 4440 1 49 ]3.69610-3.71705| g96
2.84450-2.86850| 4991 3.81240-3.83900| 1646
2.86850-2.90020| 5258 3.83900-3.86220| 1585 4
3.00745-3.02795 | 910 3.86220-3.89230| 2508
3.02795-3.05455| 1329 4 3.89230-3.91415| 1883 ;
3.05455-3.07660] 186 3.91415-3.93545| 1431 fpori0m)| °
3.07660-3.09890 | 221 3.93545-3.96060] 1469
3.09890-3.12745| 306 1 o |3.96060-3.98265| 1538
3.12745-3.14990| 271 4.08315-4.10895| 1340 .
3.14990-3.16995| 219 4.10895-4.13110] 1403
3.26810-3.29375| 1207 . 4.13110-4.15495] 19640
3.29375-3.31880| 1127 4.15495-4.17790| 29293
3.31880-3.35080 | 1723 4.17790-4.22335| 41873 1 999
3.35080-3.37920| 1370 4.22335-4.25195| 27963
3.37920-3.41145| 1211 (tip) 9 [425195-428695| 33429
3.41145-3.43960| 1274 4.44135-4.47310] 1814 A
3.43960-3.45960| 726 4.47310-4.50100] 1459
3.56680-3.58725| 1153 4 4.50100 10 2 9
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can be found in Table 3. The crack growth rate data which will be
discussed next are calculated from Tables 8 and 9, and are
summarized in Table 10.

In Table 10, parameter a is the average of the initial and final

crack lengths for each crack increment measured, g}% is the ratio of

the crack increment to the number of loading cycles applied, and

(d_a) is the crack growth rate of the complex cycles. The complex
dN com

cycle crack growth rate is equal to the ratio of the crack increment to

the number of complex loading cycles applied or (n+1)(zid%) . In the

following, the transition in the overload effect and the minor cycle
behavior will be discussed in relation to the crack growth rate data

from different types of complex. cycle.
Transition in the Overload Effect

Baseline Calculation. Both overload acceleration and retardation
are the result of load interaction. The non-interaction model as
mentioned in Chapter II is used as a baseline for evaluating
accelerated and retarded crack growths. According to the non-
interaction model, the crack growth rate of a complex cycle is equal
to the sum of the crack growth rate of the overload cycle and that of

each minor cycle in the complex cycle. That is,

()., = G, e, @)

where (d_a) is the crack growth rate of the overload cycles, and (Z—I‘\’,)
[ m



TABLE 10
CRACK GROWTH DATA OF LOADING GROUP ONE
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Specimen THI1

Specimen TH2

Crack Growth Rate

Crack Growth Rate

Crack Crack
Length{ 4a/dN |(da/dN) | n |Length] da/dN |[(da/dN)__| n
a (in.) {(10° in/cycl10°® infcyc) a (in.) k10°® infcye)f10°® infeyc
2.96903 1.984 1.984 2.78483 6.256 3.128
2.81075| 6.818 3.409
3.00520 2.183 2.183 99
2.83248 5.416 2.708 49
3.04493 3.615 3.615 2.85650 4.808 2.404
3.23500 | 12.54 1.254 2.88435] 6.028 3.014
3.06588 118.5 1.185
3.25500 (  11.08 1.108 2 13.08775| 100.9 1.009
3.13868 82.84 .8284
3.46430 21.16 1.058 315993 91355 9155
3.48890 19.40 .9698 4 |3.87725 12.00 1.200
11.60 1.160
351240 |  20.65 1.032 3.90323
3.92480 14.88 1.488 9
3.67848 6.467 3.234 3.94803 17.12 1.712
3.70353 4811 2.405 3.97163 14.34 1.434
373218 2457 4.14303 1.214 12.14
' 4.904 : 49 Ia16643 | 0.783 7.830
3.76385 5.100 2.550 4.20063 1.085 10.85 999
4.23765 1.022 10.22
3.79503 4,783 2.392 426045] 1046 10.46
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is the crack growth rate of the minor cycles. If the measured crack
growth rate of a complex cycle is larger than the value calculated
from Eq. (4.1), overload acceleration is assumed to occur. If the
measured crack growth rate is smaller than the calculated value,
overload retardation is assumed to occur.

To determine the crack growth rate baseline, the overload crack
growth rate data from the present research and the minor cycle
crack growth rate data from previous research [6] are employed.
Because the crack growth rate data are scattered, an average
baseline and two statistical baselines are calculated. The average
baseline is determined using the average values of the overload and
minor cycle crack growth rate data. The statistical baselines are
determined using the upper and lower confidence limits of the
population means calculated from the data, respectively. Details of
the calculation are provided in the following.

The five crack growth rate data corresponding to loading group
one and n = 0 in Table 10 are used to determine the overload crack

growth rate. Their average is,
(@ =9.742x10"" in/cycle : (4.2)
dN/,

The confidence limits of their population mean can be calculated as
follows, using the approach in Appendix A. For these crack growth
rate data, the number of data, N, is five and the estimate of the
population variance, S, is 0.13421x°6 in/cycle.  With 95%

confidence, the upper and lower limits of the population mean are,
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da =@ +1.96 —8— =10.9x 107 infcycle (4.3)
(;) oul9s ‘AN, v N;

(ia_ (;—) -1. 96—5— 8.57x1077 1n/cyc1e (4.4)
dNy 11,95

With 90% confidence, the upper and lower limits of the population

mean are,

@ =‘d_a.) +1.65 —5— = 10.7x10"7 in/cycle (4.5)
(dN 011,90 AN/, VN,

‘ ’ (d-) -1. 65-5— 8.75x1077 in/cycle (4.6)
oll90

A regression line for crack growth rate under loading of R=0.3,
reported in Ref. [6], was used to determine the minor cycle growth
rate,.since the R value of the minor cycles in loading group one is

also 0.3. The regression line can be expressed as [6],

da — 177x-10pAK3.24 (4.7)
dN

or,
1og(§]%) = 975203 + 3.24 log(AK) (4.8)

The confidence limits of the population mean of the minor cycle
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crack growth rate are calculated as follows using the approach in

Appendix B.
Letting x= log(AK), y = log(g—]%) . B =-9.75203, and B =3.24,

Equation (4.8) can be rewritten as,

y=Pthx (4.9)

Several simple statistical parameters for the original test data
described by the regression line are calculated and listed in Table 11.
The remaining statistical parameters needed for the confidence limit

calculation are,

Sxx = Xx2 -(%)-2— = 2.78816353
B

 —

P _ 295704311

Syy=Zy? - s

Sy = 2xy - ) _ 590533677

Se= \/ Syy -BiSxy =0.065499751

ng-2

df = ns-2 =128

For 95% confidence, 6 is 0.05 and ¢,, is 1.98. The upper and

lower limits of the population mean of the regression line in Eq. (4.9)



TABLE 11
STATISTICAL PARAMETERS FOR DATA
FROM [6]
n 130
T x? 160.31326
X 143.10228
3 1.100786769
Zxy -879.08493
ry? 5036.30636
Ty -806.76866
y -6.20591276

102
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are,

=2
(UL); =y + 1.98S, \/ 1, x=x)"

ns Sx

=y + 0.129689507[0.007692307+
0.35865902(x-1.00786769)2]1/2 (4.10)

=2
(LL) =7 - 1.985, \/ 1L, (o)

N Sxx

=y - 0.129689507[0.007692307+
0.35865902(x-1.00786769)2]1/2 (4.11)

For the first loading group, the stress intensity factor range of the

minor cycles is 4.5 ksim, therefore,
x = log(4.5) = 0.653212513 log(ksi¥in)
¥ = -9.75203 + 3.24x = -7.635621455 log(ksiVin)

Plugging x and y into Eqs. (4.10) and (4.11) yields the upper and

lower confidence limits for these particular minor cycles,

(UL), = -1.599045368 log(ksiVin)
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(LL), = -7.672197542 log(ksilin)

Thus, the upper and lower confidence limits of the population mean

of the minor cycle crack growth rate are,

(@ =10V =2.52x10® in/cycle (4.12)
dAN'm,u1,95
(@ =10%P"=2.13x10°® in/cycle (4.13)
dN'm,i1,95

The average minor cycle crack growth rate is taken as,

[(@ + (;i_a-) ]: 2.32x10% in/cycle  (4.14)
AN'p 1,95 \dNlpy 11,95

From Egs. (4.1), (4.2), and (4.14), the average baseline for the

crack growth rate is,

(gﬂ% =%)+ndN

‘d_G, = (9.72+0.232n)x10"7 in/cycle  (4.15)
com o

m

Equation (4.15) represents the crack growth rate of a complex cycle
with n minor cycles in the first loading group under the assumption
of no interaction between loading cycles.

According to the chain rule of compound probabilities [102], the
upper limit of the population mean of the crack growth rate of a
complex cycle with n minor cycles in the first loading group is, with

90% confidence and the assumption of no load interaction,
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3,
(E) _ { o.ul,95 mul95 (4.16)
dN com,ul,90

(%) o,ul,90 =0)

or,

7.
={ (10.918+0.252m)x10"7 infeycle (>0) )

@
dN 10.732x1077 in/cycle (n=0)

com,ul,90

Similarly, its lower limit is obtained as follows, with 90% confidence

and the assumption of no load interaction,

(gﬁ,‘) _ { o,ul,95 m,ul,95 (4.18)

com,ul,90 (&i’} (n=0)
dNy 11,90

or,

(@) _f (8.566+0.213n)x10” in/cycle (n>0) g,
AN/com,11,90 8.752x10°7 in/cycle (n=0)

Equations (4.17) and (4.19) constitute a bounded baseline range for

evaluating the overload effect.

Overload Effect. In this section, the crack growth rate data for

specimens TH1 and TH2 are first discussed as separate topics. The
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original data for each specimen in Table 10 are compared with the
average baseline from Eq. (4.15). The 90% confidence limits of the
population means of these original data are compared with the 90%
confidence limit baselines of Eqs. (4.17) and (4.19). Then the data for
both specimens are combined, and compared with the average
baseline and the 90% confidence limit baselines. These comparisons
are used to demonstrate the existence of a transition in the overload.

The statistical parameters for the crack growth rate data from
specimens TH1 and TH2 are listed in Table 12 and 13, respectively.
Table 14 presents the statistical parameters of the crack growth rate
data from both specimens. These parameters are calculated using
the approach in Appendix A. As an example, calculations for the case
of n = 49 in Table 14 follow.

For the load spectra with n = 49 in the first loading group, each
specimen has five crack growth rate data. They are listed in the

fourth row and the second column of Table 14. Therefore,

N=10

s

The average and the estimation of the population variance of these

ten data are,

(_d_a_ = 2.77x107°6 in/cycle
dNlcom

S = 3.91x107’ in/cycle
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TABLE 12
90% CONFIDENCE LIMITS OF THE OVERLOAD EFFECT
(SPECIMEN TH1)
‘da’ EZ’ S da
n Nlcom N com ng dN comyul dN com,ll
76 . -6 . -7, -6, -6 .
(10~ in/cyc)|(10 ~ in/cyc)|(10 ° in/cyc) (10" in/eyc)| (10" in/cyc)
1.058
4 9698 1.020 0.45 3 1.063 0.977
1.032
1.254
9 1.108 1.228 11.09 3 1.332 1.124
1.322
3.234
2.406
49 2.452 2.607 3.56 5 2.870 2.344
2.550
2.392
1.984
99 2.813 2.804 8.16 3 3.586 2.022

3.615




TABLE 13
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90% CONFIDENCE LIMITS OF THE OVERLOAD EFFECT

(SPECIMEN TH2)

EN’com

(10° in/cyc)

H
dN com

(10°® in/cyc)

S

(10°% in/cyc)

H
dN comul

(10°% in/cyc)

H
dN com,ll

(10'6in/cyc)

1.185

1.009

.9330

.8284

9155

0.974

.1340

1.073

.8750

1.200

1.160

1.488

1.712

1.434

1.399

2257

1.566

1.232

49

3.128

3.409

2.708

2.404

3.014

2.933

.3880

3.221

2.645

999

1.214

.7830

1.085

1.022

1.046

10.31

1.565

11.47

9.143




109

TABLE 14

90% CONFIDENCE LIMITS OF THE OVERLOAD EFFECT
(SPECIMENS TH1 & TH2)

QFQ da S da da
n b N'com AN com Dg AN comui dNTcom,n
(10 in/eyc)|(10°® infeye) (1078 inseyc) (10" infeyo)l(10°® ineye)

1.185
1.009
19330 0.974 0.134 5 1.073 0.875
0 8284
9155

1.058

4 9698 1.020 0.045 3 1.063 0.977
1.032

1.254
1.108
1.322

1.200
9 1.160 1.355 0.201 8 1.503 1.167

1.488

1.712
1.434

3.234
2.406
2.452
2.550

2.392

1 .060 2.480
49 3128 2.770 0.391 0 3.0

3.409
2.708
2.404
3.014

1.984

99 2.813 2.804 0.816 3 3.586 2.022
3.615

1.214

7830
999 1.085 10.31 1.565 5 11.47 9.143

1.022
1.046
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With 90% confidence, the upper and lower limits of their population

mean are,
da =144} +1.65-5-=3.06x10"° in/cycle
dN com,ul,90 dN com '\/Ns

da -(gz) -1.65—5—=2.48x10"% in/cycle
= . = 2. ycle
(;)com,ll,% N com YN

The 90% confidence limits of the population means in Tables 12
through 14 are used to evaluate the overload effect from a statistical
point of view.

Figure 32 is a comparison between the original crack growth
rate data from specimen TH1 and the average baseline of Eq. (4.15).
Figure 33 is a comparison between the 90% confidence limits of the
population means of these data and the 90% confidence limit
baselines of Eqs. (4.17) and (4.19). The horizontal axes of both
figures are the number of loading cycles per complex cycle, n, in log

scale. In the present research,
ne = n+1 (4.20)

For a particular value of n_, the crack growth rate range bounded by
the two baselines in Fig. 33 represents the estimated variation range
of the crack growth rate of a complex cycle with (n.-1) minor cycles
when load interaction is ignored. The confidence interval calculated

from the test data represents the estimated variation range of the
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Figure 32. Overload Effect on Crack Growth of Specimen TH1
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Figure 33. Statistical Demonstration of the Overload Effect With
Crack Growth Rate Data from Specimen THI1



113

crack growth rate when load interaction is experimentally taken into
account. Both estimates are obtained with 90% confidence.

Figures 32 and 33 show that the test data are on or slightly
above the baseline (range) for 5 < n,< 50, which means that crack
growth retardation is not occurring under such loading. As n,
approaches 50, there is some evidence of acceleration. At n,=100,
the test data lie below the baseline values, indicating the transition.

Similar to Figs. 32 and 33, Figs. 34 and 35 compare the test
results from specimen TH2 with the average baseline and the 90%
confidence limit baselines, respectively. Figures 34 and 35 show that
crack growth retardation does not occur under loading spectra with
1< n,< 350 in the first loading group, since the test data in this range
are on or above the baseline (range). Definite evidence of
acceleration is seen as n, approaches 50. At n,= 1000, it is obvious
that overload retardation occurs because the test data are well below
the baseline (range).

To achieve a better view of the overload effect, the crack
growth rate data from specimen TH1 and specimen TH2 are plotted
in Fig. 36. The average baseline of Eq. (4.15) and a line connecting
the average points of the test data are also illustrated in the figure.
fure 37 is the statistical version of Fig. 36. It compares the 90%
confidence limits of the population means of the test data from both
specimens with the 90% confidence limit baselines of Eqs. (4.17) and
(4.19).

From Fig. 36 and Fig.37, the test data gradually rise above the

baseline (range) as n, increases from unity to fifty. In the neighbor-
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Figure 34. Overload Effect on Crack Growth of Specimen TH2
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Figure 35.

10 50 100 1000

number of cycles per complex cycle, nc

Statistical Demonstration of the Overload Effect With
Crack Growth Rate Data From Specimen TH2
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Figure 36. Summary of the Overload Effect on Crack Growth
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Figure 37. Statistical Demonstration of the Overload Effect With
Crack Growth Rate Data From Both Specimens
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hood of n_ = 100, the test data fall back to the baseline (range). By
n,= 1000, the test data have fallen well below the baseline (range).
It has been pointed out in the literature review that overload
retardation occurs when overload cycles are isolated by a large
number of minor cycles. Therefore, it is expected that for n_ > 1000,
retardation would likely continue to happen.

Based on the data presented in Figs. 32 through 37, it is
concluded that under the conditions of the first loading group,
overload acceleration occurs in the range of 10 < n ¢ < 50; overload
retardation occurs in the range of n_.2> 100; and the transition of the
overload effect must lie between n_,= 50 and n, = 100. In the
acceleration and retardation phases, the level of fatigue damage
acceleration or retardation is not constant. It appears that the
acceleration increases with increasing n_ until it reaches a
maximum; then it falls rapidly back to zero at the transition point.

Retardation occurs after the transition point and increases with

increasing n,.

Fatigue Damage by Minor Cycles

Two aspects of minor cycle behavior are discussed in this
section. One is fatigue damage induced by minor cycles below the
threshold mixed with overload cycles above the threshold.  This
behavior will be referred to as threshold behavior under variable
amplitude loadings. The threshold is calculated using the Barsom
formula. The other aspect is the minor cycle stress ratio, or R, ,

effect. The former is studied using test results from the first loading
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group; the latter is studied using test results from the third loading

group.

Threshold Behavior. As mentioned in Chapter III, the minor
cycles in the first loading group are all below the threshold. So the
results of this loading group also provide information about the load
interaction effect on the threshold behavior. The transition of the
overload effect, observed from the results of this loading group,
might be intei'preted as follows from the threshold point of view. In
the fatigue damage acceleration phase of 10 < n_. < 50, the
acceleration might imply a decrease in the threshold. In the fatigue
damage retardation phase of n_.2> 100, the retardation might imply
an increase in the threshold. So it appears that the crack growth
threshold decreases with increasing n_ for 10 < n_ < 50 and
increases with increasing n, for n,2 100. Here, the minor cycle
fatigue damage in the baseline calculation is based upon the
experimental results of a previous study [6].

As mentioned in Chapter II, at the threshold point, the crack
growth rate is considered to be zero in the traditional concept and is

recommended as 10710 m/cycle (3.94x10-? in./cyéle) in the ASTM

specifications [61]. By assigning these two values to (g—l%) in Eq.
m

(4.1), two baselines, namely, the conventional baseline and the ASTM

baseline, can be obtained. By using the (g—;;) value given in Eq. (4.2),
o

the conventional baseline becomes,

(M) = 9.742x10"7 in/cycle (4.21)
dN

m
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and the ASTM baseline becomes,

(d_a) = 9.742x10"7+ 3.94 x10%n in/cycle (4.22)
dN/,

Comparisons between the crack growth rate data for the first
loading group from both specimens and these two baselines are
given in Fig. 38. It is clear that all test data are above the baselines.
This indicates that the threshold loading level calculated using the
Barsom formula is not a conservative estimate of the threshold,
under all isolated overload spectra in the first loading group, from
both traditional concept and the ASTM recommendation. This
behavior might be interpreted as a decreasing threshold due to the

presence of the overload cycles.

Minor Cycle Stress Ratio (R, ) Effect. In the third loading group,

the minor cycles are positioned "bottom," "middle," and "top" with
respect to the 6verload cycles, as shown in Fig. 13. For each position,
the minor cycle stress ratio has a different value. The crack growth
rate data of the third loading group can be calculated using the raw
data in Tables 8 and 9. They are listed in the Table 15. The physical

meanings of parameters a,d—a- , and (d—i) are the same as those in
dN dN/,

i

com

Table 10. The parameter is the average of the g-l%) data
co

m
available for each type of complex cycle.
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CRACK GROWTH DATA OF LOADING GROUP THREE

minor crack crack growth rate
cycle length
stress da Hda F’
ratio a dN NVcom N'com
. -7 . . .
R, (in) (10 in/cyc) (10 6 in/cyc) (10 6 in/cyc)
3.33480 1.857 1.857
3.36500 2.073 2.073
0.7
3.39533 2.663 2.663 2.3116
(top)
3.42553 2.210 2.210
3.44960 2.755 2.755
3.62748 1.600 1.600
. 3.66035 1.70 1.7
9 61 0 00 1.991
(middle) (<95 2.325 2.325
3.70658 2.338 2.338
3.23500 1.254 1.254
3.25500 1.108 1.108
3.27470 1.322 1.322
0.3 3.87725 1.200 1.200
b 1.335
(bottom)| 3 90323 1.160 1.160
3.92480 1.488 1.488
3.94803 1.712 1.712
3.97163 1.434 1.434
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The complex cycle crack growth rate data in Table 10 are
plotted in Fig. 39 with the horizontal axis representing the minor
cycle stress ratio. A line connecting the average point of the test
data corresponding to each R, value is also drawn in the figure. The
horizontal line represents the level of the average crack growth rate
under constant amplitude loading conditions (i.e., loading group one,
n = 0). The average crack growth rate has been given by Eq. (4.2).

It is clear from Fig. 39 that all of the minor cycles in the third
loading group are damaging, since the test data are all above the
horizontal line. Similar to that reported in Refs. [34, 93], Figure 39
shows that the complex cycle crack growth rate increases when the
minor cycle stress ratio increases. The increased fatigue damage
under a higher R, can be attributed to the increased minor cycle
mean stress. Furthermore, the data average line is basically linear in
the double log coordinate system.

Quantitatively, when the minor cycle position changed from the
bottom to the top with respect to the overload cycles (i.e., R,
increases from 0.3 to 0.7), the average complex cycle crack growth
rate increased by 65%. This indicates that the minor cycle stress
ratio does have an influence on fatigue damage, but the resulting
variation in the complex cycle crack growth rate is smaller than the

variation in R,.
Precision of the Crack Growth Rate Data

Effect of Crack Increment between Load Sheddings. In Chapter

ITI, it has been shown that to achieve a desired AK precision in a



crack growth rate of complex cycle

(da/dN)com, in/cycle

124

104
——#—— data ave.

X data

1 0-5 -

i
10 , f
9.74x10”’ da

(dN)w/o minor cyec.

1 0.7 T T T T T

0.2 0.3 6.4 0.5 0.6 0.7 0

minor cycle stress ratio, Rm

Figure 39. Minor Cycle Stress Ratio Effect on Crack Growth

.8



125

constant AK test, the crack increment between load sheddings
should be carefully selected. In fact, the crack increment between
load sheddings affects not only the precision of the stress intensity
range, but also the precision of the crack growth rate. This can be
appreciated from the following derivation.

The effect of the crack increment b‘etween load sheddings on

the crack growth rate can be reflected by the partial derivative of

d_a)
the crack growth rate with respect to the crack length, —gi . The
a

it
parameter ——g—N— can be expressed as,
a

d_a) a(g_a_
dN! _ \dn! 9(AK) : (4.23)
oa d(AK) oa ‘

According to the Paris law,

da — m 4.24
AN C (AK) ( )

results in,

{49
AN/ _ ¢ mak)™} (4.25)
d(AK)

Combining Eqgs. (4.23) through (4.25) leads to,
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a( ) CmaK)™ &K _ 1 AAK) (4.26)
(__) Aa  C@K"  Aa) AK d(a)

When the crack increment between load sheddings is Aa the

max’

resulting fluctuation of the crack growth rate, denoted as vy, is,

) (A2 jmax) x 100%

(Zla a(a

=m 1905 (Adymax) x 100% (4.27)
AK d(a)

Recall that in Chapter III, the AK fluctuation resulting from Aa, .,

was defined as & and expressed as,

: =(_1_ a(AK))(Aamax) x 100%
AK oa

= Bane Q@ 1009 - (3.9)
W(l-a)2+a) H(e)

where Q(a) and H(a) are given by Egs. (3.3) and (3.7), respectively.
Substituting Eq. (3.9) into Eq. (4.27) yields,

y=—"mBanax Q@ , 140q, (4.28)
W(1-a)(2+0) H(o)
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and y is related to & by
y=m¢ (4.29)

Equation (4.28) shows clearly that the precision of the crack
growth rate in a constant AK test is dependent upon the crack
increment between load sheddings. A higher crack increment results
in a lower precision of the crack growth rate. Furthermore, it is also
shown by Eq. (4.29) that for a given crack increment between load
sheddings, the fluctuation of the crack growth rate is equal to m
times the AK fluctuation, where the parameter m 1is a material
constant.

For the specimen material, AS588 steel, m is about 3.3 [6]. As
discussed in Chapter III, the AK fluctuation resulting from the crack
increment between load sheddings is kept within 2%. So, according
to Eq. (4.29), the maximum fluctuation of the crack growth rate
should be 6.6%, which is an acceptable number.

For the example from previous research [68] discussed in the
section on AK precision, the AK fluctuation was up to 11%; the
material used was 2024 aluminum. According to Ref.[3], the material
constant m of 2024 aluminum is four. Therefore, the fluctuation of
the crack growth rate resulting from the crack increment between
load sheddings can be up to 44%, which is an unsatisfactorily large
number.

The discussion on the precisions of the stress intensity range
and the crack growth rate in a constant AK test in this dissertation

has shown the importance of load shedding design. Equations (3.9)
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and (4.26) can be used to study the precision of AKX and Z—a , and to

design load sheddings in a constant AK test on compact tension
specimens. The approach, in which these two equations are derived,

can be used to derive similar formulas for other types of specimens.

Effect of Crack Length. The crack growth rate data presented so
far were obtained at different crack lengths. To evaluate the effect
of the crack length on the crack growth rate, the constant-AK
loading in the fourth loading group was applied at several different
crack lengths. Approximately thirty crack growth data were taken.
These data are presented in Table 16. The table also lists the type of
loading pins used for later discussion on the loading pin effect on the
crack growth rate.

The crack growth rate vs. crack length data in Table 16 are
plotted in Fig. 40. It is clear that all data points are distributed along
a horizontal line. No significant variation of the crack growth rate
data in response to variations in the crack length is observed.
Therefore, it can be concluded that the crack length has no influence
on the crack growth rate. The crack growth rate data of the first
three loading groups are valid at any crack length. This conclusion is
in line with a previous observation as well [94]. From Fig. 40, it is
also noted that the data points from specimen TH1 and those from
specimen TH2 have a similar distribution along the horizontal line.

Therefore, the results from both specimens are compatible.
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CRACK GROWTH DATA OF LOADING GROUP FOUR

129

Specimen THI1

Specimen TH2

Crack Crack
Crack Growth Rate . Crack Growth Rate )
Length da/dN loa.dlng Length da/dN loa.dmg

. pins 5 pins
a (in.) (10 in/cyc) a (in.) | (10 " in/cyc)
2.88343 1.668 metal 2.68185 1.842 plastic
2.91403 2.046 plastic 2.70703 1.719 plastic
2.94108 1.405 plastic 3.01770 2.460 plastic
3.15508 2.177 metal 3.04125 2.002 plastic
3.18185 1.793 plastic 3.28093 2.125 plastic
3.20930 1.691 plastic 3.30628 2.223 plastic
3.38575 1.889 metal 3.57703 1.774 plastic
3.41420 1.480 plastic 3.59865 1.761 plastic
3.44043 1.989 plastic 3.82570 1.616 plastic
3.60133 1.710 metal 3.85060 1.464 plastic
3.62268 1.633 plastic 4.09605 1.925 plastic
3.65000 1.722 plastic 4.12003 1.579 plastic
3.96485 2.035 metal 4.45723 1.750 metal
3.99338 1.924 metal 4.48705 1.912 metal
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Effect of Loading Pins. As mentioned in Chapter III, for the
purpose of noise isolation, a pair of plastic loading pins instead of
conveptional metal pins are employed for most of the formal tests in
this research. With the data in the Table 16, a comparison between
the crack growth rate data obtained with plastic pins and those
obtained with metal pins is shown in Fig. 41.

It is observed that the plastic pin data and the metal pin data
are mixed together, and there is no indication of any obvious
difference between the two groups of data. Therefore, the type of

loading pin dose not have an influence on the crack growth rate.
Acoustic Emission

Acoustic emissions were monitored for the first and third
groups of loading applied to specimen TH2. It was observed that the
AE signals were intermittent in nature. Table 17 is a summary of the
AE test data. The AE terms such as Event, Count, Energy (Count),
and Amplitude in the table have been defined in Chapter II. The
sum of each parameter was calculated by adding up the
measurements of the parameter for all events recorded during the
period of measurement. In the following, the characteristics of
acoustic emission from fatigue testing and the limitation of AE
sensing in fatigue study will be discussed according to the
experimental observations. The threshold behavior and the minor
cycle stress ratio effect will be examined again using the acoustic

emission data.
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TABLE 17
SUMMARY OF AE TEST DATA

Cycles Test Data Loading
Applied Event-Sum | Count-Sum | Energy-Sum Amplitude

5 . -Sum Group | n

(10" cycles) | Ps(times) Cs(times) (energy  counts) A (dB)

5187 77 77 395 1235

2845 44 44 234 706

4440 141 141 736 2264 1 49
4991 85 85 638 1378

5258 96 96 739 1283

186 19 19 109 301

221 14 14 94 259

306 40 40 207 636 1 0
271 42 42 216 669

219 30 30 150 480

1723 38 41 207 624

1370 43 43 210 678

1211 75 75 378 1091 (tgp) 9
1274 58 68 371 1063

726 17 23 103 309

2178 56 56 309 852

1818 107 107 547 1569 3 9

873 17 17 89 269 (middle)

896 22 22 120 314

2508 39 39 208 624

1883 80 80 429 1260 3

1431 31 35 163 521 (bottom)| °
1469 17 17 97 282

1538 31 33 168 489

19640 462 462 1907 5028

29293 274 274 1602 2692

41873 456 494 3233 5778 1 999
27963 338 338 2500 6068

33429 260 260 1254 3015
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Intermittent Nature of AE Signals

By comparing the first two columns in Table 17, it is seen that
the number of the events recorded is always much smaller than the
number of loading cycles applied. This fact indicates that
measurable acoustic emission signals do not occur corresponding to
every loading cycle, even for loading cycles of the same size. In
other words, acoustic emission signals from fatigue testing is of an
intermittent nature. This observation is in agreement with some
previous AE studies [66, 68]. It is the intermittent nature that limits
extensive application of AE sensing in fatigue study.

Similar intermittence exists in crack growth. In general, the
distance between atoms is at a magnitude of 10710 m [103]. But the
crack growth rate obtained macroscopically can be even below such a
value [104, 105]. If crack growth is a continuous process, it is
implied that the crack growth could proceed through a small distance
among atoms within one molecule during the time period of one
loading cycle. In fact, this is not true. Therefore, crack growth may
not be a continuous process. The intermittence of crack growth was
experimentally observed in a previous study [104]. In that study, a
specimen was placed on a special cyclic loading stage inside a
scanning electron microscope. It was observed that the crack tip
moved once every several thousand loading cycles at an
intermediate loading level.

The intermittent nature of acoustic emission signals and crack

growth is one of the major obstacles to examining fatigue damage
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induced by each loading cycle, which could lead to a better
understanding of the fatigue damage mechanisms under variable-

amplitude loading conditions.

Threshold Behavior

The threshold behavior discussed in the previous section can
also be examined using the acoustic emission results from the first
loading group.‘ The results are listed in Table 18. Parameters
Event-Rate, Count-Rate, Energy-Rate and Amplitude-Rate in the
table are the parameters of the complex cycle. They are calculated

from the data in Table 17 using the following equations,

Event-Rate = (Event-Sum)/(N/n,)

Count-Rate = (Count-Sum)/(N/n )

Energy-Rate = (Energy-Sum)/(N/n )

Amplitude-Rate = (Amplitude-Sum)/(N/n )
The rate-series of parameters are more informative than the sum-
series of parameters, because they are less dependent upon the
number of loading cycles measured.

As mentioned in Chapter II, the combination of parameters

Count and Amplitude is a good representation of the intensity of

AE signals. Thus, the data of Count-Rate and Amplitude-Rate are
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TABLE 18
AE RESULTS OF LOADING GROUP ONE

Event-Rate | Count-Rate] Energy-Rate| Amplitude

Cycles per -Rate
Complex Psnc/N Csne/N En,/N | Ang/N

Cyele -3 -3 (10" energy -2
n (10 © times/| (10"~ times/ counts/ (10 dB/
¢ com-cyc) com-cyc) com-cyc) com-cyc)

1.02 1.02 5.86 1.62

.624 .624 4.25 1.17

1 1.31 1.31 6.76 2.08

1.55 1.55 7.97 2.47

1.37 1.37 - 6.85 2.19

1.56 1.56 8.30 2.49

4.25 425 22.8 6.69

10 2.20 2.45 11.4 3.64

1.20 1.20 6.80 19.7

2.03 2.13 10.9 3.18

7.42 7.42 3.81 11.9

7.70 7.70 41.1 12.4

50 15.9 15.9 82.9 25.5

8.56 8.56 63.9 13.8

9.12 9.12 70.3 12.2

235 235 971 256

93.7 93.7 547 91.9

1000 109 118 772 138

121 121 894 217

77.8 77.8 375 90.2
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plotted together in Fig. 42. Two horizontal .lines pass through the
average points of the Count-Rate data and the Amplitude-Rate data
of n,=1 loading, respectively. These lines represent the levels of the
corresponding parameters when the minor cycles are considered to
be not damaging.

Figure 42 shows that the Count-Rate and Amplitude-Rate data
are above their corresponding baseline for n_ > 1, and both
parameters increase as n, increases. Therefore, it can be concluded
that under the variable-amplitude loading conditions studied in this
research, the intensity of the AE signals increases with increasing
number of minor cycles between overload cycles, and the minor
cycles below the threshold contribute to fatigue damage.

The energy of acoustic emission signal is also a parameter
reflecting the signal intensity. The Energy-Rate vs. n, plot is shown
in Fig. 43. Similar to Fig. 42, a horizontal line is drawn through the
average point of the Energy-Rate data of n,= 1, and it represents
the Energy-Rate level when minor cycles are not damaging. Since
the data points for n.,> 1 are all above the horizontal line and
increase with an increase in n,, the above conclusion holds.

From the above discussion, it is clear that the acoustic emission
test data lead to a conclusion agreeable to the one drawn from the
crack growth rate data. Both types of test data have shown that the
traditional concept of below-threshold cycles not causing fatigue

damage is not valid under variable-amplitude loading conditions.
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Minor Cycle Stress Ratio Effect

The AE results from the third loading group are presented in
Table 19. To show the effect of the minor cycle stress ratio on the
major parameters of AE signals, the Count-Rate and Amplitude-
Rate vs. n_ curves, and the Energy-Rate vs. n, curve are plotted in
Figs. 44 and 45, respectively. The same horizontal baselines used in
Figs. 42 and 43 are also drawn in Fig. 44 and 45, respectively. Here,
they represent the level of fatigue damage i‘nduced by a complex
cycle with no minor cycle.

From Figs. 44 and 45, it is observed that all test data are above
the corresponding baéelines, and the three AE parameters increase as
R, increases. Therefore, it can be concluded that all minor cycles
present cause fatigue damage, and the resulting damage increases as

the minor cycle stress ratio increases. Thus, as to the R, effect, the

AE results are consistent with the macrocrack growth results.
CMOD and BFS

In this study, crack mouth opening displacement and back-face
strain were monitored under the second group of loading. CMOD was
also measured under the first group of loading. In the following
sections, the results of crack mouth opening displacement and back
face strain measurements will be employed to study crack opening
and to discuss the feasibility of using the CMOD and BFS

measurements to determine the crack opening stress intensity factor.
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TABLE 19
AE RESULTS OF LOADING GROUP THREE

] Event-Rate | Count-Rate| Energy-Rate| Amplitude
Minor Cycle -Rate
Stress Ratio| Pshc¢/N | Csne/N En,/N | AngN

-3 -3 (10" ? energy -2
R (10 © times/| (10 ~ times/ counts/ (10 dB/
com-cyc) com-cyc) com-cyc) com-cyc)
2.23 2.40 1.20 3.62
3.14 3.14 1.53 4.95
(toc;;) 6.23 6.23 3.12 9.01
4.56 5.34 2.91 8.34
2.37 3.16 1.42 4.25
2.55 2.55 1.42 3.91
0.6 5.89 5.89 3.01 8.63
(middle) 1.95 1.95 1.02 3.08
2.41 2.41 1.34 3.51
1.56 1.56 0.83 2.49
0.3 4.25 4.25 2.28 6.69
(bottom) 2.20 2.45 1.14 3.64
1.20 1.20 0.68 1.97
2.03 2.13 1.09 3.18
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Crack enin bservations

In a previous study [82], it was observed that following an
isolated overload, the displacements at both the maximum and
minimum loads of the minor cycles were increased. The intention of
the present testing is to see whether the same behavior occurs after
a series of overloads.

For the loading spectrum of n = 9 in the first loading group, the
CMOD signal recorded is shown in Fig. 46. It is clear that the
maximum and the minimum displacements corresponding to the
minor cycles remain the same after the first overload as well as the
subsequent overloads. The same pattern was observed under other
loading spectra of n # 9 in the first loading group. It seems that the
crack is not propped open under the first group of loading. The
absence of this behavior is most likely due to the low loading level of
the first loading group. This will become clearer from the CMOD and
BFS results for loading group two.

Examples of the CMOD and BFS signals for the second loading
group are shown in Figs. 47 and 48, respectively. They correspond to
the loading spectrum of n = 9. These figures show that the
maximum and minimum values of the CMOD and BFS signals
corresponding to the minor cycles have a step increase after the first
overload, which is an indication of the crack being propped open. As
mentioned in the section on loading programs, the major difference
between the first two groups of loading lies in the loading level. The

loading level of the second load group is highér than that of the first.
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From Figs. 47 and 48, it is interesting to observe that the
maximum and minimum values of the CMOD and BFS signals of the
minor cycle do not have additional step changes after subsequent
overloads. In other words, the crack is propped open only after the
first overload, not after every overload. The following is a possible
explanation of this fact.

When the first overload was acting on the specimen, a large
plastic zone formed in front of the crack tip. The plastic deformation
propped open the crack at a certain level, which caused a step
change in the CMOD and BFS signals after the first overload. The
limited number of minor cycles between two overloads usually
cannot significantly attenuate the prop effect of the plastic zone. So
the prop action remained basically unchanged until the following
overload arrived. Since all overloads in the loading spectrum are of
the same size, the plastic zones induced by the subsequent overloads
are of the same size as that induced by the first overload. The
subsequent overloads could not generate a significantly higher level
of prop action than that induced by the first overload. Therefore, the
CMOD and BFS signals did not experience additional step changes
after subsequent overloads. Figure 49 shows that even for a slightly
higher number of minor cycles between overloads, such ‘as n = 49,
the crack opening behavior is similar to the case of n = 9 shown in
Fig. 48.

The prop opening of the crack is directly related to the
interaction between the overloads and the minor cycles. A better

understanding of this behavior as well as its dependency upon the
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loading level and the number of minor cycles between overloads is
expected to provide insight to the overload acceleration and

retardation study. Further research on this phenomenon is needed.

Feasibility of Determining K o

The crack opening stress intensity factor was used as a
parameter to study the overload effect in previous research [44, 55].
As shown in Fig. 7, the crack opening stress intensity factor is
determined from the load-displacement curve. It is desired to be
able to identify the crack opening stress intensity factor for every
loading cycle applied.

In this research, typical load-displacement curves extracted
from the CMOD and BFS measurements are shown in Figs. 50 and 51,
respectively. Both curves correspond to the rising edge of the first
overload in the loading spectrum with » = 9 in the second loading
group. It is observed that the CMOD curve is basically linear and
cannot be used to determine the crack opening stress intensity
factor, while the BFS curve has a visuable curvature which might be
used to determine the crack opening stress intensity factor.

It appears that the BFS measurement is more sensitive than the
CMOD measurement where crack opening is concerned. The clip gage
technique is not sensitive enough to provide data for calculating K,
under the loading conditions used in this research. A similar
comment on the clip gage technique is seen in Ref. [82]. The back-
face strain technique appears to have the potential for being used to

determine K op under the loading conditions studied. Further work
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on this subject is needed to investigate the crack opening stress
intensity factor of every loading cycle and its impact on the overload

study.
Fatigue Striation

Under the scanning electron microscope, fatigue striations were
observed on an area of the crack surface corresponding to a loadiné
of n = 49 in the second loading group. The characteristics of the
striations and a comparison between the microcrack and macrocrack

growth rate data are presented in the following.
Striation Characteristics

Two striation photos taken at locations #2 and #5 shown in Fig.
29 are presented in Fig. 52 (a) and (b). From the photos, it can be
seen that the striations are localized. According to the pattern of the
striations, the crack surface can be divided into many small regions.
Both the orientation and spacing of the striations vary from region to
region. Inside each region, the striation lines are basically parallel to
each other and are of the same spacing. These lines form a relatively
uniform group.

In general, the striation orientation is perpendicular to the crack
growth direction, and the striation spacing represents the crack
growth rate.  Therefore, each region can be considered as a
microcrack of its particular crack growth orientation and speed. The

macrocrack growth is the resultant action of all localized microcrack
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Crack Growth Direction

a) Photo No. 2, 1000x

Figure 52. Examples of the Striations Observed
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Figure 52. (Continued)
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growths. The localization feature of the striation spacing was also
observed in a previous study on 2024-T3 aluminum alloy [87]. It
was reported that the microcrack growth rate might vary by a factor
of two to four from one region to another.

In this research, the striations observed all correspond to the
overload cycles applied. The striations induced by the minor cycles
cannot be distinguished even under the SEM. The estimated crack
growth rate under loading consisting of only the minor cycles is
about 5x10-7 in./cycle [6]. The reported SEM resolution is only 10
nm (3.94x10-7 in.) [69, 73]. So the limited resolution of the SEM
might not allow seeing the minor cycle striations.

Evidence of abrasive damage on the fracture surface was also
observed under the SEM. An example is shown in Fig. 53. The photo
was taken on a trial specimen. For the loading spectrum applied to
the trial specimen, the overload stress ratio was 0.05 and the
overload stress intensity range was the same as that in the second
loading group. It is clear that the striation lines in two local regions
next to the right edge of the photo suffer from severe abrasive
damage. Furthermore, it is noted that the striations in Fig. 52 suffer
from less abrasive damage than those in Fig. 53. This can be
attributed to the higher overload stress ratio (R,= 0.3) adopted in
loading group two. A smaller R, results in more contact between the

fractured surfaces, which causes more abrasive damage.
Microcrack and Macrocrack Growth Rates

Since each striation line corresponds to an overload cycle, the
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complex cycle crack growth rate, (dg_) , 1s equal to the striation
com

spacing. By measuring the spacings of the striations on each photo,
the minor crack growth rate can be determined. The results of such
measurements are listed in Table 20. Due to the localized character
of the striations, the striation spacings in five to six regions in each
photo were measured. Their average is used as the microcrack
growth rate in Table 20. As a comparison, Table 21 provides the
macro crack growth rate data for crack length from 4.10 to 4.60
inches. Figure 54 is a comparison between the microcrack growth
rates and their macrocrack counterparts. It is shown that the two

data groups correlate with each other.
Summary of the Results

In the preceding sections of this chapter, all results have been
presented and discussed in the sequence of the measurement
techniques used. A brief summary of the results in light of the
research objectives will be given next. This summary includes the
overload effect evaluated using the test data of macrocrack growth,
CMOD, BFS, and microcrack growth; the minor cycle damage
evaluated using the results of macrocrack growth and acoustic
emission; and additional findings obtained during the investigation

Process.

Overload Effect

The macrocrack growth rate data of loading group one are
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TABLE 20

MICRO CRACK GROWTH DATA FOR GROUP-
TWO LOADING WITH n=49

PhotoNo. | 2 | 3 | 4 [ 5 | & | 41 | 421

a(in.) 451 | 4.47| 439] 431|423 | 4.40| 4.36
(da/dN)eom | 5 17 | 2.04 | 3.00| 3.38 | 2.94 | 3.55| 2.85
(10°% infcyc)
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TABLE 21

MACRO CRACK GROWTH DATA FOR GROUP-
TWO LOADING WITH n=49

crack crack growth rate
length da ‘g_a-'
a dN Nfcom
(in) (107 infeyc) (10°% in/eyc)
4.12380 7.858 3.929
4.15003 7.460 3.730
4.17170 6.242 3.121
4.19495 8.170 4.085
4.22233 9.982 4.991
4.24723 8.058 4.029
4.27213 9.958 4.974
4.29843 8.668 4.334
4.32370 9.178 4.589
4.34795 8.858 4.429
4.37028 8.346 4.173
4.39335 8.436 4.218
4.41680 10.63 5.314
4.44030 8.792 4.396
4.46258 8.400 4.200
4.48860 10.69 5.374
4.51598 9.392 4.496
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compared with an average crack growth rate baseline and a
statistical crack growth rate baseline range. The average baseline is
based on the non-interaction model. The statistical baseline range is
bounded by the upper and lower confidence limit baselines of the
population mean of the crack growth rate calculated\ under the
assumption of no load interaction. The comparisons show that the
crack growth rate data from the isolated overload programs are on or
above the baseline (range) for 10 < nc<>50, and below the baseline
(range) for n,2 100.

It is concluded that under the loading conditions studied,
acceleration occurs for 10 <n, < 50, retardation occurs for n,2 100,
and the transition of the overload effect lies between n,= 50 and
n.= 100. The level of overload acceleration increases with
increasing n, until it reaches a maximum, then falls rapidly to zero
between n_.= 50 and n,= 100. After the transition point, the level
of retardation increases as n, increases.

The results of crack mouth opening displacement and back-face
strain measurements provide another view of the overload effect.
The CMOD and BFS signvals from loading group two show a step
change‘ in their minor cycle components after the first overload cycle,
and no more step change after the subsequent overload cycle. In
other words, under the group-two loading conditions, the crack is
propped open following the first overload, and then remains
unchanged for subsequent overloads. A tentative explanation of this
phenomenon has been proposed as follows. The large plastic zone

induced by the first overload propped open the crack at a certain
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level, which caused a step change in the CMOD and BFS signals after
the first overload. Because a small number (e.g., 9 and 49) of the
minor cycles between the overloads could not reduce a significant
amount of the plastic zone in front of the crack tip, the prop action
remained basically the same until the second overload arrived. The
second and subsequent overloads maintained the size of the plastic
zone at a nearly constant level. So, the CMOD and BFS signals did not
experience additional step change.

It was also noted that the loading level had an influence on the
extent to which the crack was propped open. The CMOD signal from
the first loading group, which has allower loading level than the
second loading group, did not have a step change after the first and
the subsequent overload. It seems that the crack is not propped
open a significant amount under small loadings.

On the portion of the specimen sample experiencing group-two
loading, all striations observed correspond to the overload cycles.
This fact indicates that there exists a large difference between
overload fatigue damage and minor cycle fatigue damage, whatever
the load interaction is. In addition, it has been shown that the
complex cycle crack growth rate data calculated using the striation
spacing measurements are correlated to the macrocrack crack growth

rate data calculated using the traveling microscope measurements.

Fatigue Damage by Minor Cycles

Threshold Behavior. The minor cycles in the first loading group

are all below the threshold level calculated using the Barsom
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formula.  Under such loading, fatigue damage acceleration and
retardation observed might imply an increase or a decrease in the
threshold. In other words, it seems that the threshold decreases
with increasing n_, in the acceleration phase of 10 < n,< 50, and
increases with increasing n_ in the retardation phase of n_.2 100.
Here, the minor cycle fatigue damage in the baseline calculation is
based on the experimental results of a previous study [6].

According to the conventional concept and the ASTM
specifications on the crack growth rate at the threshold point, two
more baselines for the macrocrack growth rate under the first group
of loading were calculated. All macrocrack growth rate data from
loading group one have been found to be above the conventional and
ASTM baselines. This indicates that the threshold loading level
calculated using the Barsom formula is not a conservative estimate of
the threshold under all isolated overload spectra in the first loading
group, from both the conventional concept and the ASTM
recommendation. It seems that the threshold decreases under such
loading conditions due to the presence of the overload cycles.

The intensity of the AE signals from the first loading group has
been studied in terms of Count-Rate, Energy-Rate and Amplitude-
Rate. The averages of the AE data of n,= 1 loading were used as
baselines for the three parameters. They represent the AE intensity
level when the minor cycles are not damaging. The results show that
the AE data for n,> 1 are above their corresponding baselines and
each parameter increases as n, increases. Therefore, it is concluded

that under the variable amplitude loading studied in this research,
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the below-threshold minor cycles contribute to fatigue damage, and
the intensity of the AE signals increases with the number of minor
cycles between overloads.

From the above discussion, it is clear that the acoustic emission
test data lead to a conclusion in agreement with the one drawn from
the macrocrack growth rate data. Both types of test data have shown
that the traditional concept of below-threshold cycles not causing
fatigue damage is not valid under variable-amplitude loading

conditions.

Minor Cycle Stress Ratio Effect. The test results of the third
loading group were used to study the minor cycle stress ratio effect.
The macrocrack growth rate data show that the complex cycle crack
growth rate increases when the minor cycle stress ratio increases.
The increased fatigue damage under a higher minor cycle stress ratio

can be attributed to the increased minor cycle mean stress. It is also

VS. Rm

noted that in the double log coordinate system, the (d_a
com

curve is nearly linear.
Similarly, the test data of each AE parameter increases as the
minor cycle stress ratio increases. It is concluded that fatigue

damage increases with increasing the minor cycle stress ratio.

Additional Findings

Effect of Crack Increment Between Load Sheddings on (da/d N).

An equation relating the precision of the crack growth rate to the

crack increment between load sheddings has been developed for CT
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specimens under constant AK testing. It is,

y= M B8nax Q@ . 1009, (4.28)
W(l-0)(2+e) H(a)

Equation (4.28) shows clearly that the precision of the crack growth
rate in a constant AK test is dependent upon the crack increment
between load sheddings. A higher crack increment results in a lower
precision of the crack growth rate. Furthermore, it has been shown
that for a given crack increment between load sheddings, the
fluctuation of the crack growth rate is equal to m times the AK

fluctuation, where the parameter m is a material constant.

Effect of Crack Length on (da/dN) . To' evaluate the effect of the

crack length on the crack growth rate, the constant-AK loading in
the fourth ioading group is applied at several different crack lengths.
Nearly thirty crack growth data were taken. The crack growth rate
vs. crack length plot shows that all data points are distributed along
a horizontal line. No significant variation trend of the crack growth
rate data in response to variations in the crack length is observed.
Therefore, it can be concluded that the crack length has no influence

on the crack growth rate.

Intermittent Nature of AE Signals. The acoustic emission results

show that the number of events recorded is always much smaller
than the number of loading cycles applied. This fact indicates that
measurable acoustic emission signals do not occur corresponding to

every loading cycle, even for loading cycles of the same size. In
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other words, acoustic emission signals from fatigue testing are of an
intermittent nature. The intermittent nature of acoustic emission
signals is one of the major obstacles to examining fatigue damage
induced by each loading cycle, which could lead to a better
understanding of the fatigue damage mechanisms under variable-

amplitude loading conditions.

Striation Characteristics. According to the pattern of the
striations observed, the crack surface can be divided into many small
regions. Both the orientation and spacing of the striations vary from
region to region. Inside each region, the striation lines are basically
parallel to each other and of the same spacing. Therefore, each
region can be considered as a microcrack of its particular crack
growth orientation and speed. The macrocrack growth is the
resultant action of all localized microcrack growths.

Evidence of abrasive damage to the striations on the fractured
surfaces was also observed under the SEM. The fractured surfaces
experiencing loadings of two different overload stress ratios were
compared. It seems that loading of a smaller R, results in more

abrasive damage on the fractured surface.



CHAPTER V
SUMMARY AND CONCLUSIONS
Summary

Fatigue damage under variable amplitude loads has been
studied using five different methods, namely, macrocrack growth,
acoustic emission, crack mouth opening displacement, back-face
strain, and fatigue striations. The major findings of this research are
summarized below.

Discussion of the effect of the number of cycles per complex
cycle on the macrocrack growth rate data has demonstrated the
existence of the fatigue damage acceleration phase, the retardation
phase, and the transition phase. This discussion contributes to an
improved understanding of the overload effect under the isolated
overload programs. The CMOD and BFS test results have revealed
some characteristics of the crack opening phenomenon which are
directly related to fatigue damage under variable-amplitude loading
conditions.  Striation observations have indicated that there exists a
large difference between overload fatigue damage and minor cycle
fatigue damage, which might contribute to the mechanism of fatigue
damage induced by each loading cycle under variable-amplitude
loading conditions.

Fatigue threshold behavior has been studied in terms of the
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macrocrack growth rate and the acoustic emission intensity. The
conventional concept, the ASTM recommendation, and the available
test data on the minor cycle crack growth rate have been used as
baselines for evaluating the threshold behavior under variable-
amplitude loading conditions.  The comparisons between the test
data and the baselines have shown that the thfeshold varies with the
loading conditions due to load interaction between overloads and
minor cycles.

Discussion of the effects of crack increment between load

sheddings on the precisions of AK and dd_lg\; in a constant AK test

yielded meaningful results. Two equations relating the AK

fluctuation and the Z_I‘\Z/ fluctuation to the crack increment between

load sheddings, for CT' specimens, have been developed. The
approach used in the derivation can be applied to the study of the

precisions of AK and g—]% for other types of specimen.

Special measures have been taken to isolate noise in the
acoustic emission monitoring system. The results have shown that
plastic pins are a promising substitute for conventional metal pins

under relatively small loadings.
Conclusions

1. Under the first loading group, acceleration occurs for 10<rn <50,
retardation occurs for n_ 2> 100, and the transition of the
overload effect lies between n_.= 50 and n_.= 100. The level

of overload acceleration increases with increasing n, until it
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reaches a maximum, then falls rapidly to zero between n_ = 50
and n_,= 100. After the transition point, the level of
retardation increases as n_ increases.

The crack is propped open following the first overload, and
then remains unchanged for subsequent overloads under the
second loading group. At relatively low loading levels (e.g., the
first loading group),‘ the crack may not be propped open a
measﬁrable amount.

All striations observed correspond to the overload cycles,
which indicates that there exists a large difference between
overload fatigue damage and minor cycle fatigue damage,
whatever the load interaction is.

If previous data for the minor cycle crack growth rate are used
to formulate the baseline, load interaction causes the threshold
to decrease with increasing n_for 10 <n_ < 50, and to increase
with increasing n_for n_ 2 100, under the first loading group.
If the baseline is based on the conventional concept or the
ASTM specifications on crack growth rate at the threshold
point, load interaction causes the threshold to decrease for all
n,.
Fatigue damage, in terms of the crack growth rate and the
intensity of the acoustic emission signals, increases as the

minor cycle stress ratio increases. In the double log coordinate

system, the (d_a_) vs. R, curve is nearly linear.
com

When the same loading spectrum was applied at various crack

tip positions, no significant variation in the crack growth rate
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data was observed for constant AK. The crack length has no

influence on the crack growth rate.

If the crack increment between load sheddings is Aa,,,, the
resulting AK fluctuation in a constant AK test is,
= —Bamaz Q@) 150q, (3.9)

W(l-a)(2+a) H(o)

The larger the crack increment between load sheddings, the
lower the AK precision.

the

If the crack increment between load sheddings is Aa,,,,

resulting fluctuation of the crack growth rate in a constant AK

test is,

1 9(AK)

(A2max) x 100% (4.27)
AK d(a)

y=m

The larger the crack increment between load sheddings, the

lower the 44 precision. The da  flyctuation is equal to m
dN dN

times the AK fluctuation, where m is a material constant.

The use of Delrin plastic pins can effectively isolate the
hydraulic system noises. As compared to metal pins, the
plastic pins are much cheaper and do not have measurable pin
friction noises. The plastic pins perform satisfactorily under
relatively low loadings.

Acoustic emission signals from fatigue testing are of an

intermittent nature. The intermittent nature of acoustic
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emission signals is one of the major obstacles to examining
fatigue damage induced by each loading cycle, which could lead
to a better understanding of the fatigue damage mechanisms
under variable-amplitude loading conditions.

11. The complex cycle crack growth rate data calculated using the
striation spacing measurements correlated with the macrocrack
growth rate data calculated using the traveling microscope

measurements.
Suggestions for Future Work

Further work is needed to more precisely define the transition
from overload acceleration to overload retardation. A Dbetter
understanding of the transition phase may provide information
about when the overloads are beneficial and when they are
detrimental.

Variables such as the ratib of the minor cycle stress range to the
overload stress range, the overload stress ratio, and the specimen
width may have influence on the overload effect. Investigation of
these variables may lead to an improved understanding of fatigue
damage under variable-amplitude loadings.

It is suggested’that future constant AK tests be conducted on
constant K specimens instead of CT specimens to avoid constantly
calculating loading levels. To acquire stronger AE signals and better
striation profiles, aerospace aluminum 7075 and 2024 may be

adopted.
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APPENDIX A

CONFIDENCE LIMITS OF POPULATION MEAN
BASED ON A GROUP OF DATA

If a group of data has a mean of y, then their population mean
lies in a certain range around y. Confidence limits of a mean define
the variation range of the population mean with a certain degree of
confidence.

The general formulas for the confidence limits of the population

mean are [107],

UL=y+z -5 (A.1)

VN

LL=y -z S (A.2)

VNs

where, UL is the upper confidence limit, LL is the lower confidence
limit, z can be found from the normal-curve table [107] according to
the confidence level chosen, N is the number of data in the group,
and S is the estimate of the population variance. The estimate of

the population variance can be calculated as follows,
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Zy2
Ns-1

(A.3)

where, y's represent data in the group.



APPENDIX B

CONFIDENCE LIMITS OF POPULATION MEAN
BASED ON A REGRESSION LINE

For a least-square regression line of form,
y=Rh+phx | (B.1)

the population mean of y corresponding to a specific x lies in a
certain range around )7 Confidence limits of f define the variation
range of the population mean of y with a certain degree of
confidence.

The limits of 1 x 100% confidence can be calculated by the

following equations [102, ‘108],

UL = y+tgpSer\ | L+ (x-x) (B.2)
s Sxx

LL = ;—te/gsg ;IL-Q-(L-E_)—i (B.3)
§ Sxx

where, n, is the number of original data for the regressive
calculation, x is the average of x's, tg, is the percentage point of the

t-distribution corresponding to the percentage area, 6/2 =(1-1)/2,
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and the degree of freedom, df=n -2,

calculated as,

sx,c=zx2-M

ng

S —/\/ Syy ~BiSxy
=
ng-2

where,
Syy = zyZ - (zy)z
ng
Sy = 21y - (ZxL(SZy)

192

and S, and S, can be

(B.4)

(B.5)

(B.6)

(B.7)

In general, the confidence limits of a regression line are two

hyperbolas around the regression line, as shown in Fig. 55. The

hyperbolas have the shortest distance apart when x=x .
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Figure 55. Shape of the Confidence Limit Lines for a Regression Line
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