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Foreword

This book represents the proceedings of the Symposium on Small-Crack Test Methods
sponsored by the joint ASTM E-9 on Fatigue and E-24 on Fracture Testing and Task Group
on Small Fatigue Cracks. The symposium was held in the Hilton Palacio del Rio Hotel in
San Antonio, TX, on 14 Nov. 1990. The symposium was organized by J. M. Larsen, U.S.
Air Force, Wright Laboratory, Wright-Patterson Air Force Base, OH, and J. E. Allison,
Research Staff, Ford Motor Company, Dearborn, MI, who also served as coeditors of this
Special Technical Publication (STP).

This publication presents state-of-the-art reviews from leading experts on methods for
characterizing small-crack behavior. It should be of use to students and practicing researchers
in the fields of materials science and engineering and mechanical engineering.

The editors would foremost like to express their appreciation to the authors for their high
quality manuscripts and responsiveness to reviewer comments. Special appreciation is due
to the many reviewers who have sacrificed their time and effort in ensuring the accuracy
and high quality of the papers included in this publication. We would also like to commend
the ASTM staff, who provided for the smooth administration of the symposium (Dorothy
Savini and Patrick Barr) and the editorial review of this publication (Monica Siperko, Rita
Hippensteel, and Kathy Dernoga). Finally, we gratefully acknowledge the support of our
own organizations: the U.S. Air Force and Ford Motor Company.
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Introduction

It is widely understood that small, three-dimensional fatigue cracks can propagate at rates
that are considerably faster than those of large cracks subjected to a nomimally equivalent
stress intensity factor range AK. Because many design life predictions are based on data
from large-crack specimens, this crack-size effect potentially can lead to nonconservative
designs. Thus, the topic of small-crack propagation has become important to the engineering
community. There have been a number of recent conferences on this topic [/ -3] that provide
good reviews of the nature and extent of the “small-crack effect.”

This Special Technical Publication (STP) is the result of a Symposium sponsored by the
Joint ASTM E-9 on Fatigue and E-24 on Fracture Testing Task Group on Small Fatigue
Cracks, which was held in San Antonio, TX, in Nov. 1990. The purpose of this STP is to
review the state-of-the-art in small-crack test methods and provide the testing community
with a single, authoritative reference describing recommended experimental and analytical
procedures. Recognizing the unique role of ASTM in developing test standards, each of the
authors was invited to provide detailed, quantitative guidance on necessary procedures for
testing and data acquisition, including descriptions of the advantages and limitations of the
specific technique with sufficient detail to allow use by the inexperienced user. The emphasis
in this STP is on characterizing small, three-dimensional fatigue cracks, either naturally or
artificially initiated. The potential user is encouraged to consider the specific attributes of
the various experimental methods when selecting one or more of the test methods to satisfy
his particular research needs. To aid in this process, the following discussion presents an
overview of the contents of this monograph.

Fracture Mechanics Parameters for Small Fatigue Cracks—J. C. Newman, Jr.

This paper provides a good introduction to the unique behavior of small fatigue cracks
and the primary factors responsible for this uniqueness. A central focus of the author is
fracture-mechanics parameters that have been used to correlate or predict the growth of
small cracks, with an emphasis on continuum mechanics concepts, crack closure, and non-
linear behavior of small cracks. A review of common small-crack test specimens and stress
intensity solutions is provided. A major portion of this paper is spent discussing elastic-
plastic analysis. The literature in this area is reviewed and simple elastic-plastic and cyclic
J-integral estimators are considered for small-crack geometries. The author formulates and
applies a simple plastic-zone corrected stress-intensity factor that approximates the J integral
surprisingly well. The conclusion is presented that plasticity effects are small for the majority
of small-crack data in the literature, and only for situations in which the applied stress was
appreciably higher than the flow stress are cyclic plasticity effects significant. The author
concludes that crack closure transients are the major factor causing the small-crack effect.
These closure transients are attributed to the build up of plasticity-induced crack closure as
the crack length increases, and a model is presented for predicting this transient. Finally,
using methods described in this paper, accurate predictions of crack shape and sample life
are demonstrated for aluminum alloys.

1
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2 SMALL-CRACK TEST METHODS

Monitoring Small-Crack Growth by the Replication Method—M. H. Swain

This paper provides a detailed overview of one of the most important, widely used, and
least expensive small-crack test methods. The author gives details on preparation of the
specimen surface and the replica and discusses replica characterization methods, including
many practical tips on use of the technique. The procedure involves creating a series of
acetate replicas of the surface of a fatigue specimen throughout its life to produce a permanent
record of the state of cracking. The method has been applied to a wide variety of specimen
geometries and materials and is applicable to naturally initiated corner and surface cracks.
A key attribute of the technique is the ability to track backward in a series of replicas to
identify the earliest stages of damage. Replicas may be viewed using either optical microscopy
or scanning electron microscopy (SEM). The latter method provides a resolution of ap-
proximately 0.1 pm, although the labor and time involved are considerably greater than fo1
optical microscopy. The author discusses stress intensity factor calibrations and presents
example small-crack data acquired by replication. A series of practical advantages and
limitations of these experimental methods are presented, including effects of hold times and
environmental effects. In addition, an appendix is presented, which outlines criteria for
selecting cracks that are sufficiently separated as to be considered to have noninteracting
stress fields.

Measurement of Small Cracks by Photomicroscopy: Experiments and Analysis—
J. M. Larsen, J. R. Jira, and K. S. Ravichandran

The authors discuss a second optically based technique that uses a relatively inexpensive
photomicroscope for recording the growth of small fatigue cracks. The experimental ap-
paratus includes a microscope mounted with a 35-mm camera that is triggered by a standard
microcomputer, which also controls the testing machine. The paper addresses small-crack
issues associated with specimen preparation, effects of surface residual stresses, and char-
acterization of crack shape. The capabilities of the method are documented by data char-
acterizing practical optical resolution, and data are presented to quantify the typical precision
of crack length measurements (= 1 pm). While this method offers a lower resolution than
acetate replication, the semi-automated nature of the approach facilitates the acquisition of
a large number of data, which can be analyzed statistically.

The second half of the paper discusses possible pitfalls in the calculation of crack growth
rates. A series of analyses is presented of a single, analytically generated, data set to illustrate
the influence of the precision of crack length measurement and measurement interval on
calculated crack growth rates. It is shown that the ratio of measurement error to measurement
interval that typifies many small-crack experiments may have dramatic effects on the cai-
culated crack growth rates over the life of the test. The analysis illustrates the importance
of differentiating such effects from any physically inherent variability in smalii-crack growth
rates. To address this problem, a modified incremental polynomial method for calculation
of crack growth rates is presented.

The Experimental Mechanics of Microcracks—D. L. Davidson

This paper reviews the extensive accomplishments of the author and his colleagues in
applying the scanning electron microscope to the study of small fatigue cracks. The author’s
pioneering efforts in the development of a high-temperature fatigue loading stage in the
SEM are highlighted, and numerous applications of this specialized capability are discussed.
The SEM affords high resolution imaging of detailed features of behavior of small cracks,
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and through the use of stereoimaging, it has been possible to make measurements of a wide
range of crack field parameters useful in characterizing the driving force of both small and
large cracks. The instrument has provided measurements of displacements and strains in
the vicinity of a crack, facilitating documentation of both crack-tip deformation fields and
crack closure in the wake of the crack. Probably no other experimental approach has provided
such a detailed view of the physical phenomena associated with the propagation of small
and large fatigue cracks.

Much of the paper is devoted to highlighting achievements made possible by the SEM
observations, including assessments of the factors that appear to be responsible for the
differences between the behavior of large and small fatigue cracks. It is concluded from
extensive characterization of both small and large cracks using the SEM that the most
important factors that differentiate small from large cracks are the crack-size dependence
of crack closure and the poor similitude between the crack-tip deformation fields of small
versus large cracks. Microstructural effects are also deemed to have a significant influence
on small-crack behavior, but changes in crack growth mechanism as a function of crack size
have not been observed.

Real-Time Measurement of Small-Crack Opening Behavior Using an Interferometric
Strain/Displacement Gage—W. N. Sharpe, Jr., J. R. Jira, and J. M. Larsen

This paper discusses the application of a laser interferometric strain/displacement gage
(ISDG) to the study of small fatigue cracks. The technique, which is applicable to both
naturally and artificially initiated cracks, is essentially a noncontacting, short-gage-length
extensometer having a displacement resolution of approximately 5 nm. From data of applied
load versus crack-mouth-opening displacement, measurements of crack-opening compliance
and observations of crack closure are obtained. Computerization makes real-time analysis
of the data possible and efficiently handles the large quantity of data that is acquired. The
general principles of operation of the ISDG are discussed, and four variations of the in-
strument currently in use are reviewed. The authors offer a number of practical consider-
ations for application of this approach to small-crack testing and present example data
illustrating the capabilities of the method for measurement of crack closure and crack length.
When combined with independent measurements of surface crack length, the compliance
measurements provided by the ISDG may be used to calculate instantaneous crack shape.
Because the data are available in real time, the ISDG may be used for feedback control of
fatigue tests following procedures similar to those used for automated testing of conventional
large-crack specimen (for example, AKccreasings AKy, tests).

Direct Current Electrical Potential Measurement of the Growth of Small Fatigue Cracks—
R. P. Gangloff, D. C. Slavik, R. S. Piascik, and R. H. Van Stone

This paper provides an extensive and detailed review of direct current electric potential
techniques for characterizing small fatigue cracks. Using the descriptions provided of the
required apparatus and experimental arrangements, any good experimentalist should be
able to duplicate and apply this technique. In particular, there is an excellent description
of experimental issues such as probe location, the effect of changes in probe location, thermal
electromotive force effects, and methods for dealing with crack shorting effects. Materials
covered include ferrous, aluminum, titantium, and nickel alloys. The authors conclude that,
in these metallic materials, electric potential techniques can be used to monitor cracks greater
than 75 um and resolve crack length changes of 1 to 5 pm. A review of models for predicting
the dimensions of three-dimensional cracks from changes in measured electric potential is
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provided. For accurately predicting crack length, assumptions regarding crack shape must
be made, however, the authors provide evidence that, in general, crack shape is well-
controlled and can be predicted. For materials in which crack shape has not been previously
characterized, methods are suggested for verifying the required assumptions. The paper
contains many examples of applications of the electric potential technique to small-crack
characterization, with special emphasis on novel applications in investigations involving
environmental and elevated temperature effects. The authors include examples demonstrat-
ing how this technique can be used in sophisticated ways to develop an understanding of
the mechanisms controlling small-crack propagation.

An Ultrasonic Method for Measurement of Size and Opening Behavior of Small Fatigue
Cracks—M. T. Resch and D. V. Nelson

In the past 25 years ultrasonic techniques have only occasionally been used to monitor
fatigue cracks. In this paper, the authors provide a case for more wide spread use of the
surface acoustic wave (SAW) technique and give tips on how to effectively apply it. A
detailed and thorough review is given of SAW techniques for use in detecting and measuring
small fatigue cracks. Models are described for predicting a normalized crack depth from
amplitude of the reflected signal, however, similar to electric potential techniques, relating
this value to the actual crack depth and length dimensions requires either a knowledge of
the crack surface length or assumptions about the crack aspect ratio. Fortunately, for many
materials and specimen designs, such assumptions can be readily made and have been
verified. Experimental details such as optimizing operating frequency and coupling wedge
design are described. Cracks as small as 50 pm can be measured and, using special signal
processing techniques (split spectrum processing), cracks as small 20 um have been detected.
The authors point out that a maximum measureable crack size limitation of 150 to 250 pm
exists. This limit can, however, be altered by appropriate changes in transducer design and
operating frequency. The use of the SAW method for measuring crack opening behavior
of small cracks is also reviewed along with recent findings. The SAW technique is shown
to be quite sensitive to crack opening and can detect both the initial opening of a crack and
the point at which the crack is fully opened. These results are compared to those obtained
using SEM (compliance) techniques, and the authors conclude that the SAW method gives
information that complements compliance techniques and thus provides a more complete
picture of closure. They show that crack-opening behavior as determined by both techniques
is sensitive to surface residual stresses.

Simulation of Short Crack and Other Low Closure Loading Conditions Utilizing Constant-
K,... AK-Decreasing Fatigue Crack Growth Procedures—R. W. Hertzberg,
W. A. Herman, T. Clark, and R. Jaccard

As an alternative to small-crack testing, the authors present an argument for a large-crack
approach that obviates many of the difficulties associated with small-crack testing. This
approach employs conventiona! large-crack specimens tested under constant-X, .., AK-
decreasing conditions. The key presumption of this approach is that the rapid growth of
small cracks is the result of differences in crack closure for small versus large cracks. Thus,
conventional large-crack data, which typically exhibit fully developed levels of crack closure,
particularly in the near-AK,, regime, are assumed to be nonconservative relative to the data
of small cracks which, due to their size, may not have fully developed crack closure. During
a constant-K_,, test, as AK decreases, K,,;, eventually exceeds the stress intensity factor for
crack closure, resulting in closure-free crack growth rates. The resulting data are useful for
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estimating maximum crack growth rates that may result under a variety of “low-closure”
conditions. Potential applications include effects of high tensile residual stresses produced
by welding and effects of compressive loads under negative R or variable amplitude fatigue.
The paper provides guidelines for conducting constant-K, .., AK-decreasing tests, and data
from a number of materials are presented to demonstrate the capabilities of this approach
for estimating an upper bound for small-crack growth rates. This approach cannot be ex-
pected to address small-crack effects associated with factors other than crack closure, such
as test conditions that violate the applicability of the linear elastic parameter AK or effects
of microstructural variables.
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Fracture Mechanics Parameters for Small
Fatigue Cracks

REFERENCE: Newman, J. C., Jr., “Fracture Mechanics Parameters for Small Fatigue Cracks,”
Small-Crack Test Methods, ASTM STP 1149, J. Larsen and J. E. Allison, Eds., American
Society for Testing and Materials, Philadelphia, 1992, pp. 6-33.

ABSTRACT: The small-crack anomaly, where small cracks tend to grow either faster or slower
than large cracks when compared on the basis of linear-elastic stress-intensity factors, has been
shown to be significant for some materials and loading conditions. Conventional linear-elastic
analyses of small cracks in homogeneous bodies are considered inadequate because of mi-
crostructural influences not accounted for in the stress-intensity factor and because of the
nonlinear stress-strain behavior at notches and in the crack-front region. In this paper, plasticity
effects and crack-closure transients are reviewed and investigated.

This paper presents a review of some common small-crack test specimens, the underlying
causes of the small-crack effect, and the fracture-mechanics parameters that have been used
to correlate or predict their growth behavior. Although microstructural features are important
in the initiation and growth of small cracks, this review concentrates on continuum mechanics
concepts and on the nonlinear behavior of small cracks. The paper reviews some stress-intensity
factor solutions for small-crack test specimens and develops some simple elastic-plastic J
integral and cyclic J integral expressions that include the influence of crack closure. These
parameters were applied to small-crack growth data on two aluminum alloys, and a fatigue
life prediction methodology is demonstrated. For these materials, the crack-closure transient
from the plastic wake was found to be the major factor in causing the small-crack effect.
Plasticity effects on small-crack growth rates were found to be small in the near threshold
region, in that the elastic stress-intensity factor range and the equivalent value from the cyclic
J integral gave nearly the same value.

KEY WORDS: cracks, elasticity, plasticity, stress-intensity factor, J integral, crack opening
displacement, surface crack, crack closure, crack propagation, fatigue (material), microstructure

Linear-elastic fracture mechanics methods are widely accepted for damage-tolerance anal-
yses [1]. There has also been a trend towards the use of the same methodology for fatigue
durability analyses [2]. To obtain acceptably long lives without a significant weight penalty,
these analyses must assume a small initial crack. However, since the mid-1970s, numerous
investigators [3—11] have observed that the growth characteristics of small fatigue cracks in
plates and at notches can differ considerably from those of large cracks in the same material.
These studies have concentrated on the growth of small cracks ranging in length from 10
pm to 1 mm. On the basis of linear-elastic fracture mechanics (LEFM), small cracks generally
grew much faster, but in some cases grew slower, than would be predicted from large crack
data. This behavior is illustrated in Fig. 1, where crack-growth rate is plotted against the
linear-elastic stress-intensity factor range AK. The solid (sigmoidal) curve shows typical
large-crack results for a given material and environment under constant-amplitude loading.
The solid curve is usually obtained from tests with cracks greater than about 2mm in length.

'Senior scientist, NASA Langley Research Center, Hampton, VA 23665.
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Constant—amplitude loading
R = constant

Large crack

Small crack from hole

from hole ~.___.7

de/dN

Small cracks Large crack

/J
~
\
N7
A
A}

Large crack
(AK decreasing test)

—_———-

1

Min Ak
FIG. 1— Typical fatigue-crack growth rate data for small and large cracks.

At low growth rates, the large-crack threshold stress-intensity factor range AK,, is usually
obtained from load-reduction (AK-decreasing) tests. Some typical experimental results for
small cracks in plates and at notches are shown by the dashed curves. These results show
that small cracks grow at AK levels below the large-crack threshold and that they also can
grow faster than large cracks at the same AK level above threshold.

Many views have been expressed on the small-crack effect. In the mid-1980s, several
books [12-14] reviewed the behavior of small fatigue cracks in tests and analyses. Based
on LEFM, some materials and loading conditions show the existence of a strong small-crack
effect, such as aluminum and titanium alloys under cyclic tension-compression loading [15,16],
whereas other materials, such as high-strength steel {17], show good agreement between
small and large crack behavior over a wide range in loading conditions. In all these studies,
the applicability of LEFM concepts to small-crack growth behavior has been questioned.
Some of the “classical” small or short crack experiments [3—5] were conducted at high stress
levels, which may invalidate LEFM procedures because plastic-yield zones would be large
compared to the crack size. Nonlinear or elastic-plastic fracture mechanics concepts, such
as the J-integral [5,8] and crack closure [9,18], have also been used to explain the observed
small-crack effects.

In addition, the metallurgical similitude [7,19] breaks down for small cracks (which means
that the growth rate is no longer an average taken over many grains). Thus, the local growth
behavior is controlled by metallurgical features [11,20]. If the material is markedly inhom-
ogeneous and anisotropic (differences in modulus and yield stress in different crystallographic
directions), the local grain orientation will influence the rate of crack growth, and crack-
growth rate relations will differ in different directions. Crack front irregularities and small
particles or inclusions affect the local stresses and, therefore, the crack growth response. In
the case of large cracks (which have long crack fronts), all of these metallurgical effects are
averaged over many grains, except in very coarse-grained materials. The influence of met-
allurgical features on stress-intensity factors, strain-energy densities, J integrals, and other
crack-driving parameters are currently being explored (see Ref 21).

As the crack size approaches zero, a crack size must exist below which continuum me-
chanics assumptions are violated, but the transition from valid to invalid conditions does
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not occur abruptly. For many applications, a continuum mechanics approach that extends
into the “gray area” of validity may still prove to be very useful. Certainly from a structural
designer’s viewpoint, a continuum mechanics approach that is applicable to all crack sizes
is very desirable.

This paper presents a review of some of the small-crack test specimens, the underlying
causes of the small-crack effect, and the fracture-mechanics parameters that have been used
to correlate or predict the growth behavior of small cracks. Although microstructural features
are important in the initiation and growth of small cracks, this review concentrates on
continuum mechanics concepts and on the nonlinear behavior of small cracks. The paper
reviews the stress-intensity factor solutions for some of the most commonly used small-crack
test specimens and the nonlinear crack-tip parameters. The paper also develops some simple
elastic-plastic J integral and cyclic J integral expressions that include the influence of crack
closure. These parameters are applied to small-crack growth data on two aluminum alloys.
A fatigue life prediction methodology is demonstrated on notched aluminum specimens
using small-crack data and microstructural information on crack initiation sites.

Small-Crack Test Specimens

Since the mid-1970s, several small or short crack test specimens have been developed to
obtain fatigue crack growth rate data. Some of the early specimens were prepared by growing
large cracks and machining away the material to obtain a physically small through crack {5].
However, the most widely used specimen contained a surface crack that initiated from either
a small hole, an electrical-discharged machined notch, or from natural initiation sites, such
as inclusion particles, voids or scratches (see for example, papers in Refs 12 through 14).
The surface crack specimens were subjected to either remote tension or bendings loads, see
Fig. 2a. In the surface crack specimen, the crack length (2c) on the surface was monitored
by either visual, photographic or plastic-replica [22] techniques. Crack depths a were de-
termined by either experimental calibration (breaking specimens to record depths), heat-
tinting, or compliance methods [23].

Recently, two AGARD studies [15,24] introduced two small-crack specimens. The corner-
crack specimen (Fig. 2b), was developed to simulate three-dimensional stress fields such as
those encountered in critical locations in engine discs [25]. In Ref 24, the small corner crack
was introduced into the specimen by electrical-discharge machining a 200 to 250 m deep
notch into one edge. The crack size was monitored by using an electrical potential method.
This specimen has the advantage that both crack length ¢ and crack depth a can be monitored
by either visual or photographic means. The surface and corner crack at a semi-circular
edge notch specimen [26], referred to as the single-edge-notch-tension (SENT) specimen,
was developed to produce naturally occurring cracks at material defects and to propagate
cracks through a three-dimensional stress field similar to that encountered at bolt holes in
aircraft structures. Crack sizes, as small as 10 to 20 um in length along the bore of the
notch, were monitored by the plastic-replica method, and crack shapes were determined by
experimental calibration. Note that the crack depth (a or 24) is always measured in the plate
or sheet thickness B direction, and crack length (¢ or 2¢) is measured in the width (w or
2w) direction. For a surface crack at a notch, thickness is denoted as 2¢ because of conven-
ience in expressing stress-intensity factors as a function of a/f ratios, that is, a/t varies from
0 to 1. For a surface crack, corner crack and corner crack at a notch configuration, thickness
is denoted as ¢. This nonmenclature was selected so that all surface and corner cracks will
become a through crack of length ¢ when a/t approaches unity.
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FIG. 2—Commonly used small crack test specimens.

Stress-Intensity Factors

The stress-intensity factor solutions for the small crack specimens shown in Fig. 2 can be
expressed as

K = S\/malQ F, )

where S, is the remote uniform tensile stress (i = #) or outer fiber bending stress (i = b),
Q is the elliptical crack shape factor, and F, is the boundary-correction factor that accounts
for the influence of various free-boundary conditions (see Appendix A). The subscript j is
used to denote different crack configurations.

The most widely used stress-intensity factor solution and equation for a surface crack in
a plate is that of Raju and Newman [27,28], which was developed from three-dimensional
(3D) finite-element analyses. Pickard [25,29] developed a stress-intensity factor solution and
equation for the corner-crack specimen, again, using 3D finite-element analyses. Both the
surface- and corner-crack equations have been used to analyze crack-growth rate data for
a wide variety of materials. The original stress-intensity factor solution for the SENT spec-
imen [26] was estimated from the results for surface and corner cracks at open holes [28],
and a two-dimensional (2D) analysis of a through crack at an edge notch [30]. Recently,
the stress-intensity factor equation for a surface crack in the SENT specimen was found to
be 5 to 10% low in the region where the crack front intersects the notch boundary [31] for
notch-radii-to-thickness (a/f) ratios ranging from 1 to 3, respectively. Tan et al. [31], and
Shivakumar and Newman [32], using 3D finite-element methods (FEM) with improved finite-
element models, and Zhao and Wu [33,34], using a 3D weight-function method (WFM),
analyzed the SENT specimen for a wide range in crack shapes and crack sizes. Some typical
comparisons between the stress-intensity factors from these two methods are shown in Figs.
3 and 4 for a semi-circular surface crack located at the center of the notch root and a quarter-
circular corner crack, respectively. These figures show the boundary-correction factors (F,,,
F,,) plotted against the parametric angle ¢ for various crack-depth-to-thickness ratios a/t
for a particular r/t ratio. The parametric angle ¢ is measured along the crack front with
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¢ = /2 at the location where the crack front intersects the notch root. The WFM gave results
that were generally within +3% of the FEM results. In the WFM, only the two-dimensional
stress distribution [30] was used in the analysis. Some of the differences between the WFM
and FEM can be traced to the three-dimensional stress distribution through the thickness,
which is accounted for in the FEM method (for r/B = 1.5 the stress concentration is about
2% higher in the interior and about 3% lower at the edge of the notch than the 2D solution,
see Ref 35). Thus, the results from the WFM should be slightly low for small surface cracks
in the interior and slightly high for small corner cracks. The curves show the results from
an equation that was fit to these results. These equations are given in Appendix A and they
will be used later to compare small and large crack growth data on two aluminum alloys.

Elastic-Plastic Analyses

Elastic-plastic analyses of small cracks have been the subject of many articles. Dowling
[6], El Haddad et al. [5], Hudak [8], Hudak and Chan [36], and Chan [37] have made AJ
estimates for small cracks. The early estimates were based on the work of Dowling [6] where
J was approximated by adding the elastic and fully plastic solutions. For a small surface
crack, the J expression [5,6] was

J =1, +1, = 2nFaW, + f(m)W,)] Q)

where W, and W, are the elastic and plastic components of the remote strain energy density,
respectively, F is the elastic boundary-correction factor, and f(n) is a function of the strain-
hardening coefficient #n. The elastic strain energy density was given by S/(2E) where S is
the remote stress, and E is Young’s modulus. The plastic strain energy was given by Se,/(n +1)
where ¢, is the plastic strain, and # is the strain-hardening coefficient based on the Ramberg-
Osgood stress-strain relation. For cyclic loading, the stress and strain values in Eq 2 were

.
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FIG. 3—Comparison of stress-intensity factors from finite-element and weight-function for surface
crack at an edge notch.
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4 Corner crack at notch
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FIG. 4—Comparison of stress-intensity factors from finite-element and weight-function methods for
corner crack at an edge notch.

replaced by their cyclic values, AS and Ag,, to give an estimate for AJ. Dowling noted that
AJ should be computed using only that portion of the load cycle during which the crack is
fully open, that is, AJ.. The cyclic plastic strain Ae, was obtained from a remotely measured
cyclic stress-strain curve. However, to correlate small crack data with large crack data on
A533B steel, El Haddad et al. [5] needed to add a length parameter £, to the crack length
a. This length parameter was assumed to be constant for a given material and was related
to the threshold stress-intensity factor AK,, and the fatigue limit.

In combination with Eq 2, small and large crack data correlated with each other when
plotted against AJ, even down to the large crack threshold. The correlation of the small
and large crack data, with the use of the length parameter and AJ, may have been fortuitous
because many experiments (see Ref 38) and analyses [18] have shown that a rise in the
crack-closure level may be partly responsible for threshold development. Conversely, ex-
periments [39] and analyses [18] have also shown that a lack of closure in the early stages
of small crack growth may be partly responsible for the rapid growth of small cracks.
Therefore, crack-closure effects may be one of the key elements in small crack growth
behavior. Crack-closure effects on crack-tip parameters and on small crack growth behavior
will be discussed later.

Dugdale Model

Many researchers have used the Dugdale model [40] to estimate AJ (see, for example,
Ref 37). But before these results are discussed, some background information on the Dug-
dale model will be reviewed. Drucker and Rice [4]] presented some very interesting ob-
servations concerning the model. In a detailed study of the stress field in the elastic region
of the model under small-scale yielding conditions, they reported that the model violates
neither the Tresca nor von Mises yield criteria. They also found that for two-dimensional
plane-stress perfect plasticity theory, the model satisfies the plastic flow rules for a Tresca
material. Thus, the Dugdale model represents an exact two-dimensional plane-stress solution
for a Tresca material even up to the plastic-collapse load. Therefore, the J-integral calculations
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{42] and AJ estimates may be reasonable and accurate under certain conditions. Of course,
the application of the Dugdale model to strain-hardening materials and to plane-strain
conditions, as was done in Ref 18, may raise serious questions because plane-strain yielding
behavior is vastly different than that depicted by the strip-yield model. The influence of
strain-hardening and 3D constraint of crack-tip yielding using a modified Dugdale model
will be discussed later.

Rice [42] evaluated the J integral from the Dugdale model and found that

J = 0d = 8cic/(wE) €n[sec(nS/2a,)] 3)

where o, is the flow stress, and & is the crack-tip-opening displacement. To develop a
J-integral expression for small cracks, it is convenient to define an equivalent plastic stress-
intensity factor K as

K} = JEIQ1 - v?) (4)

where m = 0 for plane stress, and m = v (Poisson’s ratio) for plane strain. Dugdale model
solutions for plastic-zone size p and crack-tip opening displacement & are available for a
large number of crack configurations (see Ref 43). Thus, J and K| can be calculated for
these configurations. However, for complex crack configurations, such as a through crack
or surface crack at a hole, closed-form solutions are more difficult to obtain. A simple
method is needed to estimate J for complex crack configurations. A common practice in
elastic-plastic fracture mechanics has been to add a portion of the plastic zone p to the crack
length, like Irwin’s plastic-zone correction [44], to approximate the influence of crack-tip
yielding on the crack-driving parameter. Herein, this same concept will be applied to obtain
some estimates for J and AJ using some exact and approximate solutions. Defining a plastic-
zone corrected stress-intensity factor as

K, = S\/md F(diw, dir, . . .) (5)

where d = ¢ + +yp, and F; is the boundary-correction factor. In general, the boundary-
correction factor may be a function of any number of variables. F;is evaluated at an effective
crack length d. The term vy was assumed to be a constant, and it was evaluated by equating
K, to K, for several crack configurations. The crack configurations that were considered in
the evaluation are shown in Fig. 5. The particular crack configurations were (1) a crack in
an infinite plate (r = 0), (2) cracks emanating from a circular hole, and (3) an embedded
circular crack in an infinite solid. These configurations were chosen because exact solutions
are available for a crack and an embedded circular crack in an infinite solid [43]. The yielding
behavior of a surface or corner crack should lie between these two configurations. Equations
for p and & for Cases 1 and 3 are given in Ref 43. A crack emanating from a hole configuration
was chosen because it represents an important configuration for structures and for studying
small crack behavior. The equations for p and & for this configuration are given in Ref 18.
Trial-and-error calculations were used to obtain a value for y. From this evaluation, a value
of %4 was found to give good agreement between K, and K; up to large values of applied
stress to flow stress ratios. To put the value of one-quarter in perspective, Irwin’s plastic-
zone corrected stress-intensity factor {44] is given by y equal to about 0.4 and Barenblatt’s
cohesive modulus [45] is given by y = 1. The author had used y = 1 in Ref I8.

In this section, comparisons between K, (elastic stress-intensity factor), K,, and K, for
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FIG. 5— Dugdale model configurations evaluated for I integrals and plasticity-corrected stress-intensity
factors.

the three crack configurations are made. The comparison of K./K; and K, /K, plotted against
S/o, for a through crack and an embedded circular crack in an infinite solid, and for
symmetrical through cracks emanating from a circular hole, are shown in Figs. 6 and 7,
respectively. The solid curves show K /K, for v = 0.25, and the dashed curves show
K./K;. The results from the K, equation for a through crack (Fig. 6) are within about 3%
of K; up to an applied stress level of about 80% of the flow stress of the material. But the
equation for an embedded crack can be applied up to 95% of the flow stress. Note that the
elastic solutions show about 20% difference at these high stress levels. The behavior of a
surface crack in a plate or at a notch would be expected to lie between the behavior of these
two crack configurations. Similarly, the results from the K, equation for through cracks at
a hole (Fig. 7) are also within about 5% of K, for applied stress levels up to 80% of the
flow stress. The elastic solutions for small cracks (low ¢/r ratios) differ by a factor of two
from K; at these high stress levels. (For typical aircraft fastener hole radii and sheet thick-
nesses, a ¢/r value of 0.05 gives a crack size of about 100 to 300 pm.)

The K./K, and K, /K, results for through cracks at a hole are plotted in Fig. 8 as a function
of p/c. These results show that the K, is nearly equivalent to K| for plastic-zone sizes an
order-of-magnitude larger than the crack size. For small cracks (small c/r ratios), the results
show that the K, equation is within 5% of K, for plastic-zone sizes nearly 50 times larger
than the crack size. These conditions are ideal for studying the influence of yielding on
small crack growth rate behavior. An important point concerning Eq 5 is that no physical
meaning is attached to K, but only that it gives an accurate expression for V/J. Furthermore,
throughout this analysis the material is assumed to be elastic-perfectly-plastic. Strain-hard-
ening effects are approximated only by averaging the yield and ultimate tensile strength of
the material to estimate a flow stress. Strain-hardening modifications to the Dugdale model
are beyond the scope of this paper.

To convert K, to AK, in Eqs 3 to 5, the applied stress and flow stress are replaced by AS
and 20,, respectively, and p is replaced by the cyclic plastic zone o (see Ref 36). Thus, Figs.
6 and 7 would be identical if K,/K; is replaced by AK,/AK, and S/, is replaced by AS/(2a,),
again, with y = 0.25. Thus, AK,, is evaluated at a crack length plus one-quarter of the cyclic
plastic zone. The influence of crack closure on these calculations will be discussed later.
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FIG. 6—Ratio of elastic and elastic-plastic K values to K from exact J integral for through crack and
embedded circular crack in an infinite body against normalized applied stress.
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FIG. 7—Ratio of elastic and elastic-plastic K values from J integral for through cracks at a circular
hole in an infinite body against normalized applied stress.
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FIG. 8—Ratio of elastic and elastic-plastic K values to K from J integral for through cracks at a circular
hole in an infinite body against normalized plastic-zone size.

Small-Crack Test Data

At this point it may be useful to review some of the conditions under which small-crack
data were generated in some of the earlier references. El Haddad et al. [5] tested middle-
crack tension specimens made of G40.11 steel under R = —1 loading at a AS/(20,,) of 0.47.
For this specimen and loading, the difference between AK, and AK,, is only about 5% (Fig.
6). For cracks at a hole, the minimum c/r ratio was 0.06 and AS/(20,) was 0.26. The difference
between elastic and elastic-plastic values was less than 10%.

Taylor and Knott [11] tested surface cracks in a cast nickel-aluminum-bronze material
under bending loads. The maximum applied stress range to twice the flow stress, AS/(2a,),
at R = 0.1, was 0.27. From Fig. 6, the plasticity effects are again quite small. However,
the material in question here exhibited a large strain-hardening effect (the maximum applied
stress exceeded the yield stress of the material in the outer fiber). Thus, the evaluation may
not be appropriate because accurate strain-hardening effects were not considered.

In the AGARD Cooperative Test Program [/5], surface cracks at an edge notch were
monitored under a wide range in loading conditions. The maximum value of AS/(20,) was
0.27 under R = -2 loading. Assuming that the surface cracks can be treated as a through
crack at a hole, the AK, value was within 10% of AK,,.

Ravichandran and Larsen [23] tested surface cracks in titanium alloy (Ti-24Al-11Nb)
plates under tension. Again, the maximurn value of AS/(20,) was about 0.27, and there
were, again, small differences between elastic and elastic-plastic values. With the exception
of the Taylor and Knott results, the nonlinear effects on some of the “classical” and recent
small-crack data appear to be small, if AK,, (or AJ from the Dugdale model) is the appropriate
crack-driving parameter for small cracks.

Cyclic Plasticity and Closure Effects

As previously mentioned, fatigue crack-closure effects on the crack-drive parameters must
be addressed. A review of some of the applications of plasticity-induced closure on small
crack growth behavior will be covered in the next sections.
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Numerous investigators [5—11,18] have suggested that fatigue crack closure [46] may be
a major factor in causing some of the differences between the growth of small and large
cracks. Reference 47 has shown, on the basis of crack closure, that a large part of the small-
crack effect in an aluminum alloy was caused by a small crack emanating from a defect
“void” of incoherent inclusion particles and a breakdown of LEFM concepts.

A crack-closure model was developed in Ref 48 and applied to small cracks in Refs 18
and 47. The results from the model are reviewed herein to illustrate how crack-closure
transients lead to the unusual behavior of small cracks. For completeness, a brief description
of the model and of the assumptions made in the application of the model to the growth of
small and large cracks are given in Appendix B.

Reference 47 showed how an initial defect ““void” influenced the crack-closure transient
as a small crack grew from the void under constant-amplitude loading. Some typical results
of calculated crack-opening stresses normalized by the maximum applied stress as a function
of half-crack length a are shown in Fig. 9. The crack-growth stimulation was performed
under R = ~—1 loading (S,,.,/0, = 0.15) with an initial defect (void or crack) size g, of 3
pm, ¢; of 12 pm, and for various values of A, void half-height (see insert on Fig. 9). This
defect void size is typical of those that occur at inclusion particle sites in 2024-T3 and 7075-
T6 aluminum alloys [15,16]. Results shown in the figure demonstrate that the defect height
(2h) had a large influence on the closure behavior of small cracks. For & greater than about
0.4 um, the initial defect surfaces did not close, even under compressive loading. The newly
created crack surfaces, however, did close and the crack-opening stresses are shown by the
lower solid curve. The crack-opening stress was initially at the minimum applied stress, but
rapidly rose and tended to level off as the crack grew. For 2z = 0, however, the defect
surfaces made contact under the compressive loading, and the contacting surfaces greatly
influenced the amount of residual plastic deformation left behind as the crack grew. The
calculated crack-opening stresses stabilized very quickly at the steady-state value, as shown
by the upper solid curve. These results suggest that part of the small crack effect may be
due to an initial defect height that is sufficient to prevent closure over the initial defect
surfaces.
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FIG. 9—Influence of defect “void” height on calculated crack-opening stresses for small cracks.
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Initially, the low crack-opening stresses give rise to high effective stress ranges and,
consequently, high growth rates. However, as the crack grows the crack-opening stresses
rise much more rapidly than the stress-intensity factor causing a reduction in the effective
stress-intensity factor range. This behavior causes a “minimum” in crack-growth rate to
occur at a half-crack length of about 20 um for A = 0.4 pm (solid symbol in Fig. 9). This
minimum in crack-growth rate behavior for small cracks is illustrated in Fig. 1. Several
researchers [12-14,20] have observed multiple minima and attributed this behavior to crack-
grain boundary interaction. The minimum in the analysis, however, was caused by a decrease
in the effective stress range (AS.,) with an increase in crack length, such that the AK
reaches a minimum. Thus, a minimum in growth rates for small cracks may be caused by
at least two different phenomena. One is the crack-grain boundary interaction, and the
other is a transient behavior of crack-opening stresses.

The calculated crack-opening stresses for small cracks under four constant-amplitude
loading conditions are shown in Fig. 10. The values of S,,.,/c, used are as shown. The initial
defect size (a;, ¢;) was the same as shown previously and the defect height was 0.4 um. The
high stress ratio (R = 0.5) results show that the crack is always fully open, that is, S, =
S.nin- Results at R = 0 stabilized very quickly after about 20 um of crack growth. Negative
stress ratio results showed the largest transient behavior on crack-opening stresses. Results
at R = —2 had not stabilized after about 100 w.m of crack growth. The results at the negative
stress ratios are also strongly influenced by the maximum applied stress level [47,48].

Crack Growth Rate Relations

Elber [46] proposed to modify the crack-growth relation of Paris et al. [49] to account
for the influence of crack closure. He attributed crack-closure effects to residual plastic
deformations that were left along the crack surfaces as the crack grew. The crack-growth
relation was

dc/dN = CAK7, = C[(1 — S,/S..)/(1 — R)J"AK™ (6)

0 e e—
80 100
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smux
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-2
FIG. 10— Calculated crack-opening stresses for various constant-amplitude loading for small cracks.
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The material constants C, m, and S, (crack-opening stress) were determined from tests. The
effective stress-intensity factor relation has been successfully used to correlate and predict
large-crack growth rate behavior under a wide variety of loading conditions. Equation 6 is
a good first-order approximation to account for plasticity-induced closure effects but does
not include the effects of plastic-dissipation energy. Other investigators (see Refs 36 and
37) have proposed that the crack-tip-opening displacement or AJ may be more appropriate
parameters for correlating crack-growth rate data for small cracks. However, the influence
of crack closure on these parameters should also be addressed.

The analytical crack-closure model provides a method to study the local crack-tip defor-
mations for small cracks under cyclic loading [I8]. Figure 11 shows calculations from the
model for a small crack. This figure shows the applied stress plotted against the crack-tip
displacement of the first intact element in the plastic zone (see Appendix B). (Note that
the crack was not allowed to grow during the loading portion of the cycle.) During loading,
the crack-tip displacement & does not change until the element yields in tension (model had
rigid plastic elements). The solid symbol shows the stress level at which the crack-tip region
became fully open (crack-opening stress, S,). The effective stress range AS. is used in Eq
6 to compute the rate of growth. During unloading, some intact elements in the crack-tip
region yield in compression before any broken elements contact. Further unloading causes
part of the crack surfaces to come into contact. Contacting surfaces are also allowed to yield
in compression.

A natural output from the model is the effective cyclic crack-tip displacement A§, ., and
the effective cyclic plastic strain energy W2, Thus, one may propose to use these parameters
because they automatically account for both plasticity and closure effects. Crack-growth rate
relations could be developed as

deldN = g(Ab.) Q)
or

dcldN = h(Wey) ®)

Crack growth
relationships:

Applied BSef de/dN = f(BKge)
p
Stress, Weff
—— So

dc/dN = h(WB)

Db l

Crack—tip displacement, 6
FIG. 11—Calculated cyclic crack-tip displacement history for small crack.
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Of course, using the / — & analogy, both Eqs 7 and 8 could also be expressed in terms of
AJ . Although the cyclic crack-tip displacement or plastic strain energy may be more
fundamental crack-tip parameters, their use would be restricted because these parameters
are not readily available for complex crack configurations. However, further study is war-
ranted to investigate the usefulness of these parameters.

Returning our attention to the plasticity-corrected stress-intensity factor, a crack-growth
relation could also be expressed as

dc/dN = C(AK,)m 9

where (AK,). is the effective AK,,. This parameter is a combination of Elber’s approach
and the cyclic version of Eq 5 by replacing S by AS,. This parameter may be an approxi-
mation of VVAJ, and is given by

(AKp)eff = ASeff V ‘ﬂ'd F}(d/w’ d/r’ v ) (10)

where d = ¢ + w/4, and w is the closure-corrected cyclic plastic zone. The cyclic plastic-
zone size is greatly influenced by closure because contact forces tend to support the crack
surfaces and reduce the amount of reverse yielding. An estimate for the closure-corrected
cyclic plastic zone is

o= (1~ 5,/5..)p/4 (11)

where p is calculated using the maximum applied stress and ao,. The term « is a constraint
factor used to approximate the elevation of flow stresses in the crack-front region caused
by state-of-stress variations (see Appendix B). As an example, consider the behavior of a
small crack under R = 0 conditions. Initially, when the small crack is fully open, S,/S.x
= 0 and w = p/4, the exact value from the cyclic strip-yield model [50]. However, as the
small crack grows and builds a plastic wake, the stabilized crack-closure conditions gives
S,/S 1ax Of about 0.5 under plane-stress conditions (o = 1) and w = p/16. Thus, the cyclic
plastic zone for a large crack is greatly reduced from the nonclosure value.

Small Surface-Crack Growth Shapes

One of the most difficult tasks in monitoring the growth of small surface cracks is deter-
mining the crack shape. Many of the early reports on small-crack growth used the experi-
mental calibration method where specimens were broken at various stages, and microscopic
examinations of the fatigue surfaces revealed the crack shape. Many of these investigators
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found that the small cracks tended to stay nearly semi-circular {(a/c = 0.9 to 1.1). For surface
cracks in some of the commercial alloys, the preferred propagation pattern is nearly semi-
circular [57]. But for highly anisotopic or textured materials, the propagation patterns are
not semi-circular [23].

In the following sections, comparisons are made between experimental and predicted
crack shape changes for small surface cracks at an edge notch for two aluminum alloys.
Figures 12 and 13 show the results for the 2024-T3 [15,26] and 7075-T6 aluminum alloys,
respectively. These figures show crack-depth-to-crack-length (a/c) ratios plotted against the
crack-depth-to-sheet-half-thickness (a/f) ratios. The solid symbols show the sizes and shapes
of the inclusion-particle clusters or voids that initiated the small cracks.

For both materials, the experimental calibration method was used to determine the crack
depth and crack length (open symbols). In the analysis of the 2024-T3 material, three
different initial crack shapes and sizes were used. In one case, the initial crack was an average
of the inclusion particle sizes, whereas the other two crack sizes and shapes were arbitrarily
selected. The curves show the calculations using the stress-intensity factor equations (Ap-
pendix A) and a AK ,-rate (dc/dN) relation established from large crack data [47]. (Note
that the plasticity corrections on the large crack data were insignificant (much less than 1%),
such that (AK,).x was equal to AK.). Because crack-closure differences are expected to
occur along the surface-crack front [52], the stress-intensity factor range at the location
where the crack front intersects a free surface has been multiplied by a factor B [5I] to
account for local closure differences (B ranges from 0.9to 1 for R = 0to 1; B = 0.9 for
negative stress ratios). For the 2024-T3 material, the crack-growth rate relation for da/dN
was assumed to be the same as dc/dN. Although a large amount of scatter was evident, all
curves tended to predict the trend in the experimental data reasonably well for a/f greater
than 0.05. No information on the crack shape development between the particle sizes and
a/t less than 0.05 was available.

These analyses show that small cracks tend to approach very rapidly a preferred crack
shape of about an a/c = 1.1 for a large part of their growth through the thickness. For deep
cracks (large a/t), the cracks begin to grow more rapidly along the bore of the notch than
in the length direction causing a/c to increase rapidly.

In the analysis of the 7075-T6 material (Fig. 13), two different crack-growth rate relations
were used for da/dN. One relation assumed that da/dN was the same as dc/dN as a function
of AK.¢. For this material, however, the crack-growth rate relation for da/dN was found
experimentally to be different than dc/dN in the mid-range on rates. These two rate relations
were used in the crack shape predictions shown by the solid curve. In both analyses, the
initial crack was an average of the inclusion particle sizes. Although a large amount of scatter
was, again, evident, the solid curve predicted nearly the same trend as the experimental
data for a/t greater than 0.1. The analyses, again, show that small cracks tend to approach
an a/c ratio of about 1.1 for a large part of its growth through the thickness. Deep cracks
in the 7075-T6 showed a much different behavior than those in the 2024-T3 material, because
of the differences in crack-growth rate relations in the a- and c-direction.

Comparison of Experimental and Calculated Small Crack Growth Rates

At this point all of the elements are in place to assess the influence of the various fracture-
mechanics parameters on the growth of small cracks from continuum-mechanics principles.
The small-crack data generated in the AGARD Cooperative Test Program [15] on 2024-
T3 aluminum alloy will be analyzed using the plasticity and closure analyses previously
presented. The results from these analyses will be presented in terms of AK plotted against
crack-growth rate.
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FIG. 12—Comparison of experimental and predicted surface-crack shapes for single-edge-notched
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The influence of plasticity effects and closure transients on the predicted growth of small
surface cracks at an edge notch for a wide range of stress levels under R = —1 conditions
are shown in Fig. 14. The dashed curve shows the AK-rate data generated on large cracks,
and the dotted curve is the effective stress-intensity factor curve. The effective curve was
based on elastic stress-intensity factors and crack-closure effects under o = 1.73 constraint
conditions for rates less than 10~ * mm/cycle, o = 1.1 for rates greater than 10~ mm/cycle,
and a linear a-relationship on log rate between these two a values and rates (see Ref 47).
A brief discussion on the constraint factor a is given in Appendix B.

Note that the large-crack threshold data for rates lower than about 10~¢ mm/cycle has
been ignored in estimating the effective curve. The effective threshold was established by
fitting to fatigue-limit data under R = —1 loading and using the average defect particle size
and shape (a; = 3 pm, ¢; = 12 pm, and # = 0.4 pm). As previously mentioned, the plasticity
effects on the AK.; curve were extremely small, therefore, (AK,). was assumed to be equal
to AK.g. Because small cracks were assumed to have no plastic wake on the first cycle, the
elastic analyses (dash-dot curves) start on the AK . curve and approach the large crack curve
as the plastic wake develops. The low stress level (S,,.,/a,) results show a minimum in rates
after some amount of crack growth and plastic-wake development. At low stress levels there
is a small difference between the elastic and elastic-plastic results. But at high stress levels,
a strong plasticity effect is evident, as shown by the solid curves. For a given AK, the rates
are higher than the effective curve because the crack is fully open and the plasticity correction
gives a higher (AK,). Recall that the “classical” and recent small-crack data from the
literature for cracks emanating from holes were generated under §,,./0, levels less than
0.3. Thus, the results shown in Fig. 14 suggest that the closure transient is one of the major
small-crack effects and that the plasticity correction may be small.

Comparisons between experimental and predicted small-crack growth rates for 2024-T3
aluminum alloy SENT specimens are shown in Figs. 15 through 17 for various stress ratios.
Each figure shows results for only one stress level. The experimental data (crack length
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FIG. 14— Calculated influence of plasticity and closure on growth behavior of small cracks in 2024-
T3 aluminum alloy.
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against cycles) were obtained by using the plastic-replica method [22,26]. The smallest cracks
consistently recorded by this method had a half-length of about 5 wm, slightly larger than
the inclusion-particle cluster (or void left by the cluster during machining) that initiated the
crack. The dashed curve shows the AK-rate data generated on large cracks under the
respective stress ratio; and the dotted curve is the effective stress-intensity factor curve
(a = 1.73 for rates less than 10~* mm/cycle and @ = 1.1 for rates greater than 1073
mm/cycle). Although the small-crack experimental results show a large amount of scatter,
probably caused by microstructural effects, the analyses with elastic or elastic-plastic con-
ditions agree reasonably well with the mean of the data for R = —1 and 0. However, the
results for the high stress ratio (R = 0.5) condition tend to agree well in the early stages
but tend to generally over predict the rates. Whereas, the low stress ratio tests had elastic
conditions at the notch root, the high stress ratio tests had peak stresses above the yield
stress.

Several explanations for the over prediction of rates under the R = 0.5 condition are
proposed. First, notch-root yielding may cause a loss of constraint and a small crack may
develop more closure, causing a lower effective stress range and, consequently, lower rate
for a given AK. Second, notch-root yielding reduces the peak stresses and the local stress
ratio at the notch (stress-intensity factor range is still the same). This would give a lower
rate for a given applied AK calculated without yielding. Lastly, the da/dN relation may be
different than the dc/dN relation. However, based on cyclic J, these results again show that
the plasticity correction is small under these conditions.

Prediction of Fatigue Life Using Small Crack Analyses

The small crack analysis using elastic and elastic-plastic stress-intensity factors was used
to predict the fatigue (S-N) behavior for specimens other than those used to obtain the
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FIG. 15— Comparison of experimental and predicted small-crack growth rates in 2024-T3 aluminum
alloy under R = —1 loading.
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FIG. 16— Comparison of experimental and predicted small crack growth rates in 2024-T3 aluminum
alloy under R = 0 loading.
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small-crack data shown in Figs. 15 through 17. Landers and Hardrath [53] conducted fatigue
tests on 2024-T3 aluminum alloy sheet material with specimens containing a central hole
with a hole-diameter-to-width ration of %s. The large crack growth rate properties for the
2024-T3 material are given in Ref 47 for elastic stress-intensity factor analysis. The life-
prediction code, FASTRAN [54], was modified to include the elastic-plastic stress-intensity
factor analysis, and the crack-growth properties were obtained from a reanalysis of the large
crack data. As previously mentioned, the plasticity effects on the large crack effective stress-
intensity factor curve were insignificant near the large crack threshold but not at effective
stress-intensity factors greater than 10 MPa - m!2. The initial crack size was, again, based
on the average inclusion-particle size [15].

A comparison of tests and predictions under R = 0 loading are shown in Fig. 18. The
predictions were made using either an elastic or elastic-plastic analysis. Both predictions
agreed near the fatigue limit but differed substantially as the applied stress approached the
flow stress (o, = 425 MPa). In these predictions, a AK-effective threshold for small cracks
was 1.05 MPa - m'? (see Ref 47). The predicted fatigue limit agreed well with experimental
data for tests up to 107 cycles. However, Landers and Hardrath, generally, ran their tests
out to greater than 108 cycles and found that failures were still occurring. This may indicate
that fatigue damage or small-crack growth is continuing below the lower test levels. This
would indicate that the lower portion of the effective stress-intensity factor curve should
have a steep slope instead of being vertical as shown in Fig. 14. Above a stress level of
about 250 MPa (S,,.,/o, = 0.6), the results from the elastic and elastic-plastic analyses differ
substantially. These results are consistent with Fig. 14 in that the plasticity effects are only
important for extremely high stress levels (S,,..,/0, greater than 0.6) for the aluminum alloys.
Unfortunately, only one test was conducted above this level, but the fatigue life agreed well
with the elastic-plastic analysis. Static tests (pull to failure) on this configuration gave an
average of 400 MPa for three tests. The highest predicted stress for one cycle from the
elastic-plastic analysis was 422 MPa (plastic-zone extended across the net section).

400 r \ 2024-T3
\ . =
\T/ Flastie ci = ifsr;r;a
or Test[s3] '~ 16mm
Elastic—-Plastic w =254 mm
Smax 200 | R=0

MPg

100 r g; =3 pm; ¢; = 12 um
(A gge)yy, = 1.05 MPa—m1/2

0 1 i 1 A J
102 103 10* 10° 108 107
N, cycles

FIG. 18—Comparison of experimental and predicted fatigue lives for 2024-T3 aluminum alloy sheet
specimens with a circular hole.
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Conclusions

A review and development of the fracture-mechanics parameters for small fatigue cracks
reveal the following:

1. Accurate stress-intensity factor solutions and equations are available for a wide range
of surface and corner crack shapes and sizes in plates, bars, and at holes and notches.
These solutions can be used in the development of standard test methods for small-
crack effects.

2. A plastic-zone corrected stress-intensity factor was formulated that was found to be
equivalent to the J integral from the Dugdale model (within 5%) for large-scale yielding
around small cracks in two- and three-dimensional bodies (applied stress levels less
than 80% of the flow stress and plastic-zone sizes an order-of-magnitude larger than
the crack size).

3. For a large portion of the small-crack data in the literature, the elastic stress-intensity
factor ranges were within about 10% of AK, (cyclic plastic-zone corrected stress-
intensity factor).

4. Surface crack shape changes in plates and at notches can be reasonably predicted if
crack-growth rate data are obtained in both the depth and length directions.

5. From an analysis of small-crack data, the crack-closure transients were found to be
the major cause of the small crack effect and cyclic plasticity effects on the crack-drive
parameter were found to be small for most of the “classical” and recent small crack
test data. Cyclic plasticity effects were found to be significant for extremely high
applied-stress-range-to-twice-flow-stress levels (greater than 0.6).

6. Fatigue-life predictions using an initial defect size from microstructural examination
of initiation sites and closure-based crack growth prediction methodology agreed well
with experimental data for a notched aluminum alloy.

APPENDIX A

Stress-Intensity Factor Equations for a Surface-, Corner-, or Through-Crack at a Semi-
Circular Notch

Approximate stress-intensity factor equations for a semi-elliptical surface crack located
at the center of a semi-circular edge notch, a quarter-elliptical corner crack located at the
edge of the notch, and a through crack at the notch subjected to remote uniform stress or
uniform displacement (specimen-length-to-width ratio, L/'w = 1.5) are given herein. The
surface and corner crack configurations are shown in Fig. 19. These equations have been
developed from stress-intensity factors calculated from finite-element [37,32] and weight-
function [33,34] methods for surface and corner cracks, from boundary-force analyses of
through cracks at a semi-circular notch [30}, and from previously developed equations for
similar crack configurations at an open hole [29]. The stress-intensity factors are expressed
as

K = svmﬁ,,,(f e ¢) (12)

cerwiw

where F,, is the boundary-correction factor. The equations have been developed for a wide
range of configuration parameters with r/w = Y. Note that here ¢ is defined as one-half
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FIG. 19— Definition of dimensions for specimen, surface-crack, and corner crack configurations.

of the full sheet thickness for surface cracks (j = s), and ¢ is full sheet thickness for corner
cracks (j = ¢). The shape factor Q is given by

Q =1+ 1464(alc)'® foralc=1 (13a)

Q =1+ 1.464(c/a)t®  foralc > 1 (13b)

Surface Crack at a Semi-Circular Notch

The boundary-correction factor equation for a semi-elliptical surface crack located at the
center of a semi-circular edge notch (Fig. 19a) subjected to remote uniform stress or uniform
displacement is

F,, = [M, + My(alt} + M;(alt)*|g.8:8:8485ffw (14)

for02 <alc<2,alt<1,1<rit<35, (r+ c)w<05,riw = Ys, and —7/2 < b <
w/2. (Note that here ¢ is defined as one-half of the full sheet thickness.) For a/c <1

M, =1 (15)
M, = 0.05/[0.11 + (alc)*?] (16)
M, = 0.29/0.23 + (a/c)*?] (17)

g =1 — [(a/)*(2.6 — 2a/t)**/(1 + 4al/c)] cosd (18)
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g = [1 + 0.358\ + 1.425)% — 1.578\* + 2.156M\*)/(1. + 0.08\?) (19)
A = 1/[1 + (c/r) cos (0.99)] (20)
g =1+ 0.1(1 — cosd)*(1 — al)® (21)
g, = K;0.36 — 0.032/(1 + c/r)?] (22)

where K is the elastic stress-concentration factor (K = 3.17 for uniform stress, K, = 3.15
for uniform displacement) at the semi-circular notch, and

8s = 1 + (a/c)*[0.003(r/r)> + 0.035(r/r) (1 — cosd)’]
— 0.35(a/f)*(1 — 0.5a/c)? cosd (23)
The finite-width correction f, was
fo=1-—02y + 9.4v* — 19.4vy> + 27.1y* (24a)
for uniform stress and
fo =1+ 217y* — 3.4v* + 3.7y8 (24b)

for uniform displacement with a specimen-length-to-width (L/w) ratio of 1.5 (L is measured
from the crack plane to the grip line on the specimen) where

vy = (alt)V*(c + r)iw
The function f, is given by
fo = [(alc)? cos?d + sin?p]"* (25)
For a/c > 1
M, = (c/a)"*(1.04 — 0.04c/a) (26)

The functions M,, M5, g,, g,, \, £, 84, &s, and f,, are given by Eqs 16 through 24, respectively,
and f, is given by

fo = [(c/a)?sind + cos’dp]™ (27)

Corner Crack at a Semi-Circular Notch

The boundary-correction factor equation for a quarter-elliptical corner crack located at
the edge of a semi-circular edge notch (Fig. 19b) subjected to remote uniform stress or
uniform displacement is

F, = [M, + Mxalt)} + M(alt)*|g,8:8:8:85f o] (28)
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for 0.2 <ale <2, at<1,1<rit<2,(r+ c)iw<05,riw =Y, and 0 < ¢ < /2.
(Note that here ¢ is defined as the full sheet thickness.) For a/c = 1

M, = 1.13 - 0.09/c (29
M, = —0.54 + 0.89/(0.2 + alc) (30)
M, = 0.5 — 1/(0.65 + alc) (31)
g =1+ [01 + 0.2(a/5)?)(1 — sind)?
—0.16(a/t) sing cosd (32)
g8, = [1 + 0.358\ + 1.425)% — 1.578\* + 2.156M\*])/(1 + 0.13)2) (33)
A = 1/[1 + (c/r) cos (0.80)] (34)
g = (1 + 0.04a/c)[1 + 0.1(1 — cosd)?][0.97 + 0.03(a/f)*] (35)

The functions g, gs, and £, are given by Eqs 22 through 24, respectively, and f, is given by
Eq 25. For a/c > 1

M, = (cla)*(1 + 0.04cla) (36)
M, = 0.2(cla)* (37)
M, = —0.11(c/ay (38)

& =1+ (c/a)[0.1 + 0.2(a/t)?] (1 — sind)?
—0.16(a/t)(c/a) sind cosd

+0.07(1 — alc)(1 — alt) cos?d 39)

g = (1.13 = 0.09¢/a)[1 + 0.1(1 — cos $)?](0.97 + 0.03(a/t)"] (40)
The functions g, and A are given by Eqs 33 and 34; g, is given by Eq 22; g is given by Eq
23; f., is given by Eq 24; and f, is given by Eq 27.

Through Crack at a Semi-Circular Notch

When the surface-crack length, 2a, reaches sheet thickness, 2¢, or when the corner-crack
length a reaches the sheet thickness ¢ the crack is assumed to be a through crack of length
c. The stress-intensity factors for a through crack emanating from a semi-circular notch
subjected to remote uniform stress or uniform displacement is

C
»
w r

K = S\we F,,<— < ﬁ) (41)



30 SMALL-CRACK TEST METHODS

for riw = Yis, and (¢ + r)/w < 0.8. The boundary correction factor F, is

F, = figfw (42)
where g, and f,, are given by Eqs 22 and 24, respectively. The function f; is given by
fi =1+ 0358\ + 1.425A%2 — 1.578\> + 2.156A* (43)
where

A=1/(1 + c/n)

APPENDIX B

Analytical Crack-Closure Model

The analytical crack-closure model was developed for a central crack in a finite-width
specimen subjected to uniform applied stress. The model was later extended to through
cracks emanating from a circular hole in a finite-width specimen also subjected to uniform
applied stress [18]. The model was based on the Dugdale model [ 40], but modified to leave
plastically deformed material in the wake of the crack. The primary advantage in using this
model is that the plastic-zone size and crack-surface displacements are obtained by super-
position of two elastic problems—a crack in a plate subjected to a remote uniform stress
and to a uniform stress applied over a segment of the crack surface.

Figure 20 shows a schematic of the model at maximum and minimum applied stress. The
model is composed of three regions: (1) a linear-elastic region containing a circular hole
with a fictitious crack of half-length ¢’ + p, (2) a plastic region of length p, and (3) a residual
plastic deformation region along the crack surface. The physical crack is of length ¢’ — 7,
where r is the radius of the hole. The compressive plastic zone is w. Region 1 is treated as
an elastic continuum. Regions 2 and 3 are composed of rigid-perfectly plastic (constant
stress) bar elements with a flow stress o,. The flow stress o, is the average between the
yield stress and the ultimate strength of the material. This is a first-order approximation for
strain hardening.

The shaded regions in Figs. 20a and 9b indicate material that is in a plastic state. At any
applied stress level, the bar elements are either intact (in the plastic zone) or broken (residual
plastic deformation). The broken elements carry compressive loads only, and then only if
they are in contact. At the maximum applied stress and when the crack is fully open, the
effects of state of stress on plastic-zone size and displacements are approximately accounted
for by using a constraint factor . The constraint factor was used to elevate the tensile flow
stress for the intact elements in the plastic zone.

The effective flow stress oo, under simulated plane-stress conditions is o, (usual Dugdale
model) and under simulated plane-strain conditions is 3¢,. The value of 3o, was established
from elastic-plastic finite-element analyses under plane-strain conditions using an elastic-
perfectly-plastic material (normal stress elevation in the crack-tip region was about 2.7 from
the analysis). For sheet and plate material, fully plane-strain conditions may not be possible.

Irwin [44] suggested a modification to account for through-the-thickness variation in stress
state by introducing a constraint factor (@ = 1.73) to represent nominal plane-strain con-
ditions. At the minimum applied stress, some elements in the plastic zone and elements



NEWMAN ON FRACTURE MECHANICS PARAMETERS 31

y Smin

Crack-tip
element

9%
(Q) Moximum stress (b) Minimum stress

FIG. 20— Schematic of analytical crack-closure model under cyclic loading.

along the crack surface that are in contact may yield in compression when the contact or
compressive stress reaches —o,. This assumption was justified on the grounds that when a
crack closes the large stress gradient at the crack tip is greatly reduced and a more uniform
stress field is produced.
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ABSTRACT: The suitability of the acetate replication method for monitoring the growth of
small cracks is discussed. Applications of this technique are shown for cracks growing at the
notch root in semicircular-edge-notch specimens of a variety of aluminum alloys and one steel.
Cracks were allowed to initiate naturally along the surface or at the corner of the notch root,
a stress condition representative of a fastener hole or fillet in aircraft components. The cal-
culated crack growth rate versus AK relationship for small cracks was compared to that for
large cracks obtained from middle-crack-tension specimens. The advantages and limitations
of the acetate replication method in comparison to other commonly used methods for small
crack research are delineated. The primary advantage of this technique is that it provides an
opportunity, at the completion of the test, to go backward in time towards the crack initiation
event and “zoom in” on areas of interest on the specimen surface with a resolution of about
0.1 wm (0.0001 mm). The primary disadvantage is the inability to automate the process. Also,
for some materials, the replication process may alter the crack-tip chemistry or plastic zone,
thereby affecting crack growth rates.

KEY WORDS: fatigue (materials), crack propagation, short crack, replicas

Crack growth behavior of large fatigue cracks (>2 mm in length) can be documented
using several standard fracture mechanics methods such as ASTM Test Method for Meas-
urements of Fatigue Crack Growth Rates (E 647). Cracks in engineering components,
however, may spend the major portion of their lives as physically small cracks on the order
of 5 to 2000 wm in length. It has been demonstrated by numerous researchers in the last
20 years that the crack growth behavior of these cracks when they are “small” may not be
describable by accepted linear elastic fracture mechanics principles, and that small cracks
in fact grow more rapidly than large cracks when assessed on a stress intensity factor range
basis. Because of the potential impact of this behavior on the total fatigue life of components
in many engineering applications, it is important to develop reliable techniques to document
early fatigue crack growth. One such technique, which has been used extensively, is the
cellulose acetate replication method. This technique is both elegant in its simplicity and
pedestrian in its tediousness. A sampling of materials, specimen configurations, and re-
searchers involved with the replication method, as documented in the literature [1-11], is
offered in Table 1.

This paper describes in some detail the replication procedure and typical results obtained
using these procedures at National Aeronautics and Space Administration (NASA) Langley
Research Center over the past eight years. In addition to independent work, the laboratory
was involved in the organization and execution of three cooperative small-crack growth test

'Research engineer, Lockheed Engineering & Sciences Company, Hampton, VA 23666.
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TABLE 1—Some references on the use of the replication method for monitoring crack growth.

Materials Tested Specimen Type Loading Conditions Researchers
2090-T8E41, 2091- rectangular 4 point bend, R = 0.1 Rao and Ritchie [I]
T351, 8091-T351
8090-UA,PA,0A* rectangular 3 point bend, R = 0.1 Birt and Beevers [2]
IMI318, IMISS0, rectangular 4 point bend, R = 0.1 Bolingbroke and King [3]
7010
IMI318 rectangular 4 point bend, R = 0.1 Brown and Smith [4]
Astroloy, Waspaloy rectangular 3 point bend, R = 0.1 Brown et al. [5]
7075-T6, 4340 steel hourglass axial, R = 0.1 Lankford [6,7]
Ti-17 hourglass bending, R = -1 Funkenbusch and Coffin [8]
A533B Steel cylindrical axial, R = -1 Dowling [9]
1026 Steel rectangular axial, R = -1 McClung and Sehitoglu [10]
2024-13 notched axial, R = 0.5, 0, Newman et al. [1I]

—1, — 2, Falstaff

“Under aged, peak aged, overaged.

programs in which a vast quantity of small-crack data was generated and analyzed using
the replication method. Two of these programs were organized under the auspices of the
Adpvisory Group for Aerospace Research and Development (AGARD) Structures and Ma-
terials Panel; the first program involved ten laboratories [12] and the second involved twelve
[13]. The third program was a joint effort between NASA and the Chinese Aeronautical
Establishment. Based on the experiences gained from this work, advantages and disadvan-
tages of the replication method will be discussed.

Procedures
Specimen and Test Procedures

The replication method is applicable to a variety of specimen geometries. Replicas can
be made from flat, cylindrical (convex) or notched (concave) surfaces. The examples cited
in this work are from cracks that initiated at the notch surface or corner of a single-edge-
notch tension specimen (SEN) containing a semicircular notch, with a radius r of 3.18 mm,
as shown in Fig. 1. Specimens were machined such that the load axis was parallel to the
rolling direction of the sheet (LT orientation). The width w of all aluminum specimens was
50 mm and of all steel specimens was 25 mm. This geometry, with a stress concentration
factor K, of 3.11 for aluminum and 3.3 for steel specimens (based on gross section), was
chosen because it served to localize the region of crack initiation, and it approximates the
stress distribution of a fillet or fastener hole, two likely locations for crack initiation in
airframe structures. All tests were conducted in lab air at a frequency of either 5 or 10 Hz.
The growth of semi-elliptical surface cracks and quarter-elliptical corner cracks was moni-
tored at the notch root by taking measurements of surface crack length, 2a, or corner crack
length a along the thickness direction of the sheet B as depicted in Fig. 2. The sheet thickness
B is taken as 21 for the surface crack and ¢ for the corner crack simply to make the equations
for calculating AK consistent. Crack depth c is defined the same way in both cases.

Careful attention should be given to the surface condition of the specimens. Observation
of crack initiation and crack growth is most easily done on specimens with a smooth surface
finish. The presence of machining marks may obscure the fine details and is an indication
of a mechanically deformed layer of material in an unknown state of residual stress. For
these reasons, the small-crack studies conducted at NASA Langley always utilized specimens
that were prepared by mechanical polishing, chemical polishing, or electropolishing.
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FIG. 1—Single-edge-notch tension (SEN) specimen geometry.
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FIG. 2—Schematic of surface and corner crack at notch root.

Mechanical polishing was accomplished with 0.3-um diamond paste applied to an adhesive-
backed polishing cloth, which had been wrapped around a rod slightly smaller in diameter
than the edge notch. The rod was inserted in the chuck of a drill press and rotated while
the specimen notch surface was lightly pressed against the polishing compound. This resulted
in a smooth notch surface with some fine scratches oriented at 90° to the nominal crack
growth direction. Notch surface preparation was completed with a light etch (Keller’s etch
was used for aluminum specimens) to remove any residual stress introduced by the diamond
paste polishing process and to delineate the grain boundaries.

Chemical polishing has also been used for 2000 and 7000 series aluminum alloys. The
specimens were submerged for 5 min in a solution of 80% phosphoric acid, 5% nitric acid,
5% acetic acid, and water maintained at 105°C. After polishing the specimens were rinsed
with water. A reddish cast on the specimen surface, caused by a copper-rich layer, was
removed by dipping in a desmutting solution of 10% nitric acid in water for 20 s. A final
water rinse and then an alcohol rinse completed the procedure. Grain boundaries were
generally visible after this chemical polishing procedure, but were in some cases further
enhanced by a light etch with Keller’s etch.
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Electropolishing of the localized notch region was used to prepare specimens of 4340
steel, but could also be used for a variety of alloys. The solution used for the steel consisted
of 70% ethanol, 10% glycerin, and 20% perchloric acid maintained between 18 and 20°C.
A stream of solution was directed through a 1.3-cm-diameter opening in the top of the
polishing cell to flow over the notch root area for 4 min at a potential of 35 V. The polished
area was cleaned in a solution of detergent and water, rinsed in water, then in alcohol.
These three methods of notch preparation removed a surface layer between 20 and 100 wm
in depth.

Monitoring crack initiation and growth via the acetate replica technique is a discontinuous
process. Fatigue cycling is interrupted periodically and the specimen held under constant
tensile load to maintain crack mouth opening while the surface or surfaces of interest are
replicated. In order to select the cyclic interval at which replicas will be taken, the expected
fatigue life must be determined from fatigue life tests conducted on the particular specimen
geometry and loading conditions or otherwise estimated from available data. The objective
is to have 20 to 50 replicas from each test, as this seems to document crack growth history
with sufficient data from the small-crack regime to establish the similarities or differences
from the large-crack behavior. Figure 3 shows fatigue life data for 2024-T3 aluminum SEN
specimens under R = —1 loading. Stress levels selected for replica tests on this alloy were
105, 80, and 70 MPa. Lower stress levels were avoided because of the scatter in fatigue life
near the “fatigue limit;” high stress levels were also excluded because of the increased
tendency for multiple-crack initiation events and the resulting increased complexity of anal-
ysis of stress intensity factors at neighboring crack tips. Specific procedures for handling
multiple cracks and excluding data when crack interaction effects are anticipated will be
discussed in the following section. Once each stress level was selected, the corresponding
fatigue life was divided by 50 (or 25, and so forth) to determine the cyclic interval that
should be used for the small-crack tests to produce approximately 50 (or 25, etc.) replicas
documenting crack initiation and growth.
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FIG. 3—Fatigue life data for SEN specimens of 2024-T3 under R = —1 loading.
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Replication Procedures

The procedure by which the replica is made is straightforward. When the cyclic interval
has been completed, the test is halted at mean load. A static load equal to 60 to 80% of
P_..x is then applied. This load is selected to be significantly above the closure level to assure
that cracks (if present) will be open. The surface to be replicated is cleaned with reagent
grade acetone. For the case of the SEN specimen, a section of cellulose acetate sheet, 0.04
mm thick, is cut slightly wider than the specimen thickness and longer than the circumference
of the notch root. As shown in Fig. 4, the acetate is curved around a rod whose diameter
is less than the notch diameter by somewhat more than two times the thickness of the acetate
sheet. The notch surface is bathed with one or two drops of acetone from a hypodermic
needle just before touching the acetate to the notch surface. Only gentle pressure from the
rod is needed as capillary action will tend to draw the acetate against the notch surface and
hold it there. The acetone softens the surface of the acetate sheet and allows it to conform
to the notch surface topography, flowing into the mouth of any open cracks. The acetate
dries to form the replica in less than 10 min and can be easily removed with tweezers,
peeling away from one end of the notch. Clipping away the same corner from the margin
of each replica facilitates orientation of the replicas for analysis. A cursory examination of
the replica in a strong light or through a low power microscope should reveal the presence
of undesirable bubbles or other artifacts that render the replica unusable. A bubble indicates
that air was trapped at that location between the acetate and notch and, hence, no surface
topography information was transferred. If necessary, a subsequent replica can be taken
before continuing to cycle the specimen. The replica should be stored in a dry and dust free
environment. For thin cellulose acetate, sealing in a small polyethylene bag works well, in
that it tends to flatten the replica. The ends of the replica may be attached to the surface
of a glass slide with adhesive tape for ease of handling when observing cracks in the optical
microscope. For observation in the scanning electron microscope replicas must be clamped
mechanically rather than using adhesive (because of vacuum considerations).

Depending on the particular specimen geometry, other forms of replica material may be
more suitable. When replicating a flat surface a more rigid form of acetate, such as thicker

Acetone

Cellulose :
acetate Specimen

sheet notch

FIG. 4—Schematic of replication procedure for semicircular edge notch.
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replicating tape or sheet material (on the order of 5 mm thick), can be readily used. In the
case of thicker tape, the surface of the acetate is first softened with acetone and then firmly
pressed against the surface to be replicated. A rolling pressure from one end of the tape to
the other tends to force out trapped air. A detailed procedure for using 0.13-mm-thick tape
to replicate flat fatigue specimen surfaces is given by Henry [14]. In order to use 5-mm-
thick sheet to make a replica of a notch root, the rough shape of the notch is first cut into
a block of acetate. The “notch shape” is then softened with acetone and pressed into the
notch of the specimen. Because of its rigidity the thicker material is easier to handle and
store.

Analysis of Replicas

Crack length measurement from replicas can be accomplished using an optical microscope
(OM) or scanning electron microscope (SEM). Observation in an optical microscope can
be made directly on the acetate surface. Although the replica is transparent, any features
visible from the back surface are out of focus and, hence, do not impair the sharp image
of cracks or notch surface features. In order to view replicas in the SEM, the surface must
be sputter-coated with a thin layer (several 100 A [10 nm]) of a heavy metal, such as gold
or gold-palladium alloy. This provides the necessary conductive path for the electrons. The
replica is a negative of the specimen surface, and the crack image appears as a thin ridge
where softened acetate has penetrated into the open crack and remained attached to the
replica sheet when it is removed from the specimen notch. A comparison of the crack images
produced from a crack 130 pm in length and viewed using both OM and SEM is shown in
Fig. 5. The fatigue specimen was 2024-T3 with a mechanically polished notch. The faint
vertical lines are polishing scratches along the circumference of the notch and parallel to
the loading direction. On the OM image, the hazy circles are from roughness on the back
surface of the acetate. The image in the OM is reversed from left to right, whereas this is
not the case for the SEM image (note the end points labeled A and B). The crack appears
bright compared to the overall specimen surface when viewed in the SEM because many

OM - Uncoated SEM - Au-Pd coating

0.1 mm 0.1 mm

FIG. 5—Comparison of crack replica image using (a) optical microscopy (OM) and (b) scanning
electron microscopy (SEM).
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more secondary electrons (low-energy electrons that make up most of the intensity of the
image) are produced near an edge than on a smooth surface. Secondary electrons can be
created by (1) the beam electrons upon entering the specimen, (2) by backscattered electrons
escaping the specimen through the entrance surface and the sides, and (3) by the electrons
transmitted through the ridge [15]. This enhanced contrast is helpful in locating cracks when
they are quite small, on the order of 5 pm. Replicas can be viewed at magnifications up to
about 5000 times under selected electron beam conditions. The beam energy should be kept
below 10 keV to keep the beam interactions near the surface of the coated replica. The
beam spot size should be kept small in order to keep the beam current low and minimize
heating effects. The beam diameter used in this work was approximately 40 nm.? Even when
using these beam parameters care must be taken not to view an area of the replica at high
magnification for more than about 1 min, otherwise damage to the replica from heating will
result, The resolution, which can be obtained using this technique, is approximately 0.0001
mm (0.1 pm).

In the one-step replica process described above, the acetate replica remains intact and
acts as the substrate. Other investigators have used two-step replicating procedures to pro-
duce a positive image of the specimen surface. Brown and Smith [4] vapor deposited a 0.3-
mm layer of solder on the acetate replica and applied an epoxy backing. The acetate replica
was then peeled away from the solder layer, forming the positive image. Lankford [7] coated
the replicas with palladium, nickel plated the latter, and stripped away the acetate. These
techniques, although more time consuming, allow examination of the positive metal replica
in the SEM at high magnification with much less concern for damage from specimen heating.

At the conclusion of the fatigue test, replica analysis begins with the last replica, in this
case the one taken just before the surface or corner crack becomes a through-thickness-
crack. On this last replica, the identity of the critical crack or cracks is obvious. The crack
length along the notch surface is measured directly from the SEM image or recorded pho-
tographically for later measurement. As each earlier replica is examined the crack image
becomes smaller and would be more difficult to locate except that features on the notch
surface, such as the edge of the notch, grain boundaries, inclusion particles, and scratches,
can be used as points of reference to “zero in” on the proper area of the replica.

Shrinkage of the replica film by 5 to 10% as it dries on the specimen is a concern for thin
replica material. This difficulty can be overcome by normalizing crack length measurements
by a shrinkage factor. This factor is determined by comparing distances measured between
several reference points on a specimen notch surface and on replicas made from that surface.
An alternative solution is to take a montage of photographs of the notch surface along the
crack path on one half of the fractured specimen and locate the position of the crack tips
as noted in each successive replica on that montage. Jogs in the crack path and the location
of surrounding grain boundaries and inclusion particle sites aid in the accurate placement
of the crack tips on the montage. Crack-tip position is easily established on the fractured
specimen photographs for most aluminum alloys, but is more difficult for materials, such
as quenched and tempered steel, with few inclusion particles and a very fine tempered
martensite microstructure.

In addition to examining the replicas to monitor the length of the crack or cracks present
at the notch root, information on the relative position of multiple cracks is readily available.
Knowledge of the proximity and size of neighboring cracks, either on the same plane or on
a parallel plane, is necessary to evaluate the increase or decrease, respectively, in the stress
intensity factor at the crack tip over that of a single, isolated crack. For the data presented
in this work a set of “noninteraction” criteria was established to identify cases where the

?Private communication, Cambridge Instruments (Leica), Deerfield, IL.
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stress intensity factor was thought to be influenced by neighboring cracks (see Appendix
A). Crack growth data from these cracks were eliminated from the small-crack data presented
in this work, but could be included in a subsequent analysis of the existing crack length-
cycle data, if a stress intensity factor equation suitably modified for crack interaction effects
was used.

Results

The initiation and growth of small surface and corner cracks in SEN specimens of 2024-
T3, 7075-T6, 2090-T8E41, a clad Chinese aluminum alloy LC9-CS (similar to 7075-T6) and
4340 steel have been studied under both constant amplitude loading and several variable
amplitude load spectra [12,13,16]. Selected results from these investigations are cited to
illustrate typical results obtained with the replication method.

A series of replica SEM images typical for a single crack in 4340 steel is shown in Fig.
6a. It is clear from the 60 000-cycle replica that the fatigue crack initiated at a pit in the
notch surface, possibly formed by a spherical inclusion particle removed by the machining
or electropolishing process. This crack was located, however, by first examining the 160 000-
cycle replica on which the crack image was approximately 70 times larger and then proceeding
backwards consecutively to the replicas in the small-crack regime. After the specimen had
undergone 160 000 cycles, it was pulled to failure in tension so that a measurement of fatigue
crack shape (c/a) as a function of crack size (a/f) could be obtained. A micrograph of the
fracture surface in Fig. 6b shows a semi-elliptical crack shape. The enlarged view of the
crack initiation site shows the dimensions of the defect pit (2 = 16 wm), which correlates
with the pit (replica) dimension shown in Fig. 6a. The surface crack length, 2a, measured
directly from the fractograph can be compared with the value obtained from the replica
taken after 160 000 cycles (just before the specimen was pulled apart) to verify the accuracy
of the replica method.

Crack shape data sufficient to establish the relation between crack size and shape is
necessary to the calculation of AK for small semi-elliptical cracks. For the 4340 steel tests,
for example, a total of six specimens were pulled in tension to failure at a point in life when
they contained semi-elliptical notch-surface fatigue cracks of varying sizes. Measurements
from the fracture surface of surface crack length, 2a, and crack depth ¢ were plotted as
cla versus a/t, as shown in Fig. 7, and a visual best-fit line was drawn through the data
points. The crack shape equation determined experimentally for 4340 steel and used in the
AK calculations for this alloy was

cla = 1.0 — 0.25(a/t) (for 4340 steel) (1a)

The crack shape relation obtained in a similar manner for 2024-T3 [12] and used for 2000
series aluminum alloys was

cla = 0.9 — 0.25(a/ty* (for 2024-T3, 2090-T8E41) (1b)
and that determined for 7075-T6 was

cla = 1.0 — 0.1(a/t) (for 7075-T6) (1c)

Once the relationship between measured crack length @ and crack depth ¢ has been
established, a stress intensity factor at the point where the crack intersects the notch surface
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FIG. 7— Experimental fatigue crack shape measurements for 4340 steel SEN specimens.

(b = m/2) can be calculated. In the interest of completeness, approximate stress-intensity
factor equations for a surface crack or a corner crack emanating from a semi-circular edge
notch developed by Newman and presented previously in the literature [13] are included in
this work. These equations are used to compare crack growth rates measured for small
cracks with those measured for large cracks as a function of the stress-intensity factor range.
The calculation of stress-intensity factor assumes that either a semi-elliptical surface crack
is located at the center of the edge notch or a quarter-elliptical corner crack is located at
an edge, as was shown in Fig. 2. For a surface crack located at other locations along the
bore of the notch, the calculation is adequate if the crack is small compared to thickness.

The stress-intensity factor range equation for a surface crack located at the center of the
edge notch subjected to remote uniform displacement is

AK = AS\(walQ) F,, (2a)
for 0.2 < alc < 2 and a/t < 1. Equations for @, the shape factor, and F,, the boundary-

correction factor, are given in Appendix B.
For a corner crack, the stress-intensity factor is

AK = AS \/(%d/Q) F_, (2b)
for 0.2 < a/c < 2 and a/t < 1, where

F,, = F,(1.13 — 0.09a/c) foralc=1

F., = F,(1 + 0.04c/a) foral/c >1
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The stress range (AS) is full range (Spx — Smin) for constant amplitude and spectrum
loading. For example, AS = 25, for R = —1 loading. For spectrum loading, the highest
peak stress is S, and the lowest trough is S,,.

Crack growth rate results obtained by the replication method for 4340 steel SEN specimens
under R = —1 loading for two constant amplitude stress levels are given in Fig. 8. The AK
values given are for the full range in load. The heavy solid line in the figure represents a
best fit to the large crack data from through-thickness cracks in standard middle-crack-
tension (MT) tests, also conducted under R = —1 loading. Crack growth rates from the
small crack tests (SEN specimens) are calculated as the difference in crack length observed
on consecutive replicas divided by the cyclic interval. This rate is plotted for the AKX calculated
from the above equations for the average of the two crack lengths. Vertical lines indicate
approximate crack size correlations with the AK values calculated for the SEN tests. For
4340 steel tested under R = —1 loading, small crack growth was observed below the large
crack threshold over a range of crack growth rates. Small cracks grew faster than large
cracks up to a stress intensity factor range of 15 MPa - m'?, which corresponds to a crack
length, 2a, of approximately 90 wm. For larger values of AK, crack growth rates measured
in the small-crack tests using replicas agree with those measured on large-crack tests at the
same stress ratio using standard methods. There is a larger variability in measured crack
growth rates below a AK of 15 MPa - m'? than above. This may be due, in part, to increased
percent error in the measurement of crack length in this regime, since the cyclic interval
between replicas was held constant throughout the fatigue test. For example, if the cyclic
interval dN for a given test was 2000 cycles, a measured crack growth increment da of 1
pm results in a crack growth rate da/dN of 5 X 10-'° m/cycle, calculated by the secant
method; whereas, a growth increment of 100 pm is necessary to obtain a growth rate of 5
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FIG. 8—Small- and large-crack growth data for 4340 steel under R = —1 loading. Correlation of
surface crack length and stress intensity factor range for the small-crack-test data points are indicated by
the vertical line segments.
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X 10-8 m/cycle. The accuracy in crack length measurement using the replica technique was
given previously as 0.1 wm, or 10% in the former case and 0.1% in the latter. Although
the measurement error is larger for the smaller cracks, the variability in crack growth rates
in this regime is much more than 10%, and thus is more likely attributable to changes in
microstructural or closure contributions to crack growth.

Replication methods have also been used to study the effect of surface discontinuities
(inclusions and pits) in fatigue crack initiation and small-crack propagation in aluminum
alloys. Figure 9a shows a replica of a small crack in 7075-T6 aluminum, which has initiated
at an inclusion particle pit. The inclusion particle sites in the aluminum alloys were ap-
proximately 6 um in diameter on the notch surface, considerably smaller than those which
initiated cracks in the steel. The replica shows the current crack length, as well as a number
of inclusion particle sites and grain boundaries that can be matched to the features on the
SEM photo of the notch surface in the lower part of Fig. 95. The features on the replica

Replica of notch surface

i TR Y LT o S
5
Ao

fe—.048 mm—>] (b) y
Notch surface

.

FIG. 9—SEM micrograph of (a) replica of small-crack and (b) portion of SEN specimen fracture
surface and notch root surface corresponding to replica region for 7075-T6 aluminum.
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N=786,000 cycles

N=100,000 cycles f~———| .50 mm
(b)

(a)

FIG. 10—SEM replica micrographs of (a) small crack at inclusion particle site and (b) intersection
of crack, from (a), with a second crack later in fatigue test. Material is 2090-TSE41 and points labeled
T indicate crack initiation sites.

appear reversed from left to right. The upper half of Fig. 9b shows a portion of the fracture
surface near the crack initiation site. Tests conducted on the aluminum lithium alloy, 2090-
T8E41, under R = -1 loading resulted in highly angled crack growth across the major
portion of the notch root as illustrated by the replica photographs in Fig. 10. Crack initiation
in most cases could still be associated with inclusion particle sites. The cracks propagated
at an angle of about 35° to the load axis and were more difficult to observe on the replicas
than cracks in other materials that grew essentially normal to the load axis. The difficulty
was due to the decrease in local crack opening normal to the plane of the crack as the crack
orientation rotated away from the plane normal to the load axis. Less acetate penetrates
into this narrow opening, and the ridge left on the replica surface is less prominent. This
effect is illustrated in region C of Fig. 5; this crack segment deviates substantially from the
overall crack orientation normal to the load axis, and the crack image is less distinct. The
2090 specimen shown in Fig. 10b contained two cracks that initiated at the points labeled
I. After 100 000 cycles the cracks are large (=1 mm), and the crack-tip stress intensity factor
levels are influenced by the presence of the other crack, as discussed in Appendix A. Earlier
in the test, at 76 000 cycles, when the upper crack was about 175 pm long (see Fig. 10a),
the crack growth rates would not be affected by crack interaction.

The target alloy in terms of strength for the development of 2090-T8E41 was the high
strength 7075-T6. Despite differences in crack propagation orientation in the two alloys, the
small-crack growth rates, when calculated in both alloys for crack lengths @ measured normal
to the load axis, were in good agreement, as previously reported by Swain et al. [16]. Results,
daldN versus AK, for the two alloys are given in Fig. 11 along with the large through-crack
data from MT specimens, also tested under R = —1 loading. In the MT specimens of 2090-
T8E41 the cracks grew normal to the loading axis. Note that the data from the SEN or
small-crack specimens blends with data from the respective MT or large-crack specimens
for large AK, above 10 MPa - m'2. For crack growth data from similar SEN specimens of
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2090-T8E41 under R = 0 and —1 loading, Mazur and Rudd [17] calculated a mixed mode
AK using equations for Mode I and Mode II and the actual length of the angled cracks.
Their results show a poor correlation of the SEN data for angled cracks with MT data for
AK above the large crack threshold; whereas, when the same data were analyzed using the
crack length normal to the load axis and the Mode I equation for AK, good agreement was
found. Although it is not fully understood why the Mode I and projected (or normal) crack
length calculations give a better correlation for the highly angled cracks, it is a simpler
calculation and allows for direct comparison with data for other aluminum alloys. Note that
the replicas form a permanent record of crack growth and orientation, so that a future
analysis using a different set of AK equations could be performed.

Replication Effects on Fatigue Life

For each of the alloys whose small-crack growth behavior was investigated, a number of
preliminary fatigue life tests were conducted in advance on SEN specimens to aid in the
selection of applied stress levels and replica intervals for the small-crack growth tests. A
sample of this data for 2024-T3, for fatigue life tests and for replica tests, was presented in
Fig. 3. In the small-crack growth tests, replicas were taken at intervals of load cycles until
the crack grew across the root of the notch and became a through crack. Continued cycling
of these specimens to failure yielded additional fatigue life data for the SEN specimens. As
a general rule, these replica specimens had fatigue lives that fit into the scatter of life values
determined from the preliminary SN tests. An example of this behavior is shown in Fig. 12
for 4340 steel under R = —1 loading. However, for Minitwist variable amplitude load
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FIG. 11—Small- and large-crack growth data for 2090-T8E41 and 7075-T6 under the Minitwist spec-
trum. Correlation of surface crack length and stress intensity factor range for the small-crack-test data
points are indicated by the vertical line segments.
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FIG. 12— Fatigue life data for SEN specimens of 4340 steel under R = —1 loading.

spectrum tests conducted on 7075-T6, fatigue life for replica tests did not agree with life for
tests with no replicas.

Fatigue life data for 7075-T6 under the Minitwist spectrum are shown in Fig. 13 plotted
as maximum stress level in the entire spectrum versus the number of load changes. A
sequence of prescribed load changes (peaks and troughs) makes up the variable amplitude
load spectrum. In addition to the eleven conventional fatigue life tests, a total of five small-
crack growth tests were conducted at two stress levels. The latter tests, where replicas were
taken, produced longer fatigue lives at both stress levels than were observed for tests where
no replicas were taken. Additional tests were undertaken for this material under Minitwist
loading at an S, of 205 MPa in an attempt to understand the source of this increase in
fatigue life. In two tests cycling was stopped periodically after the same cyclic interval used
in the replica tests, and the load was held for 10 min at the replica load (approximately
60% of P,,,), but no replica was made. The resulting lives were slightly less than those for
the conventional fatigue life tests. For the remaining two specimens, the notch root was
bathed with acetone twice during the 10 min the specimen was held at the replica load. The
fatigue lives in this case agreed with those where replicas were taken. It appears that the
increase in life exhibited by the replica test specimens in Fig. 13 is a result of a chemical
effect connected with the presence of acetone, rather than a purely mechanical effect from
holding the cracked specimen under a constant tensile load.

The sensitivity of fatigue life in 7075-T6 to elements of the replica process may well be
attributed to environmental effects (the tests were all conducted nominally in lab air). Gao
et al. [18] have reported an increase in crack growth rate for this alloy with increasing water
vapor pressure. They also found crack growth rates in moist air to be greater than those in
vacuum, argon, or oxygen. These increased crack growth rates in the presence of moisture
were attributed to a hydrogen embrittlement mechanism. Given the sensitivity of 7075-T6
to water vapor, it is presumed that increased fatigue life by replication is due to a reduced
environmental effect produced by the introduction of acetone. The fatigue life tests serve
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FIG. 13— Fatigue life data for SEN specimens of 7075-T6 under the Minitwist spectrum.

as a baseline condition of water vapor exposure. Tests with a hold time under load have
equal or increased access of water vapor to the crack tip resulting in a slight decrease in
life. In replica tests, or when the hold time includes bathing the notch surface in acetone,
the water vapor concentration at the crack tip may be reduced, thereby slowing crack growth
rates and increasing fatigue life.

Fatigue life tests, with and without taking replicas were also conducted under Minitwist
loading on a clad Chinese alloy, LC9-CS. This alloy is nearly identical in composition and
microstructure to 7075-T6 with the addition of a 50-um cladding layer on each sheet surface.
Crack initiation occurs from slip bands in the low-strength ductile cladding layer producing
corner cracks, rather than the preponderance of surface cracks initiating at inclusion particle
sites found in 7075-T6 (and all the other alloys tested). Figure 14 shows a crack which
initiated in the cladding layer and has grown through several grains of the base alloy. Figure
15 gives fatigue lives (SN tests) and small-crack growth test lives (with replicas) for the clad
material under the Minitwist spectrum. In this case, where corner cracks are prevalent,
there is no consistent difference between cyclic life with and without replicas. The seeming
indifference to the effects of acetone on the crack tip in LC9-CS may be due to corner crack
geometry. Here, replication is performed on one surface allowing the crack tip to be exposed
to water vapor environment through the side of the specimen. The increase in life for 7075-
T6 using replicas may also be due to an increase in number of cycles to crack initiation at
inclusion particles. This might not affect LC9-CS because crack initiation in this alloy always
occurs in the ductile cladding layer.

Brown and Smith [19] reported on the effect of hold time on fatigue life of commercially
pure titanium and of Ti-6Al-4V with various heat treatments. The hourglass specimens were
electropolished then tested at 140 Hz under axial loading at R = 0. Testing was halted at
mean load every 5% of expected life to take an acetate replica using acetone. For all materials
fatigue life increased for specimens where replicas were taken. This follows the tendency
shown by 7075-T6 under Minitwist loading. However, one test result, on as-received Ti-
6A1-4V using hold times but taking no replicas, agreed with the replica test life. This result
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FIG. 14—SEM micrograph of replica showing small corner crack in LC9-CS aluminum.
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indicates that the acetone itself played no part in the increased life. The authors attributed
the increase in fatigue life, due to rest periods, to localized strain aging, brought on by
increased oxygen or nitrogen pickup at surface slip bands, developed before crack initiation,
and at the crack-tip plastic zone, developed during crack growth.

Summary Appraisal of Replication Method

In the course of the preceding discussion on procedures and results for the replication
method, a number of strong and weak points have been highlighted. It seems desirable,
however, to summarize those points and mention some additional features that should be
considered before choosing to use this technique either as a primary or back-up crack growth
monitoring tool.

Advantages

1. The growth of naturally initiating small cracks (as small as 5 pm) can be studied, as
it is not necessary to know the crack location before it has grown to an easily detectable
size.

2. Replicas can be made on specimens of various geometrical configurations, that is,
notched, cylindrical, or flat.

3. Little specialized equipment is necessary to make or analyze the replica data, although
better resolution of crack length is possible with the SEM than the OM.

4. Multiple-crack growth on a single specimen is easily monitored, and information con-
cerning crack spacing is available for crack interaction analysis.

5. The replicas form a “permanent” record of the crack growth history, including crack
length, orientation, and neighboring cracks.

6. Photomicrographs of the crack morphology indicate crack initiation mechanisms and
interaction of the crack tip with microstructure.

Disadvantages or Limitations

1. Taking and analyzing the replicas is very labor intensive with no way to automate the
process. The process of taking the replica is on the order of the time taken to run the
intervening cyclic loading interval.

2. Crack growth information obtained from the replicas is only for the surface of the

specimen. Information concerning growth below the surface is obtained independently

by sectioning or breaking open specimens containing small cracks.

Testing in environments other than room temperature lab air is difficult.

4. The fatigue life of some materials under certain loading conditions, such as 7075-T6
cycled under Minitwist, has been shown to exhibit different total fatigue life behavior
when the test is periodically interrupted so that replicas can be taken in comparison
to a continuous fatigue life test. The reason for this behavior is not known, but the
experimenter should take care to conduct both continuously cycled fatigue life tests
and the replica (interrupted) fatigue life tests to establish any discrepancy.
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APPENDIX A

Noninteraction Criteria

The common occurrence of multiple cracks initiating and growing at the root of the notch
in the SEN specimen prompted the development of the following criteria for flagging cases
where the growth of one crack was likely to be influenced by the size and proximity of
neighboring cracks [12]. The system for rejecting crack growth rate data as a result of crack
interaction is described in Figs. 16 through 18. Three cases were considered when data are
rejected:

1. When cracks are essentially collinear (such as Cracks 1 and 2) and when the distance
d,, between the adjacent crack tips is less than the length of the largest L,, then
subsequent data from both cracks are rejected. Here it is expected that as the crack
tips approach each other the rate of growth of each would be accelerated.

2. When cracks intersect, the same line parallel to the loading axis of the specimen (such
as Cracks 1 and 3) and when the distance between the two cracks 4, ; is less than the
length of the largest L,, then subsequent data from Crack 3 is rejected. Here the larger
crack L, would be expected to relieve stresses in the region of the shorter crack L;
and, consequently, the rate of growth of Crack 3 would slow down.

3. After two collinear cracks have joined (such as Cracks 1 and 2), crack growth rate
data are rejected from both cracks until the combined crack length L is twice the
length of the combined crack immediately after joining (L, + L), as illustrated in
Fig. 17. This is to allow for the development of a full crack front for the combined
crack.

FIG. 16— Multicracks at notch root.

(YA

| |<—L,L—>|* — ;

FIG. 17— Definition of crack “‘noninteracting” criteria for coalescence and crack shadowing: interacting
surface cracks for d,, = 0 (section A-A).
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APPENDIX B

Approximate Stress-Intensity Factors for a Surface Crack and Through Crack at a Semi-
Circular Notch

An approximate stress-intensity factor equation for a semi-elliptical surface crack located
at the center of a semi-circular edge notch subjected to remote uniform displacement is

K = $\(walD) Fm<f, arrc ¢) 3)

for 02 <ale<2,at<1,05<rlt<3,(c+ r)w<0.5, and ~7n/2 = ¢ = w/?2. (Note
that here ¢ is defined as one-half of the full sheet thickness for a surface crack and as full
sheet thickness for a corner crack.) The shape factor Q is given by

1.65
0=1+ 1.464(%) for%s 1 (4a)
1.65
0=1+ 1,464<§> for§> 1 (4b)
and
2 4
a a
F, = {M1 + M2<;) + M3<;) }g1g2g3g4f¢fw ©)
Foraic =1

M =1 (6)
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The functions M,, M, g1, g2, ¥, &3, &4, and f,, are given by Eqs 7 through 14, respectively,
and f, is given'by

fo = l:(g) sin®d + cosz¢:| (18)

When the surface-crack half-length a reaches one-half sheet thickness ¢, the crack is
assumed to be a through crack of length c. The stress-intensity factors for a through crack
emanating from a semi-circular notch subjected to remote uniform displacement are then
used. An equation fit to these results is

K = S\{@0) F<§ i) (19)

for (¢ + r)/w < 0.8. The boundary correction factor F,, is

F, = figfw (20)

where g, and f,, are given by Eqgs 13 and 14, respectively. The function f; is given by

fi =1+ 0358\ + 1.425\% — 1.578\% + 2.156\% (21)
where
1
A= p
1+ -
r
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ABSTRACT: A procedure for using photomicroscopy to record the growth of small fatigue
cracks is presented. Using a specially designed fatigue specimen, the method is applicable to
both naturally initiated cracks and cracks initiated from a small electro-discharge machined
notch. Components of the experimental apparatus, which are low cost and readily available,
include a standard metallurgical microscope, a 35-mm camera with bulk film capability, an
electronic flash, and a microcomputer to control the fatigue machine and record test data.
The photographic record provides a direct measurement of surface crack length and documents
crack interactions with microstructural features; measurement precision less than 1 wm is
possible. Following a test, the photographs of small cracks are projected on a computer
digitizing tablet for convenient measurement of crack length. The crack length data are then
combined with fatigue cycle-count data and reduced to the form of da/dN versus AK (or some
other appropriate crack driving force). The capabilities of the photomicroscopic method are
illustrated using typical data from specimens of the alloy Ti-6Al-2Sn-4Zr-6Mo, and an as-
sessment is made of the practical advantages and limitations of the technique. Finally, some
commonly unrecognized pitfalls that routinely arise in the analysis of small-crack data are
discussed, and an alternative procedure for the analysis of such data is presented.

KEY WORDS: crack propagation, fatigue (materials), fracture mechanics, mechanical prop-
erties, microcracks, microscopy, short cracks, small cracks, test methods

A variety of imaging techniques have been used to acquire data on the growth of small
fatigue cracks. Probably the most common approach involves the creation of an acetate
replica of the specimen surface, which may be removed from the specimen and inspected
using either optical or scanning electron microscopy (SEM) (see [Ref ] for a recommended
replication practice). Since the replication process must be performed at periodic intervals
throughout a small-crack fatigue test, the process is labor intensive, and if the replica is to
be inspected using an SEM, the time involved in acquiring the small-crack data is significantly
greater than with optical methods. Direct, in-situ observation of small cracks in fatigue has
been performed in the SEM, including the use of stereoimaging to record details of the
three-dimensional displacement fields surrounding a small crack (see [Ref 2] for review).
Although sophisticated, these experiments are time consuming and costly, and the level of
detail they provide is often beyond the requirements of a given small-crack research project.

As an alternative to replication or SEM imaging methods, photomicroscopic techniques
have been employed to record the initiation [3,4] and growth {5,6] of small fatigue cracks.

IMaterials research engineer, materials engineer, and National Research Council research associate,
respectively, Materials Directorate, Wright Laboratory, WL/MLLN, Wright-Patterson Air Force Base,
OH 45433-6533.
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This paper presents a recommended procedure for conducting small-crack experiments using
photomicroscopy, including specific guidelines for specimen design and preparation, test
execution, and data acquisition and analysis.

Experimental Procedure
Test Specimen

The use of photomicroscopy to record the growth of small fatigue cracks is greatly sim-
plified by the design of a specimen specifically configured for easy microscopic examination
of the surface. To simplify the testing procedure, the specimen should localize crack initiation
within a relatively small, microscopically accessible region, and the region should be suffi-
ciently flat to permit the formation of a well-focused image. Cylindrical or hourglass fatigue
specimens, conventionally used for fatigue testing, are particularly unsuited for in-situ mi-
croscopic inspection and photography, because only a limited region of the specimen can
be sharply focused at one time. Moreover, crack initiation can occur anywhere around the
circumference of the specimen gage section, making it necessary to rotate the specimen or
the microscope for complete inspection.

The small-crack specimen and testing procedure described in the following discussion were
tailored to facilitate natural initiation of small surface cracks on a specimen surface that is
free from residual stresses. Although corner cracks could be studied with photomicroscopy,
the current discussion focuses on part-through cracks. The specimen, shown in Fig. 1, is a
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FIG. 1— The small-crack fatigue specimen.
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square bar containing a mild notch with a stress concentration factor K, equal to 1.037, as
determined by two-dimensional finite-element stress analysis [5]. Thus, the through-thickness
stress in the gage section is essentially uniform, while the reduced gage section serves to
localize crack initiation within a small region. Initiation of cracks at specimen corners occurs
occasionally and may be undesirable, if the objective of the research is to study surface
cracks. Experience with this type of specimen on a variety of materials indicates that edge
or corner cracks are responsible for specimen failure approximately 20% of the time. On
these specimens it was often possible to acquire a significant amount of data on other small
surface cracks within the gage section before the corner crack produced final failure. A
recommended procedure, however, is to machine a number of additional specimens and
discard the specimens having dominant corner cracks, rather than spending valuable test
time on specimens with such undesirable cracks.

A key attribute of the specimen is its suitability for use with optical microscopy. The
radius of curvature of the specimen notch is sufficiently gentle to allow sharply focused
images to be formed at all microscope magnifications. Moreover, since the base of the notch
is relatively flat, the image formed in a reflecting microscope is well illuminated across the
entire field of view. Under such lighting, crack detection and the ability to distinguish
between slip bands and cracks is greatly enhanced when the specimen is viewed under load,
because the open crack appears black on the otherwise bright, reflective specimen surface.
With oblique illumination, which produces a dark-field image, detection of the smallest
cracks is much more difficult. In many instances, viewing under polarized light aids crack
detection and enhances the ability to distinguish between slip bands and cracks.

Specimen Surface Preparation and Residual Stress Characterization

Preparation of the specimen surface involves a number of considerations, because the
growth rates of small surface cracks may be significantly influenced by the surface condition
[7,8]. If the intent of the research is to simulate crack initiation and growth for a surface
that has undergone a specific manufacturing process, then the surface should be prepared
by the same process, and the roughness and residual stress state of the surface should be
thoroughly characterized for use in analysis of the data. To evaluate inherent material
behavior, however, residual stresses and surface roughness caused by machining should be
eliminated.

For example, it is well known [9,10] that the character (tensile or compressive) and
magnitude of surface residual stresses resulting from a particular finish-grinding procedure
depend strongly on parameters such as the type and microstructure of the grinding media,
the grinding speed, and the grinding force. An alternative to grinding, or other mechanical
machining methods, is to fabricate the specimens by electro-discharge machining (EDM).
However, the EDM operation also induces surface residual stresses caused by local melting/
solidification and phase transformations that occur in the surface layer of material [11].

To document the nature and the level of surface residual stresses produced by various
fabrication practices, X-ray diffraction measurements of residual stresses were obtained on
Ti-6Al-28n-4Zr-6Mo alloy specimens finished by a variety of methods. The level of residual
stress was measured as a function of depth [12] on typical specimen surfaces prepared by
four methods: low stress grinding, EDM, EDM followed by hand polishing, and EDM
followed by electropolishing. The results are presented in Fig. 2, along with similar mea-
surements on the same material prepared by careful milling [13]. As shown, the milling
procedure produced the most extreme level, and the greatest depth, of residual stress.
Milling, EDM followed by hand polishing, and low stress grinding processes produced
successively lower levels of compressive surface residual stress, while the EDM-finished
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FIG. 2— X-ray diffraction residual stress profiles obtained from the surface of specimens of Ti-6Al-
25n-4Zr-6Mo produced by various machining methods.

specimen exhibited a shallow tensile stress. The EDM followed by electropolishing operation
essentially eliminated the surface residual stress.

Recognizing that surface residual stresses influence both the initiation and propagation
of small fatigue cracks, and that such stresses appear to be produced by standard machining
processes (chemical milling may be an exception), it is recommended that small-crack spec-
imens be electropolished to a depth sufficient to remove the affected surface layer of the
material. Since the depth of such a layer depends on many factors, it is recommended that
surface residual stress be measured to determine the depth of electropolishing required.
Moreover, to minimize the depth of the surface layer that must be removed by electropol-
ishing, it is recommended that specimens be fabricated by electro-discharge machining.
A recommended procedure for electropolishing small-crack specimens is presented in the
Appendix.

In addition to eliminating surface residual stresses and machining marks, the electropol-
ishing also produces a highly reflective surface, enhancing the detection and resolution of
small surface cracks, while highlighting the material’s microstructure. If desired, the gage
section may be etched to further reveal the microstructure, but heavy etching often exac-
erbates the difficulties of crack detection and photography, because the small cracks may
be camouflaged by detailed microstructural features. It is often desirable, therefore, to test
unetched specimens.

Experimental Apparatus for Small-Crack Fatigue Testing

The equipment used by the authors for photomicroscopic recording of small cracks includes
a metallurgical microscope, a 35-mm camera with a 250-frame film magazine, motor drive
and power supply, an electronic flash, a microcomputer with analog-to-digital (A/D) and
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digital-to-analog (D/A) interface electronics, and a standard servo-hydraulic testing machine
with hydraulic grips. Figure 3 is a photograph of the camera and test machine. As shown,
the microscope and camera are supported by a relatively rigid fixture. In spite of its rigidity,
the stiffness of this fixture was found to be insufficient to prevent occasional vibrations from
degrading the sharpness of photographs taken using a standard incandescent lamp. By using
an electronic flash, which has a duration considerably less than 1/1000 s, sharp photographs
were easily achieved, making a highly rigid camera support unnecessary. It is important,
however, that the support be secure from permanent movement to avoid loss of focus of
the microscope over time. In practice, fatigue cycling is interrupted for approximately 1 s,
allowing test machine vibrations to subside, and the photograph is exposed. The hydraulic
grips used to hold the specimen simplify test setup procedure and specimen design require-
ments. V-shaped grooves machined on the grip faces were used to center the specimen.
To automate the test procedure, a standard microcomputer was used to control the test
machine, operate the camera, and collect pertinent data. Computerization of the testing
process is not a necessity, but it eliminates much of the tedium involved in data acquisition
and record keeping. With limited effort, computer software routinely used to control fatigue
crack growth rate testing may be modified to accommodate the requirements of small-crack
testing and photomicroscopy. The computer controls fatigue cycling and allows testing to
be periodically interrupted, while the specimen is briefly held under tensile load and a
photograph is taken. The software algorithm controls the camera by sending a signal to the
camera’s motor drive power supply, which triggers the camera and the synchronized elec-
tronic flash. The computer records the photograph frame number, fatigue cycle count, time,

FIG. 3— The photomicroscopic test system.
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and occasional notations by the operator. Thus, a detailed record of testing events is easily
maintained to aid in subsequent analysis of the data.

Determination of Crack Shape

The photographic record of crack propagation provides a measurement of surface crack
length (2¢) but not crack depth (a), and thus the crack shape, or aspect ratio (a/c), remains
unknown. To examine the shape of a small crack in some materials, selected spectrum
loading events may be used to mark the position of the crack front for later fractographic
inspection [14]. In other alloys, this may not be effective, and an alternative approach is
required. In a variety of titanium alloys, crack shape can be delineated by a heat-tinting
procedure wherein the test is temporarily interrupted, and the specimen is removed and
heated in air to visibly oxidize the fracture surface of the existing fatigue crack(s). The
specimen is subsequently fractured, revealing the shape of the heat-tinted crack, which is
measured using a light microscope. The use of polarized light may significantly enhance the
contrast of the oxidized fracture surface. The optimum time/temperature conditions for heat
tinting a given alloy may be determined from trial thermal exposures of a series of cross-
sectioned samples of the fracture surface of a large-crack fatigue specimen of the same
material.

In some alloys, heat tinting can be accomplished without adversely affecting the material’s
microstructure or mechanical properties (for example, without aging). In this situation, heat
tinting may be performed a number of times throughout the test by decreasing the tem-
perature of each successive thermal exposure; this results in a series of progressively lighter
fracture surface markings. Experience with titanium alloys, heat tinted for 1 hr at approx-
imately 315°C, has shown no noticeable effect of heat tinting on the propagation of a small
crack in an interrupted test. Recognizing, however, that heat tinting may influence subse-
quent growth of a small crack, it is advisable to heat tint a sample once only and avoid
further fatigue testing. After heat tinting, the specimen is fractured under monotonic loading
so that crack shape can be determined from optical measurements of the discolored surface.
By collecting such data from a number of specimens, a relationship of crack shape as a
function of crack size may be developed, which may be used as an indication of the shape
of other cracks in the same material. As reported by a number of researchers [15,16], and
shown in Fig. 4, the shapes of small surface cracks often remain approximately constant,
independent of crack size. Although this may not be true for some large-grained or textured
materials [17], or for cracks that initiate from inclusions [18], the crack-shape relationship
provides valuable information for subsequent analysis of small-crack data.

Test Execution

Small cracks, whether they form on flat surfaces or within holes or notches, often initiate
and propagate as surface cracks. Therefore, the following discussion will focus on a testing
methodology developed for surface cracks, although, in principal, the photomicroscopic
method is equally applicable to corner cracks. Moreover, the discussion will emphasize
naturally initiated cracks, since these represent the smallest experimentally producible cracks.

Although photomicroscopy may be used to document crack initiation, the relatively large
field of view that may be required limits the magnification that can be used (field of view =
1/magnification). For the specimen shown in Fig. 1, a 7.5-mm field of view corresponds to
a magnification on the 35-mm film plane of 4.8 times. The usable resolution of the resulting
image may be unsatisfactory for many small-crack research objectives. This problem may
be diminished by reducing the specimen width, but to maximize resolution, the microscope
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FIG. 4— Crack-shape measurements from the heat-tinted fracture surfaces of a number of small-crack
specimens of Ti-6Al-25n-4Zr-6Mo at different crack sizes.

should be focused on a small crack to obtain a high-magnification image. This requires
either that the crack initiation site be predetermined or that the small crack be visibly located
before photographic data can be acquired. As will be discussed, the crack initiation site may
be localized by positioning a small notch (or other stress riser, such as a laser weld bead)
within the gage section. The smallest possible cracks, however, must be obtained by natural
initiation, but visual detection of a small, naturally initiated crack may be a tedious process.

Visual detection of the initiation of a small crack is facilitated by inspection of the specimen
under tensile load and the use of polarized light. By applying blocks of fatigue cycles and
inspecting the specimen gage section under a tensile load (75% of maximum load is sug-
gested), a small crack can usually be located relatively quickly, depending on the maximum
stress and stress amplitude used. To aid in the initiation of small cracks at low levels of
maximum stress, testing under tension-compression fatigue is recommended. Extensive ex-
perience with this approach on a number of materials has indicated that fatigue under a
stress ratio, R (0;,/0n.,), Of —1.0 shortens the time required to initiate a small crack,
without adversely influencing subsequent crack growth behavior when the specimen is tested
under a higher (for example, positive) stress ratio. The tension-compression fatigue increases
the strain range, which hastens crack initiation, but after the crack initiates, only the tensile
portion of the stress range is effective in propagating the crack. A positive stress ratio may
be used for crack initiation, but the resulting increase in the number of cycles required for
crack initiation makes the crack detection process much more tedious.

To avoid load-history effects (for example, crack retardation), the maximum stress level
used for crack initiation should not exceed the maximum stress chosen for subsequent fatigue
testing. It is convenient to use maximum gage-section stress levels in the range 0.6 < o,/
o, = 0.9, where o, is the material’s yield strength. Over this range the specimen is nominally
elastic, while the number of fatigue cycles required to initiate a small crack is not excessive
(in conventional titanium alloys tested under R = —1.0 fatigue with o,,,/0, = 0.6, 50-pm
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cracks form within approximately 20 000 to 40 000 cycles). Lower stresses produce a few
dominant cracks, while higher stresses tend to initiate multiple cracks. Obviously, depending
on the objectives of the research, and the patience of the researcher, any stress level above
the material’s fatigue limit may be used.

As an alternative to natural crack initiation, a small notch formed by electro-discharge
machining may serve as a crack initiation size. This eliminates the need to inspect the
specimen surface, but the minimum size of the crack that forms is substantially larger than
the minimum size of a naturally initiated crack. Typically, the smallest size of a naturally
initiated crack that can be conveniently detected has a surface length of roughly 40 wm, and
the initial size of a crack initiated from an EDM notch is limited by the notch dimension,
which has a minimum practical length of approximately 100 to 200 um. These practical
limits on the notch size arise primarily from a desire to achieve a specific notch shape (for
example, semicircular). Short, shallow notches may be easily produced, but the resulting
cracks normally undergo a transient period of growth during which they attempt to reach
a stable, approximately semicircular, shape. An additional factor limiting minimum notch
size is the fact that, as the size of the crack starter is decreased, natural crack initiation
tends to occur at sites away from the notch, and these remote cracks may dominate the
fatigue process.

Photomicroscopy

The selection of a microscope magnification for photographing a small crack is based on
the size of the crack being monitored and the required field of view. For example, film-
plane magnifications of X25 and %400 result in a field of view of 1440 and 90 pm, re-
spectively, with corresponding resolving powers of 3.7 and 0.42 um (optical parameters for
typical commercially available microscopes are presented in Table 1 [19]). Generally, a
microscope aperture restricted to 70 to 80% of the numerical aperture of the objective is
desirable for an optimum combination of resolution, contrast, and depth of focus. These
factors are crucial, especially when photographing smaller cracks. Although higher mag-
nifications offer improved resolution, the greatest sharpness can be achieved by choosing
objectives with large numerical apertures. When accessibility to the specimen surface is
limited, objectives with large working distances (typically 6 to 10 mm for a x 40 objective)
can be used without significant loss in resolving power. Additional flexibility in terms of

TABLE 1— Performance data for typical microscope objective lenses [19] (assumes that the eyepiece
gives 10 times magnification at the camera’s film plane [35-mm film image size = 36 mm wide
by 24 mm high)).

Objective Lens Data

Film Plane Field of View Depth of
Magnification (Width), pm Magnification Focus, um NA® WD?, mm RP¢, pm

25 1440 2.5 125 0.075 28.2 3.7

50 720 5 56 0.1 20.0 2.8
100 360 10 10 0.25 9.0 11
200 180 20 3.5 0.4 3.0 0.69
400 90 40 1.2 0.65 1.0 0.42

“Numerical aperture.
®Working distance.
‘Resolving power.
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magnification and field of view can be achieved by employing different combinations of
microscope objectives and eyepieces.

In some instances it may be desirable to take several hundred photographs during a single
small-crack test. To complete the test without interruption, a 35-mm bulk film magazine is
recommended. These are available in both 250 and 750 frame versions and may be purchased
with a data imprinting capability to record test information on each frame of film. To
maximize resolution, a fine-grain film, such as KODAK T-MAX 100® Professional Film, is
recommended. This film has a resolving power of 63 lines/mm for a target object contrast
(TOC) of 1.6:1 (200 lines/mm for a TOC of 1000:1) when processed with KODAK Developer
D-76% [20]. (Although the typical image contrast for a small crack photographed using a
reflecting-light microscope is very high, the TOC is probably less than 1000:1.) A standard
electronic flash unit may be used for lighting, but it should be sufficiently powerful to permit
good exposure using the microscope’s standard light port. The intensity of the electronic
flash should be manually controllable, or a camera/flash combination that has an automatic
exposure capability should be used. Calibration of manual exposure may be accomplished
by taking a series of test photographs of a specimen surface using a range of flash settings
and selecting the best exposure conditions for testing.

At the conclusion of each test, the film is developed, and a standard photographic enlarger
is used to project the images of the small crack(s) on a computer digitizing tablet for
convenient determination of crack-tip positions. An enlarger magnification of approximately
15 times is commonly used, which when combined with the original microscope magnifi-
cation, produces a total magnification in the approximate range of 300 to 1000 times after
projection. The exact image magnification is determined from a photograph of a precision
micrometer slide. The use of the micrometer slide as a reference standard for each mag-
nification on a roll of film insures accuracy in the measurement of crack length and eliminates
variations caused by differences in the experimental setup or photographic processing. After
the digitizing process is complete, the cycle-count data acquired by the computer are merged
with the crack length data to produce a computer file of surface crack length (2c) versus
cycles N.

Example Data

The titanium alloy Ti-6Al-2Sn-4Zr-6Mo will be used to demonstrate the capabilities of
the photomicroscopic system. This material, which is used for intermediate-temperature
components in gas turbine engines, has a relatively high strength (yield strength = 1160
MPa; ultimate strength = 1230 MPa) and possesses a fine two-phase microstructure. Under
nominally elastic fatigue loading, small surface cracks in this material remain nearly semi-
circular in shape and tend to produce relatively flat fracture surfaces. In addition, over a
broad range of crack size, the growth rates (da/dN) of small cracks in this alloy correlate
well with equivalent large-crack data when plotted against the applied stress intensity factor
range AK [21-24]. Thus, data from this material exhibit minimal microstructural and ‘“‘anom-
alous” small-crack “effects” and provide a clear illustration of the fundamental capabilities
and limits of the photomicroscopic system. The system has been used for small-crack research
on a number of other materials, reported elsewhere [6,24,25,26,27], which exhibit a more
clearly defined small-crack “‘effect.”

Figures 5 through 7 present example photographs of small cracks in Ti-6Al-2Sn-4Zr-6Mo
tak,03en at various stages of crack growth. Figure 5 shows a crack, in a relatively featureless
specimen, that was initiated and grown under R = 0.1 fatigue with o,,/0c, = 0.8. This
series of photographs was taken using the same microscope magnification, and all but the
first image were enlarged to the same magnification. The first image in the series is a more
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FIG. 5—Representative photographs of a small crack in Ti-6Al-2Sn-4Zr-6Mo. Electropolishing con-
ditions used to finish the specimen produced a nearly featureless surface.

magnified enlargement of the second image. This first image, which begins to show the grain
in the film, illustrates the resolution achieved in practice. The crack shown in Fig. 6 was
initiated under R = —1.0 fatigue with o,,/0, = 0.6, and the subsequent crack growth
portion of the test was performed under R = 0.1 cycling. This series of photographs was
taken using a range of microscope magnifications, but the same enlarger magnification was
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FIG. 6— Representative photographs of a small crack in Ti-6Al-25n-4Zr-6Mo. Electropolishing con-
ditions used to finish the specimen served to highlight microstructural features of the alloy. The Vickers
hardness indentations were used for independent measurements of crack opening displacement (27].
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FIG. 7— Representative photographs of a small crack growing from an EDM notch in Ti-6Al-25n-
4Zr-6Mo. The Vickers hardness indentations were used for independent measurements of crack opening

displacement [27].
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used for all prints. Electropolishing conditions used to prepare this specimen were tailored
to highlight the material’s microstructure. The small squares spanning the crack are Vickers
microhardness indentations that were used independently to measure crack mouth opening
displacement using laser interferometry [27]. The crack in the notched sample (Fig. 7) was
initiated and grown under R = 0.1 fatigue with o,,,/o, = 0.4. Crack initiation occurred at
the corners of the notch, and the crack eventually assumed a semicircular shape.

The crack growth data corresponding to the cracks pictured in Figs. 5 through 7 are
presented in Fig. 8. The fatigue cycles represent data acquired following visual detection of
the naturally initiated cracks, while data from the crack grown in the specimen containing
the EDM notch include the crack initiation cycles. The initial ““crack length* for the notched
specimen is the notch length. The data from these three tests were reduced to the form of
dc/dN versus AK using the surface-crack stress-intensity factor solution of Newman and
Raju [28] and the modified incremental polynomial regression algorithm to be discussed
later. The data from the cracks shown in Fig. 5 and 6 were reduced assuming that the aspect
ratios of these cracks remained constant at a value of 1.03 (as indicated by the crack-shape
measurements shown in Fig. 4). Data from the crack shown in Fig. 7 were reduced using a
variable aspect ratio determined from independent measurements of crack opening com-
pliance [17]. Figure 9 presents the small-crack dc/dN — AK data compared with a trend
line representing large-crack data from tests on conventional C(T) specimens of the same
material. The small-crack data fall in a small scatter band, which agrees well with the large-
crack behavior, and the test-to-test variability of the small-crack data is well within the
variability in large-crack data observed in this material. The minimum observed small-crack
growth rate (dc/dN = 1078 m/cycle) is a reflection of the minimum detectable crack size
(2c =~ 40 um), the applied stress, and the relatively low threshold stress-intensity factor AK,,
of this material. Aside from the difficulty involved in locating an extremely slow growing
small crack, there is no inherent growth-rate limit for use of the photographic method.
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FIG. 8—Typical crack growth data obtained from photomicrographs of small fatigue cracks. The
small-crack data were taken from the cracks shown in Figs. 5 through 7, which were tested under R =
0.1 fatigue and three different stress levels.
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Precision of Crack Length Measurement

The precision in crack growth rate data, apart from material variability effects, depends
on the resolution of the measurement technique. For a given precision, decreasing the crack
length interval between successive measurements is known to increase the accuracy and
precision of the calculated crack growth rate data [29,30]. For the photomicroscopic system,
the precision of crack length measurements depends on a variety of factors, such as surface
condition of the specimen, microscope magnification, sharpness of focus, resolution of the
film, photographic exposure conditions, and the digitizing process. In addition, interpretative
factors such as the presence of deformation slip bands, microstructural features, and out-
of-plane displacements at the crack tip in the presence of large plastic zones may reduce
the precision that is otherwise possible with photomicroscopic measurements. Thus, the
precision may depend on the specific test conditions and material being investigated.

To assess the precision of crack length measurements obtained from photographic neg-
atives, several cracks in the Ti-6A1-2Sn-4Zr-6Mo alloy, photographed at different magni-
fications, were digitized repeatedly under routine measurement conditions. Each set of
measurements (typically 30) on one crack was assessed based on the ASTM definition of
precision, or repeatability (), of a measurement (ASTM Practice for Use of Terms Precision
and Bias in ASTM Test Methods [E 177])

r = 1.96\/2¢ @

where r is defined such that there is 95% probability that any two arbitrary measurements
on the same crack would differ by less than this value. ¢ is the standard deviation of the
repeated measurements. Summaries of these statistics for several sizes of the cracks shown
in Figs. 5 and 6 are presented in Tables 2 and 3, respectively. The data indicate that the
standard deviation of the measured crack half-length c varies from a minimum of 0.35 um
at the highest magnifications to 2.72 wm at the lowest magnifications. The coefficient of
variation (standard deviation/crack length) ranged from a maximum of 1.85% for the smallest
crack to 0.22% for one of the larger cracks. For all measurements on all crack sizes, the
average standard deviation was 1.2 wm and the average coefficient of variation was 0.63%.

Analysis of Crack Growth Rate Data

As indicated by the good correlation between the small- and large-crack growth rate data
presented in the dc/dN — AK plot (Fig. 9), the surface-crack stress intensity factor solution
of Newman and Raju appears to suitably represent the crack driving force for these particular
experiments. However, it is well known that AK may be inadequate for small cracks under

TABLE 2— Estimated precision of crack length measurements corresponding to the crack
pictured in Fig. 5.

Total Magnification Mean Surface Crack Standard Coefficient of Repeatability
After Projection Half-Length ¢, pm Deviation, pm Variation, % 7, pm
490 26 0.48 1.85 1.33
490 71 0.88 1.24 2.42
490 106 1.48 1.40 4.09
490 189 0.80 0.42 2.20
490 358 0.56 0.16 1.54

260 678 1.78 0.26 492
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TABLE 3— Estimated precision of crack length measurements corresponding to the crack
pictured in Fig. 6.

Total Magnification Mean Surface Crack Standard Coefficient of Repeatability
After Projection Half-Length ¢, pm Deviation, wm Variation, % r, pm
910 69 0.43 0.62 1.19
455 160 0.35 0.22 0.97
455 275 0.83 0.30 2.30
305 353 1.76 0.50 4.89
305 414 2.58 0.62 7.15
195 528 1.18 0.22 3.28
195 672 2.72 0.40 7.52

a variety of conditions, and an alternative parameter may be required. Although discussion
of these effects is beyond the scope of this paper, recommendations regarding the utility of
stress-intensity-factor and J-integral solutions for small surface and corner cracks may be
found in Ref 31.

Regression analysis of crack-length data to determine crack growth rates also requires
special consideration. To adequately document crack growth events at the smallest crack
sizes (which are of primary interest), it is desirable to measure crack length at frequent
intervals. However, as the crack length interval Aa between successive measurements de-
creases, the relative contribution of the measurement error to the calculated value of
da/dN increases. For example, assume that a single crack length measurement is given by
@ = a + ¢, where d is the measured crack length, g is the “true” crack length, and ¢ is a
normally distributed error inherent in the crack length measurement. A direct-secant cal-
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FIG. 9—Crack growth rate data, dc/dN — AK, for the cracks shown in Figs. 5 through 7. The data
are compared with a trend line representing data from a series of tests of large cracks in conventional
C(T) specimens of width W = 40 mm tested under R = 0.1 fatigue.
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culation of crack growth rate between two successive crack length measurements (@, and
a,) is given by

éﬁ_(“z+82)—(01+81)__A_a_ £ @
AN AN T AN ' AN

Thus, as Aa/AN approaches zero, the error term As/AN dominates the calculated value of
Ad@/AN. Since small-crack data are usually acquired at low growth rates (for example, in the
large-crack near-AK,, region), much of the growth rate data may exhibit an unusually large
variability because of measurement error.

Following ASTM recommendations for conventional large-crack fatigue tests (ASTM Test
Method for Measurement of Fatigue Crack Growth Rates [E 647]), the minimum interval
between successive crack length measurements should be 10 times the measurement pre-
cision, where the measurement precision is defined as “the standard deviation of the mean
value of crack length determined for a set of replicate measurements.” Thus, crack growth
data must be acquired at specified intervals of crack length, or the a-N data must be edited
to remove data to achieve the desired interval Ag. The inherent difficulty in this process is
selecting the data points for removal. Small-crack measurement techniques often have mea-
surement precision that is of the order of microstructural dimensions. As a result, discon-
tinuities in the a-N (or 2¢-N) data arise because of crack interactions with microstructure,
as well as from inherent errors in the measurements. Thus, if a minimum level of Aq is used
as a criterion for editing the data, then the selected data points will often be the first point
after the crack has broken through a local microstructural obstacle, and the data exhibiting
the crack retardation in the microstructure will be lost.

As an alternative to editing the data, regression analysis may be performed in such a way
that the relative error in the crack growth rate calculations remains approximately constant.
This modified incremental polynominal approach [5] is illustrated schematically in Fig. 10.
Essentially, it is an implementation of the approach recommended by ASTM E 647, with
a key modification. Rather than performing an incremental regression on each successive
set of seven a-N data points, the modified approach uses crack extension as a criterion for
the selection of data for inclusion in the regression interval. As illustrated, successive in-
cremental regressions are performed on a body of data falling within an interval in crack
length designated as Aa,.,, and the crack length and crack growth rate are calculated at the
middle of the interval. Each successive local regression is incremented by an amount Ag,,
(where Ag,., = 6Aa,,), and the process is repeated. If the number of data points within a
local interval falls to seven or less, the computer algorithm extends the interval to include
seven points. The final data set is a series of uniformly spaced crack growth rate calculations
having an approximately uniform error in da/dN, and any perturbations in crack growth
rate above this noise level reflect actual variations in the crack growth rate. A notable
advantage of this approach is that the regression uses all of the data, and does not exclude
information that may be lost if the data set is edited to remove data points.

To evaluate the capability of the modified incremental polynomial regression, an analytical
data set was generated from a simple Paris-law regression of the Ti-6A1-2Sn-4Zr-6Mo large-
crack data shown in Fig. 10. To simulate a typical photographic data set, the Paris expression
was integrated to produce 200 a-N data pairs in the range of 0.020 mm < g < 1 mm separated
by equal intervals of AN (a is synonymous with surface crack half-length ¢). A normally
distributed random error having a standard deviation o, of 1 um was added to each of the
data points to produce the crack growth data shown in Fig. 11 (¢ = exact values of g; @’ =
a + g, where ¢ is the random error, as in Eq 2). These “data” were reduced by a variety
of methods, using the Newman-Raju stress intensity factor solution for a semicircular surface
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crack to calculate AK. Reducing these data by a direct secant method, wherein crack growth
rate is the slope of the line connecting successive points and the crack length is the average
of the two points, produces the result shown in Fig. 12a. At the lowest AK values, the
growth rates calculated for the data set containing the error term are as much as two orders
of magnitude faster than the “actual” growth rate. A large number of the da/dN — AK
data fell below 10~'° m/cycle (these are plotted along the AK axis), and many of these were
actually negative. Obviously, the direct secant method is not appropriate for reducing the
data in their unedited form.

As shown in Fig. 12b, the 7-point incremental polynominal method, suggested by ASTM
E 647, reduces the variability in the calculations of da/dN, but this method is also inappro-
priate for reducing the data in the unedited state. Figures 12c¢ and d show the same data
reduced using the modified incremental polynomial method with Aag,, set equal to 1 and 2
pm, respectively, which is 1 and 2 times the standard deviation of the error term o,. As
these two plots indicate, 1 times the standard deviation of the error significantly reduces
the variability in the da/dN data, and 2 times the error almost eliminates the effect of the
random error. Although not shown, a value of Ag,,. = 30, brings almost all of the data
points in contact with the underlying Paris line.

Advantages and Limitations of the Photomicroscopic Method

In selecting a technique for recording the growth of small fatigue cracks, a potential user
may wish to consider the general attributes of this approach. Key characteristics of pho-
tomicroscopy as applied to small-crack research may be broken down into apparent advan-
tages and limitations.

Aspects of photomicroscopy that may be considered advantages include the following:

1. The necessary equipment is relatively inexpensive and available in most fatigue lab-
oratories.

2. Cracks may be initiated naturally.

3. The photographs provide a permanent record of crack growth, documenting crack
interactions with microstructural features and with other cracks. In addition, the pho-
tographs provide a record of crack path, including crack branching, crack symmetry,
and fracture surface asperities that may produce crack closure.

4. The precision of the measurement of surface crack length, 2c, is of the order of 2 pm,
although a precision of less than 1 wm is possible using higher microscope magnifi-
cations.

5. With the aid of a microcomputer, the experiment may be automated, making acquisition
of a large number of data a routine task.

6. Inprinciple, the method should be applicable to measurements at elevated temperature
and in vacuum, although the limited standoff distances required for conventional long-
focusing microscope objectives (=10 mm) is a clear limitation.

Aspects of photomicroscopy that may be considered as disadvantages include:

1. To obtain the highest resolution of the photographs, naturally initiated cracks must be
located visually before execution of the test.

2. The measurements of crack length are two-dimensional, requiring an independent
determination of crack shape. In many cases, the assumption of a semicircular shape
is reasonable, although there are examples where measurement of surface crack length
alone can be misleading [17].



LARSEN ET AL. ON MEASUREMENT OF SMALL CRACKS 75

10‘6 3 y Ty v v —rrT
E 12 4 10 (a)
[ | dasdN = 1.68 x 10'%aK)*
~ 107 |
9 E 3
T} ]
> -
(\) r
E 40t =
4 ]
o ]
g -
10° F
F da/dN (Paris Law)
[ e e + da'/dN (Direct Secant)
10°10 e : o o o
1 10 100
AK (MPavm)
10-65 r T T T
o () 3

da/dN = 1.68 x 10 '%{AK)

~ 107 N ]

9 E

o o

Y b :
—

-8

E 108 | 3

Z q ]

u o -
—

8 o :

10° E

da/dN (Paris Law)

[ + da’dN (7-pt Poly) | ]

10710 . NN

100
AK (MPavm)

FIG. 12— Plots of da/dN versus AK illustrating the influence of measurement error on the calculation
of da/dN using various regression approaches: (a) the direct secant. FIG. 12b—the 7-point incremental
polynominal. FIG. 12c—the modified incremental polynominal having Aa,,. set equal to the standard
deviation of the measurement error. FIG. 12d—the modified incremental polynomial having Aa,,. set
equal to 2 times the standard deviation of the measurement error.



76 SMALL-CRACK TEST METHODS

10 3 v —— r — T
=TS © j

da/dN = 1.68 x 10 '%(AK)

Y

da/dN (m/cycle)
>

-8
R’
L) “‘..
10° S
F ”j’ —— da/dN (Paris Law)
: + daldN (a2 =1pum)
1010 e —
1 10 100
AK (MPa\/m)
10‘6E T T
3 d
[ Ija/dN = 1.68 x 107 '4aK)*1° (d)
~ 107k N\
C s \ /
o 3
> 3
2 e
-8
E 10%
z -
T
]
10° F :
F / —daldN (Paris Law) |
: . davdN (aa’ =2pm) f
1019 e m——
1 10 100

AK (MPavm)
FIG. 12— Continued.



LARSEN ET AL. ON MEASUREMENT OF SMALL CRACKS 77

3. Approximately 20% of the specimens form corner or edge cracks, which limit the
period from which data from other cracks may be obtained.

4. Useful measurements of crack opening displacement and crack closure cannot be made
using the photomicroscopic system because of the inherent limit of resolution of light
microscopy (=0.5 pm).

5. Photographs must be digitized to obtain crack length data; data cannot be analyzed in
real time.

Concluding Remarks

In comparison with tests of conventional specimens containing large fatigue cracks, tests
to study the behavior of small fatigue cracks are typically extremely labor intensive. The
application of photomicroscopy to document the behavior of small cracks is an effort to
reduce the tedium involved in the experiments. Photomicroscopy combines suitable reso-
lution (optical resolution = (.5 wm; measurement precision = 1 pm) and ease of use,
facilitated by computer automation, to produce an experimental technique having a number
of merits. Photomicroscopy is easy to implement and use, the necessary equipment is com-
mercially available and relatively inexpensive, and a large number of data may be acquired
quickly. The photographs provide a permanent record of the experiment and contain valuable
information of crack-growth events, including interactions with microstructure. It was also
shown, however, that the large number of crack growth data that may be acquired from a
test should be analyzed with care. Although the photographic measurements are of relatively
high precision, large variations in crack growth rates may result if the data are not edited
to insure that sufficient crack growth occurs between successive crack length measurements.
This problem, which has been recognized in the analysis of large-crack data, may be effec-
tively circumvented by using a modified incremental polynomial method for the regression
of crack growth data. This method uses all of the crack growth measurements to produce
crack growth rate data that are not influenced by the original data acquisition interval.
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APPENDIX

Electropolishing Procedure

Although there are a number of standard references on electropolishing (for example,
Refs 32 and 33), the procedure for electropolishing the gage sections of fatigue specimens
requires special care. The following discussion outlines key aspects involved in such a procedure.

For a variety of titanium alloys, an effective electrolyte composition is 590-mL methanol,
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350-mL ethylene glycol monobutyl ether, and 60-mL perchloric acid per litre of electrolyte.
This electrolyte requires special attention, however, because of the explosive nature of
perchloric acid at room temperature, and one should carefully follow handling instructions
for this acid. To control the rate and quality of electropolishing, the electrolyte must be
cooled to a temperature of approximately —40°C. At this temperature, and a constant
current density of 0.01 A/cm?, the rate of surface removal is approximately 25 pm/h. This
rate is adjusted by balancing the combination of temperature and current density.

The apparatus used by the authors for electropolishing is shown schematically in Fig. 13
and discussed in detail elsewhere [34,35]. To restrict the electropolishing to the gage section,
the ends of the specimen are coated with a standard chemical masking agent. The specimen
is mounted in a rotating chuck and immersed in the electrolyte, which is contained in a
stainless steel beaker that serves as the cathode. To insure that the electropolishing is
uniform, the specimen is located at the center of the cathodic beaker and rotated at a rate
of approximately 1 to 3 rpm. The circuit from the specimen to a constant-current power
supply is completed using a slip-ring electric contact assembly. The temperature of the
electrolyte is maintained constant by immersion of the beaker in a solution of isopropanol,
which is cooled by a commercial cryogenic cooling ring. The isopropanol bath may be
maintained at a relatively uniform temperature by the gentle motion of a magnetic stirring
rod, but circular stirring normally is insufficient to eliminate the often severe vertical tem-
perature gradient that develops in the electropolishing cell (AT as large as 15°C was ob-
served). This thermal gradient results in a nonuniform electropolishing rate over the length
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FIG. 13—Schematic of the apparatus used in electropolishing the gage section of small-crack fatigue
specimens.
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of the specimen gage section. The thermal gradient may be minimized by continuously
recirculating the electrolyte as shown; the electrolyte is pumped from the bottom of the cell
and returned to the top layer of the solution. This procedure provides a method to achieve
consistent polishing from specimen to specimen.
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ABSTRACT: The experimental mechanics of small cracks require high spatial resolution mea-
surements that are only obtained by using the scanning electron microscope. This paper
describes how cyclic loading stages developed for the scanning electron microscope have been
used successfully to study growing microcracks, both at ambient and elevated temperatures.
In addition, the stereoimaging technique has been used to measure crack-tip parameters that
characterize the mechanics and driving force for small fatigue cracks.

KEY WORDS: cracks, microcracks, measurements, scanning electron microscope, crack-tip
mechanics

As has been demonstrated by numerous investigators, for example, Ref 1, small fatigue
cracks grow at rates faster than anticipated, based on existing correlations between crack
growth rate and calculated cyclic stress intensity factor AK for large fatigue cracks. There
have been many hypotheses given for the effect of crack size on crack growth rate, including
(1) a change in the mechanism of crack advance, (2) differences in crack closure level,
(3) difficulties in computing stress intensity factor, (4) loss of similitude, and (5) influence
of microstructure.

To understand the reasons smali cracks have enhanced growth rates, to test the hypotheses
advanced for this phenomenon, and to find a suitable method for describing the growth of
small cracks in terms similar to those used for large cracks, it has been necessary to char-
acterize growing small cracks in great detail. New tools were required for this task, and it
has been necessary to bring new interpretations to the parameters that describe the mechanics
of crack tips. This paper describes techniques first developed for the study of large fatigue
cracks and illustrates their use in understanding the growth of small fatigue cracks; the paper
is an extension of an earlier paper describing the study of small fatigue cracks in aluminum
alloys [2].

Dynamic Observations

Two cyclic loading stages have been developed for the scanning electron microscope (SEM)
in the course of studying fatigue crack growth. The SEM has both the resolution necessary
for the study of fatigue crack tips and the depth of field required to accommodate the
specimen movement inherent in the application of large loads. Both of the cyclic stages
were developed by Southwest Research Institute for the ETEC scanning electron micro-
scope. The ambient temperature stage became operational in 1978 [3], and a similar stage
for experiments up to about 850°C was constructed in 1984 [4]. The loading capacity of
these stages is 4440 N, which is sufficient to allow the study of small cracks in high strength

nstitute scientist, Southwest Research Institute, P.O. Box 28510, San Antonio, TX 78228.
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materials. Loading is hydraulic and control is through a closed-loop feedback system with
a load cell. The crack tip remains relatively stationary beneath the scanning electron beam
because loading is applied to each end of the specimen.

Fatigue cracks, both large and small, have been observed dynamically as loading is applied,
and videotapes made during these experiments have been extensively studied for information
related to the mechanisms of growth. Both videotapes and a film made from them have
been presented as part of numerous lectures and seminars. A videotape of crack growth in
large fatigue cracks presented at an ASTM meeting in 1978 is described in Ref 5.

Dynamic observation showed that large fatigue cracks under constant amplitude loading
in the near threshold region do not grow on each loading cycle [6-8]. Subsequent study of
small cracks under similar conditions in aluminum alloys [2,9], a nickel based superalloy
[10], and a Ti,Al alloy [11] have shown the same result for most cracks. Thus, for all the
metallic systems studied, it must be concluded that conditions exist that require application
of a number of loading cycles between increments of crack growth, independent of crack
size.

Stereoimaging

The technique devised for making measurements of useful crack-tip parameters, stereo-
imaging [12], compares two photographs made under different conditions, usually different
load levels. When two photographs are compared in a stereoviewer, the visual system can
detect very small differences between the fields, much smaller than can be seen without the
stereoviewer. For many years, photogrammetric methods were used for measuring the
displacements between photographs. Strains are determined by computing gradients from
measured displacements [13]; the three elements of the in-plane symmetric strain tensor
thus determined, are the axial, or normal, strains and the shear strain. By rotating the axes
(Mohrs circle construction) the principal strains and maximum shear strain can be computed.
Stereoimaging has now been automated using the methods of image processing [14] so that
quantitative information may be obtained quickly and inexpensively. A small crack typical
of many of those studied is shown in Fig. 1, together with displacements and the distribution
of maximum shear strain resulting from the applied stress. Strains near the tips of this small
crack are the largest approximately along the direction of loading (the x axis). This strain
distribution is very different than would be exhibited by a large crack at the same level of
AK. Maximum shear strains for a large crack have been found to occur along a line ap-
proximately ahead of the crack tip. This behavior, which is very unlike that computed for
a mathematical crack, probably reflects the large Mode II crack-opening displacement also
a characteristic of most large cracks.

Crack-Opening Sequence

The most direct use of stereoimaging is for measurement of fatigue crack closure. Fatigue
cracks of all sizes are almost always tightly shut at minimum load. With increasing load P,
they begin to open from near the crack mouth, for large cracks, or approximately from the
center, for small cracks. By making a series of photographs of the crack as load is increased,
the distance between the actual crack tip and the point where the crack is open d; may be
directly determined. The degree of crack opening in Mode I is determined by comparing a
photograph made at minimum load to one made at P;, with the photographs oriented so
that the eye axis coincides with the loading axis; the measurement of d, is made simply with
a ruler [15]. For large cracks in some alloys under near threshold conditions, crack opening
in Mode II has been detected at a load below crack opening in Mode I.
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FIG. 1—Small fatigue crack in 2024-T351 initiated from inclusion growing under a stress of 287 MPa
in air. Loading (x axis) was in the direction of the scraiches: (a) photograph of the crack, (b) displacements
surrounding the crack, and (c) distribution of maximum shear strain in the same region as shown for
displacements. Crack is shown schematically on the plane of zero strain.

The dependence of crack opening on applied load for several small cracks in 2024-T351
is shown in Figs. 2 and 3. These cracks were initiated and grown from surface inclusions at
a maximum tensile cyclic stress of approximately 80% of the 0.2% offset yield stress, with
R = 0.1, in an environment of humid air (50% relative humidity [RH]). The shapes of a
few small cracks initiated and grown in aluminum alloys using the same technique were
examined and found to be approximately semicircular [16].
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FIG. 2—Open crack length as a function of applied load for four surface cracks in 2024-T351. The
cracks opened with near symmetry about the center line of the crack, and opened to each tip at about
the same load, except for the 63-pm crack.
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FIG. 3—Open crack length normalized by total crack length as a function of applied load, normalized
by crack opening load, for the four small cracks of Fig. 2. Also shown for comparison is the crack
opening for a large crack 6 mm long.
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All the cracks studied in detail opened almost symmetrically about the centerline of the
crack and were fully open at approximately the same load at each end of the crack (the
63-um crack was the exception). This behavior is illustrated in Fig. 2. Note that no opening
occurred until about 20% of the opening load had been applied, even for the smallest (20
pm) crack. These same data are shown normalized by crack length and opening load in Fig.
3; on this basis there is remarkable similarity between the 20- and 100-wm-long cracks. For
comparison, the opening characteristic of a large fatigue crack (=6000 wm long) in a center
cracked specimen of 7091 aluminum alloy is also shown. Clearly, there are differences in
the way small and large cracks peel open with increasing load.

Crack-Opening Load Magnitude

Extensive use has been made of stereoimaging for measuring the loads at which fatigue
cracks, both large [15,77,18] and small [10,19] become fully open. In order to present these
data in compact form, the ratio of opening load to maximum load (P,/P,,,,) was used to
determine AK_./AK using the relationship

U= AK/AK = (1 — PP, )/(1 — R) (1)

where AK for small cracks (applied) is computed from the half crack length a and the range
of applied stress Ao using the formula [9]

AK = 1.3200Va )

For large fatigue cracks, a systematic change in U with K and R (0 < R < 0.9) was
discovered by Hudak [17], giving the relation

U = 1 - Kh/Kmax (3)

Measured values of U for small cracks are plotted versus 1/K,,,, in Fig. 4. The data in these
figures include the 4 small cracks in 2024-T351 shown in Fig. 2, measurements from 14
cracks in 7075-T651 and 14 cracks in Astroloy, all at 0 < R < 0.3. The large scatter seen
for the aluminum alloys is believed to result from two factors: (1) Opening load is usually
measured to within +100 N (out of 3000 N, typically, for an error of about +3%).
(2) Opening loads change from cycle to cycle, just as do crack opening displacements and
crack-tip strains. These changes in crack-tip parameters occur because of the discontinuous
nature of the crack growth process [6,7]. For the cracks in Astroloy, more care was taken
in making the measurements (=50 N), and there was not so much crack-tip variation from
cycle to cycle for this material.

The data in Fig. 4 indicate that U is not likely to be a function of K for most of the small
cracks studied, and that small cracks in fine grained Astroloy exhibit closure similar to large
cracks; thus a line having the form of Eq 3 is drawn through the fine grained Astroloy data.

The results in Figs. 3 and 4 indicate that closure is different for small and large fatigue
cracks, as hypothesized. The data show that AK_ is a constant fraction of AK (that is, crack
length) from initiation to some crack size that apparently depends on the grain size, after
which the closure behavior assumes the characteristics found for large cracks.

Crack-Opening Displacement

The displacements caused by cyclic load variation, as measured by stereoimaging, allow
direct determination of crack-opening displacement (COD). All three modes of crack open-
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FI1G. 4—Crack closure versus 1/K,,,,, for aluminum alloys and Astroloy. The line shown for Fine
Grained Astroloy is given by Eq 3.

ing can be measured, with Mode III being the most difficult. For Mode I and Mode II,
there is great similarity between small and large fatigue cracks in the change of COD with
distance behind the crack tip d. The Mode I COD generally varies with d as

COD = C,Vd Q)

This behavior is illustrated in Fig. 5 for the small crack of Fig. 1. The COD function given
by Eq 4 is the same as for an elastic mathematical crack where C, is proportional to the
stress intensity factor; however, it has been determined that this crack opening behavior
cannot be used to accurately determine X for large fatigue cracks [19]. Furthermore, there
are significant plastic strains at the tips of these cracks, indicating that an elastic analysis is
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FIG. 5—~Crack-opening displacements for the small crack shown in Fig. 1: (a) crack opening for the
entire crack. (b) and (c), crack opening versus square root of the distance from the crack tip for each
end. COD, is the opening displacement in the direction of loading (= Mode I COD).

inappropriate. Monotonically loaded cracks blunt with the application of load, so the ques-
tion arises as to why similar blunting does not occur for fatigue cracks. The answer is not
known with confidence, but it is likely that the lack of blunting is another manifestation of
crack closure. Either compressive residual stresses within the plastic zone or deformed
material at the crack tip, or both, probably cause this behavior.

Most small cracks, as well as large cracks, also have a COD in Mode II. The prospect of
this behavior is increased if the crack plane is at an angle to the loading axis. For this case,
it may be desirable to either measure or resolve the COD into the directions parallel and
perpendicular to the crack plane. An example of this is given for the small crack shown in
Fig. 6.

Crack-Tip Strains

For the materials studied, strains at the tips of small cracks are well into the plastic range
[2,9,10]. For large cracks, crack-tip strain is proportional to the crack-tip opening displace-
ment (CTOD), defined as C, in Eq 4 [6,7]. The strain distribution ahead of large cracks
also scales with the magnitude of crack-tip strain [20]. Both of these factors indicate that
large cracks exhibit similitude. For small cracks, this proportionality between C, and strain
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FIG. 6—Small crack in coarse grained Astroloy showing the effect of resolving crack opening dis-
placements from axial to normal to the crack plane: (a) photograph with overlay of displacements measured
each 10 pm, loading axis horizontal (x-axis) (b) crack-opening displacements of the upper end of the
crack parallel and perpendicular to the loading axis and resolved parallel and perpendicular to the crack
plane.

does not exist, and the strain distribution is different for small cracks [9], as illustrated in
Fig. 1. Thus, also in agreement with hypothesis, small cracks do not exhibit similitude.

Plastic Zone Size

Strains derived by stereoimaging may also be used to determine plastic zone sizes through
extrapolation of the strain distribution function to the elastic/plastic boundary. For small
cracks in Astroloy, it was found that the average ratio of plastic zone size ahead of the crack
tip to half-crack size was 0.68 + 0.25 for the 21 cracks studied (45 < 2a < 230 pm).
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Therefore, plastic zone size is thus a much larger fraction of the crack size than for large
fatigue cracks [21].

Determination of Crack Driving Force from Measured Parameters

The measured crack-tip parameters can be used to determine a driving force, or local
stress intensity factor, for small cracks, and that can be compared to the stress intensity
factor computed from crack length and stress. This method is based on the work of Hudak
and Chan [22] and uses the concept of AJ as determined by the equation

AJ = CAc (5)

where C, is the CTOD. The stress range experienced by the material element at the crack
tip is Ao, which may be estimated as twice the yield stress or computed from crack-tip strain
via the cyclic stress strain curve. For purposes of correlation, AJ may be converted to stress
intensity using the relation

AK,, = (EAJTY™ ©)

When computed in this way, the resulting stress intensity factor accounts for the plastic
response of the material as well as the influence of crack closure. Based on this method of
determining crack driving force and the direct measurement of crack closure, the value of
applied (computed) AK, Eq 2, may be adjusted so that the da/dN — AK correlation ap-
proximately matches that for large cracks [10,11,19]. This analysis requires the use of an
additional term AK; to describe AK for small cracks; this term was attributed to the excess
plasticity found at the tips of small cracks, when compared to large cracks at the same
computed value of AK,,, and a method has been demonstrated for estimating the magnitude
of this term [19].

Discussion

The results given above, taken with those already published, can be used to examine the
hypotheses listed in the Introduction as possible reasons for unusual small crack behavior:
(1) Direct observation of growing cracks has failed to discern any differences in the mech-
anisms by which small and large fatigue cracks grow. Further consideration of this hypothesis
should be discarded. (2) There are considerable differences in the level and behavior of
crack closure, which must be accounted for in correlating the growth rates of small and
large fatigue cracks. The similarity in behavior for cracks 20 and 100 pm long is indicative
that closure behavior is relatively insensitive to crack length. Closure appears to be one of
the most significant factors separating small- and large-crack behavior and warrants further
study. (3) The loss of similitude for small cracks has been clearly demonstrated by the change
in relationship between CTOD and crack-tip strain and by the size of the plastic zone,
relative to large cracks. These differences in crack-tip parameters have a significant effect
on crack driving force. (4) The change in similitude has led to unexpectedly large magnitudes
of plasticity at the tips of small cracks, as compared to large cracks, which contributes to
the problems of accurate determination of stress intensity factor for small cracks. (5) The
influence of microstructural effects on small-crack growth rates has been unquestionably
demonstrated, but it remains unclear just what microstructural characteristics exert this
influence. For planar slip materials, grain size is important, but is much less important in
materials with multiple slip. Texture is another microstructural factor likely to be important.
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Further study of microstructural effects on crack growth is required.

The techniques developed to study small-crack behavior described in this paper are capable
of measurements that determine the effects of the many variables related to the unexpectedly
high growth rates for small fatigue cracks. Spatial resolution, strain resolution, and crack-
opening load measurements are all sufficiently accurate for characterizing small cracks;
however, none of these techniques can be classified as suitable for routine laboratory,
engineering measurements.

Crack growth for small fatigue cracks is, for some materials, nearly as well understood
as for large fatigue cracks; the problem is that there are still many phenomena associated
with fatigue that are poorly understood. Many of the experimental problems in making
measurements from small cracks are in initiating and growing small cracks under conditions
of interest, and in finding these cracks while they are still very small physically.

Conclusions

The ability to load small cracks in tension under high resolution conditions in the SEM
and make displacement measurements using stereoimaging provide adequate tools for mea-
suring the characteristics of small cracks that are likely to be responsible for their unexpected
crack growth characteristics. With these capabilities, it has been possible to examine some
of the issues related to small cracks, but a complete understanding of their general behavior
in a variety of alloys is still lacking because of the important influence of microstructure.
Further experimental work is required on a wider variety of microstructures to test current
understanding. Even though we have the ability to measure crack-tip parameters, there is
still the problem of interpreting these parameters in terms of crack growth rate. This is
particularly true when stress state is complex, causing cracks to assume nonsemicircular
shapes, that is, to grow at different rates along the surface and perpendicular to it. More
work on relating the models developed by theoretical mechanics to experimental results is
also needed. Fatigue crack closure is an important parameter that is different for small and
large cracks, and requires further investigation, both experimentally and theoretically, in a
variety of microstructures.
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ABSTRACT: A procedure for real-time measurement of the opening displacement of small
fatigue cracks is reviewed. The method employs a computerized, laser-based, interferometric
strain/displacement gage (ISDG) to monitor the relative displacement between two tiny in-
dentations placed across small surface cracks. Complete load versus crack opening displacement
curves are obtained for surface cracks of length ranging from 50 pm to several millimetres.
The method is applicable to naturally or artificially initiated cracks in smooth or notched
specimens. The load-displacement measurements provide a detailed record of crack closure
behavior, and estimates of crack size are obtained from measurements of elastic compliance.
The resolution of the opening displacement measurements is on the order of 5 nm. Comput-
erization of the system allows measurements to be obtained in real time, facilitating feedback
control of testing.

Four versions of the ISDG that are used in different laboratories are described. The in-
strument’s characteristics are presented along with some practical considerations associated
with its use. Examples from studies of a number of materials are included to demonstrate
applications of the ISDG to the measurement of closure, crack shape, and to automation of
small-crack testing.

KEY WORDS: automation, crack propagation, displacements, fatigue, materials, fracture
mechanics, interferometry, lasers, mechanical properties, microcracks, short cracks, small
cracks, test methods

Of the various test techniques that have been used to record the growth of small fatigue
cracks, only a few can provide useful measurements of small-crack closure. Moreover, many
methods give only post-test information, making real-time interpretation of crack behavior
impossible. From an experimental perspective, it is desirable to not only measure crack
length and the closure behavior of small fatigue cracks, but to do so in real-time in order
to provide feedback control of the test.

Although measurements of crack length may be obtained by a variety of methods, the
observation of crack closure behavior is much more difficult, which accounts for the relatively
small quantity of such data reported in the literature. In general, observation of small-crack
closure requires some method to measure crack opening displacement. Initially, scanning
electron microscopy (SEM) was used by Morris et al. [I-5] and Davidson et al. [6-8] to
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obtain detailed measurements of crack opening and closing events. While such methods
continue to be attractive for a number of key studies [9], they are time consuming, and the
data are not easily converted from image to digital form. As an alternative to SEM methods,
Tanaka et al. [10,11] mounted strain gages across sharp notches to monitor closure of short,
through-thickness cracks growing in the root of the notch. Although strain-gage methods
are not generally applicable to small surface cracks, the use of the notched through-crack
specimen made this approach viable. Clement et al. [12] used a clip-gage extensometer to
monitor the development of closure of through-thickness cracks as short as approximately
0.4 mm. Although this method produced valuable data, it also does not appear to be
applicable to very small cracks. As shown by Iyyer and Dowling [13], acetate replicas can
be used to monitor small-crack closure, although this approach is laborious and time con-
suming. Recently, Resch and Nelson [/4] have used ultrasonic methods to monitor small-
crack closure. While this method has thus far been applied on a limited basis, it has a number
of attractive features, including the ability to detect crack initiation.

The interferometric strain/displacement gage (ISDG) developed by Sharpe [15] has been
shown to be an effective alternative to the various small-crack test methods—providing
real-time crack length and closure data in digital form. Larsen et al. [16] demonstrated the
utility of the ISDG for small-crack testing on an advanced titanium alloy and have since
applied this technique to a number of other alloys [17-19]. Lee and Sharpe [20] and Sharpe
and Su [2]] have used the ISDG to investigate small-crack behavior in aluminum alloys,
while James and Sharpe [22] have used it for steel. Jira et al. [23] have used the ISDG for
feedback control of small-crack fatigue tests, and Ravichandran and Larsen [24] have used
the method to monitor shape effects for surface cracks in fatigue. Recently, modified ISDG
systems have also been used in small-crack testing by Ebi and Neumann [25] and by Akiniwa
et al. [26]. This paper discusses the characteristics of the various ISDG systems that have
been applied to small-crack testing, and example data are presented to illustrate the ca-
pabilities of the method.

Measurement Principles and Techniques

The ISDG is very simple in concept, and the basics are briefly described in this section.
A more thorough explanation is available in Ref 27. As with any experimental method,
there are techniques and procedures that are learned through experience, and this section
also presents some of those.

Principles

The basic optical principle underlying the ISDG is illustrated schematically in Fig. 1. Two
tiny indentations are made in the surface of a specimen at positions A and B with a Vickers
microhardness tester. When a coherent, monochromatic light source is incident upon them,
the reflected light is diffracted because of the small size of the indentations. The two cones
of light emanating from A and B intersect and form interference fringes in space at positions
C and D. Two other interference patterns are formed since the indentations have four sides,
but these are not used. As the distance between A and B changes because of loading of the
specimen, the fringes at C and D move, and this motion is related to the relative displacement
between the two indentations.

Two typical indentations are shown in Fig. 2 along with a photograph of a fringe pattern
such as would be seen at C or D in Fig. 1. If the indentations are placed on a smooth surface
(as in Fig. 2), then strain will be measured. If they are placed across a crack (see Fig. 3
below), then crack opening displacement will be measured. The indentations in Fig. 2 are
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FIG. 1—Schematic of the ISDG.

25 pm square and the distance between them is 100 pm (0.004 in.). It is this small size of
the “gage” that enables the ISDG to be used for crack opening measurements of small
cracks.

The optical principle is simply Young’s Two-Slit Interference phenomenon from elemen-
tary optics [28] except that it is in reflection instead of transmission through two slits or
pinholes. Both diffraction and interference are involved to create the fringes. First, the
impinging light is diffracted by the reflecting sides of the indentations. The wavelength of
a helium-neon (He-Ne) laser is 0.6328 pm, whereas a representative dimension of a reflecting
side is about 15 pm; this ratio of wavelength to “slit width” of ~0.04 is small enough to
cause appreciable spreading by diffraction (in fact, the angle would be 2.3°). Second, these
reflected rays of light interfere because they are coherent and have been shifted along the
lines between B and C or A and D by an amount d sin o where d is the distance between
the indentations and « is the angle between the incident laser beam and the observation
positions C or D. If one places screens at C or D, one will see straight, parallel fringes
because the angle o changes slightly as one moves to different positions on the screen. The
governing equation is therefore

dsina = m\ @)

where \ is the wavelength of light, and m is a positive or negative integer.

The shape and structure of the fringe pattern in Fig. 2 show these two aspects of the
optical phenomenon. The triangular overall shape of the pattern arises from diffraction from
the triangular reflecting sides of the pyramidal indentations. The fringe pattern inside it
arises from the interference effect. If one were to observe the pattern as the distance between
the indentations changes, one would see the fringes move within the stationary triangular
outline. This point is important; it is the motion of the fringes and not the change in spacing
between them that is monitored in the ISDG. The spacing between fringes does change
somewhat as the indentations move, but that is considered in the calculations of relative
displacement from fringe motion.
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FIG. 2— Photomicrograph of a set of indentations and photograph of an interference fringe pattern.
The centers of the indentations are 100 pm apart.

The equation giving the relative displacement Ad from the fringe movements Am is

Ad = Am

@

sing,

The angle «, is the angle between the incident laser beam and a fixed measurement position
(at C or D in Fig. 1) and is approximately 42° because of the shape of the Vickers diamond.
So the “calibration factor,” Msina,, is ~1 pm. A fringe shift of one, that is, a fringe moving
to occupy the position of a neighbor, corresponds to a relative displacement between the
two indentations of ~1 pm.
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It is obvious that if the specimen moves in a rigid-body manner, the fringes will also move.
It is very difficult to construct a test machine in which the specimen does not move vertically
as the load is applied, so that motion must be accounted for. If the specimen moves up (Fig.
1), then the fringe pattern at C moves away from the incident laser beam and the one at D
moves toward the incident beam. If one defines fringe motion toward the incident laser
beam as positive, then the vertical rigid body effects can be averaged out. This definition
of sign means that increasing distance between the indentations is recorded as positive.
Other rigid-body motions are not averaged out and can lead to errors; however, the results
to follow show that these errors are small in a carefully aligned test machine.

So, the equation that is used with the ISDG is

_Amy + Am, A
2 sina,

Ad 3

where Am, and Am, are the fringe movements at the two observation positions.

Larger displacements, say more than 5 or 10 pm, can be measured simply by recording
the fringe motions versus load on an X-Y plotter, determining the loads at which maxima
and minima occur, and plotting the load-displacement curve. The basic resolution is therefore
0.5 pm, which is too coarse for use with small cracks. Computer-controlled measurement
systems with resolutions as small as 0.005 pm are described later, but first some practical
aspects of the measurement technique are presented.

Practical Considerations

Although only the sides of the indentations need to be smooth and reflective, a polished
specimen surface will produce better fringe patterns. If the surface is rough, then some of
those features may be impressed into the sides of the indentation and degrade the reflected
diffraction pattern. But the most serious consequence of a rough surface is the reflection
of the incident beam into the fringe pattern. This can be avoided by making the last polishing
motions along the line between the indents; reflections from the surface marks will then go
into the side interference patterns and not the two that are monitored. Surfaces with a final
polish using 600 grit paper have been used, but a final polish with 1-pm slurry or paste is
normally used for small crack testing. Better surfaces can be prepared by electropolishing
[29]; this produces a scratch-free surface and also deliheates the material’s microstructure.

Of course the main problem is finding the small crack so that indentations can be placed
across it. Acetate replicas [2]] and direct optical microscopic observation [29] have been
used; once the crack is found, the specimen can be removed from the test machine and
indents applied. Surface cracks as small as 50 um long have been studied this way [2]].
Such cracks require very small indentations, 7 pm square, so that the act of applying the
indent does not distort the crack surface and cause a falsely high closure measurement.

Indentations can be applied with any of the commercially available microhardness testers.
The shape of the Vickers diamond indenter is convenient, and one can place indentations
within a micrometre of a desired location without any problem. Figure 3 is a photomicrograph
of indentations across a short crack in 2024-T3 aluminum,; it illustrates a problem with crack
opening displacement measurements. The crack is not straight and perpendicular to the
loading direction—as is assumed in most analyses. It tends to follow the grain structure on
the surface, which in this case is elongated in the direction of loading with grains roughly
25 by 100 pm.

The smaller the indentation the less intense the individual fringes, so that a larger laser
is needed for small-crack studies. Indentations 20 pm square in a reflective metal give good
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FIG. 3— Photomicrograph of a set of indentations across a small fatigue crack in 2024-T3 aluminum.
The crack is 210 wm long and the indentations are 50 wm apart. The sketch at the bottom is a tracing
from the photomicrograph.

fringe patterns (bright enough to produce a high signal-to-noise ratio from a detector) when
illuminated with a 5-mW He-Ne laser. Higher power lasers, 15 mW or more, are routinely
used, but safety then becomes more of a concern. Even a low-power laser can cause dis-
comfort or damage if reflected from a polished surface directly into the eye. A dim room
is required for observing the fringes and aligning the laser and detectors. The human eye
is very sensitive and, in a dark room, can easily see fringe patterns that are too weak to
produce a good signal from most detectors. If a higher power laser is used, it is recommended
that a filter be inserted in the incident beam during the alignment process and then removed
for testing. Detectors can be covered with interference filters so that tests can be conducted
in ordinary room light. Optical masks of black cardboard are very helpful in reducing stray
reflections that may shine on the detector or into the eye of an operator.

Computer Controlled Systems

The resolution of the ISDG technique can be significantly increased by using computer
controlled methods to measure fractional fringe motion. Several different strategies for
tracking fractional fringe motion have been developed, and the salient features of each is
briefly described in the following sections. Common to each of these methods is an underlying
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software strategy that controls the ISDG systems and provides realtime testing capability.
This strategy is briefly outlined below, four different existing systems are described, and
typical characteristics of one of them are given. Currently there are no commercial manu-
facturers of ISDG systems; the key components are readily available.

Software Strategy

The basic steps in obtaining a single displacement data point are as follows: (1) acquire
fringe data, (2) process the fringe data to obtain current positions of the fringes, (3) compare
the current fringe positions with the previous ones, (4) compute the change in displacement
and the total displacement, and finally, (5) store the data. Normally, these steps are repeated
hundreds of times in order to construct a complete load-displacement trace. Unfortunately,
the appropriate software is not currently commercially available, and establishing the soft-
ware should not be considered a trivial task.

To acquire the fringe data, standard analog to digital (A/D) converters are used. In
addition, digital to analog (D/A) converters are required to control functions such as loading
and synchronization. Software must be established to control the A/D and D/A utilities and
to acquire the data. The basic control software for the A/D and D/A hardware is usually
supplied by the manufacturer, but this software must be tailored to accomplish the objectives
of a specific ISDG system.

Processing of the fringe data consists of searching the fringe data arrays and determining
the current position of several fringes. Typically, fringe positions are determined by searching
for maxima or minima in the fringe signal. To simplify processing, it is advantageous to
provide software that will smooth the fringe data before processing. Actual changes in
displacements are calculated using Eq 3, and the accumulation of the displacements provides
the total displacement.

There are two types of data that are of interest. These are (1) the digital displacement
information for each loading cycle and (2) the test history. The test history information
includes quantities such as the cycle count, crack length, maximum load, time, and date.
The digital displacement data can be used to compute the elastic compliance and the closure
load, which can be calculated in real time, or the displacement data can be saved for post-
test analysis.

The software code for a real-time ISDG system can become lengthy and complex; a
FORTRAN program for the diode array system is included in Ref 27. It is advantageous
to off-load specific tasks from the software into laboratory peripherals, which may be con-
trolled through the software. An example of this technique is the use of a programmable
function generator to develop a command signal for a fatigue machine. Although the load
control signal could be generated through the computer software, a dedicated function
generator will provide considerable flexibility and simplicity to the system. This general idea
can be used throughout any particular ISDG control system to simplify and reduce the
software requirements.

Scanning Mirror System

Figure 4 presents a schematic of the original scanning mirror system {30}. The fringe
pattern falls on a small servo-controlled mirror that receives its control signal either from
the microcomputer or from a function generator. The fringes are directed onto a slit in front
of a photomultiplier tube (PMT); this slit is narrower than the spacing between the fringes.
The motion of the mirror has a backward sawtooth shape causing the fringes to move across
the slit at a uniform rate. The PMT voltage is sampled at a uniform rate also, with the result
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FIG. 4—Schematic of the scanning mirror system.

that the digital signal acquired by the microcomputer is effectively the fringe intensity versus
angle.

If the mirror-controlling signal is generated in digital form within the microcomputer,
then synchronization of the mirror position and the PMT signal is ensured. However, this
requires a D/A channel for each mirror, and since many A/D, D/A boards have only two
D/A channels, another strategy must be used. (One D/A must be used to send out the load
signal, and it is convenient to use one to drive a plotter or oscilloscope.) A digital function
generator with a trigger signal at the start of each cycle can serve as the master controller
of a system—the trigger signal starts the A/D conversion of each PMT signal. In practice,
a triangular waveform is used instead of the sawtooth because it introduces a smaller transient
into the mirror. The period of the waveform is chosen so that signal acquisition occurs
within the rising portion and computation, data storage, and so forth, occur before the next
cycle starts. This period is about 90 ms, with roughly half devoted to acquisition and half
devoted to computation.

Figure 5 is a plot of two load-displacement records from the crack shown in Fig. 3. The
first is when the crack is 0.21 mm long—as measured perpendicular to the load axis and as
shown in Fig. 3. The second is after the crack has grown to 1.23 mm long; by that time it
was fairly straight overall and perpendicular to the load axis. Both plots show the hysteresis
commonly found in local crack-opening displacement (COD) measurements; the loading
part of the curve is on the top.

The high resolution of the COD obtained with this system is shown in Fig. 5. The “least
count” or displacement value corresponding to one bit in the digital signal varies between
0.005 and 0.010 nm depending upon the particular setup. It should also be noted that this
is a real-time measurement, that is, the plots of Fig. 5 could have been displayed on a plotter
as they were being taken.
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FIG. 5— Load versus COD plots for the microcrack of Fig. 3 at two stages in its growth.

Diode Array System

Recent advances in solid state line-image sensors (linear diode arrays) have made them
very attractive for acquiring fringe data. A fractional fringe monitoring ISDG system using
linear arrays was originally developed by Hartman and Nicholas [37], and a later version
was constructed by Sharpe [27]. The scanning mirror and PMT are replaced by a single
detector composed of a series of closely spaced elements. By sequentially addressing each
element, a digital representation of the fringe pattern can be conveniently obtained for
computer analysis. Through this solid-state approach, several advantages over the scanning
mirror approach have been achieved.

The key component to this system is the detector array. Several different types of arrays
have been used, although they typically contain S00 to 1000 detector elements equally spaced
along an axis. Originally, the arrays were charge coupled devices (CCD) with aperture
dimensions 13 pm square. This relatively small aperture made them very sensitive to small
variations in fringe intensity. Currently, better results have been obtained using a photodiode
detector array with apertures 13 pm high and 2.5 mm wide. The wider aperture averages
out more of the speckle of the fringe pattern than the original CCD detectors. Also, the
additional light gathering area of the photodiode detectors provides a higher signal-to-noise
ratio and thus produces better fringe resolution.

A significant enhancement to this system has been obtained through the use of cylindrical
lenses. Appropriate mounting hardware holds the lenses and allows precise alignment to
focus the fringe pattern onto the aperture of the array. The lenses do not distort the fringes
in the direction of the fringe spacing, but instead condense the fringes in the transverse
direction thus channeling the available fringe intensity into the detectors. This technique
can be useful in low fringe intensity situations.
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A mounting plate is needed for the laser, the beam alignment mirror, and the diode
arrays; this is usually fastened to the test machine although it may be mounted on a tripod.
The support electronics continually scan the diode arrays and produce voltage versus time
sweeps representing the light intensity. The interface electronics package contains amplifying
and filtering circuits to condition the output signals from the detectors. The signals produced
by the interface package are captured by the computer, which processes and stores the
information.

A typical data acquisition sequence consists of 100 scans from each of two diode arrays
during a loading cycle. Each scan typically contains 512 digitized points representing the
light intensity across the array and is essentially a digital “snapshot” of the fringe position
at a given load. To obtain fringe position data from each fringe pattern, an algorithm starts
at the data point representing the center of the detector array and searches forward and
backward to find the first fringe minimum on either side of the center of the detector. The
motion of the fringe pattern is computed by comparing the current position of the fringe
minimums to their previous positions. The current fringe spacing is used in the computations.

Mechanically, the linear array approach is much simpler than its predecessor, the scanning
mirror approach. Without the mechanical limitations imposed by the scanning mirrors, the
system can acquire data at a much faster rate. Currently linear arrays operate at 250 to 500
scans per second, and therefore data acquisition rates are limited only by the speed at which
the data can be digitized and processed. In addition, the overall hardware costs for an array
system are about half the cost of a scanning mirror system. On the other hand, an array
system is electronically more complicated than a scanning mirror system and implementation
requires considerable expertise.

Tracking Diode System

A completely different approach with slightly higher sensitivity has been developed by
Ebi and Neumann in Germany [25]. The interference fringe pattern shines through a coarse
linear grating, which generates Moiré fringes. These fringes impinge on a photodiode, which
is mounted on a servocontrolled translation stage. The result is that a small motion of the
interference fringes produces a large motion of the Moiré fringe. The controlling micro-
computer moves the photodiode to keep it at the midpoint of the intensity of the Moiré
fringe (the slope of intensity versus angle is highest there), and the position of the photodiode
is proportional to the displacement of the indentations.

The system has a high resolution of 0.003 wm; however, it is slower than the two systems
described above, taking 2 s for each data point. Figure 6 is a load-displacement plot from
a crack 274 pm long in austenitic stainless steel.

Pulsed Laser System

An ISDG system for use on specimens cycled at 30 Hz has been developed by Akiniwa
et al. [26]. A specimen is cycled until a crack is found, and then indentations are applied.
The test is then continued at a low-stress-intensity factor range while monitoring the load-
displacement curves.

A 30-mW pulsed laser with wavelength of 0.788 pm is used to illuminate the indentations.
This laser, which requires cooling for stability of the wavelength, has a diverging beam,
which is collimated with a lens. A microcomputer controls the entire test and triggers the
laser to produce a fringe pattern at a particular load value. The width of the pulse is 0.33
ms, 1/100th of the period of the loading cycle. The fringe pattern is recorded with a diode
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FIG. 6—Load versus COD obtained with the tracking diode system [25].

array, and it may be necessary to sample at the same load value for several consecutive
cycles to build up an acceptable signal on the diodes. (However, this repetition may be
avoided by using cylindrical lenses to concentrate the fringes onto the diodes.) Once the
fringe pattern for a particular load value is obtained, the timing of the laser pulse is shifted
to another load value. In this way, a complete load-displacement record is built up by
sampling consecutive load cycles. The approach is analogous to that used in sampling
oscilloscopes.

The approach of Akiniwa et al. is to store all the fringe data for one record and then do
the computations to produce a load-displacement curve. The diode array has 512 elements,
so 51 200 data points are temporarily stored. Typically, 5 consecutive cycles are needed to
produce a good signal on the diode arrays, so it takes 500 cycles or 16.67 s to acquire that
data. The computations take another 18 s, so a load-displacement record is produced every
35 s, approximately every 1000 cycles. If one is conducting high-cycle crack growth tests,
this sampling rate is adequate. A plot of one of their load-displacement curves is shown in
Fig. 7.

Instrument Characteristics

The instrument characteristics, such as range, resolution, and accuracy, are rarely reported
in papers and reports where the ISDG is described; emphasis is on the results. Usually if
the elastic modulus measured when the crack is fully closed, or the compliance measured
when the crack is fully open, agrees reasonably well with expectations, the measurement
system is assumed to be sufficiently accurate. It may be useful to look at the results of a
calibration as presented in Fig. 8 in order to get a more quantitative feel for the capabilities
of an ISDG measurement system.

The problem in conducting a calibration is generating a suitable “true value” or measur-
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FIG. 7—Load versus COD obtained with the pulsed laser system [26].

and; this is especially difficult when one wants to move two indentations that are a few 100
wm apart. The test setup used for the current example was a smooth flat aluminum specimen
in a tension test machine with foil resistance strain gages on the two flat sides. A pair of
indentations, 200 wm apart, was placed on one edge and a clip gage placed on the other
edge. All four gages read very similar values as the specimen was loaded elastically; the
alignment was well within the specifications of ASTM Practice for Verification of Specimen
Alignment Under Tensile Loading (E 1012).

The plot in Fig. 8 was produced by multiplying the averaged foil gage readings (which
were practically identical) by 200 pm to produce a displacement in nanometers; the dis-
placement as measured by the ISDG is plotted on the ordinate. Zero displacement corre-
sponded to zero load, and the calibration was run in tension-compression for one cycle. A
straight line was fitted by least-squares to the data, and the standard deviation of the ordinate
differences from the straight line was computed.

The slope was 0.96 with the intercept being 1.91 nm. The resolution of the ISDG was
5.2 nm, that is, one bit in the digital output corresponded to that displacement. The standard
deviation o is 3.1 nanometers, and the error bands drawn in Fig. 8 are at =30 or +9.3 nm.
The error band here is approximately twice the resolution. The range here is 140 nm
(although it could be much larger; in principle there are no nonlinearities in the ISDG
measurements). The width of the error band is really a measure of the accuracy or precision—
here these are nearly the same since the slope is almost 1.0. It is customary to state accuracy
as a percent of full scale; in that case, the accuracy of the ISDG is 6.9%. But that is based
on an error band of =3¢. If one uses the probable error (0.6740, which means that 50%
of the points lie within the error bands) then the accuracy is +1.5% of full scale.

This is a calibration on a single setup and illustrates the best that the scanning mirror
ISDG system can do. However, other systems would probably exhibit similar characteristics
under ideal circumstances.
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Applications of the ISDG

The ISDG has been used to measure the COD of small surface cracks in several alloys.
Examples from studies on titanium alloys that illustrate the capabilities of the technique are
presented here. Compliances measured after the crack is fully open can be used to determine
crack length and shape, and use of this information to automate crack-growth testing is
described.

COD Data from Small Cracks in Titanium

The ISDG has been used by the authors to acquire data on small fatigue cracks in various
materials, including a number of titanium [16-19,22,23] and aluminum alloys [20,21] having
different small-crack, closure, and crack topography characteristics. Data from two of the
titanium alloys represent extremes in small-crack behavior and have therefore been selected
to represent the capabilities of the ISDG system as applied to small-crack testing. These
alloys are Ti-6Al-2Sn-4Zr-6Mo in the heat treated and aged condition and Ti-8Al in the
solution treated and quenched condition. Ti-6Al-2Sn-4Zr-6Mo is a fine-grain, high-strength
alloy used in turbine engine components, and the solution-heat-treated Ti-8Al is a research
material that demonstrates high levels of crack closure. Photographs of small surface cracks
in each of these materials are shown in Figs. 9 and 10; the Vickers microhardness indentations
used for crack opening displacements are visible.

Typical load-displacement data for the two materials are presented in Figs. 11 and 12.
The differential load-displacement data that are also shown were obtained by fitting a line
to the upper linear portion of the load-displacement data and subtracting the resulting linear-
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FIG. 10— Microcracks and indentations of Ti-8Al.
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FIG. 11—Load versus COD for the Ti-6Al-28n-4Zr-6Mo alloy of Fig. 12a. The differential load-
COD data are also shown.

elastic component of crack opening displacement from the measured displacement. The Ti-
6A1-25n-4Zr-6Mo data shown in Fig. 11 demonstrate the high resolution of the ISDG system.
These data were acquired from a surface crack of length 2c = 67 wm. For this case, the
total crack mouth opening displacement measured under maximum load was approximately
0.5 um, and the complete load-displacement trace exhibits no detectable hysteresis. In this
material, the crack closure load P, and crack opening load P,, are indistinguishable and
are marked by a well-defined break from linearity in the load-displacement data. For the
data in both Figs. 11 and 12, P, has been defined by the deviation from linearity in the
unloading load-displacement data. It should be noted, however, that computer storage of
the load-displacement data allows post-test closure analysis to be conducted using any of
the alternative methods proposed in the literature.

In contrast to the behavior exhibited by the small crack in the Ti-6Al-2Sn-4Zr-6Mo, Fig.
12 presents data from the Ti-8Al alloy, which clearly show load-displacement hysteresis.
These data were acquired from a crack of length 2c = 122 um. Inspection of the data
indicate that, although similar, P, # P,. The ability to record such details is a particular
strength of the ISDG.

The calculation of crack length from compliance may be accomplished using expressions
developed by Mattheck et al. [32] or Fett [33]. Each of these expressions is a function of
crack aspect ratio, a/c, requiring an estimate of crack shape. For example, in Ti-6Al-2Sn-
4Zr-6Mo, small-crack aspect ratios were documented by heat tinting experiments, which
showed an approximately constant value of a/c = 0.9. Assuming that a/c remains constant,
the relationship between crack length ¢ and compliance may be examined and compared
with the analytical prediction, as shown in Fig. 13. The solid line represents the relationship
predicted using the Mattheck expression, while the symbols represent optically measured
crack length versus experimental measurements of compliance using the ISDG. The general
agreement is excellent. Most of the variability of the experimental data about the predicted
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FIG. 12— Load versus COD for the Ti-8Al alloy of Fig. 12b. The differential load-COD data are also
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line are due to variations in the optically measured crack length. The optical measurements
may be expected to be more variable, because they represent observations on a two-dimensional
surface, and the resulting crack length measurements reflect the interaction of the crack tip
with discrete microstructural features. The compliance data represent the behavior of the
three-dimensional crack and tend to average crack length variations along the semielliptical
crack front.

Typical data of crack length calculated from ISDG measurements versus cycle count N
are presented in Fig. 14 for the two materials. In each case, optical measurements of surface
crack length were in good agreement with compliance calculations of crack length. Because
of accentuated interactions of the small crack with microstructural fractures in Ti-8Al, this
material demonstrates significantly more discontinuous crack growth behavior than does the
Ti-6Al-2Sn-4Zr-6Mo. Figure 15 presents the corresponding da/dN — AK plots for the ex-
ample data sets. In each plot, the solid line represents data from large cracks in conventional
C(T) specimens. The Ti-6Al-2Sn-4Zr-6Mo data from small and large cracks are in excellent
agreement. These data are typical of a body of related ISDG small-crack data acquired in
this material. This agreement tends to validate the surface flaw stress intensity factor solution
[34], as well as validating the accuracy of the experimental methodology for the small surface
cracks.

In contrast to the good agreement between large- and small-crack data found for the Ti-
6Al-2Sn-4Zr-6Mo alloy, similar data from the Ti-8Al show a distinct crack-size effect. In
this material, the small-crack data fall well above the large-crack trend, and the small-cracks
grow under conditions that are well below the large-crack threshold stress intensity factor
range AK,,.
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FIG. 15— Crack-growth-rate versus AK for the Ti-6Al-2Sn-4Zr-6Mo and the Ti-8Al alloys. The solid
line is long-crack data from conventional CT specimens.
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A key difference between the two materials lies in their respective closure behavior, as
shown in Fig. 16, which presents large- and small-crack closure measurements plotted as a
function of K,,,,. For both materials, the large-crack closure levels are approximately con-
stant, while the respective small-crack closure levels initially increase with increasing K.
(increasing crack size) and ultimately tend to assume a level that agrees with the large-crack
trend. When these crack closure data are used to calculate values of AK,, = K., — Ky,
the large- and small-crack data are consolidated into narrow bands as shown in Fig. 17.
Thus it appears that crack closure effects are largely responsible for the observed differences
between large- and small-crack da/dN — AK data. Detailed discussion of the behavior of
small cracks in these and other titanium alloys is available elsewhere [16-19,22,23].

Applications to Crack Growth Studies

In the previous section, it was shown that real-time measurements of crack length can be
made using ISDG compliance measurements. This single capability opens a myriad of po-
tential applications for small-crack research, because it provides a source of feedback for
computer control of small-crack fatigue tests. Recently, this capability has been applied to
automated small-crack testing in a manner similar to conventional large-crack methods. The
following discussion presents some of these applications.

The examples of small-crack data shown previously were acquired under computer con-
trolled fatigue. During fatigue testing, the computer periodically generated crack length and
closure data from the ISDG measurements. Using these data, the computer made test control
decisions and controlled the fatigue machine. For example, every time a cycle of load-
displacement data was taken, the crack length was calculated from the compliance and
stored with the corresponding fatigue cycle count. This information was used to estimate
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FIG. 16— Load versus COD for the Ti-6Al-2Sn-4Zr-6Mo alloy of Fig. 12a. The differential load versus
COD data are also shown.
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FIG. 17— Crack-growth-rate versus AK . for the Ti-6Al-2Sn-4Zr-6Mo and the Ti-8Al alloys. The solid
line is long-crack data from conventional CT specimens.

the current growth rate and to determine the number of fatigue cycles before the next data
was taken. This minimizes the volume of data required to define the growth rate behavior
throughout the fatigue life. In addition, with real-time knowledge of the growth rate, tests
can be aborted prior to final fracture, which allows post-test analysis of the unfailed specimens.

The ISDG technique has been used to control the fatigue amplitude of small-crack tests.
Jira et al. [23] used this approach to investigate the effects of load history on fatigue crack
growth thresholds AK,, in small cracks. During fatigue crack growth testing on small cracks,
the applied load amplitude was adjusted based on a prescribed stress intensity history and
the crack length determined from ISDG compliance. In this manner, four different load
histories were applied to small surface cracks to achieve growth rates near threshold. The
load histories included both increasing and decreasing stress intensity factor range AK tests.
Throughout testing, crack closure was monitored using the ISDG to establish the effect of
closure on the growth rates. The investigation established a history-independent threshold
stress intensity in surface cracks and illustrated a unique capability for automated material
testing through the use of an ISDG.

In a separate application of the ISDG, the opening compliance of small cracks was used
to investigate shape changes of small fatigue cracks. As discussed earlier, the opening
compliance of a surface crack is a function of crack size and crack shape. Normally, small-
crack shape can be shown to be approximately constant, allowing crack size to be calculated
from compliance. However, some alloy microstructures are sufficiently coarse, or exhibit a
sufficiently intense microstructural or crystallographic texture, as to dramatically affect crack
shape. In these instances, measurement of crack shape becomes important, because local
changes in crack shape can result in appreciable variations in apparent crack growth rate.
Recently, Ravichandran and Larsen [24] combined the capabilities of the ISDG with direct
photographic measurements of the surface length of small cracks to obtain an estimate of
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crack shape. By using independent crack length and compliance measurements, crack depth
(crack shape) was calculated directly using the appropriate compliance expression. The
accuracy of the crack shape calculations was verified by direct optical measurements on
heat-tinted fractures surfaces. For a number of measurements on small cracks of shapes in
the range 1.0 = a/c = 2.0, the difference between calculated and actual crack shape was
less than 13%.

Another key advantage of the ISDG lies in its extremely high resolution for displacement
measurements. This becomes apparent in research involving the study of very slow or
“threshold” growth rates. The extreme resolution of displacement provided by the ISDG,
produces a corresponding high resolution of crack length from compliance. Since the amount
of crack length extension required to determine growth rate is directly related to the ability
to resolve crack length, an ISDG system will permit the determination of very slow growth
rates in a relatively short time. For example, a typical resolution of compliance crack length
using conventional extensometry is approximately 50 wm. To measure a growth rate of
1 x 10~ m/cycle with this resolution, requires the application of at least 500 000 fatigue
cycles. In contrast, a crack length resolution of 1 wm is typical of an ISDG system. With
this resolution, the measurement of the same growth rate would require as few as 10 000
cycles. The significance of this difference becomes apparent when these are converted to
testing times. At 10 Hz, the application of 500 000 cycles would require 14 h, while 10 000
cycles would require only 15 min. Thus, the measurement of threshold crack growth rates
becomes much more economical using an ISDG.

Advantages and Disadvantages

The ISDG is a specialized laboratory technique valuable for measuring displacement (and
strain, although examples are not given here) over very short gage lengths. It has now been
used enough by various laboratories to permit an evaluation of its strengths and weaknesses.
It is useful to conclude by listing some of the advantages and disadvantages related to small-
crack testing.

Attributes which may be viewed primarily as advantages of the ISDG for small-crack
research:

® It is a noncontacting extensometer, which may be applied to naturally initiated surface
cracks of length 2c greater than approximately 40 wm.

® It may be applied to cracks emanating from starter slits with lengths 2c = 200 pm;
cracks as large as 2c = 10 mm have been studied by this method.

® Digital load-displacement data are produced and may be analyzed in real time to obtain
measurements of three-dimensional crack size and crack closure load.

® The displacement resolution ranges from approximately 3 to 10 nm, depending on the
specific ISDG approach that is used.

® Test control and data acquisition may be automated, significantly reducing the man-
power requirements for testing.

® The ISDG closely resembles large-crack extensometry and can be utilized as such to
provide real-time control of test parameters (for example, load-shed AK,;, testing, con-
stant K., testing, and controlled AK testing).

® Feasibility of use of the ISDG at high temperatures has been demonstrated on large
cracks in certain materials; usage for high-temperature small-crack research should be
readily achievable.

® The long-term stability of the diode-array version of the ISDG make it attractive for
creep crack-growth studies.
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Attributes which may be viewed primarily as disadvantages of the ISDG for small-crack
research:

® It is necessary to locate a small crack before placement of the Vickers indentations
used for displacement measurements.

® Purchase of the ISDG components may be costly, and assembly of the components
into an operating system may be time-consuming.

@ Once an ISDG system is operational, knowledgable technical personnel are needed to
assure optimum utilization of the equipment’s capabilities.

® Although the ISDG can be used at elevated temperatures, the specimen surface must
be able to retain reflectivity at high temperature; for some materials this requires that
a coating be applied to the specimen.

@ For cracks of length 2¢ significantly less than the indentation spacing, displacement
sensitivity is reduced. Thus, the finite size and spacing of the indentations limit the
minimum measurable crack size.

e Asasmall crack extends, the distance from crack tip to measurement location increases.
In some materials, this has been reported to influence closure measurements, although
the full significance of this effect is still unknown.

® To enhance reflectivity of the indentations, the specimen surface must normally be
polished.

® The specimen design and load train must limit rigid body motion to prevent movement
of the indentations out of the incident laser beam; specimen out-of-plane displacements
must be avoided.

The purpose of this paper has been to describe the ISDG and present some applications
so that a reader can decide whether or not to use it. Reference 27 is a detailed description
of an ISDG system and may be regarded as a “handbook.” The other references describe
various applications.
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ABSTRACT: This paper demonstrates the successful application of the direct current electrical
potential difference method for continuous in-situ monitoring of the growth of short (50 to
5000 wm) fatigue cracks in a variety of metallic alloys exposed to various environments. Crack
initiation site and crack shape must be known a priori. Instrumentation includes a constant
current power supply, relay circuit, 10* gain amplifier, and computer analog to digital board
with controlling software. A closed-form analytical model accurately relates crack size to
measured potential, as a function of crack shape and probe position local to the growing crack.
Analytical calibrations are experimentally confirmed for small through-thickness edge cracks,
surface semielliptical and semicircular cracks, and corner cracks in steels, nickel-based super-
alloys, titanium and aluminum alloys. Micron-level average crack advance resolution, long-
term stability, continuous measurement, simplicity, compatibility with aggressive environ-
ments, and programmed stress intensity loading are attributes of the electrical potential method.
Crack length versus load cycles and growth rate versus stress intensity range data demonstrate
the power of this method for studies of the effects of microstructure, environment (elevated
temperature, high purity gases, vacuum and aqueous solutions) and loading variables on the
growth kinetics of small and short fatigue cracks. Additional work is required for electrical
potential monitoring of fatigue cracks sized below 75 pum, cracking not associated with a defined
initiation site and thermal-mechanical fatigue.

KEY WORDS: fatigue crack propagation, fracture mechanics, corrosion fatigue, steels, alu-
minum alloys, nickel based superalloys, environmental effects, crack growth measurements,
small cracks, electrical potential instrumentation

Introduction
Small-Crack Problem

Extensive data from the literature establish the rapid growth of small cracks, compared
to typical fracture mechanics test-pieces containing long cracks, when correlated based on
applied stress intensity range, AK (AK = K., — Kun) [I-7]. It is important to measure
and utilize the correct small crack growth behavior to avoid predicting nonconservative
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service lives for components. The mechanisms for the rapid growth of small fatigue cracks
include: (a) limited crack wake closure contact, (b) a typically large crack tip plastic strain
range, not AK-based, caused by the single crystal character of deformation, (c) compromised
small-scale yielding caused by high applied stress or large plastic zone size, and (d) unique
crack environment chemistry [6]. Limited crack closure results in Paris behavior below the
long crack threshold, AK,,, while enhanced crack tip plasticity promotes subthreshold growth
at high rates compared to long crack kinetics [8]. The definition of the limiting small crack
size depends on the dominant mechanism.

Rapidly growing fatigue cracks are classified according to shape and size relative to the
surrounding microstructure [6]. “‘Small” refers to 3-dimensional cracks of length and depth
on the order or smaller than alloy grain size. Such cracks are often nearly semicircular and
are sized between 1 and 5000 um. A ‘“‘short” 2-dimensional crack intersects many grains
along a crack front that is large relative to the microstructure, but has a depth that is limited
to between 5 and 5000 wm. Cracks may be either naturally initiated at inclusions, pores,
pits, grain boundaries, or persistent slip bands; or artificially nucleated at notches. Grain
boundaries may retard the growth of a microstructurally small crack, but do not affect short
cracks.

An experimental method to monitor the growth of small/short fatigue cracks in metals
should have several attributes. The technique should provide a continuous indication
of crack extension, with micron-scale resolution, and in two dimensions for 3-dimen-
sional cracks. The method should be applicable to both naturally and artificially nucleated
fatigue cracks, and to single and multiple surface or internal cracks in a variety of specimen
and component geometries. Crack monitoring should not interrupt load cycling and steady
state fatigue crack propagation (FCP). Cyclic crack length data should be interfacable with
a computer to enable real-time programmed stress intensity loading. The method should
monitor cracks in thermal, gaseous, vacuum and aqueous environments, and during pro-
longed loading periods.

Direct Current Electrical Potential Monitoring of Small Cracks

The objective of this paper is to review the analytical and experimental elements of the
direct current electrical potential difference (dcEPD) method for monitoring the growth
kinetics of small and short fatigue cracks. Successful applications in studies of FCP are
documented.

The principle of dcEPD monitoring of a small/short fatigue crack is illustrated in Fig. 1.
An artificial defect, for example, a 1-mm-long and 100-wm-deep electrospark discharge
machined (EDM) surface micronotch, locates the site of cracking (Fig. 1a). A constant
direct current of 5 to 50 A is passed through the specimen, and the voltage difference on
the order of 100 wV is measured between two probe points, above and below the midplane
of the micronotch. The voltage difference increases with crack growth because current density
about the crack is intensified. Measured voltage versus load cycles data (Fig. 1b) are con-
verted to cyclic crack depth data (Fig. 1c) by a calibration equation, which is derived either
empirically by experiment or from analysis of the electric field. Crack depth is defined along
the short axis of the ellipse and for a known aspect ratio. The results in Fig. 1c, for constant
load range cycling of Rene 95 at 538°C, were analyzed by fracture mechanics to yield an
average crack growth rate (da/dN) versus AK relationship or da/dN versus crack length.
Electrical potential monitoring of small/short fatigue cracks follows from the instrumentation
and analytical techniques that were developed over the past 25 years for large cracks in
typical frecture mechanics specimens [9-12].
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FIG. 1—(a) SEM micrograph of a small/short fatigue crack from an EDM defect with an adjacent
potential probe, (b) measured voltage versus load cycles, and (c) analytically calculated crack length
versus cycles.
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Benefits—The dcEPD method has been successfully employed in a large number of short/
small fatigue crack studies over the past 10 years. Analyses and results, summarized in
ensuing sections, indicate the following benefits of the method:

® High resolution (1 to 4 wm) monitoring of 75 pm to 5 mm small and short cracks;
continuously without loading interruption for ferrous, nickel, titanium, and aluminum
alloys.

® Experimentally confirmed analytical voltage-crack size calibration relationships that
quantitatively account for varying crack geometry (surface elliptical, semicircular, cor-
ner, and through thickness edge cracks), and voltage probe location.

® The capability for small/short crack length feedback control and programmed constant
AK or K,,,, loading.

® An in-situ monitoring technique applicable to aggressive environments.

@ Capability to measure low crack growth rates at low loading frequencies for prolonged
test times.

@ Capability to resolve growth rate transients in response to mechanical, microstructural,
and chemical changes.

® Inexpensive to implement and simple to use based on modifications of a pending annex
to an ASTM Standard Test Method for Measurement of Fatigne Crack Growth Rates
(E 647).

® Confirmed by extensive da/dN — AK data.

Limitations—There are several limitations to the dcEPD method, including:

® The experiment typically employs a preexisting machined defect to locate crack initiation
for probe attachment. Naturally nucleated or multiple cracks have not been monitored.

® DcEPD measurements provide no interpretable information on crack closure.

® Errors produced by plastic deformation effects on resistivity, voltage probe displacement
during loading, and thermally induced voltages may be significant and require post-test
correction.

® Crack surface electrical contact requires maximum load voltage readings and post-
experiment correction.

® Electrical noise, ground loops, and laboratory temperature variations complicate voltage
stability.

® Rapid changes in chemical, mechanical, and thermal variables may destabilize the
electrical potential signal.

® A crack length-voltage calibration may have to be developed or an existing result
verified.

® Crack shape must be defined by multiple probes, empirical aspect ratio data or specimen
geometry.

Along with surface replication, electrical potential monitoring has impacted small/short
crack research. The following review of work at several industrial and university laboratories
demonstrates these conclusions and updates previous reviews [13-16].
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Analytical Electrical Potential Calibration Relationships

The determination of crack size from electrical potential or resistance measurements is
not, in principle, complicated. For a uniform direct current field, the potential V between
two fixed locations that contain a crack is described by a function of current density, resis-
tivity, crack size and shape, and voltage probe location. Current and metal resistivity are
often unknown, but constant for a particular experiment. For this reason potential solutions
are referenced to the result for an initial or otherwise known crack size a, or notch size a,,,
where the potential is referred to as V, or V,

VIV, = f(a, a,, L,) (1)

where L, describes the voltage probe position. If a notch of depth a, is employed to define
V., rather than a sharp crack, then the calibration must specifically account for this three
dimensional geometry, as described in the Appendix [17]. Examples of analytical potential-
crack size relationships are described for both two- and three-dimensional cracks. Two-
dimensional cracks are through thickness edge or center cracks in a panel, while three-
dimensional cracks are semielliptical surface or corner cracks.

Potential Solutions for Two-Dimensional Cracks

A widely accepted potential solution for single edge or center cracks was reported by
Johnson [2]. Based on an analytical method of conjugate functions suggested by Irwin,
Johnson derived the electrical potential equation for a center crack of length, 2a, in a panel
of finite width W. V is measured between two positions on the centerline of the specimen
at a distance L, above and below the crack

V ~ cosh~![{cosh(wL,/W)}/{cosh (wa/W)}] 2)

The proportionality is eliminated by dividing the solution for any crack size by that of the
initial crack size a,

VIV, = cosh™![{cosh (wL,/W)}/{cosh (ma/W)}]
+ cosh~![{cosh (wL,/W)}/{cosh (wa,/W)}] (3)

This expression can be rearranged to specify crack size a

a = (2Wim) cos~'{cosh(wL,/W)}
+ cosh{(V/V,)cosh~![{cosh(wL,/W)} + cosh(ma,/W)}|} 4)

Although not trivial, the Johnson solution is a closed-form relationship for relatively easy
calculation of potential for a given crack size or vice-versa. The latter capability permits the
use of this solution in real-time K-control crack growth experiments, as discussed in an
ensuing section.

Johnson’s solution can also be used for the single edge crack (SE(T)) geometry, where
potential is measured on the edge of the specimen containing the crack. The solution is
identical to Eq 3, however, the total width of the SE(T) specimen is W/2. This specimen,
specific terms in the calibration equation, and a voltage-crack depth prediction for a two-
dimensional crack in a 10-mm-wide plate (filled circles) are shown in Fig. 2.
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FIG. 2—Voltage versus crack depth relationships, predicted from the analytical electrical potential
model in the Appendix, for edge, semicircular, and chord defect nucleated cracks. The filled circles are
predicted from Johnson’s equation (W = 10 to 500 mm). (After Gangloff [14].)

Potential Solutions for Three-Dimensional Cracks

The voltage solution for a three-dimensional crack in a uniform current field is complicated
because the crack has two dimensions, depth a and surface length, 2¢. Roe and Coffin
derived a potential solution for a semielliptical surface notch, with height 2b, in an infinite
body under a uniform current [18]. This solution was based on a fluid flow analysis by Milne-
Thompson [19], and was extended and verified by Gangloff, Van Stone and Heubaum, as
summarized in the Appendix [13,20,21]. As in the two-dimensional solution, it is necessary
to normalize the Roe-Coffin potential solution by that for a reference crack or notch ge-
ometry. Similar to Eq 1, this results in

V/Vn = f(a$ b, c, a,, bna Cus Lp) (5)

The detailed form of Eq 5 is presented in the Appendix. Example calculations of normalized
potential versus crack depth are presented in Fig. 2 for several typical small crack geometries.
The analysis can be employed for surface elliptical and semicircular cracks, for a corner
crack caused by a symmetry conditions and providing that the potential probes are located
along the corner containing the crack, and for the single-edge crack with ¢, and ¢ equal to
infinity.
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For the edge crack, model predictions are in excellent agreement with Johnson’s equation
[12], as indicated by the dashed line and filled circles in Fig. 2. The solutions agree exactly
if the notch height is taken as zero in the three-dimensional model. Johnson’s equation is
only strictly applicable to the two-dimensional crack problem (b = 0) and under predicts
crack length. The model in the Appendix more accurately accounts for the effect of the
notch on the voltage-crack size relationship, an issue first noted by Li and Wei [17]. The
agreement in Fig. 2 is only applicable for a/w < 0.25 [22]. The Johnson equation includes
the effect of finite specimen width W as a boundary condition and should be accurate to
substantial crack lengths. The Johnson equation predictions in Fig. 2 were calculated for a
typical short crack specimen width of 10 mm; V/V,, at fixed crack length increases mildly as
W increases to several 100 mm. The analytical model in the Appendix is derived for an
infinitely wide plate, a reasonable assumption for the small/short crack problem.

The application of an analytical potential solution to a three-dimensional crack is signif-
icantly more complicated than the through crack case because crack shape frequently changes
as the crack grows [13,16,20], and the equations require an iterative solution. Because of
this complexity, tables of V/V, versus crack depth must be calculated and then employed
in a “lookup” mode for computerized AK-controlled experiments.

An alternate approach to the closed-form analytical model is the use of the finite-element
method (FEM) to numerically determine the potential solution for a given crack geometry
and probe location. Figure 3 shows such calculations for a corner crack of radius « in a
square section with side of length W [23,24]. The FEM results agree with a closed-form
analytical solution [23]

V/Vremote gradient = (40/’11') + Lp - 2Lp SinAl[(a2 - L‘Z’)/(az + ngw)] (6)
particularly for small crack sizes. As the crack becomes large relative to specimen size, the
discrepancy between the analytical and FEM solutions increases. The finite-element solution
models the finite geometry, while this is not considered in Eq 6. Similar good agreement
was reported between an FEM calibration and the analytical model in the Appendix [21].
For the case of small/short cracks in uniform current fields, either the closed-form analytical
or FEM solutions can be used to determine the crack size-potential relationship.

The major weakness of the FEM solutions is that they are developed for a specific voltage
probe location and crack aspect ratio. For applications to crack growth experiments, it is
necessary to have a number of FEM relationships to cover the range of experimental ob-
servations, as well as a verified technique to interpolate between these solutions. This may
preclude the use of the FEM solutions to perform K-control tests.

Small-Crack Geometry Design by Potential Solutions

By predicting the relationship between crack size and voltage with the model in the
Appendix, it is possible to assess the applied direct current and voltage resolution necessary
for any small/short crack geometry, specimen size, and alloy. A single voltage, measured
for a specific crack and probe geometry, is employed with model calculations to define
absolute voltages for any crack size and probe location. To establish the effect of material,
potential values linearly scale with known electrical resistivity values. Voltage also linearly
scales with current density, given by the applied current and specimen cross-sectional area.

A significant factor in using the dcEPD method to monitor cracking is the location and
spacing of the potential probes. Increasing L, increases the magnitude of the potential and
the signal to noise ratio, but diminishes the voltage sensitivity (dV/dAa) to small changes in
crack size. For example in Fig. 3, the potential solution for the corner crack shows that, as
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FIG. 3— Comparison of the potential solutions for a constant radius corner crack, determined using
the FEM and a closed-form analytical solution (Eq 6 or the Appendix) for three probe spacings. (After
Hicks and Pickard [23].)
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L, increases (L, = z), there is a smaller potential increase with crack growth, especially
when a/W is less than 0.1. Figure 4 illustrates the effect of probe spacing (L,) on the potential-
crack depth solutions for a surface crack that is initially 0.1 mm deep and 1.5 mm long [13].
These solutions were calculated based on the model in the Appendix for the case where the
crack increases in depth at a fixed surface length. It is advantageous to use the smallest
possible probe spacing. Since the potential wires and tip beads commonly have diameters
on the order of 0.1 mm, probes contact a specimen (Fig. 1a) over an area. The magnitude
of this contact range is shown by the +0.05-mm bar in Fig. 4. (The bar is located along the
0.40-mm probe spacing solution because this spacing is used as a compromise between dV/
dAa sensitivity and a significant voltage.) Over this range of L,, the voltage-crack size
relationship varies significantly. Accordingly, the equations in the Appendix were employed
to integrate crack and notch potentials over the contact area of the potential probe [13,15].

Crack geometry significantly effects the potential response, as shown in Fig. 2 [14]. This
example illustrates the effect of surface crack aspect ratio for small/short cracks emanating
from notches with depths ranging from 0.076 to 0.102 mm and with a +0.4-mm probe
spacing. Through thickness, semielliptical chord, and nearly semicircular crack geometries
are represented. Dimensionless values of the notch voltage V, are indicated. The model in
the Appendix can employ any constant or crack-depth-dependent surface length to depth
aspect ratio. The results in Fig, 2 illustrate the decreased potential sensitivity associated
with small three-dimensional cracks as compared to edge through cracks. Empirical or FEM
solutions are not well suited for sensitivity studies of crack geometry and probe spacing
effects on the voltage-crack size relationship.

Experimental Methods

High resolution dcEPD methods for determining crack length have been developed for
the study of small and short crack growth kinetics in engineering alloys. A pending annex
to an ASTM standard, on dcEPD monitoring of large cracks, provides a basis for small
crack experimental methods (ASTM Test Method for Measurement of Fatigue Crack Growth
Rates [E 647]). Details of specific experimental procedures are reviewed here.

DcEPD Equipment

The electronic instrumentation necessary to implement the dcEPD method is easily as-
sembled for about $6000. A constant direct-current low-voltage power supply (10 to 50 A,
constant to better than +0.05% at 10 to 20 V) with minimal short-term noise (0.05%) and
long-term stability is required. Either a nanovoltmeter or a high (for example, 10%) gain
amplifier is used to measure the dcEPD signal. The response time of such highly filtered
instruments is typically on the order of 0.3 s; more rapid changes in dcEPD will not be
accurately measured. A typical requirement is to measure 0.2 1V changes in an initial signal
of 200 pV; with this voltage increasing to about 600 wV during fatigue crack growth. With
10* gain, this requirement is 2 mV changes in a base signal of 2 V and a final signal of 6 V.

Figure 5 shows a schematic diagram of a typical dcEPD circuit coupled with a computer-
based data acquisition system and a servo-hydraulic test machine. It is not necessary to
measure the applied current, however, an appropriately sized known resistance shunt can
be employed for this purpose and interfaced with the computer if desired. A power relay
circuit is employed to switch the polarity of the applied current to eliminate thermally induced
voltages, as discussed in an ensuing section. The current switching interval is dictated by
experimental conditions and is automatically controlled by a digital-to-analog signal from
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FIG. 4—Variation of normalized potential (V/V,) with semi-elliptical crack depth at constant surface
length for several probe spacings (after Gangloff [13]).

the computer. Alternately, this operation can be manually performed, or the current simply
switched between zero and the test value. DcEPD signals from both the active crack and
inactive reference probe pairs (see ensuing section), amplified by 10 000 times, are at an
acceptable level for most analog-to-digital boards. The amplified signal may also be measured
with a recorder or digital voltmeter. Crack lengths calculated from measured dcEPD values
may be employed for computer control of the servohydraulic machine, for example, to alter
load as necessary to control stress intensity.
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FIG. 5—The computer controlled reversing dcEPD method applied to a micro-notched SE(T)
specimen.

Auxiliary Equipment

DcEPD monitoring has been successfully conducted in conjunction with auxiliary equip-
ment, particularly that necessary for specimen environment control. Experiments in aqueous
chloride electrolytes demonstrated that potentiostatic application of an anodic or cathodic
electrochemical current to the specimen working electrode had no resolvable influence on
measured dcEPD values for crack monitoring [22,25-27]. The main consideration in this
experiment is to ground the specimen and to employ a potentiostat that is capable of
controlling a grounded working electrode.

DcEPD resolution and stability were not adversely affected by either radio frequency
(RF) [13,28] or resistance heating [29] of the fatigue specimen, at least for Paris regime
crack growth rates above about 10-> mm/cycle and loading frequencies as low as 0.1 Hz.
For this case, computerized acquisition and averaging of a large number of dcEPD values
for a single-load cycle, coupled with cycle-block averaging discussed in an ensuing section,
minimizes the impact of random electrical noise. For measurements of small/short crack
growth rates within the near threshold regime (10~¢ mm/cycle or lower), unpublished data
indicate that resistance heating imparts less noise and is superior to RF heating [29].

There have been no published accounts of adverse interactions between dcEPD instru-
mentation and other equipment, including servohydraulic electronics, vacuum system pumps,
attached strain gage extensometers or linear variable differential transformers. The user of
the dcEPD method should, however, be on guard for unexpected effects. For example, a



GANGLOFF ET AL. ON ELECTRICAL POTENTIAL MEASUREMENTS 127

low resistance alternate current path provided by a crack mouth displacement gage should
be avoided so as not to alter the current flowing through the uncracked portion of the
specimen [2]].

Specimen Fabrication

Several specimen attributes facilitate quantitative dcEPD monitoring of small/short fatigue
cracks. Specimen cross-sectional area must be limited, typically on the order of 50 mm?, for
sufficient current densities with reasonably sized power supplies. The specimen must contain
a known crack initiation site, or “micronotch,” for accurate voltage probe location. The
stress intensity solution should be known if a da/dN — AK correlation is desired. The
specimen should be containable in a variety of gaseous, aqueous, and thermal environments.
Additionally, the specimen may be monitored to measure temperature, electrode potential,
average longitudinal or diametral strain, crack opening displacement, crack closure, and
applied load.

Crack Initiating Defect—The need to study a variety of small and short crack growth
issues using the dcEPD method prompted the development of several specimen geometries,
as described in Table 1 and Fig. 6. Each geometry is based on a uniaxial tension specimen
containing an artificially introduced surface flaw. Micronotches include the through-thickness
single edge notch, semicircular flaw, chord notch, and corner flaw geometries
[15,16,21,22,25,26,28,30-32]. Typical notch dimensions in Table 1 include depth a,, mouth
opening b, and surface length c,. Current is applied to the specimen, far from the crack.
Potential difference is measured by probes that are attached in close proximity to the
micronotch, typically separated by a distance equalling 4 to 12 notch depths, as indicated
in Fig. 4.

Other unique specimens containing surface flaws have been used with the dcEPD method.
For example, the multiple single-edge cracked tension specimen, containing six through
thickness edge cracks in series along a uniaxial tension specimen was employed to study
corrosion fatigue in steels [33]. The growth of small semicircular cracks in large diameter
austenitic stainless steel pipe exposed to high-temperature water was investigated using the
DC potential difference method [34].

The growth of small/short cracks emanating from surface flaws can be influenced by
specimen fabrication methods. To minimize residual stress, special machining techniques
are used, including electrospark discharge machining (EDM) and cutting or grinding with
limited material removal on each pass. Potentially useful methods based on acid string
sawing, localized corrosion, hardness indentation or laser melting have not been employed.
An advantage associated with electrospark discharge machining is that surface notch geo-
metries can be easily and accurately fabricated. Figure 7 shows optical micrographs of
metallographic cross sections through small surface flaws that were electrodischarge ma-
chined in Ren¢ 95 using machined tungsten, tantalum foil, and Fe-Ni-Cr razor blade elec-
trodes [15]. Notch root radii on the order of 25 um are readily produced.

Crack growth within 30 pm of the notch is affected by notch bluntness, notch stress
concentration, and the brittle layer formed by EDM [14]. For example, a 2- to 5-pm-thick
melted and alloyed layer is formed on the notch surface due to EDM. Initial growth is not
analyzed by fracture mechanics, and in the case of the EDM melt region is not representative
of parent material and is typically ignored. To avoid notch effects, more elaborate fabrication
methods can be employed; for example, the surface flaw can be introduced by precracking
followed by careful machining of the specimen to the required dimensions. Alternately, to
study initiation at the root of the micronotch, the EDM surface can be removed by mechanical
or electropolishing.
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Current and Voltage Leads—Typically, copper current leads of the appropriate size to
carry up to 50 A are attached to the specimen by silver soldering, mechanical clamping, or
a threaded fastener. Ideally, current leads are directly placed on the specimen, but sufficiently
far from the surface flaw to provide a uniform current density and so as not to initiate fatigue
cracking (Figs. 5 and 6). To prevent measurement errors caused by current variations, it is
essential that the resistance to current flow through the specimen is several orders of mag-
nitude less than other current paths. As a precaution, the specimen-grip interface, or some
other element in the load train, can be insulated to guarantee that all applied current flows
through the specimen. In practice the several ohm resistance typical of the current path
through the grips, loading rods, load cell, test machine, and servohydraulic actuator, is about
six orders of magnitude higher than the specimen resistance. Alternate current paths are
unlikely; this conclusion should be confirmed by test machine resistance measurements. It
is acceptable to apply the current to the specimen grips, provided that the grip-specimen
resistance is on the order of 1072 (2 or less and does not change with load or increase during
prolonged fatigue loading. Current shunting problems are not present when similar dcEPD
measurements are observed before and after mounting the specimen in the loading fixture.

It is generally advisable to ground the specimen at the lower current attachment point.
Ground loop electrical noise is often specific to ancillary equipment, such as an RF heater
or electrochemical potentiostat; a discussion of ground loops is beyond the scope of this
paper.

Ciritical to dcEPD measurement is the attachment of two probes to measure the small
(0.05 to 0.10 nV) increase in potential associated with crack extension. Accurate placement
of the potential leads relative to the micronotch, with reliable electrical conductivity and
structural integrity, is typically achieved by resistance spot welding. The attachment method
must not introduce a metallurgical heterogeneity or stress concentration that could initiate
fatigue cracking. Alumel and copper wire, =0.15 mm in diameter, is commonly used as
potential leads as noted in Table 1. A strain relief may secure the probe wires beyond the
spot weld contact point.

Enhanced resolution of the potential difference measurement is obtained by optimum
placement of the potential probes, as dictated by the analytical calibration relationships
discussed earlier. Spot welding methods, often employing a micrometer mounted specimen
holder, a fine tipped electrode, and a stereomicroscope, have been successfully employed
to precisely locate potential probes. As an example, Fig. 8 is an optical micrograph showing

TABLE 1—DcEPD specimen configurations.

Specimen Probe Flaw Size, mm
Type Material Material/Diameter, mm a,/blc, Reference
SE(T)~ 4340 alumel/0.12 0.10/0.06/1.90 25,30
SE(T)" aluminum copper/0.12 0.25/0.08/2.54 22,26
Chord® 10Ni Steel alumel/0.12 0.10/0.06/0.70 25,31
A286
Rene 95
Semi-circlec Rene 95 alumel/0.12 0.08/0.04/0.10 15,16,28
aluminum copper/0.08 0.13/0.02/0.13 32
Corner A537 Steel alumel/0.10 0.10/0.25/0.10 21

“Though-thickness single edge crack.
®Hourglass specimen containing chord surface flaw.
eSemicircular surface flaw.
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a corner notch in a single tempered martensite grain of A537 steel [21]. Here, fatigue crack
growth is monitored by Teflon® coated alumel probes spot welded adjacent to the corner
notch. Similar methods have been successfully applied to nickel, titanium, and aluminum
alloys [15,16,22,32]. A variety of problems, such as weld galvanic, crevice, and pitting
corrosion, must be considered when testing in aqueous environments. Such potential prob-
lems have not been typically encountered in experiments with steels and aluminum alloys
in aqueous chloride [22,25-27]. Insulated potential leads (for example, Teflon coated) are
used to prevent electrical shorting and environmental damage. The leads should be as short
as possible and twisted (if insulated) to limit interfering voltages induced by stray magnetic
or RF fields.

The dcEPD level depends on micronotch/crack geometry, probe location, applied current,
and specimen cross section (current density), alloy resistivity, and temperature. Results in
Table 2 indicate typical potentials that are associated with variably sized and shaped mi-
cronotches in different alloys. These data guide the selection of specimen cross section,
power supply capacity, and potential amplification needs. The data in Table 2 can be used
in conjunction with the analytical electrical potential model (Appendix) to predict absolute
voltages associated with any notch/crack geometry and probe position. The challenge to
monitor the growth of small cracks in aluminum alloys near room temperature is apparent.

(a) .

FIG. 8—Optical micrographs showing: (a) a corner notch in a single grain of martensitic A537 steel
and (b) 75-pm diameter alumel dcEPD probes spot welded adjacent to the corner notch in (a) (after
Heubaum [21]).
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TABLE 2— Electric potential values for alloys and micronotches.

Total Probe Notch Voltage/Current

Alloy Temperature, °C Notch Size, pm Separation, pm Density, .V cm¥A
10 Ni steel 23 1004, 1500% chord 800 4.0
MP35N 538 " " 12.8
304 stainless 538 " " 8.4
A286 538 " “ 10.2
Rene 95 23 " " 10.8
Rene 95 538 " " 12.3
Rene 95 538 754, 200 semicircle 760 13.0
AA 2090 23 300 SE(T) 1200 1.3

“Notch depth.
PNotch surface length.

Requirements for dcEPD Accuracy

Apart from precisely measuring the potential difference with constant applied current,
several factors must be considered to guarantee accurate crack lengths from dcEPD mea-
surements.

Thermally Induced Voltage— Associated with each electrical connection in the dcEPD
circuit is a thermally induced voltage that varies with temperature during testing and that
contributes to erroneous crack length measurements. A net voltage develops, for example,
between the two potential probes, if these probes make dissimilar metal contacts with the
specimen and if the contact points are at different temperatures. Although thermal voltage
effects are minimized by limiting the number of electrical connections and by maintaining
a constant temperature during testing, procedures are desirable to eliminate these interfering
voltages.

The thermally induced voltage is measured at frequent test intervals by switching the
applied current to zero [13]. The true crack potential (dcEPD,,,,) is the algebraic difference
between the total measured V and the thermally induced voltage. Alternately, the reversing
dcEPD method employed by Coffin et al. eliminates thermal effects by reversing the polarity
of current flow [35]. DcEPD_, . is determined by averaging the voltage measurements ob-
tained at each polarity of current; dcEPD,,,. = [(PD*) + (PD™)})/2, where PD* and PD~
are the potential values for each polarity of applied current. The reversing current approach
has the claimed advantage that the magnitude of the measured potentials are large relative
to the current-off value, which is typically near zero [35]. While reversing method voltages
are substantially above amplifier noise, the use of computerized averaging methods are likely
to result in a similar error for each approach. Accordingly, the reversing and on-off current
methods are equivalent.

Temperature Dependent Alloy Resistivity— The use of so-called reference probes can yietd
accurate determination of crack length by compensating for changes in crack potential caused
by changes in specimen electrical resistivity produced by temperature variations and by
fluctuations in applied current and PD amplification [33,34]. (For aluminum alloys, a 3°C
increase in temperature results in a 1% increase in resistivity and measured potential.) This
procedure is important for long-term experiments, when instrument stability problems and
subtle thermal fluctuations arise, or for cases where temperature is intentionally varied
during crack growth as in thermal-mechanical fatigue.

Using attachment methods identical to the dcEPD leads across the micronotch, a pair of
reference potential leads is attached to the test specimen in a region where the potential is
not affected by crack growth (Fig. 5). Potential difference measurements are corrected
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(dcEPD_,,,) by dividing the actual (active) dcEPD signal by the ratio of the current reference
probe voltage (dcEPD,) and the initial reference value (dcEPD,,); dcEPD,,,, = dcEPD/
[dcEPD,/dcEPD,,]. Both active crack and reference voltages are corrected to eliminate
thermally induced voltages before this normalization.

Crack Surface Shorting— Crack surface contact causes substantial errors in crack length
by reducing the level of the electric potential if the surfaces are electrically conducting [14].
Crack length, inferred from measured voltage by an empirical or analytical calibration, can
be significantly less than the true size because of shorting-reduced potential. Anomalous
dcEPD behavior caused by crack surface shorting was observed for alloys in both inert and
reducing environments; for example, steels and aluminum alloys in vacuum and helium, or
steels in aqueous sodium chloride (NaCl) at open circuit or cathodic potential. Specific
instances were reported for both long [36—38] and short [25,30,39] crack specimens.

Figure 9 reveals the cyclic load dependence of dcEPD for a short chord surface crack in
4130 steel loaded in 3% NaCl at room temperature and a frequency of 0.01 Hz [14]. Shown
in Fig. 9 is the tensile load history (3 cycles) and the corresponding dcEPD signal variation.
Increased dcEPD, caused by decreased crack surface contact and electrical conduction,
occurs as the crack surfaces move apart with higher tensile loads. Interestingly, the maximum
dcEPD signal contains a reproducible structure that probably represents secondary surface
asperity contact caused by local Mode I and Mode II or III displacements. When the surface
flaw was exposed to a film producing environment such as moist air, the load dependence
was eliminated and a constant dcEPD of approximately 280 pV was observed within 2 load
cycles.

278.9uV

270.3pV

FIG. 9—Measured changes in dcEPD signal caused by crack surface electrical contact during cyclic
loading at 0.01 Hz; 400-pm-deep surface chord crack in 4130 steel exposed to 3% NaCl at the free
corrosion electrode potential (after Gangloff [14]).
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Crack surface shorting phenomena are partially eliminated by measuring potential at
maximum load. If surface contact persists at this point, crack length errors occur and post-
test correction is required. To date, crack surface electrical contact has not been exploited
to gain mechanistic insight regarding surface films. Attempts to infer crack closure infor-
mation from data of the sort presented in Fig. 9 failed [36,37]. Electrical contact on unloading
is typically indicated at loads that are well above crack closure levels inferred from nonlinear
compliance behavior.

DcEPD Data Acquisition and Reduction

Crack and reference potentials are ideally measured during the maximum portion of the
tensile load cycle. Synchronization with load is accomplished with a computerized system.
Computerized data acquisition and averaging techniques are used to reduce data scatter due
to system noise. A specific example is as follows:

® A large number of voltages (for example, 500) are rapidly read near maximum load in
a single cycle and averaged. (This analysis calculates the mean of the potential signal
that varies due to random high frequency noise on the output of the nanovoltmeter or
amplifier. The true value of the voltage does not change during the period of this rapid
data acquisition because of the slow response time of typical nanovoltmeters or filtered
amplifiers. )

® The voltage average is repeatedly obtained for a programmed number of loading cycles
(for example, 50) and the resulting values are averaged to a single dcEPD.

® The polarity of the current is switched, and the above averaging is repeated for the
programmed number of load cycles.

® A single thermally corrected potential is calculated from the plus and minus current
polarity averages.

® This voltage value may be printed and stored, or additional block averaging can be
conducted and the resulting value reported.

® A reference potential can be obtained in parallel with the above measurements to
correct the averaged active crack potential.

® Crack length is calculated from the resulting thermally corrected and normalized po-
tential.

The number of cycles for block averaging and optimum crack length resolution depends
on crack growth rate. A variety of strategies are conceivable for specific applications, be it
high-frequency near-threshold or low-frequency Paris regime FCP. As a precaution, if crack
surface shorting is present, the change in voltage with load must be measured at a sufficiently
slow loading frequency so that the time dependent potential will not be attenuated by the
slow response time of typical high gain amplifiers or nanovoltmeters. A frequency of less
than 0.5 Hz is adequate. A computer controlled test system can slow the loading frequency
periodically to obtain accurate voltage measurements near maximum load.

Averaged voltages may be converted to crack lengths, either in real time or after an
experiment. Real-time crack length calculations may employ either a closed-form equation
or a lookup table for complex voltage-crack geometry relationships. For computation of
crack growth rate (da/dN), the modified secant method is typically used; the fatigue crack
growth rate at initial crack length a, is based on increments of crack length and load cycles
between a; ; and g, , (as stated in ASTM Test Method for Measurement of Fatigue Crack
Growth Rates [E 647]). Crack tip stress intensity is calculated based on known crack size
and the specimen stress intensity equation. An example calculation of da/dN — AK is
provided for the chord crack in a round bar [31].
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A computer controlled servohydraulic system provides continuous increases or decreases
in applied load for programmed AK and R. In addition to a known stress intensity equation,
the following expression can be employed with small/short crack specimens and dcEPD
crack length [40,41]

K = K, exp[C(a ~ a,)] (M
where
K = the maximum, minimum or range stress intensity,
K, = the initial stress intensity at a,,
a, = initial crack length,
a = current crack length, and
C = a constant with dimensions of reciprocal length.

Qualifying Results
Resolution of Fatigue Crack Depth and Growth Rates

Perhaps the best way to assess the resolution and long-term stability of the dcEPD method
is to consider the extensive data presented in ensuing sections on applications for small and
short fatigue cracks. These results indicate that uniform crack growth increments of less
than 3 pm are resolvable, and that growth rates below 10~¢ mm/cycle can be determined
at moderately slow frequencies between 0.5 and 25 Hz. Higher crack growth rates can be
measured for extremely low frequencies, on the order of 10~ Hz.

The average crack advance resolution of the dcEPD method is determined from the
analytical calibration for a specific crack geometry and voltage probe location, instrumen-
tation resolution, and material resistivity. From Figs. 2 through 4, a typical sensitivity
(d(V/V,)/dAa) for the chord, corner, and semicircular cracks is 0.8 (nV/puV) mm~*. (This
value varies with probe location, crack shape, and crack depth.) The instrumentation and
data averaging method discussed in a previous section enable the detection of 0.10 to 0.30
1LV changes in dcEPD. From Table 2, the voltage associated with a 75-pm-deep semicircular
crack in a nickel-based superalloy at 538°C s 13.0 nV cm%A. For a specimen cross-sectional
area of 0.3 cm? and an applied direct current of 10 A, the absolute value of the crack voltage
is 430 wV. Combining these values establishes that a voltage uncertainty of 0.25 pV results
in a crack depth resolution of 0.7 pm.

Similarly, it is possible to calculate an average crack length resolution for any current,
specimen cross-sectional area, and material resistivity; these factors linearly influence res-
olution. Additionally, the analytical calibration can be employed to determine the voltage
sensitivity to crack length increases for any crack and probe geometry. As a second example,
the above calculation leads to an average crack length resolution of 5.8 wm for the same
conditions as the nickel based superalloy, but assuming that the crack is in an aluminum
alloy at 23°C. (The resistivity of the aluminum alloy is eight times less than that of the
superalloy.) To improve this resolution, current could be increased to 20 A, cross-sectional
area could be reduced to 0.15 cm?, and the dcEPD resolution could be improved to 0.15
wV. The resulting crack length resolution for the aluminum alloy is 0.9 pm.

Calculated resolutions represent an idealized lower bound. The analysis assumes that
crack growth occurs uniformly along the crack perimeter. This assumption is confirmed for
Paris regime crack growth, but is questioned for near threshold cracking [13]. Secondly, the
analysis assumes that voltage resolution is constant with time. In fact variations in average
voltage occur during a prolonged fatigue experiment, due to thermal voltages and thermal
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effects on instrumentation. The user of the dcEPD method should establish the long-term
variation in V/V,; for the specific crack geometry, probe position, material, specimen en-
vironment, and laboratory environment of interest; and during load cycling without crack
growth. Measured changes in dcEPD can be converted to apparent crack growth rates
through the analytical calibration. An example of this procedure was presented for a 100-
pm-deep surface chord crack in René 95, loaded cyclically at 538°C (RF heating) [13]. Over
a 48-h period of loading at 0.33 Hz, V/V, varied by between —1 X 1077 (nV/pV) cycle !
and +3 x 10~7 (wV/uV) cycle~1. For this specimen, the analytical model indicated a crack
length sensitivity of 1 (WV/uV) mm~*. The apparent crack growth rates are between —1 X
10~7 mm/cycle and +3 X 10~7 mm/cycle. While such variations are small compared to
typical Paris regime crack growth rates, a reference probe pair would most likely further
improve the dcEPD signal stability and crack growth rate resolution necessary for near-
threshold experiments [29].

Confirmation of Analytical Calibrations

Extensive experiments have been conducted to confirm the accuracy of the analytical
model (Appendix) that relates measured voltage to crack length or depth. A large number
of artificially defected specimens were cyclically loaded to grow small/short cracks to varying
depths. Crack position was marked by either heat tinting or rapid fracture; true crack size
(Ameasurca) Was measured by optical or scanning electron microscopy and compared to the
prediction (@,cqqcq) Of the analytical model. Voltage probe location and crack aspect ratio
were measured inputs for each specimen. For over 500 specimens examined to date, predicted
and measured crack sizes agree to within +15%. The adverse impact of such differences,
and associated effects on da/dN and AK, are effectively minimized by linear correction based
on one or more known crack lengths.

Through Thickness Edge Crack—Piascik applied the electrical potential model to short,
through thickness single edge cracks in aluminum alloys [22]. The results from 40 fractured
specimens are presented in Fig. 10, with 100-pm-deep micronotches employed for steel [14]
and 300-pm-deep notches for lower resistivity aluminum alloys [22]. Specimen width W
equalled 10.2 mm. Therefore, the infinite plate analytical model is tested for a/W ratios up
to 0.7. In the majority of cases, including cracks as small as 100 pm ahead of the notch,
total measured and predicted crack lengths differ by less than =15%. The data in Fig. 10
indicate that the model tends to slightly underpredict the length of the edge crack.

Surface Chord Crack—Extensive work has been conducted with a short surface fatigue
crack, emanating from an EDM chord notch in a 6-mm round bar [13,14,25,28,31]. The
initiating flaw is typically 1.5 mm long and 100 um deep. For the fine grain size (10 to 40
pm) alloys examined, the fatigue crack was short, of depth between 100 and 1000 pm, and
intersected many grains along the crack perimeter.

Measured and dcEPD predicted surface crack lengths are compared in Fig. 11 [14]. Crack
length change represents the depth of fatigue cracking ahead of the micronotch. Results of
90 experiments are presented, including data for two high-strength steels, an austenitic
stainless steel, and iron, nickel, and cobalt-based superalloys. Room and elevated temper-
ature (RF heated), moist air, and ultra-high vacuum environments are represented. In all
€ases Ay, gireq differed from Aa,,c,queq by less than +20%. The error is randomly distributed
about the line for equal predicted and measured crack lengths.

Corner Crack—Heubaum applied the analytical calibration equation to small and short
corner cracks, initiated at a 100-pm-deep corner notch in several HSLA steels [21]. Crack
length was measured optically at 200 times magnification with 3 um resolution and on each
side of the corner cracked specimen. Averages of these two measurements are plotted in
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Fig. 12 for two replicate experiments with Hiform-60 steel of 200-p.m grain size. The accuracy
of the analysis is demonstrated by the excellent agreement between the dcEPD predicted
and optically measured total crack lengths (notch + fatigue crack). The accuracy of the
dcEPD model was not affected by the fact that the fatigue crack interacted with a limited
number of prior austenite grains.

Pickard and Hicks employed a finite-element method to relate electrical potential to the
size of short corner cracks [23,24]. The initiating corner notch was 250 pum deep, and the
test piece was 10 mm square. The data in Fig. 13 demonstrate that optical measurements
of beachmarked corner crack lengths are in excellent agreement with the numerical cali-
bration analysis of the electric field for cracks, sized between 500 and 7000 wm long, in steel
[23]. Additional data for several alternate crack geometries in steel and titanium indicate
similar good agreement between the FEM voltage-crack depth calibration and optical
measurements.

Semicircular Surface Crack—Van Stone and coworkers conducted extensive experiments
to establish the accuracy of the analytical calibration for nearly semicircular surface cracks
in nickel based superalloys [15,16,42]. The grain size of these alloys was between 20 and
100 pm. Heat tint experiments with René 95 showed that predicted and measured fatigue
crack depths, between 75 and 1500 j.m ahead of a 100-pm-deep semicircular notch, differed
by less than +15% [I5]. Measured mean crack depth at the completion of 73 fatigue
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experiments equalled 1.059 mm and the mean ratio of @, jicied 10 Bmeasurcs €qualled 1.0028
with a range of from 0.768 to 1.165.

Recent data, summarized in Table 3 and Fig. 14a, further demonstrate the accuracy of
the analytical electrical potential model [42]. Test conditions and statistics are given in Table
3, and a4, gicea VETSUS @prengurea data are plotted in Fig. 14a for nickel and titanium based
alloys. Several specimen designs are represented; including a rectangular bar K, a doubly
notched rectangular bar with an elastic stress concentration of 1.76 (“DEN” or DE(T)) and
a plate with a hole of elastic stress concentration equal to 2.54 (“BH”’). The K, and DE(T)
specimens contained 100-pm-deep semicircular micronotches, and the BH specimen con-
tained a corner crack, each produced by EDM. Fatigue experiments were conducted at
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constant temperature, over the range indicated in Table 3. For the majority of the 63
experiments, predicted and measured crack depths differ by less than +15%, as indicated
by the dashed lines in Fig. 14a. Average errors in terms of the ratio of measured to predicted
crack depth, Table 3, are 0.97 for 46 K, specimens, 1.092 for 12 DE(T) specimens and 1.260
for 5 BH specimens.
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TABLE 3— Three-dimensional surface cracks under isothermal fatigue loading.*

Temperature Standard
Number Range, Aa,/Aa, Average, Deviation,
Test Type of Tests °C Range Aa,/Aa, Aa,/Aa,
Ni-base K, 11 204 to 677 0.804 to 0.995 0.930 0.064
simple cycle
Ni-base K, 21 454 to 593 0.855 to 1.146 0.961 0.069
mission cycling
Ti-base K, 14 149 to 316 0.874 to 1.143 1.020 0.129
mission cycling (one at 1.325)
Ni-base DE(7T) 7 399 to 649 1.057 to 1.272 1.062 0.019
simple cycle
Ni-base DE(T) 5 593 to 621 0.836 to 1.219 1.122 0.161
mission cycle
Ni-base BH 3 593 to 649 1.149 t0 1.289 1.236 0.076
simple cycle
Ni-base BH 2 343 to 593 1.168 to 1.399 1.283 0.163
mission cycle 63

“Nucleated at 100-pm deep semicircular micronotch.

Crack Length Correction Procedures

The up to +20% differences between predicted and measured crack lengths for the various
geometries are essentially eliminated by employing a post-test linear correction procedure.
Crack length and crack front shape are measured by optical or scanning electron microscopy
of any beachmarks and the crack geometry after fast fracture. Differences between dcEPD
predicted and measured crack lengths are utilized to calculate a correction factor that is
linearly apportioned to all crack lengths during the test. An example of the effectiveness of
linear correction is indicated in Fig. 14b. Final measured crack lengths in Fig. 14a were
employed to correct shorter crack lengths for each specimen.

The linear correction procedure is effective for post-test data analysis, however, crack
length errors result in departures from programmed AK during a fatigue experiment. If
measured and predicted crack lengths differ by more than about 10%, then programmed
stress intensity conditions may not be achieved during loading. This problem is particularly
important to constant stress intensity experiments conducted with small/short cracks in either
vacuum or reducing environments. For such cases, large errors (for example, @, cgicea = 0.6
Gmeasurea) MAY be associated with crack surface electrical contact, microscopically rough crack
wake surfaces, and potentials measured at low crack openings. When shorting is suspected,
voltage must be measured at high K and low loading frequency, linear correction must be
employed, and resulting da/dN — AK data should be confirmed by replicate experiments.
Complex analytical procedures were proposed to account for the crack opening shape de-
pendence of electrical shorting [38]. This procedure is cumbersome and not typically employed.

Three-Dimensional Crack Shape

DcEPD monitoring of the growth of three-dimensional cracks is complicated if the surface
length to depth ratio varies during crack extension. Electrical potential solutions for three-
dimensional cracks (Appendix) describe an infinite number of crack sizes and shapes for a
given value of potential. It is necessary to know the crack aspect ratio in order to uniquely
determine crack depth.

Crack aspect ratio depends on the material, specimen, and crack geometry, environment,
and in some cases on stress level. Figure 15 shows such behavior for small surface cracks
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FIG. 15— Micrographs showing fatigue crack shapes in specimens containing: (a) and (€) chord shaped
surface, (b) through thickness edge, (c) semicircular surface, and (d) constant radius corner initiation
micronotches.

initiated from (a) chord, (b) edge, (c) surface semicircular, and (d) corner micronotches.
For these cases, cracks tend to grow from high c¢/a aspect ratios to nearly semicircular shapes.
The example in Fig. 15¢ shows that irregular crack shapes can sometimes develop, partic-
ularly for near-threshold FCP where da/dN varies strongly with AK and AK varies with
position about the crack perimeter. Environment can also cause novel crack shapes, as
discussed elsewhere [14]. If the crack shape is well behaved, then dcEPD method is quan-
titatively accurate. Fortunately, aspect ratio is predictable for a large number of micronotch
geometries.

The single-edge crack typically grows uniformly with the crack front parallel to the ini-
tiating notch [22]. The shape of the fatigue crack emanating from the chord micronotch in
a round specimen is predictably shaped. Qualitative examples are shown in Figs. 15z and
e. Figure 16 shows the change in surface crack length for a 100-pm-deep by 1.42-mm-long
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chord defect in a 5.1-mm-diameter axisymmetric test specimen for a variety of materials.
The crack does not grow along the surface until the depth increases by 0.39 mm, after which
the crack grew in both the depth and surface directions.

Cracks, initiated at semicircular surface or corner notches, grow with a constant aspect
ratio because stress intensity is nearly constant at all crack perimeter locations. Larsen
reported that naturally initiated cracks in titanium-aluminum alloys maintain a c/a ratio of
approximately 0.9 [43]. Van Stone et al. showed that the c/a ratio of semicircular notch
(c./a, = 1.0) nucleated surface cracks in nickel-base superalloys moderately decreases with
increasing crack length, according to an empirical relationship [15,16]

¢c=c, + Aya — a,) + As(a® — a?) 8)

Least squares analyses summarized in Table 4 establish the values for A,, A,, and A;. The
magnitude of the aspect ratio decrease depends on the applied stress level, as shown in
Table 4 [16]. Heubaum reported that quarter-circle corner notch nucleated fatigue cracks
in an HSLA steel grew with c/a equal to 1.0 [2]].

The influence of changing crack shape is combined with the analytical potential solution
in one of two ways. The crack shape can be assumed to evolve by a specific empirical
relationship, similar to that shown in Fig. 16 for the chord defect. This relationship must
accurately apply over a wide range of experimental conditions. An alternate approach is to
monitor the change in crack shape at several times during each test, using a technique such
as heat tinting [16]. These data can be used to develop a crack shape relationship and to
analyze the results of that test. This technique is more applicable to situations where the
crack shape is sensitive to the experimental conditions being evaluated such as stress level,
temperature, environment, residual stress, or stress gradient.

In order to determine crack shape, Coffin and coworkers employed multiple pairs of
potential probes bracketing a surface notch [35]. The voltage output from each probe pair
was simultaneously analyzed by the model in the Appendix to yield a best fit for crack depth
and surface length. This method was only applied to large (10 to 30 mm) surface notches.
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TABLE 4—Summary of René 95 K,, specimen experiments.

Specimen

Parameters 2 3 4 5 Ag
Maximum Stress, ksi 100.0 120.0 100.0 100.0 150.0
a, 0.0042 0.0043 0.0041 0.0041 0.0030
c, 0.0040 0.0040 0.0040 0.0041 0.0030
a, 0.0375 0.0515 0.0747 0.0638 0.0930
¢ 0.0383 0.0473 0.0725 0.0615 0.0705
clag 1.02 0.92 0.97 0.96 0.76

Number of Heat Tints
3 3 3 4 2

A,, in. —0.001006 —0.000695 —0.000467 —0.000370 —0.000711
A,, in./in, 1.210076 1.112276 1.096120 1.099421 1.087968
A,, lin. —4.319042 —3.508373 —1.589179 —2.220452 —3.465136
Correlation coefficient 1.00000 0.99940 0.99997 0.99461 1.00000

NOTE: a,, c,, a5, and ¢, are in units of inches. 1 ksi = 6.89 MPa; 1 in. = 25.4 mm.

Ultra-fine probes, perhaps on the order of 20 um diameter, and precision low power spot
welding are required to array multiple probes along a 500 pm long surface flaw. Multiple
probing of 50-pm-size flaws is probably not possible.

Quantitative Crack Growth Rate-Stress Intensity Range Data

Gangloff demonstrated the accuracy of the dcEPD method for physically short cracks by
determining da/dN versus AK for a high strength martensitic steel [37]. FCP in this 10Ni
steel was previously characterized by ASTM round-robin experiments with standardized
long crack compact tension specimens [44]. Surface chord cracks, 100 um deep and 1.5 mm
long, were employed for the short crack study. From work on the small crack problem,
equal fatigue crack growth rates were expected for equal applied AK for the short chord
and compact tension cracks. Applied maximum stresses were less than the monotonic yield
strength (o, Was between 0.3 and 0.8 of ¢.,), the crack tip plastic zone at K,_,, was small
compared to crack length (between 0.11 and 0.01 of a), and the chord crack length was
always large compared to the 15-pm grain size and the Topper length parameter for the
10Ni steel.

DaldN — AK data in Fig. 17 confirm that electrical potential monitoring of short surface
elliptical cracks in 10Ni steel provides identical crack growth kinetics compared to the
extensive compact tension data reported in the ASTM round-robin program [44]. Each of
the five short crack experiments was conducted at a different constant applied load range
[31]. Surface crack depth was measured as a function of load cycles by the dcEPD method,
and the aspect ratio was empirically defined by the data in Fig. 16. Da/dN — AK were
calculated by an incremental polynomial method and the appropriate stress intensity solution
[31]. Excellent agreement is observed between the results of the five short crack experiments
(symbols) compared to the compact tension data base (solid lines with = 1 standard deviation
of da/dN). Even better agreement is achieved if the short crack data in Fig. 17 are calculated
based on a plastic zone correction of crack length.
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the same steel, produced by an ASTM round robin program [44].

Applications of dcEPD Monitoring to Small/Short Fatigue Crack Problems
Programmed Stress Intensity Control for Small/Short Cracks

The dcEPD method provides the important capability to study the growth of small and
short cracks under programmed stress intensity. For example, if crack length nonlinearly
increases with loading cycles for constant applied AK, then calculated stress intensity is not
governing crack growth. Continuously recorded crack length data from dcEPD experiments
will indicate crack size dependent wake closure contact, crack environment chemistry, or
crack tip-microstructure interaction mechanisms.

Heubaum, and later Piascik and Gangloff, conducted computer controlled constant and
decreasing AK experiments with short cracks monitored by the dcEPD method [21,22].
Programmed AK was maintained by continuous load adjustments based on dcEPD crack
length input to a computerized servohydraulic test machine. This approach follows from
automated experiments with long cracks in standard fracture mechanics specimens, where
the rate of change of K with crack length C is selected to guarantee a constantly increasing
or decreasing plastic zone size, Eq 7 [40,41]. (Also see the ASTM Test Method for Measure-
ment of Fatigue Crack Growth Rates [E 647].) If the small/short crack stress intensity solution
is complex, a predetermined table of AK/AP as a function of crack length may be employed
in a real-time *“lookup” mode. (AP is applied load range.)
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Heubaum and coworkers conducted constant AK (C = 0) and decreasing AK (C < 0)
FCP experiments at constant stress ratio with well characterized 10Ni steel [21,39]. Figure
18 provides an example of dcEPD measurements of the growth of a short through thickness
edge crack from a 125-pm-long micronotch in the 10Ni steel, under constant AK (6.4
MPa - m*?) and R (0.10) loading. After an initial number of load cycles for crack formation
at the root of the 25-um-radius micronotch, crack length linearly increases with load cycles,
as expected based on AK similitude for this steel. The resolution of the dcEPD measurements
in Fig. 18 is better than 4 wm. Figure 19 contains the results of 16 constant AK and R
experiments with the 10Ni steel. Both through thickness edge cracks, sized between 125
and 1500 wm, and short corner cracks between 125 and 1000 um long were successfully
monitored and grown under constant AK. Each data point, resulting from linear regression
analysis of crack length versus cycles data (for example, Fig. 18), is in good agreement with
the extensive long crack database for this 10Ni steel, as represented by the line in Fig. 19
and replotted from Fig. 17. Similar good agreement was observed between the results of a
short crack decreasing AK experiment (AK decreased from 15 to 9 MPa - m*? at R = 0.10
as the edge crack grew from 1.9 to 2.2 mm) and the long crack trend line. While this crack
length was greater than 1 mm, experience with the 10Ni steel indicates that decreasing AK
experiments can be conducted with short cracks sized between 50 and 1000 pwm.

Piascik and coworkers employed constant AK and constant K,,,,, methods for both small
and short cracks, 300 wm to 4000 wm long, in aluminum alloys [22,26,32]. The growth of
an edge crack in Al-Li-Cu alloy 2090, from 300 to 4400 um at constant AK and R (2.9
MPa - m*2 at R = 0.75), is illustrated by over 200 data points in Fig. 20. Figure 21 contains
a similar result for a smaller semicircular surface crack also in alloy 2090 [32]. The semicircular
fatigue crack grew from 100 to 310 wm under four constant AK segments, each at a constant
high K_ ., and hence at R above 0.65. Piascik reported similar results for constant K,
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FIG. 18—Short crack length versus load cycles for a through thickness edge crack in 10N steel (o, =
1300 MPa) under computer controlled constant AK and R [39]. Note the demarkation between fatigue
crack formation at the notch root and steady state crack growth.
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10Ni steel [21). The solid line represents extensive compact tension data for this steel, replotted from Fig.
17 [44].

experiments with edge cracks in several aluminum alloys [22]. Linear crack growth indicates
that AK governed fatigue for each case, as amplified in an ensuing section. There is no
evidence of delay retardation after any AK decrease in Fig. 21, consistent with constant
K. loading. Ciritically, note the excellent resolution of the dcEPD measurements, as in-
dicated by the insert in Fig. 20 and the data in Fig. 21. Aluminum alloys provide a particular
challenge to the dcEPD method because of low resistivity, and hence low voltage for a given
crack size, and because of problems in resistance welding fine probe wires to aluminum.

Microstructurally Small Crack Monitoring by dcEPD

The lower limit on the size of the fatigue crack that can be accurately monitored by dcEPD
depends on material and temperature (resistivity), probe location, probe attachment stress
concentration, and the electrical noise characteristics of the amplifier and laboratory sur-
roundings. Semicircular cracks, of radius as low as 75 pm and 100 wm long through thickness
edge cracks, have been accurately monitored. Whether such cracks are microstructurally
small depends on grain size. The successes to date indicate opportunities for applications
of improved dcEPD methods to naturally and artificially nucleated microstructurally small
fatigue cracks.

Ni-based Superalloys— Work with nickel-based superalloys provided the first demonstra-
tion of dcEPD monitoring of physically small three-dimensional fatigue cracks between 23°C
and 750°C. This system is ideal because of the high electrical resistivity of nickel alloys.
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FIG. 20— DcEPD measured a(N) for a short edge crack growing in the LS orientation in alloy 2090
for constant AK and R loading in aqueous NaCl. Arrows indicate the positions of single high angle grain
boundaries (after Piascik [22]).

Owing to the small (5 to 50 pwm) grain size of such alloys, microstructurally small cracks
have not been examined by the dcEPD method.

An initial study of fatigue cracking from 75 wm deep and 200 pm surface length EDM
defects (380-pm probe half-height) in 40-pm grain size Ren¢ 95 at 538°C demonstrated that
growing crack depth is accurately monitored [13]. A crack advance of 240 pm produced a
2% increase in notch potential. Van Stone and coworkers extensively investigated short
semicircular surface cracks in nickel-based superalloys [15,42]. Specimens with 50-um-deep
semicircular micronotches failed at the probe attachment points, which were marked by
shallow EDM dimples to facilitate spot welding. Experiments with 100-um-deep notches
were successful, as indicated by the data in Fig. 144 and Table 3. For the probe spacings
employed (either 250-pum or 380-pwm half-height), 75-um fatigue crack extension corre-
sponded to a 2% increase in notch potential. Given the 0.05% resolution and long-term
stability of the electrical potential signal, crack growth ahead of the 100-um notch tip was
monitored with 1- to 2-um sensitivity for prolonged loading times.

Van Stone and coworkers investigated wrought and powder metallurgy superalloys in-
cluding IN718 and René 95 with 20- to 50-pm grain sizes [15,16,28,42]. This case does not
represent a microstructurally small crack because the 100- to 1000-pm semicircular fatigue
crack intersected several grains. Accordingly, crack growth rates correlated with AK, and
crack interactions with grain boundaries were not observed [45]. These studies indicate,
however, that improved instrumentation, artificial or natural defecting, and probe attach-
ment techniques can be developed for dcEPD monitoring of semicircular cracks sized on
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FIG. 21—DcEPD measured a(N) for a 100- to 400-um semicircular surface crack (LS orientation)
in aluminum alloy 2090 (S grain size = 110 pm), loaded at several constant AK constant K .., (R >

0.65) in moist air (after Coppin [32]).

the order of 25 pwm in superalloys. An alternate approach is to monitor the growth of 50-
to 500-p.m semicircular cracks in single large grains or in superalloy single crystals.

C-Mn Steel—Heubaum employed the dcEPD method to monitor the growth of micro-
structurally small fatigue cracks in a tempered martensitic steel [21]. Semicircular corner
notches, 75 to 100 pm deep, were electrospark discharge machined in single 600-pm-diameter
grains of quenched and tempered C-Mn A537 steel (Fig. 8) that was austenitized at a high
temperature for grain growth. Stress intensity range was maintained constant by computer
control of AP with increasing crack length. Typical crack length versus load cycles data are
presented in Fig. 22. The continuous decrease in da/dN at constant AK is associated with
the development of crack wake closure. Based on these and other data, the crack depth
resolution of the potential measurement was better than =2 pm. The results in Fig. 22
establish that the dcEPD method can characterize the growth of small cracks within single
grains and sized on the order of 100 to 500 wm in steels.

Heubaum examined several important issues associated with the data in Fig. 22. Corner
cracks were located in single lath martensite packets so as to vary the angle between the
notch plane (perpendicular to the applied Mode I load) and lath martensite interfaces [21].
Specimens were loaded at constant AK and R (7.7 MPa - m'? and 0.05) in moist air. For
notch plane-lath angles between 0° and 65°, the small fatigue crack propagated parallel to
(and probably within) the interface between two martensite laths within a single packet.
The crack plane reverted to a Mode I normal orientation for notch-lath angles in excess of
65°. (The data in Fig. 22 are for a fatigue crack oriented at an angle of 36° to the martensite
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FIG. 22—DcEPD measured crack length versus load cycles for a microstructurally small 75-um-deep
corner micronotch nucleated fatigue crack in a single 600-pm grain of martensitic A537 steel. Load range
was continually adjusted to maintain constant AK (7.7 MPa - m'?) and R (0.05) (after Heubaum [21]).

interfaces.) Heubaum employed a mixed mode analysis of AK to successfully explain the
observation that da/dN, under constant applied Mode I AK, decreased by a factor of 2.3
with increasing crack-lath angle.* On this basis excellent agreement was observed between
da/dN for lath interface (small) cracks in single martensite packets and the simple Mode I
growth of short cracks in a fine grain size microstructure of the same AS537 steel. It is
remarkable that equal crack growth rates are observed for small interlath and long translath
fatigue cracks.

Heubaum observed that lath interface cracking only occurred in moist air [21]. Experi-
ments with small fatigue cracks in single grains of A537 steel, grown in ultra high vacuum,
established that crack propagation was always translath and along a plane normal to the
applied load (Mode I), independent of the notch-lath interface angle. Vacuum crack growth
rates were always less than values typical of fatigue in moist air. These results were obtained
because of the compatibility of the dcEPD method with FCP experiments in vacuum.

Replication studies on microstructurally small fatigue cracks in titanium and aluminum
alloys typically indicate that surface growth in rapid in a single grain, but is retarded or
halted by crack intersection with a high angle grain boundary [6,8,46]. In limited beach-
marking studies, crack shape has been shown to be reasonably constant, with growth locally
retarded when the three-dimensional crack front intersects a grain boundary [47]. The
electrical potential method is applicable to studies of small crack-boundary interactions. In
experiments of the type represented in Fig. 22, Heubaum observed no indication of growth
retardation or arrest when the interlath crack intersected a grain boundary in large grain
size A537 steel [2]]. Substantial changes in martensite interface orientation across packet
or prior austenite grain boundaries had no significant effect on FCP. On average, cracking
progressed along the interface in the next grain, at a rate dictated only by the appropriate
mixed mode AK level.

An alternate example is presented in Fig. 23. A corner fatigue crack in 200-pm-grain size
steel is retarded (200% reduction in da/dN) as it crosses the first grain boundary in front
of the notch tip, as observed on the corner surfaces (arrow), and changes orientation from
laths that are normal to the applied load to inclined interfaces [21]. Crack deflection was

“The electrical potential model in the Appendix is not strictly applicable to a crack growing out of
the plane of the notch. None-the-less, surface measured and dcEPD predicted corner crack lengths
differed by less than +10%, indicating that the simple analysis is accurate [2].



GANGLOFF ET AL. ON ELECTRICAL POTENTIAL MEASUREMENTS 151

0.6 — —r——————T e
| HIFORM 70 STEEL G.S.=0.2mm
R=0.5 SHz
Air 297K
0.5 | Corner Notch <
AK = 6.0MPa Ym

04

CRACK LENGTH (mm)

0z | -7 3

0 Lauiuaus Laasaseaas Laaeaaaaas Las o aasaag 1
0.0 100.0 200.0 300.0 400.0

CYCLES (x1000)
FIG. 23—DcEPD measured a(N) for a small corner crack in a single 200-um-diameter grain in
martensitic A537 steel at constant applied Mode I AK (6.0 MPa - m"?) and R (0.5) (after Heubaum
[21)).

boundaries can locally arrest FCP, but the more general increase in fatigue crack area is
not substantially affected by grain boundary-crack interactions at single points [21]. Retar-
dation may be more pronounced if a significant portion of the crack front intersects a grain
boundary.

Aluminum Alloys—The dcEPD method was successfully applied to measure the growth
of microstructurally small fatigue cracks in aluminum alloys, with better than 3-jum resolution
[22]. Good long-term stability enabled near-threshold growth rate measurements in con-
trolled gaseous and aqueous environments.

Two small crack geometries, nucleated at micronotches and ranging in depth from 100
pm to 5 mm, were employed to study the effect of microstructure and grain boundaries on
intrinsic fatigue crack growth [22]. For highly textured unrecrystallized aluminum alloy 2090
(Al-Li-Cu-Zr) plate, dcEPD crack length measurements are presented in Figs. 20 [22] and
21 [32] for growth from either a through thickness 300-um-long single-edge notch and or a
100-wm-deep semicircular defect, respectively. Specimens were loaded at constant applied
AK. Given the LS orientation, each growing fatigue crack is essentially contained within a
single high angle grain (L grain size = 10 to 20 mm, T grain size = 3.3 mm, and S grain
size = 110 pm). These fatigue cracks encounter grain boundaries with propagation in the
through thickness direction S every 100 to 300 pm. The excellent 3 wm resolution of the
dcEPD method is evident in Figs. 20 and 21.

The SE(T) data in Fig. 20 indicate a constant rate of fatigue crack advance, with no
resolvable effect of high angle boundaries (noted by arrows) for 2090 in aqueous NaCl.
Similar results were observed for edge cracks in this alloy in moist air [22]. A different result
was obtained for the semicircular flaw in 2090, loaded at four constant AK levels in moist
air (Fig. 21). The crack grew from 100 to 310 pm, across a high angle grain boundary during
the initial two high constant AK segments, with no resolvable retardation. At the lowest
AK (1.4 MPa - m'?) the crack grew at an essentially constant rate, but was slowed by a
grain boundary. The shape of the crack indicates that growth continued as the leading point
of the perimeter was arrested at the grain boundary. The boundary altered crack shape, but
did not generally arrest cracking, as would be inferred from surface optical measurements.
DcEPD measurements indicate the increase in crack area; however, calculated crack lengths
for the last segment in Fig. 21 are not precise because of the change in crack shape. The
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not sufficient to explain this change in da/dN based on mixed mode AK; rather roughness
induced crack closure was important. Experiments with C-Mn steels indicate that grain
contributions of AK level, crack shape, and grain microstructure/crystallographic orientation
to the different crack-boundary interactions indicated in Figs. 20 and 21 are not understood.

DcEPD based-crack growth rate data for small and short cracks in Al-Li-Cu alloys in
moist air do not indicate the rapid growth of microstructurally small cracks. Figure 24 contains
da/dN data from dcEPD measurements during constant AK and K,,..-high R loading of alloy
2090 [22,26,32]. Each dcEPD based data point represents the least squares fit of a large
sampling of a(N) data at constant AK (for example, Figs. 20 and 21). Similar intrinsic growth
rates are observed for edge cracks in both multiple grain (LT with 20 to 30 grains along the
crack front) and single grain (LS) orientations, and for the semicircular flaw (LS). For AK
levels above an apparent threshold of 1.4 to 1.6 MPa - m'?, dcEPD results are in good
agreement with standard compact tensile data [22], and with the results of a replication
study of cracks initiated at surface constituent particles in alloy 2090 [48]. Coppin obtained
identical results for unrecrystallized, textured aluminum-lithium alloy 2091 [32]. Other than
the crack arrest indicated in Fig. 21, the data in Fig. 24 suggest that high angle grain
boundaries have little effect on closure-free FCP in textured aluminum alloys.

Electrical potential and replication based crack growth rates differ for the near threshold
regime of FCP. Edge and semicircular notch nucleated cracks in alloys 2090 and 2091 did
not grow at AK levels below about 1.4 MPa - m"? at any stress ratio [22,32]. In contrast
replication based growth rates for inclusion nucleated fatigue cracks are finite at AK levels
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by replication and dcEPD, and through thickness multiple (LT) and single (LS) grain edge cracks of
length = 3 mm (dcEPD monitored) (after Piascik [22]).



GANGLOFF ET AL. ON ELECTRICAL POTENTIAL MEASUREMENTS 153

well below 1.4 MPa - m'?2 [8,46,48,49]. This “‘small crack effect” is not evident from electrical
potential results, despite the fact that the latter dealt with microstructurally small cracks in
single grains of alloy 2090. Accelerated da/dN associated with small surface cracks, <10 wm
in depth and initiated at surface constituents, may be due to residual stress or notch effects
produced by the inclusion, or to an artifact of surface crack length measurement. Compar-
ative studies involving dcEPD, surface replication and perhaps interferometric displacement
measurements are required to resolve the inconsistency illustrated in Fig. 24.

Small/Short Crack-Environment Interactions

DcEPD monitoring of cracking from artificial micronotches is particularly effective for
studies of smal¥/short FCP kinetics for alloys in aggressive environments. Results identified
novel chemical crack size effects [7], and the unique high resolution and constant AK
capabilities of the method yielded new understanding of corrosion fatigue [50].

High Strength Steels in Aqueous Chloride: The Chemical Crack Size Effect— Gangloff
demonstrated that physically short fatigue cracks grow at unpredictably fast rates in aqueous
chloride environments because of a so-called “chemical crack size effect” [7]. da/dN — AK
data are presented in Fig. 25 for high-strength tempered martensitic 4130 steel in aqueous
3% NaCl [25]. Experiments with 100- to 1000 wm-deep surface chord cracks, 100 to 3000
pm long through thickness edge cracks and 25 to 40 mm long compact tension specimen
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FIG. 25— The effect of crack size and shape on corrosion fatigue crack propagation kinetics in a high
strength steel in aqueous NaCl (after Gangloff [25]).
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cracks, demonstrate that applied AK uniquely correlates da/dN, independent of crack size
and applied stress range, but only for FCP in vacuum or moist air. Crack growth in NaCl
is not described by AK. While compact tension results indicate the deleterious environmental
effect compared to FCP in vacuum, the short chord and edge flaws grow at substantially
higher corrosion fatigue crack growth rates. Furthermore, da/dN for the short cracks de-
creases with increasing applied stress at constant AK. Long cracks at all AK and short cracks
at high stresses grow by a transgranular mechanism, while rapid short crack growth is
intergranular.

The results in Fig. 25 are interpreted in terms of crack size and opening shape dependent
changes in the local chemistry of the occluded fatigue crack [7,25]. For steels in chloride,
increased levels of embrittling hydrogen are produced at the tips of small and short cracks
because of a complex interplay between convective mixing, ionic diffusion, and surface
electrochemical reactions [51,52]. Stress intensity based similitude does not describe this
effect. The environment within cracks sized above about 5 mm is essentially constant with
varying length and opening; AK similitude is obeyed in long crack corrosion fatigue [50].

Chemical crack size effects have not been broadly reported for other material-environment
systems. The effect indicated in Fig. 25 is observed for a range of ferritic and martensitic
C-Mn and alloy steels, however, the magnitude of the growth rate increase for short cracks
decreases with decreasing steel yield strength [7]. Additional studies of crack size effects in
corrosion fatigue are required [50]. The DcEPD method provides an effective method for
such work.

DcEPD Monitoring of Aluminum Alloys in Gases and Electrolytes— The dcEPD method
was successfully applied to measure the growth of small and short fatigue cracks in aluminum
alloys stressed in controlled gaseous and aqueous environments [22,26,27,53]. The through
thickness edge crack geometry was employed, with crack lengths between 350 pm and 5
mm. This work exploited the capabilities of the dcEPD method for 3-pm or better average
crack length resolution, long-term stability for near-threshold cracking, environmental com-
patibility, and constant AK loading to resolve the effects of environment chemistry and
loading frequency changes. Environmental effects were quantified in short increments of
crack growth (<250 pm) at constant AK, and small changes in @ versus N behavior were
resolved. Intrinsic crack closure free growth rates were measured by coupling short edge
cracks, and accordingly limited wakes, with fracture mechanics based constant AK/K,,,,,
high R experiments.

Shown in Fig. 26 are the results of dcEPD short crack (SE(T)) experiments performed
on alloy 2090 in several aqueous NaCl environments [22,26,27]. Data for cracking in moist
air are replotted from Fig. 24. For all SE(T) experiments at R above 0.05, K, was main-
tained constant at 17 MPa - m'?. Saltwater experiments were conducted in flowing deaerated
1% NaCl solution at 23°C, contained in an O-ring sealed plexiglass chamber, and with
applied polarization of either —840 mV, . (anodic) or —1240 mV,,, (cathodic). The effects
of various gaseous environments (dynamic vacuum, helium, oxygen, and water vapor) on
intrinsic small/short crack propagation kinetics were characterized by similar experiments
[53]. Purified gas experiments were performed in a stainless steel ultra high vacuum chamber.

The data in Fig. 26 demonstrate that the dcEPD method successfully monitors the growth
of small/short fatigue cracks in aluminum alloys immersed in aggressive environments. Spot
welded probe connections were not corroded during 1- to 10-day experiments. These ex-
periments indicate the lack of a chemical crack size effect in the aluminum/NaCl system, in
contrast to the behavior of steels (for example, Fig. 25). Stress intensity range accurately
describes the growth rates of short edge cracks and long compact tension cracks in 2090 and
7075 aluminum alloys exposed to aqueous NaCl [22,26,27]. From the corrosion fatigue
perspective, the data in Fig. 26 indicate the good environmental cracking resistance of the
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FIG. 26— The FCP behavior of Al-Li-Cu alloy 2090 in aqueous 1% NaCl at constant anodic (—0.840
Vscg) and cathodic (—1.240 Vcg) potentials, in 1% NaCl + 0.4% Li,CO; (—0.840 Vscg), in moist
air, and in helium environments; and of alloy 7075 in aqueous 1% NaCl at constant anodic (—0.840
Vsce) potential (after Piascik and Gangloff [22,26,27)).

advanced Al-Li-Cu alloy, compared to 7000 series alloys and similar to the behavior of
alloys such as 2024. Increased near threshold da/dN in water vapor containing gases and
aqueous NaCl is thought to be due to hydrogen embrittlement [22,26]. The time required
for these corrosion fatigue experiments was substantially reduced because of the high res-
olution and small crack growth increments typical of small/short crack measurements by the
dcEPD method.

Several problems must be dealt with when employing the dcEPD method to characterize
environmental FCP in aluminum alloys. Electrical resistance is low and voltages are relatively
small (Table 2). Specimen heating in vacuum results from applied direct current of 5 to 10
Aj; temperature must be monitored by a thermocouple attached directly to the specimen
and is controlled by limiting the current and testing time [22,53]. Heat is dissipated by
helium, oxygen, and water vapor. Crack length measurement errors, associated with fracture
surface shorting in vacuum, helium, and NaCl, are minimized by measuring voltages at
maximum tensile loads and by high R loading.

The applied direct current, necessary for dcEPD monitoring, does not influence fatigue
crack growth rates for aluminum alloys and steels in NaCl. Experiments were performed
using alloy 2090 micronotched SE(T) specimens, fully immersed in deaerated 1% NaCl at
—0.840 Vgce [22]. At a constant AK of 1.6 MPa - m'? and an applied direct current of 14
A (6 X 10° A/m?), a constant fatigue crack growth rate of 1.5 X 10~% mm/cycle was obtained
for crack depths ranging from 0.70 to 0.89 mm (Fig. 27). The potential difference current
was eliminated for 155 000 load cycles; continued cycling produced a crack depth increase
from 0.89 to 1.13 mm as noted in Fig. 27. During this period, load was maintained constant,
but AK only mildly increased with crack length. The average “measured” da/dN (Aa/AN)
for alloy 2090 with no applied electrical current was 2.0 X 10~ mm/cycles. Considering the
small increase in AKX, this rate is consistent with the growth behavior indicated by the data
in Fig. 26, which were obtained with an applied current. The experiment was continued at
1.13 mm (Fig. 27), the DC current of 14 A was reapplied, and AK was immediately adjusted
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FIG. 27— The lack of an effect of the applied dcEPD current on fatigue crack growth in alloy 2090
in an aqueous NaCl environment (after Piascik [22]).

to the initial constant level of 1.6 MPa - m'2. Little difference in da/dN, 1.5 X 10-¢ and
1.6 x 10~% mm/cycle, is observed for the initial and final crack length intervals, suggesting
that no chemical history effects are present. Crack tip environment was not altered by
eliminating the electrical current.

Results clearly show that aluminum alloy corrosion fatigue crack growth rates are not
altered by an applied direct current. A similar result was reported for a steel in NaCl [25].
In both cases dcEPD current switching has no effect on measured anodic or cathodic elec-
trochemical currents for constant working electrode potential. To date, there have been no
reports of an applied direct current for dcEPD monitoring affecting fatigue crack growth
rates. Presumably, the applied current only passes through the low resistivity metal and
does not enter the higher current path associated with the electrolyte in the fatigue crack.

Corrosion Fatigue at Ultra Low Loading Frequencies— A particularly important aspect
of the dcEPD method for small/short crack monitoring is the capability to resolve environ-
ment sensitive da/dN at extremely slow loading frequencies. Low frequency loading enhances
rates of FCP for aggressive environments, however, data are limited because of the prolonged
times required for conventional experiments with long crack fracture mechanics specimens
[50].

Crack length data in Fig. 28 indicate the effectiveness of the dcEPD method [39]. A short
edge crack in a C-Mn steel exposed to aqueous NaCl is propagated at constant AK and R
(23 MPa - m'? and 0.1) at an ultra low loading frequency of 2.4 x 10-* Hz. Crack length
increased by 100 wm, at a constant rate of 4.9 x 10-* mm/cycle, during 200 loading cycles
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FIG. 28— DcEPD measured a(N) for a short edge crack in a C-Mn steel in NaCl and subjected to
very slow frequency loading (0.00024 Hz) at constant AK, R, and electrode potential.

over a period of 9.6 days. The resolution and stability of the dcEPD measurements are
obvious, and the crack growth rate is quantitatively defined. The results in Fig. 28 were
obtained with a relatively long crack, however, similar data have been obtained for cracks
sized below 1000 pm [39]. Since crack growth increments of 25 to 100 wm are readily defined
by dcEPD monitoring, the number of cycles and time required for the da/dN determination
are reduced.

Van Stone and coworkers employed dcEPD monitoring of short (250 pm to 1.5 mm)
through thickness edge cracks to measure near-threshold growth rates at very low loading
frequencies [54]. For Rene 95 at 593 and 649°C, growth rates between 2 X 10~8and 1 x
1073 mm/cycle were measured for 20 cycles per minute (cpm) continuous cycling. FCP rates
as low as 8 X 10-% and 8 x 107 mm/cycle were obtained with 30 and 300 s K., hold
periods, respectively. Similar results were previously reported by Gangloff, as summarized
in Fig. 29 [14]. Here, a surface chord notch nucleated fatigue crack propagated from 100
to 750 wm at constant applied load (increasing AK), during either continuous load cycling
at 0.1 Hz or with a 15-min hold period at K,,,,. This latter case required loading for 7.8
days. The dcEPD method provided a stable and high resolution output of crack length
throughout each experiment and in spite of the fact that the René 95 specimen was RF
heated to 538°C.

Effect of Environment Chemistry—DcEPD monitoring is well suited to define crack
growth rates associated with changes in the surrounding chemical environment. The use of
constant AK and small/short crack methods enhances this capability for both steady state
and transient cracking cases.

DcEPD based chord crack depth data in Fig. 30 demonstrate the effect of applied cathodic
polarization on corrosion fatigue crack initiation at the micronotch root and on subsequent
short crack propagation for high-strength 4130 steel in 3% NaCl [55]. With crack initiation
and early growth operationally defined as the load cycles required for 125 um of crack
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FIG. 29— DcEPD measured crack lengths for chord micronotch nucleated fatigue cracks in cast and
wrought René 95, RF heated to 538°C, under constant applied load range cycling at either 0.1 Hz or with
a prolonged hold period at X,,,, (after Gangloff [14]).
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FIG. 30— DcEPD measured a(N) for high strength steel in NaCl, under free corrosion or applied
cathodic polarization (after Gangloff [55]).

growth ahead of the 125-pm-deep chord notch, applied cathodic potential retards the del-
eterious environmental effect. (The crack initiation life in moist air is about 4000 cycles at
this applied “AK” level.) Crack growth rates are enhanced by cathodic polarization. Data
of the sort presented in Fig. 30 are relevant to the use of cathodic protection on marine
structures.
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Near-threshold fatigue crack growth transients, resulting from changes in bulk and crack
environment chemistry, were resolved by the dcEPD method for aluminum alloys in NaCl
[22,26,27]. Short edge cracks, between 350 and 5 mm deep, were grown at constant AK and
high R. Such experiments, involving changes in applied electrode potential, lithium carbonate
(Li,CO;) additions and varying loading frequency, demonstrated that chemical conditions
favoring crack surface film formation retarded crack growth rates at constant AK because
of reduced hydrogen production and uptake efficiency [22,26].

Two studies employed dcEPD monitoring of short cracks to investigate the effect of
gaseous environment chemistry on fatigue crack propagation in steels. Data in Fig. 31 were
obtained with constant AK and R (8.2 MPa - m"? and 0.05) loading of short corner cracks
(400 to 1100 pm deep) in fine grain size (20 pm) martensitic A537 steel exposed to various
gas environments [2]]. Initial cracking in purified H, occurred at a constant rate of twice
that observed for vacuum. The gas within the vacuum test chamber was then sequentially
changed from H, to moist air to pure oxygen to pure water vapor to O, + H,O. Faster
crack growth rates were observed relative to H,, with each environment similarly enhancing
da/dN. These data indicate that both the oxygen and water vapor constituents of moist air
increase rates of FCP. While hydrogen embrittlement is typically invoked to explain the
effect of water vapor on FCP in steels, surface oxide effects are also suggested by these
data [50]. A similar study demonstrated the important effects of hydrocarbon molecules,
such as ethylene, in inhibiting the otherwise strong gaseous hydrogen embrittlement of steel
[30]. The dcEPD/constant AK/short crack method is equally effective in characterizing the
effect of aqueous environment chemistry changes; for example, the effect of solution oxygen
for chloride corrosion FCP in steel [55].

As a caution, rapid environmental changes (for example, hydrogen to vacuum) or loading
variations (for example, a frequency or R change) may alter the ¢lectric potential because
of thermal effects on specimen resistivity and changes in crack surface electrical conductivity.
Under constant AK control, apparent crack length changes result in applied load changes
and hence varying AK. The importance of these effects depends on the severity of the
environmental change and on specific AK, R, and loading frequency levels. Guidelines,
beyond an awareness of the complication, cannot be given.
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FIG. 31—DcEPD measured cyclic crack length data for A537 steel in various high purity gaseous
environments during constant AK loading of a short corner crack (after Heubaum [21]).
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Applications to Elevated Temperature Gas Turbine Materials

Lankford et al. reported on the importance of microstructurally small fatigue cracks to
the performance of nickel and titanium alloy gas turbine disks [56,57]. Experiments based
on surface replication demonstrated that inclusion nucleated fatigue cracks in alloys, such
as Waspaloy, grow at finite rates, below the apparent long crack threshold AK,,, for both
ambient and elevated temperature cycling [58]. An extrapolation of the Paris power law to
low AK levels reasonably described the growth of such cracks.

The dcEPD method has been routinely used to monitor the growth of short cracks in
nickel and titanium alloys. During the past 12 years, over 2000 specimens have been tested,
as summarized below. This research generally demonstrates that the propagation behavior
of short cracks, sized between 75 pm and 1 mm, is well described by linear elastic fracture
mechanics similitude based on AK; anomalous crack size dependent FCP was not observed
[45].

The dcEPD method has not been applied to microstructurally small cracks, naturally
nucleated at inclusions or pores, and contained within a single grain. Nonetheless, dcEPD
based experiments have provided important insight regarding the fatigue behavior of gas
turbine disk alloys. For example, it was not possible to a priori assume that elastic stress
intensity similitude describes the growth of submillimeter sized fatigue cracks. Additionally,
many of the studies, summarized in the following sections, could not have been conducted
with conventional long crack methods.

Effect of Stress Ratio—Fatigue crack growth rates for extruded and isothermally forged
Rene 95 were measured at 399°C and 0.33 Hz with R ranging from —1.00 to 0.75 [59]. The
on-off dcEPD technique was applied to short surface semicircular and SE(T) through thick-
ness cracks sized between 100 and 1000 wm. This approach provided extensive and highly
reproducible data in a cost efficient manner. Typical growth rate laws were defined by
several 100 da/dN — AK data pairs covering up to five orders of magnitude in da/dN. These
data demonstrated that the influence of stress ratio is accurately treated with a Walker model
[59,60].

Effect of Microstructure—Direct current potential monitoring of short crack growth per-
mits the rapid and automated evaluation of microstructural influences on FCP. The effects
of superalloy grain size and aging condition were studied for wrought Inconel 718 [61,62].
da/dN — AK data were measured in specimens with through thickness edge cracks, sized
between 100 pm and 2 mm, and tested at 428°C. Results for Inconel 718 at elevated
temperatures show that increasing grain size increases AK,, and decreases Paris regime crack
growth rates, and that slip reversibility controls da/dN. Van Stone and Gangloff studied the
effects of powder size and hot isostatic processing conditions on FCP in powder metallurgy
Rene 95, based on experiments with small surface chord cracks [28].

Effect of Temperature— DcEPD monitoring of 100- to 3000-pm-deep through thickness
edge cracks demonstrated that increasing test temperature increases both the fatigue crack
growth threshold and Paris regime crack growth rates for IN 718 [20,59]. There is almost a
factor of two increase in AK,, with increasing temperature from 149 to 538°C. Experiments
at high and low R suggested that differences in the threshold were not caused by oxide
induced closure and may result from creep-induced stress relaxation in the vicinity of the
crack tip [59). Experiments at 149°C are an excellent illustration of the long-term stability
of the on-off dcEPD monitoring system [59]. A typical experiment was conducted at a
constant frequency of 0.33 Hz and lasted six weeks; no difficulties were encountered. The
test was terminated because an additional six weeks was required to reduce AK by only 0.5
MPa - m'2. Such data are not obtainable, in a reasonable time, with conventional long crack
methods.
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Creep-Fatigue-Environment Interactions—It is well known that elevated temperature crack
growth in nickel-base superalloys is accelerated by slow load cycling, prolonged hold times
at K, .., and the moist air environment [45]. The dcEPD technique, applied to short cracks,
is invaluable for studies of such effects. Figure 32 shows da/dN — AK results for 100 to
1000 wm long through thickness edge cracks in Reneé 95, subjected to 0.33 Hz (20 cpm) or
300 s hold time cycles at 649°C in moist air and ultra high vacuum [59]. Note that the hold
time at K, accelerates crack growth rates for both air and vacuum, with particularly rapid
crack growth rates observed for the former environment. These experiments demonstrate
that FCP is governed by a complex interaction between creep, fatigue, and environment
[20,59]. The dcEPD method is well suited to monitor the growth of fatigue cracks in vacuum;
no extra space is required in the test chamber, the electrical method is noncontaminating,
and artifacts and delays caused by repeated loading interruptions are avoided. The excellent
resolution of the small crack dcEPD technique enables growth rate measurements for low
frequencies and prolonged hold times, as previously discussed with regard to Fig. 29 [54].
As a caution, crack surface shorting often occurs in vacuum; voltages must be measured at
maximum load, high K., experiments are least prone to errors, and post-test crack length
corrections may be required.

Life Prediction Studies—The dcEPD technique was used to monitor the growth of short
cracks in test specimens, with the objective of verifying the accuracy of fatigue life prediction
methods. Such specimens have stress gradients or are cycled with stress-time histories that
are representative of gas turbine components, or both [45,63,64]. Typical test specimens are
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FIG. 32— Variation of crack growth rates in extruded and isothermally forged René 95 at 649°C with
0.33 Hz and 300 s hold time cycling conditions in laboratory air and high vacuum.
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the surface crack K, bar [65], the double edge notch tensile (DEN or DE(T)) specimen
with a K, value of 1.7 used to evaluate a surface crack growing in a stress gradient [59], and
the “bolt hole” (BH) specimen used to evaluate corner cracks emanating from holes with
the associated stress gradient [64].

The data in Fig. 14 and Table 4 show that the dcEPD solution (Appendix), with final
crack size corrections, accurately established the growth of small cracks under isothermal
conditions. The ability of the three-dimensional solution to predict crack lengths in the
DE(T) and BH specimens is notable because the large notch or hole results in a nonuniform
current density in the location where the small crack grows. The analytical solution is based
on uniform current density.

The growth of cracks in a thermal gradient or during thermal-mechanical fatigue (TMF)
cycling is not explicitly treated in the electrical potential solutions because of the change in
electrical resistance with temperature. A series of displacement controlled Alloy 718 crack
growth tests were performed with SE(T') specimens under nonisothermal conditions in order
to evaluate nonlinear fracture mechanics parameters [66]. These tests were cycled at 0.01
Hz, the current-on potential was measured at the time of maximum displacement, and the
current-off potential was measured one second later. The dcEPD technique predicted most
crack lengths within 15% accuracy, as shown in Table S.

Needs and Future Directions

The limitations of the dcEPD method for small/short crack monitoring, listed in a previous
section, indicate the direction for future research. The most important arena for such work
is that of microstructurally small cracks in small grain size alloys. For artificially nucleated
fatigue cracks, improvements in signal amplification are required for increased signal to
noise sensitivity and faster measurement speed. This later capability is particularly important
when dealing with a load dependent voltage, typical of crack surface shorting, and fre-
quencies above about 0.5 Hz. Improved methods for voltage probe attachment are required
for monitoring of cracks sized below 75 pm. Current methods with indexing dimples and
resistance spot welding produce a crack initiation site that is preferred compared to 50 um
sized EDM micronotches.

Alternate methods for producing small crack nucleating defects are required. Since the
EDM method produces a damaged zone of 2 to 5 wm, this method should be applicable to
producing precisely located 25-m-scale defects. Alternate methods for producing defects,

TABLE 5— Two-dimensional single-edge crack under complex thermal-mechanical fatigue loading.®

Ag,/Aa, Average, Standard Deviation,
Test Type Number of Tests Range Aa,/Aa, Aa,/Aa,
Thermal gradient 5 1.017 to 1.135 1.052 0.047
427-649 IP TMF® 4 1.041 t0 1.173 1.096 0.061
427-649 OP TMF* 3 1.067 to 1.174 1.131 0.056
538-649 IP TMF 5 1.022 to 1.301 1.129 0.124
538-649 OP TMF 6 0.934 to 1.169 1.067 0.079
All 234 0.934 to 1.301 1.095 0.079

“Button Head SE(T) (width = 10.16 mm, thickness = 2.54 mm). Typical ¢, = 300 pm; a, = 7.6
mm.

In phase thermal-mechanical fatigue.

cOut of phase thermal-mechanical fatigue.

4Total number of tests.
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including selective corrosion pitting, hardness indentation, laser heating and identification
of “fatal” inclusions, should be developed. It is likely that the obstacles confronting the
next level of defect size and signal resolution can be overcome.

A particularly challenging application of the dcEPD method is the detection and moni-
toring of small naturally nucleated fatigue cracks, where the crack location is uncertain and
multiple nucleation sites are possible. Halliday and coworkers concluded that the dcEPD
method is not a practical means of monitoring the growth of such small and multiple cracks,
for example, at the root of a notch [67]. The voltage increase with crack growth was small
due to the large distance between probe location and crack initiation site. Additionally,
multiple cracks within an active probe pair confounded the analytical calibration. This work
indicates that line contact potential probes, nucleation specific specimen geometries, or
improved small artificial defects may provide a means to detect the growth of microstruc-
turally small fatigue cracks.

Three applications of the dcEPD method should be exploited. The technique has not been
developed to yield information on crack closure. Better analysis of the origin of the load
dependent potential for electrically conductive crack surfaces could yield improved insight
on crack surface contact. Inferences of crack surface conductivity from measured electrical
potentials could lead to improved mechanistic understanding relative to environmental crack-
ing. Second, the dcEPD method with short surface and edge cracks is ideally suited for
studies of low crack growth rates, at low frequencies, and as influenced by aggressive
environments. To date, this aspect of corrosion fatigue has not been sufficiently studied
because of the prolonged times required for standardized experiments with long cracks.
Finally, fatigue crack initiation and early growth from blunt micronotches or similar defects,
can be quantified by dcEPD measurement. A typical result, with an operational definition
of initiation and early growth, is shown in Fig. 30. Crack initiation life for micronotches of
the sort shown in Fig. 7 were successfully correlated with a fracture mechanics estimate of
local strain range, by AK/Vp, where p is the notch tip radius [74,21]. The use of the dcEPD
approach to study this “small notch” initiation problem should be exploited.

Conclusions

1. The dcEPD method is a proven means to quantitatively and continuously monitor the
growth kinetics of short fatigue cracks sized above 75 pwm, with 1- to 5-wm-average
resolution. The crack initiation site must be predetermined by an artificial defect and
the method is only demonstrated for single Mode I cracks.

2. A closed-form analytical model relates crack size to measured voltage for a variety of
small/short surface elliptical, surface semicircular, corner and through-thickness edge
cracks. The model is confirmed by over 500 experiments that demonstrate less than
+15% difference between model predicted and experimentally measured crack sizes
in the range from 75 to 3000 pwm.

3. The dcEPD method effectively monitors microstructurally small cracks, provided that
the grain size exceeds 200 pm. The method h as not been successfully applied to
monitor the growth of naturally or multiply nucleated small fatigue cracks.

4. While developed for isothermal and isocurrent conditions, the analytical dcEPD model
reasonably predicts crack size for nonuniform current, thermal gradient, and thermal
cycling conditions.

5. The dcEPD/short crack method is interfacable with computer controlled stress intensity
experiments. Crack growth measurements at constant AK or K., provide an effective
means to study a variety of fatigue problems.

6. The dcEPD method provides in-situ monitoring of the growth of small/short cracks in
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vacuum, gaseous, aqueous, and thermal environments. The method accurately meas-
ures low steady state growth rates at slow loading frequencies, or with prolonged hold
periods, and transient crack propagation.

7. A large experience base demonstrates the effectiveness of the dcEPD method for
quantitative studies of stress intensity, microstructure, alloy composition, loading fre-
quency, stress ratio, loading spectra, temperature, and environment chemistry effects
on the propagation kinetics of small and short fatigue cracks.

8. The dcEPD method to monitor small/short crack growth is an extension of the stand-
ardized procedure for long cracks. Operator and maintenance time are minimal, in-
strumentation is inexpensive, and operator judgement is of secondary importance.

9. The limitations of the dcEPD method include the requirement to predetermine and
locally probe the crack nucleation site; errors due to thermal, electrical noise, and
crack surface conduction effects; and the need to define crack shape by an independent
means or multiple voltage probes.
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APPENDIX

Potential Solution for a Three-Dimensional Crack in an Infinite Body

This appendix describes the Roe-Coffin potential solution for a semi-elliptical notch having
depth a, surface length 2c, and height 2b. For the case of a crack, b equals zero. The
potential V can be described as

V1 — k?5sin’O + E(k,0) - 0
tan© )T
V=YV 1
oLy E(k,w/2) — Q (A1)
where
V, = remote potential
E®,,3,) = & (1 — & sin’®)2 dd
0 = tan (V)
O, = tan~1(b/B)
2

ack
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There are two solutions for a, 8, and A dependent on whether the crack aspect ratio is
greater or less than unity. Within these two solutions the value of a varies dependent on
the relative difference between crack dimensions and probe spacing. The probe location is
given by (x = L,,y = 0, z), where z is the dimension by which the probe spacing is displaced
from the centerline.

Forc=za=b

B2 = a? — b?
= - b (A2)
k= 1- pe

If L2 + 22> N2

2
12w L+ 22— ) 4Lz
“‘z[ B +\/< B )+ B’ (43

If L2 + 22 < \2

.= 2L/ ad)
N - L2 -2\ 4L
B B ) e
Fora=c=b
B2 = ¢ — p?
N =g - b (A5)
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If L2 + 22 >
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The only unmeasured parameter in this solution is V. The potentials can be normalized
(V/V,) to eliminate V,,.
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The potential values measured during crack initiation and early growth are affected by
the geometry of a crack initiation notch (b > 0). This complication can be treated using an
algorithm, originally developed by Gangloff [13], with the Roe-Coffin potential solution.
The total potential V is computed from a combination of the notch and crack solutions.

V= Vca + Qo(Vn - Vcn) (A8)

where

V. = potential for a notch with dimensions a, X 2¢, X 2b,,

V.. = potential for a crack with dimensions a X 2c(a = a,, ¢ = ¢,, b = 0),

V.. = potential for a crack with the notch dimensions a, X 2¢, (b = 0), and

Q, = an empirical function that guarantees that V/V,, = 0 for a = a, and that decays
linearly to zero when the crack depth reaches twice the notch depth. That is

Q,

2 ~ ala,) for a,<a=2a,

Q,=0 for a = 2a,
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ABSTRACT: A surface acoustic wave (SAW) technique has been observed to be effective in
the detection of initiation and measurement of growth behavior of surface microcracks during
fatigue cycling. The experimental procedure involving excitation of Rayleigh waves on the
surface of a specimen under investigation is described in detail in conjunction with automated
data acquisition of the reflected echo from a small surface crack. The effectiveness of a split
spectrum processing algorithm to separate specular reflections of isolated cracks from non-
specular reflections of microstructural features is also described. A simplified model for pre-
dicting the relationship between crack size and the amplitude of the reflected echo from a
crack is included along with a description of the technique for measuring opening behavior of
individual cracks in-situ during fatigue cycling. Examples of effective utilization of the SAW
technique in contemporary investigations of small fatigue crack growth behavior are presented.
Finally, the advantages and limitations of the technique are discussed.

KEY WORDS: surface acoustic waves, crack initiation, small crack growth, crack opening
stress, closure, crack opening displacement, fatigue, nondestructive evaluation, residual stress,
laser interferometric technique, nonlinear signal processing, split spectrum processing

In studies of the initiation and growth behavior of fatigue microcracks it is of paramount
importance to detect the existence of the cracks as early as possible during fatigue cycling.
A number of experimental techniques have already proved useful to this end, such as direct
observation with metallographic microscope, inspection of acetate replicas of the surface,
gel electrode, AC and DC potential drop, low-frequency and high-frequency eddy current,
and acoustic microscopy, to name but a few. However, these existing techniques are, for
the most part, quite tedious and time consuming, and except for certain limited applications,
not amenable to automated measurement techniques for detecting truly microscopic surface
fatigue cracks during fatigue crack initiation and growth in the earliest stages.

The reason for developing new quantitative nondestructive evaluation techniques to detect
and measure the size of surface microcracks is that, in the so called small-crack size regime,
cracks have been observed to grow at rates that are orders of magnitude higher than large
sized cracks when subjected to identical magnitudes of crack driving force. Quantitative
measurements of crack depth below the surface for surface microcracks facilitate the eval-
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uation of crack growth rate versus the number of cycles. Nondestructive measurements of
crack-opening behavior are especially important here because many current theories that
address the issue of why small cracks grow faster postulate that small cracks have less closure
than large cracks, resulting in a higher driving force for growth of small cracks.

A number of researchers have demonstrated the usefulness of surface acoustic waves
(SAW) as a means for evaluating crack size and investigating the crack-opening phenomenon
during fatigue crack growth. These studies have tended to be either empirical correlations
between crack size and the observed behavior of waves scattered by cracks [1-3] or theo-
retical analyses that address the scattering behavior in a rigorous manner [4-5].

The empirical approaches have provided useful insights into small crack behavior for the
particular conditions of the experiments performed, but they have lacked sufficient generality
for the results obtained to be widely applicable to other experimental conditions. On the
other hand, the rigorous theoretical results are usually quite general, but computationally
complex, and often contain parameters that are not readily determinable by existing ex-
perimental techniques. In contrast, the SAW method considered in this paper is designed
to be simple enough to implement in fatigue microcrack initiation and growth experiments
on a number of different specimen configurations during cyclic loading with the specimen
gripped in a conventional servohydraulic load frame. Yet this SAW method design is suf-
ficiently rigorous in its theoretical development to be in good quantitative agreement with
acoustic predictions of crack size derived from the elastostatic approximations inherent in
a long-wavelength scattering theory.

More recently, surface acoustic waves, SAW, or Rayleigh waves, have demonstrated the
ability to measure changes in depth of cracks beneath the surface (occasionally during periods
of crack growth caused by fatigue cycling in which no changes in crack dimension were
evident at the surface) in 7075-T651 aluminum [6], quenched and tempered 4340 steel [7],
quenched and tempered 4140 steel [8], and 300-M alloy steel [9]. The technique involves
exciting Rayleigh waves on the specimen surface toward the initiation site using a contacting
wedge transducer, and receiving the reflected echo along with reflections of microstructural
origin with a separate contacting wedge transducer, in the classical pitch-catch configuration
depicted schematically in Fig. 1.

Briefly stated, the SAW technique considered here uses a transducer in contact with a
fatigue specimen to produce directed ultrasonic Rayleigh waves that travel along and just
below the surface. An isolated small crack of interest is illuminated with a tone burst of

Transducer 2 Flaw

Ss

Transducer |

FIG. 1—Schematic of generalized scattering of acoustic waves from a flaw.
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several wavelengths duration. After a wave packet interacts with a small surface crack, an
echo is received at another transducer near the sending transducer. The ratio of the maximum
amplitude of the reflected signal to the maximum amplitude of the input signal, called the
reflection coefficient, is measured either periodically or continuously during the course of
growth of a small surface crack. The reflection coefficient is then used to determine the
maximum depth of the crack, assuming that it is approximately semi-elliptical in shape.

Additionally, in order to ensure that the reflection coefficient from the crack is repre-
sentative of its true size, it is usually necessary to apply a tensile stress with orientation
normal to the crack faces during the ultrasonic procedure so that the adjacent crack faces
are traction free. Failure to achieve this experimental configuration for cracks exhibiting
significant closure stress allows some of the ultrasonic energy in the incident wave to be
transmitted instead of reflected, resulting in an erroneous prediction of crack size. Conse-
quently, measurement of the reflection coefficient of a microcrack as a function of the
applied tensile stress reveals the stress magnitude required to achieve this experimental
condition.

The additional information that this companion experiment provides regarding the crack-
opening behavior is discussed later in this paper. In the next section, the theoretical con-
siderations relating the reflection coefficient to crack size will be summarized, along with a
description of instrumentation needed to implement the SAW technique and experimental
measurements required to furnish input parameters to the technique. Following that, ex-
perimental results of small-crack growth behavior as studied through combined use of optical
and SAW techniques will be given.

Cracks as small as 50 um radius (halfpenny shape) initiated because of fatigue have been
detected using Rayleigh waves [7-10]. Although this is a reasonably small crack, which is
approximately two orders of magnitude smaller than the crack size at which fast fracture
would normally be expected to occur (for the materials and state of stress used in these
experiments), it remains approximately an order of magnitude larger than necessary in order
to characterize anomalous crack growth rate effects due to interactions between the ad-
vancing crack-tip and microstructural features such as grain boundaries.

The goal in the present work is to examine the practicality of measuring crack growth
rates in the size regime between approximately 10 to 100 pm by continuously monitoring
backscattered Rayleigh wave signals from cracks as they initiate and grow.

To date, the fatigue behavior of small cracks has been studied primarily by optical mea-
surements of surface length and of crack-opening stress as inferred from crack-tip opening
displacements. The paper will describe how ultrasonic surface acoustic waves can be used
to detect the existence or formation of small cracks, to monitor their depth during growth,
and to provide information about their opening behavior in depth. In addition, it will show
that when optical and acoustic techniques are used in conjunction, the knowledge obtained
about small-crack growth behavior is greatly enhanced relative to what might be gained
from either technique by itself.

Surface Acoustic Wave Technique
Transducer Design

Rayleigh waves are produced on a substrate with a wedge transducer in the following
manner. A pulsed rf signal excites a longitudinal wave transducer bonded to the wedge.
The length of contact between the wedge and the substrate in the direction of wave prop-
agation is defined as w. The longitudinal wave in the wedge is partially mode converted to
a Rayleigh wave in the substrate at the wedge-substrate interface. For optimum conversion
efficiency the angle 8 between the incident longitudinal waves in the wedge and the normal
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to the substrate surface should be
0 = sin~Y(Vy/Vy) 1)

where V7 and V5 are the velocities of the longitudinal wave in the wedge and the Rayleigh
wave in the substrate, respectively. In addition to this constraint the attenuation per unit
length of contact between the wedge and substrate a caused by leakage of acoustic energy
from the mode converted surface wave in the substrate back into the wedge is given by the
relation [11]

O)f zZL

= oL 2
4V Z cosh @

o

where w is the angular frequency of the SAW, V; and Z; are the acoustic shear wave velocity
and impedance of the substrate medium, respectively, Z, is the longitudinal wave impedance
of the wedge medium, and f, is a dimensionless parameter for the substrate such that [12]

AF[1 - (Ve / Vo)

= (Vs/Vg)?
fe = (Vs/Vr) 3F ~ 2F(VRIV? - 1 ®)
where F is defined by the expression
F2 = (VR/VS)Z( ‘/S/‘/L)2 (4)

1 = (Ve/Vy)?

Finally, if the attenuation per unit length of contact between the wedge and the substrate
caused by loss in the wedge v is considered, the net efficiency of mode conversion at the
wedge-substrate interface v can be shown to be [11]

n = 2 exp(~2yw){1 — exp[~(a ~ YWIP/(a ~ yw )

where w is the length of contact between the wedge and substrate. Defining the normalized
length of the transducer as the product of wave attenuation caused by leakage times the
length of contact aw for y/a = 0 (ideal case with no loss in the wedge) the efficiency has
a maximum value of 0.815 at aw = 1.26, and a half power bandwidth of 0.27 < aw < 4.8.
An additional factor important in optimization of the conversion efficiency involves the
length of contact w as a function of wavelength of Rayleigh waves in the substrate. For
maximum efficiency, the wedge length should be an integer multiple of the Rayleigh wave-
length with the number of wavelengths of contact as large as possible to ensure plane wave
excitation of the incident beam at the wedge/substrate interface.

It is evident then that the optimum length is determined by considering the maximum
permissible value of the normalized length aw in conjunction with the value of the leakage
rate a at the desired frequency and for the particular combination of materials used for the
wedge and substrate. In other words, in order to optimize the performance of a wedge
transducer, one must maximize the wedge length while minimizing the leakage rate. How-
ever, at a particular frequency the magnitude of the leakage rate is dominated by the ratio
of acoustic impedance of longitudinal waves in the wedge to that of shear waves in the
substrate. Consequently, only a few combinations of materials for wedge and substrate have
an impedance ratio that is small enough to allow the length of the wedge/substrate interface
to be more than a few wavelengths.
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Specular Reflections from Cracks

The amplitude of the SAW reflected echo from a crack is a complicated function of crack
size and shape, frequency of the ultrasonic waves, scattering geometry, material parameters,
and electronic gain and loss from the detection equipment. In order to compare measure-
ments from similar sized cracks in different materials as well as varying experimental con-
ditions, it is customary to normalize the amplitude of the signal detected at the terminals
of the receiving transducer with respect to the amplitude of the incident signal at the terminals
of the transmitting transducer. This normalized quantity shall hereafter be referred to as
the reflection coefficient S,, in which the subscripts refer to the transmitting transducer as
“1” and the receiving transducer as “2.”

Additionally, in order to compare the results of scattering experiments from similar sized
cracks performed at varying frequencies, the crack depth a is normalized to the wavelength
of the ultrasonic waves through the wave number k where k = 2n/k. The normalized crack
depth ka is the crack depth multiplied by the wave number. For surface acoustic waves
produced at a frequency of 3 MHz on metals, such as aluminum and steel, the resulting
wavelength is approximately 1 mm. As a point of reference, the crack depth that corresponds
to a normalized crack depth of unity at this wavelength is /2, or approximately 150 um.
This value of normalized crack depth is important, because it defines the maximum allowable
crack size that may be inferred from an ultrasonic scattering experiment at a particular
acoustic wavelength (defined by the frequency), as described in the next section.

In order to interpret the reflected echo from surface cracks in the classical pitch-catch
configuration, two techniques have been demonstrated to be useful. In the most general
case, cracks are assumed to be semi-elliptical in shape, with maximum depth beneath the
surface a and length along the surface defined as 2¢. Under these conditions the length at
the surface is measured independently (usually by optical microscopy), and a single valued
relationship exists between the reflection coefficient of surface acoustic waves incident on
an isolated crack and the normalized crack depth ka [7,10]. However, for crack growth in
the “‘small-crack” size regime it has been observed experimentally that cracks quickly attain
the halfpenny shaped configuration with a = ¢ [9]. For this simplified case it is not necessary
to independently determine crack length at the surface, and a simplified scattering model
is all that is necessary to evaluate the single valued relationship between the normalized
crack depth and the reflection coefficient of the SAW.

Certain acoustic restrictions limit the size of maximum crack depth and minimum specimen
thickness that can be utilized for a fixed value of the frequency of the ultrasonic waves. For
example, the boundary conditions required for propagation of a surface acoustic wave on
the surface of a substrate require that the thickness ¢ of the substrate be at least 4\ of the
acoustic wave. This limit is necessary so that the “tail” of the stress field of the SAW beneath
the surface cannot interact with the free surface of the bottom of the finite thickness spec-
imen. Additionally, the existing theory for predicting ultrasonic scattering from surface
cracks requires that the normalized crack depth be within the range 0 < ko < 1. This
additional limitation is necessary for simplifying the calculation of the scattering of surface
waves from a crack. In the next section the essential elements of this interaction will be
discussed in some detail.

Scattering Theory and Its Implementation

A number of investigators have demonstrated the possibility of deducing information
about crack size and shape from ultrasonic scattering experiments {/3—22]. The approaches
tend to fall into one of two categories: the short-wavelength scattering regime where crack
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size @ and acoustic wavelength \ are such that A << 4, or the long-wavelength regime where
A >> a. For studies of small surface cracks, the long-wavelength regime is preferable because
short wavelengths result in excessive attenuation of the acoustic waves for the materials
tested. Another advantage of a long-wavelength approach is that the computation of the
scattering theory is simplified, resulting in an easier implementation of the technique. For
this work the problem has been constrained to the calculation of the reflection coefficient
of Rayleigh waves from a flat, semi-elliptically shaped surface crack residing in the far field
of SAW wedge transducers, at a frequency such that the scattering problem is in the long-
wavelength regime. Details of the SAW transducer hardware and operation are given later
in the section and in Refs 17, 23, and 24.

A general scattering theory has been developed that describes the relative signal amplitude
of an ultrasonic wave scattered from one transducer to another by a void of arbitrary shape
[25,26]. As noted previously, the reflection coefficient S,, is defined as the amplitude ratio
of the maximum reflected signal for the flaw A, received by transducer 2, to the maximum
incident signal A, transmitted by transducer 1, measured at the terminals to the transducers,
depicted schematically in Fig. 1. The general relationship that defines the reflection coef-
ficient is given by

S, = AJA, = jw/4PJ; o,un, ds 6)
7

where P is the power input to the transmitting transducer, ; is the acoustic displacement
field at the flaw surface evaluated from the acoustic stress field that would exist if transducer
2 were the transmitter, o is the acoustic stress field evaluated in the vicinity of the flaw as
if no flaw were present, n; is the inward directed normal to the flaw surface S, surrounding
the scatterer, o is the angular frequency of the acoustic wave, and j = (—1)"2

Consider the case of a Rayleigh wave propagating in the z direction normally incident to
the crack plane, where the crack depth at the semi-minor axis is @, and half the crack length
at the surface is ¢, as shown in Fig. 2. There are three components of stress associated with
the displacement field of a Rayleigh wave: a longitudinal component o,,, parallel to the
direction of propagation, a shear component o,,, and a normal component o,, as seen in

v
<
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¢ = half crack length on surface,

a = maximum crack depth,
FIG. 2—Schematic of semi-elliptical surface crack.
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NORMALIZED STRESS

0 2 P 6 8 10
NORMALIZED DEPTH, Kx

FIG. 3— Components of stress in surface acoustic wave normalized by the value of longitudinal stress
o, evaluated at the surface, where « is the wave number (x = 2w/A). Line Legend: solid = o,,/d%,
dashed = a,,/d%,, and dotted = o,,/0%,.

Fig. 3. The components of o,, and o,, are close to zero near the surface, while the longitudinal
component of stress g, has its maximum value at the surface. The wave number k is defined
as k = 2w/A. Equation 6 can be evaluated for the case of a Rayleigh wave propagating
along a surface normal to the crack plane by choosing the frequency of the acoustic wave
such that the wavelength A will be greater than the crack depth a. In the long wavelength
limit with @ << A, the crack resides in a SAW stress field with o, approximately uniform
over the crack surface §,, and with the other components of stress approximately equal to
zero. For these conditions, Eq 6 reduces to

S, = jo/AP L o..u, dS )

The integral of the displacement times stress evaluated over the surface of a crack can be
expressed as a line integral of the stress intensity factor squared times a factor evaluated
around the crack front C [27]. Utilizing this result, the reflection coefficient may be expressed
as

S, = (1l = v?)/6PE L pK2 ds (8)

In Fig. 2, the factor p is the distance between the origin and the tangent line to the crack
front at the point of inspection s. K; is the Mode I stress intensity factor associated with the
SAW acoustic stress field o,, stress component.

In order to evaluate Eq 8, the distribution of K,(s) around the crack tip must be known.
For the case of a surface crack in a finite plate in pure bending for a material with Poisson’s
ratio v the distribution in K; has been evaluated numerically [28,29]. An approximation
technique is utilized, which facilitates the adaptation of these numerical results to the problem
of a small surface crack in a SAW stress field, with the limitation that the wavelength
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normalized crack depth ka must be less than unity {30]. Consequently, the reflection coef-
ficient S,, becomes [6]

Su = 32 (8o + Bu(a) + Bofxay] )

In Eq 9, the material associated variables are Poisson’s ratio v, the parameter f, from
Eqs 3 and 4 from Ref 72, and the constants B,, B,, and B, where

B, = 2A,/w (10a)
B, = 2A,(B/x)/m (10b)
B, = 2A,(B/x)=w (10c)

The constants A,, A,, and A, have been evaluated numerically [6,30] using results [29]
for a material with v = 1/3 giving A, = 1.8137, A, = 0.83842, and A, = 0.44535. The
term B/k relates to the wavelength normalized slope of the acoustic stress o, versus depth
below the surface evaluated at the surface so that

o = RUVSIVeP = 1J[1 = (Vel Vo]
21— (VsIV, )

_ |y o ROsVeP - 1} 2

where Vg, V,, and V, are the shear, Rayleigh, and longitudinal phase velocities in the
material, respectively. These velocities can be determined from the elastic constants and
density of the desired substrate. Additional variables in Eq 9 are half the crack length at
the surface ¢, the maximum crack depth below the surface g, the wave number «, the beam
width at the transducer w,, and the elliptic integral of the second kind ¢. Finally, n is a
parameter to account for transducer insertion loss 7, diffraction v, angular scattering ,,
and the combined effects of attenuation and slight violation of far-field diffraction conditions
m,, that is [31]

n = NAMpNeMa (12)

The components of the acoustic system that were used to determine these input parameters
and subsequently to monitor the reflection coefficients of small fatigue cracks are depicted
in Fig. 4. A function generator produced a gated sine wave at 3 MHz with three wavelengths
duration at a repeat rate of approximately 100 Hz. The output from the function generator
was amplified by the power amplifier from zero to peak voltage V, of 10 V. This is the input
signal that goes to the sending transducer. Surface acoustic waves were produced on the
specimen in a wave packet that traveled away from the sending transducer in a narrow
beam, in this case, 4 mm wide. The beam reflected from the microcrack traveled back to
the receiving transducer. The signal from this transducer was amplified by 60 dBV. The
signal voltage V, was then monitored on an oscilloscope. The reflection voltage V, was
measured in volts. The values of acoustic frequency, beam width, voltages, and so forth,
just noted were those for the particular system used to generate the experimental results to
be given shortly; systems utilizing different values can also be implemented.
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FIG. 4—Schematic of the major components of the surface acoustic wave measurement system.

Each sending and receiving transducer consisted of a small slice of piezoelectric PZT
(lead-zirconate-titanate) crystal held at a specific angle by an RTV 615 silicone wedge as
shown in Fig. 5. The wedge was cast into a hard polymer block that acted as the backing
material. The incoming signal caused the PZT crystal to produce a longitudinal wave in the
RTV silicone. The waves were converted to surface acoustic waves at the silicone/specimen
interface. A low-viscosity ultrasonic fluid was used to couple the waves from the silicone to
the sample. The transducers measured 14 mm in length, 12 mm in width, and 11 mm in
height. Much smaller transducers may be fabricated using the general design philosophy
described in Ref 11.

For pitch-catch measurements of the reflection coefficient, v, is defined as the amplitude
ratio of the signal, V, received at transducer 2, to the signal input at transducer 1, V;, when
the two transducers are placed face-to-face (see Fig. 6a) on a specimen so that

nr = Vo/V) (13)

The diffraction loss in terms of amplitude in the far field of the transducer will be [24]

np = w/(Az)"? (14)

In order to calculate m,, the beam width w, of the wedge transducer must be found by
direct measurement of the width at the bottom of the RTV silicon wedge of the transducer.
The wavelength A of the Rayleigh wave is calculated as a function of frequency and SAW
phase velocity; additionally, the distance between the crack and the transducer z must be
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FIG. 5— Schematic of surface acoustic wave (SAW) wedge transducer.

Vl vz
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FIG. 6—Variables used in determination of the parameter .

measured (Fig. 6b). The amplitude ratio of the reflected signal to the incident signal caused
by angular scattering m,, can be expressed as [24]

My = (U1 = v) + (1 + v) cosd]* — [(1 + v)42(2 — v)] sin%d (15)

where the angle ¢ is twice the angle between the incident wave propagation direction and
normal to the crack surface, as shown in Fig. 6c.

Finally, the combined effect of attenuation and slight violation of the far-field approxi-
mation of the diffraction loss term are combined into a single parameter w,. This parameter
is evaluated by measuring the reflection coefficient of a small crack of known size (obtained
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from subsequent post fracture measurement) at a frequency of interest and several distances
from the crack. Then the value of m, is calculated for each measurement. Typical results of
this calibration experiment at several frequencies for SAW wedge transducers with beam
width, w, = 4 mm, and a halfpenny shaped crack with crack depth, @ = 140 pm, in a
specimen of 7075-T651 aluminum are shown in Fig. 7. The results of this type of calibration
can be used in either of two ways. If specimen size is not restricted, subsequent measurements
of SAW reflection coefficient can be made at a distance from the crack such that n, = 1.
Alternatively, if size is restricted, then the value of n, from the calibration experiment at
the distance of interest may be used.

In Fig. 8, the reflection coefficient, S, is plotted versus the normalized crack depth ka
for halfpenny shaped cracks with @ = ¢ for a material with v = 0.3 [32] using K| from Ref
28. In addition, the result for a material with v = 1/3 [6] using K| from Ref 29 is included
for comparison. Similar calculations may be performed using Eq 9 to determine the rela-
tionship between S, and ka at different constant values of the crack aspect ratio a/c or
alternatively at constant values of half the crack length at the surface ¢. Thus, measurements
of reflection coefficient and surface crack length allows depth to be inferred for semi-elliptical
cracks of unknown aspect ratio.

Verification of SAW Technique

Experiments have been performed in which crack depths were obtained from acoustic
scattering measurements combined with optical measurements of crack length at the surface
in ceramics and metals [6,18,19,30,32,33]. The data in Fig. 9 for 7075-T651 aluminum, Pyrex
glass [6], 4340 quenched and tempered alloy steel [32] and 300 M steel [9] are representative
of the size range in which measurements of small fatigue crack growth rate could be made
with the acoustic components described previously. In these experiments, acoustic deter-
minations of crack depth were compared to post-fracture measurements of depth for crack
depth-to-surface length ratios between 0.4 and 1.0. For the 29 individual measurements
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represented here, the average error between the measured and predicted depth was +5.4%,
with a standard deviation of 7.1%, and a maximum observed error of —17%. In principle,
this technique could be used to measure the depth of much smaller surface cracks in the
range of 0 to 50 pm depth; however, it has been observed experimentally that background
noise in the reflected signal obscures the reflected signal from cracks this small.

Maximum Measurable Crack Size

SAW scattering measurements used for crack depth studies typically have been made at
a single frequency, which minimizes the number of variables affecting the outcome of the
experiment. Choosing a single frequency is valuable for comparing data from isolated cracks
in different samples, but limits the maximum depth that can be inferred from the scattering
measurement since the acoustic theory is valid only for the case when the normalized crack
depth xa < 1. The wave number, «, is proportional to the frequency, so that lowering the
frequency allows a deeper crack to be measured within the constraint that ke < 1. The
maximum measurable depth for cracks in aluminum and steel at a frequency of 3 MHz is
approximately 150 pm. This useful depth can be increased 50% to 225 pm, by adjusting
the frequency to 2 MHz. This depth corresponds to surface length of approximately 0.5
mm. In order to perform a scattering experiment in which the frequency of the acoustic
wave varies during the experiment, the insertion loss of the transducers used to make the
measurements must first be characterized as a function of frequency. Experiments have
been performed [9] in which the transducer insertion loss parameter 1, has been measured
over a range of frequencies from 2 to 4 MHz for 17 different materials, including aluminum,
steel, and high temperature alloys. These experiments showed that, for all of the materials
studied, a transducer designed to operate at a given center frequency could also be used as
a variable frequency device, enabling crack growth data to be collected over an extended
range of depths.
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Nonspecular Reflections from Microstructure

Real engineering materials are not truly homogeneous, but contain microscopic regions
that are locally anisotropic (grains) joined by planar areas that are atomically thin (grain
boundaries). The orientations between adjacent grains are dissimilar enough to create a
significant impedance mismatch for an ultrasonic wavefront attempting to travel across each
boundary. This process results in an imperfect transfer of energy in the direction of prop-
agation, and the ultrasonic energy reflected back toward the transmitter (or the receiver)
will hereafter be referred to as the microstructural backscatter. A significant difference
between reflections from the microstructure and cracks is that unlike the interaction of
ultrasonic waves from cracks, which is frequency independent (specular), the microstructural
backscatter is highly frequency dependent (nonspecular). For extremely small cracks with
the amplitude of the reflected echo smaller than the amplitude of the microstructural back-
scatter, it has been observed experimentally that detection of crack initiation is relatively
difficult, if not impossible, because of the complex interaction of the reflected echo with
returning re-radiated signals from microstructural features in the vicinity of the crack.

Minimum Detectable Crack Size

The background acoustic noise level is of key importance since it places a lower bound
on the size of microcracks that can be detected. How the noise varies with material and
microstructure is important in the possible applicability of the SAW technique to a wide
range of materials. The crack size that gives a predicted amplitude equal to the amplitude
of the acoustic noise measured under identical scattering conditions is defined as the min-
imum detectable crack size. The minimum detectable crack depth for a particular alloy is
a function of the crack aspect ratio a/c. It is convenient to compare the minimum detectable
crack depth between different alloys utilizing the halfpenny shape, with a = c.

In Fig. 10, the minimum detectable crack depth is displayed for several alloys. Groups
of metals (for example, aluminum, steel, and so forth), show similar values of background
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FIG. 9—Acoustic prediction of crack depth versus post-fracture measurements of crack depth.



182 SMALL-CRACK TEST METHODS

noise and insertion loss, which result in similar values of crack size. The SAW transducers
operated more efficiently on aluminum than on steel because of the increased insertion loss
in steel for the transducers used. For most of the alloys shown, the interference pattern
caused by microstructural features obscures the first 50 to 60 wm of crack growth, reducing
the effective measuring range of the SAW scattering technique to the largest 2/3 of its
potential range. Until recently, measurements of crack size between zero and approximately
50 wm have not been possible because of the masking effect of grain scattering. However,
recently some progress has been made in the area of reducing the minimum detectable crack
depth by applying a novel nonlinear digital filtering algorithm in an attempt to reduce the
signal to noise ratio (SNR).

Split Spectrum Processing

A new signal processing technique has demonstrated that frequency diverse signals could
be obtained in receive-mode by splitting the wideband spectrum of the received signal. This
technique, called split spectrum processing (SSP) has been successfully implemented in a
number of well documented experiments [34-42]. The primary benefit received by imple-
mentation of this signal processing technique to reflected echoes from cracks superimposed
on nonspecular microstructural backscatter is that the SNR is dramatically improved [43].
This is possible because this nonlinear digital filtering technique differentiates between the
coherent, frequency dependent interference noise caused by grain scatter and specular,
frequency independent reflection caused by microcracks. Previous work in this area [34—
37] showed that the technique could be effective in SNR enhancement applications (although
in applications involving macroanomalies, that is, when the anomalous reflector is orders-
of-magnitude larger than both the wavelength and grain size). In the next section, the split
spectrum processing technique has recently been shown to be effective [44] for SNR en-
hancement of microcracks that are orders of magnitude smaller than the reflectors involved
in the previous works [34-37].
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SAW Detection of Microcrack Initiation

Hourglass shaped specimens were metallographically prepared in the high stress region
to minimize the effect of fabrication on surface roughness and residual stress. Before the
fatigue cycling begins, the signal caused by backscattered Rayleigh waves from the high
stress region was acquired and averaged over a sample size of 16 with a digitizing oscilloscope
at a rate of 200 MS/s (200 x 10°samples/s). The resulting 1001 point data array that represents
the time gated signal over the interval 10 us before and after the echo were then transferred
to the hard disk of a computer. At 2000 cycle intervals of applied fluctuating stress (maximum
stress equal to 275 MPa with a stress ratio of 0.1), the digitizing, averaging, and storing
process is repeated.

This procedure continues until the initiation and growth of at least one crack is obvious
in the high stress region. The presence of the crack is determined not only because the
reflection from the crack begins to emerge from the surrounding grain noise, but also because
the reflection from the crack completely disappears when the tensile load on the specimen
is released thereby closing the crack. At the termination of the fatigue cycling process (when
the presence of the crack is obvious), all the acquired waveforms are processed for the
evidence of earliest possible detection of reflections from surface microcracks using the SSP
algorithm described previously.

Figure 11a shows the termination point of fatigue cycling for a typical specimen after
80 000 applied cycles. Figures 115 and 11c illustrate a few of the acquired signals during the
fatigue cycling process (at 70 000 and 56 000 cycles, respectively). Figures 114 through 11f
show the results of applying split spectrum processing to the signals shown in Figs. 11a
through 11c. The processed signals show the presence of the microcrack without ambiguity
because of the absence of the interfering grain clutter. Figure 12 shows the crack size inferred
from the acoustic theory as a function of the number of fatigue cycles. The curve is mon-
otonically increasing thereby indicating the growth rate of the microcrack. The earliest
detection of the crack was at 58 000 cycles when the crack was only 20 pm deep. However,
when the reflectors are of similar size as the surrounding grains, false indications also appear
that usually disappear (and only the crack reflection amplitude grows) with increased number
of fatigue cycles.

Crack Opening Behavior
SAW Measurement of Crack Opening

The use of acoustic NDE techniques for studying the opening behavior of “large” through-
thickness fatigue cracks have also received considerable attention. Experimental studies [37]
have been made of the transmission and reflection characteristics of bulk ultrasonic waves
at an interface that simulates the acoustic response of a true fatigue crack. Detailed theo-
retical calculations have been performed [45] that demonstrate the nonlinear dependence
on contact stress of transmission and reflection of bulk waves at an irregular interface.
Transmission and reflection as a function of the geometry of the contacting surface area at
an interface have also been analyzed [46]. In addition, a method has been developed [47]
to calculate the scattering of surface acoustic, or Rayleigh, waves from partly closed surface
breaking cracks. In principle, this method can be utilized to model cracks that are not simply
connected (for example, have islands of closure). These studies provide a theoretical basis
for the nonlinear behavior of crack acoustic signals versus applied stress observed experi-
mentally by a number of investigators [6,48,49].

For the case of SAW scattering under conditions that normalized crack depth ka < 1, it
has been observed experimentally that measurement of the reflection coefficient S,, versus



184 SMALL-CRACK TEST METHODS

ol

B . |

Tk —
s

FIG. 11— (a) Unprocessed signal at 80 000 cycles, (b) unprocessed signal at 70 000 cycles, (c)
unprocessed signal at 56 000 cycles, (d) processed signal at 80 000 cycles, (e) processed signal at 70 000
cycles, (f) processed signal at 56 000 cycles.

120
&
Wi 100
w
3 so
c
O
2  60]
T
& a0
(a]
4
% 20
(@]

0 v - . r r
55 60 65 70 75 80 85
FATIGUE CYCLES (THOUSANDS)

FIG. 12— Crack depth a inferred from the processed amplitude of the crack as a function of the number
of fatigue cycles.



RESCH AND NELSON ON AN ULTRASONIC METHOD 185

applied stress o, facilitates the detection of two important physical events during crack
opening. The first (see Fig. 13) is the approximate stress at which the crack faces just begin
to separate. The presence of backscattered signals (noise) from microstructural features,
such as grain boundaries and inclusions, partially obscures the acoustic reflection from the
crack denoting the beginning of the opening of adjacent crack faces. The stress at which
the reflection coefficient emerges from the noise actually denotes separation of a small
portion of the previously closed adjacent crack faces. The second is the stress at which the
crack faces completely separate, so that increasing the applied stress produces no subsequent
increase in the reflection coefficient.

The stress at which the reflection coefficient “saturates” is denoted o,. It has been
observed experimentally [7] that o, can change significantly during fatigue cycling as a
consequence of changes in the applied stress range Ao and the stress ratio R = ¢_,,,/0,..x,
during tests. This type of measurement technique permits experimental investigations of the
relation between crack growth rate and effective stress range of growth (difference between
maximum applied stress and the stress required to fully open a crack). It is also of interest
to understand the significance of these acoustic measurements with respect to optical methods
for measuring the opening behavior of a crack at the surface. These topics will be considered
in the next section.

Study of Small-Crack Growth by a SAW/SEM Technique
Experimental Approach

The SAW technique can be used in conjunction with various optical methods to obtain
information about both surface crack length and depth as well as opening stress as determined
from measurements of crack-tip opening displacement and of reflection coefficient as a
function of applied tensile stress. For instance, the SAW technique can be combined with
the use of a scanning electron microscope (SEM) as a method for investigating crack-tip
opening displacement behavior and surface length. As an example of this, a study [9] has
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FIG. 13— Typical response of the reflection coefficient versus applied tensile stress.
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been conducted of small-crack growth in 300M steel, a well-characterized [50], high-strength,
silicon modified American Iron and Steel Institute (AISI) 4340 alloy. Crack growth tests
were performed using the specimen design [51] depicted in Fig. 14. SAW transducers were
placed at the larger end of each specimen, aimed towards the specimen throat. The trans-
ducers were held on the specimens by a flexible C-clamp device so that crack growth could
be monitored continuously during fatigue tests. A small pit of approximately 25 wm in depth
was produced on each specimen surface in the throat region by a spark discharge. The pit
was small enough to allow a crack to form and grow as if it has initiated naturally from a
microstructural defect. The cross section of the throat was tapered, creating a stress distri-
bution that served the dual purposes of further localizing the crack initiation region and
eliminating nucleation of cracks that had formed at the corners of rectangular cross-sectional
specimens used in exploratory experiments.

Fatigue tests were conducted with constant amplitude, cantilevered bending at a stress
ratio of R = 0.5 and frequencies between 3 and 5 Hz. The bending fixture illustrated in
Fig. 15 was designed so that a single-axis electrohydraulic test machine could be utilized to
produce bending with minimal axial or torsional loading on specimens. Fatigue tests were
run at elastically calculated maximum stress levels of 75% and 90% of cyclic yield strength.
Strain gages were installed on specimens, and applied deflection adjusted to produce desired
bending strain levels and corresponding elastically calculated stress values.

Measurements of crack reflection coefficient versus applied stresses were made periodi-
cally during fatigue cycling while the reflection coefficient, and thus crack depth, was mon-
itored continuously by the SAW transducers. After an interval of fatigue cycling and acoustic
measurements were completed, a specimen would be removed from the bending fixture and
mounted in the small flexure jig shown in Fig. 16, and placed in the chamber of an SEM.
Crack surface length and crack-tip opening displacement versus applied strain (stress) were
determined. The specimen was then returned for additional fatigue testing and further
measurements that were repeated until the crack grew to the maximum measurable size.
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FIG. 14—Schematic of cantilever bending specimen configuration.
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Effects of Residual Stress

It is well known that residual stresses can exert a strong influence on the growth behavior
of large cracks. Surface residual stresses can also have a profound effect on small-crack
growth [52,53]. Before starting fatigue tests of 300M steel specimens, longitudinal residual
stresses caused by different surface preparations were determined. The residual stress dis-
tributions at and below the surface are shown in Fig. 17. Small-crack growth tests were
performed with specimens that were either electropolished or ground, diamond paste pol-
ished, stress relieved, and then diamond paste polished (to 1 wm); the two procedures
producing compressive surface residual stresses of approximately —35 and —340 MPa,
respectively. Surface values of residual stress were also measured intermittently by X-ray
diffraction during the course of fatigue tests. It was found that for both surface preparations
used and both maximum stress levels applied, residual stresses remained close to their initial
values.
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FIG. 15—Schematic of cantilever bending specimen flexure jig.
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FIG. 16—Schematic of a small specimen in an SEM flexure jig.
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Crack-mouth opening displacement (CMOD) and crack-tip opening displacement (CTOD)
measurements have also been used in determining the opening behavior of small surface
cracks [54,55]. The procedure is to make measurements of CMOD and CTOD for a specimen
containing a microcrack while it is under static load in the vacuum chamber of a SEM.
Opening stress is defined as the point where the slope of CMOD (or CTOD) versus stress
changes markedly. Knowledge of opening stress can be important since the effective stress
range driving crack growth is the difference between the maximum applied stress and the
opening stress.

Experiments were conducted to investigate the relationship between the optically deter-
mined crack-tip opening stress gerop, Crack-mouth opening stress ocyop, and the ultrason-
ically determined crack opening stress described previously as the saturation stress o,,.
Typical results used to determine these stresses are shown in Figs. 18 and 19. Combining
the results from SEM and SAW measurements of an isolated microcrack during constant
amplitude loading reveals subtle changes in crack-opening behavior as depicted in Fig. 20.
In this figure o\op is the applied stress level when the crack mouth starts opening, ocrop
is the stress level when crack tips start opening, and finally o, 1s the acoustically determined
saturation stress level when the crack is thought to be fully open. This figure shows that the
crack mouth starts opening first, then, at a certain stress level, the crack tips open. The
important result is that even when the crack tips open, there is still a part of the crack front
in depth that is not fully open. Figure 20 also shows changes in the saturation stress and
the opening stress determined by COD during the course of a representative fatigue test.

Figure 21 shows the change in acoustically measured crack depth versus optically measured
crack length at the surface for a typical test. The SAW technique is able to monitor how
the crack aspect ratio varies with growth, knowledge of which can be very important for
accurate calculations of stress intensity factors or other parameters used to characterize small
crack growth rate, It was found, as might have been expected, that in the early stages of
growth, small cracks started with a semi-elliptical shape, then became semi-circular.
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The variation of crack-tip opening stress and saturation stress with crack growth during
several representative tests is shown in Fig. 22 for the two surface preparations described
earlier. Electropolishing caused surface residual stresses of —35 MPa, a negligibly small
level relative to the applied stress of 1115 MPa. Results of small-crack growth tests in
electropolished specimens showed that cracks opened at the surface at stresses of approx-
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imately 30% of the maximum applied stress, but it took at least 10 to 15% higher stress to
open cracks in depth. The other surface preparation, which ended with diamond paste
polishing, caused surface residual stresses of —340 MPa, small relative to applied stresses,
and acting over a depth comparable to that of initial sizes of small cracks. Even this shallow
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FIG. 22— The change in saturation stress and crack-tip opening stress during the course of fatigue tests
for two different surface residual stress conditions and an applied stress of 1115 MPa.

layer of residual stresses exerted a significant influence on opening stresses, increasing both
crack-tip opening and saturation stress levels by about 15% compared to values in electro-
polished specimens. The results in Fig. 22 also indicate that opening stress levels changed
little with crack growth. Another study [8] that utilized the SAW technique showed that
saturation stress decreased with small crack growth in tests of quenched and tempered 4140
steel.

Study of Crack Opening Behavior by a SAW/LID Technique
Experimental Approach

The amplitude of a time gated signal containing the reflection from a naturally initiated
isolated surface microcrack was transferred from a digitizing oscilloscope to a computer at
discrete values of force applied to the specimen with an orientation normal to the adjacent
crack faces. The 1001 data points in each signal were acquired at 200 MS/s (200 x 10°
sample/s) and were obtained by averaging 16 waveforms each of 20-us duration. The analog
signal from the load cell was acquired using a 12-bit analog to digital conversion board in
a conventional microcomputer. Under manual control of the set point of the servohydraulic
system in force control, applied force versus crack amplitude was acquired automatically
point by point, while being simultaneously displayed on the computer screen.

Comparison of Acoustic-optical Opening Measurements

The results of a typical scan from an isolated surface microcrack are displayed in Fig. 23.
The nonlinear portion of the curve from zero force up to the point at which the plot becomes
vertical reveals the presence of surface tractions between adjacent crack faces. The vertical
portion reveals the point at which surface tractions disappear (referred to as o,,), and the
crack is fully open.

In order to compare ultrasonic measurements of microcrack opening behavior with another
established technique, force versus CMOD for several naturally initiated surface microcracks
was accomplished using the laser interference displacement gage (LIDG) available on Ma-
chine #1 in the High Temperature Metals and Ceramics Laboratory at the Wright Research
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FIG. 23—Crack reflection amplitude from SAW scattering versus force applied normal to the crack
faces for a small naturally initiated fatigue microcrack in 2024 aluminum (a = 150 pm).

and Development Center (WRDC) at Wright Patterson Air Force Base. Details of this
experimental system are available elsewhere in the literature [56]. A typical result of this
type of measurement obtained for the crack that was also ultrasonically measured is shown
in Fig. 24. An important feature is the stress range for which the observed linear relationship
between CMOD and applied force is distinctly nonlinear in the ultrasonic measurement of
opening behavior shown previously. It is a well accepted fact that the LIDG apparatus,
while capable of exceedingly accurate measurements of crack-opening behavior and crack
growth, still requires a “judicious” introduction of an apparent opening load into the mea-
suring algorithm in order to achieve this accuracy. This preliminary result indicates that the
SAW scattering technique is able to measure the force necessary for complete crack opening
for cracks above the minimum detectable crack size.

In principle then, the ultrasonically determined crack-opening stress could be used to
update the appropriate opening stress needed for the LIDG characterization of crack growth
during a fatigue test, resulting in a fully automated testing technique for performing micro-
crack growth experiments.
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FIG. 24— Crack-mouth opening displacement from LIDG versus force applied normal to crack faces
for same crack depicted in Fig. 23.
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Discussion

The usefulness of any experimental technique is defined in part by its limitations. In this
section, a number of assumptions necessary for acoustic evaluation of crack depth are
discussed, and the principal limitations associated with these assumptions enumerated.

To measure the crack depth below the surface, the reflection coefficient first must be
evaluated by calculating the integral of Eq 3 around the crack edge. In order to make this
calculation, an assumption must be made concerning the shape of the crack below the surface.
Use of an assumed semi-elliptical crack shape in the acoustic scattering model closely ap-
proximates the shape of smatl surface fatigue cracks occurring in nature.

Another assumption which is extremely important for accurate acoustic measurement of
crack depth is that the crack should be growing in a direction approximately normal to the
surface. In the long-wavelength scattering regime, the Rayleigh wave “sees” the projection
of the crack in a plane normal to the propagation direction, to a first approximation. If a
crack has a different orientation, then the simplifications used for evaluation of the elastic
energy change for a crack in the field of a surface acoustic wave are no longer valid, and
the effects of the shear stresses resolved along the crack plane could become important. To
date, an analytical expression for the stress intensity factor distribution for a semi-elliptical
surface crack with an arbitrary orientation with respect to applied stress has not been
developed. Fortunately, however, fatigue cracks tend to grow normal to the surface, at least
for the sizes considered here. In general, it is only in the earliest stages of growth that they
may be at some different angle with respect to the surface.

Perhaps the most restrictive condition in the scattering technique is that the normalized
crack depth ka be less than unity. In order to maintain the long-wavelength scattering
conditions during continuous monitoring of the growth of a small crack, the frequency of
the Rayleigh waves can be reduced as the crack grows deeper. For the case of relatively
thick specimens, with depth 4, such that 2 >> 4\, the maximum measurable depth is limited
only by the bandwidth of the particular transducers being used. However, for the case of a
small crack growing in a relatively thin specimen, a lower limit on the usable frequency
exists at which “pure” Rayleigh wave propagation is no longer possible and other modes
of ultrasonic waves are produced. For example, it has been demonstrated [57] that scattering
behavior of Lamb waves from small cracks can be computed, but quantitative evaluation
of crack size is difficult owing to uncertainties in identification of the individual modes
exising in the reflected wave.

Conclusions

1. Use of a surface acoustic wave technique in conjunction with conventional optical
measurement of surface length allowed the depth and aspect ratio of artificially initiated
small cracks to be monitored continuously as they grew. If cracks are either known or
assumed to be semi-circular in shape, depth may be evaluated by the acoustic method
alone.

2. Acoustic evaluations of crack depth in glass and several aluminum and steel alloys
agreed well with post-fracture optical measurements of depth, with an average error
of +5% and a standard deviation of 7%.

3. With a surface acoustic wave transducer operating at frequencies between 2 and 3
MHz, it was possible to monitor crack growth from initial depths of approximately 50
pm (without processing) to depths of about 250 wm (or approximately 0.5-mm surface
length) for cracks of known orientation with respect to the direction of ultrasonic wave
propagation. This range of depth could be extended through use of transducers designed
to operate at somewhat lower frequencies.
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4. The surface acoustic wave technique is able to determine, during the course of a fatigue
test, the tensile stress needed to cause a small crack to fully open in depth. This provides
useful companion data to determinations of crack-opening stress based on measurement
of crack-tip opening surface displacements.

5. The presence in fatigue specimens of a shallow layer of residual stresses resulting from
diamond paste polishing of the surface had a significant influence on small-crack be-
havior, raising crack-opening stress levels, and reducing crack growth rates.

6. Split spectrum processing has been shown to be an effective tool for the enhancement
of SNR when the reflector of interest is many times smaller than the wavelength of
the interrogating ultrasound. Microcracks as small as 20 wm have been detected with
this processing.

7. A new acousto-optical technique, termed the SAW/LID technique, has been developed
to aid in the automation of fatigue microcrack initiation and growth experiments. Initial
measurements of ultrasonically inferred crack-opening behavior appear to correlate
well with optically inferred crack-opening behavior.
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ABSTRACT: Small cracks can grow at AK levels previously thought safe (that is, AK < AK,).
It follows that AK,, values, measured according to ASTM Test Method for Measurements of
Fatigue Crack Growth Rates (E 647) procedures and associated with long-crack test specimens,
may lead to nonconservative lifetime estimates of a component that contains very small cracks.
One major reason for this discrepancy may be traced to the fact that different closure levels
are found at the same applied AK level for long and short cracks, respectively. Much effort
has been given to the generation of conservative fatigue crack propagation (FCP) data through
the development of large quantities of short-crack data. Unfortunately, the generation of these
data are time-consuming, tedious, and subject to considerable amounts of scatter.

An alternative test method, based on the use of standard-sized samples and employing
established automated data acquisition procedures, has been identified. This method is based
on maintaining a constant maximum stress intensity level (K¢,.,) during the AK-decreasing test
procedure. By maintaining a constant K, value, mean stress and associated R levels are
found to increase markedly as AK decreases. The development of these high levels of mean
stress and R ratios produces a long crack with negligible crack closure, which provides an
upper bound estimate for the behavior of short cracks. K,,, FCP data for several aluminum,
iron, and nickel-based alloys have been generated and demonstrate the utility of the K3,,, test
methodology as a simple and convenient means to obtain upper bound estimates of short-
crack behavior in these structural alloy systems.

KEY WORDS: closure, fatigue crack propagation, life prediction, short cracks, threshold

Introduction

Most structural components experience some type of cyclic loading that often generates
fatigue cracks. As these defects grow, the component’s load-bearing capacity is diminished.
If these cracks are not detected with appropriate nondestructive examination techniques,
they can reach critical dimensions and result in catastrophic fracture. As a result, the ability
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198 SMALL-CRACK TEST METHODS

to accurately predict remaining fatigue lifetimes of damaged engineering components is of
great importance. As such, damage tolerant design has become a widely used technique for
predicting the service lifetime of engineering structures and components. Damage tolerance
methodology utilizes fatigue crack propagation data in conjunction with the principles of
linear elastic fracture mechanics (LEFM); furthermore, crack-tip similitude is assumed,
which permits the use of laboratory-scale fatigue crack propagation (FCP) data to represent
the fatigue behavior of full-scale structures. Similitude implies that different sized cracks
will possess the same crack-tip plastic zone, stress, and strain distributions, and FCP rates,
so long as the stress intensity factor is the same.

FCP data generated under conditions of decreasing stress intensity range at constant low
R ratios (R°) (Fig. 1a) can lead to overly optimistic estimates of component life [,2]. This
inability to accurately assess a component’s service life can, to a large degree, be attributed
to the generation of excessive amounts of crack closure in the threshold regime of laboratory
tests [3]. Regardless of the operative closure mechanism, crack closure attenuates the stress
intensity at the crack tip and results in a corresponding decrease in crack growth rates [4-
7]. This difference between the applied and effective stress intensity factors is especially
troublesome when laboratory FCP test data are utilized in damage tolerant designs because
many frequently encountered service loading conditions involve crack growth under low,
or greatly reduced, levels of crack closure. For example, cyclic loading in the presence of
tensile residual stresses caused by welding [8-12], compressive load excursions caused by
variable amplitude loadings [I3~-16], and the growth of physically short cracks [17-25]
involve accelerated crack growth under conditions- of greatly reduced crack closure. As a

K} AVAYAV AR

Cycles

FIG. 1—Schematic diagrams representing AK-decreasing threshold test methods: (a) constant R-ratio
procedure R° and (b) constant K ., test procedure K&, .
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result, conventional laboratory FCP data generated at low R ratios [I] must be corrected
to account for low closure conditions typically seen in large structures [6,26].

While some attempts at correlating low closure FCP data to long crack AK . values have
met with success [27,28], there is a large body of literature that indicates that precise and
reproducible measurement of crack closure levels are difficult to achieve [3,29-33]. In fact,
a recent ASTM round-robin study [29] reported that measured crack closure levels varied
by a factor of five among different laboratory groups when both similar and different methods
for measuring the opening stress intensity level K, were utilized. Additionally, Donald [32]
reported that even when a computerized “nulling” of the load-displacement signal is per-
formed, closure measurements in the threshold regime are inherently subjective, therefore,
unreliable. For example, Stofanak et al. [3] were unable to use AK,, to rationalize FCP
data at different R ratios near threshold, even though successful correlation was achieved
at higher AK levels. More recently, Allison and You [34] studied the fatigue behavior of a
silicon carbide (SiC) reinforced 2124 aluminum alloy, and determined that a unique AK,
function could not be defined because of inconclusive measurements of crack closure levels.

Such uncertainties with closure measurements and associated AK . calculations make FCP
data generated from conventional Re test conditions inadequate for predicting crack growth
when low closure loading conditions are experienced in structural components. Indeed, the
recommended FCP ASTM Method for Measurements of Fatigue Crack Growth Rates
(E 647) warns of the nonconservative nature of FCP data generated with low R ratio,
AK-decreasing techniques.

Recent studies have shown that more conservative FCP data can be conveniently generated
in the laboratory by conducting a long-crack AK-decreasing threshold test procedure in
association with a constant maximum stress intensity level K¢,, (Fig. 1b) [2,35-39]. With
this test method, AK decreases as the mean stress and R ratio continually increase; ultimately,
closure-free long-crack FCP data are generated in the threshold regime (Fig. 2) [2,36,39].
As such, K¢, FCP data in the AK,, regime provide a useful characterization of the crack
propagation response of a material [34,39,40] in the absence of nominal levels of closure.
These data then provide an upper bound measure of short crack response without dealing
with the experimental scatter introduced by crack closure and short-crack measurements
[12,32,34,39].

It is worth noting that during the course of the K¢, AK-decreasing test procedure, crack
closure levels gradually decrease as the crack lengthens and are observed to vanish as AK
approaches the threshold regime. As such, these K¢, data when viewed from the stand
point of increasing AK conditions, describe crack closure conditions that parallel those
associated with the normal growth of a “short” crack into a “long” crack. That is, the
K&, data in the threshold regime typify the behavior of short cracks in that both involve
crack growth under essentially closure-free conditions. As the crack lengthens, the associated
crack wake generates micromechanisms thought responsible for the development of closure
[17-25].

To be sure, the closure-free condition developed in the threshold regime of the K%,
AK-decreasing test method can be matched by conducting an R° test where R is equal to
0.8 or 0.9. Both the K¢,,, AK-decreasing and high R ratio R° test procedures generate a
closure-free environment in the AK,, regime. The present authors maintain, however, that
data obtained from the K¢,,, AK-decreasing test methodology more realistically simulate the
characteristics associated with the progression of a short crack to a long crack than that
portrayed by a high-R R® test procedure (see above). Furthermore, the K§,,, test procedure
has the added advantage of reaching high R levels faster (up to four times) than possible
by R° test methods [41], which can be more difficult to conduct at extremely high R levels
(R = 0.8 t0 0.95).
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FIG. 2—Variation of (a) crack closure levels and (b) R-ratio in 1020 steel during K<, and R® = 0.1
AK-decreasing test procedures.

When the FCP resistance for competitive materials are compared on the basis of low R®
versus K¢,,, data, comparative rankings may change. To illustrate, consider the relative
fatigue response of 2024-T3 and 2090-T8E41 aluminum alloys. The Al-Li-Cu-Zr 2090 alloy
possesses attractively high low-Re (R = 0.1) fatigue threshold behavior when compared with
most other aluminum alloys [25,42]. This excellent long-crack fatigue response has been
attributed to large closure levels associated with extensive amounts of crack tip shielding
caused by crack deflection and crack wake asperity wedging [42]. As such, the R° = 0.10
FCP data for 2090 show consistently superior resistance to FCP for all AK levels when
compared to the more traditional 2024-T3 (Fig. 3a).

However, when the alloys are compared on the basis of K&,, = 10 MPa-m"? long-crack
data, the FCP behavior of the two materials track together (Fig. 3b) over wide ranges of
AK, especially in the near-threshold region. Figure 3¢ demonstrates the closure conditions
present in each of the R° = 0.1 tests. Note that the superior low R° FCP results of 2090-
T8E41 are due to an extrinsic crack closure effect; clearly, this apparent superiority is greatly
reduced when the two materials are compared on the basis of K¢,,, test results. The rami-
fication of this finding is that 2024 and 2090 should behave similarly under low-closure
service loading conditions, while low R* laboratory tests would have anticipated much longer
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FIG. 3—Comparison of FCP data for 2024-T3 and 2090-T8 aluminum: (a) R° = 0.1 data,
(b) K&, = 10.0 MPa - m'* [42], and (c) closure information for R° = 0.1 tests [39].

fatigue lifetimes for the aluminum-lithium (Al-Li) material. The reader must, therefore,
identify the appropriate service conditions before utilizing certain laboratory data for pre-
dictive purposes.

Furthermore, Allison and You [34] have recently utilized K¢, threshold test methods to
define the intrinsic crack growth rates of SiC-reinforced aluminum alloys. Their study showed
that the enhanced fatigue performance of these metal matrix composites, relative to un-
reinforced aluminum, was largely caused by the extrinsic effects of closure-related crack-
tip shielding, rather than because of an intrinsic improvement in material properties. Ad-
ditionally, Makhlouf and Jones [40] have recently shown that the increasing R-ratio, K¢,
FCP data obtained at 500°C provided an accurate indicator of the elevated temperature
fatigue behavior for a 18%Cr-Nb ferritic stainless steel.

It follows that the use of K¢ ,, data in suitable lifetime calculations will result in conservative
life predictions for engineering components that experience low-crack closure conditions
[2,3,16,39]. Several examples of the application of K¢, data for the prediction and simu-

lation of component fatigue response under low-closure loading conditions are reviewed
below.
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Weldment Data

Tensile residual stresses generated during welding cause accelerated fatigue crack growth
(especially in the threshold regime) because the high mean stress level at the crack tip effects
a dramatic reduction of crack closure levels [8—11]. Consequently, fatigue life calculations,
of welded components should be based on K¢,,, rather than low R ratio data. Figure 4a [12]
shows weld zone crack propagation data in JIS-42B steel from the work of Matsuoka [9],
along with baseplate FCP data at R° = 0.1 and K%,, = 35.2 MPa - m"? data for hot rolled
1020 steel [41]. It is clear that the R° = 0.1 long crack data predicted none of the accelerated
crack growth in the weld. In sharp contrast, the agreement between the closure-free weld
zone crack growth data and the closure-free long crack K¢,,, laboratory FCP data is excellent,
with the two data sets tracking together at all stress intensity levels. It should be noted that
while there are minor differences in composition and properties for the 1020 and JIS-SB42
steel alloys (Table 1), many steel alloys have been shown [41] to possess similar FCP behavior
under Kg,,, test conditions. Furthermore, the slight difference in low R ratio, long-crack
threshold behavior (Fig. 4a) was expected since R® = 0.1, AK-decreasing conditions were
utilized for 1020 steel, while the baseplate FCP tests for JIS-SB42 steel were conducted at
R° = 0.00.

TABLE 1—Comparison of 1020 steel and JIS-SB42 steel.

c Mo [ Si [ M| Mo vV [Cr
1020 Hot Rolled Steel [*] | 0.18-0.23 [0.30080] - | - | - | - | -
J1S-SB42 Steel [9] 017 | 081 [019] 0.01/0.001] 0.001]0.02
Yield Strength | UNtimate Strength 2Ky
(MP3) (MPa) (MPa )
1020 Hot Rolled Steel []| 210240 390410 8.25
JiS-SB42 Steel [9] 280 440 10.00

** Metais Handbook, Desktop Edition (1986) ASM International, 1st edition.
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(a) SAW FCP results [9] and (b) GMAW FCP results [8,12].
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It should be noted that the uniformly high mean stress levels present in welded samples
suggest that high-R Rc tests would provide a more realistic estimate of weld response than
for the case of K¢,,, data where R ratios are low at the beginning of the K¢, test when AK
levels are highest. At the same time, the reader should recognize that it is not possible to
generate high R° data in the intermediate and high AK regimes since K,,,, levels would
exceed the material’s fracture toughness. Since mean stress effects on FCP rates are not
nearly as large at intermediate AK levels as in the threshold regime, the error in using an
R increasing test method associated with K¢, -decreasing test procedures is not considered
to be of major consequence. Indeed, the correspondence of K¢, test data with weld results
(Fig. 4) is encouraging.

Further confirmation of the applicability of the K¢ ,, test procedures to account for the
FCP response of weldments was found with data provided by Ohta [8] and Herman et al.
[41]. Regardless of the welding process used (gas metal arc or submerged arc welding),
inferior crack propagation behavior was seen in the weldments relative to the high-strength
ferrite/pearlite HT80 baseplate. However, when Herman [4]] compared the HT80 weld zone
FCP data to baseplate K¢,,, results for a slightly lower strength HT60 steel, the agreement
was excellent (Fig. 4b).

Underloads and Negative R-Ratio Tests

Compressive load excursions of sufficient magnitude during service can crush oxide debris
and asperities in the crack wake [14,15], thereby reducing the level of crack closure. It
follows that low-closure K¢, laboratory test data could provide an upper bound estimate
of crack growth following damaging underloads. Indeed, Herman and Hertzberg [12,16,41]
demonstrated that FCP data, generated under cyclic compression, were matched by K¢,
threshold test data. As seen in Fig. 5, K¢,,, data for a 7075-T6 aluminum alloy lie at the
upper limit of the 7475-T6 scatter band corresponding to a compressive precracking test
procedure [43,44].

-3
10 00000 7075-T6: K'p,, = 10 MPa /m
LT 7475-T6: Precrack in
Compression Scatter Band
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FIG. 5—Comparison of Ks,,, AK-decreasing FCP data for 7075-T6 with “precrack in compression”
results for 7475-T6 [43,44].
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Furthermore, K¢, test data provide an upper bound for negative R ratio test results.
Figure 6 demonstrates that as R becomes more negative, the curves shift to the left. This
behavior is due to the crushing of the asperities by the high negative loads in the crack
wake. The K¢, = 10 curve provides an ultra conservative bound of FCP response in this
material and reflects the likelihood that closure was not completely removed under R =
—2 conditions. Note that at high AK levels, where closure has less of an influence on growth
rates, the R° = —2 and R° = 0.1 curves come together as predicted by the present ASTM

standard.

Short Crack

Since closure levels associated with short-crack growth are generally low, if not negligible
[27,28,45], the data should be in agreement with any long-crack database associated with
low-closure levels. While some success has been reported with the correlation of short-crack
FCP data on the basis of long-crack AK,, values [25], a more straightforward and repro-
ducible simulation of short-crack behavior can be obtained by referring to low-closure long-
crack fatigue data such as that provided by K¢, test methods. Bolingbroke and King [46]
as well as McCarver and Ritchie [47] demonstrated that long-crack samples tested at high
R ratios displayed similar growth characteristics to physically short cracks. Their observations
are not surprising, and are directly related to the absence of crack closure in both instances.
This paper will demonstrate that data for short cracks and other low-closure loading con-
ditions can be conservatively bound by long-crack test results when the latter are generated
under constant K¢, testing conditions.

Towards this end, K¢, long crack data will be compared to short-crack growth rates for
four different grades of aluminum, five different types of steel, and a hot isostatically pressed
nickel based superalloy (Astroloy). Tables 2 and 3 detail the compositional and heat treat-
ment information for these alloys. Attention will also be given to certain short crack test
conditions for which K¢, test methods do not adequately simulate short-crack behavior.

10 ~*3 -
jansaa 6005: R°=0.1
{ #rrenw 6005: R°=-0.5
J+++++ 6005: R°=-1
Jnnnnn 6005: R°=—2
00000 6005: K°,,,=10 MPa /m

—
(=}

DA/DN (mm/cycle)
=)

(=}

10 7'+ T —— T

10
Delta K (MPa /m)

FIG. 6—Comparison of R° = 0.1 data and K5,,, = 10 MPa - m*? test data to R® = —0.1, —1, and
—2 results. Note that AK values are based solely on the positive portion of the loading cycle.
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TABLE 2— Chemical compositions and heat treatments for ferrous alloys.

| C Mn P[S] Cr Ni_ [Si [ Mo Fe
4130[**] [0.25-0.33[0.40-060| - | - p.80-1.10| - | - |0.15:0.25| bal
1020 [**] {0.18-0.23(0.30-060 - | - - -] - - bal
s10c[61] | 0.1 0.38 |0.019{0.013] - - {o20| - bal
HT60 [61] | 0.09 167 |6.004/0.019| - - 025 - bal
304SS [63]] 0.06 20 |0.045/0.030| 1807 |855(1.0 | - bal

4130 Steel (Q&T) - (1) Normalize 30 min. @ 870 C.
(2) Air cool.
(3) Austenize 30 min. @ 600 C.
(4) Oil quench.
(5) Temper 60 min. @ 600 C.
1020 Steel - As hot rolled.
S$10C Steel (Fine grain) - (1) Normalize 60 min @ 900 C.
(2) Air cool.
S10C Steel (Coarse grain) - (1) Anneal 4 hrs. @ 1100 C.
(2) Air cool.
HT60 Steel - As received (normalized)

** - Metals Handbook, Deskiop Edition (1986) ASM International, 1st edition.

TABLE 3—Chemical compositions and heat treatments for nonferrous alloys.

Alloy Conditon Fe Cu Mn Si Mg 2n Cr Li Al
2014-T3 [**] ROLLED - 040 060 - 150 - - - bal
2090-T8E41 [41] ROLLED 0.02 286 0.0050.01 0.01 - - 205 bal
7075-T6 [**] ROLLED - 160 - - 250 560 023 - bal
AA6005-T6 [+] EXTRUDED 0.21 0.17 0.03 0.63 054 0.08 0.11 - bal

Co Cr Mo Al T Fe w Cu Ni
Astroloy [53] 16.98 14.80 507 399 358 021 0.01 0.01 bal
Heat Treatment for Astroloy:
(1) Hot isostatic pressing for 2 hrs. @ 1107 C.
(2) Solution treat for 2 hrs. @ 1121 C.
(3) Age for 24 hrs. @ 650 C.

** Hatch, J.E., ed. 21980) Aluminum: Properties and Physical Metallurgy, ASM.

+ Jaccard, R., Technical Data Sheets, Swiss Aluminum, Ltd.

Experimental Procedures and Associated Discussion

All AK-decreasing threshold tests were conducted at ambient conditions under computer
control using an Instron Corporation servo-hydraulic automated test system interfaced with
either an Instron-supplied DEC PDP1123 or an IBM XT computer obtained by Fracture
Technology Associates. In most cases, a minimum of two tests were conducted for each
long-crack test condition in order to ensure reproducibility of results. Table 4 demonstrates
that the amount of scatter (scatter factor = maximum growth rate at given AK/minimum
growth rate at given AK) for these K¢, tests is acceptable. The applied stress intensity range
was controlled according to the following equation for both constant R (R°) [1] and constant
K o (K2,,) test conditions [1,2,35,36]
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TABLE 4— Degree of scatter (maximum observed growth rate/
minimum observed growth rate for a given AK) in growth rates
for K¢, tests.

Material Factor of Scatter
2090 Al 1to 1.5
2024 Al 1.1t01.9
6005 Al 1.2t0 1.6
1020 steel 1tol.1
4130 steel 1.1

AK, = AK, = (exp(C(a; — a)))

K, = instantaneous stress intensity,

initial stress intensity,

a, = initial crack length,

a; = final crack length, and

= stress intensity factor gradient, (1/K) = (dK/da).

=
I

@
|

Fatigue threshold tests were performed for all of the following materials under R° = 0.10
(Fig. 1a) and K¢,,, (Fig. 1b) test conditions:

® coarse and fine grained S10C steel
o fine grained HT60 steel

® 1020 hot rolled steel

® 304 stainless steel

® 2024-T3 aluminum

® 7075-T6 aluminum

@ 2090-T8 aluminum-lithium

All R° = 0.1 tests were performed with a stress intensity factor gradient of —0.06 or
—0.10 mm~!, while a gradient of —0.20 mm~' was utilized for the K}, tests. Higher
gradients than that suggested by ASTM E 647 (—0.08 mm~!) are allowable for K¢, tests
because load interaction effects are eliminated because of the fact that the monotonic plastic
zone size remains constant throughout the AK-decreasing procedure. As such, K¢, tests
can be completed much more rapidly than that prescribed by the present ASTM E 647.
K¢, tests should then reduce the cost of FCP data acquisition, especially as it relates to the
generation of data that represent an upper bound for short crack response. Figure 7a {39]
illustrates the results of three experiments performed on the same specimen at load-shedding
gradients that are all higher than the limit recommended by E 647 and, in one case, as much
as five times greater than that recommended by E 647. The data are in excellent agreement
and demonstrate for at least the steel alloy studied, the FCP rates under K5, test conditions
are independent of K-gradient. Note that the —0.40 mm~! data base extends only to 2 X
10-% mm/cycle. This truncation in test results is attributed to the absence of available
unbroken specimen ligament since the C = —0.4 mm~"' test was the third test performed
on this specimen. Additional test results for 2024-T3 aluminum alloy are shown in Fig. 7b
and demonstrate again the insensitivity of K-gradient on FCP data acquired with the K¢,
test procedure. In this instance, K-gradients extended from —0.06 to —0.2 mm~!. Three
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FIG. 7—Constancy of crack growth data obtained from: (a) 1020 steel [39] and (b) 2024 aluminum
using various K-gradients. Note absence of meaningful scatter in test results.

separate test specimens were used with FCP rates observed in the 10~7 mm/cycle regime in
each instance. The authors anticipate that similar agreement would be expected with other
materials and at still higher K-gradients. Additional studies are needed to determine the
limiting K-gradient wherein meaningful FCP data may be generated.
Kc,., tests were conducted at K., values of 35.2, 55.0, and 10.0 MPa - m*? for the steel,
nickel, and aluminum samples, respectively. These particular K¢, levels were chosen to
ensure that measurable amounts of crack closure would be eliminated before the point where
crack growth rates entered the threshold region. Depending on the K, level chosen closure
exhibited by the material as a result of differences in microstructure (such as grain size) may
or may not account for AK_, conditions that simulate what the short crack experiences.
Doker and Bachmann have shown that the AK,, value varies with the value of K¢, used
in the K¢, -decreasing test procedure (for example, see Fig. 8a) [48]. Note that above a
certain K, level, there is little change in the AK,,, even up to very high K., values [49,50].
Similar findings by the present authors for an aluminum alloy tested over a range of K.«
values from 4 to 20 MPa - m'? are shown in Fig. 8b. Depending on the level of closure
exhibited by a given material, FCP data (especially in the AK,, regime) would differ by
varying degrees when compared on the basis of R° = 0.1 and different K%, test conditions.
The “best” K¢, test condition to use for the generation of FCP data needed for component
life prediction remains a somewhat elusive target. The K¢, values chosen for the iron,
nickel, and aluminum based alloys examined in this study (35.2, 55, and 10 MPa - m'?,
respectively), provide a database that serves as an upper bound for the majority of short-
crack data in each instance. As such, these K¢,,, values represent good educated guesses of
the important K¢, test variable. The reader should note that these values may not apply
for all materials. For example, Jaccard reported a better simulation of S-N curves, based
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FIG. 8—The effect of K, level on fatigue behavior: (a) AK,, of different materials in air and in
vacuum [48] and (b) FCP data at near threshold conditions for 6005 aluminum.

on FCP-based life calculations with K¢,,, values of 6.67 and 10 MPa - m'? for two different
aluminum alloys, respectively [51,52]. Based on our current understanding of the K¢, test
procedure, some additional information is needed for the selection of the “best” K¢, value
to use. Two such data bases include actual short-crack data and S-N information. Two
applications of S-N data to determine the appropriate FCP data for use in life prediction is
discussed below. Clearly, additional studies aimed at the establishment of suitable K¢,
levels for a given alloy is indicated.

The long-crack fatigue data generated in this study were obtained with the wedge opening
load (WOL) or disk compact tension (DCT) sample configuration [53] with cracks propa-
gating in the LT orientation [54]. The authors do not believe that specimen geometry will
influence the data acquired since all tests under both R° and K¢,,, were generated under
fixed K-gradients imposed by computer-controlled test conditions. Crack length was deter-
mined using compliance techniques in conjunction with a crack mouth COD gage along
with periodic visual observations of the crack tip to verify the accuracy of the computer-
calculated compliance values. Crack closure levels were monitored throughout the course
of all AK-decreasing procedures, either through visual observation of a canceled load-
displacement trace (generated by signal nulling) or with a computerized closure routine
provided with the FTA automated test system [32]. Growth rate information (da/dN) was
calculated using a modified secant technique [1].
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Results and Discussion

A typical example of the nonconservative nature of low R-ratio FCP data, when compared
to short-crack growth at the same AK levels, is portrayed in Fig. 9. Standard R* = 0.1, AK-
decreasing FCP data for commercial grade 7075-T6 aluminum are plotted together with
short-crack FCP data taken from various sources in the literature {19,55-57]. Note that
significant short-crack growth occurs at stress intensities below the long-crack threshold,
and at considerably higher rates than the long crack, low R° data. Clearly, utilization of low
Rratio, AK,,, data for lifetime calculations would not anticipate the accelerated crack growth
associated with short crack behavior.

Previous studies by Herman and Hertzberg {12,16,37,39] addressed this problem and
demonstrated that low-closure K¢, threshold test procedures can, to a large extent, provide
a conservative upper bound for the FCP behavior of physically short cracks in a wide variety
of engineering materials. For all cases, the K%, curve tracked at or near the upper bound
of the short-crack growth scatter band, whereas the R° = 0.1 curve typically characterized
the lower bound of the short-crack growth rate data.

In a separate analysis, the authors attempted to predict the S-N curve for 6082 aluminum
alloy weldments, based on R° = 0.1 and K¢,,, databases. The starting assumption was made
that the same semi-elliptical flow existed in test specimens corresponding to the shortest
lifetime at each stress level. Starting with a calibration point of an applied stress range of
38 MPa, in association with a cyclic lifetime of 3 600 000 cycles (an actual data point), the
“presumed” crack size was calculated from the integration procedure, based on K¢,,, and
Re data, respectively.

For the case of the K%, computation, A and m values from the Paris relation were
determined from the K¢, — FCP database along with the appropriate R° branch at higher
AK levels [39,51,52]. The computed crack depth of 0.17 mm was judged to be reasonable
for these specimens and corresponds to the observed incidence of grain boundary separation
in association with grain boundary inclusions. The grain size of this alloy is on the order of
200 pm. The computer crack size was then used to calculate specimen fatigue life at all
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4 onooo 7075: R° = 0.10

] sesee 7075: Short Crack
] 00000 7075: K°mia=10 MPa /m]
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FIG. 9—Comparison of short-crack data to R® = 0.1 and K¢, long-crack FCP data for 7075-T6
aluminum {19,55-57].
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additional stress levels from S-N database. The results of this analysis are shown in Fig. 10a.
The computed S-N curve shows excellent prediction of the lower bound of the S-N database.
If one uses the same computed crack size (that is, 0.17 mm) and repeats these life calculations
with A and m values corresponding to the R° = 0.1 database, the predicted S-N curve is
shifted to much long lifetimes, which are nonconservative, relative to actual data points
(Fig. 10a).

Alternatively, if the computation procedure is reversed and the calculated crack size based
on the R° = 0.1 database, a crack depth of 2.65 mm is determined. Based on practical
experience, this calculated crack size is considered to be unrealistically large. When this
crack dimension (2.65 mm) is used with the R° = 0.1 database to compute the remaining
portion of the S-N plot, the predicted S-N curve represents a conservative estimate for the
actual lifetimes recorded (Fig. 10). This finding is not surprising when one considers the
large crack used in these calculations. Indeed, when K¢, data are used along with the
computed 2.65 mm crack, the calculated S-N curve falls further from the actual database
and is more conservative than the plot based on Rc data.

A second S-N simulation was performed with data from aluminum alloy 6005, and the
results are shown in Fig. 10c and d. Again, the K¢ ,,-based S-N simulation provided a better
conservative bound of the actual S-N data than for the case of the R* = 0.1 computations.
Also, the calculated crack size (129 pm), based on the K¢,,, calibration, was found to be
physically reasonable, whereas the R® = 0.1 based crack size (3.15 mm) was found to be
unrealistically large.

To summarize, the K¢, -based calculation leads to a more realistic estimate of presumed
crack size, generates an S-N curve that corresponds to the lower bound of the actual S-N
data base, and consistently predicts more conservative life estimates then for the case of
Re-based calculations.

Figure 11a compares the short-crack results of Vecchio [58], Brown et al. [59], Brown
and Hicks [60], and Soniak and Remy [24,61] for fine grained Astroloy nickel alloy generated
under conditions of R° = 0.1 with two sets of long crack threshold data corresponding to
R° = 0.1 and K¢,,, 55.0 MPa - m"2. Clearly, the K¢,,, database tracks through most of the
short crack data, whereas the R° curve falls to the right of all short-crack data points. In
view of the long-crack results, the nonconservative value of the low R ratio threshold (18.0
MPa - m'?) is contrasted with the value of 8.5 MPa - m"?, corresponding to the constant
K.ax Tesults. As such, an unrealistically long fatigue lifetime would have been computed for
an Astroloy component that contains a short crack, were one to have assigned a value of
18 MPa - m'? for AK,;.

A similar comparison was made between long- and short-crack data for 2024-T3 [22,23,62,63]
and 2090-T8E41 [25,42] aluminum alloys (Figs. 115 through c). As expected, at any AK
level, crack growth rates associated with K¢, tests represented an upper bound for 73—
85% (as compared to 18—-40% with R° = 0.1 long crack data) of the existing short crack
growth information, regardless of the test methods and specimens utilized for collection of
the short-crack data.

It should be noted that the relatively larger degree of scatter associated with the 2024-T3
and 2090-T8E41 short-crack data sets can be rationalized in terms of the existence of mi-
crostructurally small cracks during short-crack testing; under these conditions, short-crack
growth correlations to AK are likely to be invalid.

Similar comparisons of K¢, and short-crack data obtained from the literature were made
for a quenched and tempered (Q&T) 4130 steel [21], three types of ferritic/pearlitic steels
[20,64-67], which were heat treated to different strength levels, and a 304 stainless steel
alloy [68]. For the case of the hot rolled 1020, Q&T 4130, and 304 stainless steels, the long-
crack K, data once again provide a reasonable upper bound for most of the short-crack
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FIG. 11— Comparison of short-crack data to R, = 0.1 and K¢,,,, long-crack FCP results: (a) Astroloy
nickel alloy [24,58-61], (b) 2024-T3 aluminum [22,23,62,63}, and (c) 2090-T8 aluminum (25 42].

database (Fig. 12a through ¢). As was the case with the aluminum alloys, the R° = 0.1
curve provides only a nonconservative, lower bound for the short-crack data. Some of the
near threshold points that fall outside of the K¢, data set at low AK levels again may
correspond to microstructurally small-crack growth, for which the use of AK in data analysis
is suspicious because of obvious violations of continuum mechanics and similitude. The
authors recognize the unsatisfactory circumstance wherein they possess no a priori knowledge
as to whether a given short-crack datum is amenable to LEFM analysis. As such, we accept
the weight of evidence as confirming that the K¢,,, database represents an upper bound for
most short crack results. At present, the authors are unaware of an alternative non-LEFM
methodology that can conservatively account for the majority of short-crack data.
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FIG. 12—Short-crack data compared with R° = 0.1 and K¢,,, = 35.2 MPa - m? test results: (a) 1020
hot rolled steel [20], (b) 4130 quenched and tempered steel {21}, and (c) 304 stainless steel {68].

Short-crack data for the coarse and fine grained S10C [66] steel, as well as the HT60 [67]
materials appear to show a much poorer correlation with the corresponding long crack
K:,.. data (Fig. 13a through c). However, when the bending stresses applied to the $10C
steel during short-crack testing (310, 240, and 180 MPa) [66] are compared to the bulk yield
strengths of the coarse grain, fine grain S10C steel samples (233 and 286 MPa, respectively),
it is apparent that much of the short-crack data were generated at stress levels exceeding
the material’s bulk yield point. Consequently, the samples did not behave as an elastic
continuum, and LEFM principles were clearly violated. As such, short-crack test data gen-
erated under these conditions cannot fairly be compared to the K¢,,, FCP data. When the
questionable short-crack data sets are removed, a much stronger correlation between the
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short crack, and K¢,,, FCP data for both grain sizes of S10C steel is seen (Fig. 14a and b).
Similarly, for the HT60 (YP = 510 MPa) [67], removal of the highest applied bending stress
short-crack data result in a much better correlation between the short-crack FCP data and
the K%, results for the material (Fig. 14c).

Note the extreme scatter that is generally associated with short-crack test results; up to
a two-order of magnitude difference in growth rates is seen at any given AK level. This
amount of experimental variability is consistent with the stochastic nature of short-crack
growth, and with the inherent experimental difficulties in accurately measuring short-crack



10 3

10 ™

10 ~°

10 ~°

DA/DN (mm/cycle)

107

10 ~°

HERTZBERG ET AL. ON SIMULATION OF SHORT CRACK

Lol

44 ]

Lol

1]

Loananl

+HHH

.......

senen

Rt = 0.10

e

S10C(FG):
S10C(FG):

= 35 MPa /m
OC(FG): Short Crack(180 MP-}
Short Crack(240 MPa

S10C(FG

Y
T T T T T T T

10
Delta K (MPa /m)

10 °

IR

1

10 ™

11yl

10 °®

11l

10 ~°

DA/DN (mm/cycle)

o1l

10 7

41l

Wwoooﬁi% ol 5 = 2% we
2 = 'a m
..... $10C(CG): Short Creck (u{_up.)

.
T T T TTTT T

10 °

10
Delta K (MPa /m)

10°®
3 Too: r_: 4% upe /m
< HT60: Short Crack(360 MPs
d HT60: Short Cucki«)o IP-}
: Short Crack(440 MPa
—_—~ -4
) 10
3] ]
S N
Q _
>~ -5
£10 74 9<>
g ] 0
E ] SOF
) 0.
% 10 )o :
~ 3 S
! 1 [ AL
a . /’ R
oL f
10 * ——

10
Delta K (MPa /m)
FIG. 14—Same as Fig. 13, but without short crack data obtained at stresses above o: (a) fine grained
S10C steel, (b) coarse grained SI10C steel, and (c) HT60 steel. Note improved correlation.

215

growth [21,28,45,55,63]. The inability to accurately and reproducibly characterize short-
crack growth underscores the utility of the K¢,,, threshold procedure as an effective tool for
determining component life and for providing an upper bound of short-crack results [39,51,52].

In many of the previous examples, the low-closure K¢,,, data were unable to account for
short-crack growth that involved microstructurally short cracks and cracks propagating under
applied stresses close to or exceeding the bulk yield point. This should not be viewed as a
shortcoming of the K¢, test procedure. Rather, it relates to the limitations of linear elastic
fracture mechanics to adequately describe the crack driving force for microstructurally short
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cracks, and in samples that experience applied stresses near or above yield. For these cases,
the stress intensity factor cannot properly define the crack-tip stress state [69]. Rather, it
may be advantageous to utilize other parameters, such as the J integral or strain energy
density, to describe conditions at the crack tip. Vecchio [58] and Vecchio and Hertzberg
[70], for example, found good agreement between short- and long-crack FCP data for
Astroloy nickel alloy when both long- and short-crack growth rate data were plotted versus
the strain energy density AS.

Advantages of K¢, Test Procedure

1. It provides for rapid determination of FCP data since larger K-gradients can be used
than that recommended by ASTM E 647. This leads to a reduction in testing time and
test material.

2. It provides an efficient method of generating closure-free FCP data especially in the
AK,, regime. As such, it provides a convenient method by which AK_ , may be esti-
mated.

3. It provides an easier method for the generation of FCP data at high R ratios than for
the case of high R R° tests.

4. It provides an upper (conservative) bound estimate of FCP behavior in situations
involving low levels of crack closure. These include short cracks, components possessing
tensile residual stresses, and components that experience compressive underloads.

5. With the appropriate K¢,,, database, conservative component lifetime estimations can
be obtained.

Disadvantages

1. One cannot, at present, choose a priori the appropriate K<, value to generate an
upper (conservative) bound for short-crack data or predict component lifetimes. In
some instances, the chosen K¢, values may prove to be too conservative relative to
the body of short-crack data. Further studies are needed to identify necessary calibra-
tion procedures. These may include the use of existing S-N data, selective use of short-
crack and closure information, or other, as yet, undefined methods. The authors
recommend that methods to determine the target K¢S, value be developed in order to
minimize the generation of short-crack data since the latter are very time consuming,
labor intensive, and expensive to generate.

2. The methods cannot fully account for short-crack growth under conditions that violate
the principles of LEFM. In this situation, J integral or strain energy density analyses
may apply. Alternatively, total life may need to be addressed from the standpoint of
quantifying an initiation period involving the development of a crack of some size,
using ASTM Recommended Practice for Constant-Amplitude Low-Cycle Fatigue Test-
ing (E 606), and adding that life estimate to the life estimate of the propagation stage,
based on LEFM integration methods. For this integration, K¢, data are suggested
since the latter reflect changing crack closure conditions as the initiated crack grows
to be a long crack.

Conclusions

1. The long-crack K¢, test procedure is capable of adequately predicting accelerated
FCP rates in low-closure loading situations associated with tensile residual stresses due
to welding, compressive underloads, and growth of short cracks. As such, FCP data
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derived from constant K_,,,, AK-decreasing test methods K¢,,, can provide a conserv-
ative assessment of the fatigue life of engineering components.

2. Since the K¢,,, procedure involves the development of high R-ratios and the elimination
of globally measured crack closure in the threshold regime, a realistic assessment of
the intrinsic FCP resistance of a given material can be obtained with enhanced accuracy
and speed. As such, the resulting K¢, database can be interpreted as a nominally
“closure-free” measure of the effective stress intensity.

3. The Kt,,, test methodology may reduce the need to generate actual ““‘short-crack” data,
thereby resulting in a substantial reduction in testing time and associated costs. It
should be recognized, however, that while K¢ ,, data can provide a conservative upper
bound for most short-crack growth data, the method may not fully account for short-
crack growth that occurs under conditions that violate the principles of LEFM; these
include, cracks that are short relative to microstructural features, and short cracks that
experience applied stresses close to or exceeding the material’s yield point. For both
of these cases, crack growth similitude breaks down and LEFM correlation parameters
are suspect. Further studies are necessary to define an adequate parameter, which can
describe short-crack growth when AK no longer can be utilized.

4. The decision to use a specific R° or K¢, value in life prediction should be made on a
case by case basis, and determined from the prevailing service conditions. In some
instances life predictions based solely on K¢, data may indeed provide an overly
conservative lifetime. Correspondingly, life predictions based on R° = 0.1 data may
prove to be nonconservative.

5. While identical threshold conditions (that is, comparable AK and R ratios) can be
obtained with either K¢, or high R test methods, the K¢ ,, test procedure has a definite
advantage over the R° procedure in terms of relative testing ease and speed.
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Summary

There are now several well-established techniques available for characterizing various
aspects of small-crack propagation. Some are more amenable than others for routine use;
some require significant expertise. Some require almost no financial investment, while others
require more significant expenditures. All are useful for measuring the growth of fatigue
cracks on the order of 50 to 75 pm or greater, and some are applicable to even smaller
cracks. There is little evidence the techniques yield da/dN versus AK data, which is technique
dependent; however, extensive comparisons on a common set of material have not been
conducted. Some techniques have relative limitations for use in characterizing three-
dimensional shape changes (for example, replication), although all must make some as-
sumptions about crack shape changes that require pre- or post-test verification. Shape
changes may be deduced from the combination of some of the measurements.

Fatigue crack closure has been shown to be an important factor affecting small (and large)
crack propagation. Some of the techniques reviewed here are very useful for characterizing
crack compliance and closure (for example, ISDG and SEM) while others yield little or no
quantitative closure information (for example, replication and photomicroscopy). Some
techniques provide information that is clearly related to crack-closure behavior, however,
the degree with which it can be used to quantify crack closure is open to interpretation (for
example, ultrasonic and electric potential methods). Finally, novel techniques have been
developed for conducting large-crack experiments (for example, constant-K,,,,), which may
be closure free and thus may be useful for bounding those small-crack effects that are
attributable to crack closure.

There is little disagreement that the small-crack effect exists and is important. However,
in addition to the major and natural controversies regarding mechanistic interpretation,
controversy exists in testing practice as well. These include the following:

Use of Ao = 0.x — Omin Where 0, < 0 in calculating AK.

Use of established increments for data collection, fixed Aa versus fixed AN increments.
Methods for dealing with multiple cracks/rejection of data for crack interaction effects.
Use of large-crack procedures for bounding small-crack da/dN versus AK data.

Use of ultrasonic and electric potential, and perhaps even SEM, techniques for quan-
tifying crack closure.

SRk L=

Future activity by ASTM Committees’ E-9/E-24 Joint Task Group on Small Fatigue Cracks
should concentrate on resolving these controversial measurement issues, which will pave
the way to a recommended practice for small-crack test methods that is technique inde-
pendent. In addition there is a need for more extensive comparison of da/dN versus AK
data and closure data for a variety of techniques (for example, round-robin activity). Finally,
research challenges exist in extending small-crack test methods to characterization of fatigue
cracks less than 50 to 75 wm in size. Of obvious and general importance is research directed
at understanding small-crack growth mechanisms, including environmental interactions, and
characterizing/correlating small-crack behavior. This information is needed for development
of more fatigue resistant and damage tolerant materials. In addition, as methods of non-
destructive evaluation continue to improve, and the minimum detectable crack size de-
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creases, a more thorough understanding of small-crack behavior will be needed for life
prediction of high-performance structural applications.

Given the importance of small fatigue crack information for use in alloy development and
the critical requirement for its use in component design, we are hopeful that this publication
will be useful to students, researchers, and practicing engineers and will provide a means
to make the experimental and analytical methods used to characterize small fatigue cracks
more accessible.
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