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Introduction

The ongoing development of new HSLA (high-strength, low alloy) steels for use in ship and
submarine structures permits increases in design stress levels, which may in turn increase the sig-
nificance of fatigue cracking as a threat to structural integrity. The subject program has been
motivated by the desire for improved understandings of the relationships between microstructure
and fatigue damage in naval steel structures, with particular application to the prediction of fatigue
life. Among the intended products of the study are improved methods for fatigue life prediction
which give appropriate attention to different potential microstructures and associated microstruc-
tural influences on fatigue crack initiation and growth rates. The methods could be used to provide
guidance in optimizing alloy chemistry, processing, and welding protocols for improved fatigue
resistance, while also expediting improved fitness-for-service assessments of actual or postulated
cracking.

The basic technical approach has been first to identify the rate-controlling fatigue mechanisms
and characterize the relevant microstructures for microcrack nucleation and growth. These studies
have been informed by a series of critical quantitative experiments in which fatigue microcracks
were nucleated and grown through microstructurss of interest. The goal is to establish quantitative
relationships between microstructural and loading parameters and fatigue damage. The second key
step is then to develop practical engineering expressions to predict total S-N fatigue life which
incorporate these microstructure-load-damage relationships. These life prediction models are to
be expressed in an appropriate probabilistic framework which enables a quantitative assessment of
the probability of S-N failure at a performance level of interest as a function of uncertainties in
material/load/geometry input parameters.

The focus of the first year (ending July 1992, and summarized in the First Annual Report)
was on experimental observations of fatigue damage in different microstructures for HSLA steels.
Experimental methods were developed to study microcrack nucleation and growth with S-N fatigue
specimens. Microstructures were modified with various heat treatments and characterized with
appropriate optical and electron microscopies. Results suggested that the S-N fatigue life could be
adequately characterized in terms of the nucleation and growth of individual microcracks. Crack
nucleation was found to be significantly dependent on microstructure, but the nucleation phase was
typically a small fraction of the total life. Microcrack growth rates appeared to be only mildly
dependent on microstructure, which is consistent with available data on large crack growth rates.
The growth rate was relatively insensitive to the ferrite matrix morphology, but may have been
affected by the size, volume fraction, and perhaps mean free path of the fine copper precipitates.

In our Annual Letter Report for FY92, we identified a series of critical questions to guide our
future work. In this quarterly progress report, we will briefly discuss how we have addressed these
critical questions during the past few months.

Large Cracks vs. Microcracks

One basic question was whether a fundamental difference existed between fatigue crack
growth rates for microcracks and large cracks in HSLA-80. Comparisons of our microcrack growth
rate duta with large crack data from Lehigh researchers on the same heat of material and with other
large crack growth data from the literature suggest that the differences are relatively minor, although
microcrack growth may occur at applied stress intensity factor ranges smaller than the large crack
threshold value. However, we have not been able to draw a firm conclusion because of a shortage
of large crack data at very low growth rates (i.e., very near threshold). Our colleagues at Lehigh




have informed us that they still intend to generate these data with our common material and provide
us with the results. We have chosen to postpone our final analysis/comparison of large crack and
microcrack growth rates until additional near-threshold data are available.

Microstructural Issues

The previous list of critical questions included three topics related to microstructural issues:
the influence of copper precipitate size and spacing; a rigorous evaluation of microstructural
influences on microcrack nucleation and growth in HSLA-80 steels, along with the development
of appropriate scaling laws; and the development of specific equations which can be integrated to
give good estimates of S-N fatigue life. We have made substantial progress in answering these
questions, although some further work remains. A detailed discussion of these advancesis presented
in the manuscript, "Scaling Laws for Fatigue Crack Growth in Steels,” which is enclosed as an
attachment to this quarterly report. This manuscript is being submitted for publication to Metal-
lurgical Transactions A. A brief summary is provided here.

A set of scaling laws has been developed for describing both intermittent and continuous
fatigue crack growth in stcels in the power-law regime. The proposed scaling laws are developed
on the basis that fatigue crack growth occurs as the result of low-cycle fatigue failure of a crack-tip
element whose width and height correspond to the dislocation cell size and barrier spacing,
respectively. The results show that the effects of microstructure can be described entirely in terms
of a dimensionless microstructural parameter, £, which is defined in terms of yield stress, fatigue
ductility, dislocation cell size, and dislocation barrier spacing. For both discontinuous and con-
tinuum crack growth, the crack extension rate, da/dN, scales with § and AK/E, where AK is the
stress intensity range and E is Young's modulus. Application of the model to HSLA and
conventional ferritic, ferritic/pearlitic, and martensitic steels reveals that the lack of a strong
microstructural influence on fatigue crack growth in the power-law regime is due to increasing yield
stress and fatigue ductility with decreasing dislocation barrier spacing, which leads to a narrow
range of § values and crack growth rates. Variations of da/dN data with microstructure in HSLA-80
steels, including the effects of copper precipitates, are explained in terms of the proposed model.

The development of these scaling laws for large cracks represents the first substantial step
towards developing specific microcrack nucleation and growth equations which can be integrated
to give good estimates of S-N fatigue life. The final form of these equations will be developed in
conjunction with ongoing research on stochastic modeling, which is described next. These scaling
laws do not specifically address the issue of near-threshold growth rates. We will evaluate the
significance of that issue following further investigation of the large crack vs. microcrack issue,
described above.

Stochastic Modeling

Fatigue crack growth is fundamentally a random phenomenon because of the macroscopic
variation (from specimen to specimen) as well as the microscopic variation (along the crack path
in asingle specimen). This randomness may be most apparent and most significant for microcracks,
when crack-microstructure interactions are also most significant. Microcrack growth rate data are
often characterized by a particularly great amount of variability, especially in comparison to growth
rate data for large cracks outside of the near-threshold region. Because of this large variability,
simple deterministic schemes to compute microcrack-dominated life are often not satisfactory.
Algorithms based on best estimates such as mean values cannot account for the significant possibility




of nonconservatively faster growth, and attempts to “envelope" the data with upper bound crack
growth curves may be excessively conservative under some conditions (leading to unnecessary
rejection of safe hardware).

Thus, microcrack growth is a particularly good candidate for probabilistic methodologies.
Unfortunately, microcrack growth also presents special obstacles to developing probabilistic
models. In particular, it is often difficult to collect raw fatigue crack growth data of sufficient
quality and quantity to compute necessary probabilistic parameters. Crack length measurement is
expensive and often cumbersome for microcracks, involving indirect means such as multi-step
replication (rather than direct visual inspection of the specimen surface). Microcrack initiation and
growth is especially unpredictable, and so it is nearly impossible to obtain data at fixed crack lengths
or fixed growth intervals. Smooth specimens are characterized by multiple microcrack initiation
and growth, so it is not usually possible to identify a priori a single dominant crack, and different
microcracks may interact or link up later in life. These difficulties are not insurmountable, but they
do influence the path to a solution.

Complete solution of the probabilistic, microstructure-based fatigue life prediction problem
requires two steps. First, we must select an appropriate stochastic fatigue crack growth model to
explain reasonably the macroscopic variation (from different tests) as well as the microscopic
variation (along the crack path in each test) in the material test data. Second, we must select a
robust, efficient, and accurate probabilistic method for integrating the stochastic fatigue crack
growth model to predict the life.

The selected stochastic fatigue crack growth (SFCG) model should be as simple as possible
while maintaining a reasonable accuracy for the prediction of the fatigue crack growth damage
accumulation. The model of Ortiz [1] had been an intriguing SFCG option in our original program
planning, because it attempts to address the influence of microstructure on rate variation along the
crack path. This model uses a random fatigue crack growth (FCG) model to deal with the mac-
roscopic variation, and an additional stochastic process for the FCG model to deal with the mic-
roscopic variation. Unfortunately, the Ortiz model proved to be incompatible with the quantity and
quality of microcrack data which could be generated under the given experimental conditions, as
discussed above. Several other advanced stochastic fatigue growth models also share the same
fundamental limitation, including the Markov and semi-Markov chain models as proposed by
Bogdanoff and others.

Our current approach is to work with the lognormal random variable model proposed by Yang
et al. [2], which avoids these difficulties. The simplest form of the lognormal random variable
model assumes the random process has a correlation time of infinity, so the correlation parameter
for the crack growth rate does not have to be calculated. As a result, all the statistics required for
this model can be estimated from a limited amount of test data, which is particularly attractive for
real engineering problems. Furthermore, with this simple model, it is relatively easy to predict life
with available probabilistic methods. This model is also flexible enough to permit us to consider
the nnssibility of a non-infinite correlation time (or correlation distance, like the Ortiz model) later
in our investigations, without necessarily having to perform computations on a large data base.

I. K. Ortiz and A. Kiremidiian. Engizeering Fracture Mechanics, Vol. 29, 1588, pp. 317-334

2. 1. N. Yang, W. H. Hsi, and §. D. Manning, "Stochastic Crack Propagation with Applications to Durability and
Damage Tolerance Analyses,” AFWAL-TR-85-3062, Air Force Wright Aeronautical Laboratories, 1985.
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This lognormal random variable model is composed of a random FCG law and a stochastic
process which can be denoted as follows:

da
N - feK.a.R)Z@)

where da/dN is the crack growth rate, f(AK,a, R) is a user-defined function (FCG model) of stress
intensity factor range, AK, crack size, a, stress ratio, R, and perhaps other variables, including
microstructural features, and Z(#) is a lognormal random variable which is used to account for all
the random variabilities at any time, ¢ (expressed in terms of the number of cycles, N).

These investigations are actively in progress at this writing, so it is not possible to show
detailed computations or complete results. One example of the SFCG model in application to a
particular data set is shown in Figure 1. Here the lines describing the 1%, 50% (mean value), and
99% probability of exceedance in growth rate as computed from the SCFG model are superimposed
on the raw crack growth data from Specimen #347 (see First Annual Report for test details), with
asimple Paris Law as the user-selected FCG model. Further details about the structure of the model,
the computational approach, and the results will be presented in later progress reports.
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Figuie 1. Illustration of the stochastic FCG model with data from specimen #3+7

Future Work

Our immediate priorities are to resolve the large crack vs. microcrack issue and to continue
development of the stochastic crack growth models. The stochastic modeling efforts will begin to
merge with the microstructural modeling in a process which has at least two goals: first, to determine
if microstructural variability plays a significant role in vvedall crack growth rate varicbility, and
second, to develop meaningful fatigue damage relationships which can be integrated to generate
probabilistic descriptions of total S-N fatigue life.




SCALING LAWS FOR FATIGUE CRACK GROWTH
OF LARGE CRACKS IN STEELS

K. S.CHAN
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MATERIALS AND MECHANICS DEPARTMENT
P.O. DRAWER 28510

SAN ANTONIO, TEXAS 78228-0510

ABSTRACT

A set of scaling laws has been developed for describing intermittent as well as continuous
fatigue crack growth of large cracks in steels in the power-law regime. The proposed scaling laws
are developed on the basis that fatigue crack growth occurs as the result of low-cycle tatigue failure
of a crack-tip element whose width and height correspond to the dislocation cell size and barrier
spacing. respectively. The results show that the effects of microstructure on fatigue crack growth
can be described entirely in terms of a dimensionless microstructural parameter, &, which is defined
in terms of yield stress, tfatigue ductility, dislocation cell size. and dislocation barrier spacing. For
both discontinuous and continuum crack growth, the crack extension rate, da/dN, scales with § and
AK/E. where AK is the stress intensity range and E is Young's modulus. Application of the model
to HSLA and conventional ferritic, ferritic/pearlitic. and martensitic steels reveals that the lack of
a strong microstructural influence on fatigue crack growth in the power-law regime is due to
increasing yicld stress and fatigue ductility with decreasing dislocation barrier spacing. which leads
to a narrow range of § values and crack growth rates. Variation ot da/dN data with microstructure
in HSLA-80 steels is explained in terms of the proposed model. Other implications of the scaling

laws are also presented and discussed in conjunction with several fatigue models in the literature.




INTRODUCTION

Fatigue crack growth of large cracks in metals and alloys can generally be divided into three
characteristic regimes [1}: (1) a near-threshold regime where the growth response is sensitive o
microstructure, (2) a power-law regime where microstructure has little effect on the propagation
rate, and (3) 2 rapid. growth regime that is dominated by quasi-static crack extension, and fracture
toughness (e.g., the K, value), and is sensitive to microstructure. As shown in Figure 1, the
power-law may be subdivided into intermittent and continuous growth regimes. For many alloys.
there are considerable overlaps between the intermittent and continuous growth regimes that they
become undistinguishable and appear as a single power-law regime. Excellentreviews of the eftects
of microstructure on fatigue crack growth have been presented by Ritchie [1], Suresh [2]. Davidson

and Lankford [3], as well as by others [4].

While the lack of microstructural influence in the Paris (power-law growth) regime [3] 18
well-recognized,  its existence is poorly understood. The conventional explanation for
microstructure-insensitive fatigue crack growth is that the cyclic plastic zone size 1s larger than a
characteristic microstructural unit size and behaves in a continuum manner. As a result, crack
erowth is dominated by the cyclic crack-tip opening displacement and occurs on every cycle
(continuous or continuum growth). One possible criticism of this explanation 18 that continuum
erowth theories [6-8] predict an inverse relationship between fatigue crack growth rate and vield
stress. Since the yield stress depends on microstructure, one would think the fatigue crack growth
rate should at least mildly depend on microstructure.  Yet, numerous studies {10-13] have shown
that the fatigue crack growth rates of a large number of metals [13]. including steels [10-12].
Al- {11]. and Ti-alloys [10-11] correlate with the elastic modulus only in the continuum growth
regime. On the other hand. compilation of fatigue crack growth data for steels of various yicld
stresses shows a wide scatter band and not a single curve {14]. suggesting that the yield strength,

it not the microstructure, might be of some importance.
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Recent work has revealed that fatigue crack growth does not occur on a cycle-by-cycle basis
in the lower AK end of the power-law regime [3,15-17]. Instead, crack growth proceeds
intermittently with periodic arrests and waiting periods between individual growth increments
(intermittent growth). The incremental growth distance, as determined by the striation spacing, is
relatively constant and ranges from 0.1 to 0.3 pum, which is on the order of the dislocation cell
size [3,17]. The intermittent growth process is generally modeled by considering that the crack-tip
process zone behaves like a low-cycle fatigue (LCF) specimen [17-26]. During strain cyciing, the
crack-tip LCF element accumulates fatigue damage and fails in accordance to the Coffin-Manson
law. The intermittent growth models predict that fatigue crack growth is discontinuous. and the
corresponding rate is sensitive to the size of the crack-tip LCF element, which is generally related

10 a characteristic microstructural length.

The conflicting views about the role of microstructure in fatigue crack growth in the power-law
regime bear important consideration in Cu-containing high-strength low-alloy (HSLA) steels such
as HSLA-80) [27] (or A710, Grade A, Class 3 in ASTM designation [28]). This class of stecls
derives its high strength from a combination of a fine grain size (1-2 pum) and precipitation hardening
by fine -Cu precipitates on the order of 5-20 nm in diameter [29,33]. Fatigue crack growth
characterization of HSLA-80 and A710 stecls showed a large scatter band with a 5X variation in
crack growth rates at a given K level [27]. Transmission electron microscopy has revealed that the
higher crack growth rate corresponds to a steel (FZZ) containing Cu precipitates with an average
diameter of 6.6 nm. while the lower crack growth rate corresponds to a steel (GAHY with 17.5 nm
Cu-precipitates. as shown in Figure 2 {33). The observation suggests that the size or mean free
path of Cu-precipitates might be a factor in determinating the fatigue crack growth response of this

class of HSLA steels.
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The objective of this article is to present the results of an investigation whose goai was 1o
develop scaling laws for describing the fatigue crack growth behavior of Cu-bearing HSLA sreels.
The impetus of the modeling effort was the lack of understardina on the effects of microstructural
size scale on fatigue crack growth of large cracks in the power-law regime. In this paper, fatigue
crack growth laws will be reviewed to highlight the current understanding of the role of
microstructure in the power-law growth regime. A generalized model that relates the crack growth
kinetics of large cracks directly to relevant microstructural size parameters will be presented.
Application of the model to HSLA-80 steels will then be illustrated. Finally, the validity of the
model will be tested againstexperimental results of ferritic, ferritic/pearlitic, bainitic. and martensitic
steelsin the literature. The purpose of the comparison is two-fold: (1)totestthe range of applicability
of the model, and (2) to provide possible explanations for the apparent lack of microstrutural
influence on fatigue crack growth of large cracks in steels. The use of two normalized parameters
for scaling the fatigue crack growth rate of large cracks in steels will be demonstrated in the

power-law regime.

REVIEW OF FATIGUE CRACK GROWTH LAWS

Numerous fatigue crack growthlaws have been proposed over the last thirty years. Formulated
in terms of lincar-elastic tracture mechanics. these crack growth laws relate the incremental crack
extension per fatigue cycle, da/dN, to the stress intensity range. AK. The most well-known fatigue
crack growth law is the Paris power-law relation given by [5)

da

— = CAK" i
N (h
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where C and m are empirical consiants. Moditications of the Paris cquation to treat stress ratio
effector the presence of a growth threshold are also available in the literature. Most of these models
are empirical and provide little information about the effects of microstructural size scale on the

crack growth Kinetics.

Fatigue crack growth occurs during every cycle at high AK. In this continuum growth regime.
the crack growth rate, which is in the range of 10 to 10" m/cycle, is dominated by the cyclic
crack-tip opening displacement, ACTOD. For this reason, continuum growth models are generally
based on the assumption that the incremental growth distance per cycle is onc unit {7}, or a fraction.

of the ACTOD [34]; thus,

d
(7;'7 = C,ACTOD )

where C, 1s usually taken to be 0.5 [34]. For small-scale yielding 7],

5

acrop = 2K Q3
40,E M)
leading to [7]
C,Ak- )
ACTOD =———
40)\E

when Eqg. (2) and (3)are combined. Eq. (4)indicates that the crack growth rate scales with AK/( o.E)
where E s Young's modulus and 6, is yield stress. Comparison of model with experimental results
indicated that Eq. (4) generally overpredicts the fatigue crack growth rate, meaning that the value
tor C, should be less than (1.5, Furthermore, the experimental crack growth rates have been found

to correlate with (AK/E)?, specitically. empirical relations of the form [10-12]
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o[ 5K]
where C, is a fitting parameter. Reported values of C, are =3 {10}, S.4 {11]. and 8 [12]. Like
Eq. (1), Egs. (4) and (5) provide no insight on the role of microstructural scale in continuum fatigue
crack growth. In fact, Eq. (5) implies that microstructure plays no role in the continuum growth
regime. Theoretical models of Frost, et al. [35], and Weertman [36], which relate the fatigue crack
growth rate to the blunting of the crack tip whose radius is dictated by the surface encrgy. are in

the form as given by Eq. (5). The values of C, were predicted to be = 3 [. 5.36].

It is well-recognized that fatigue crack growth in the intermediate AK range occurs
intermittently {3]. Early models of the discontinuous fatigue growth behavior were developed based
on the assumption that fatigue damage accumulated at every cycle. Crack extension occurred when
the accumulated fatigue damage reached a critical value {7,8,34,37]. Proposed measures of tatigue
damage included the cumulative hysteresisenergy {7], ACTOD {8,37]. and plastic strain range {34].

Both the cumulative hysteresis energy and ACTOD criteria led to {7.8.37)

da CIAK4 (6)

dN "~ G'EU

where C, is a numerical constant. and U is the total absorbed hysteresis energy per newly created
surface arca. A signiticant differeace between continuum and disceontinuous crack growth is in the

increase of the crack growth exponent, m, from 2 to 4.

McClintock [34] was the first person to introduce the concept of a "structural size” over which

accumulation of cyclic plastic strain occurred. By applying the Coffin-Manson law to a
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microstructural element located at a charactensuc distance, /. ahcad of the crack tip. McClintock
showed that accumulation of cyclic plastic strain within the structural clement during fatigue would

lead to intermittent crack growth with the average rate described by [34]

G,

da _Ci[ & TAKT (7)
dN 1| g/

where €, and g are the yield strain and fatigue ductility, respectively. Subsequent crack growth

models developed based on the concept of a microstructural unit size where the damage criterion
is applied include those by Antolovich and co-workers {21,22], Kujawski and Ellyin [24],
Mazumder {25}, and Lanteigue and Bailon [20]. In the models of Majumdar and Morrow [18],
Chakrabortty [19], and Starke, et al. {26], a series of LCF specimens was considered to lie at various
distance within the cyclic plastic zone ahead of the crack tip. The crack growth laws were then
developed by treating failure of individual LCF specimens in terms of the linear fatiguc damage

rule.

In Davidson’s fatigue crack growth model [23], fatigue damage was envisioned to commence
when slip, initiated from the crack tip, was blocked by obstacles located ahead of the crack tip. The
obstacle spacing. or slip blockage distance, was then considered the unit size of the microstructural
clement whose failure would lead to an incremental crack growth,  As in other models [21-26].
failure of the crack-tip microstructural element was trcated via the Coffin-Manson law. Unlike
other models. the crack extension distance was considered to be ditferent from the slip distance.
This view of the fatigue crack growth process is similar to that subsequently employed by Roven
and Nes [17] o develop their fatigue model. While conceptually similar, the Roven and Nes
model {17} is considerably simpler and contains tewer empirical constants than Davidson's
maodel [23]. The former crack growth model is used heavily in this investigation, and will he

described in detail in the next section.
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A MICROSTRUCTURE-BASED FATIGUE CRACK GROWTH MODEL

The model of Roven and Nes {17] considers the LCF failure of a crack-tip element of width
s and height d, where s and d are striation and dislocation barrier spacing, respectively, as shown
schematically in Figure 3. Figure 3(a) shows that the crack-tip element is embedded in the cyclic
plastic zone, while Figure 3(b) illustrates the LCF failure process of the crack-tip element by
irreversible motion of dislocations between the dislocation barriers. The selection of striation
spacing as the width of the crack-tip element was motivated by the observation that discontinuous
fatigue crack growth in iron and low-carbon steels is characterized by a constant striation spacing
inthe range 0of 0.1 - 0.3 um [17]. Additionally, the striation spacing appears to correlate with either
dislocauon cell size or wall spacing, which are also on the order of 0.1 - 0.3 pum [17]. This implies
that the incrementa! crack growth distance (striation spacing) corresponds to failure of a dislocation
cell-element. On this basis, the fatigue crack growth rate associated with LCF failure of a crack-tip

clement is given by [17.23]

da ¢
dN N,
where N is the number of fatigue cycle required to cause the observed crack extension (striation

spacing). s.
Fatigue failure of the crack-up element is considered to be governed by the Cotfin-Manson

law described by [38.39)

Ae” B}
=g N @)
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where Ae® is the plastic strain range and b is the fatigue ductility exponent. Note that Eq. (9) 1s
written such that b is positve, while fatigue ductility is generally given as a negative quantity in
the literature [40,41}. The cyclic crack-tip opening displacement and plastic strain range can be

related to the dislocation barrier spacing, d, according to

ACTOD
Agf == (10)

with ACTOD given by Eq. (3). Substituting Egs. (3) and (10) into Eq. (9) leads to

L_{l( ! J(mﬂ"” (an
N, | 4| 2 “"Gwef’d E
which gives
j—; =" 2s) " [ %—Tb (12
with
- :tzs%;—d (13)

when Eq. (11) is substituted into Eq. (8).

Eq. (12) 1s a general expression for discontinuous fatigue crack growth and has the form as
the Paris power-law with m = 2/b and C being a function of E. s, and the dimensionless paramelter.
S. which contains all of the microstructure-dependent parameters (o,. €. d. and s). For the special

case of b = 0.5 in the Coflin-Manson law. Eq. (12) becomes
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da 5, AK (14
dN ~ 2s

which is somewhat similar to Eq. (6) due to Rice [7], Weertman (8], and Mura [37].

For continuum crack growth, b = 1 and crack extension occurs at every cycle. Eqg. (12)1s

reduced to
da _ f AK | 0s)
i
which can be re-expressed as
da
ACTOD 16
N =0 (16)
with
)
o=—= (17)
gd

and ACTOD given by Eq. (3). Note that Eq. (15) is identical to Eq. (5). which is based on
experimental observations, while Eq. (16) is identical to Eq. (2), which is based on a continuum
formulation. The potential advantage of Eqgs. (12), (15), and (16) over Egs. (2) and (5) is that they
provide additional information about the role of microstructure-related parameters including yield
stress (0,), fatigue ductility (g/). dislocation cell size (s), and dislocation barricr spacing (d) in

determining the crack growth rate.

Crack closure or a growth threshold. AKq,. can be incorporated into the proposed model by

recognizing the fact that these two related phenomena only affect the driving force for crack growth.
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and they have no etfect on intrinsic fatigue properties of a particular microstructure, which the
microstructural parameter, &, signifies. Incorporating the proposed model to include crack closure
or a growth threshold can be accomplished by replacing the stress intensity range. AK, in Egs. (3).

(11), (12), (14), and (15) with an effective stress intensity range, AK,,,, given by [3]

AK,,=AK - AK,, (18)

or AK,;=AK - AK,, (19)

where AK,, is the stress intensity range due to crack closure, and AKyy, is the growth threshold. The
remainder of this article will evaluate various implications of the proposed model against

experimental data of steels with a variety of microstructures.

APPLICATION OF THE FATIGUE MODEL TO STEELS

The microstructure-based fatigue model has been applied to elucidate the possible influence
of microstructure on the fatigue crack growth behavior of HSLA steels [27,29.40-43] and
conventional  ferritic [44), ferritic/pearlitic [45-50], bainitic [11], and martensitic  steels.
Specitically, the fatigue model has been exercised to obtain the crack growth curves tor steels with
various microstructures, and the calculated curves are compared against experimental results in the
literature. The evaluation is limited to the power-law growth regime only, as the effects of

microstructure on the near-threshold or threshold of steels are well-established [1.3,55].

Material inputs to the fatigue model include the yield stress (o, ). fatigue ductility (g/), fatigue

ductility exponent (b), and the dislocation barrier spacing (d). When available. reported results of
these parameters were used. Otherwise, estimates or measurements of these parameters were made,

In most cases. the value of b was obtained from the slope of the da/dN vs AK curve in a log-log
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plot. Recall that m = 2/b. Reported values of static yield stress were used in all cases. Static yield
stress was used rather than the cyclic yield stress because the former is reported more trequently.
Microstructural information was not always reported. Under this circumstance, the barrier spacing
was measured from published micrographs when available or estimated based on steels with similar
strength and microstructure. If none was available, the barrier spacing was estimated based on the
yield strength using the relations of yield strength and mean free path established by Gurland {56].
Reported values of €& were generally used. When not available, € was taken to be the
reduction-in-area. In some cases, value of &’ for similar steels with equivalent strength and
microstructure was used. Values of € compiled by Hertzberg [57] and Boardman [58) were utilized.
When no information was available or poor agreement was obtained between model and experiment,
the value of € was adjusted to fit the model to the experimental curve. The rationale here was that
the value of € for the crack-tip element of the size s x d could be different from that of a conventional
LCF specimen of a larger size. The dislocation cell size, s, was taken to be (.1 ym in most cases,
but s = (0.2 um [17] was also used for ferritic/pearlitic steels. The value of Young's modulus, E.
was taken to be 2 x 10° MPatorall steels. A summary of the microstructural parameters is presented

in Table L.

Critical experiments were also performed on HSLA-80 steels to verily model calculation.
The critical experiments included characterization of striation spacing as a function of stress intensity
range and characterization of mean free path of €-Cu precipitates in HSLA-80 steels. The HSLA-80
crack growth data utilized in the study were originally obtained at the Naval Air War Center (NAWC)
and Lehigh University. Some of the test specimens were obtained from these two sources for the
characterization tests.  Using scanning electron microscopy, fatigue striation spacings were
characterized on compact-tension fatigue crack growth specimens from Lehigh University.
Transmission electron microscopy was performed on the FZZ and GAH specimens of HSLA-8()
supplied by NAWC to determine the size. volume fraction, and mean free path of e-Cu precipitates.

Details of the experimental procedures are described elsewhere [33].
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(A) HSLA Steels

The calculated fatigue fatigue crack growth curve for HSLA-80 steel is compared with
experimental data [43] in Figure 4. In the model calculation, both the intermittent growth model
(Eq. 14) and the continuum growth model (Eq. 15) were used to compute the respective crack
growth rates at a given AK level. The minimum of these two crack growth rates was taken to be
the appropriate da/dN for that AK level. In all cases, intermittent growth was dominated by the
lower AK regime, while continuum growth dominated at high AK levels, resulting in a change in
slopes in the calculated curve shown in Figure 4. The experimental data included crack growth at
stress ratios of R = 0.1 and 0.8, where R is the ratio of minimum stress to maximum stress during
afatigue cycle. Note the absence of a marked R ratio effect in the experimental data, which suggests
crack closure is minimal in this data set. The calculated curve is in good agreement with the
experimental data for both R = 0.1 and R =0.8. Both the calculated and observed crack growth
curves are bi-linear. The slope of the lower AK curve is 4, while itis 2 in the high AK regime. This
result suggests that intermittent growth occurs at low AK while continuum growth dominates at
high AK. Additionally, the relevant microstructural feature in HSLA-80 steels appears to be the

mean free path of the €-Cu precipitates.

Faligue striation measurements indicated that the striation spacing was relatively constant
with an average value of = 0.1 - 0.2 um for AK levels less than 33 MPa \im. as shown in Figure 5.
More importantly. the striation spacing was larger than the calculated and the observed crack growth
rates, confirming the contention that intermittent growth dominated in this regime. At AK levels
above 33 MPa~m . the striation spacing was larger and increased with AK. Additionally, the striation
spacing was approximately equal to the calculated and obscerved crack growth rates. meaning that
crack growth indeed occurred on a cycle-by-cycle basis. extending at increments of onc or more
cell sizes at each fatigue cycle. Thus. the observed change in slope in the da/dN curve in HSLA-80

steels is indeed the consequence of a transition from an intermittent growth (o a continuum growth
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process. Furthermore, both the intermitient and continuum growth processes scale with the same
microstructural parameter, &, even though the power to & depends on the nature of the crack growth

process.

As indicated earlier, the crack growth data of HSLA-80 steels showed a factor of five among
nominally identical, though not necessarily microstructurally identical, specimens [33]. To resolve
this difference, crack growth calculations were performed for FZZ, GAH, and FDILT specimens
using their measured properties as input to the fatigue model. The FZZ specimen corresponded to
the top of the scatter band of the HSLA-80 crack growth data base, while the GAH and FDILT
were near the bottom of that band. The calculated curves are compared with experimental results
in Figure 6, together with their corresponding & values. The data of Todd et al. [41], is also included
in Figure 6 because the data set contains da/dN results for AK less than 10 MPam. Though not
perfect, the good agreement between calculation and experiment nonetheless suggests that the
variation in fatigue crack growth rate in HSLA-80 steels originates from variations in yield stress.
fatigue ductility, and Cu-precipitate spacing, which form the dimensionless microstructural
parameter. &. defined according to Eq. (13). In particular, FZZ exhibited a higher crack growth rate

and § value, while FDILT and GAH manifested lower crack growth rates and higher € values.

Comparison of model calculation and the experimental results of VAN-80 steel [49.50). which
is a vanadium-containing HSLA steel containing a fine ferritic/pearlitic microstructure. is shown
in F1gure 7. Itis also an independent comparison because all relevant material propertics [50] were
measured and reported together with the crack growth data in the original studies {49.50]. The
excellent agreement gives credence to the proposed model. Notice that the VAN-80 steel also
showed evidence of a transition from intermittent growth to continuum growth at high AK levels.

supporting the observation made in HSLA-80 steels.
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(B) Martensitic Steels

Most of the martensitic steels examined contained tempered martensite. The variation in the
relevant microstructural feature was the carbide spacing. One steel with untempered martensite {53]
was examined, and the relevant feature was the width of the martensitic laths. as pointed out
previously by Yoder, et al. [59]. One bainitic steel {11] was examined. Like steels with tempered
martensite, the relevant microstructure for the bainitic steel was carbide spacing. Because of the

large number of steels examined, only selected examples will be presented here.

Figure & shows comparison of the calculated and measured crack growth curves for
HY130 [51] and A514] [52] steels in the continuum growth regime. The & value for HY1301is 13.5
compared to 6.2 for AS514J. The higher § value tor the former is due to a higher yield strength and
lower values for carbide spacing and fatigue ductility. Comparison of the model calculation and
experiment in the intermittent growth regime is presented tor HY80 [51] and a quenched and
tempered (Q&T) steel [50] in Figure 9. In this case, the microstructural parameters of these two

steels are relatively similar, leading to similar § values and crack growth curves.

(C) Ferritic/Pearlitic Steels

The relevant microstructural feature for the ferritic or ferritic/pearlitic steels examined
appcared to be grain or colony size. Comparison of the calculated and experimental crack growth
curves for A36 and A537A. which contain a ferritic microstructure with pearlite. is shown in
Figure 10. Both steels show subtle differences in yield strength, grain size, fatigue ductility. and
fatigue-ductility exponent. The consequence is minor dilterences in the & value and fatigue crack

growth rate. as shown in Figure 1.
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Comparison of model calculation and experimental data of 1020 steels heat-treated to three
different grain sizes is shown in Figure 11. For these steels, the combination of yicld stress, fatigue
ductility, and grain size led to similar & values and fatigue crack growth rates for all three steels at
AK levels above the growth threshold, AKy,,. In an earlier study, Yoder et al. [59], have showed

that the growth threshold of a number of steels is given by the expression:

AK, =550 \d (20

where d is the ferrite grain size in this case. Eq. (20) was used in conjunction with the intermitient

growth model to obtain the calculated curves shown in Figure 1.

The 1020 steel data shown in Figure 11 were taken from Taira, et al. [45]. Crack closure was
measured for these steels, and da/dN data was also correlated with the effective AK, AK . by Taira.
ct al. [45], as shown in Figure 12. Application of the intermitient growth model to the
closure-corrected crack growth data of 1020 steels required replacing AK with AK ., and a new
value tor b. Figure 12. Specifically, b was reduced from (.571 to (.543. while the dimensionless
microstructure parameter, &, remained unchanged. This closure independence provides another
support for the contention that £ is the relevant microstructural parameter for scaling da/dN and

AKJE.

DISCUSSION

(A) Role of Microstructure in Crack Growth

Once of the significant findings of this investigation is that fatigue crack growth rate scales

with the dimensionless microstructural parameter. §. and AK/E in both the intermitient growth and
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continuum growth regimes. Since & encompasses all relevant microstructural parameters. one only
needs to examine variables contained within § that are microstructure-dependent. i.e.. yield stress.
fatigue ductility, and dislocation barrier spacing, to elucidate the role of microstructure in fatigue
crack growth in the power-law regime. Figure 13 shows a log-log plot of yield stress vs. barrier
spacing for all the steels examined. Despite the scatter, the yield stress is seen to increase with

decreasing dislocation barrier spacing according to the Hall-Petch relation [60,61], i.e.,
L
G, o< (d) ", 2n

Similarly, a plot of log (€/) vs. log (d) in Figure 14 shows increasing fatigue ductility with decreasing

barrier spacing according to
L
g/ o< (d) . (22)

Motivated by these findings, o,€,” is plotied against d in a log-log plot in Figure 15, The result is
a scatter band whose average values are represented by a linear curve with a slope of -1. as shown

in Figure 15. Thus, the relationship between o,¢ and d is given by
’ ——
cg'd=U,
where U, the cumulative plastic work per unit area of crack growth, appears to vary among the
various steels.

The apparent lack of microstructural influence on fatigue crack growth in the power-law
regime can be explained in terms of the results shown in Figures 13-15. Recall that da/dN scales

with § and & = Es/(40,&/d). For steels with a fine microstructure, the value of d is small, but the
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values of o, and g/ are larger. Conversely, d is large for steels with coarse microstructures. but the
corresponding values for o, and € are lower. The consequence is that the product of 6,&/d, or U,.
is relatively insensitive to microstructure. leading to small variations in the § value, and thus the
crack growth rate with microstructure. Since o, and & show considerable scatter when correlated
with d (Figures 12 and 13), variations in these parameters lead to a range of & values and crack
growthrates. Thus, part of the experimentally observed crack growth variations actually originates

from the microstructure, as observed in HSLA-80 steels in Figure 6.

The g value for HSLA-80 steels, which ranges from 0.71 to 0.75, was assumed to have the

same value as the reduction-in-area. These assumed values are consistant with € = (.80, measured
for a Nb-bearing HSLA steel containing a high Nb content [62], but are larger than g = 0.20 - 0.24
for low-Nb HSLA steeis [62]. Some of the & values (A36, A537, A533B, 1020, and low-carbon
steels) were obtained by fitting the model to the crack growth data. Those results are therefore not
anindependent verification of the model. Forthe two caststeels, the value of € = 0.20 were required
to obtain good agreement between model and experiment. The reported values for these two cast
steels were = (0,35 - (0.40 [47,48].  As indicated earlier, the discrepancies might be attributed to
differences in the size of the crack-tip element and the conventional LCF specimen. or to
inadequacies of the model. Overall, the €/ value for the steels examined ranges from 0.1 to 1, which

is within the experimental range [57.58].

(B) Comparison with Previous Crack Growth Models

As indicated earlier, the microstructure-based model yields a crack growth equation that is
identical to the continuum growth model of Rice {7]. The main difference between the two models
is that in the microstructure-based model, the dimensionless parameter, ¢. depends on

microstructure-sensitive parameters as defined by Eq. (17). while ¢ is assumied to be 1/2 in the
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continuum model. Figure 16 shows that the values of ¢ observed in the steels examined range from

0.02t0 0.3, with ¢ increasing with decreasing values of d/s. Interestingly. the value of ¢ extrapolates
to 1/2 at the limit of d/s = 1. Since d relates ACTOD to Aeﬁp (Eq. 10), the fatigue crack growth rate

is directly related to how the ACTOD is accommodated by the cyclic plastic flow within the crack-tip

element, whose dimensions correspond to characteristic features of the fatigue microstructure.

One form of the present model (Eq. 15) firmly establishes that the experimental correlation
between da/dN and AK/E (Eq. 5) is indeed relevant. In fact, such a correlation applies to both the
continuum and intermittent growth regime, as observed experimentally {10-13,63]. Difterent values
of C, observed by various investigators [10-13] in the continuum growth regime [10-12] can now
be explained in terms of variations in yield stress, fatigue ductility, dislocation barrier spacing, and
dislocation cell size, i.e, the fatigue microstructure. Figure 17 shows the values of & as a function
of the ratio ot dislocation barrier spacing to cell size, d/s, with no obvious correlation between the
two parameters. Thus, Eq. (23) is essentially valid to the first order. The variations in &. which
ranges from 4 1o 25, arises mainly from different values of U, and partly from variations in the ccll
size. s. The models of Frost, et al. [35], and Weertman [36] are of the same form described by
Eq. (5). as alluded to earlier. The scaling parameters in these models, however. are a constant

approximately equal to 3, which is lower than that observed in most steels.

The parameter U, is reminiscent of the U term in Eq. (6). However, it should be noted that
they are parameters with somewhat ditferent physical meanings. The U, term represents the
cumulative plastic work per unit crack area associated with LCF fracture of a crack-tip element of
height. d. and width, s (see Figure 3), while U is generally measured over the length of the plastic
zone [64-67]. As a result, the value of U is considerably larger than U,. The implication is that
most of the energy supplied by the external load does not go to producing an incremental crack
growth. Instead. most of this expended energy goes to detorm materials within the crack-tip plastic

7once.
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Recent TEM observations revealed that tatigue cycling of iron and steels [17.65.69] led to
the formation of dislocation sub-cells at low accumulated plasuic strains. The dislocation sub-cells
subsequently rearranged to form dislocation wall-like structures [68]. In both cases, the size of the
dislocation sub-cells and the spacing between dislocation walls are generally between
0.1-0.2um[17,68,69]. Thee.. :tof continued strain cycling was to refine the dislocation cell
structure by increasing the population of dislocation cells and wall spacing thatisinthe 0.1 - 0.2 um
range. This point 1s best illustrated in Figure 18, which is prepared based on TEM micrographs of
Keller, et. al. [68] showing dislocation structures in the interior of fatigue specimens of a Fe-Si
alloy. The dislocation cell size near a crack tip in iron has also been shown by Kitagiri, et al.. to
be about 0.1 - 0.2 um [70]. Additionally, the dislocation cell size increases with increasing distance
from the crack tip [70]. Taken together, these TEM observations suggest most of the cyclic plastic
work, U, isexpended into refining the dislocation structure within the crack-tip plastic zone, probably
via dislocation mcchanisrﬁs suggested by Kuhimann-Wilsdorf and Laird {71,72]. The smallest size
that a dislocation cellular element can attain is about s x d, with s = 0.1 - 0.2 um. Further refining
of this clement size might be impossible. and attempts to do so would lead to LCF failure of the

cellular clement. producing an incremental growth of length, s, at an energy expenditure of U,

The present model is quite similar to that of Antolovich, et al. {22]. The essential difference
hetween the two models is that the role of the dislocation cell size. s, and dislocation barrier spacing.
d. is considered in the former model. whi'e only the dislocation cell size is considered in the latter
model. The model of Antolovich, etal. [22], can be expressed in a form similar to Eq. (12), resulting
in a scaling parameter that is a function of E/(6,€)). but is, otherwise, independent of an explicit

microstructural length parameter.

The proposed model is conceptually similar to thatof Davidson [23]and isessentially identical
to that of Roven and Nes [ 17], with the exception of a tactor of 1/4 in the ACTOD and AK reiation,

Eq. (17). The model of Roven and Nes is expressed in terms of AK .. while AK is used in the
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presentmodel. Asshown inFigures 10and 11, the different use of the crack driving force parameter

results in a small change in the fatigue ductility exponent, b, and has no effect on the dimensionless
€ parameter that scales da/dN with either AK or AK,,,. The value of b ranges from 0.5 to 0.75 in
the intermittent growth regime, compared to the range 0f 0.39 to 0.77 observed for a wide range of
steels [57,58]. Thus, the b values derived from the crack growth data are reasonable. However,
for materials such as stainless steels [73] whose crack growth exponent is about 6 to &, the proposed
model would have some difficulties unless b values as low as 0.25 to 0.3 are allowed. It should
also be noted that the proposed model is difficult to apply to microstructures whose dislocation
barriers are not obvious, tor example, ferritic [44] or austenitic steels [73] with very large grain
size ( > 100 um) or single-crystal alloys. Under these circumstances, the dislocation barrier spacing.
d, is obviously not the grain size, as the cyclic plastic zone is embedded well within a single grain.
As a result, another characteristic length, which might well be related to the underlying dislocation
structure. should be used for d. It is envisioned that the proposed scaling laws can be readily
extended o materials that do not form cellular dislocation structures (e.g., planar slip materials)
during fatigue. This can be accomplished by relating the dimensions (s and d) of the crack-tip LCF
clement to the appropriate microstructural length dimensions.  Identification of the proper
dislocation barricr spacing and crack extension distance for these matcerials. however. might not be

an casy task.
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CONCLUSIONS

The effects of microstructure on fatigue crack growth in the power-law regime can be
described entirely in terms of a dimensionless microstructure parameter, &, defined in terms
of yield stress, tatigue ductility, dislocation cell size, and dislocation barrier spacing. For
both intermitten: and continuum crack growth, the crack extension rate, da/dN, scales with

£ and AK/E, where AK is the stress intensity range and E is Young’s modulus.

The lack of a strong microstructural influence on fatigue crack growth in the power-law
regime of steels 1s due to increasing yield stress and fatigue ductility with decreasing
dislocation barrier spacing, which results in a narrow range of & values and crack growth

rates. The value of § ranges from 4 to 24 tor steels examined.

In the continuum growth regime, the crack growth rate is a small fraction of the cyclic crack
tip opening displacement. The scaling constant between da/dN and ACTOD is a dimensionless
microstructural parameter, ¢. which is the ratio of dislocation cell size to the product of
distocation barrier spacing and fatigue ductility. The value of ¢ ranges from .02 to 0.3 for

steels examined.

Variation of da/dN data among HSLA-80 steel specimens is partly due to variations in the
mean free path of €-Cu precipitates, yield stress. and fatigue ductility among individual

specimens.

The change in the crack growth exponent from 4 to 2 with increasing AK levels in HSLA-80
steels arises from the transition of an intermitient growth mechanism to a continuum growth
process. The striation spacing is on the order of the distocation cell size (0.1 - 0.2 ym) and
is relatively constant during intermittent growth, The striation spacing is considerably larger

and increases with increasing AK during continusm growth.

to
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