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ABSTRACT

The goal of the subject program has been to develop fundamental understandings of the
relationships between microstructure and fatigue damage in structural steels of interest to naval
applications. Quantitative descriptions of these relationships have been incorporated within
practical engineering models for the prediction of fatigue life. Fatigue damage associated with
microcrack nucleation and growth has been studied experimentally with S-N fatigue specimens of
HSLA-80 steel. Some microstructures were modified with appropriate heat treatments, and the
effects of microstructure on microcrack nucleation and growth have been characterized. Micro-
structural scaling laws have been developed and verified for both fatigue crack growth (FCG) and
smooth specimen total life in a wide range of steels. The effects of microstructure on FCG have
been described by a dimensionless microstructural parameter which is defined in terms of yield
stress, fatigue ductility, dislocation cell size, and dislocation barrier spacing. FCG data from large
and small flaws have been critically compared on the basis of engineering models for FCG rates,
and the implications of this comparison for engineering fatigue life prediction are explored. A
probabilistic treatment of the micromechanical scaling laws for FCG has been derived, permitting
a direct evaluation of the relationship between microstructural variation and variability in FCG
rates. Simulation modeling has been used to investigate different sources of apparent increased
scatter in small crack data, and an enhanced lognormal random variable model has been derived to
address the effects of this increased scatter on engineering fatigue life prediction.




INTRODUCTION

The U.S. Navy currently employs HY -series steels in structural components such as submarine
hulls. Since 1980, the Navy has also been evaluating the potential of HSLA (high-strength, low-
alloy) steels for use in both ship and submarine construction. The introduction of these new steels
has a complex impact on the design of naval structures. In some cases, design stress levels may
increase to take advantage of improved properties, and this could cause significant decreases in
fatigue crack initiation and propagation lives. As a result, fatigue cracking could become one of
the greatest threats to structural integrity in future pressure hulls operating at higher stress levels.
On the other hand, the development of new alloys with new microstructures and new welding
process specifications provides the opportunity to improve the fatigue resistance of the material
and, ultimately, of the structure itself.

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 micro-
structures and associated microstructural influences on initiation and/or growth rates. The methods
could be used to provide guidance in optimizing alloy chemistry, processing, and welding protocols
for improved fatigue resistance, while also facilitating improved fitness-for-service assessments of
actual or postulated cracking.

Fatigue design for naval structures is currently most often based on the stress-life (S-N)
approach which relates applied stresses directly to the total life to "failure". This approach enables
the analyst to take a ""black box" approach to fatigue design in which relatively little must be known
about the actual fatigue damage processes. But fatigue "'science", such as the study of microstructural
influences on fatigue damage, must look "inside" the black box to identify and characterize the
physical damage processes as much as possible.

The total S-N life to "failure" is composed, in general, of three different life phases with
specific physical damage processes: the nucleation of a microcrack, the growth of this microcrack
until it reaches some engineering size (often on the order of millimeters), and the subsequent growth
of the engineering crack to some definition of final failure. The total fatigue "life" is the sum of
the lives associated with each phase. Under different conditions, one or more of the three phases
may be dominant or negligibly small.

The basic technical approach of this program was first to identify the rate-controlling fatigue
mechanisms and characterize the relevant microstructures for microcrack nucleation and growth.
Quantitative relationships were established between microstructural and loading parameters and
fatigue damage. Microcrack growth was identified as a potentially dominant phase of smooth
specimen fatigue life. The second step was to develop practical engineering expressions to char-
acterize the growth of both microcracks and large cracks and to predict total fatigue life. The third
step of the program was to develop probabilistic models which incorporate both the
microstructure-load-damage relationships developed in step one and the practical engineering
approaches of step two. These stochastic models enabled a quantitative assessment of the probability
of failure at a performance level of interest as a function of uncertainties in material/load/geometry
input parameters.




The main body of this final report is a concise summary of the entire research program,
highlighting key results and their implications. More complete presentations of the detailed pro-
cedures and results, along with more extensive discussions, are given in the six appendices. Each
appendix is a reproduction of a full-length manuscript which has either been published, accepted
for publication, submitted for publication, or which will be adapted for submission, all in refereed
journals.

EXPERIMENTS

Complete details of the experiments, including material characterization, test matrices, and
tabulated results, are given in Appendix A. For convenience, key details are summarized here.

Procedures

Most fatigue specimens were machined from the 10 mm thick flange region of welded I-beams
manufactured by Bethlehem Steel Co. and sent to Lehigh University via Ingalls Shipbuilding Inc.
Several specimens were cut from similar plate material obtained from the David Taylor Naval Ship
Research and Development Center. Both plates satisfied the chemical composition specifications
of MIL-S-24645 (9/24/90). The as-received microstructure consisted mostly of fine polygonal and
accicular ferrite grains with sulfide inclusions. Ferrite grain sizes varied from 0.3 to 9 um, with an
average diameter around 2 to 4 um, while inclusion sizesranged from 2 to 12 um. Copper precipitates
ranged in size from 5 to 25 nm, with a peak at 8 to 12 nm. The 0.2% offset yield strength and
ultimate strength of the as-received Lehigh plate were approximately 88 ksi (607 MPa) and 99 ksi
(683 MPa), respectively. Several different heat treatment procedures were applied to the as-received
material in order to study microstructural effects on the initiation and growth of fatigue cracks. Of
particular interest was the lath-like microstructure commonly observed in the modified A710 and
HSLA-100 steels.

Small fatigue cracks were studied with two different specimen designs. Beams of square
cross-section 4 mm on a side by 52 mir. long were loaded in 3-point bending (3PB) under nominal
zero-max load cycling. Outer fiber stresses were required to exceed yield in these specimens order
to initiate cracks, so the local (outer fiber) stress ratio (R) was not zero. In order to initiate cracks
more easily, hourglass specimens with a minimum diameter of 0.1875 in. (4.76 mm) were loaded
in rotating bending (RB), so that R = -1. Low stress machining and hand polishing techniques were
used to minimize surface residual stresses in all specimens.

Crack growth was recorded by periodically taking acetate replicas of the specimen surface
inthe most highly-stressed regions. This technique made it possible to obtain FCG data from several
different cracks on the same specimen. Tests were stopped when the largest cracks exceeded around
2mm insurface length. Selected specimens were sectioned at the end of the test in order to determine
typical aspect ratios for the surface cracks. Nearly all surface cracks were approximately semi-
circular in shape. Secant and second-order incremental polynomial methods were used to compute
da/dN from the raw a vs. N data. The nominal stress intensity factor, AK, was calculated from the
surface half-crack length, a, and the nominal applied stress range, Ag, according to the relationship
AK = 1.3 Ao (a)'>.

FCG data for large cracks in compact tension specimens were obtained from Lehigh University
for the same heat of HSLLA-80 material in the as-received condition [1] and from the Illinois Institute
of Technology (IIT) for a comparable HSLA steel [2]. These tests were conducted at stress ratios
of R = 0.1. These data exhibited a large crack threshold to exist at around AK,, = 7.5 MPasm'?,




A small number of additional low cycle fatigue (LCF) tests were conducted to characterize
the strain-life relationship. These tests were conducted with smooth cylindri-al specimens subjected
to fully-reversed axial cycling under strain control.

Resulits

General observations about the effects of microstructure on fatigue crack initiation, growth,
and total life follow in the next few paragraphs. Further details are available in Appendix A. The
development of detailed micromechanical, engineering, and probabilistic models for these behaviors
is treated in later sections.

Fatigue Crack Initiation

Microstructural changes greatly affected the sites at which fatigue cracks initiated. For
example, cracks almost always initiated from inclusions in the as-received microstructure. In
contrast, heat-treated microstructures containing lath-like features almost always exhibited initiation
at these lath-like features.

However, these microstructural changes did not appear to have a significant impact on the
total number of cycles required to initiate a crack. Initiation iives at comparable applied stresses
were similar for as-received and heat-treated material.

The number of cracks that initiated was a function of stress level, increasing significantly
with stress amplitude. Microstructure also appeared to have some effect on initiation frequency,
more cracks initiating in as-received microstructures (inclusions) than in heat-treated microstruc-
tures (lath-like features).

Fatigue Crack Growth

Microstructural features appeared to have relatively little impact on the path and growth rates
of the smallest microcracks in as-received material, as inclusions and other features were
encountered during growth. However, the crack path was directly affected by microstructural
features in heat-treated material. Cracks tended to initiate in the center portion of a grain and to
grow in the lath direction until the crack reached a grain boundary. Crack direction was also easily
correlated with lath orientation as the crack grew through subsequent grains. The relationship
between microstructural features and crack growth in the weld material was not entirely clear. Crack
growth rate data showed distinct periods of slower and more rapid crack advance. However, these
observed rate changes were not linked to any.specific microstructural features, such as grain
boundaries.

The growth rates of small cracks (surface lengths ranging from 10 um to 2 mm) were not, in
general, significantly affected by microstructural changes. Figure 1 shows the scatterbands asso-
ciated with all rotating beam small crack data. The only material conditions in which microstructure
may have impacted microcrack growth rates was the weld and, to a smaller extent, one of the heat
treated microstructures, but the differences were small in comparison to overall scatter. Growth
rates for the smallest microcracks (< 200 pm) appeared to be slightly accelerated from the central
tendencies of the other data.




Small cracks in all microstructures grew at AK values below the large crack threshold, thereby
exhibiting one of the "small crack effects.” However, these small cracks generally grew at rates
which were consistent with the large crack Paris equation. Above about 10 MPasm'”? (approximatel
200 um), large crack and small crack growth rate data were essentially identical. Below 10 MPaem'?,
small crack data were consistent with a downward extrapolation of the Paris line. However, the
apparent scatter associated with these microcrack data was significantly larger than for the large
crack data. These comparisons of large crack and small crack data are treated in more detail in

subsequent discussions of modeling.

Collected large crack data for HSLA-80 and related steels exhibited a growth rate scatterband
width of approximately 5x in the linear power-law regime. This variation is significantly smaller
than typical small-crack scatter, but nevertheless large enough to have a significant impact on fatigue
life. Transmission electron microscopy revealed that the higher growth rate corresponded to a steel
containing Cu precipitates with an average diameter of 6.6 nm, while the lower crack growth rate
corresponded to a steel with 17.5 nm Cu precipitates. This observation suggested that the size or
mean free path of Cu precipitates might be a factor in determining the FCG response of this class
of HSLA steels.

Total Smooth Specimen Life

Since the microstructural changes studied in this program had relatively little impact on fatigue
crack initiation and small crack growth, it follows that microstructure had no significant impact on
total smooth specimen life. Data for total life to "failure" (defined in these tests as the development
of a 2 mm crack) were consistent with published data for similar materials.

The percentage of total smooth specimen life consumed in the nucleation of an identifiable
microcrack ranged from 2% to 33%, with an average value around 12%. The nucleation life fraction
tended to be larger at lower applied stresses (longer lives).

MICROMECHANICAL MODELS

A key objective of the research program was the development of microstructural scaling laws
to describe the quantitative effects of microstructure (or lack thereof) on FCG rates and total fatigue
lives. These scaling laws have been validated by comparisons to both the HSLA-80 data described
above and other fatigue data available in the literature for other materials.

Microstructural Influences on Fatigue Crack Growth Rate

Fatigue crack growth (FCG) of large cracks in metals and alloys can generally be divided
intc three characteristic regimes: (1) a near-threshold regime where the growth response is sensitive
to microstructure; (2) a power-law regime where microstructure typically has relatively little effect
on the propagation rate, and (3) a rapid growth regime that is dominated by quasi-static crack
extension and fracture toughness and is sensitive to microstructure. The power-law regime may
sometimes be further subdivided into intermittent and continuous growthregimes. In the intermittent
regime, cracks proceed discontinuously with periodic arrests and waiting periods between individual
growth increments. Crack growth occurs on each cycle in the continuous growth regime.




A set of scaling laws was developed for describing both intermittent and continuous FCG in
steels in the power law regime. The scaling laws were developed from the premise that FCG 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 resulting crack growth equation
is

AK’]M' (1)

da _cubn yi-1
e =g &

where £ is a dimensionless microstructural parameter defined as

Es 2)
&= 40,¢/d

Here d is the dislocation barrier spacing, s the striation spacing, b the fatigue ductility exponent and
&/ the fatigue ductility coefficient in a Coffin-Manson equation, E Young’s modulus, and o, the
yield strength. For continuous crack growth, b = 1, and Eqn. 1 reduces to

da_ [ AKT ®
1]

This scaling law was validated through comparison to large crack FCG data for HSLA-80
and numerous other steels. Material inputs to the model (d, s, b, &/, etc.) were determined from
independent microstructural and material property information wherever possible. The charac-
teristic microstructural feature associated with the dislocation barrier spacing, d, changed appro-
priately from steel to steel, depending on the microstructure type. In the HSLA-80 steel, for example,
d was taken as the mean free path of Cu precipitates. In ferritic/pearlitic steels, d was interpreted
as the grain size, while d was the carbide spacing in tempered martensitic microstructures.

The calculated FCG curve for HSLA-80 is compared with experimental data in Figure 2.
Agreement is excellent in both the intermittent and continuous crack growth regimes. Comparisons
of model and experimental data for HY-80 and a comparable Q&T steel in the intermittent growth
regime are shown in Figure 3. Other graphical comparisons are available in Appendix B.

The model was also used to investigate the postulated effect of Cu precipitate spacing on
FCG rates, as noted in earlier experiments. The large variation in Cu precipitate mean free path (d
= 0.46 to 0.79 pm) and related smaller variations in 0, and & implied a significant change in &
The resulting effect on predicted growth rates was generally consistent with the observed exper-
imental data, confirming that the Cu precipitates are the most significant microstructural feature
for FCG rates.

This scaling law provides a rational basis for explaining the relatively weak influence of
microstructure on FCG for steels in the power-law regime. Recall that da/dN scales with E, where
E = Es/(40,&/'d). For steels with a fine microstructure, the value of d is small, but the values of &/
and o, are larger (following the Hall-Petch relation), as shown in Figure 4. Conversely, d is large




for steels with coarse microstructures, but the corresponding values for €’ and 0, are lower. The
consequence is that the product ,€,'d, and hence £ and da/dN, are relatively insensitive to micro-
structure.

Complete details of model derivation, validation, and discussion are given in Appendix B.
This manuscript, which was published in Metallurgical Transactions A [3], and its author, Dr. K.
S. Chan, has been selected to receive the 1994 Marcus Grossman Young Author award from ASM
International. The award honors the author(s) under 40 years of age whose paper was judged the
best in a specific volume of Metallurgical Transactions.

In related research outside the scope of the subject contract, these microstructural scaling
laws have also been applied to describe microstructural effects on FCG rates in titanium alloys and
aluminides [4]. In contrast to steels, microstructure can have a pronounced effect on FCG rates in
o+f titanium alloys, and the scaling laws described above were successful in characterizing this
phenomenon.

Microstructural Influences on Total Smooth Specimen Life

A scaling law was also developed for total smooth specimen life, which is defined as "initi-
ation" in some engineering applications. Like the crack growth scaling law, the starting point was
the Coffi* Manson fatigue life relationship:

Ag (4)
2 =g/@N)?

In the previous development of FCG scaling laws, the fatigue ductility coefficient € was found to
depend on the dislocation barrier spacing according to a modified Hall-Petch relation, & = &/’

(dy/d)"?, where d, is a reference dislocation barrier spacing. These starting points lead to the final
scaling law

(5)
= do
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—
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1 (6
C _ 1 280’ b )
72| Ae,

Comparisons of the experimental and calculated curves for four different steels are shown in Figure
5. Agreement appears to be strong. A similar comparison for the HSLA-80 steel is shown in Figure
6. In this case, the model calculation was based on b = 0.5 determined from the crack growth
studies, while the actual life data suggest b = 0.65. This disagreement may be related to the earlier
observation that microcrack nucleation in the as-received material condition nearly always occurred

at sulfide inclusions. This may have reduced the N, values and led to an apparent increase in the b
value.

Further details and discussion of this scaling law are given in Appendix C, amanuscript which
has been accepted for publication in Scripta Met. et Mat.
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ENGINEERING MODELS

The scaling laws discussed above are of great significance in the quest to understand the
fundamental nature of the relationship between microstructure and fatigue resistance. This
understanding may be of particular benefit in efforts to develop materials with greater fatigue
resistance or in efforts (discussed later) to understand and characterize scatter in observed fatigue
resistance. However, there is also a need to develop improved engineering descriptions of fatigue
resistance which may ultimately be employed to perform practical life predictions of engineering
components and structures.

The smooth specimen experiments conducted at the outset of this research program dem-
onstrated that a large portion of total smooth specimen life was consumed by the microcrack growth.
This suggests that it should be possible to perform life calculations for smooth specimens from a
fracture mechanics basis. However, the proper engineering relationship between this microcrack
growth and the mors: commonly characterized growth of large fatigue cracks remains to be estab-
lished.

Correlation of Small Crack and Large Crack Data

All crack growth data for both large and small cracks in the as-received HSLA-80 are com-
pared on the basis of the nominal full-range AK (calculated from the full stress range G,,,,-G;,) in
Figure 7. Note, first of all, that the small cracks grew at nominal AK values significantly lower
than the large crack threshold value, AK,, around 7.5 MPasm"2. This is a commonly observed
"small crack" effect. Second, note that the large and small crack data were not well-correlated by
the nominal full-range AK. These data included widely differing stress ratios: large cracks at R =
0.1, small cracks at R = -1 (rotating beam) and -0.35 (square beam); and widely differing maximum
stresses: near yield for the small cracks, far below yield for the large cracks.

Two different approaches were explored to "correct” the nominal AK to account for the effects
of applied stress and stress ratio. One approach was based on the recommendations of ASTM Test
Method E 647, "Standard Test Method for Measurement of Fatigue Crack Growth Rates." This
test method instructs that AK = X, - K;, when R > 0, but that AKX should be calculated according
to AK = K, when R <0 (i.e., take only the tensile portion of the stress intensity factor range). A
second approach was based on considerations of plasticity-induced crack closure, employing the
modified-Dugdale model of Newman [5] to estimate crack opening stresses at different maximum
stresses and stress ratios.

The two approaches gave nearly identical results for these data, since calculated crack opening
stresses were relatively close to zero stress for all three configurations. The correlation based on
the "ASTM" approach is illustrated in Figure 8. This figure shows clearly that small crack data and
large crack data are essentially identical above the near-threshold regime. At AK values below the
large crack threshold, the microcrack data are satisfactorily represented by adownward extrapolation
of the large crack Paris equation. The apparent scatter in the microcrack data is much larger,
however, and this phenomenon is addressed further in the later discussion of probabilistic models.
Further details of this engineering analysis are contained in Appendix D.




Implications for Engineering Life Prediction

Fatigue life prediction which is based on an explicit treatment of the crack growth phenomenon
requires integration of the FCG equation. For the simple Paris equation or its equivalent, this
integration results in the form

N,=A(C,m,F)(Ac)™ )

where C and m are the coefficient and exponent of the Paris equation and F is the geometry correction
factor (here assumed to be constant) in the stress intensity factor expression. Equation (7) also
assumes constant initial and final flaw sizes. This result implies that a traditional S-N equation can
be constructed directly from a FCG relationship. For the HSLA-80 steel, the implied value of m
based on FCG data is between 3 and 4. Furthermore, it has been demonstrated that this FCG
relationship can be used to characterize the growth of fatigue microcracks as small as 10 to 30 pm.
The remaining question is how accurately this FCG-derived relationship reflects actual S-N fatigue
life data.

The answer to this accuracy question is dependent on the definition of "S-N" data. At least
two definitions are meaningful for naval structural applications. The first definition is the life of a
polished smooth specimen, and the second definition is the life of a large-scale welded component.

Available data for smooth specimen axial fatigue tests of HSLA-80 over a wide range of
maximum stresses [6] indicate that the S-N "slope" m is about 10-12 for tests in which the stress
amplitude was less than about 100 ksi (690 MPa). This observed value of m is significantly different
from our implied value based on FCG data. The difference is due to the influence of the crack
nucleation life phase. The nucleation phase tends to be negligibly small at relatively short lives but
can be dominantly large (approaching 100% of total life) at very long lives. This general trend is
evident in the fatigue tests conducted under the current contract, as noted earlier.

Athigher applied stresses, when the nucleation life fraction is negligible, this FCG approach
to smooth specimen life prediction will be entirely adequate. However, to address the complete
range of smooth specimen behavior out tomuchlonger lives, some further treatment of the nucleation
phase will also be required. Traditional "initiation" models based on the Coffin-Manson type of
equation, such as the microstructural scaling law presented earlier, may be useful here. However,
it must be noted that these traditional models address the total life to specimen failure (which may
include appreciable portions of crack growth, as demonstrated in this research program), not the
true life to nucleation of a microcrack. Further work is required to partition the true nucleation life
fraction and then to combine this with a true fracture mechanics model for microcrack growth.

However, as noted in the last paragraph, a treatment based entirely on integration of the FCG
relationship for microcracks and large cracks will be satisfactory when nucleation occurs very early
in life. This condition is satisfied for fatigue of many practical welded structures, which provide
weldment defects and discontinuities as crack initiators. Recent data from fatigue tests of both
large-scale and small-scale welded HSLA-80 structures [7, 8] suggest an S-N slope between 3 and
4, which agrees closely with the Paris exponent from the available FCG data. Simple estimates of
total fatigue life based on fracture mechanics arguments (and using the same large crack baseline
FCG data presented earlier in this report) were successful in predicting the observed trends in
experimental lives.




Many large-scale welded structures such as bridges and steel buildings are engineered on the
basis of fatigue design curves first developed by the American Association of State Highway and

. Transportation Officials (AASHTO) [9]). The slopes of these AASHTO design curves and similar

curves published by other regulatory bodies have been fixed at m = 3.0, which is again consistent
with known relationships for the FCG behavior. It is particularly interesting that the AASHTO
curves appear to provide a reasonably accurate description of the Lehigh HSLA-80 welded structure
S-N data [7], even though the AASHTO curves were developed from tests mostly on carbon-
manganese steels. This coincidence occurs because, as demonstrated by the microstructural scaling
laws, large crack FCG rates differ relatively little among different steel microstructures.

In general, the correct S-N slope for welded structures will vary as a function of initial weld
quality. When initial weld quality is relatively low, cracks can initiate quickly and the S-N slope
will approach the limiting value of 3 to 4 based on fracture mechanics arguments. When initial
weld quality is higher, then the nucleation phase can again become important. Under these con-
ditions, the S-N slope will be alarger number and may eventually approach that for smooth specimens
inbase metal, although in practice it will rarely reach this limit. Initial weld quality can also influence
the initial size of the fatigue cracks, which has a further impact on S-N slope.

Further discussion of these engineering implications is available in Appendix D.

PROBABILISTIC MODELS

Fatigue crack growth data generally exhibit substantial scatter. This scatter arises from several
factors, including microstructural variations, uncertainties in crack length measurements, and the
intermittent nature of the FCG process itself. From a fundamental viewpoint, it is useful to
understand these different sources of uncertainty, particularly as the scatter may be related to intrinsic
microstructural factors. From an engineering viewpoint, it is often necessary to characterize this
uncertainty in conjunction with life prediction and life management exercises. Each of these
viewpoints was addressed with an appropriate probabilistic treatment in the subject program.

Probabilistic Treatment of Micromechanical Models

Many probabilistic treatments of FCG in the literature are based on simplistic engineering
characterizations of the FCG process, such as the Paris equation. In these models, randomness in
the FCG response is treated by taking one or both of the empirical constants (coefficient and
exponent) of the Paris equation as random variables, without thought for the physical meaning of
these variations or, in particular, the role of microstructure in the FCG process.

A micromechanical FCG model that incorporates microstructural size parameters was
presented earlier in this report. This model, which provides an explicit relationship between da/dN
and key microstructural size scales, was used as the starting point for the development of a new
probabilistic FCG model. Specifically, each of the microstructure-dependent parameters in Egn.
1 can be described as

M =MX,, ®)
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where M = E, s, 0,, €/, or d. M and X,, are the mean value and the randomness of the parameter
M, respectively. For simplicity, however, randomness in E and s is ignored. The resulting
probabilistic crack growth rate expression is given by

da o aEb a1 1b AK*T" 9
- %"E@®) [_E]
Here

1 (10)
XoszfXd

X§=

is a function that incorporates the overall variation of the crack growth rate resulting from
randomness in the microstructural variables. Correlations among the yield stress, the fatigue
ductility coefficient, and the dislocation barrier spacing according to modified Hall-Petch relations
permit further simplification of this expression. Further details are provided in Appendix E.

Compilations of yield stress and fatigue ductility coefficient data for steel as a function of
dislocation barrier spacing, d, were presented previously in Figure 4. If the Hall-Petch exponents
a (for o,) and B (for &) are both assumed to be exactly 0.5, as is common for steels, then we obtain
the slightly surprising result that the FCG rate is independent of the dislocation barrier spacing.
Variations in the FCG rate then arise directly from variations in the Hall-Petch relationships (scatter
in Figure 4). For other materials (e.g., titanium), a and P can be significantly different, so that
variations in d also figure directly in the probabilistic FCG model.

Validation and demonstration of this model was carried out by performing statistical analysis
of the available microstructural data to determine the appropriate X; values. Available large crack
FCG data for HSLA-80 was shown to be consistent with the predictions of the probabilistic model.
In order to perform a total life calculation by integrating the crack growth law, additional information
about the initial crack size was required. These data were obtained by assuming the initial flaw
size in as-received HSLA-80 to be equivalent to the inclusion size, and fitting the available inclusion
size data to a Weibull distribution. A performance function was defined by comparing the calculated
crack growth life with an assumed service life. The resulting limit state problem was solved using
FPI™, an advanced probabilistic code, based on fast probability integration (FPI) techniques.
Outputs included the cumulative distribution function (CDF) of the crack growth life and the
probability of failure, P, In addition, the probabilistic sensitivity factors (PSFs), which are the
directional cosines of a unit vector from the origin to the most probable point on the limit-state
surface in the standard normal space, were calculated to compare the relative importance between
random variables. With further derivations, these PSFs become useful design information. The
CDF and PSFs for a sample calculation for HSLA-80 steel are given in Figure 9. Further details
are provided in Appendix E, along with contrasting calculations for a titanium alloy which were
performed independent of the subject contract.

An advantage of this methodology over the traditional probabilistic approach is that the
stochastic sensitivity of the various microstructure-dependent random variables can be predicted.
This knowledge provides insight into how to modify the microstructure, the microstructure-
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dependent parameters, and their corresponding randomness to improve the FCG rate resistance of
structural alloys. Additionally, this information can be used as a basis for developing graded
microstructures with favorable FCG characteristics.

Probabilistic Treatment of Engineering Models

The randomness associated with FCG may be most apparent and most significant for small
cracks, when crack-microstructure interactions are also most significant. Small crack growth rate
data are often characterized by great variability, especially in comparison to growth rate data for
large cracks outside of the near-threshold region. Because of this large variability, simple deter-
ministic schemes to compute microcrack-dominated life are often not satisfactory. Therefore, small
crack growth is a particularly good candidate for probabilistic methodologies. Unfortunately, small
crack growth also presents special obstacles to developing probabilistic models. In particular, it is
often difficult to collect raw FCG data of sufficient quality and quantity to compute necessary
probabilistic parameters.

The development of probabilistic fatigue life prediction methods based .. .ne growth of both
small and large cracks has been guided by two central criteria. The first criterion was that these
methods reflect some genuine understanding of the physical sources of uncertainty in small crack
and large crack growth, and that the mathematical methodologies, in some way, reflect this
understanding. This criterion excluded some existing probabilistic FCG methodologies which
cannot be linked to the physical process of small crack growth. The second criterion was that these
methods retain sufficient mathematical simplicity to permit their practical use in engineering
contexts. This criterion excluded other methodologies which may be theoretically attractive but
are scientifically or mathematically complex.

Several different factors which influence uncertainty in crack growth behavior have been
identified. These include variations in the crack growth increment rate, which is the microscopic
variation along the crack path of a single specimen; errors in the measurement of crack length; and
the crack superposition effect, which can be interpreted physically as an averaging effect. The
available HSLA-80 crack growth data were analyzed to estimate these various factors, and a simple
Monte Carlo simulation program was developed to illustrate the total effect on apparent FCG rates.
The results for a sample simulation are shown in Figure 10. These results are qualitatively similar
to the actual experimental data: large variability in the microcrack regime, and relatively smaller
variability in the large crack regime. Further details and discussion of these simulations is provided
in Appendix F. Simple conceptual models of this type provide a basis for comparing various sources
of uncertainty more rigorously and thereby gaining fundamental insights into the behavior of
microcracks.

An appropriate stochastic fatigue crack growth (SFCG) model for use in engineering appli-
cations should be as simple as possible while maintaining reasonable accuracy. This SFCG model
should be able to address the large variability observed in the small crack regime, as well as the
smaller variability observed in the large crack regime. Numerous SFCG models have been proposed
in the literature. Unfortunately, very few of these models explicitly address small crack effects,
and nearly all of the models require raw data of much greater quantity and quality than is feasible
to obtain for small crack configurations.
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When only limited data are available, a lognormal random variable (LRV) model proposed
by Yang et al. [10] is useful. This model employs the simplest mathematical model for which the
analytical solution may be derivable, and it can be easily understood by engineers. The lognormal
random variable model takes the general form

an

lo %) =1og(fE K,a,R, etc.)) +1log(X (1))

Here fis some user-defined FCG model, which may be a simple Paris equation or a more complex
micromechanical relationship such as the scaling laws discussed earlier. The function X{1) is a
non-negative stationary lognormal random process which is used to account for the combined effect
of unknown contributions towards changing the crack growth rate with time (cycles).

However, the standard LRV model does not admit an increase in the randomness for smaller
crack sizes. In order to address this limitation, an enhanced LRV model was developed which
accounted for the nonlinear variability exhibited by the actual FCG data. In order to accommodate
the increased scatter 1.a the small crack regime, the standard deviation 6, of the stochastic random
variable Z(¢) = log(X(#)) was itself modeled as a time-dependent function. A conventional LRV
model and an enhanced LRV model are compared with the original experimental data (combined
large and small crack data) from which they were derived in Figure 11. Complete details of these
LRV models is provided in Appendix F.

Complete solution of the probabilistic fatigue life problem requires not only the development
of an appropriate SFCG model, but also the development of an appropriately robust, efficient, and
accurate probabilistic method to solve the limit state problem. For the enhanced LRV model, some
numerical integration or simulation approach is required. In the current program, an advanced mean
value method [11] was used. Illustrative predictions of total propagation life for the HSLA-80 small
crack data are shown in Figure 12 for both conventional and enhanced LRV models. Note that the
enhanced LRV model predicts greater variability in the small crack regime than does the conven-
tional LRV model, but as crack growth continues in the large crack regime, the enhanced LRV
model will give realistically tighter bounds on total life.

DISCUSSION

The fundamental goals of this research program, as highlighted in the Introduction, were to
supplement or replace traditional "black box" approaches to fatigue design/analysis with more
scientific approaches which accurately describe true physical phenomena while retaining sufficient
engineering simplicity. Significant progress towards these goals has been achieved in nearly every
task.

For example, we have shown that traditional S-N life prediction methods for many welded
structures can be replaced with prediction schemes based on integration of crack growth equations
from extremely small initial crack sizes. This permits the direct evaluation of many different effects
on total S-N life by studying the true mechanisms of damage growth rather than by fitting different
empirical forms to data.
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Furthermore, we have shown how it is possible to replace purely empirical FCG relationships
with crack growth laws which more accurately characterize the crack advance mechanism in the
specific material of interest. In particular, we have shown how it is possible to relate FCG rates
directly to critical microstructural parameters through a series of micromechanical scaling laws.
The implications of microstructure for total fatigue life can therefore be directly assessed.

We have also replaced traditional approaches to stochastic fatigue crack growth modeling,
which are typically based on probabilistic treatments of empirical constants, with approaches which
reflect the actual sources of uncertainty. For example, the probabilistic treatment of the micro-
structural scaling laws makes it possible to link variability in fundamental microstructural param-
eters and relationships to observed (or predicted) variability in FCG rates. Simulation modeling of
small crack effects has made it possible to characterize and evaluate different sources of apparent
variability in small crack data, providing guidance for the development of more realistic engineering
models for stochastic FCG.

Development of these sound, fundamental understandings of the fatigue damage process now
makes it possible to study a much broader range of fatigue life issues from a scientific perspective.
Some of these potential future directions are described following the conclusions.

CONCLUSIONS

1.  Microstructural changes in HSLA-80 following various heat treatments greatly affected the
sites and frequency of fatigue crack nucleation, but had little effect on the number of cycles
required to nucleate a fatigue microcrack. Microcracks nucleated at sulfide inclusions in
as-received microstructures but at lath-like features in heat-treated microstructures.

2.  The growth rates of small cracks did not appear to be significantly affected by the micro-
structural changes imposed. A slight acceleration of growth rates for the smallest microcracks
may occur in the weld and one of the heat treated microstructures, but the differences were
relatively small compared to overall scatter. Variations in FCG rates for large cracks appear
to be related to the size or mean free path of Cu precipitates.

3.  Microstructural changes had relatively little impact on total smooth specimen life. The
percentage of total smooth specimen life consumed in the nucleation of an identifiable
microcrack ranged from 2% to 33%, with an average value around 12%.

4. A set of scaling laws has been developed for describing both intermittent and continuous
FCG in steels in the power-law regime. The scaling laws assume that FCG 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.

5.  Verification of the scaling laws for HSLA and conventional ferritic, ferritic/pearlitic, and
martensitic steels reveals that the lack of a strong microstructural influence on FCG in the
power-law regime is due to increasing yield stress and fatigue ductility with decreasing
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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, have been explained in terms of the scaling laws.

A microstructural scaling law has also been developed for total smooth specimen life,
sometimes described as "initiation life." This life is predicted to scale inversely with the
dislocation barrier spacing. The scaling law has been verified by comparison with exper-
imental data for several steels, including HSLA-80.

Large cracks and small cracks in HSLA-80 steel grow at similar rates in the traditional large
crack power-law regime, when compared on the basis of a properly defined effective stress
intensity factor range. This effective AK, which addresses differences in stress ratio and
maximum stress, can be defined in terms of crack closure concepts or simply in terms of the
tensile portion of the local stress range. For the data considered in this study, these two
approaches gave similar results.

Small cracks in HSLA-80 steels can grow at applied stress intensity factors which are smaller
than the traditional large crack threshold, AK};. These cracks grow atrates which are consistent
with a downward extrapolation of the large crack power-law trends.

Acceptably accurate characterization of total life S-N behavior for many welded structures
based on an integration of FCG relationships for both small and large fatigue cracks is feasible.
This approach is also feasible for smooth specimen behavior in the low cycle fatigue regime.
Some additional attention to the nucleation phase may be necessary to characterize smooth
specimen life in the high cycle regime or to treat welded structures with much higher initial
weld quality.

A new stochastic fatigue crack growth model has been developed via a probabilistic treatment
of the microstructural scaling law for FCG. The model demonstrates how variability in FCG
rates and total fatigue lives is linked to variability in fundamental microstructural parameters
and relationships. This model makes it possible to identify the most significant sources of
variability and, hence, to identify the most promising opportunities for improved fatigue
resistance through microstructural optimization.

Different sources of apparent variability in small crack FCG rate data include the crack growth
increment rate, which is linked to microstructural factors; measurement errors; and the crack
superposition effect, which can be interpreted physically as an averaging effect. A simple
simulation model of small crack growth has been developed to demonstrate and evaluate the
relative significance of these different sources of variability.

An enhanced lognormal random variable stochastic FCG model has been developed which
addresses the increased scatter observed for small fatigue cracks, while maintaining much of
the engineering simplicity of the traditional lognormal random variable model. The limit
state problem based on this model can be solved with an appropriate fast probability integration
method in order to obtain cumulative distribution information about total fatigue life.
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FUTURE WORK

While the research investigations described above answered many key questions and provided

insight on a variety of issues, they also serve to provoke a number of additional questions. Some
potential extensions of these investigations to elucidate remaining uncertainties and to explore new
issues are briefly described below. Other remaining questions and potential appiications of these
technologies were mentioned in the preceding discussions.

The microstructural scaling laws were validated for a wide variety of steel microstructures
and, in other work outside the current contract, for selected titanium microstructures. Further
work is required to determine if these scaling laws can be applied to a broader range of
materials, such as aluminum alloys and perhaps some advanced composites. The mutual
applicability of the FCG scaling laws to both large and small cracks should also be explored
further.

Although these microstructural scaling laws were originally developed for dry ambient
conditions, many naval applications involve aggressive environments such as sea water.
Under these conditions, when mechanisms for crack advance are more complex, alternative
scaling laws which address other microstructural phenomena may be required. Exploratory
experimental and analytical studies are needed to assess these issues.

Another necessary simplification in these initial investigations was simple constant amplitude
loading atalimited number of stress ratios. Actual service loading is typical variable amplitude
in nature and includes load excursions at many different stress ratios. Relatively little is
known about microstructural influences or small crack effects under variable amplitude
loading, although some available studies suggest significant differences in smooth specimen
and small crack behavior for certain types of complex load histories. Fundamental work is
required to address variable load histories from a sound theoretical basis, while retaining
engineering simplicity. "

The application of greatest interest for many naval structures is crack growth in weldments.
Limited investigations of small crack growth in welds under the current program found
potential differences in crack growth rates which could not be fully explored. Other issues
such as weld quality (initial defectiveness) and residual stresses are also important, and some
of these issues may best be treated by a probabilistic microstructural approach.

Studies of small crack growth under the current contract found that the large crack threshold
was not preserved. Itis not clearly understood, however, at what crack lengths or under what
conditions the threshold may or may not become effective. This ambiguity is becoming
increasingly important in many aeronautical applications, including both fixed wing and
rotorcraft configurations, where durability and damage tolerance analyses (DADTA) must
now be applied to smaller and smaller flaws. Lifetime predictions for these applications can
be extremely sensitive to assumptions made about the nature of the "near-threshold" crack
growth curve. The proper form of this curve, which is typically derived from large crack
testing, is not known reliably from either an engineering or a microstructural perspective for
cracks which are smaller and stresses which are larger.




The probabilistic treatment of the micromechanical scaling laws permits the stochastic sen-
sitivity of the various microstructure-dependent random variables to be predicted. This
capability should be exploited further to investigate means of modifying the microstructure
to improve the FCG rate resistance of structural alloys. Additionally, this information may
provide guidance for the development of graded microstructures with favorable FCG char-
acteristics.

The siinple simulation model developed to describe apparen: scatter in small crack growth
rates provides a powerful tool for additional investigations. Additional small crack data from
original experiments and from the literature should be analyzer; to better characterize different
sources of uncertainty, and the simulation model itself should be exercised more extensively
to compare and contrast these different contributions. It should prove particularly useful to
distinguish real scatter from apparent scatter, since these should have different implications
for lifetime prediction. The simulation model should also be more closely linked to the
enhanced lognormal random variable model, so that the engineering model for stochastic
FCG can be derived more directly from primitive physical variables.

The general probabilistic model developed for FCG, which can accommodate both micro-
structural scaling and small crack scatter, also permits inclusion of other sources of variability
such as stochastic load histories, dimensional variabilities (e.g., in weldment fit-up),
probability of detection (POD) of defects during periodic inspection, etc. The usefulness of
this formulation to solve the more comprehensive structural reliability problem should be
explored further. Such a formulation could facilitate improved design optimization, in
addition to improved life extension and management strategies which also address the effects
of inspection and repair operations on structural reliability. This expansion would also permit
a more meaningful assessment of microstructural variabilities in the context of total system

- variability.
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PUBLICATIONS AND PRESENTATIONS

The following publications/presentations were directly generated by this research program:

"Scaling Laws for Fatigue Crack Growth of Large Cracks in Steels," by K. S. Chan, Metallurgical
Transactions A, Vol. 24A, 1993, pp. 2473-2486.

"Scaling Laws for Fatigue Crack Growth of Large Cracks in Steels," by K. S. Chan, presented at
the 1994 TMS Annual Meeting, San Francisco, CA, February 27 - March 3, 1994.

"Probabilistic Fatigue Life Prediction Methods for Small and Large Fatigue Cracks," by T. Y. Tomg
and R. C. McClung, Proc. 35th AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics,
and Materials Conference, Hilton Head, South Carolina, April 1994, pp. 1514-1524.

"A Scaling Law for Fatigue Crack Initiation in Steels," by K. S. Chan, Scripta Metallurgica et
Materialia, in press.

"Cu Bearing HSLA Steels: The Influence of Microstructure on Fatigue Crack Initiation and the
Growth of Small Fatigue Cracks," by D. L. Davidson, K. S. Chan, and R. C. McClung, to be
submitted.

"A Probabilistic Treatment of Microstructural Effects on Fatigue Crack Growth of Large Cracks,"
by K. S. Chan and T. Y. Torng, submitted to ASME Journal of Engineering Materials and Tech-
nology. ‘

"Analysis of Small Fatigue Cracks in HSLA-80 Steel," by R. C. McClung and T. Y. Torng, to be
submitted to Engineering Fracture Mechanics.

The following papers and presentations were not directly supported by the ONR contract,
but represent immediate extensions of the technology developed under the ONR contract to
other engineering applications.

"Microstructure/Fatigue Crack Growth Relationships in Titanium Alloys and Aluminides," by K.
S. Chan, Proc. Harold Margolin Symposium, TMS, Warrendale, PA, 1994 (in press).

"Analysis of Small Crack Behavior for Airframe Applications," by R. C. McClung, K. S. Chan, S.
J. Hudak, Jr., and D. L. Davidson, FAA/NASA International Symposium on Advanced Structural
Integrity Methods for Airframe Durability and Damage Tolerance, Hampton, Virginia, May 4-6,
1994 (to be published as a NASA CP).
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Cu Bearing HSLA Steels: The influence of Microstructure on
Fatigue Crack Initiation and the Growth of Small Fatigue Cracks

D.L. Davidson, K.S. Chan, and R.C. McClung
Southwest Research Institute
San Antonio, TX 78228

ABSTRACT

The fatigue characteristics of a Cu-bearing HSLA steel were
investigated as a function of microstructure. Heat treatments and welding
were used to alter microstructure. Small fatigue cracks were naturally
initiated (= 30 um long) in smooth specimens and grown past the transition
to large fatigue crack growth behavior (= 200 um), where they showed the
characteristics of large fatigue cracks. The number of cycles to crack
initiation depended on stress but not on microstructure, although the site
of initiation was microstructurally dependent. Small cracks in all
microstructures grew at AK values below the large crack threshold. The
as-received (polygonal or equiaxed ferritic) microstructure and one of the
lath microstructures that resulted from heat treatment exhibited the same
growth rate correlation as large cracks in the linear (Paris) region, and
could be considered as an extension of the large crack growth region down
to the point of initiation. Small cracks in one of the heat treated and the
weld microstructures grew at rates slightly faster than expected from
extrapolation of the large crack correlation with AK.

INTRODUCTION

Small fatigue cracks growing in steels have been extensively studied
since it was recognized that small cracks may have different growth
kinetics than large cracks. There have been so many studies and they are
published in such a diversity of journals and conference proceedings that no
one has established a catalog of the results. A partial reading of the
literature indicates that microstructure greatly influences the growth of
small fatigue cracks in.steels, .as .might be. expected from the effects of
microstructure on other properties.

In contrast to the growth kinetics of small cracks, fatigue crack
initiation has not been extensively studied in steels, probably because it
was shown in the 1970 - 80s that inclusions (ceramics, foreign matter,
dirt, intermetallics) initiated most fatigue cracks in steels [1,2]. However,
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in recent years, steels have become cleaner, and fatigue crack initiation
may occur at sites other than inclusions (3].

The number of cycles to fatigue crack initiation and the growth of
small fatigue cracks are important in assessments of the lifetimes of
structures that are limited by fatigue. For large structures, such as oil
production offshore platforms, cracks may be assumed to exist in the
structures because of the fabrication methods used. But for smaller and
more critical structures, such as aircraft landing gear, made of clean
materials, there are probably no cracks in the as-fabricated structure. It
was found that = 70% of lifetime was occupied by the combined initiation
and growth of fatigue cracks to a surface length of 1 mm [4]. Another study
found that crack initiation, which was not at inclusions, was 10 to 20% of
lifetime [5]. For the Cu bearing steel BIS 812 EMA, fatigue crack initiation
was found to 50% of lifetime during tests in sea water [6].

As examples of the effects of microstructure on fatigue initiation
sites, consider the work of Kunio, et al. [7], who found that cracks initiated
in prior austenite grain boundaries for the low carbon martensitic steels
investigated. De los Rios, et al. [8], reported about the same result for a 0.4
wt% C steel of mixed pearlite and ferrite microstructure with the ferrite
located in the prior austenite grain boundaries. Shang, et al. [9] observed
that cracks initiated within ferrite grains in steels having 26 to 67%
martensite. Tokaji, et al. [5] found that grain boundaries were implicated in
a high strength ferritic steel with 10 um diameter grains. Daeubler, et al.
[3) found crack initiation parallel to the lamellae direction in a pearlitic
steel. The nucleation sites of fatigue cracks in pure polycrystalline iron
may be within grains or grain boundaries, depending on loading frequency
[Guiu, et al. [10]. This effect is probably due to these tests being conducted
in humid air, because water vapor has such a large effect on pure iron.

Once initiated, the growth of small cracks may also depend strongly on
microstructure. Examples of this behavior may be found in the summary of
Tokaji and Ogawa [11] who have .illustrated through graphs of growth rate
vs. crack length that crack arrest can occur (1) at grain boundaries in fine
and coarse grained ferritic steels, (2) at prior austenitic grain boundaries
in ferritic/martensitic steels, and (3) at the ferrite/pearlite boundaries in
in pearlitic steels. However, cracks were also found to arrest at locations
not associated with microstructure. This behavior is similar to that found
for large fatigue cracks at low AK values in steels by Vaidya [12,13] who




made detailed surface observations similar to those often made on small
cracks. He showed similar periods of temporary crack arrest often not
associated in any apparent way with microstructural features. Similar
observations of large crack behavior have also been made in a number of
other materials [14). Thus, the influence of microstructure on the growth
of fatigue cracks is not necessarily related to crack size.

Alloying elements have been shown to have a large effect on the growth
of large fatigue cracks in iron, and copper had the most effect per wt.%
addition of the 12 eslements studied [15]. The slope of the linear (Paris)
portion of the da/dN vs. AK correlation increased from 3.6 to 5.2 with 1
wt.% Cu addition, and AKj, increased from 4.9 o 7.5 MPaVm. When Cu is

added to steel, the amount of C and the tempering temperature were found
to affect the rate of growth of large fatigue cracks [16]. A 0.28 C, 1.45 Cu
(wt.%) steel showed the lowest rate of fatigue crack growth and the best
resistance against fatigue crack initiation.

Data from Lukens Steel internal reports for A710, modified A710 and
HSLA 100 steels show that the growth behavior of large fatigue cracks in
these steels is similar, despite relatively large differences in
microstructure. A710 steel consists of mostly fine polygonized (equiaxed)
and accicular ferrites with less than 5% of pearlite, bainite and/or
martensite [19]. In contrast, modified A710 and HY 100 steels have mainly
lath-like ferrites with retained autenite and martensite particles located
in the lath boundaries [19].

As deduced from the above summary, the prediction of fatigue crack
initiation and growth for a steel not yet studied from the results of
research on other steels, is not yet possible. This paper reports on the
initiation and growth of small fatigue cracks in a copper-bearing steel that
has not been investigated previously for these characteristics. Small crack
growth rates are compared to those for large cracks in the same steel.

DESCRIPTION OF MATERIAL

Fatigue cracks were initiated and grown in several plates of
high-strength, low-alloy (HSLA) steels, designated HSLA-80. Most of the
specimens were cut from the flange region of 10 mm thick welded-
construction I-beams manufactured by Bethlehem Steel Co. and sent to
Lehigh University via Ingalls Shipbuilding Inc., designated "Plate #1." The




specimens removed from the welded part of the |-beam are designated
"Weld." Several specimens were cut from similar material obtained from
the David Taylor Naval Ship Research and Development Center, designated
"Plate #2." Composition of the materials investigated, as determined by
standard wet chemistry methods, are listed in Table 1.

Table 1
HSLA-80 Compositions
Weight %
Element Plate #1 Weld Plate #2
(Lehigh) (Lehigh) (Navy)
C 0.05 0.06 : 0.06
Mn 0.54 0.95 *
Cu 1.03 0.68 0.98
Ni 0.72 1.48 0.76
Mo 0.20 0.33 *
Cr 0.72 0.55 0.70
Al 0.05 * *
Si 0.27 0.34 0.21
P 0.009 0.013 *
S 0.001 * *

* not measured

Compared to Military Standard 24645 of Sept. 24, 1990, Plate #1 was
within standard (1.0<Cu<1.3 and 0.7<Ni<1.0); the weld was low in Cu and
high in Ni and Mn, but was otherwise with the standard; Plate #2 was low in
Cu but was otherwise within the standard. These steels have low carbon to
ensure good weldability and high copper for precipitation strengthening[17].

This entire investigation was made on Cu-containing steels, often
designated as HSLA steels. These materials should not be confused with
many of the non-Cu containing steels also designated HSLA steels. The
standard heat treatment for these steels is: austenitize at 870 to 930°C
followed by water quenching and ageing at 540 to 665°C for 0.5 hrs. The
microstructure resulting from this heat-treatment contains polygonal and
accicular ferrite, martensite, and retained austenite [18, 19], with the last




two constituents less than 5 vol.%. When cooling is relatively fast
(<2°C/sec.), about 2% lower-bainite may form.

The most important aspect of heat treatment is the ageing step, which
precipitates €-copper spheres having sizes that range from 5 to 50 nm.
When the precipitates are larger than about 5§ nm they lose coherency [20].

The stress-strain curve was measured for Plate #1 in tension, giving
an average yield stress of 607 MPa and an ultimate stress of 690 MPa [22].

HEAT TREATMENT

One of the goals of this research was to determine how the fatigue
characteristics of this steel were affected by variations in the
microstructure. Thus, the as-received microstructure was altered by heat
treatment, and specimens were also cut from the weld portion of the
I-beams. Hardness measurements and optical and transmission electron
microscopy were used to characterize the resulting microstructures. Heat
treatments used for microstructural alteration are listed in Table 2. Heat
treatments that did not result in Cu precipitates were attempted but
without success.

Table 2
Heat treatments for HSLA-80
Designation Material Heat Treatment Hardness
HT#1 Plate #2 900°C for 48 hrs., water quench Rg 92
then 640°C for 0.5 hrs.
HT#2 Plate #1 1200°C for 1 hr., water quench Rc 26
HT#3 Plate #1 1200°C for 1 hr., water quench R 31
then 593°C for 0.5 hrs.




MICROSTRUCTURAL CHARACTERIZATION

Ferrite grain sizes of the as-received microstructure were measured
by optical microscopy to vary from about 0.3 to 9 um, with the most
common size around 2 um. Inclusion size and occurrence were determined
from analysis of 86 inclusions in Plate 2 using optical microscopy. Sizes
ranged from = 2um to 12 um, with the most frequent size around 5 um.
Inclusion size provided a lower limit to the smallest crack that was
studied in this steel. The number of inclusions intercepting the specimen
surface was calculated to be 800 per square mm, or 1.5% of the surface.

Heat-treatments #2 and #3 resulted in lath-like microstructures
similar to those observed in A710 steel under high cooling rates and in
modified A710 steels. Based on previous work [19, 19A ], these HT
structures are interpreted as being composed of accicular ferrite laths
with a mixture of retained austenite and martensite particles within the
lath boundaries. The weld microstructure has also been studied [19B) and
found to consist of coarse ferrite grains containing small particles of
either martensite or bainite.

Analysis of the copper precipitate size using transmission electron
microscopy indicated that heat treatment did not alter either size or size
distribution very much. The size range was 5 to 25 nm with a peak at 8 to
12 nm for as-received and heat treated specimens. Precipitate size
distribution in the weld was not as broad, with a range of 7 to 17 nm and a
peak at 8-12 nm.

EXPERIMENTAL PROCEDURES

Small fatigue cracks were studied using two specimen designs.
Initially, beams of square cross section 4 mm on a side by 52 mm long were
loaded in 3-point bending. Strasses of increasing magnitude were applied
until cracks were initiated within a few hundred thousand cycles. But the
stresses required to initiate cracks were so high that the outer fiber stress
exceeded yield, so that the unloaded beam was no longer straight. The
R-ratio (min. stress/max. stress) was maintained at nearly zero for the
beam as a whole, but for the outer surface of the beam, the region in which
the cracks started, R was closer to - 0.35 because of local plasticity. To
overcome the problems caused by surface plasticity, subsequent
experiments were conducted using a rotating beam specimen, having the




design shown in Fig. 1, where the applied R = -1. Even with this specimen,
the as-received material showed remarkable resistance to crack initiation:
and the number of cycles required to initiate a crack was very sensitive to
stress magnitude.

The surface preparation of specimens tested by these means is an
important factor in the number of cycles to crack initiation. Foi this work,
specimens were excised from the plates of material received using electric
discharge machining (EDM). This machining method minimized residual
stress and provided a good surface finish. The highly stressed regicns of
the specimens were hand polished using silicon carbide papers and finished
with 0.1 um diamond paste.

-Plastic replicas were used to provide a history of the surface changes
due to cyclic loading. The maximum stress regions of the specimens were
periodically replicated at half maximum load, and examined by optical
microscopy after the plastic was rendered opaque by vacuum depositing
silver on the replica surface. Replicas were made at the beginning of each
test, with the specimen both uniloaded and loaded, and then periodically
until cracks were grown to approximately 2 mm in length. The number of
cycles between replication was determined by the stress level of the test
and microstructure of the specimen. The number of cycles to crack
initiation, the change in crack length with loading cycles, and the density of
fatigue cracks initiated, were all determined from these replicas.

After the growth of the longest crack to about 2 mm, specimens were
etched with 2% Nital and replicated. This was done in order to investigate
the relationship between crack path and microstructure. Some of the
specimens were broken to assess the shape of the microcracks and for
measurement of striation spacing. The shape of the microcracks was
approximately semicircular.

RESULTS

An overview of the experimental results can be gained from examining
how the number of cycles to initiation, N;, and number of cycles to grow
the cracks to a length of 2 mm, Ny, varied as a function of stress, as shown
in Fig. 2. The relation between stress amplitude and N from the present

tests, which encompass several microstructures, are compared to previous
results for a steel of similar composition, ASTM A 710 Grade A, [17] for the




microstructure derived by standard heat treatment only. As seen in Fig. 2,
data from the current work are comparable to previous resuits, and data
from the rectangular beam specimens are comparable to those from the
rotating beam specimens. Testing conditions and results are listed in
Table 3 for all the experiments conducted. See Table 2 for a description of
heat treatment. Stress amplitude for the sp. 1-3, tested at an applied R =
0.1 appears high compared to that used for sp. 4-9, but only because the
stress amplitude for the latter is half the total stress applied, or 0 to
maximum stress.

Table 3
HSLA-80 Fatigue Specimen Test Conditions
Spec. Material & Spec. Nominal Stress N; N¢ Ny N¢ Initiation
No. Condition Type  Rratio Amplitude Site
(MPa) -- cycles - -

1 Plate#2, 3-P 0.1 690 4.3x106 no cracks -
As-Rec.

2 Plate#2, 3-P 0.1 840 1.6x105 1.2x106 0.13 inclusions
As-Rec.

3 Plate #2, 3-P 0.1 840 3.2x105 9.6x10° 0.30 inclusions
HT #1

4 Plate#1, Ro-Bm  -1.0 . 560 5.0x103 2.0x105 0.03 inclusions
As-Rec.

5 Plate#1, Ro-Bm -1.0 520 4.0x104 3.2x10% 0.12 inclusions
As-Rec.

6 Plate#1, RoBm -1.0 550 2.5x103 1.1x10° 0.02 laths
HT #2

7 Plate#1, Ro-Bm -1.0 520 3.5x104 1.9x10° 0.18 laths
HT #3

8  Plate#1, Ro-Bm  -1.0 520 5.0x103 1.6x105 0.03 slip?
Weld ,

9 Plate#1, Ro-Bm -1.0 414 5.0x103 no cracks - -
As-Rec. 448 1.5x106 no cracks - -

476 8.0x105 no cracks - -

3-P = 3-point bending specimen; Ro-Bm = Rotating beam specimen.
* In this complex microstructure, the reason for initiation was difficult to
determine.




Initiation and Crack Path

Microstructure greatly affected the features and the number of sites at
which fatigue cracks initiated. In the as-received microstructure (Lehigh
material, Plate 2), cracks initiated from inclusions in almost every
incidence. The heat treated microstructures contained lath-like features
from which fatigue cracks initiated rather than at inclusions. This shift
in initiation site is illustrated in Fig. 3. All the parts of Fig. 3 are at the
same magnification, thus facilitating a direct comparison between
microstructure and initiation site.

For the ferritic microstructures, Figs. 3(b) and (d), fatigue cracks
initiated at inclusions, Figs. 3(a) and (c), almost always, but for heat
treatments that resulted in lath structures, Figs. 3(f) and (h), fatigue
cracks initiated in either within laths, or lath boundaries, Figs. 3(e) and (g).

A sequence of photographs showing crack growth from an inclusion
initiated crack in as-received material is shown in Fig. 4. The crack
initiated from one side of the inclusion but it grew approximately
symmetrically - the initiating inclusion is marked by an arrow in Fig. 4(d);
note the scale change. Secondary electron SEM images of several cracks
grown in this microstructure are shown in Fig. 5 (a) through (d). These
figures suggest that microstructure had a small effect, if any, on crack
growth because the trajectory of the crack was not altered as
microstructural features were encountered during growth. For crack
growth in the weld microstructure, Fig. 5(e) and (f), crack path did appear
to be affected more than in the as-received structure by microstructural
features.

For cracks initiated in lath microstructures, the crack path was
directly affected by microstructural features, as shown in Fig. 6. The
crack shown in the figure initiated in the lath structure, not at an inclusion.
Figure 6(d) was made after etching, and shows that the crack initiated in
the center portion of one grain, and subsequently grew in the lath direction
until the crack reached a grain boundary; thence, crack growth to the left
was across the lath direction of several small grains, while on the right,
the crack grew more parallel to the laths. Similar behavior was exhibited
by crack growth in another lath-like structure created by heat treatment,
as shown in Fig. 7. Lath direction is easily correlated with crack direction
for this microstructure.
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The number of cracks that initiated was a function of stress level,
microstructure, and R ratio. Table 4 summarizes data on the numbers of
microcracks that initiated. A comparison of Specimens 4 and 5 indicates
that the number of cracks formed is a very strong function of stress level,;
this conclusion persists when comparing the remainder of the specimens
tested at R = -1. By graphing the number of cracks (N) against the stress
amplitude (o), the following approximate functional relationship may be
derived

In(N) = In(N,) + ao (1)

where N, = -15.6 and a = 0.0415. This relationship estimates the number of

cracks found reasonably well for all specimens tested except for HT#3 (sp.
7).

Table 4
The Number of Cracks Initiated
Spec.  Material Cond. Nominal Stress Initiation Number of Note
No. R Ratio Ampl. Site Cracks
. MPa

2 Plate#2, As-Rec. 0.1 840 inclusions 7

3 Plate#2, HT#1 041 840 inclusions 9 1

4 Plate#1, As-Rec. -1.0 560 inclusions 5000 2

5 Plate#1, As-Rec. -1.0 520 inclusions 160

6 Plate#1, HT#2 -1.0 550 laths 1800 3

7 Plate#1, HT#3 -1.0 520 laths 18

8 Plate#1, Weld -1.0 520 slip? KYA| 4
Notes: . About half of the cracks were not inclusion initiated.

1
2. Average crack size = 12 pm, max. crack size = 35 um.
3. Average crack size = 26 um, max. crack size = 175 um.
4. Cracks formed in a small band and readily coalesced.

The hypothesis that the "damage” to the specimen can be considered as
a function of the number of cracks in the specimen has been examined by
measuring the rate of crack formation in specimens 4 and 6 (Plate#1). The
number of cracks normalized by the maximum number is compared as a
function of the number of cycles normalized by the maximum number of
cycles, in Fig. 8. These data on the number of cracks are compared to the

J@
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length of one of the fast growing cracks normalized by the maximum crack
length.

The resuits in Fig. 8 indicate that the number of cracks is increasing in
approximately the same way as the length of a fast growing small crack.
Thus, the number of cracks can be considered as an indirect measure of the
damage state. However, the length of a fast growing crack is a better
measure because many of the cracks that formed did not grow, while it
takes only one growing crack to break the specimen. The number of cracks
is a good indication of stress level, regardiess of the microstructure, as
has been noted by other investigators.

Crack Growth Rates

The growth rates of small fatigue cracks have been compared to the
growth rates of large fatigue cracks. A comparison of some of the large
crack data available is shown in Fig. 9, where only the Todd, et al. {21] data
were measured at sufficiently low rates to establish a threshold for
fatigue crack growth, AK,,. The Dexter [22] data were obtained for the

same Plate#1 material used for our tests. The data of lkeda, et al. [10]
were taken from a 0.28 C and 1.45 Cu steel tempered for 200 min. This
steel had a higher C content than the other steels, but the similarity of the
growth parameters indicates that C content (0.08 < C < 0.28%) had little
effect on the growth rates of large cracks.

The growth rates of small cracks through the microstructures
illustrated in Figs. 3 through 7 are shown in Figs. 10 -16. Crack length
change, Aa, was measured at each end of the crack from replicas, and crack
growth rate was calculated by dividing Aa by the number of cycles between
replicas, AN; periods when the crack was not growing are generally not
shown. The minimum detectable crack growth rate, based on the resolution
of the technique used, was about 8x10-12 mj/cycle. The cyclic stress
intensity factor, AK, correlated with crack growth rate at cycle N was
determined from half -the total -surface -crack length, a, and the applued
stress range, Ac, using the relationship

AK = 1.3(Ac/2)Va (2)

for specimens tested at both R = -1. For data obtained from the 3-point
bend specimens, the yield stress, 607 MPa, was used for Ac/2 in calculation
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of AK. This procedure was based on the recommendation of ASTM Test
Method E647 [24] which uses AK = K .. - K., for R 20 but AK = K., for R <

0 (i.e., only the tensile portion of the stress amplitude was used.)

These crack growth data were used to examine several questions that
are usually asked about the growth of small fatigue cracks : (1) Did the
small cracks grow at AK levels below the fatigue threshold for large
cracks, AKy,. (2) Did small cracks grow faster than large cracks at the

same AK levels; (3) Did microstructure affect the growth of small cracks?

The first question is easily answered as "yes;” small cracks grew
below the threshold for large cracks in all microstructures. For small and
large crack growing in at about the same AK, crack growth rates were
approximately the same; thus the answer to question 2 is also yes. The
generally good agreement between the growth of small and large cracks at
equal values of AK is indicative that the assumption used in eq.(2) was
reasonable. The effect of microstructure on the growth rates of small
cracks, question 3, is less clear because of the large variation in crack
growth rates.

Crack growth data for the as-received microstructure and HT#1 all
appear to lie within the same band of variation which is approximately
along an extension of the linear region of the large crack growth rate curve.
Thus, all data (both large and small cracks) for the as-received
microstructure were taken together and a regression analysis was used to
determine the B and s in the correlation

da/dN = BAKS (3)

The analysis gave s = 3.23 and B = 3x10-'2 m/cycle with a correlation
coefficient of 0.93. For comparison these values for the large crack data
alone are s = 3.65 and B = 1x10°12 m/cycle.

In Fig. 17 are shown a dashed line ‘which is an extension of the Todd
large crack data, and a solid line that is the regression line for all
as-received large and small crack data. It is concluded that the small crack
growth rate data may be considered an extension of the large crack growth
data. Also shown in Fig. 17 are the scatterbands for the as-received small
crack data, along with the envelopes of crack growth rate data for sp. 7,
HT#3, and sp. 8, weld. Both of these envelopes lie above the mean value
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correlation lines established for the as-received microstructure, aithough
there is some overlap with the as-received scatterbands. The slope of both
HT#3 and weld data appears to be about 1.5. It is not possible to draw
definite conclusions from the limited available data, but small crack
growth rates in the weld and HT#3 conditions may be slightly accelerated
relative to the as-received condition.

Another illustration of differences between crack growth rates in the
weld microstructure and the base material is shown in Fig. 18. The
number of loading cycles N has been adjusted in this figure by subtracting
the number of cycles required for initiation, Table 3; i.e, both cracks start
growing at 1 kilocycle in this comparison. Only crack growth up to 100 um
is shown because of crack coalesance above about 200 um in the weld.
About twice as many cracks initiated in the weld as in the base material at
the same stress level, Table 4.

DISCUSSION

The most significant effect of microstructural changes made by heat
treating this Cu-bearing steel was the change in fatigue crack initiation
sites. The as-received plates initiated fatigue cracks from inclusions in
almost every incidence, but the microstructures resulting from
heat-treatment contained lath-like features from which fatigue cracks
initiated, rather than at inclusions. The number of loading cycles applied
prior to the initiation of the first crack did not appear to be
microstructurally dependent, and the number of cracks that eventually
initiated in all microstructures showed a large dependence on stress, but
not microstructure.

The lack of a microstructural dependence on the number of cycles to
initiation may not be surprising since heat treatment did not alter the size
or volume fraction of the strengthening Cu precipitates. In this sense,
microstructure was not modified by heat treatment. Conversely, the
presence of retained .austenite and martensite particles at the lath
boundaries in HT#3, the lath microstructure, might explain why fatigue
cracks initiatiated in that location. Previous work on modified A710 steel
showed that these particles may be of equiaxed shape and 0.2 to 1.5 um in
diameter or of elongated shape and 3 to 10 um long by 0.25 um wide [19A].
In addition, a high density of dislocations has been found at lath interfaces
[19). These second phase particles may provide fatigue crack initiation
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sites similar to the suifide inclusions in carbon steels. If cracks did

- initiate at these lath boundary inclusions, then it would explain why the

number of cycles to initiation in the lath microstructure was about the
same as for the as-received microstructure, in which cracks also initiated
mainly at inclusions.

The growth of small fatigue cracks in the as-received steels of both
Plates #1 & #2 (Figs. 2 and 4) and HT#1 and HT#2 appear to be
approximately independent of microstructure, independent of stress over
the stress range investigated, and independent of R ratio for the AK
definitions used. As shown in Fig. 17, the slope of the large crack Paris
region may be extrapolated through the small crack data. Thus, the growth
of small and large fatigue cracks may be treated with the same linear
relation over the whole range of sizes from initiation (about 30 um) to
failure (= 10 mm), aithough the equation used for surface crack AK should
be changed above about 2 mm to account for geometric changes. Because a
linear relationship is valid over such a wide range of crack size, or AK
range, it appears as tiiough the large crack threshold, AKy, is an artifact of

the testing technique used for measuring the growth rate of large fatigue
cracks.

The microstructure of the HT#3 (sp. 7) and the weld (sp. 8) does appear
to slightly affect the growth of small fatigue cracks, although the limited
available data make it difficult to draw definitive conclusions. Potential
reasons for this cehavior are not known. The ferritic microstructure was
transformed to a lath structure by HT#3, and the weld microstructure was
clearly different from the others; however, the size of the Cu-precipitates
was not found to be altered very much. These microstructural changes did
not appear to alter fatigue crack initiation, so why the growth of smali
fatigue cracks may have been faster is not clear. The effect of the higher
growth rates of HT#3 and the weld could potentially result in significant
changes in the lifetime prediction for a structure. Based on the mean value
growth rates of the available data, the number of cycles required for
growth of a -small crack-from -nitiation (= 30 um) to the transition to large
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crack behavior (~ 200 um) was about 100,000 cycles for a slope of = 1.5
(HT#3 and the weld), but was about 260,000 cycles for the as received
microstructures (slope = 3.6), a factor of 2.5 difference. Thus, the
increased crack growth rates caused by this microstructural alteration
could be important in lifetime estimates for structures of HSLA-80 steels
when the growth of small cracks is a large proportion of structural
lifetime.

SUMMARY AND CONCLUSIONS

1. For Cu-bearing HSLA-80 steel, fatigue initiation site was altered by
heat treatment, although the number of cycles to first crack initiation was,
surprisingly, unaffected. The initiation sites were changed from inclusions
for as-received material to laths for HT#2 and HT#3. The number of
fatigue cracks that initiated increased with cycling, but the ultimate
number of cracks initiated depended more on stress than on microstructure.

2. Small fatigue cracks in all the microstructures tested grew at AK values
below the large crack threshold, estimated from published work to be about
7.5 MPavVm, thereby exhibiting one of the "small crack effects.” It is
deduced that the large crack threshold is an artifact of the test methods
used for large fatigue cracks.

3. The correlation da/dN vs. AK for small cracks in the as-received
microstructures and in HT#1 and HT#2 had a slope of 3.23, and can be
considered an extension of the large crack growth rates down to AK = 1
MPaVvm. However, the available small crack data for HT#3 and the weld
were slightly faster for cracks smaller than = 200 um (AK =10 MPavm).
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Fig. 4 Crack initiation and growth sequence, Plate#1, as-received, sp. 4.
(a) 20 key, (b) 30 key, (c) 70 key and (d) 170 kcy. Stress axis horizontal.
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Fig. 6 Crack initiation and growth sequence, HT#3, sp.8. (a) 70 key, (b) 140
key, (c) 180 key, and (d) 180 kcy after etching. Stress axis vertical.




Fig. 7 Crack path in relationship to microstructure, HT#2, sp. 6 after 110 kcy.
Before and after etching. Stress axis vertical.
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Scaling Laws for Fatigue Crack
Growth of Large Cracks in Steels

K.S. CHAN

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 fatigue (L.CF)
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, fatigue ductility, dislocation cell size, and disiocation
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. m is the crack growth
exponent, and E is Young’s modulus. Application of the model to high-strength low-alloy (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. Variation of 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.

1. INTRODUCTION

FATIGUE crack growth of large cracks in metals and
alloys can generally be divided into three characteristic
regimes:!"! (1) a near-threshold regime where the growth
response is sensitive to microstructure, (2) a power-law
regime where microstructure has little effect on the prop-
agation rate, and (3) a rapid growth regime that is dom-
inated by quasi-static crack extension and fracture
toughness (e.g., the K, value) and is sensitive to micro-
structure. As shown in Figure 1, the power-law regime
may be subdivided into intermittent and continuous growth
regimes. For many alloys, there is considerable overlap
between the intermittent and continuous growth regimes
such that they become indistinguishable and appear as a
single power-law regime. Excellent reviews of the ef-
fects of microstructure on fatigue crack growth have been
presented by Rirtchie,!" Suresh,”” and Davidson and
Lankford,!* as well as by others.!*

While the lack of auciostructural influence in the Paris
(power-law growth: regime'® is well recognized, its ex-
istence is poorly unersiood. The conventional expla-
nation for microstructure-insensitive fatigue crack growth
is that the cyclic plastic zone size is larger than a char-
acteristic microstructural unit size and behaves in a con-
tinuum manner. As a result, crack growth is dominated
by the cyclic crack-tip opening displacement and occurs
on every cycle (continuous or continuum growth). One
possible criticism of this explanation is that continuum
growth theories'®* predict an inverse relationship be-
tween fatigue crack growth rate and yield stress. Since
the yield stress depends on microstructure, one would
think the fatigue crack growth rate should depend at least
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mildly on microstructure. Yet, numerous studies!'>'3! have
shown that the fatigue crack growth rates of a large num-
ber of metals,!"” including steels,/'®"'? aluminum,'"
and titanium alloys,!"*'"! correlate with the elastic mod-
ulus only in the continuum growth regime. On the other
hand, compilation of fatigue crack growth data for steels
of various yield strengths shows a wide scatter band and
not a single curve,!"! suggesting that the yield strength,
if not the microstructure, might be of some importance.

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.?'*-'") Instead,
crack growth proceeds intermittently with periodic ar-
rests and waiting periods between individual growth in-
crements (intermittent growth). The incremental growth
distance, as determined by the striation spacing, is rel-
atively constant and ranges from 0.1 to 0.3 um, which
is on the order of the dislocation cell size.!*'”! The in-
termittent growth process is generally modeled by con-
sidering that the crack-tip process zone behaves like a
low-cycle fatigue (LCF) specimen.!"’-2¢! During strain
cycling, the crack-tip LCF element accumulates fatigue
damage and fails in accordance with the Coffin-Manson
equation.’”’?® The intermittent growth models predict that
fatigue crack growth is discontinuous, and the corre-
sponding rate is sensitive to the size of the crack-tip LCF
element, which is generally related to a characteristic
microstructural length.

The conflicting views about the role of microstructure
in fatigue crack growth in the power-law regime are of
interest when considering fatigue crack growth in Cu-
containing, high-strength low-alloy (HSLA) steels such
as HSLA-80'" (or A710, Grade A, Class 3 in ASTM
designation™). This class of steels derives its high strength
from a combination of fine grain size (1 to 2 um) and
precipitation hardening by small £-Cu precipitates on the
order of 5 to 20 nm in diameter.>-3* Fatigue crack growth
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characterization of HSLA-80 and A710 steels showed a
large scatter band with a magnification of five times
variation in crack growth rates at a given K level."™
Transmission electron microscopy (TEM) has revealed
that the higher crack growth rate corresponds to a steel
{(designated as the FZZ plate) containing Cu precipitates
with an average diameter of 6.6 nm, while the lower
crack growth rate corresponds to a steel (designated as
the GAH plate) with 17.5 nm Cu precipitates, as shown
in Figure 2.1} The observation suggests that the size or
mean free path of Cu precipitates might be a factor in
determining the fatigue crack growth response of this class
of HSLA steels.

The objective of this article is to present the results of
an investigation whose goal was to develop scaling laws

" for describing the fatigue crack growth behavior of Cu-

bearing HSLA steels. The impetus of the modeling effort
was the lack of understanding on the effects of micro-
structural size scale on fatigue crack growth of large cracks
in the power-law regime. In this article, 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. Ap-
plication of the model to HSLA-80 steels will then be
illustrated. Finally, the validity of the model will be tested
against experimental results in the literature for ferritic,
ferritic/pearlitic, bainitic, and manensitic steels. The
purpose of the comparison is twofold: (1) to test the range
of applicability of the model and (2) to provide possible
explanations for the apparent lack of microstructural in-
fluence 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.

II. REVIEW OF FATIGUE
CRACK GROWTH LAWS

Numerous fatigue crack growth laws have been pro-
posed over the last 30 years. Formulated in terms of linear-
elastic fracture 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:!*!

da
— = CAK” [1]
dN

where C and m are empirical constants. Modifications
of the Paris equation to treat stress ratio effects or the
presence of a growth threshold are also available in the
literature. Most of these models are empirical and pro-
vide little information about the effects of micro-
structural size scale on the crack growth Kinetics.
Fatigue crack grcvth occurs during every cycle at high
AK. In this continuum growth reglme the crack growth
rate, which is in the range of 107° to 107° 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
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growth distance per cycle is one unit,!”’ or a fraction. of
the ACTOD;* thus,

= C,ACTOD 121

where C, is usually taken to be 0.5."* For small-scale
yielding,"

-

AK.
ACTOD = 40_E [3]
leading to'”!
da _ C AKX’ (4]
dN 4o.E

when Eqgs. [2] and [3] are combined. Equation (4] in-
dicates that the crack growth rate scales with AK”/(a.E).
where E is Young's modulus and g, is yield stress. Com-
parison of this model with experimental results indicates
that Eq. {4] generally overpredicts the fatigue crack growth
rate, meaning that the value for C, should be less than
0.5. Furthermore, experimental crack growth rates have
been found to correlate with (AK/E)*, specifically, em-
pirical relations of the form!'%!!-12

aN | E

where C, is a fitting parameter. Reported values of C,
are =310 5 4 '} and 8.2 Like Eq. [1], Eqs. [4) and
[5] provide no insight on the role of microstructural scale
in continuum fatigue crack growth. In fact, Eq. [5) im-
plies that microstructure plays no role in the continuum
growth regime. Theoretical models of Frost er al.,’”” and
Weertman,*® which relate the fatigue crack growth rate
to the blunting of the crack tip whose radius is dictated
by the surface energy, are in the form as given by
Eq. [5]. The values of C, were predicted to be =3.137-38

It is well recognized that fatigue crack growth in the
intermediate AK range cccurs intermittently.? 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."783¢.391 Proposed measures of fatigue damage in-
cluded the absorbed hysteresis energy,””” ACTOD,'®-*
and plastic strain range.'* Both the absorbed hysteresis
energy and ACTOD criteria led to!”-8-3!

da _C,AK*
dN JlEU

where C, is a numerical constant and U is the total ab-
sorbed hysteresis energy per newly created surface area
as the result of fatigue crack propagation. Note that most
of the hysteretic work is spent in deforming the material
located within the cyclic plastic zone and is dissipated
as heat. A significant difference between continuum and
discontinuous crack growth is in the increase of the crack
growth exponent, m, from 2 to 4.

McClintock"! was the first person to introduce the
concept of a “structural size” over which accumulation

(61

METALLURGICAL TRANSACTIONS A




of cyclic plastic strain occurred. By applying the Coffin-
Manson strain-life relation'*’-** to a microstructural ele-
ment located at a characteristic distance, I, ahead of the
crack tip, McClintock showed that accumulation of cyclic
plastic strain within the structural element during fatigue
would lead 1o a fatigue crack growth that is proportional
to (1/IMw*/y)’, where w and v, are the reverse plastic
zone size and fracture strain in shear, respectively. For
smali-scale yielding, McClintock’s crack growth equa-
tion can be expressed as!”

G
dNv | Lg o,
where &, and ¢/ are the static yield strain and fatigue
ductility coefficient,*?*!! respectively. Subsequent crack
growth models based on the concept of a microstructural
unit size where the damage criterion is applied include
those by Antolovich and co-workers,?!2! Kujawski and
Ellyin,'?* Mazumdar,!?* and Lanteigne and Bailon.!*® In
the models of Majumdar and Morrow,!'®! Chakrabortty,!'”
and Starke et al.,'* a series of LCF specimens was con-
sidered to lie at various distances within the cyclic plas-
tic 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 fatigue damage rule.
In Davidson’s fatigue crack growth model,®! fatigue
damage was envisioned to commence when slip, initi-
ated 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 element whose failure would lead to
an incremental crack growth. As in other models,!2!-2!
failure of the crack-tip microstructural element was treated
via the Coffin-Manson LCF relation.'?-*® Unlike other
models, the crack extension distance was considered to
be different from the slip distance. This view of the fa-
tigue crack growth process is similar to that subsequently
employed by Roven and Nes!'" to develop their fatigue
model. While conceptually similar, the Roven and Nes
model'” is considerably simpler and contains fewer em-
pirical constants than Davidson’s model.'*» The former
crack growth model is used heavily in this investigation
and will be described in detail in Section III.

HI. A MICROSTRUCTURE-BASED
FATIGUE CRACK GROWTH MODEL

The model of Roven and Nes'”! considers the LCF
failure of a crack-tip element of width s and height d,
where s and d are striation and dislocation barrier spac-
ing, respectively, as shown schematically in Figure 3.
In most metals, the incremental crack growth distance
corresponds to the striation spacing but differs from the
dislocation barrier spacing; thus, s and d are generally
different. 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 ele-
ment by irreversible motion of dislocations between the
dislocation barriers. The dislocation structure shown in
Figure 3(b) is formed by rearrangement of dislocations
into a wall-like or ladder structure during strain cycling.
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Fig. 1 — A schematic showing the various growth regimes in a fatigue
crack growth curve.
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Fig. 2—Dependence of fatigue crack growth rate on the size of
e-copper precipitates in FZZ and GAH plates.?
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Cell Wall

)

Fig. 3— Schematics of the proposed LCF crack-tip element for mod-
eling fatigue crack growth: (a) location of the crack-tip element rei-
ative to the cyclic and monotonic plastic zones and (b) characteristic
microstructural lengths of the crack-tip element.

The selection of striation spacing as the width of the crack-
tip element was motivated by the observation that dis-
continuous fatigue crack growth in iron and low-carbon
steels is characterized by a constant striation spacing in
the range of 0.1 to 0.3 um.!"") Additionally, the striation
spacing appears to correlate with either dislocation cell
size or wall spacing, which are also on the order of 0.1
to 0.3 um.!"") This implies that the incremental crack
growth distance (striation spacing) corresponds to failure
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of a dislocation cell element in the width direction. On
this basis, the fatigue crack growth rate associated with
LCF failure of a crack-tip element is given by!'’=¥

da

s

— == (8]

dN N,

where N, is the number of fatigue cycles required to cause

the observed crack extension (striation spacing). s.
Fatigue failure of the crack-tip element is considered

to be governed by the Coffin-Manson relation described
by|27.28|

A r
_2‘_ =& (2N)™* [9]

where Ae” is the plastic strain range and b is the fatigue
ductility exponent.!®! Note that Eq. [9] is written such
that b is positive, while the fatigue ductility exponent is
generally given as a negative quantity in the litera-
ture. %0411 The cyclic crack-tip opening displacement and
plastic strain range can be related to the dislocation bar-
rier spacing, d, according to

ACTOD
d

Agl, = {10]

with ACTOD given by Eq. {3]. Substituting Eqs. {3] and
[10] into Eq. [9] leads to0

1 [ 1 ak\ 1"
LI Y L Y Eeidl 11
N, [4 (2""0).,5,'d> ( E )] ()

which gives

2/b

da 1/b t--1/b [AK]
_—= 2 _— 12
e £7°(25) E [12)

with
Es

= 13
¢ 40.6/d 3]

when Eq. [11] is substituted into Eq. (8].

Equation [12] is a general expression for dis-
continuous fatigue crack growth and has the same form
as the Paris power law with m = 2/b and C a function
of E, 5, and the dimensionless parameter, £, which con-
tains all of the microstructure-dependent parameters (a,,
&, d, and s5). For the special case of b = 0.5 in the
Coffin-Manson law, Eq. [12] becomes

2 4
da _ ¢ [A_’f] (14)

which is somewhat similar to Eq. [6] due to Rice,™
Weertman,'® and Mura.?*®
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For continuum crack growth, b = 1, and crack exten-
sion occurs at every cycle. Eq. [12] is reduced to

da _ f[AK ; 5]
dN E
which can be re-expressed as
da
— = ¢ACTOD 16
Y ¢ (16}
with
¢=— (17
&d

and ACTOD given by Eq. [3]. Note that Eq. [15] is
identical to Eq. [S], which is based on experimental ob-
servations, while Eq. [16] is identical to Eq. [2], which
is based on a continuum formulation. The potential ad-
vantage of Eqs. [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 (o), fatigue ductility coefficient (g;), dislocation
cell size (s), and dislocation barrier spacing (d4) in de-
termining the crack growth rate.

Crack closure or a growth threshold, AK,,, can be in-
corporated into the proposed model by recognizing the
fact that these two related phenomena only affect
the driving force for crack growth, and they have no ef-
fect on intrinsic fatigue properties of a particular micro-
structure, which the microstructural parameter, £,
signifies. Altering 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 4, given by"!

AK,ﬂ’z AK - AKd [18]
or
AK 4 = AK ~ AK, [19]

where AK,, is the stress intensity range due to crack clo-
sure and AKX, is the growth threshold. The remainder of
this article will evaluate various implications of the pro-
posed model against experimental data of steels with a
variety of microstructures.

IV. APPLICATION OF THE FATIGUE
MODEL TO STEELS

The microstructure-based fatigue model has been
applied to elucidate the possible influence of micro-
structure on the fatigue crack growth behavior of HSLA
steels!?3142-45) and conventional ferritic,'*®! ferritic/
pearlitic,'4-52) bainitic,!""! and martensitic steels.!s>-%¢)
Specifically, the fatigue model has been exercised to ob-
tain the crack growth curves for steels with various
microstructures, and the calculated curves are compared
against experimental results in the literature. The eval-
uation 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.!!-*-5"!
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Material inputs to the fatigue model include the yield
stress (o), fatigue ductility coefficient (g/). faugue duc-
tility exponent (b). striation spacing (s). and the dislo-
cation 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 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 fre-
quently. Microstructural information was not always re-
ported. 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 bammer spac-
ing was estimated based on the yield strength using the
relations of yield strength and mean free path established
by Gurland."® Reported values of ¢, were generally used.
In some cases, a value of &, for similar steels with equiv-
alent strength and microstructure was used. Values of
& compiled by Hertzberg'*® and Boardman!*'! were uti-
lized. For HSLA-80 steels, ¢ was taken to be the
reduction-in-area, because it was numerically similar to
the & value reported for a high-Nb HSLA steel.'*! Ad-
ditionally, attempts to equate &/ to the true fracture strain,
g, calculated according to & = In {1 ~ RA]™' had led
to overprediction by the model, meaning & is less than
&, as observed in many steels.!®® 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 con-
ventional LCF or tensile specimen of a larger size. The
dislocation cell size, s, was taken to be 0.1 um in most
cases, but s = 0.2 um!"” was also used for ferritic/peariitic
steels. The value of Young’s modulus, £, was taken to
be 2 x 10° MPa for all steels. A summary of the micro-
structural parameters is presented in Table I.

Critical experiments were also performed on HSLA-80
steels to verify the model calculations. The critical ex-
periments included characterization of striation spacing
as a function of stress intensity range and character-
ization of the mean free path of £-Cu precipitates in
HSLA-80 steels. The HSLA-80 crack growth data uti-
lized 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 (SEM), fatigue striation spacings were char-
acterized on compact-tension fatigue crack growth spec-
imens from Lehigh University. Transmission electron
microscopy was performed on the FZZ and GAH spec-
imens of HSLA-80 supplied by NAWC to determine the
size, volume fraction, and mean free path of £-Cu pre-
cipitates. Details of the experimental procedures are de-
scribed elsewhere.!*!

A. HSLA Steels

The calculated fatigue crack growth curve for HSLA-80
steel is compared with experimental data*®! in Figure 4.
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Tabie 1. of Yield Stress (o,), Fatigue Ductility Coefficient (¢/),
Dislocation Barrier Spacing (d), Cell Size (s), Fatigue Ductility Exponent (), Crack-Growth
Exponent (m), and the Dimensionless Microstructural Parameters ¢ and £ for Various Steels
Charactenstc
Steel o.. MPa £ d.um s um b m=2/b ¢ £ Microstructure® Length
F + Cu precipi- mean free path of
HSLA-80+ 620.0 0.71 Q.89 0.1 0.5 () 4(2) 0.16 12.8 tates Cu precipitates
F + Cu precipi- mean free path of
(GAH Y™ §59.2121 Q. 75% Q.79 0.1 0.5 (1) 4(2) 0.17 15.1 tates Cu precipiates
F + Cu precipi- mean free path of
(FZZy™ 633.0 0.714% Q.46 0.1 0.5« 4(2) 0.31 24.2 1ates Cu precipitates
VAN-
8Ot 31 560.0 0.2 se 02 0571 (H 35(2) 0.19 170 F+P grain/colony size
HYS80 655.0 0.77*+ 2 0.1 0.65 3.1 0.06 50 tempered M carbide spacing
HY 1301% 965.3 0.48  0.8™ 0.} ) ) 0.26 13.5  tempered M carbide spacing
AS33B"! 503.0 1.0° am 0.1 ) ) 0.05 5.0 tempered M carbide spacing
AS14) 744.7 0.60% 1.8 0.1 ) 2) 0.09 6.2 tempered M carbide spacing
10N steel""  1255.0 0.60% 0.8 0.1 (hH 2) 0.20 8.3 tempered M carbide spacing
QT steel™ 910.0 0.6 1.5 0.1 0.67 2.98 0.11 6.1  tempered M carbide spacing
4340 1241.0 0.48+ 0.8 0.1 0.6 (1) 3332 026 10.5  tempered M carbide spacing
4Cr-0-
35C 1324.0 1.0 Q.50 0.1 0.75 2.67 0.21 76 M lath width
Ni-Mo-V
steel"! 1240.0 1.0} 0.75* 0.1 (1) 2) 0.13 54 B carbide spacing
A36H 248.2 0.35° 131w 0.1 0.65 3 0.02 44 F+P grain size
AS3ITH™ 406.8 0.40° 5 0.1 0.65 3 0.05 6.1 F+P grain size
1020+ 366.0 0.351  7.84n 0.2 0.571 35 0.07 100 F+P grain size
275.0 0.18° 20.5% 0.2 0.571 35 0.05 99 F+P grain size
194.0 0.10° 5547 0.2 0.571 35 0.04 94 F+P grain size
0030 cast _
steelio-sa 303.0 0.20° 20 0.2 0.5 4 0.05 83 F+P grain size
00S0A cast
steelto- s 434.0 0.20 15 0.2 0.5 4 0.07 77 F+P grain size
Plain C
steeli! 253.8 0.1911 [ 0.2 0.571 35 0.09 173 F grain size
211.7 0.1941 (e 0.2 0.571 35 0.07 155 F grain size
201.9 0.12° 25Mat 0.2 0.571 35 0.07 165 F grain size
192.1 0.12} 281 0.2 0.571 35 0.06 155 F grain size

Note: The parenthesized values for b and m cormrespond to values used in the continuum growth regime. while the unparenthesized values are
for the intermittent growth regime. The relevant microstructures and the characteristic length corresponding to the dislocation barrier spacing. d.

for individual steels are indicated in the last two columns.
*F = femrite. P = pearlite; M = martensite; and B = bainite.
**Estimated based on HSLA-80 data.
"Estimated based on Q&T steel data.
‘Fitted to crack growth rate.
‘Estimated based on HY 130 data.
*Measured from SEM micrographs. -

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
dominated in 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 a fatigue cycle. Note
the absence of a marked R-ratio effect in the experi-
mental 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 bilinear. The slope of the lower AK curve is 4, while
it is 2 in the high AK regime. This result suggests that
intermittent growth occurs at low AKX, while continuum
growth dominates at high AK.
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Fatigue striation measurements indicated that the stria-
tion spacing was relatively constant with an average value
of = 0.1 to 0.2 um for AK levels less than
33 MPaV/m, as shown in Figure 5. More importantly,
the striation spacing was larger than the calculated and
the observed crack growth rates, confirming the conten-
tion that intermittent growth dominated in this regime.
At AK levels above 33 MPaVm, the striation spacing
was larger and increased with AK. Additionally, the
striation spacing was approximately equal to the calcu-
lated and observed crack growth rates, meaning that crack
growth indeed occurred on a cycle-by-cycle basis, ex-
tending at increments of one 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 conse-
quence of a transition from an intermittent growth to a
continuum growth process. Furthermore, both the inter-
mittent and continuum growth processes scale with the
same microstructural parameter, £, even though the ex-
ponent depends on the nature of the crack growth process.
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Fig. 4—Comparison of experimental and calculated da/dN curves
for HSLA-80 steels at R = 0.1 and 0.8. Experimental crack growth
data are from Dexter."%

As indicated earlier, the crack growth data of HSLA-80
steels varied by a factor of 5 among nominally identical,
though not necessarily microstructurally identical, spec-
imens."*! To resolve this difference, crack growth cal-
culations were performed for individual HSLA-80
specimens using their measured properties as input to the
fatigue model. The designations of the specimens were
FZZ, GAH, and FDILT. The FZZ specimen corre-
sponded 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* jis also included in Figure 6, because the
data set contains da/dN results for AK less than
10 MPaV/m. Though not perfect, the good agreement
between calculation and experiment nonetheless sug-
gests that the variation in fatigue crack growth rate in
HSLA-80 steels originates from variations in yield stress,
fatigue ductility coefficient, and Cu-precipitate spacing,
which form the dimensionless microstructural parame-
ter, ¢, 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 £ values. The result suggests that the relevant mi-
crostructural feature ii HSLA-80 steels is the mean free
path of the e-Cu precipitates.

A comparison of the model calculations and experi-
mental results for VAN-80 steel,*!2 which is a vanadium-
containing HSLA steel containing a fine ferritic/pearlitic
microstructure, is shown in Figure 7. It is also an in-
dependent comparison, because all relevant material
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Fig. 5— Comparison of experimental and calculated da/dN curves
with striation spacings for HSLA-80 steel at R = 0.1. Experimental
crack growth data are from Dexter.4!
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Fig. 6-——Comparison of experimental and calculated da/dN curves
for individual HSLA-80 steel specimens. Experimental data are from
Dexter,s! Montemarano et al.,'*?! and Todd er al 4%

properties'“? were measured and reported together with
the crack growth data in the original studies.'®? 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 continbum growth
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Fig. 7— Comparison of model calculation with experimental data of
VAN-80 steel from Henzberg and co-workers. 332

at high AK levels, supporting the observation made in
HSLA-80 steels.

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'®® was examined, and the
relevant feature was the width of the martensitic laths,
as pointed out previcusly by Yoder ez al.!®" One bainitic
steel''!! was examined. Like steels with tempered mar-
tensite, 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 8 shows a comparison of the calculated and
measured crack growth curves for HY130*% and A514J14
steels in the continuum growth regime. The £ value for
HY130 is 13.5 compared to 6.2 for A514J. The higher
¢ value for the former is due to a higher yield strength
and lower values for carbide spacing and fatigue ductil-
ity. A comparison of the model calculations and exper-
iment in the intermittent growth regime is presented for
HY80* and a quenched and tempered (QT) steel 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 appeared to be grain or
colony size. A comparison of the calculated and ex-
perimental crack growth curves for A36 and AS37A,
which contain a ferritic microstructure with pearlite, is
shown in Figure 10. Both steels show subtle differences
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Fig. 8 — Comparison of model calculation with expernimental data of
HY 130 and A514J1%4 steels in the continuum growth regime.
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Fig. 9 — Comparison of model calculation with experimental data of
HY80/5 and QT steelss? in the intermittent growth regime.
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Fig. 10— Comparison of calculated and experimental da/dN curves
for A36 and AS37A steels. "

in yield strength, grain size, fatigue ductility, and fatigue-
ductility exponent. The consequence is minor differ-
ences in the £ value and fatigue crack growth rate, as
shown in Figure 10. .

A comparison o« the model calculations and experi-
mental data for 1020 steels heat-treated to three different
grain sizes is shown in Figure 11. For these steels, the
combination of yield stress, fatigue ductility, and grain
size led to similar £ values and fatigue crack growth rates
for all three steels at AKX levels above the growth thresh-
old. AK,,. In an earlier study, Yoder er al.'®'! have shown
that the growth threshold of a number of steels is given
by the expression

AK,, = 5.50,\Vd [20)

where d is the femite grain size in this case. Equa-
tion [20] was used in conjunction with the intermittent
growth model to obtain the calculated curves shown in
Figure 11.

The 1020 steel data shown in Figure 11 were taken
from Taira ef al."*" Crack closure was measured for these
steels, and da/dN data were also correlated with the ef-
fective AK. AK,, by Taira er al.*" as shown in
Figure 12. Application of the intermittent growth model
to the closure-corrected crack growth data of 1020 steels
required replacing AK with AK,, and a new value for b,
Figure 12. Specifically, & was reduced from 0.571 to
0.543, while the dimensionless microstructure parame-
ter, £, remained unchanged. This closure independence
provides another support for the contention that £ is the
relevant microstructural parameter for scaling da/dN and
(AK/E)".
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Fig. 12—Calculated da/dN vs effective AK curves compared 10
experimental data of 1020 steels. Experimental data are from Taira
et al "

V. DISCUSSION
A. Role of Microstructure in Crack Growth

One of the significant findings of this investigation is
that fatigue crack growth rate scales with the dimen-
sionless microstructural parameter, £, and (AK/E)” in
both the intermittent growth and continuum growth re-
gimes. Since ¢ encompasses al) relevant microstructural
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parameters, one only needs to examine variables con-
tained 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;!¢2% j e.,

o, (d)"” [21]

Similarly, a plot of log (&) vs log (d) in Figure 14 shows
increasing fatigue ductility with decreasing barrier spac-
ing according to

g o (d)'? [22]

Motivated by these findings, o,¢; is plotted against d in
a log-log plot in Figure 15. The result is a scatter band
whose average value is represented by a linear curve with
a slope of —1, as shown in Figure 15. Thus, the rela-
tionship between o,¢; and d is given by

oed=U, 23]

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 fa-
tigue crack growth in the power-law regime can be ex-
plained in terms of the results shown in Figures 13 through
15. Recall that da/dN scales with ¢ and ¢ =
Es/(40.£/d). For steels with a fine microstructure, the
value of 4 is small but the values of o, and ¢/ are larger.
Conversely, d is large for steels with coarse micro-
structures, but the corresponding values for o, and ¢;.are
lower. The consequence is that the product of a,¢/d, or
U, is relatively insensitive to microstructure, leading to
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small variations in the £ value and. thus, the crack growth
rate. Since o, and & show considerable scatter when cor-
related with d (Figures 12 and 13), vanations in these
parameters lead to a range of ¢ values and crack growth
rates. Thus, part of the experimentally observed crack
growth variation actually originates from the micro-
structure, as observed in HSLA-80 steels in Figure 6.
The £ 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 consis-
tent with ¢; = 0.80. measured for a Nb-bearing HSLA
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Fig. 14— Dependence of fatigue ductility on dislocation barrier spac-
ing, d.
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steel containing a high Nb content,"*® but are larger than
g, = 0.20 to 0.24 for low-Nb HSLA steels.! These
values of & (0.71 to 0.75) for HSLA-80 steels are
=54 pct of the true fracture strain values calculated on
the basis of & = In (1 ~ RA)™'. This ratio of & to & is
consistent with the experimental data compiled by Ong.'*!

" Some of the g, 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 an
independent verification of the model. For the two cast
steels, a value of & = 0.20 was required to obtain good
agreement between model and experiment. The reported
values for these two cast steels were =0.35 to 0.40.1430
As indicated earlier, the discrepancies might be attrib-
uted 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 ex-
amined ranges from 0.1 to I, which is within the ex-
perimental range. %41

The use of static yield strength, o,, instead of its cyclic
counterpart, o;, may introduce errors in the calculated
crack growth rate. A review of published values for o,
and ¢!'* indicates that o, can be as low as 0.60, for
cyclically softened steels and can be as high as 2.80, for
cyclically hardened steels. Using an average value of
b = 0.6, this range of o, values (o, = 0.60, to 2.80,)
leads to variations in fatigue crack growth rate of about
—36 and +46 pct, respectively. These errors for the worst-

. case situations are considered reasonable, since experi-

mental fatigue crack growth rate data can vary by a
factor of 2. In most cases, o, differs from a, by about
20 pct. This leads to a potential error of about 14 pct
in the fatigue crack growth rate, which is considered
negligible.

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.!” 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 assumed to be 1/2 in the continuum
model. Figure 16 shows that the values of ¢ observed
in the steels examined range from 0.02 to 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 Ae;, (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 es-
tablishes 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 intermit-
tent growth regime, as observed experimentally.!'%-!364
Different values of C, observed by various investiga-
tors!'* ¥ in the continuum growth regime!'>'*-!?! can now
be explained in terms of variations in yield stress, fatigue
ductility coefficient, dislocation barmier spacing, and
dislocation cell size, i.e., the fatigue microstructure.

METALLURGICAL TRANSACTIONS A

Figure 17 shows the values of £ as a function of the ratio
of dislocation barrier spacing 1o cell size. d/s. with no
obvious correlation between the two parameters. Thus.
Eq. {23] is essentially valid to the first order. The van-
ation in £, which ranges from 4 to 25, arises mainly from
different values of U, and partly from variations in the
cell size, s. The models of Frost e al..*" and Weertman'*!
are of the same form described by Eq. [5] as alluded to
in Section II. 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 pa-
rameters with somewhat different 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 (Figure 3), while U
is generally measured over the length of the plastic
zone.'*>-% 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 ex-
pended energy goes to deform material within the crack-
tip plastic zone and dissipates as heat.

Recent TEM observations have revealed that fatigue
cycling of iron and steels!'”**7! leads to the formation
of dislocation subcells at low accumulated plastic strains.
The dislocation subcells subsequently rearrange to form
dislocation wall-like structures.!® In both cases. the size
of the dislocation subcells and the spacing between dis-
location walls are generally between 0.1 t0 0.2 um.!""%%
The effect of continued strain cycling was to refine the
dislocation cell structure by increasing the population of
dislocation cells and wall spacing that is in the 0.1 to
0.2 um range. This point is best illustrated in Figure 18,
which is prepared based on TEM micrographs of Keller
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Fig. 18 — Distribution of dislocation cell size showing refinement of
cell size with increasing fatigue cycles. Based on results of Keller
et al."™

et al.'® 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
Katagiri ef al. to be about 0.1 to 0.2 um."”" Addition-
ally, the dislocation cell size increases with increasing
distance from the crack tip."""! Taken together, these TEM
observations suggest most of the cyclic plastic work, U,
is expended into refining the dislocation structure within
the crack-tip plastic zone, probably via dislocation
mechanisms as suggested by Kuhlmann-Wilsdorf and
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Laird" and Laird er a/.!” The smallest size that a dis-
location cellular element can attain is about s x d. with
s = 0.1 to 0.2 um. Further refining of this element size
might be impossible, and attempts to do so would lead
to LCF failure of the cellular element, producing an in-
cremental growth of length, s, at an energy expenditure
of U,.

The present model is quite similar to that of Antolovich
et al ' The essential difference between the two models
is that the role of the dislocation cell size. s, and dis-
location barrier spacing. d, is considered in the former
model, while only the dislocation cell size is considered
in the latter model. The mode! of Antolovich er al.”*¥
can be expressed in a form similar 10 Eq. [12]. resulting
in a scaling parameter that is a function of E/(0o.£/) but
is otherwise independent of an explicit microstructural
length parameter.

The proposed model is conceptually similar to that of
Davidson'?? and is essentially identical to that of Roven
and Nes,!"”! with the exception of a factor of 1/4 in the
ACTOD and AK relation (Eq. [17]). The model of Roven
and Nes is expressed in terms of AK,;, while AK is used
in the present model. As shown in Figures 10 and 11,
the different use of the crack driving force parameter re-
sults 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 re-
gime, compared to the range of 0.39 to 0.77 observed
for a wide range of steels.1*04!! Thus, the b values de-
rived from the crack growth data are reasonable. How-
ever, for materials such as stainless steels!™ whose crack
growth exponent is about 6 to 8, the proposed model
would have some difficulties unless b values as low as
0.25 10 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, for example,
ferritic*®! or austenitic steels'’™ with very large grain size
(>100 um) or single-crystal alloys. Under these circum-
stances, 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 charac-
teristic length, which might well be related to the under-
lying dislocation structure, should be used for d. It is
envisioned that the proposed scaling laws can be readily
extended to materials that do not form cellular disloca-
tion structures (e.g., planar slip materials) by relating the
dimensions (s and d) of the crack-tip LCF element to
appropriate microstructural length dimensions. Identifi-
cation of the proper dislocation barrier spacing and crack
extension distance for these materials, however, might
not be an easy task.

V1. CONCLUSIONS

1. 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, fatigue ductility, dis-
location cell size, and dislocation barrier spacing. For
both intermittent and continuum crack growth, the
crack extension rate, da/dN, scales with ¢ and
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(AK/E)", where AK is the stress intensity range, m
is the crack growth exponent, and E is Young's
modulus.

The lack of a strong microstructural influence on fa-
tigue crack growth in the power-law regime of steels
is due to increasing yield stress and fatigue ductility
coefficient with decreasing dislocation barrier spac-
ing, which results in a narrow range of £ values and
crack growth rates. The value of £ ranges from 4 to
24 for the 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 pa-
rameter. ¢, which is the ratio of dislocation cell size
to the product of dislocation barrier spacing and fa-
tigue ductility. The value of ¢ ranges from 0.02 to
0.3 for the steels examined.

. Variation of da/dN data among HSLA-80 steel spec-

imens 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 HSL.A-80 steels is due
to the transition from an intermittent growth mech-
anism to a continuum growth process. The striation
spacing is on the order of the dislocation cell size
(0.1 to 0.2 um) and is relatively constant during
intermittent growth. The striation spacing is consid-
erably larger and increases with increasing AK during
continuum growth.
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Introduction
' The beneficial effect of a fine grain size on crack initiation and low-cycle fatigue (LCF) life is well known (
Previous studies have shown that the cycle to failure in many alloys is increased with decreasing grain or microstructu

unit size (1). Despite this qualitative understanding, a quantitative description of the dependence of LCF life

microstructural unit size does not appear available in the literature. Because of this, how crack initiation or LCF life sca
with microstructural unit size remains an open question. ’

The objective of this article is to propose a scaling law for treating fatigue crack initiation and LCF failure
metals or alloys. In particular, the dependence of crack initiation or LCF life on microstructural unit size scale
quantified. Evaluation of the scaling law against experimental LCF data for a number of steels is presented. While m
of the experimental data were obtained from the literature, LCF data for a Cu-bearing HSLA steel, whose fatigue cra
growth behavior is controlled by €-Cu precipitates in the nanometer size range, was also generated for the purpose

verifying the proposed model. Finally, the different roles of microstructural unit size on fatigue crack initiation a
growth are elucidated and discussed.

The Proposed Model
In a recent paper by the author (2), a set of scaling laws was proposed for describing fatigue crack grow
responses of large cracks in the continuum and intermittent growth regimes of steels. The scaling laws have be

developed on the basis of a crack-tip element whose failure is described in terms of the Coffin-Manson relation (3,

Like the crack growth model, the starting point of the scaling law for fatigue crack initiation is also based on t
Coffin-Manson relation given by (3,4)

i A
2
|

where Ae” is the plastic strain range, 2N, is the reversal to failure by crack initiation, &/’ is the fatigue ductility coefficie

and b is the fatigue ductility exponent. Eg. (1) is written such that b is positive, while the fatigue ductility exponent
generally given as a negative quantity in the literature.

=g/(2N,)” (

In recent studies (2,5), the fatigue ductility coefficients for steels (2) and Ti alloys (S) were found to dcpcnd
the dislocation barrier spacing according to a modified Hall-Petch relation (6,7)
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where g,’ is the fatigue ductility coefficient at the reference dislocation barrier spacing, d,, Combining Eq. (2) wit
Eq. (1) leads one to

1
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which can be rearranged to give
1
d, \ “
d
with , %
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for relating the fatigue crack initiation (or LCF) life explicitly to the dislocation barrier spacing, d.
C . f Model and Experi

The material parameters in the proposed model include €,°, d,, and b. Previous work (2) has determined ths

€,” =0.75 atd, = 1 um for steels, while the value of b ranges from 0.5 to 0.8. The dislocation barrier spacing for variou

steels has been reported earlier (2), and the resuits are summarized in Table 1. These d and b values were used as inpu
to the proposed model to compute the LCF curves.

Comparisons of the experimental and
calculated LCF curves for 4340 (8) and 0030 (9)
cast steels are presented in Figures 1(a) and (b),

respectively.  Similar comparisons of model gggg 2'0 0:5
calculations and experimental data for 00SA 15 0.5
Nb-bearing (10) and V-bearing (11) HSLA steels HSLA-80 0.89 0.50
are shown, respectively, in Figures 1(c) and (d). Nb-HSLA (400-5H) 95 0.54
In all cases, agreement between model and Nb-HSLA (hot-rolled) 1.0 0.58
experiment was excellent. Nb-HSLA (annealed) 9.5 0.58

A comparison of model prediction and YATS0 22

experimental data for HSLA-80(12), a

Cu-bearing HSLA steel, is presented in Figure 2. TABLE 1. Values of dislocation barrier, d, and fatigue ductilit
For the model calculation, the b value used was coefficients, b, for the various steels (2,3,9,10,13).

0.5, which was previously determined based on

the slope of the crack growth data. The LCF data was obtained using smooth, round bar specimens subjected to full
reverse strain-controlled cycles. The value of €, obtained for the HSLA-80 steel was 0.73, which was identical to the or
predicted from Eq. (2) using the appropriate value for the dislocation barrier spacing, d = 8.9 um (2). At a given plast
strain range, the experimental LCF life was slightly less than that calculated from the model, as shown in Figure 2. -Tt
observed value of the fatigue ductility exponent, b, was 0.65, compared to b=0.5 used in the model calculatio
Metallographic examination revealed that fatigue crack initiation in the HSLA-80 steel generally occurred at sulfic
inclusions (12). This observation suggests that crack initiation at inclusions might have reduced the N, values and led '
an apparent increase in the observed b value.

At a given plastic strain range, the number of reversals to failure, 2N(=2N)), is predicted to decrease wi
increasing dislocation barrier spacing. A comparison of this model prediction with experimental data for several stee
is shown in Figure 3 for Ae® =0.02. Since the fatigue ductility exponent, b, ranges from 0.5 to 0.65 for these steel
calculated curves for b values of 0.5, 0.55, and 0.65 are shown in the figure. All of the experimental data show go
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agreement with the calculated curves and lie within the upper and lower bounds that correspond to the curves for b values
of 0.5 and 0.65, respectively. Figure 3 also shows that the observed number of reversals to crack initiation, 2N,, decreases
with increasing dislocation barrier spacing, in accordance with the proposed model.
Di .
The result of this investigation demonstrated that within experimental scatter, the cycle-to-crack initiation, N,
decreases with increasing dislocation barrier spacing, d, according to the power law of Eq. (4), whose exponent to the
microstructural size parameter, d, is -%. Additionally, the LCF result for HSLA-80 steel indicated that the presence of

inclusions in the microstructure reduced the N; values at various plastic strain ranges by different amounts, leading to an
increase in the observed value for the fatigue ductility exponent, b. Thus, the fatigue ductility coefficient, b, appears to
depend on the inclusion content.

In previous papers (2,5), the scaling law for fatigue crack grow