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a b s t r a c t

Fatigue-crack-growth tests were conducted on compact, C(T), specimens made of D16Cz
(clad) aluminum alloy under constant-amplitude loading, a single spike overload, and sim-
ulated aircraft spectrum loading. Constant-amplitude tests were conducted to generate
crack-growth-rate data from threshold to near fracture over a wide range of stress ratios
(R = Pmin/Pmax = 0.1–0.75) using the new compression pre-cracking test methods. Compar-
isons were made between test data generated on the C(T) specimens with test data from
the literature on middle-crack-tension, M(T), specimens machined from the same sheet.
A crack-closure analysis was used to collapse the rate data from both specimen types into
a narrow band over many orders of magnitude in rates using proper constraint factors. The
constraint factors were established from constant-amplitude (CA) and single-spike over-
load tests. The life-prediction code, FASTRAN, which is based on the strip-yield model con-
cept, was used to calculate crack-length-against-cycles under CA loading and a single-spike
overload (OL) test, and to predict crack growth under simulated aircraft spectrum loading
tests on C(T) specimens. The calculated crack-growth lives under CA loading were generally
within about ±25% of the test results, but slower crack growth under the double-shear fati-
gue mode, unlike the single-shear mode (45o slant crack growth), may be the reason for
some of the larger differences. The predicted results under the single-spike overload and
the Mini-Falstaff+ spectrum were within 10% of the test data.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

In 2004, Schijve et al. [1] presented the results of various fatigue-crack-growth-rate tests on the aluminum alloy D16Cz
(clad) sheet, which was considered to have crack-growth properties similar to the 2024-T3 alloy. Later, these test results were
compared to calculations made with the NASGRO [2] life-prediction code by Skorupa et al. [3]. In the NASGRO calculations, the
strip-yield model options were used. In the mid-1990s, the strip-yield model options in NASGRO were developed by the
National Aerospace Laboratory [4] in a joint effort between the European Space Agency and the National Aeronautics and
Space Administration. The model equations were similar to those developed in the FASTRAN life-prediction code [5], which
are based on Elber’s crack-closure concept [6] and the Dugdale strip-yield model [7]. The NASGRO code has two strip-yield
model options: (1) variable constraint in the plastic-zone region, and (2) constant constraint in the plastic-zone region. Both
options were used and the article stated that ‘‘no analysis option enabled to reproduce crack growth retardation observed
after application of a single overload cycle . . . Improving the predictions for variable-amplitude (VA) loading would require
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choosing lower values of the fitting parameter (a) which, however, would worsen the predictions for constant-amplitude (CA)
loading’’ [3]. The unexpected inconsistencies found in these comparisons and the emphasis on the constraint-loss regime has
inspired the present work.

Using material provided by the research group in Poland (M. Skorupa and T. Machniewicz, University of Science and Tech-
nology), a series of fatigue-crack-growth tests were performed on compact, C(T), specimens machined from previously frac-
tured middle-crack tension, M(T), specimens. Testing included constant-amplitude (CA) loading at several stress ratios (R), a
single-spike overload test, and spectrum tests using Mini-Falstaff+, a spectrum derived from Mini-Falstaff [8,9] consisting of
only tensile loads. Test data generated under CA loading on the C(T) specimens were combined with the test data by Schijve
et al. [1] on M(T) specimens to develop a multi-linear curve describing the relationship between crack-growth rate (dc/dN)
and the effective stress–intensity factor (DKeff) using proper constraint factors. The constraint factor models the elevation of
the flow stress around a crack front due to the tri-axial stress state [10,11]. The constraint factor (a) is a key parameter in the
correlation of fatigue-crack-growth-rate data and the prediction of crack growth under variable-amplitude loading. It was
determined many years ago that CA test data was necessary, but not sufficient to establish the constraint factors [12,13].
Single-spike or repeated-spike overload tests are more sensitive to constraint factors than CA loading. It would be prudent
to conduct tests under spike overloads or other VA loading to validate the selection of the constraint factors. Of course, the
CA tests at various stress ratios (R) may be used to estimate an initial value of the constraint factor. In addition, a constraint-
loss regime (transition from plane strain to plane stress) [14] occurs as the plastic-zone size approaches the sheet thickness,
that allows slip-bands to develop through the thickness, and the crack surfaces develop full slant (single shear) or double-
shear fracture [15,16].

This research work is organized in two papers. The objectives of the first paper were to present test data on compact,
C(T), specimens, to develop the effective stress–intensity factor against rate relation, and to determine the proper con-
straint factors for the D16Cz alloy. While the objectives of the second paper [17] were to present test data on the M(T)
specimens [1] and to predict crack growth under a single-spike overload, variable-amplitude (block) loading, and the
Mini-Falstaff spectrum loading. Herein, the FASTRAN life-prediction code was used to calculate the crack length against
cycles for the C(T) specimens under CA loading, a single-spike overload (OL) and, finally, the code was used to predict
the crack length against cycles on two spectrum tests. The following will present and discuss the specifics of the material,
specimens tested, test data analyses, types of fatigue loading applied, the crack-growth analyses performed and a compar-
ison of test and analyses.

2. Material

The material used was the Russian alloy D16CzATWH, which appears to be similar to the American alloy 2124. It is a high
purity clad alloy. Tensile testing performed by Schijve et al. [1] determined the mechanical properties to be rys = 335 MPa,
ru = 457 MPa and an elongation of 22%. The high elongation (as compared to 2024-T3) is likely explained by the low impu-
rity content (Fe and Si) and the crack-growth properties are considered to be similar to the 2024-T3 alloy [1].

Nomenclature

B thickness, mm
c crack length, mm
dc/dN crack growth rate, m/cycle
E modulus of elasticity, MPa
Kcp compressive stress–intensity factor during pre-cracking, MPa m1/2

KIe elastic fracture toughness or maximum stress–intensity factor at failure, MPa m1/2

Kmax maximum stress–intensity factor, MPa m1/2

Pmax maximum applied load, N
Pmin minimum applied load, N
Po crack-opening load, N
R load (Pmin/Pmax) ratio
U crack-opening function, (1 � Po/Pmax)/(1 � R)
w half-width of M(T) and width of C(T) specimens, mm
a constraint factor
DK stress–intensity factor range, MPa m1/2

DKeff effective stress–intensity factor range (UDK), MPa m1/2

(DKeff)T effective stress–intensity factor range at constraint-loss region, MPa m1/2

ro flow stress (average of rys and ru), MPa
rys yield stress (0.2% offset), MPa
ru ultimate tensile strength, MPa
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3. Specimens

The material used in the current study was obtained from the research group in Poland (M. Skorupa and T. Machniewicz,
University of Science and Technology). They had conducted crack-growth tests on M(T) specimens (Fig. 1) made of the D16Cz
alloy and had provided the current authors with 9 broken halves of some specimens. The sheet thickness was B = 4 mm.
From these broken halves, nine C(T) specimens were machined, as shown in Fig. 1b. The applied stresses in the middle of
the M(T) specimens would always be elastic and it would not be expected that elastic cycling would affect the crack-growth
properties of the material. Also, it was not known from the Schijve et al. [1] and Skorupa et al. [3] papers nor the current
study whether residual stresses were present in the material before testing.

Standard ASTM plan-form C(T) specimens were machined from the broken halves of a number of previously tested M(T)
specimens in the as-received thickness. Most C(T) specimens came from only one half of an M(T) specimen, however, there
were two C(T) specimens machined from one specimen. Due to the loss in luster experienced during the machining process,
the specimens were once again polished to 1-lm to facilitate visual crack measurement. Specimens were polished on only
one side causing a slight reduction in the thickness of the cladding layer on one side of the specimens. To initiate a crack, a
45� V-notch with a tip radius less than 0.1 mm was electrical-discharge-machined (EDM) into all C(T) specimens. Tests were
conducted on the 76.2 mm C(T) specimens over a range of stress ratios (R), a single-spike overload, and under a simulated
aircraft spectrum loading.

4. Testing

Fatigue-crack-growth-rate data under CA loading were obtained from the literature on M(T) specimens made of the
D16Cz alloy [1]. All C(T) tests were conducted at Mississippi State University on a 25 kN servo-hydraulic load frame operated
through the aid of a steady-state and variable-amplitude fatigue-crack-growth software. These tests were conducted under
laboratory air and at room temperature. Crack lengths were measured visually with a traveling microscope and with a back-
face strain gage. The back-face strain gage was used with a compliance relation that enabled the software to automatically
monitor crack lengths during the fatigue-crack-growth tests.

4.1. Constant-amplitude loading

The CA tests on the M(T) specimens were performed by Schijve et al. [1] at different stress ratios (R) varying between
R = �0.5–0.75. All CA tests were conducted at a frequency of 15 Hz [1].

CA testing on the C(T) specimens was achieved at a frequency of 18 Hz. Compression pre-cracking threshold testing pro-
cedures [18–21] were used to generate very low fatigue-crack-growth rates without possible load-history effects from using
the current ASTM load-reduction procedure [22]. All specimens were subjected to compressive pre-cracking at

(a) Middle-crack-tension specimen

(b) Compact specimen

2w = 100 mm

Grip
marks

2.5 mm
c

w = 76.2 mm

+

50 mm

Fig. 1. Layout and dimensions of C(T) specimen cut from M(T) specimen.
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Pmin = �3.3 kN (Kcp = �23 MPa m1/2) with R = 7.5 before applying the primary loading. Three of the tests were compression
pre-cracked load reduction (CPLR) tests at R = 0.75, 0.33 and 0.1. The CPLR loading sequence is shown in Fig. 2a. After com-
pression pre-cracking for about 60,000 cycles, the crack would naturally stop growing. Then CA loading was applied to grow
the crack about 3 compressive plastic-zone sizes (effects of tensile residual stresses due to compressive yielding would have
dissipated and the crack-closure behavior would have stabilized [20]). At this point, it was possible to begin a load-reduction
scheme, per ASTM E-647 procedures [22], that provided data at rates approaching threshold. (Note: The load-reduction
scheme was initiated at a crack-growth rate much lower than the maximum rate allowed by the standard or could be
achieved by CA loading only.) In addition, two tests were conducted using the compression pre-cracked constant-amplitude
(CPCA) method at both R = 0.1 and 0.33, as shown in Fig. 2b. These tests involved starting with the compression pre-cracked
specimen and then applying very low DK values until the crack grew. When it became apparent that rates were slowing
down and approaching a threshold, the load was slightly increased. This process continued until steady crack growth was
achieved. The five tests produced crack-growth-rate data ranging from threshold to near fracture.

4.2. Single-spike overload

A single-spike OL test was performed on a C(T) specimen to help establish the constraint factors and to verify the ability of
the FASTRAN code to account for crack-growth acceleration and delayed retardation after the OL. CA loading (R = 0.1) was
applied until the crack length had reached 40 mm. Then an OL of twice Pmax was manually applied. The OL was removed
and the CA loading was applied until sufficient crack growth had occurred to ensure that the effects of the OL had dissipated.
This specimen was then monotonically loaded to failure to gain information about the fracture toughness.

(a) Compression precracking load reduction 
               (CPLR) loading sequence. 

(b) Compression precracking constant-
  amplitude (CPCA) loading sequence. 

Fig. 2. Load sequences used for threshold and constant-amplitude testing.
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4.3. Spectrum loading

In Schijve et al. [1], the fighter spectrum (Mini-Falstaff) was applied to M(T) specimens at various maximum applied stress
levels. The Mini-Falstaff sequence has 9006 cycles, which is equivalent to 200 flights [8,9]. In view of the random sequence of
small and large load amplitudes, the tests were conducted with an approximately constant loading rate. As a result, one per-
iod of 9006 cycles occurred in about 38 min (corresponds to an average frequency of 4 Hz) [1].

Limitations inherent in C(T) specimens made it very difficult to use Mini-Falstaff loading, because of the compressive
loads. Instead, a similar spectrum was created to verify the effectiveness of FASTRAN to predict crack growth under a similar
spectrum loading. The spectrum, Mini-Falstaff+, was derived from the Mini-Falstaff spectrum using Eq. (1). Mini-Falstaff
loads are converted to Mini-Falstaff+ loads by

Mini-Falstaff+ ¼ ðMini-Falstaff þ 0:3667Þ=1:3667 ð1Þ

This ensured that the maximum normalized load in the sequence is unity and the minimum normalized load is one-tenth,
removing the compressive loads entirely. Some of the Mini-Falstaff+ sequence is shown in Fig. 3. The Mini-Falstaff+ spec-
trum was applied to the specimens at a constant load rate, which produced an average frequency of 3 Hz (about 50 min
per 9006 cycles). Mini-Falstaff+ tests were conducted at peak loads of 1.8 kN and 2.8 kN.

5. FASTRAN – plasticity-induced crack-closure model

The plasticity-induced crack-closure model was developed for a central through crack and two-symmetric through cracks
emanating from a circular hole in a finite-width plate subjected to uniform remote applied stress. The model was based on
Elber’s crack-closure concept [6] and the Dugdale strip-yield model [7], but modified to leave plastically deformed material
in the wake of the crack. The details of the model are given elsewhere and will not be presented here (see Newman [10,11]).
One of the most important features of the model is the ability to model three-dimensional constraint effects. A constraint
factor a is used to elevate the flow stress (ro) at the crack tip to account for the influence of stress state (aro) on plastic-zone
sizes and crack-surface displacements. (The flow stress ro is taken as the average between the yield stress rys and ultimate
tensile strength ru of the material. Whenever possible, the cyclic stress–strain curve should be used.) For plane stress con-
ditions, a is equal to unity (original Dugdale model); and for simulated plane strain conditions, a is equal to 3. The calcula-
tions performed herein were made with FASTRAN Version 3.82.

5.1. Effective stress–intensity factor range

For most damage-tolerance and durability analyses, linear-elastic fatigue-crack-growth analyses have been found to be
quite adequate. Thus, the effective stress–intensity factor range [6] is

DKeff ¼ ðSmax � SoÞ
ffiffiffiffiffiffiffiffiffiffi
ðpcÞ

p
F ð2Þ

where Smax is the maximum stress, So is the crack-opening stress and F is the boundary-correction factor. The boundary-
correction factor accounts for the configuration (boundaries, holes) on stress–intensity factors. In general, So is calculated
from the FASTRAN code [5], but for steady-state constant-amplitude loading, the crack-opening stress can be calculated from
closed-form equations [11].

Fig. 3. Mini-Falstaff+ spectrum loading sequence.
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5.2. Constant-amplitude loading

Newman [11] developed steady-state crack-opening stress equations from the plasticity-induced crack-closure model for
a middle-crack tension M(T) specimen subjected to CA loading at various stress levels, stress ratios (R), and constraint factors
(a). Crack-closure transients, before the crack-opening stresses stabilize under CA loading, are not included in these equa-
tions. The FASTRAN model has to be exercised to determine these transient behaviors. Later, the FASTRAN model and the
equations were modified to account for extreme crack-growth rates, such as those under high loads or proof testing.
Equations were then fit to the results from the model, which gave crack-opening stress (So) as a function of stress ratio
(R), maximum stress level (Smax/ro), the constraint factor (a), and the amount of crack growth during a cycle [11,14]. Since
the crack-opening stress equation was developed for an M(T) specimen, K-analogy [23] is used to calculate the crack-opening
stresses for other crack configurations, such as the C(T) specimen. Here it is assumed that the same Kmax and DK will result in
the same stabilized crack-opening stress. These equations are then used to correlate fatigue-crack-growth-rate data in terms
of DKeff on M(T) and C(T) specimens.

5.3. Constraint effects

In general, the plastic-zone size at the crack front increases as a crack grows in a metallic material under cyclic loading
(constant applied cyclic stresses). At low stress–intensity factor levels, plane-strain conditions should prevail, but as the
plastic-zone size becomes large compared to thickness, a loss of constraint is expected. This constraint loss has been asso-
ciated with the transition from flat-to-slant crack growth. Schijve [15] has shown that the transition occurs at nearly the
same fatigue-crack-growth rate over a wide range of stress ratios for an aluminum alloy. Since Elber’s concept [6] correlates
fatigue-crack-growth rates, then the transition should also occur at the same DKeff. This observation has been used to help
select the constraint-loss regime. Newman [14] developed an expression to predict the full transition from flat-to-slant crack
growth and the DKeff at transition is given by

ðDKeff ÞT ¼ 0:5ro

ffiffiffi
B
p

ð3Þ

where ro is the flow stress and B is the material thickness. The range of the constraint-loss regime, in terms of rate or DKeff, is
a function of thickness, but this relation has yet to be developed. Trial-and-error methods are currently used to establish the
range in crack-growth rates where the constraint-loss regime will occur for a given material and thickness.

In the application of FASTRAN, the constraint-loss regime is controlled by crack-growth rates. For rates lower than a cer-
tain (input) value, the constraint factor is high (like plane strain), but if the rate is higher than another (input) rate, then the
constraint factor is low (like plane stress). For intermediate rates, a linear relation on log of rates is used to estimate the con-
straint factor between the upper and lower constraint values. The constraint factor only changes the forward plastic-zone
size and crack-surface displacements under the current loading. The crack-growth model does ‘‘not’’ physically model the
shear-lip or slant crack-growth process under either constant- or variable-amplitude loading. Obviously, the crack-growth
process under variable-amplitude loading is quite complex and the FASTRAN model is a simple engineering approximation.

5.4. Crack-growth-rate relation

The crack-growth relation used in FASTRAN is a multi-linear relation with terms to account for threshold and fracture,
and is

dc=dN ¼ C1iðDKeff ÞC2i ½1� ðDKo=DKeff Þp�=½1� ðKmax=KIeÞq� ð4Þ

where C1i and C2i are the coefficient and power for each linear segment, DKeff is the effective stress-intensity factor, DKo is the
effective threshold, Kmax is the maximum applied stress–intensity factor, KIe is the elastic fracture toughness (which is, gen-
erally, a function of crack length, specimen width, and specimen type), p and q are constants selected to fit test data in either
the threshold or fracture regimes. Whenever the applied Kmax value reached or exceeded KIe, then the rate would go to infin-
ity and the specimen or component would fail. Herein, DKo was set to zero and the threshold behavior was modeled with
multi-linear segments and the threshold behavior was assumed to be independent of R. (Recently, measurements of
crack-opening loads in the near-threshold regime for a wide range in R values and Kmax test conditions on an aluminum alloy
have shown that DKeff correlates crack-growth rate data in the threshold regime quite well [24].) The multi-linear form is
used instead of the sigmoidal form because many materials, especially aluminum alloys, show sharp changes in the
crack-growth-rate curves at unique values of rates.

5.5. Fracture

Newman [25] proposed the Two-Parameter Fracture Criterion (TPFC) to correlate fracture data and to predict failure loads
on cracked metallic materials. The TPFC equation is

KF ¼ KIe= ð1�mSn=SuÞf g for Sn < rys ð5Þ

2602 Y. Yamada et al. / Engineering Fracture Mechanics 78 (2011) 2597–2608



where KF and m are the two fracture parameters, KIe is the elastic fracture toughness (elastic stress–intensity factor at fail-
ure), Sn is the net-section stress and Su is the plastic-hinge stress based on the ultimate tensile strength. For example, for an
M(T) specimen Su is equal to ru, the ultimate tensile strength; for a pure bend specimen, Su = 1.5ru; and for a C(T) specimen,
Su � 1.62ru. A similar equation was derived for Sn > rys, see Ref. [25]. The m-value is both a material and configuration
parameter. It is a function of material, thickness, and, in general, specimen type (tension, bending, etc.). For brittle materials,
m = 0 and the fracture toughness KF is equal to the elastic stress–intensity at failure (like, KIc, the plane-strain fracture tough-
ness). However, for very ductile materials, m = 1 and the fracture toughness KF is the elastic–plastic fracture toughness; and
KF is the largest limiting value for very large cracked panels and at very low failure stresses. For m = 1 and a very large KF

value, Eq. (5) reduces to a net-section-stress-equal-plastic-hinge-stress (limit-load) failure criterion based on the ultimate
tensile strength. Once KF and m are known for a material, thickness, and specimen configuration, then the KIe values can
be calculated as

KIe ¼ KF=f1�mKF=½Su

ffiffiffiffiffiffiffiffiffiffi
ðpcÞ

p
Fn�g for Sn < rys ð6Þ

for a given crack length and specimen width. (Note that Fn is the usual boundary-correction factor, F, on the stress–intensity
factor with a net-to-gross section conversion [25], because the net-section stress is used in Eq. (6).) For Sn > rys, a more com-
plicated equation, which is a function of the stress–strain curve, is given in Ref. [25].

Fig. 4 shows KIe against crack-length-to-width (ci/w) ratio for C(T) specimens. The symbols show the fracture test data on
the D16Cz alloy. Most specimens were fatigued to failure, but one specimen was fatigued and then monotonically pulled to
failure (solid circle). These results show that KIe is a function of crack length. Also, larger width specimens produce larger KIe

values at failure for the same crack-length-to-width ratio (not shown), and the KIe values approach zero as the crack length
approaches the specimen width. The fracture toughness, KF was found to be 250 MPa m1/2 and m = 1.0 for the D16Cz alloy.
The TPFC (solid curve) fit the test data very well for the C(T) specimens. The dashed curve shows the calculated KIe values for
the 2024-T3 alloy [25]. For years, the transferability of fracture properties from bend- to tension-loaded crack configurations
has been a concern of the fracture community. For the 2024-T3 alloy, the same values of KF and m have also been used to
predict failure on M(T) specimens [25]. Thus, the same values of KF and m for the D16Cz alloy are assumed to apply for M(T)
specimens.

6. Constant-amplitude loading

The DK-rate data from both C(T) and M(T) [1] specimens are shown in Fig. 5 over a wide range of rates and stress ratios.
(Note that DK is full range for the R = �0.5 test.) The solid curve is the DKeff-rate relation for 2024-T3 bare aluminum alloy
[14]. The C(T) and M(T) data at R = 0.75 agreed well with each other and also agreed with the 2024-T3 curve. Of concern was
the rapid transition in the DK-rate data in the range of 5e�9 to 5e�8 m/cycle for R = 0.1 and 0.33. Because of this behavior,
two duplicate tests were conducted at the two low R ratios to verify the existence of the rapid transition.

To make crack-growth predictions, DKeff as a function of the crack-growth rate must be obtained over the widest possible
range in rates (from threshold to fracture), especially if spectrum loading predictions are required. Under CA loading, the
only unknown in the analysis is the constraint factor, a. Assuming that the R = 0.75 test is a fully-open crack, i.e. DKeff = DK,
the DK-rate data at the other R values can be used to find a constraint factor that would match the low- and high-R data on a
DKeff basis. A crack-opening ratio was found for each test data point (DK-rate for dc/dN < 1e�7 m/cycle) to match a best-fit
curve to the high-R data. These results are shown in Fig. 6. Here the Po/Pmax ratio is plotted against the stress ratio. The solid

Fig. 4. Elastic stress–intensity factor at failure on C(T) specimens.
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circular symbols show the mean and scatter bands from several hundred data points at each R value on the C(T) specimens.
The square symbols show the mean value of the crack-opening-load ratio evaluated on M(T) test data at various R values
taken from Ref. [1]. At positive R values, the results on both specimen types agreed fairly well.

The solid curves are calculated results [11] for various constraint factors at a low applied stress; and the dashed curve at
Smax/ro = 0.3 for a = 2. For low rates, a constraint factor of 2 matches the results quite well and will be used as the initial
guess for the constraint factor. (A constraint factor of 2.85 was previously used by Skorupa et al. [3] in the evaluation of
the NASGRO strip-yield model calculations. This value is very close to plane-strain conditions and would not cause as much
crack-growth delay after an overload than a = 2.) But CA data alone is not sufficient to establish the proper constraint factors.
Single-spike overload and/or repeated spike overload tests should be used to help determine the proper constraint factors
[12,13] by trial-and-error procedures. In the following, the DKeff-rate relation for the D16Cz aluminum alloy tested under
laboratory air and room temperature conditions was developed from the C(T) specimen data.

The data shown in Fig. 5 was analyzed with the crack-closure model and these results are shown in Fig. 7 for the C(T)
specimens. Elber’s effective-stress–intensity-factor [6], DKeff, is plotted against crack-growth rate. The crack-opening loads
from the crack-closure model, FASTRAN, were used to correlate these data [11]. As previously mentioned, the constraint-loss

Fig. 5. LEFM DK against rate for C(T) and M(T) specimens.

Fig. 6. Crack-opening load ratio as a function of stress ratio from CA tests.
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regime has been associated with the transition from flat-to-slant crack growth. (However, a constraint loss can occur with-
out the development of the flat-to-slant crack growth mechanism.) Examination of the C(T) specimens, especially those un-
der CA loading, identified the test specimens that developed single- or double-shear modes. The R = 0.1 specimens (3 tests)
developed single shear, while the R = 0.33 specimens (2 tests) developed the double-shear mode. The single R = 0.75 test had
just begun to develop the double-shear mode, but then fractured under single shear. The diamond symbols show rate mea-
surements made on C(T) specimens where full-slant conditions were met. The dashed vertical line shows the calculated
(DKeff)T value from Eq. (3) where the flat-to-slant crack-growth transition should occur for this sheet material. The rate loca-
tion along the DKeff-rate curve agreed well with the measured rates (diamond symbols). Currently, the selection of the con-
straint factors and their associated rates, during the constraint-loss regime, has to be obtained by trial-and-error. It is,
however, suspected that the start of the slant-crack growth regime is independent of sheet thickness and occurs as the plas-
tic zone at the free surface begins to allow shear deformations. But the attainment of the fully slant-crack growth (45o) is a
function of the sheet thickness. For crack-growth rates less than 1e�7 m/cycle, a constraint factor, a1, of 2 was used, but
above a rate of 2.5e�6 m/cycle, a constraint factor, a2, of 1.2 was used. The compressive constraint factor, b, was assumed
to be unity because a closed crack has no singular behavior. The crack-closure model correlated the fatigue-crack-growth
rate data in a tight band over a wide range in rates. More scatter or variations were observed in the constraint-loss regime,
near fracture, and in the near threshold regime.

In Fig. 7, the large open circles with the solid lines show the DKeff-rate baseline relation chosen to fit these data and used
as the multi-linear (table-lookup) input, Eq. (4), in the FASTRAN code. The particular values are given in Table 1.

Fig. 7. Effective stress–intensity factor (DKeff) against rate for C(T) specimens.

Table 1
Effective stress–intensity factor against rate relation
for D16Cz (B = 4 mm).

DKeff (MPa m1/2) dc/dN (m/cycle)

1.45 1.0e�11
1.55 1.0e�10
1.80 1.2e�9
2.50 3.0e�9
4.20 5.7e�9
5.00 3.2e�8
7.00 1.0e�7
12.0 4.2e�7
18.0 1.9e�6
28.0 1.3e�5
48.0 1.5e�4
a1 = 2.0 1.0e�7
a2 = 1.2 2.5e�6
DKo = 0 p = 1
KF = 250 MPa m1/2 m = 1.0 and q = 4
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A comparison of calculated crack-length-against-cycles for the C(T) specimens subjected to CA loading are shown in Fig. 8.
The test data are shown as symbols and the FASTRAN calculations are shown as curves. For clarity, the test data and curves
have been offset in cycles to separate the curves. The sharp knees in the C(T) curves correspond to the rapid change in rate
behavior around 1e�8 m/cycle (see Fig. 7) on the DKeff-rate curve. The agreement between the tests and model calculations
was within about ±25%. The largest discrepancy was on the R = 0.33 test that had developed the double-shear crack-surface
mode, instead of single-shear, and, consequently, produced a longer fatigue-crack growth life.

7. Single-spike overload

A single-spike overload test on a C(T) specimen was used to help substantiate the selection of the constraint factors (a, b)
in the crack-closure model. Fig. 9 shows a comparison between the OL test results and model calculations. For the C(T) spec-
imen, the model predicted the CA portion very well, but slightly over predicted the retardation. But the agreement between
the model and test data was within 10% and demonstrated that the delayed retardation could be modeled very well, if the
proper constraint factors are used.

8. Spectrum loading

As previously mentioned, the Mini-Falstaff sequence could not be applied to the C(T) specimens, so a modified sequence
was developed—Mini-Falstaff+. A dummy specimen was first used to checkout the variable-amplitude software and to deter-
mine test frame parameters to optimize the setting for the test machine and variable-amplitude software. Then two tests

Fig. 8. Crack length against cycles for C(T) specimens and model calculations under CA loading.

Fig. 9. Crack length against cycles for a C(T) specimen and model calculations for a single-spike overload.
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were conducted on the D16Cz alloy, one at a low load and another at a high load. The results from these two tests are shown
in Fig. 10. In these tests, compression loading was initially applied (Kcp = �23 MPa m1/2) to start a small crack at the V-notch
root and then the spectrum loading was applied. The solid curves are the predicted results from FASTRAN, which agreed very
well with the tests (within 10%).

9. Discussion of results

The test program conducted by Schijve et al. [1] on the D16Cz clad aluminum alloy, and used by Skorupa et al. [3] to as-
sess the NASGRO strip-yield model options, produced results that were primarily in the ‘‘constraint-loss regime’’, which is a
difficult region because of the uncertainties in the constraint factors and the proximity of fracture conditions. The test pro-
gram conducted herein on C(T) specimens made of the same exact material generated fatigue-crack-growth-rate data from
threshold to near fracture for stress ratios of 0.1, 0.33 and 0.75. The CA test data from the M(T) and C(T) specimens for the
same stress ratio agreed very well. Some differences were observed in the fracture region because linear-elastic stress–
intensity-factors do not correlate fracture conditions. Thus, a Two-Parameter Fracture Criterion (TPFC) was used to help
model fatigue-crack growth as the cracks grew to failure. The TPFC tended to work well on both specimen types (tension
and bending) using the same fracture constants (KF and m).

As the cracks grew to failure under cyclic loading, it was observed that the R = 0.33 tests tended to show more double-
shear fatigue surfaces than the other tests at R = 0 and 0.75, which tended to develop single shear (slant) fatigue surfaces.
This change in failure mode has also been associated with the constraint-loss regime. In other studies, it had also been ob-
served that double-shear failure modes promote slower crack growth and higher fracture toughness. This may explain some
of the under predictions made with the strip-yield model for the R = 0.33 loading.

A rapid rise in rate behavior was observed between the lower and upper plateaus around 1e�8 m/cycle. A few data points
in the early stages of fatigue-crack growth in the M(T) specimens tended to match the rapid-rise region observed in the C(T)
specimens. The slope of the data in this region appeared to be the same for the two low R-values (4 tests), but the R = 0.75
results (one test) exhibited a slightly lower slope. A difference was also observed in the threshold region for the DKeff-rate
data with the two low R ratio results agreeing and producing a slightly higher threshold (17%) than the R = 0.75 test results.
However, the high-R results were selected in the multi-linear (table-lookup) method to model the threshold behavior. Over-
all, the CA data correlated very well between both specimen types over a wide range in rates and stress ratios.

The single-spike overload test and the spectrum tests on the C(T) specimens demonstrated that retardation and acceler-
ation behavior could be accurately modeled with the strip-yield model once proper constraint factors were selected and the
constraint-loss regime established.

10. Concluding remarks

Fatigue-crack-growth tests have been conducted on C(T) specimens made of D16Cz clad aluminum alloy (4 mm thick).
Middle-crack-tension, M(T), specimen data on the same material was obtained from the literature. Constant-amplitude
(CA) loading and single-spike overload (OL) tests were used to help establish the constraint factor variations for this material
and thickness; and the effective-stress-intensity-factor-range-against-rate relation was developed. Using the FASTRAN life-
prediction code (strip-yield model), crack-growth behavior was either calculated for CA and OL cases or predicted for spec-
trum loading. In general, the model calculations were within ±25% of the CA test results. Some of these discrepancies may be

Fig. 10. Crack length against cycles for C(T) specimens and model calculations for Mini-Falstaff + spectrum loading.
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due to the development of double-shear crack-growth behavior in some of the high-R tests, which generally causes slower
crack growth than single-shear cases. Model predictions under the single-spike overload and spectrum tests on the C(T)
specimens were well within 10% of the test data.
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