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Abstract Summary (one paragraph 300 hundred max)

The experimental methods to determine near-threshold fatigue crack growth rate data are
prescribed in ASTM standard E647. To produce near-threshold data at a constant stress ratio (R),
the applied stress-intensity factor (K) is decreased as the crack grows based on a specified K-
gradient. Consequently, as the fatigue crack growth rate threshold is approached and the crack tip
opening displacement decreases, remote crack wake contact may occur due to the plastically
deformed crack wake surfaces and shield the growing crack tip resulting in a reduced crack tip
driving force and non-representative crack growth rate data. If such data are used to life a
component, the evaluation could yield highly non-conservative predictions. Although this
anomalous behavior has been shown to be affected by K-gradient, starting K level, residual
stresses, environmental assisted cracking, specimen geometry, and material type, the specifications
within the standard to avoid this effect are limited to a maximum fatigue crack growth rate and a
suggestion for the K-gradient value. This paper provides parallel experimental and computational
simulations for the K-decreasing method for two materials (an aluminum alloy, AA 2024-T3 and
a titanium alloy, Ti 6-2-2-2-2) to aid in establishing clear understanding of appropriate testing
requirements. These simulations investigate the effect of K-gradient, the maximum value of stress-
intensity factor applied, and material type. A material independent term is developed to guide in
the selection of appropriate test conditions for most engineering alloys. With the use of such a
term, near-threshold fatigue crack growth rate tests can be performed at accelerated rates, near-
threshold data can be acquired in days instead of weeks without having to establish testing criteria
through trial and error, and these data can be acquired for most engineering materials, even those
that are produced in relatively small product forms.
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INTRODUCTION:

ASTM Standard E647 [1] prescribes the test specifications for the development of fatigue crack
growth rate data. To evaluate the near-threshold behavior for a material at constant stress ratio
(R), a K-decreasing test method is prescribed. Here, the near-threshold regime is determined by
first precracking a specimen and slowly reducing the applied stress-intensity factor (K) as defined
by the K-gradient (C),

dK
— /da.
=% (1)
such that K, here used to represent the cyclic stress-intensity factor range, AK, maximum K, Kmax,
or minimum K, Kmin, is reduced as the crack length (a) increases. The standard prescribes that a
value of C equal to or greater than -0.08 mm™ (-2 inY) should be used to preclude anomalous
results. This limitation on K-gradient was determined based on the data available during the
development of the standard [2]. In addition to suggesting a limitation on the K-gradient, the
standard prescribes that a maximum fatigue crack growth rate (da/dNmax) of 1x10® m/cycle (4x10”
in/cycle) should not be exceeded during a K-decreasing test. This additional constraint was placed
on the testing as it was observed that transient behavior is more likely to occur for higher applied
stress-intensity factors. While these limitations for C and da/dNmax were consistent with the
available data, they are not based on direct scientific principles.

C

It has been shown that results for K-decreasing tests are influenced by the value of K-gradient,
starting K level, residual stresses, environmental issues, specimen geometry, and material type [2-
6]. Experimental and analytical results suggest that during a K-decreasing procedure artificially
high threshold values can be obtained as the value of C is decreased or the maximum K is increased
[3-4, 7-10] as closure of the plastically deformed crack wake remote from the growing crack tip
shields the crack tip, reducing the crack tip driving force. Here, the use of large K-gradients (small
values of C) and high initial values of Kmax (0ften exceeding da/dNmax prescribed in E647 [1]) were
found to produce anomalous results. These results suggest that the limitations specified in E647
are often too restrictive [3-4] resulting in overly long testing times and requiring the growth of
relatively long cracks, which can be difficult if the material form limits specimen size. However,
other researchers [11] have suggested that since the K-decreasing method can produce anomalous
results under certain conditions, alternate approaches to determine near threshold data should be
sought.

While there have been several studies examining the effect of K-decreasing test conditions on the
measured fatigue crack growth rate in the near-threshold regime, there has not been a systematic
study with direct comparison of experimental and computational simulations to evaluate the
various parameters that can affect the K-decreasing test method for multiple materials. This study
examines the effects of K-gradient, Kmaxi and material (aluminum alloy 2024-T3 and a o+f3
titanium alloy Ti 6-2-2-2-2), to evaluate if material independent test specifications can be realized
for the K-decreasing test method. These results should assist in developing a physical
understanding of the remote closure effects during K-decreasing tests and provide initial
understanding to define if alternate K-decreasing test methods, such as the CK? approach [12]
should be used instead of the K-gradient approach.
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TEST METHOD/OVERVIEW

Fatigue crack growth rate tests were performed using the K-decreasing method detailed in ASTM
standard E647 [1] using two materials, aluminum alloy 2024-T3 and titanium alloy Ti 6-2-2-2-2.
These materials were chosen since previous studies [13-14] have indicated that these materials are
relatively well behaved (cracks grow relatively straight, the fracture surfaces are not rough and the
oxides that grow on the surfaces in room temperature laboratory air are not voluminous) and are
free of residual stress, allowing this study to isolate the effects of plasticity induced closure with
limited roughness and oxide induced closure. Additionally, these materials have very different
mechanical properties (cy (AA2024-T3) = 345 MPa (50.0 ksi), oy (Ti 6-2-2-2-2) ~ 1120 MPa (162
ksi)) to evaluate the effect of testing conditions for different materials. Potential effects of
specimen geometry were not studied as all tests were performed using eccentrically loaded single
edge tension (ESE(T)) specimens as detailed in E647 [1]. Both materials were sheet products and
specimens were machined with the loading axis parallel to the rolling direction and the specimen
thickness was the same as the respective sheet product. AA 2024 specimens were 2.3 mm (0.091
inch) thick and 38 mm (1.5 inch) wide and the Ti 6-2-2-2-2 specimens were 1.6 mm (0.063 inch)
thick and 38 mm (1.5 inch) wide. All K-decreasing tests were performed for R = 0.1. Cyclic
loading was performed at 10 Hz for the AA 2024 tests and 5 Hz for the Ti 6-2-2-2-2 tests. The K-
decreasing tests were performed for several values of Kmaxiand for values of C from -0.08 mm'*
(-2 in) to -2.36 mm™ (-60 in?).

Computational simulations were performed using three-dimensional elastic-plastic finite element
software, ZIP3D [15], to model plasticity-induced crack closure under cyclic loading [5-6, 9-10,
16-18]. Crack closure and ACTOD estimates were made by monitoring nodal displacements
during the loading and unloading portions of the cyclic loading. Closure estimates are performed
at both “local” and “remote” locations for each simulation. The “local” location represents a node
very close to the simulated crack tip. The “remote” location represents the start of the K-
decreasing simulation or the application of Kmaxi. Closure levels were evaluated at the outer
surface and midline of the specimen. The ESE(T) specimen has two planes of symmetry, making
it necessary to only model one fourth of the total specimen. A typical model consisting of 48,102
nodes and 30,520 elements is shown in Figure 1. The crack tip elements were on the order of 10
microns in length. Typical stress-strain curves for each material were used. Small deformation
theory was employed and the crack front was advanced one element during each cycle such that
da =10 um. Load cycles were applied to simulate K-decreasing tests for several values of Kmax;i
and C consistent with the experimental tests. All simulations were performed for the entire range
of the K-decreasing test from AK at Kmaxi to AK=1 MPaym, to insure the simulations were
performed past the expected threshold value (typically around 3 MPaym for both of these materials
atR=0.1).

RESULTS/DISCUSSION

Six K-decreasing tests using different testing conditions were examined for the AA 2024-T3
material, with Kmaxi applied being either 5.44 MPavm or 11.0 MPavm. Plots of the fatigue crack
growth rate versus applied AK data are shown in Figure 2 on a typical log-log plot. Here, the four
tests initiated at Kmax; = 5.44 MPa\m satisfied the limitation of da/dNmax < 1 x 10°® m/cycle from

2
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Figure 1. A typical ZIP3D finite element mesh for the ESE(T) specimen.

E647 [1], while the two tests initiated at Kmaxi = 11.0 MPavm grew at an initial rate more than 1
order of magnitude greater than that suggested in the standard. Sixteen K-decreasing tests using
different testing conditions were examined for the Ti 6-2-2-2-2 material, with values of Kmax,i
applied of 4.95 MPaVym, 12.1 MPaym, 16.5 MPavm, or 22.0 MPaym. Plots of fatigue crack
growth rate versus AK for seven of these tests are shown in Figure 3. Only the tests initiated at
Kmaxi = 4.95 MPa\m satisfied the limitation of da/dNmax < 1 x 10 m/cycle from E647 [1]. For
each of the K-decreasing tests, AK was evaluated at da/dN = 1x10° m/cycle consistent with the
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Figure 2. Near-threshold fatigue crack growth rate curves for AA 2024-T3 R = 0.1 at various
values of C and Kax.i.
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Figure 3. Near-threshold fatigue crack growth rate curves for Ti 6-2-2-2-2 R = 0.1 at various
values of C and Kax.i.

methods described in E647 [1]. These results are summarized for AA 2024 in Table 1 and Ti 6-
2-2-2-2 in Table 2. Symbols (* and #) are also supplied in Tables 1 and 2 to represent results for
the computational simulations, which will be discussed in the following paragraph. While several
of the values of AKiw for AA 2024 are in very good agreement, two of the tests (Kmax,i = 5.44
MPavm, C=-0.79 mm™ and Kmaxi = 11.0 MPavym, C=-0.39 mm™) resulted in slightly greater
values. For Ti 6-2-2-2-2, three of the tests (Kmaxi= 16.5 MPaym, C=-1.57 mm™ and Kmaxi= 22.0
MPavm, C=-0.79 mm™ and -1.57 mm™) resulted in higher values of AKw. The higher values of
AKih suggest remote closure is occurring and the measured values of AKy, are not accurate.

Table 1. AK values for AA 2024 K-decreasing tests at various values of C and Kmax,i.

Cmm ™) [in™] | Knayi=5.44 MPaYm | Kmayi= 11 MPaVm
-0.08 [-2] 2.90 MPavVm
-0.20 [-5] 2.95 MPaVm 3.01 MPaVm *
-0.39 [-10] 3.03 MPavVm 3.29 MPaVm *
-0.79 [-20] 3.20 MPaVm

* remote closure determined by computational simulation
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Table 2. AKy values for Ti 6-2-2-2-2 K-decreasing tests at various values of C and Kmax,i.

CMM™) [N | Kiayi= 4.95 MPaVm | Kiyayi= 12.1 MPaVm | Kiyayi= 16.5 MPaVm | Kipayi= 22.0 MPaVm
-0.08 [-2] 2.95 MPaVm
-0.20 [-5] 2.68 MPaVm # 2.88 MPaVm # - # - ¥
-0.39 [-10] | 2.70MPaVm # — # - # 2.68 MPaVm
-0.79 [-20] | 2.67 MPaVm # 2.98 MPaVm # 2.59 MPavm * | 3.18 MPaym *
-1.18 [-30] 2.78 MPaVm 2.64 MPaVm
-1.57 [-40] - # 2.95 MPaVm # 3.22 MPaym * 3.56 MPaym *
-1.95 [-50] 2.85 MPaVm
-2.36 [-60] 2.90 MPaVm

* remote closure determined by computational simulation
# no remote closure determined by computational simulation

Computational results for two testing conditions for the AA 2024 material are shown in Figure 4.
The results are presented as crack closure level (represented as the load at which closure is
identified normalized by the maximum applied load during the cycle, Pci/Pmax) versus AK for the
“local” and “remote” locations. For all simulations, closure at the outer surface was found to be
greatest and is presented here. Figure 4 indicates that remote closure is operative for both test
conditions presented. For C=-0.39 mm, as the applied AK is decreased from the initial value of
9.9 MPavVm, the closure level at the “local” location decreases while the closure level at the
“remote” location increases. These results indicate that for applied AK > 6 MPavm, the crack
behaves as expected with the crack wake just behind the crack tip closing first (i.e. greater value
of Pa/Pmax) with the wake closing as load is further reduced. However, for applied AK < 5.5
MPavm, the “remote” location will close first, shielding the crack tip and resulting in a reduced
crack tip driving force and anomalous near-threshold behavior. For C=-0.20 mm, similar results
are indicated with the “remote” location closing first for AK< 3.3 MPaVym. However, since this
value is so close to the observed AKi (3.01 MPavm), little effect of this remote closure is expected.
Here, it is shown that for the same value of Kmax,i, remote closure is exacerbated for increasing C.
A total of two test conditions were evaluated for the AA 2024 material and fourteen conditions for
the Ti 6-2-2-2-2 material. These results are summarized in Tables 1 and 2 where the # symbols
represent analyses where no remote closure was observed and the * symbols represent analyses
where remote closure was observed at some point during the simulation. For the five experimental
conditions that were observed to result in significantly higher values of AK, computational
simulations were performed for four of these conditions and all four simulations indicated remote
closure. For an additional three simulations which indicated remote closure very close to the
measured AKi value, the experimental results did not suggest remote closure however, indicating
that any influence of remote closure is very small.
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Figure 4. Comparison of remote and local closure levels for AA 2024-T3 Kpaxi= 11.0
MPavm and R=0.1 at outer surface for C=-0.39 and -0.20 mm-.

In this study, three test variables were examined 1) K-gradient, 2) Kmaxiand 3) material type. To
evaluate the effect of these variables, the data for both materials are plotted in Figure 5 as
normalized AK versus 1og(—C (Kmaxi/ oy)?). Here, the results for all twenty-two experimental
tests are plotted. The value of AKin paseiine fOr the AA 2024 material was taken to be 2.90 MPavm,
which was the result for Kmaxi = 5.44 MPaym and C=-0.08 mm®; for Ti 6-2-2-2-2, AKih baseline Was
taken to be 2.80 MPaVm, which was the average of Kmaxi= 4.95 MPaym, C=-0.08, -0.20 and -0.39
mm* and Kmaxi = 12.1 MPavm, C= -0.20 mm™. The thirteen simulations which were performed
using identical parameters as those of the experimental tests are also represented in Figure 5 by
filling the symbols either black to indicate that no remote closure was observed or red to indicate
that remote closure was observed in the simulation. In Figure 5, dashed red lines of £ 7.5%
deviation for the normalized AK are included to indicate scatter in the values of AKi. Of the
twenty-two experimental tests, five tests resulted in a measured value greater than this scatter band,
with the value of —C(Kmaxi/ oy)? being greater or equal to 0.196 for each case. For four of these
test conditions, computational simulations were also performed and in each of these simulations
remote closure was observed well above the measured AKwn. An additional three simulations
revealed remote closure for parameters where tests were also performed. Each of these three
simulations indicated remote closure very close to the measured valued of AKw and while the
experimental results did not appear to be adversely affected, this must be considered when
evaluating conditions for a reliable test standard. Here, the lowest value of —C(Kmaxi/ oy)?
indicating remote closure where an experimental measurement was also made was equal to 0.154.
By examining results for several different materials under varying test conditions, it is believed
that reliable, material dependent, test limitations for the K-decreasing test method can be
determined. The results in Figure 5 would suggest that a value of —C(Kmax.i/ oy)? less than 0.1
should result in reliable results for a K-decreasing test. By using this relationship, one can
determine the minimum value of C for any material for a specific value of Kmaxi. Similar data can
be acquired for the CK? test approach to determine a minimum value of C; for any material for a
specific value of Kmax,i. Future tests and computational simulations will be performed to evaluate
this test approach.
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Figure 5. Normalized threshold value versus a dimensionless K-decreasing parameter for AA
2024 and Ti 6-2-2-2-2 experimental and computational results for K-decreasing tests at R=0.1.

CONCLUSIONS

Experimental tests and computational simulations were performed to assess the effects of K-
gradient, Kmax,iand material type on the results of a K-decreasing test in the near threshold regime
using the method detailed in ASTM standard E647 [1]. This study was designed to specifically
examine the effects of plasticity induced remote closure on the K-decreasing test method and it
should be noted that materials with significant roughness or oxide induced closure may be more
adversely affected by testing at lower values of C or higher Kmax,i.

e The suggested test limitations for K-gradient and da/dNmax in ASTM standard E647 are
shown to be overly conservative for the two materials examined in this study. The effect
of K-gradient and Kmax,i was found to be material dependent and therefore may not be
conservative for materials that are much lower in strength than those examined in this
study.

e Experimental tests and computational simulations of the K-decreasing test method are in
very good agreement and further support the argument that remote closure can adversely
affect near-threshold crack growth behavior for certain test conditions.

e A material independent term (—C(Kmaxi / oy)?) has been shown to be appropriate to
determine reliable values of K-gradient and Kmax,i for both of the materials examined in this
study.
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