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Abstract: We investigated the evolution of the strain fields around a fatigued crack tip
between the steady- and overloaded-fatigue conditions using a nondestructive neutron
diffraction technique. The two fatigued compact-tension specimens, with a different
fatigue history but an identical applied stress intensity factor range, were used for the direct
comparison of the crack tip stress/strain distributions during in situ loading. While strains
behind the crack tip in the steady-fatigued specimen are irrelevant to increasing applied
load, the strains behind the crack tip in the overloaded-fatigued specimen evolve
significantly under loading, leading to a lower driving force of fatigue crack growth. The
results reveal the overload retardation mechanism and the correlation between crack tip
stress distribution and fatigue crack growth rate.
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1. Introduction

A fundamental understanding of the fatigue crack growth mechanism is critical for the development
of lifetime prediction methodology in structural materials. It is well recognized that variable-amplitude
cyclic loading can retard or accelerate the crack propagation rate by making it difficult to predict the
crack propagation rate and fatigue life [1-6]. A tensile overload, a load higher than a maximum load
during constant-amplitude cyclic loading, intervened during constant-amplitude cyclic loading is one
of the examples to retard the crack propagation rate and increase the fatigue lifetime significantly.
Many investigations have been reported to understand the retardation mechanisms of the crack growth
rate following the overload [7-17]. Among them, the plasticity-induced crack closure approach
suggested by Elber [1] was well recognized, and it emphasized the importance of a crack closure in the
region of a crack wake. The crack tip plasticity approach [18], based on the large overload-induced
plastic zone due to large plastic deformation caused by overloading, has drawn much attention from
researchers in examining the retardation phenomena.

Our previous works have shown that the combined effects of large compressive residual stresses
and crack tip blunting with secondary cracks are responsible for the overload-induced crack growth
retardation [15]. In addition, the strain evolution near the crack tip was systematically examined at the
various crack growth stages (with a different stress intensity factor range) through the retardation
period [16]. For a better understanding of the correlation between the stress/strain distributions around
the crack tip and fatigue crack growth rate, the direct comparison of the evolution of the crack tip
stress/strain fields between the steady- and overloaded-fatigue conditions under the same applied stress
intensity factor range should be elucidated. In this regard, the two fatigued compact-tension specimens
were prepared for the direct comparison of the crack tip stress/strain distributions. Importantly, they
experienced the identical stress intensity factor range, but a different fatigue history. The evolution of
the strain fields around the crack tip under loading was compared using in situ neutron diffraction. The
results show the nonlinearity of the strain response as a function of distance from the crack tip under
loading, and we discuss the influence of the crack tip stress distribution on the strain nonlinearity,
crack opening process, crack tip driving force, and fatigue crack growth rate.

2. Experimental Section
2.1. Materials

Fatigue crack growth experiments were carried out on a compact-tension (CT) specimen of 304L
stainless steel. This material has a single-phase face-centered cubic (FCC) structure (Figure 1), a yield
strength of 241 MPa, an ultimate tensile strength of 586 MPa, and elongation of 55% at room
temperature. The specimen, prepared according to the American Society for Testing and Materials
(ASTM) Standards E647-99 [19], has a notch length of 10.16 mm, a width of 50.8 mm, and a thickness
of 6.35 mm (Figure 2).
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Figure 1. X-ray diffraction pattern of 304L stainless steel.
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Prior to the fatigue crack growth test, the CT specimens were precracked to approximately
1.27 mm, and then fatigue crack growth tests were performed in air under a constant load-range
control mode (Pmax = 7400 N, Pmin = 740 N, a load ratio R = 0.1, frequency = 10 Hz). The crack length
was measured using a compliance method, which is obtained from the load vs. displacement data by a
crack-opening-displacement gauge [19]. The stress intensity factor, K, was obtained using the

following equation [19]:

K =———7/—(0.886+4.640—13.320" +14.720° - 5.60")

P(2+a)

B\/W(l—(l)S/Z
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where P = applied load, B = thickness, o = a/W, a = crack length, and W = width for a CT specimen.
The two fatigued CT specimens are prepared: (i) steady-fatigued condition, Case 1: continuously
fatigued under the same baseline condition until the crack length reaches 18 mm (AK = 32 MPa-m*?);
(ii) tensile-overloaded condition, Case 2: fatigued under the same baseline condition until the crack
length reaches 16 mm (AK = 29 MPa-m*?), after which a single tensile overload of 10,360 N (140% of
Pmax) Was applied, and then continuously fatigued under the same baseline condition until the crack
length reaches 18 mm (AK = 32 MPa-m"?). Therefore, Case 1 and Case 2 have identical crack lengths
but the different fatigue histories.

2.3. In Situ Neutron Diffraction Strain Measurements

In situ neutron diffraction experiments were performed using the Residual Stress Instrument at
HANARO, Korea Atomic Energy Research Institute. The neutron diffraction measurements were
performed at diffraction angles (260) of 84° for the {311} diffraction peaks of the austenite phase using
a wavelength of 1.46 A on the neutron beam. The (311) plane normal is perpendicular to the crack
plane, i.e., crack growth direction. The change of d-spacings in the (311) orientation was measured
in situ during loading as a function of distance from the crack tip along the crack-propagation
direction. The strain mapping with a 1 mm spatial resolution was performed along the center line
(mid-thickness) of the CT specimen (—4, -3, —2, —1, 0 (crack tip), 0.5, 1, 2, 3, 5, 7, 10 mm, Figure 2).
The peak position was determined from the Gaussian fitting of the {311} diffraction peak in the
crack-opening direction strain component. The lattice strains were then calculated by Equation 2.

& = (d — do)/do = —cot (8 — 8o) @)

where dy is the stress-free reference d-spacing, d is the lattice spacing under the stress condition, 6, and
0 are the diffraction angles for the stress-free and stressed conditions, respectively. The stress-free
reference d-spacing was obtained 10 mm away from the corner of the annealed CT specimen. In the
current study, the lattice strain evolution in the vicinity of the crack tip was examined at the 15 load
levels (i.e., 0.01Pmax, 0.1Pmax, 0.2Pmax, 0.25Pmax, 0.3Pmax, 0.35Pmax, 0.4Pmax, 0.45Pmax, 0.5Pmax,
0.55Pmax, 0.6Pmax, 0.65Pmax, 0.7Pmax, 0.85Pmax, and 1Pmax), as the sample was in situ deformed.

3. Results and Discussion

Figure 3 shows the crack growth rate (da/dN) as a function of the stress intensity factor range (AK)
under the two different fatigue loading conditions. While the constant-amplitude fatigue crack growth
testing shows a linear relationship of the crack growth rate vs. AK following the Paris law, the tensile
overloaded testing reveals the crack growth retardation period with a AK range of 29 to 38 MPa-m"/
after the application of a single tensile overload. For a better understanding of the crack growth
retardation phenomena, the two different fatigued specimens, Case 1 and Case 2, marked in Figure 3,
with a AK range of 32 MPa-m'?, are used to examine the effect of fatigue history on the strain
evolution around the crack tip. The crack growth rates of Case 1 and Case 2 at AK = 32 MPa-m"? were
1.72 x 10 * and 5.13 x 10™°, respectively.
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Figure 3. The crack growth rates (da/dN) versus stress intensity factor range (AK) for the
as-fatigued and overloaded conditions. The compact-tension specimens of Case 1 and
Case 2 marked with the same AK of 32 MPa-mY were used for in situ neutron
diffraction experiments.

Figure 4 shows the crack morphology of Case 1 and Case 2 measured by the optical microscope.
While Case 1 shows a relatively sharp crack tip, Case 2 shows a blunt crack at a AK range of
29 MPa-m*? due to large plastic deformation by the overload, followed by a sharp crack tip at a AK
range of 32 MPa-m*?,
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Figure 4. The crack morphology measured by optical microscope: (a) Case 1, (b) Case 2.
At a tensile overload point, the crack length and AK are 16 mm and 29 MPa-m*?,
respectively. The crack tip positions for both Case 1 and Case 2 are located at a crack
length of 18 mm and a AK of 32 MPa-m*2.
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Figure 5 shows the evolution of internal strains around the crack tip as a function of applied load.
In Figure 5a, the strains were compressive from —4.5 to 2.5 mm at 0.01Pmax. The maximum
compressive strain of ~770 pe (microstrain, 10 °) was observed at the crack tip. As the load increases,
the strains right in front of the crack tip evolve significantly, exhibiting the maximum tensile strain of
~1450 pe at 0.5 mm ahead of the crack tip. The change of the strains under loading becomes smaller,
as the distance from the crack tip is far away. It is noted that very little change of the strains is
observed in the locations behind the crack tip.
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Figure 5. The lattice strain evolution as a function of distance from the crack tip under
loading: (a) Case 1, (b) Case 2.

Figure 5b shows the strain profile of Case 2 upon loading. Three distinct observations are found:
First, upon an applied loading of 0.01Pn.x, much higher compressive strains with a maximum of
~1050 pe were observed at —2 to 0 mm behind the crack tip, which is between an overload point and
the crack tip. It is suggested that the enlarged compressive residual strains in conjunction with a
blunting of the crack occurring at the overload point (Figure 4b) are related to the crack growth
retardation mechanism after the overloading. Secondly, unlike the strain evolution of Case 1 shown in
Figure 5a, it is obvious that the strains behind the crack tip of Case 2 evolve systematically with
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increasing applied load. It indicates that the stresses are distributed during loading not only in the
locations ahead of the crack tip, but also in the locations behind the crack tip for Case 2. Finally, the
maximum tensile strain of Case 2 at 0.5 mm in front of the crack tip was slightly smaller than that of
Case 1. It was also found that the change of strains right in front of the crack tip during loading from
Pmin 10 Pmax Was smaller in Case 2 than in Case 1. It is thought that the less stresses applied right ahead
of the crack tip for Case 2 result in less driving force of the crack growth, and thus, a lower crack
growth rate as shown in Figure 3.

Figure 6 shows the strain evolution as a function of applied load at various locations away from the
crack tip for Case 1 (Figure 6a) and Case 2 (Figure 6b). The nonlinearity of lattice strain as a function
of applied load at the various locations means a change of the stress distribution during loading by
being associated with a crack opening process. Earlier works have demonstrated that the onset of the
nonlinearity of the lattice strain can be used to determine the crack opening level [16].
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Figure 6. Lattice strain evolution as a function of applied load at the various locations
away from the crack tip: (a) Case 1, (b) Case 2. “COL” indicates the crack-opening load.
The square box highlights the difference of strain evolution behind the crack tip between
Case 1 and Case 2. The arrow indicates the transfer of stress concentration in the locations
behind the crack tip during loading.
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As shown in Figure 6a, the stresses were not applied at all at —2.5 and —1.5 mm locations behind the
crack tip during loading, as revealed in the invariant lattice strains during loading. From the
nonlinearity of strain evolution, the crack opening load (COL) of ~0.25Pn.x was determined for
Case 1. On the other hand, quite different strain distributions were observed for Case 2 (Figure 6b). At
a lower load, the stresses concentrate on the locations of —1 and —0.5 mm behind the crack tip, where the
large compressive residual strains are observed as shown in Figure 5b. Upon loading, the stress
concentration moves toward the crack tip by influencing the strain nonlinearity as indicated in
Figure 6b. With the completion of a transfer of stress concentration at the crack tip, a relatively high COL
of ~0.5Pmax was obtained for Case 2. The transfer of stress concentration at the crack tip should be
understood in conjunction with the crack opening process, as is well described in the previous
work [16]. Based on the crack opening loads determined from the strain nonlinearity shown in
Figure 6, the effective stress intensity factor ranges (AKes) as a driving force of fatigue crack growth
were calculated as 25.06 MPa-m*? for Case 1 and 16.70 MPa-m"? for Case 2. These correlate well
with a decrease of the crack growth rate of Case 2 compared with Case 1, as shown in Figure 3.
Moreover, the smaller responses of the strains right in front of the crack tip for Case 2, as compared
with those of Case 1 (Figure 5), can be shown to account for a lower crack tip driving force (AKef) and
a retardation of crack growth for Case 2.

4. Conclusions

In situ neutron diffraction was employed to compare the evolution of internal strains around the
crack tip between the steady-fatigued (Case 1) and overload-fatigued (Case 2) specimens where the
stress intensity factor range is identical but a different fatigue history exists. While strains behind the
crack tip in Case 1 are irrelevant to increasing applied load, the strains behind the crack tip in Case 2
evolve significantly under loading, leading to smaller maximum tensile strain and strain change right
in front of the crack tip. In Case 2, the transfer of stress concentration occurs toward the crack tip upon
loading, resulting in a nonlinearity of the strain profile. The crack growth retardation after the overload
can be attributed to a higher crack opening level measured for Case 2 by being correlated with a
calculation of the effective stress intensity factor range as a driving force of fatigue crack growth.
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