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Abstract

Neutron diffraction and electric potential experiments were carried out to investigate the growth behavior of a fatigue crack subjected
to a single tensile overload. The specific objectives were to (i) probe the crack tip deformation and fracture behaviors under applied loads;
(i1) examine the overload-induced transient crack growth micromechanism; (iii) validate the effective stress intensity factor range based
on the crack closure approach as the fatigue crack tip driving force; and (iv) establish a quantitative relationship between the crack tip
driving force and crack growth behavior. Immediately after a single tensile overload was introduced and then unloaded, the crack tip
became blunt and enlarged compressive residual stresses in both magnitude and zone size were observed around the crack tip. The results
show that the combined contributions of the overload-induced enlarged compressive residual stresses and crack tip blunting with sec-
ondary cracks are responsible for the observed changes in the crack opening load and the resultant post-overload transient crack growth

behavior.

© 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Fatigue crack growth; Overload; Crack closure; Electric potential; Neutron diffraction

1. Introduction

The effects of a single tensile overload on fatigue crack
growth have been studied extensively since its discovery
in the 1960s, due to the potential for the improvement of
fatigue lifetime. The application of a single tensile overload
during fatigue crack growth results in an instantaneous
acceleration of the crack growth rate, followed by a large
crack growth retardation period (i.e. the crack growth rate
temporarily slows down), which increases the fatigue life-
time. There have been numerous efforts to account for
the crack growth retardation phenomena, which include
both experimental studies [1-16] and computer simulation
studies [17-20]. Among them, the plasticity-induced crack
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closure concept suggested by Elber [1] has been supported
by many investigations [4-12,20]. Elber introduced the
effective stress intensity factor range as a fatigue crack tip
driving force, emphasizing the significance of a crack clo-
sure phenomenon in the wake of a crack. However, there
exist many recent claims that deny the significance of crack
closure. These suggest that a new approach is needed to
describe the fatigue crack tip driving force [21-27]. There-
fore, the exact retardation micromechanism, fatigue crack
tip driving force and crack closure phenomenon still
remain open questions. This might be due to experimental
difficulties in measuring quantitative strain/stress fields
near a fatigue crack tip under applied loads and observing
in situ crack tip deformation and failure phenomena during
real-time fatigue experiments.

A crack closure approach has played an important role
in explaining many load-interaction effects on the fatigue

1359-6454/$36.00 © 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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crack growth behavior under variable-amplitude loading
[28]. The exact determination of crack opening and closing
loads (or stresses) is important to predict accurate crack tip
driving force. Most of the experimental crack closure mea-
surements are based on the analysis of the specimen com-
pliance, i.e. displacement/load [1,29-31]. An alternative
method to measure crack closure is to employ the direct
current potential drop (DCPD) technique. When a con-
stant current is passed through the test specimen, the crack
mouth potential is measured. The higher potential means
the longer crack length due to an increased resistivity of
the material. If a crack closes and yields an electric contact
between the fracture surfaces, a crack closing (or opening)
point should be determined from the curve of the applied
load vs. potential during a single fatigue cycle. Recently,
Andersson et al. [32] investigated the possibility of using
DCPD for crack closure measurements by comparing clo-
sure results from in situ observations of crack closure using
a scanning electron microscope. They found that the results
of crack closure measurements made by the potential drop
were similar to those determined from in situ scanning elec-
tron microscopy (SEM) observations, and concluded that a
crack opening point is reliable if the crack closure is
detected by potential measurements. In the current study,
the crack tip deformation and fracture behaviors as well
as the crack closure phenomena during a single loading—
unloading cycle are investigated from the observation of
changes in the electric potential using the DCPD method.

Recently, neutron diffraction and high-energy synchro-
tron X-ray diffraction as a nondestructive evaluation tech-
nique have been employed to investigate the overload
effects during fatigue crack growth [14,15,26,33-36]. The
deep-penetration and volume-averaging capabilities of
these techniques enable the direct measurements of residual
and internal strains/stresses in the bulk sample as a func-
tion of distance from the crack tip.

In summary, in situ monitoring of the crack tip defor-
mation and failure characteristics during real-time fatigue
experiments and simultaneous direct measurement of the
evolution of stress/strain fields around a fatigue crack tip
under applied loads are essential to a comprehensive
understanding of the unresolved problems on fatigue crack
propagation, such as the exact retardation micromecha-
nism and the fatigue crack tip driving force, as well as
the crack closure phenomenon. In this regard, neutron dif-
fraction and electric potential investigations are reported
here for: (i) probing in situ crack tip deformation and fail-
ure phenomena; (ii) examining the quantitative stress/
strain fields near the crack tip under applied loads; (iii) elu-
cidating the crack growth micromechanism of the cyclic
deformation subjected to a single tensile overload; (iv) val-
idating the effective stress intensity factor range based on
the crack closure approach as the fatigue crack tip driving
force; and (v) establishing a quantitative relationship
between the crack tip driving force and crack propagation
behavior. This first part of a two-part paper provides a
fundamental understanding of the “overload-induced

transient crack growth micromechanism” by observing
in situ crack opening/closing processes and residual stress
distributions near the crack tip during fatigue crack prop-
agation following a tensile overload. More specifically, this
part presents the effects of residual stress and crack tip
blunting on the crack opening load, the crack tip driving
force and the crack growth behavior. In the companion
paper (Part II [37]), in situ neutron diffraction is performed
to observe the internal stress distributions near the crack
tip under applied loads. Part II shows the “transfer phe-
nomenon of stress concentration and its role in overload-
induced transient crack growth”.

2. Experimental procedures
2.1. Fatigue crack growth experiments

The fatigue crack growth experiments were performed
on a compact-tension (CT) specimen of HASTELLOY
C-2000 alloy (56% Ni-23% Cr-16% Mo, in weight percent)
using a computer-controlled Material Test System (MTS)
servohydraulic machine. This material has a single-phase
face-centered cubic structure, a yield strength of
393 MPa, an ultimate tensile strength of 731 MPa, a
Young’s modulus of 207 GPa and an average grain size
of about 90 pm. The CT specimen geometry was prepared
according to the American Society for Testing and Materi-
als (ASTM) Standards E647-99 [38]. Before the crack
growth tests, the CT specimens were precracked to approx-
imately 1.27 mm. A constant load-range control (AP) mode
was used for the crack growth tests with a frequency of
10 Hz and a load ratio, R, of 0.01 (R = Puin/Pmax> Prmin
and P, are the applied minimum and maximum loads
of 72.5 N and 7250 N, respectively). The crack length was
measured by a DCPD method [39,40], which is explained
in more detail in Section 2.2. The stress intensity factor,
K, was obtained using the following equation [38]:

B P2+ a)
; BVW(1 —a)*?
147203 — 5.60) (1)

(0.886 + 4.640 — 13.324

where P = applied load, B = thickness, « = a/ W, a = crack
length and W = width of a CT specimen.

When the crack length reached 20 mm during a con-
stant-amplitude fatigue crack growth test, a single tensile
overload (i.e. Pyyerioad = 10,875 N, which is 150% of Pp.x)
was introduced and then the constant-amplitude fatigue
crack growth test was resumed to monitor the subsequent
crack growth behavior. Fig. 1 shows the crack growth rate
(da/dN) vs. the stress intensity factor range, AKj,ppiicd
(=Kmax — Kmin, Kmax and K,;, are the maximum and min-
imum stress intensity factors, respectively). The crack
growth rate, da/dN, was obtained by a seven-point incre-
mental polynomial technique [38]. After the application
of a tensile overload, there was an initial acceleration of
the crack growth rate followed by a large crack growth
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Fig. 1. The change in the crack growth rates, da/dN, as a function of the
stress intensity factor range, AK,ppiicd-

retardation period. A total of 11 different crack growth
stages were chosen to investigate such transient crack
growth behaviors following a single tensile overload. The
experimental details are summarized in Table 1.

The stage 1 (AK = 32.4 MPa m'/ %) was subjected to only
cyclic deformation. When a fatigue crack reached
AK = 35.9 MPa m'?, three fatigue cycles were continuously
introduced: 2a — a fatigue cycle just before overloading; 2b —
an overloading cycle; and 2¢ — a fatigue cycle right after over-
loading. After a single tensile overload was imposed, an ini-
tial acceleration of the crack growth rate was observed, and
then the crack growth rate decreased sharply. Stages 3, 4 and
5 were prepared during a sharp reduction of the crack
growth rate when a fatigue crack reached AK = 36.3, 36.5
and 37.0 MPa m'”?, respectively. After the minimum crack
growth rate (stage 5) was observed, the crack growth rate
gradually increased. Stages 6 and 7 were prepared during
this increased period at AK=38.6 and 40.6 MPa m'’?,
respectively. Finally, the crack growth rate was recovered
following the pre-overload slope in the da/dN vs. AK curve,
and the crack growth rate increased linearly with increasing

Table 1

487

AK. Stages 8-11 were prepared in this linear region at
AK =45.1, 51.9, 55.7 and 66.0 MPa m"/?, respectively. The
plastic zone sizes at each crack growth stage are estimated
under plane strain (ff = 3) and plane stress (f = 1) condi-
tions following Irwin’s approximation [41]; the range of
plastic zone sizes is also indicated in Table 1.

Three different experimental approaches (see Table 1)
were employed in this study: (i) electric potential (EP);
(i1) neutron-diffraction residual stress mapping (ND-RS);
and (iii) neutron diffraction in situ loading (ND-IL). This
paper (Part I) will cover EP and ND-RS; Part II [37] will
cover ND-IL. Note that respective measurements have
been performed at the crack growth stages marked with a
circle in Table 1. For example, only EP experiment was
conducted at stage 1 and all three measurements (i.c. EP,
ND-RS and ND-IL) were carried out at stage 5.

2.2. Electric potential experiments

In terms of an electric potential method, the measured
dc electric potential at any crack length was normalized
and converted into the corresponding crack length using
Johnson’s equation [39,40]:

Z
a/W=2/n g—arctan e (2)
(1-2%
where
e(yflp_n) + ef(yfl;fﬂ)

zZ= elU+X) 4 o= (U+X) (3)
and

hn _ (k& hn hn 2

<e<m> Te (W4)> (e<w—4> + efw)

X=In + -1

2cos (£ ) 2cos (4L 2)

4)

Details on 11 crack growth stages marked in Fig. 1 (F, fatigue; OL, overload; EP, electric potential; ND-RS, neutron-
diffraction residual stress; ND-IL, neutron diffraction in situ loading).

Growth  Crack length AK (MPa m"/ ) Plastic zone size  Description Various measurements
stages  (mm) (mm) EP ND-RS ND-IL
1 18.00 324 0.74-2.21 F o - -
2 0.90-2.71 2a (just before OL): F O O O
20.00 35.9 2.03-6.10 2b (during OL): F + OL o - -
0.90-2.71 2c (right after OL): F+OL+F O O O
3 20.19 36.3 0.92-2.76 F+OL+F o - -
4 20.33 36.5 0.93-2.80 o - -
5 20.60 37.0 0.96-2.88 O O O
6 21.40 38.6 1.05-3.14 O O (0]
7 22.30 40.6 1.15-3.46 O O (0]
8 24.20 45.1 1.43-4.28 o - -
9 26.50 51.9 1.88-5.65 o - (6]
10 27.60 55.7 2.17-6.52 o - -
11 30.00 66.0 3.05-9.16 o -

Each experiment was carried out at the stage marked with “O”.
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and « is the crack length, W is the specimen width, / is the
distance between the two points at which the crack mouth
potential is measured and U (=normalized potential) is de-
fined as follows

PDacttempcorrectedave/PDinitial
U= (3)
PD reftempcorrectedave / PD refinitial

PD;piia1 1 the thermally corrected potential at some
known initial crack length and PD . gniiial 1S the thermally
corrected initial potential of the reference probes.

When the reversing current is applied,

PDaCttempcorrectedave = (PDave+ - PDave:f)/2 (6)
= (PDrefave+ - PDrefave—)/2 (7)

PD reftempcorrectedave

PD,yor and PD epave+ are the sum of all PD readings
from the crack mouth and reference probes, respectively,
when the current is in one direction. PD,,.. and PD cave-
are the sum of all PD readings from the crack mouth and
reference probes, respectively, when the current is in the
other direction. This electric potential method as a bulk
technique revealed the difference in crack length to be about
0.3 mm compared to that measured directly at the surface of
the sample using SEM. From the observation of the frac-
ture surface with the failed sample, it was found that the
crack in the interior grew faster than that at the surface.

Using the electric potential method, an understanding of
crack tip deformation and fracture behaviors during a sin-
gle loading—unloading cycle can be enhanced from the
observation of changes in the electric potential. More spe-
cifically, this technique enables the investigation of the
crack closure phenomenon, as well as the elastic and plastic
deformation behaviors at the crack tip under an applied
load during a single cycle. In addition, respective crack
opening loads at various crack growth stages can be deter-
mined from the curve of the normalized potential vs.
applied load, as similarly shown in the previous work [42].

In this study, the changes in the electric potential during
a single loading—unloading cycle were measured at 11 crack
growth stages (see Fig. 1 and Table 1). From a plot of the
normalized potential vs. the applied load, the bulk-aver-
aged crack opening loads (COLs) were determined at var-
ious stages through the retardation period. Based on the
measured COLs, the stress intensity factor at the crack
tip opening, K,,, was calculated using Eq. (1). Thus, the
effective stress intensity factor range, AK.y, was obtained
using the following equation:

AKeff = Kmax - Kop (8)
where K,,,x and K,, denote the stress intensity factors at
the maximum load and crack opening, respectively. Final-

ly, da/dN vs. AK 4 was plotted to investigate the applicabil-
ity of AK.¢ as a fatigue crack tip driving force.

2.3. Residual stress measurements using neutron diffraction

The spatially resolved neutron residual stress mapping
was carried out on an L3 spectrometer at Chalk River

Laboratories, Canada. Three principal residual strain com-
ponents (i.e. crack growth direction (¢,), crack opening
direction (e,) and through-thickness direction (&.) strains;
Fig. 2a) were examined as a function of the position from
the crack tip along the crack propagation direction (x-
direction; Fig. 2b). Note that the crack tip identified at
the surface of the sample using SEM was used for this mea-
surement. A total of 26 points were measured as a function
of distance from the crack tip. Scanning intervals of 1 mm
from —4 to 0 mm (crack tip), 0.5 mm from 0 to 8 mm where
sharp strain gradients are expected, 2 mm from 8 to 16 mm,
and 3 mm from 16 to 22 mm were used to provide the
required spatial resolution. The scattering volume was
positioned in the middle of the sample thickness for all
strain components (Fig. 2b). The ¢, strain component
was measured using 1 mm wide and 2 mm tall (parallel to
y) incident beam slits and a 1 mm wide diffracted beam slit.
The ¢, and . strain components were measured using 2 mm
wide and 1 mm tall (parallel to x) incident beam slits and a
2 mm wide diffracted beam slit. The diffraction angles (20)
for the ¢, ¢, and e strain components were 74°, 74° and
106°, respectively. Thus, the shape of the gauge volume
for all three stain components was a parallelepiped elon-
gated in the through-thickness direction (see Fig. 2b).
Details of the neutron-diffraction residual stress measure-
ments are presented elsewhere [43,44].

The d-spacings along the crack growth, crack opening
and through-thickness directions were determined by the
Gaussian fitting of the {3 11} diffraction peak, and then
the lattice strains were calculated as:

&= (d—d())/do (9)

Z (Through-thickness direction)
Y (Crack-opening direction)

(a) 2

Plane of neutron-diffraction
" measurements

Spatially-resolved neutron-diffraction measurement positions:
—4,-3,-2,-1,0(Tip), 0.5,1,1.5,2,2.5,3,3.5,4,4.5,5,55,6,6.5,7, 8, 10,
12,14, 16, 19,22 mm

Fig. 2. Geometry of the specimen and lattice-strain measurement
positions by neutron diffraction. (a) Schematic of a Hastelloy C-2000
compact-tension specimen; (b) spatially resolved neutron-diffraction
measurement positions along the direction of the crack propagation (x).
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where d is the nominally stress-free reference lattice spac-
ing measured 10 mm away from the corner of the specimen.
Three residual stress components, o; (i = x, y and z, corre-
sponding to the crack growth, crack opening and through-
thickness directions, respectively), were calculated from the
three residual strain components using the following
equation:

o; + Y (e« + & + sz)} (10)

E
TTev T
where E (=207 GPa) is the Young’s modulus and v (=0.3)
is the Poisson’s ratio. In this paper, the crack opening
direction (o,) residual stress distributions near the crack
tip are presented at various crack growth stages (i.e. 2a,
2¢ and 5-7; see Fig. 1 and Table 1).

3. Results
3.1. Overload-induced fatigue crack growth behavior

Fig. 1 shows the fatigue crack growth behavior follow-
ing a single tensile overload as a function of the stress
intensity factor range. Before the overload was applied at
AK =359 MPam'?, the fatigue crack growth rate
increased linearly with increasing AK. After the single ten-
sile overload, four notable phenomena are observed: (i) an
initial short acceleration of the crack growth rate immedi-
ately after the overload; (ii) a sharp decrease in the crack
growth rate down to the minimum point; (iii) the gradual
increase in the crack growth rate after passing the mini-
mum point; and (iv) the recovery to the pre-overload slope
in the crack growth rate.

3.2. Observation of the crack tip deformation and failure
behaviors using electric potential

Fig. 3a shows the electric potential changes during a sin-
gle loading—unloading cycle at the crack growth stage 2a
(the cycle just before overloading; Fig. 1). Three distinct
linear regions are observed from the plot of the normalized
potential vs. the applied load. First, as the applied load
increases up to 0.25P.x, the electric potential increased
linearly. After a transition region is observed as the applied
load increases from 0.25P,,,, to 0.54P,,.x, a second linear
region exhibiting a slight increase in the electric potential
is observed as the applied load increases from 0.54P,.«
to 0.83Pax- A third linear region is seen as a higher load
is applied from 0.83P,,x to Pa.x. During the unloading
process, the electric potential is reduced following a reverse
step.

Fig. 3b shows the potential change during a single tensile
loading—unloading cycle at stage 2b (an overloading cycle;
Fig. 1) and stage 5 (a maximum retardation point; Fig. 1).
As the applied load increases up to Poyerioad (=1.5Pmax)s
the potential curve shows three distinct linear regions, sim-
ilar to as described for stage 2a (Fig. 3a). However, a large
normalized potential change of 0.04 is observed as the

1.0 —(a) Dominant plastic deformation —____ ¢
& crack advance

08l 0.83P_.

man)

Crack fully opening —f
0.6+ & dominant elastic deformation
05aP " F

Applied Load (P/P
(=]
E-y
T

el Stage 2a: before overloading
0.0 L ) —a— Loading i

| —~— Unloading
3.0 31 3.2 3.3

Normalized Potential (U)

T

- + - -
Stage 2b —

T
1.6 —(b)
r : overloading E Stage’s 1
| Stage 2b \'.E : maximum retardation |
= 18 [| —=— loading s
Q__E 10H 7 unloading 1
o || Stage 5
T 08 —4— loading i
o r| —— unloading "
2 o6 — — -~
b L
T 0ap COLOBR. 1
o I
< 02t ]
0.0 - 4
L Crack-tip blunting |

3.0 3.2 3.4 3.6
Normalized Potential (U)

Fig. 3. Electric potential change during a single loading-unloading cycle
(a) at stage 2a in Fig. 1, the cycle just before tensile overloading, and (b) at
stages 2b (the cycle during overload) and 5 (a maximum retardation point)
in Fig. 1.

applied load increases from P, t0 Poyerloaq- During
unloading, interestingly, the electric potential reveals an
irreversible behavior. The potential slightly decreases, fol-
lowed by a small transition region at a lower load.

The potential change at the maximum retardation (stage
5 marked in Fig. 1) is shown in Fig. 3b. This potential
change shows quite a different behavior compared to that
at stage 2a (Fig. 3a). When the load is increased up to
0.35Pax, the potential does not change. As a higher load
is applied, the potential begins to increase linearly up to
0.59P,,.x, followed by a transition region (0.59P . to
0.68P.x) and a slight increase in the potential (0.68Pp,.x
to Ppnax). During unloading, the electric potential is
reduced following a reverse step.

Fig. 4 shows SEM micrographs at the crack tip without
load before and after the overload, and at stage 5. Before
overloading (Fig. 4a), the crack is completely closed,
whereas crack blunting is clearly observed with a few sec-
ondary cracks near the tip after overloading (Fig. 4b).
Fig. 4c (stage 5) shows that the crack blunting remains
and the fatigue crack is closed in the crack wake region,
where further cyclic deformation is applied after the tensile
overloading.
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Fig. 4. SEM micrographs: (a) before overload, (b) after the overload and
(c) at stage 5 in Fig. 1.

Fig. 5 shows the potential measurements during a single
loading—unloading cycle at various crack growth stages
marked in Fig. 1. Interestingly, at stages 5-7 (Fig. 1), the
magnitude of the load at which the potential did not change
during loading became smaller. Finally, the shape of a
potential curve at stage 8 (Fig. 1) is similar to that at stage
1 and the first linear region in the potential curve gradually
disappears as the crack propagates further (stages 9-11).

3.3. Residual stress measurements around a fatigue crack tip
using neutron diffraction

Fig. 6 shows the crack opening direction (o,) residual
stress distribution as a function of distance from the over-

T T i T T T T
1.6 | 2b Stages
14l ¢, —— Overload cycle —e—1
- 2
s 121 < 5
a 1 567 8 9 10 11
& 10| . 1—"—6
= £ i 7
° i ¥ -
§ 0.8 : < : 8
EM 2 dss b8
S 04l ¢ e &
g 373 82 ® 4 —=M
< 02 e e
3 g ¥ R S
0.0 - ; ) g ~* 4
Cralck-upenmlg-lnad valrlauons . . ]

2.8 3.2 3.6 4.0 4.4 4.8 5.2
Normalized Potential (U)

Fig. 5. Electric potential change during a single loading-unloading cycle
at various crack growth stages marked in Fig. 1.

load point. Note that the overload point corresponds to the
crack tip position at stage 2 (Fig. 1). In Fig. 6a, compres-
sive residual stresses with a maximum of about —70 MPa
are observed near a fatigue crack tip (—4 to 1 mm) at stage
2a, just before overload. After the single tensile overload is
applied, much larger compressive residual stresses with a
maximum of —225 MPa are observed within +4 mm from
the crack tip. It is noted that our residual stress profile
curves are in good qualitative agreement with those mea-
sured by Steuwer et al. [36]. As the sample cycles through
the retardation period and the crack continues to advance,
the compressive residual stresses relaxed and the positions
of the compressive and tensile peaks shifted (Fig. 6b).

4. Discussion

4.1. Crack closure phenomena and crack opening load
variations through the retardation period

The first linear region shown in Fig. 3a (P, to 0.25
Pax) during a loading cycle is related to a gradual crack
opening from the crack closure in a fatigue wake, i.e. the
disappearance of the crack face contact. In other words,
the closed crack face (shown in Fig. 4a) from the previous
unloading cycle begins to open with increasing applied
load, resulting in a significant change in the electric poten-
tial. The second linear region (0.54 P .5 to 0.83Py,.x) might
be due to the dominant elastic deformation, after the crack
tip is fully open. The transition region between the two lin-
ear regions may be attributed to different crack opening
levels between the surface and interior of the material, since
the electric potential measurement shows the bulk response
of the material. The third linear region (0.83Pax t0 Prax)
results from the actual crack length increment accompany-
ing the dominant plastic deformation at the crack tip.
From such potential measurements during a loading cycle,
the bulk-averaged COL can be determined by a fitting of
the first and second linear regions. Thus, a COL of
0.34P,,,x was determined for stage 2a (Fig. 1). During
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Fig. 6. Crack-opening direction (o)) residual stress distributions as a
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(b) o, residual stress profiles at stages 2c, 5, and 7 in Fig. 1.

unloading, the crack face is closed again, following a
reverse step.

The large normalized potential change of 0.04 seen at
stage 2b (during overloading; Fig. 3b) reveals that a tensile
overload resulted in a larger advance of the crack with
more plastic deformation than that observed in the imme-
diately preceding cycle. During unloading, the potential
was slightly reduced due to elastic unloading, followed by
a small transition region at a lower load. As a result, there
is no crack closure in a crack wake region and the only new
crack face created by an overload was closed, showing a
small transition region. In order to confirm the results of
the potential measurement, the shape of a crack tip was
investigated using SEM. Immediately after overloading,
crack blunting with small secondary cracks was observed,
confirming that there was no crack closure behind the
crack tip.

At stage 5 (a maximum retardation point; Fig. 1), a
“crack arrest” phenomenon was clearly observed below
0.35Pax- It means that the closed crack face (Fig. 4c)
between the crack blunting region and actual crack tip

position did not open, as the load increases up to 0.35P,,.y.
As a higher load was introduced, the electric potential
began to increase linearly (0.35P .« to 0.59P,,.,), followed
by a transition region (0.59 P« to 0.68P,,,,) and a slight
increase in the potential (0.68 Py,.x to Prax), corresponding
to the gradual closed-crack opening, the crack tip fully
opening and the dominant elastic deformation, respec-
tively. Hence, a high COL of 0.63P,,,, was obtained at
the maximum retardation point (stage 5; Fig. 1). During
unloading, the crack closed again, following a reverse step
of a loading curve.

Potential measurements at various crack growth stages
marked in Fig. 1 were put together for comparison, as
shown in Fig. 5. At stage 1 (constant-amplitude fatigue
crack growth before overloading), a loading—unloading
potential curve showed the reversible behavior and a
COL of 0.34P,,,, was measured. At stage 2b (the overload-
ing cycle; Fig. 1), the potential curve showed the irrevers-
ible behavior, indicating that the crack closure did not
occur and the COL decreased sharply down. As the crack
propagated to stage 5 (maximum retardation point;
Fig. 1), the largest crack arrest portion appeared up to
0.35Pax, and the highest COL of 0.63P,,,, was found.
When the crack grew from stage 5 to stage 8, the crack
arrest portion became smaller, disappearing completely at
stage 8. This corresponds to a gradual decrease in the
COL. Finally, the shape of the potential curve at stage 8
was similar to that at stage 1. This is consistent with the
crack growth rate fully recovering to the pre-overload slope
(see Fig. 1). As the crack grew further to stage 11, the COL
was gradually reduced, eventually to zero. It should be
noted that such changes in the COL are related to the
experimentally measured crack growth rate (Fig. 1).

4.2. Correlation between the crack growth behavior and AK ;5

Four distinct slopes from the curve of da/dN vs.
AK,ppiica Were found, as shown in Fig. 1: (Case 1) a slope
(between stages 1 and 2a, and between stages 8 and 11)
from pre-overload constant-amplitude crack growth; (Case
2) a slope indicating an initial acceleration immediately
after the tensile overloading; (Case 3) a slope showing a
sharp decrease between stages 3 and 5; (Case 4) a slope
between stages 5 and 7, which is larger than that in the
Case 1 but smaller than that in Case 3. Note that the slope
changes in crack growth rate (Fig. 1) are closely associated
with those of the AK, gy (Fig. 7a), which is a function of the
COL. As shown in Fig. 5, the COLs in the constant-ampli-
tude crack growth slowly decreased with increasing AK (see
the COL change in stages 1-2a and 8-11), and thus the
AK.q also increased slowly. After the single tensile over-
load, a very low COL was obtained, resulting in a sharp
increase in AK.r (Fig. 7a). In Case 3, the COL sharply
increased with a short increment of crack length (i.e.
0.6 mm from an overload point), which resulted in a sharp
decrease in AK.q. Likewise, in Case 4, the gradual decrease
in COL, which has higher reduction rate than that of Case
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1, was examined. Thus, an increase rate in the AK s from
stage 5 to stage 7 is larger than that of Case 1.

To investigate the applicability of AK.x as the actual
fatigue crack tip driving force, the crack growth rate (da/
dN) was plotted as a function of the AK.q, as presented
in Fig. 7b. The crack growth rate had a good linear corre-
lation with the AK.y, which suggests that the AK.4 can be
considered as the fatigue crack tip driving force.

4.3. Effects of compressive residual stress and crack tip
blunting on the crack opening load

After a single tensile overload was applied, the COLs
changed gradually from stage 2c to stage 8, as exhibited
in Fig. 5. The changes of COL within this period are asso-
ciated with the combined contributions of enlarged com-
pressive residual stresses and crack tip blunting with
secondary cracks (i.e. changes in the crack tip geometry).
Immediately after the tensile overload, enlarged compres-
sive residual-stress fields were observed near the crack tip
(Fig. 6a). Although these compressive residual-stress fields

relax with crack propagation through the overload-induced
plastic zone (Fig. 6b), the fatigue crack should overcome
these stress fields applied in the wake of the crack to make
the crack tip fully open. Thus, a higher COL would be
required under the enlarged compressive residual-stress
fields. Furthermore, the observed crack arrest load of
0.35P.« at stage 5 (Fig. 3b) would be associated with a
load value to remove the enlarged compressive residual-
stress field.

Crack tip blunting could be considered as another factor
influencing the crack arrest and the change in the COL. It
is known that crack tip blunting behaves like a notch. As a
load is applied, the stress field would be initially concen-
trated near a blunting region (an overload point), reducing
the actual magnitude of the stresses applied in a crack wake
as well as at the crack tip. The crack branching (or second-
ary cracks) [6,7] that occasionally occurs immediately after
the overload could partially contribute to the reduction of
the stresses in a wake region by maximizing the blunting
effect. Hence, a higher applied load would be required to
reach stress fields large enough to open the closed crack
face. If large compressive residual stresses are also intro-
duced in the closed crack ahead of the blunting region, a
much higher load should be imposed to reach a certain crit-
ical stress value to open the closed crack face. Therefore,
the crack arrest phenomena could be observed until such
a required stress value is obtained. It is suggested that the
crack arrest phenomena observed in the retardation period
result from the combined contributions of the enlarged
compressive residual stresses and crack tip blunting with
secondary cracks.

It should be noted that these combined effects on the
COL depend on the crack length grown from the blunt
crack (an overload point). If the crack grows very little
from the blunt crack (i.e. the initial acceleration period
shown in Fig. 1), the crack face will be open with a lower
applied load due to high stress concentration in the blunt-
ing region and, thus, the crack tip will experience much
higher stress compared to that just before overloading.
The increased stresses would lead to an initial short period
of accelerated crack growth rate. Moreover, secondary
cracks in front of the blunt crack that often occur after
overloading (Fig. 4b) could help accelerate the crack
growth rate by coalescence with the primary crack, as
exhibited in Fig. 4c. As the crack length increases from
stage 3 to stage 5 (Fig. 1), the influence of the combined
effects on the crack arrest load and COL becomes more sig-
nificant, as revealed by the highest crack arrest load and
COL at stage 5 (Fig. 5). The maximum retardation (stage
5; Fig. 1) is usually observed at 0.3-0.6 mm from the over-
load point. This might be thought of as a critical point
where the combined contributions of enlarged compressive
residual stresses and crack tip blunting are maximized. In
contrast, as the crack grows far away from an overload
point (i.e. from stage 5 to stage 7; Fig. 1), the combined
effects on the COL become smaller and thus the stresses
can concentrate at the crack tip with a lower load. When



S.Y. Lee et al. | Acta Materialia 59 (2011) 485-494 493

these combined effects completely disappear (stage 8;
Fig. 5), the crack growth rates are fully recovered following
a pre-overload slope (stage 8; Fig. 1).

It would be interesting to investigate the relationship
between the overload-induced plastic zone and subsequent
fatigue-induced plastic zone at a recovery point of the
crack growth rate. The overload-induced plastic zone size
of about 5 mm was estimated from the crack opening direc-
tion (o)) residual stress profile ahead of the crack tip (stage
2¢ in Fig. 6a), as previously studied by Rice [45]. The
parameter § = 1.22, related to the stress state, was deter-
mined using estimated plastic zone size (i.e. 5 mm) and
Irwin’s approximation [41]. Assuming that f does not
change much as the crack propagates through the overload
plastic zone, a fatigue-induced plastic zone size of 3.2 mm
was obtained at a crack length of 23.4 mm (i.e. the crack
length at the recovery point of the crack growth rate;
Fig. 1). It was found that, when the crack growth rate
was fully recovered, the fatigue crack was still within the
overload-induced plastic zone and a part of the fatigue-
induced current plastic zone grew out of the verload-
induced zone.

In summary, the combined effects of overload-induced
enlarged compressive residual stresses and crack tip blunt-
ing with secondary cracks (i.e. changes in the crack tip
geometry) are responsible for the observed changes in the
COL and resultant post-overload transient crack growth
behavior, based on the crack closure approach. When these
combined effects completely disappear or are sufficiently
small, the crack growth rate returns to the pre-overload
behavior.

5. Conclusions

Electric potential and neutron diffraction experiments
were carried out to investigate overload-induced transient
crack growth behavior. The main results are summarized
as follows:

1. In the unloaded condition immediately following the
tensile overload, the crack tip became blunt and enlarged
compressive residual stresses with a maximum of
—225 MPa were observed within £4 mm from the crack
tip.

2. An initial acceleration of the crack growth rate might be
due to the high stress concentration in the crack blunt-
ing region and coalescence of secondary cracks with
the primary crack.

3. In the maximum retardation point (stage 5; Fig. 1), the
highest crack arrest load and crack opening load were
examined, indicating the smallest AK g value.

4. As the crack propagates into the overload-induced plas-
tic zone, the compressive residual stresses are relaxed and
the positions of the compressive and tensile peaks shift.

5. The post-overload transient crack growth rates were
normalized with the AK.g, which suggests that it can
be considered as the fatigue crack tip driving force.

6. The results show that the combined effects of overload-
induced enlarged compressive residual stresses and
crack tip blunting with secondary cracks are responsible
for the observed changes in the crack opening load and
resultant post-overload transient crack growth behavior,
based on the crack closure approach.
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