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The use of digital image correlation analysis during fatigue crack growth (FCG) of polycrystalline and
[111] oriented single crystal specimens of 316L stainless steel allows for the investigation of mixed mode
crack propagation in the vicinity of the crack tip. This technique offers significant benefit in addressing
crack closure at the microscale compared to the large body of work studying this phenomenon at the
macroscale. Understanding of FCG behavior relies on the sliding (mode II) details which can be rather
complicated. In this study, the mode I (opening) and mode II (sliding) mechanisms are differentiated
within the single crystal specimens for slanted cracks. Further, crack opening displacement profiles are
obtained in mode I and mode II, which are used to quantify crack closure in each specimen. Finally,
the irreversible strain within the plastic zone ahead of the crack tip is measured during crack propaga-
tion. The results show that [111] oriented single crystal specimen fatigued at R = �1 display the most slip
irreversibilities due to reverse dislocation motion leading to dislocation kinks/jogs. As a result, residual
stress is diminished at the crack tip thereby resulting in earlier crack opening within the loading cycle.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Fatigue crack growth (FCG) remains a critical life-limiting fail-
ure mechanism in engineering components. The complexities in
understanding the propagation phenomena exist despite the large
body of work on the macroscopic characteristics of crack advance-
ment. To simplify the problem at hand, fatigue crack propagation
was analyzed in single crystals to grasp the physics of crack
advancement. The mechanism of crack growth is dislocation emis-
sion from the crack tip, which strongly depends on the orientation
of the crystal [1]. In fact, crack propagation is locally affected by the
microstructure at the crack tip as crack propagation occurs through
successive blunting (during the tensile loading portion) and sharp-
ening (during the reversal of load) of the crack tip [2]. By modeling
crack propagation as a series of slip processes, Neumann accurately
predicted the crack growth rate of straight cracks with well defined
geometry in single crystals [3]. He refined his model to account for
elastic anisotropy thereby including inhomogeneity of slip on acti-
vated slip bands [4]. In the above studies, pure metals were ana-
lyzed, although experiments have been conducted on single
crystals of engineering alloys, including stainless steel [5] and Ni-
based superalloys [6]. The results showed that cracks grow on
{111} slip planes at the microscale, which introduced mixed mode
ll rights reserved.

).
cracking [6]. In the present work, we analyze the mechanism of
crack advancement in stainless steel single crystals including
mixed mode cracking. Historically, measuring mode II crack
growth, i.e. sliding, has proven to be difficult [7]. By the use of high
resolution digital image correlation (DIC) and single crystal speci-
mens, however, we are now able to quantify the effects of mixed
mode crack growth.

In 1961, Forsyth recognized that stage I cracks sustained open-
ing and sliding displacements, thus introducing the need to study
mode II crack growth [8]. Typically, in polycrystals, stage II cracks
grow at 90� with respect to the external load axis, thus represent-
ing pure mode I, i.e. opening; whereas, stage I cracks grow at 45�
due to deformation along slip bands, thus combining modes I
and II propagation [2] and requiring a combination of mixed mode
stress intensity factors for analysis and life prediction [9]. Starting
in the late 1970s and 1980s, many experimental studies focused on
mixed mode crack growth, which suggested that crack growth is
governed by local tensile stresses and shear stresses at the crack
tip, generally resulting in in-plane loading conditions [7,9–11].
Many variables and parameters influence mixed mode crack
growth, including load magnitudes, material strength, initial crack
tip conditions, e.g. pre-cracking method, mean stress (or cyclic
stress ratio), overloads, crack tip plasticity, and crack closure
[12,13]. Of primary importance to the crack propagation rate is
the role of crack closure, which is analyzed in this study utilizing
high resolution displacement measurement.
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In 1963, Christensen reported roughness-induced crack closure
during FCG [14]. When the crack paths are tortuous, there is a sig-
nificant sliding component at the crack tips that modifies crack
advancement. Elber, in 1970, discussed the impact of plasticity-
induced crack closure as it influences the effective fatigue crack
propagation rate [15]. He noted that cracks remain shut during a
portion of the tensile loading cycle, thus this portion of loading
does not promote crack advancement and should not be incorpo-
rated into calculations of the stress intensity factor range, DK
[16]. Crack closure is ultimately due to the reversal of strain at
the crack tip, which plays a critical role in the crack propagation
mechanism. During crack closure, there is a reversal of dislocation
motion, which can remove the residual stress produced during
crack opening while leaving the newly formed crack surface intact
[4]. This effectively restarts the process to allow the crack to con-
tinue propagating during the next loading cycle. Many parameters
influence the phenomenon of plasticity-induced crack closure; in
order to explain these variables in a unified manner, finite element
based analysis was used to explain the role of material constraint,
applied stress, strain hardening, mean stress, crack size, and notch
effects on fatigue crack growth behavior [17,18]. By accounting for
crack closure, the FCG rates condense to a single curve in single
crystal specimens with various loading orientations [6]. Thus, there
is a strong need to account for crack closure, although accurately
measuring crack closure is not a simple task.

Elber measured crack closure using displacement gages [15,16].
This technique has progressed to include back-face strain gages,
crack mouth gages, and clip gages [19]. Other methods include
electrical potential drop [20] or replica techniques [21]. Non-
contact methods emerged which allowed for in situ measurements
without disturbing the test specimen including laser interferomet-
ric displacement gages [22] and DIC techniques [23,24]. Stereo-
imaging analysis allows for displacement and strain measurements
at the crack tip [25,26]. This study adopts the methodology of col-
lecting data in real time over many cycles for full-field measure-
ments of crack closure to accurately predict crack opening levels
[27]. In this study, we use high resolution DIC to quantify crack clo-
sure levels and also study the crack displacement and strain fields
at the crack tip. These local crack tip measurements allow us to dis-
tinguish opening (mode I) and sliding (mode II) crack growth and
also quantify the slip irreversibility process at the crack tip in poly-
crystalline and single crystal specimens.

The physics of crack advancement are directly influenced by the
interaction of dislocations emitted from the crack tip with the local
microstructure (in the vicinity of the crack tip), which can lead to
complex dislocation arrangements. The result of this process is slip
irreversibilities during fatigue loading. The slip introduced during
forward loading is not recovered fully during reverse loading due
to the following: activation of different slip systems, cutting of dis-
locations, annihilation of edge dislocations producing vacancies,
cross-slipping of screw dislocations, shearing of precipitates, the
presence of grain boundaries (in polycrystalline samples), etc.
Hence, fatigue damage and crack propagation is governed by irre-
versible plastic flow [28]. Mughrabi quantified the cyclic slip irre-
versibility p, defined as the fraction of plastic shear strain that is
microstructurally irreversible [29]. In this case, p varies from 0,
Table 1
Summary of the fatigue crack growth test parameters, specimen dimensions, and imaging

Crystallography R-
ratio

Stress range, Dr (MPa) Thickness (mm) Magnifi

[111] Single Crystal 0.05 178 1.03 4.6�
Polycrystalline 0.0624 245 1.23 4.9�
[111] Single crystal �1 300 1.75 6�
as is the case in low loading amplitudes, to 1, for high loading
amplitudes and near stress concentrators such as the crack tip.
Applying this concept to FCG, Wu et al. presented a model based
on a restricted slip reversal process. Their dislocation based ap-
proach related the FCG rate to the difference between the average
plastic strain ahead of the crack tip during loading and unloading
[30]. Advanced models such as discrete dislocation dynamics [31]
and cohesive zone element [32] have been used to describe FCG,
each containing a representation of slip irreversibility thus aiding
the FCG process.

It has previously been established that single crystal specimens
can shed light onto the fatigue crack growth process without the
presence of complicated microstructural features, such as grain
boundaries. In this study, we contrast FCG in single crystal and
polycrystalline specimens. In the [1 1 1] oriented single crystals,
the cracks grow at an angle, thus making it necessary to decom-
pose the crack growth process into mode I (opening) and mode II
(sliding). The use of DIC allows us to analyze the crack tip opening
profiles, the effects of crack closure, and the role of slip irreversibil-
ities ahead of the crack tip. Each of these phenomena elucidates the
physics of crack advancement through careful considerations of
the dislocation mechanics and strain fields ahead of the crack tip.

2. Experimental details

2.1. Material and fatigue testing

In this study, polycrystalline and [111] oriented single crystal
specimens of 316L stainless steel were used for FCG testing. The
mechanical behavior of these specimens can be found in [33]. A
portion of the material was grown into a single crystal from a seed
using the Bridgman technique in vacuum and its orientation was
verified using electron backscatter diffraction. Single edge-notch
tension specimens were electrical discharge machined with a
notch depth of 0.5 mm, a gage length of 9 mm long, a width of
3 mm, and a thickness reported in Table 1. The notch length is in-
cluded in all reported crack lengths in this study. The specimens
were mechanically polished to a mirror finish using abrasive paper
up to 2400 grit size. A fine layer of black paint was airbrushed onto
each specimen to create a speckle pattern for DIC. An IMI 202FT
digital camera was used to capture images during the fatigue crack
growth experiments with the magnification, resolution, and mea-
surement frequency as shown in Table 1 for each specimen.

The specimens were cyclically loaded in a servo-hydraulic load
frame at the R-ratios and stress ranges given in Table 1 at a rate be-
tween 3 and 10 Hz to initiate a crack at the notch. Images of the fa-
tigue crack growth through the [111] oriented single crystal and
polycrystalline specimens are shown in Fig. 1a–c. Once a crack
was visually identified, measurement cycles were run periodically
to capture a greater number of images per cycle to provide an in-
depth analysis into the fatigue process.

2.2. Digital image correlation procedure

The results obtained from digital image correlation are used as
the basis for each of the analytical techniques in this paper. Since
parameters.

cation Resolution (lm/pix) Measurement frequency (Hz) Images per cycle

0.95 1 15
0.90 1 15
0.78 0.08 188



Fig. 1. Snapshots recorded during the fatigue crack growth experiments of: (a) [111] oriented single crystal specimen at R = 0.05 and Dr = 178 MPa, (b) a polycrystalline
specimen at R = 0.0624 and Dr = 245 MPa, and (c) [111] oriented single crystal specimen at R = �1 and Dr = 300 MPa. Vertical displacement contours of each specimen are
shown using digital image correlation, which are normalized by the maximum displacement measured in each specimen. The images in (d), (e), and (f) correspond to the
specimens and experimental parameters in (a), (b), and (c), respectively. In (d) the arrow points to the location of a carbide particle, which deflected the crack thus influencing
the crack closure at this location.

Fig. 2. (a) An example of the two-subset virtual extensometers on the [111] oriented specimen. Each line across the crack represents a different extensometer. The subsets on
each side of the crack, as pointed out by an arrow, will separate as the crack opens. (b) A schematic showing the displacements measured by the extensometers. (c) Coordinate
system for measuring crack opening and sliding displacement.
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DIC compares the light intensity on the surface of a deformed im-
age to that of a reference image to determine the displacements, a
random array of intensity levels is necessary, typically created
using a speckle pattern. The surface contains numerous pixels of



Fig. 3. Fatigue crack growth results for the polycrystalline and single crystal 316L
SS specimens at room temperature in air with test conditions shown in Table 1. The
Paris law fit is shown for the polycrystalline specimen and the coefficients for the
Paris law fits and threshold stress intensity factor for each specimen are summa-
rized in Table 2.

Table 2
Paris law constants and stress intensity factor threshold from fatigue crack growth
tests of 316L SS.

Crystallography R-ratio DKthres (MPa
p

m) C m

[111] Single crystal 0.05 20 9.96 � 10�13 7.46
Polycrystalline 0.0624 18 3.64 � 10�10 3.43
[111] Single crystal �1 21 7.86 � 10�13 6.45
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the varying light intensity and square groups of pixels, or subsets,
define unique blocks of light intensities. DIC uses an initial guess
and finds the displacements by tracking individual subsets and
determining the best correlation between the two images. A com-
mercially available image correlation program (Vic-2d produced by
Correlated Solutions) performed DIC during the measurement cy-
cles. The first image of each measurement cycle, captured at min-
imum load, was used as the reference image for that cycle
including the full image field, both behind and ahead of the crack
tip. The maximum subset size was 72 lm by 72 lm with a maxi-
mum of 9 lm between the centers of the subsets. At each corre-
lated point, the horizontal (Dx) and vertical (Dy) displacements
were calculated and differentiated to obtain the strains assuming
a small strain approximation. Localized smoothing of the strain
was performed by the built-in filtering function in Vic-2D. Images
of the vertical displacement, Dy, contours are shown for each spec-
imen in Fig. 1d and f. Using DIC, so called two-point virtual extens-
ometers can be defined, which track two subsets, one on each side
of the crack flanks, as shown in Fig. 2a and b. By using the first im-
age in the cycle as the reference image, the load level at which the
crack begins to open is identified. Since the virtual extensometers
require no physical setup, many of these can be placed along the
crack face, as displayed in Fig. 2a, thus allowing for distinctions be-
tween the global and crack tip crack closure. The virtual extensom-
eters must be placed perpendicular to the crack flanks, in order to
get the pure vertical (DUI) and horizontal (DUII) displacements.
Once completed, the advantage of using the virtual extensometers
is the clear distinction between the two types of displacements
without needing to rotate any of the processed data, as shown in
Fig. 2c. This makes it easy to analyze mixed mode fatigue crack
growth. The difference in the vertical crack tip displacements,
DUI = DUI,upper � DUI,lower, describes the mode I crack opening,
and the horizontal crack tip displacements, DUII = DUII,upper �
DUII,lower, describes the mode II crack sliding. The gages are placed
starting at 20 lm in front of the crack tip and extended back be-
hind the crack until the notch was reached, thus allowing for crack
opening displacement profile measurements during loading.

2.3. Transmission electron microscopy procedure

For transmission electron microscopy (TEM) 1 mm thick discs
were sectioned with a low-speed diamond saw parallel to the load-
ing axis from the failed specimens, and then mechanically ground
and polished down to 0.15 mm foil thickness. Large electron trans-
parent areas were obtained in these foils by conventional twin jet
polishing using a solution consisting of 5 pct perchloric acid in eth-
anol at �20 �C and 15 V. The TEM was operated at a nominal volt-
age of 200 kV and a double-tilt specimen holder was employed for
imaging under two-beam conditions.

3. Results

3.1. Fatigue crack growth

Fatigue crack growth tests were performed on a polycrystalline
specimen and two single crystal specimens oriented in the [1 1 1]
crystallographic direction. The crack growth behavior as a function
of the total stress intensity range is given in Fig. 3. The stress inten-
sity factor ranges displayed were determined using:

DK I ¼ Dr
ffiffiffiffiffiffi
pa
p

� f ða=wÞ ð1Þ

DK II ¼ Ds
ffiffiffiffiffiffi
pa
p

� f ða=wÞ ð2Þ

where Dr and Ds are the normal and shear stress ranges on the
crack plane, respectively, a is the crack length, and f(a/w) is the geo-
metric correction factor. The stress intensity factors were measured
in MPa

ffiffiffiffiffi
m
p

. For a single-edge notch tension specimen, the geometric
correction factor is given as [34]:

f ða=wÞ ¼ 0:265ð1� a=wÞ4 þ 0:857þ 0:265ð1� a=wÞ
ð1� a=wÞ3=2 ð3Þ

where a is the crack length and w is the specimen width.
The most general expression for combining the stress intensity

factor ranges to calculate DKtot is given as follows [9].

DKtot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DK2

I þ a � DK2
II

q
ð4Þ

Since the anisotropic case is complex, it requires the use of the
energy release rates, Ii, Eqs. (5) and (6) for mode I and mode II,
respectively [35]. The ratio between these two energy release rates
is used to calculate a, i.e. ða ¼ I1=I2Þ

I1 ¼ �
pK I

2
a22Im

K Iðl1 þ l2Þ þ K II

l1l2

� �
ð5Þ

I2 ¼
pK II

2
a11Im½K IIðl1 þ l2Þ þ K Il1l2� ð6Þ

where aij are the compliance coefficients and l1 and l2 are the roots
found from the characteristic equation for which the imaginary
parts are positive.

a11l4 � 2a16l3 þ ð2a12 þ a66Þl2 � 2a26lþ a22 ¼ 0 ð7Þ

The energy release rate ratio, a, ranged from 2.25 to 3.8 for the
cases included in this study. Once a was determined, the mixed
mode stress intensity factor range, DKtot, was calculated and the
results are plotted in Fig. 3. The data were fit to the Paris law:



Fig. 4. The crack opening displacement profiles of the polycrystalline 316L SS specimen at R = 0.0624 and Dr = 245 MPa: (a) and (c) show the mode I (opening) displacements
at crack lengths of 0.872 mm and 1.021 mm, respectively, while (b) and (d) display the mode II (sliding) displacements at crack lengths of 0.872 mm and 1.021 mm,
respectively.
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da
dN
¼ CðDKtotÞm ¼ CðDK2

I þ a � DK2
IIÞ

m=2 ð8Þ

where the Paris law constants C and m are given in Table 2. The
crack growth rate, da=dN, was measured in mm/cycle. Most of the
points captured during the FCG testing occurred in regime II,
the steady state region, although the values of the threshold stress
intensity factor, DKthres, are also reported in Table 2. The Paris
exponent, m, ranges from 3.43 to 7.46. This is an extremely wide
range of values and makes it difficult to characterize the material’s
fatigue crack growth behavior. Part of the difference in Paris expo-
nent values is due to the comparisons of single crystal and poly-
crystalline specimens; hence, the microstructure and orientation
play a role in the fatigue crack growth rate. Additionally, the scat-
ter observed within each specimen is related to resolution of the
images used for the crack tip identification. Low m value implies
a slip dominated process while high m values point to the presence
of cleavage effects and tensile decohesion [1]. The results show
that the two [111] oriented single crystal specimens (mixed mode
I and II) exhibited much lower threshold stress intensity factor
ranges to propagate cracks compared to the polycrystalline speci-
men (pure mode I).
3.2. Crack closure

Both the horizontal and vertical displacements for each virtual
extensometer were recorded during the entire loading portion of
the fatigue cycle. By using the displacement profiles along the en-
tire crack length, the mode I and mode II opening levels were iden-
tified. Fig. 4 displays the results for the polycrystalline specimen.
Fig. 4a contains the mode I displacements for a crack size of
0.872 mm; the crack begins to open at 17% of the maximum load
starting from the notch; whereas, the crack tip opening becomes
evident at nearly 30% of the maximum load. As the crack advances,
Fig. 4c, the mode I displacements near the notch are more than
twice that of the smaller crack length. The crack tip opens at a va-
lue similar to the shorter crack case. The steep opening starting at
the point 90 lm behind the crack tip is attributed to a small crack
redirection at that location, which affects the crack closure levels.
As expected due to the crack growing perpendicular to the applied
loading and thus experiencing pure mode I conditions, Fig. 4b and
d shows nearly zero mode II displacements. The effect of crack
redirection is evident in Fig. 4d.

The crack opening displacement profiles for the [111] oriented
single crystal loaded at a load ratio R of 0.05 are shown in Fig. 5.
Mixed mode I and II displacements are expected due to the fatigue
crack propagating at an angle. During this fatigue crack growth
experiment, the crack encountered a carbide particle (Fig. 1d), which
affected the crack closure, as observed in Fig. 5a and b. It is seen that
the mode I displacements (Fig. 5a) remain shut until 50 lm behind
the crack tip, and then open between 43% and 56% of the maximum
load. By contrast, the mode II displacements (Fig. 5b) appear to slide
at the crack tip between 18% and 31% of the maximum load. As the
crack extended to a length of 1.622 mm, roughly 0.1 mm away from



Fig. 5. The crack opening displacement profiles of the [111] oriented single crystal 316L SS specimen at R = 0.05 and Dr = 178 MPa: (a), (c), and (e) show the mode I
(opening) displacements at crack lengths of 1.517 mm, 1.622 mm, and 1.940 mm, respectively, while (b), (d), and (f) display the mode II (sliding) displacements at crack
lengths of 1.517 mm, 1.622 mm, and 1.940 mm, respectively.
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the previous crack opening displacement profiles, the effects of the
carbide disappear. As seen in Fig. 5c and d, the crack opens or is fully
slipped between 12% and 25%, which matches the results found
using finite element models [18]. The largest crack length,
1.940 mm, has the largest displacements in both mode I (Fig. 5e)
and mode II (Fig. 5f). The displacements are positive at the crack
tip at higher loads in Fig. 5f, which indicated that the crack flanks slid
past the initial crack tip location.
The other [111] oriented single crystal specimen loaded at a load
ratio R of�1 is observed to have the greatest crack opening displace-
ments, as shown in Fig. 6. Note that the scale is at least twice that of
the previous figures. Examining the first crack length of 1.327 mm,
the maximum crack flank opening displacements in Fig. 6a are ob-
served to be approximately 4 lm, which is significantly more than
the largest crack length of the [111] oriented specimen subjected
to a load ratio R of 0.05. Another interesting observation is that



Fig. 6. The crack opening displacement profiles of the [111] oriented single crystal 316L SS specimen at R = �1 and Dr = 300 MPa: (a) and (c) show the mode I (opening)
displacements at crack lengths of 1.327 mm and 1.733 mm, respectively, while (b) and (d) display the mode II (sliding) displacements at crack lengths of 1.327 mm and
1.733 mm, respectively. Note that the scale in (a) and (c) is twice that of Fig. 4.
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Fig. 6b and d shows that the crack is fully slipped in mode II while
still in compression. For the [111] specimens, at similar crack sizes,
the R = �1 specimen has a crack opening displacement of approxi-
mately 5� the value of the R = 0.05 specimen.
4. Discussion

4.1. Crack opening and sliding

Using the crack opening displacement profiles, the crack closure
phenomena in both mode I and mode II were measured as dis-
cussed in Section 3.2 and summarized in Fig. 7. These measure-
ments allow us to differentiate and quantify the effects of crack
opening (mode I) and sliding (mode II). Their displacements and
measuring techniques are sketched in Fig. 7a. The results for the
polycrystalline sample loaded in mode I (Fig. 7b) and both of the
mode I results for the [111] oriented single crystals (Fig. 7c and
d) indicate that the cracks were closed for approximately 20% of
the tensile loading cycle except in the presence of the carbide par-
ticle. The effects of the carbide are evident in Fig. 7c with the crack
being shut in mode II for the majority of the loading cycle, nearly
60%, after passing the carbide. The results for mode I show that
the carbide had a much smaller effect in this case as there exists
only as small drop in crack opening level. In the polycrystalline
specimen (Fig. 7b), the crack is perpendicular to the applied loaded,
and hence only a single opening mode is observed. In all of the
crack opening plots in Fig. 7, a trend exists such that a larger value
of crack opening displacement is observed with increasing crack
length. This is as expected as a larger crack creates less compliance,
which facilitates crack opening; exceptions to this trend are pres-
ent at the site of the carbide (Fig. 7c).

We note substantial differences in the opening character be-
tween the two [111] oriented single crystal specimens. First, the
mode I opening level is significantly greater in the R = �1 speci-
men. Additionally, the mode II opening levels in the R = �1 speci-
men shows that the crack opened consistently during the
compressive portion of the loading cycle. The major difference in
loading between the two [111] specimens is the compression por-
tion of the fatigue cycle in one of the samples; it was concluded
that loading in compression causes the crack to open earlier in
the loading cycle and to a greater extent in tension, which is due
to the removal of the residual stress at the crack tip during re-
versed plasticity in the R = �1 specimen [4]. This indicates that
cyclic loading with a compressive portion of the fatigue cycle is
more damaging than that of pure tension cycling.

4.2. Crack closure effects on fatigue crack growth

As a consequence of crack closure, the crack opens for only a
portion of the loading cycle, and thus acts as a shielding mecha-
nism for stress, which reduces the effective stress intensity factor
range at the crack tip to

DKeff ¼ Kmax � Kopen ð9Þ



Fig. 7. (a) Schematic depicting crack displacement during mode I (opening) and mode II (sliding) crack growth including the unloaded (baseline) and loaded view of the crack.
The mode I and mode II crack opening and sliding levels as a function of crack length for (b) polycrystalline specimen, which experiences pure mode I opening due to the
horizontal growth of the crack, (c) [111] oriented single crystal specimen at R = 0.05, notice the crack deflection at the carbide particle resulted in an increase in crack sliding,
and (d) [111] oriented single crystal specimen at R = �1.

Fig. 8. Fatigue crack growth results for the polycrystalline and single crystal 316L
SS specimens at room temperature in air with testing conditions summarized in
Table 1. The results shown are for the effective stress intensity factor range by
taking into account the effects of crack closure. The Paris law fit is shown for the
complete set of test results (polycrystalline specimen and two [111] oriented single
crystal specimens). The coefficients for the effective Paris fit and threshold stress
intensity factor for each specimen are displayed in Table 3.
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Therefore, the effective stress intensity factor range, DKeff, only
accounts for the portion of the stress intensity factor above the
crack opening level, Kopen, which is measured using the DIC virtual
extensometers at the crack tip and along the crack.

Since cracks can only grow when they are open, we should ex-
pect a lower effective stress intensity factor range, DKeff (Eq. (9)),
compared to DKtot (Eq. (4)), which is modified thereby reducing
the crack growth rate [15,16] as follows:

da
dN
¼ C 0ðDKeffÞm

0
¼ C 0ðDK2

I;eff þ a � DK2
II;eff Þ

m0=2
: ð10Þ

By modifying for crack closure, the effective fatigue crack growth
results are shown in Fig. 8 and the modified Paris law coefficients,
C0 and m0, are given in Table 3. Notice that the data shift to the left
as the stress intensity factor range is reduced according to Eq. (9).
Table 3
Effective Paris law constants and stress intensity factor threshold from fatigue crack
growth tests by taking into account the role of crack closure in 316L SS.

Crystallography R-ratio DKthres (MPa
p

m) C0 m0

[111] Single crystal 0.05 8 6.37 � 10�09 3.89
Polycrystalline 0.0624 6 1.05 � 10�08 3.32
[111] Single crystal �1 10 3.29 � 10�09 3.65



Fig. 9. Tensile crack tip strain measurements for the polycrystalline specimen at R = 0.0624 and Dr = 245 MPa, taken at a crack length of 1.239 mm. The strain measurements
in (d), (e), and (f) were taken at the three points indicated during the loading cycle in (a), (b), and (c), respectively. The increased contours in (e) and (f) compared to (d)
indicate higher strains.

Fig. 10. Strain differences during selected loading cycles as a function of crack length for the 316L SS fatigue crack growth specimens. (a) Axial strain differences and (b) shear
strain differences between the initial minimum load A and maximum load B. (c) Axial strain differences and (d) shear strain differences between the minimum load at the end
of the loading cycle C and the maximum load B. The smaller magnitudes in (c) and (d) as compared to (a) and (b) confirm irreversibility during the cycle.
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The threshold values are thus smaller as shown in Table 3, and as a
result a smaller crack can start to grow at the same applied stress
range. Also, there is a marked decrease in the m0 value by account-
ing for crack closure. As expected, the fatigue crack growth data
should consolidate to a single line after taking crack closure into ac-
count [6], as shown in Fig. 8. Note that the effective crack growth
exponents, m0, are nearly the same for all three specimens and have
values in the range of 3.32–3.89. Hence, for the [111] oriented sin-
gle crystal specimens, the crack closure phenomenon explains the
discrepancy in fatigue crack growth rates between the loading con-
ditions, i.e. the loading ratio R. Additionally, by accounting for crack
closure, the two single crystal specimens and polycrystalline speci-
men exhibit the same crack growth rate. Thus, we can measure and
isolate the material’s resistance to crack growth in the absence of
crack closure effects on fatigue crack growth. Moreover, with fur-
ther analysis of the slip mechanism within the materials and the
slip irreversibilities that accumulate during fatigue loading, we
can better understand the physics of crack propagation.

4.3. Slip mode and irreversibilities

As previously stated, the mechanism for FCG is a series of slip
processes, where dislocations are emitted from the crack tip dur-
Fig. 11. TEM images of the [111] oriented single crystal specimen showing (a) dislocatio
specimen. (c) Schematic of dislocation emission from the crack tip on two slip systems du
present dislocations resulting in (e) cutting of the dislocations and the formation of kin
ing loading and not fully reversed during unloading. The differ-
ence in the average shear strain in the plastic zone ahead of
the crack tip during forward and reverse loading is related to
the fatigue crack growth rate [30]. Thus, it is important to quan-
tify this concept of slip irreversibility as it relates to the FCG
mechanism. In order to gain a quantitative understanding of slip
irreversibilities on the mesoscopic scale, we measured strains
within the plastic zone ahead of the crack tip during the cyclic
loading.

We use DIC to measure the strains within the vicinity of the
crack tip at various points in the loading cycle: the minimum load
at the beginning of the cycle (Fig. 9a), the maximum load (Fig. 9b),
and the minimum load at the end of the cycle (Fig. 9c). The corre-
sponding strain fields are shown in Fig. 9d–f. The strain is mea-
sured and averaged within the cyclic plastic zone radius ahead of
the crack tip at the minimum load prior to the loading cycle (point
A), at the maximum load (point B), and at the minimum load after
the completion of the current loading cycle (point C) for each of the
three test specimens. The cyclic plastic zone is theoretically one
quarter of the monotonic plastic zone size due to reversed loading
for an R = 0 loading without closure effects [21,36]. The strains
were averaged inside this relatively small cyclic plastic zone, which
was around the crack tip, to account for the slight strain gradient.
ns present on two slip systems and (b) a network of dislocations formed within the
ring fatigue loading. (d) The motion of a dislocation on one slip system interacts with
ks/jogs.
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The DeBA value indicates the strain accumulation during the for-
ward loading, which is shown in Fig. 10a for mode I opening (axial
strain), and Fig. 10b for mode II (shear strain). The difference be-
tween DeBA and DeBC quantifies the irreversible strain during the
complete (forward and reverse) loading cycle as shown in
Fig. 10c (axial) and d (shear).

The inequality between the strain differences in the loading,
DeBA, and unloading portions, DeBC, of the fatigue cycle revealed
unrecovered strains, DeCA,ir, and thus irreversibility. The [111]
oriented single crystal specimen at R = �1 exhibited the greatest
quantity of irreversibility, DeCA,ir, in both the axial and shear
strain cases, and moreover, this specimen contained the largest
amount of crack opening displacement and underwent displace-
ment in the compression region of loading. These findings sug-
gest a tremendous amount of plasticity occurring at and ahead
of the crack tip, thereby promoting a large degree of slip irrever-
sibilities. For each specimen, the slip irreversibility increases
with increasing crack size, i.e. higher stress intensity ranges,
which is in agreement with Mughrabi’s quantification [29].

We are able to quantify the amount of forward and reverse
slip ahead of the crack tip, which provides us information about
the crack tip dislocation mechanics and physics of crack propa-
gation. To further explain the dislocation behavior of the mate-
rial in the vicinity of the crack tip, we employ TEM analysis.
TEM images of the dislocation arrangements in the [1 1 1] ori-
ented single crystal specimen captured near the propagated
crack. As we can see in Fig. 11a, dislocations are present on
two activated slip systems. Furthermore, from the two slip sys-
tems, a network of dislocations forms (Fig. 11b). Typically, dur-
ing fatigue loading, dislocations are emitted on at least one
system during loading and another system during reverse load-
ing [1–3], as shown schematically in Fig. 11c. Hence, it is ex-
pected to observe dislocations residing on two active slip
systems near the crack, as shown in Fig. 11a and schematically
in Fig. 11d. The result of the activation of two slip systems is
dislocation-to-dislocation interaction. An emitted dislocation on
a given slip plane reacts with the existing dislocations on a dif-
ferent slip plane, thereby cutting the dislocations (Fig. 11e). The
results of these interactions are jogs and kinks (depending on
the character of the dislocations [37]), exemplified by the dislo-
cation arrangement in Fig. 11b. The compression loading within
the [111] oriented single crystal specimen loaded at R = �1 aug-
ments the backward motion of the dislocations, thus enhancing
dislocation-to-dislocation interactions and increasing the number
of jogs and kinks. The greater number of jogs and kinks thereby
increases entanglement of the dislocation network and the
amount of slip irreversibilities, as seen in Fig. 10 for the [111]
oriented single crystal specimen fatigued at R = �1. Our interpre-
tation of the dislocations role in slip irreversibilities further elu-
cidates the physics of crack advancement.

Finally, we note that the stress–strain response ahead of the
crack tip plays an important role in the fatigue crack growth rate
[38]. Our K calculations are based on the displacement measure-
ments encompassing the entire crack tip domain and reflect the
deformation behavior ahead of the crack tip. We also recognize
that the crack tip stresses are altered by the closure effects, and
the external load levels may need to be increased beyond the open-
ing stress level to render the crack tip tensile. This needs to be ad-
dressed in future research.
5. Conclusions

This work has outlined considerable progress in the analysis of
fatigue crack growth. The major contributions are as follows:
� As demonstrated for [111] oriented single crystals and poly-
crystalline 316L stainless steel specimens, digital image correla-
tion allows for precise measurements of the displacement and
strain fields during fatigue crack growth.
� The use of the virtual extensometers allows for differentiation

of mode I versus mode II crack growth, as mixed mode crack
propagation is evident in the [111] oriented single crystals
since the cracks grew inclined with respect to the load axis.
� The mode I crack opening displacement profiles suggest that the

cracks are closed for approximately 20% of the tensile loading
cycle. Further, when a compressive load is applied, the mode
II cracks open earlier within the loading cycle and both modes
experience a greater crack tip displacement.
� After accounting for crack closure, the crack growth rates for the

[111] oriented single crystal (of various loading ratios) and
polycrystalline specimens consolidate into a single fatigue crack
growth curve. Thus, plasticity-induced crack closure plays a
critical role in the crack propagation mechanism in this
material.
� Slip irreversibilities are quantified in the plastic zone ahead of

the crack tip. The [111] oriented single crystal specimen at
R = �1 displayed the greatest value of irreversible slip. This sug-
gests that reversal of dislocations during compressive loading
intensified dislocation interactions resulting in jogs and kinks.
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