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Abstract

A growing fatigue crack gives rise to a plastically deformed wake of material

that envelops the crack. In this work, the plastic wake extent during fatigue

crack growth is experimentally quantified by analyzing the crack tip displace-

ment fields measured with digital image correlation. A novel technique based

on use of a yield criterion is proposed that uses the undamaged state of the

specimen as the reference state in the image processing. The plastic wake was

identified by differentiation of the residual displacement fields obtained with a

near-zero load level to avoid any rigid body motion. The plastic wake extent

was then found by assuming that the boundary between the elastic and plastic

regions would occur when the equivalent stress was higher than the yield

stress of the material. The results presented can contribute to a better under-

standing of the mechanisms driving fatigue crack propagation.
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1 | INTRODUCTION

During fatigue crack growth under constant amplitude
loading, a cyclic plastic zone is generated at the crack tip
and a region of residual tensile deformation is left along
the crack surfaces as the crack propagates. This plasti-
cally deformed region, known as the plastic wake, shields
the crack from the full influence of the elastic stress field
that drives fatigue crack growth and induces a reduction
in crack opening displacement. These effects give rise to
premature contact occurring between the crack flanks
during unloading.1 This premature contact mechanism is

known as plasticity-induced crack closure. It was first
observed by Elber in early 1970s2,3 and is a direct conse-
quence of the plastic wake generated during fatigue crack
growth. Experiments by Elber demonstrated that crack
propagation rates are influenced not only by the
conditions ahead of the crack tip but also by the nature
(magnitude and position) of the contact between the
crack flanks behind the tip.

Subsequent research showed that there are other
mechanisms that can lead to premature contact between
the crack surfaces: These include roughness-induced
crack closure,4–6 oxide-induced crack closure,7,8 viscous
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fluid-induced crack closure,9 and phase transformation-
induced crack closure.10 Nonetheless, plasticity-induced
crack closure is the most widespread and extensively
investigated fatigue crack shielding mechanism. More
recent work has proposed that plastic shielding of the
crack tip includes influences from a compatibility-
induced interfacial shear stress at the elastic–plastic
boundary and the effect of crack flank contact.11 The
plastic deformation attendant on fatigue crack propaga-
tion generates a residual stress field whose components
depend on the applied load history,12 and this residual
stress field also varies with load amplitude. Quantifying
the residual stresses generated by a fatigue crack could
therefore shed light on the relative contribution from
parameters that influence fatigue crack propagation, such
as the crack shielding effect, the applied load history or
the stress ratio, among others. However, the study of the
influence and effects of residual stresses in the plastic
enclave that surrounds a fatigue crack is clearly a
complex problem. This difficulty associated with
experimental characterization of the plastic wake is dem-
onstrated by the fact that, to the authors' knowledge,
there is virtually no reported work on the topic. Doubts
remain regarding how best to estimate the residual
stresses left around a fatigue crack.

The effect of the residual stresses on fatigue crack
propagation and their relaxation during fatigue cycling
has, however, been investigated by a number of authors
through analytical evaluation13–15 and numerical
studies.16–18 These works concluded that residual stresses
have a significant effect on fatigue crack propagation
behavior and that aspects such as the applied load history
and the stress ratio have a significant influence on the
residual stress field. Therefore, a detailed description of
the residual stress field must include any wake contact
stresses and those generated by compatibility require-
ments at the boundary between the elastic and plastic
regions in the specimen. These arise because Poisson's
ratio is different in the two regions, as plastic deforma-
tion is a constant volume process. Such an approach is
clearly more complex than simply considering a detailed
description of the cyclic plastic deformation in front of
the crack tip, which is, in itself, very difficult.12

There are various methods or techniques that can be
used to measure residual stresses.19 They are commonly
grouped as destructive, semidestructive and nondestruc-
tive techniques. The most usual destructive and
semidestructive techniques are incremental hole dril-
ling20 and the ring core technique.21 Among the nonde-
structive methods, some of the most useful 3D
techniques are synchrotron X-ray diffraction (XRD),22–24

neutron diffraction,25,26 and the ultrasonic methods.
Although some work has been published that has used

synchrotron diffraction to measure crack tip residual
stress fields and explore the possibility of crack wake
contact,24,27,28 insufficient beam time is generally avail-
able in such experiments to quantify, in the required
detail, the residual stress field or plasticity-induced wake
contact. Nonetheless, a significant body of work has been
published that used X-ray and neutron diffraction to
identify crack tip deformation fields and residual stresses.
Examples include the work by Korsunsky et al.29 who
presented an overview of experimental and modeling
studies of fatigue crack growth rates in Ti-6Al-4V alloy,
Coules et al.30 who used neutron diffraction to obtain
full-field strain measurements and linked this with finite
element analysis to demonstrate that the effect of residual
stresses on the crack growth resistance curve in
7475-T751 alloy could be understood using elastic–plastic
fracture mechanics, and Salvati et al.31 who studied the
changes in fatigue crack propagation following a single
compressive underload using synchrotron XRD and
digital image correlation (DIC). Besides the above tech-
niques, other localized techniques capable to evaluate
residual stress are high-resolution electron back scatter
diffraction (HR-EBSD), focused ion beam–DIC (FIB-
DIC),32 or nanoscale-focused synchroton XRD.33

Nowadays, DIC is a well-established optical technique
used in research on fracture mechanics and fatigue crack
propagation. It allows crack tip displacement fields to be
measured with high resolution and accuracy.34 DIC has
been previously used successfully by some authors of the
current work in such areas as the estimation of stress
intensity factors (SIFs),35 evaluation of fatigue crack
shielding and the effect of overloads on fatigue crack
growth,36,37 characterization of the fatigue crack growth
rates,38 quantification of the size and shape of crack tip
plastic zone,39 or measurement of crack tip opening dis-
placement (CTOD) as a characterizing parameter for
fatigue crack propagation.40

In the present work, DIC was applied to measuring
residual displacement fields for fatigue cracks subject to
constant amplitude loading in order to quantify the plas-
tic wake left behind the crack tip. Residual displacements
were measured using a novel method that considered the
undamaged state of the specimen as the reference state in
the image processing. To the author's knowledge, this is
the first time that DIC has been used in this way to
obtain the residual displacement fields in a fracture prob-
lem. The undamaged state image is then correlated with
other images acquired at a load level close to zero, for
various crack length values. This avoids including any
extraneous rigid body motion in the analysis. In addition,
the use of the undamaged state of the specimen allows
identification of the accumulated damage during fatigue
crack propagation. The effects of the applied load history
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or load changes during fatigue cycling on fatigue crack
growth rates can be deduced from the analysis of the
residual displacement fields, which can potentially con-
tribute to an improved understanding of the mechanisms
driving fatigue crack propagation.

The technique for identifying the plastic wake applies
a yield criterion to the stress fields that are obtained from
the strain fields estimated by differentiating the residual
displacement fields measured via DIC. The plastic wake
extent is identified as that region where the equivalent
stress is higher than the yield stress of the material.

2 | EXPERIMENTAL WORK

Two compact tension (CT) specimens (Figure 1A) were
manufactured from a sheet of commercially pure Grade
2 titanium with a thickness of 1 mm and tested under
constant amplitude fatigue with a maximum load of
750 N at stress ratio values of 0.1 and 0.6. The equivalent
values of SIF at maximum load are 19 and 47 MPa�m1/2,
corresponding with crack lengths of 3 and 9.5 mm,
respectively. These crack lengths represent the notch and
the longest crack studied, where SIF values are
approaching the fracture toughness of the material. The
chemical composition for Grade 2 titanium is given in
Table 1, and the tensile data are provided in Table 2.

Both sides of the two specimens were prepared so as
to allow simultaneous measurements of the displacement
fields by DIC on one side and crack length on the other.
The side used for DIC was sprayed with a random black
speckle pattern over a white background (Figure 1B),
while the other side of the specimens was ground and
polished to allow tracking of the crack tip position with a
macrozoom lens (MLH-10X EO).

An Instron Electropuls E3000 electrodynamic
machine was used for fatigue testing at a frequency of
10 Hz. A CCD camera, fitted with a macrozoom lens

similar to the one used to track crack tip position, gave
increased spatial resolution in the region surrounding the
crack tip and was positioned perpendicularly to the side
of the specimens. Fatigue cycling was periodically paused
to allow data acquisition at different crack lengths and to
obtain an image at near-zero loads.

The CCD camera used to view the speckled surface
was set up to give a field of view of 17.3 � 13 mm
(a resolution of 13.7 μm/pixel) with the crack path
located at the center of the image. A fiber optic ring light
was placed around the zoom lens to illuminate the speci-
men surface and in this way capture higher quality
images.

3 | EXPERIMENTAL
QUANTIFICATION OF PLASTIC
WAKE

As noted above, the technique presented in this work is
based on applying a yield criterion to the residual dis-
placement data that fatigue crack growth leaves in its
wake. Although 2D-DIC was used in this work, any tech-
nique that allows displacement fields to be obtained
would be applicable. The sequential procedure is
described in the following paragraphs.

In the first step, the residual displacement fields that
remain around the crack tip at near-zero load are mea-
sured, and these incorporate effects of both the applied
loads and those induced by plasticity as a consequence of
crack propagation. Measuring the displacement fields at
a near-zero load level avoids incorporating into the sub-
sequent analysis any rigid body motion that might have
arisen during the loading half cycle. In this work, 10 N
was the load level used to define the unloaded state of
the specimen since it was the lowest load that could be
reliably applied with the load cell on the testing machine
and represents only 1.3% of the maximum load in the

FIGURE 1 (A) Dimensions

of the CT specimens (mm).

(B) Illustration of the speckle

pattern sprayed onto the

specimen surface for making

DIC measurements
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fatigue cycle. A particularly innovative aspect of this
work is that residual displacement fields at each crack
length were obtained by comparison with the unloaded
state that was analyzed using the undamaged state of the
specimen as a reference. Figure 2 shows an example of
the horizontal and vertical residual displacement maps
obtained with a crack 9.2 mm long tested at R = 0.6.

In the second step, the strain fields at the crack tip
are determined by differentiation of the residual displace-
ment fields using the Green–Lagrange strain tensor
(pages 88–91 of Mechanics of Solids book41) because it
considers second-order terms and is hence more accurate
than expressions that use only first-order terms. This
strain tensor is given as follows:
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Therefore, the Green–Lagrange tensor includes the
linear infinitesimal tensor for small strains (first term in
Equation 1) and the nonlinear terms for large strains
(second term in Equation 2).

Once the residual strains have been obtained, the
residual stress fields can be calculated using Hooke's law:

σxx ¼ E
1�ν2

εxx þνεyy
� �

,

σyy ¼ E
1�ν2

εyyþνεxx
� �

,

σxy ¼ 2Gεxy,

ð2Þ

where G = E/2(1 + ν) is the shear modulus and E and ν
are the Young's modulus and the Poisson's ratio of the
material, respectively.

The equivalent stress is then calculated by applying a
suitable yield criterion. In this work, the von Mises

criterion was used as it has been shown to be the most
appropriate for a ductile material.42,43 A first-order esti-
mate of the size and shape of the plastic wake can then
be obtained by connecting all points where the yield cri-
terion is met, that is, where the equivalent stress is higher
than the yield stress of the material. Figure 3A shows this
region in a binary black–white image, and this identifies
the monotonic plastic wake generated during fatigue
propagation that surrounds the crack. A greater than or
equal operator (>=) was used to convert the equivalent
stress map analyzed to a binary black and white format.

TABLE 1 Chemical composition

for commercially pure titanium grade 2
Element (wt%) N C H Fe O Ti

Requirement ≤0.05 ≤0.08 ≤0.015 <0.20 ≤0.20 Balance

Result <0.01 0.01 0.002 0.10 0.12 Balance

TABLE 2 Measured mechanical

properties
Parameter E (GPa) UTS (MPa) σys (MPa) εf (%) ν

Value 105 448 390 20 0.33

FIGURE 2 Residual displacement maps for a specimen tested

at R = 0.6 and a crack length of 9.2 mm. (A) Horizontal and

(B) vertical [Colour figure can be viewed at wileyonlinelibrary.com]
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Thus, the yield stress of the material was used to the right
operand to return true if the equivalent stress was greater
or equal to the yield stress and false otherwise.

The current work considers the area of the plastic
wake as a variable that contains useful information on
crack growth, and the method clearly provides an effi-
cient and powerful way for making quantitative measure-
ments of the monotonic plastic wake region. Once this
region has been identified, its area can be calculated
using the function “bwarea,” implemented in Matlab®.
This function is used to estimate the area of objects in a
black–white binary image. To use this function, the
equivalent stress map analyzed must be converted to a
binary black–white format before the area of the plastic
wake can be estimated. Figure 3B shows the plastic wake
region isolated from the rest of the map and on a
completely black background to assist in estimation of its
area. The area of the plastic wake in this case of a
9.2-mm-long crack grown at R = 0.6 is obtained as
13.51 mm2.

4 | EXPERIMENTAL RESULTS

The procedure described above was applied to all the data
for the various crack lengths analyzed, and this allowed
the evolution of the plastic wake to be followed as the
crack grew. Figure 4 shows a plot of crack length as a
function of the number of cycles for the two specimens
tested at stress ratio values of 0.1 and 0.6. In addition,
Table 3 details the specific values of number of cycles
and the crack length in both cases. Figure 5 shows plastic
wake data corresponding to three different crack lengths
for each of the two specimens. The figure shows data for
crack lengths of 4.8, 6.9, and 9.4 mm for the specimen
tested at R = 0.1 and 4.7, 6.9, and 9.2 mm for the speci-
men tested at R = 0.6. The area of the plastic wake
obtained in each case is also given.

The plastic wake outline contour can also be found
and plotted in a single figure to show the evolution of the
plastic wake during fatigue crack propagation as shown
in Figure 6. The contours shown for the specimen tested
at R = 0.1 correspond to those cases of Table 3 between
Datapoints 1 (5000 cycles, 3.5 mm crack) and
23 (13,500 cycles, 9.4 mm crack), while for the specimen
tested at R = 0.6, the contours correspond to the cases
between Datapoints 5 (25,000 cycles, 3.4 mm) and
25 (74,000 cycles, 9.2 mm crack). A gradual increase of
the plastic wake is observed as the crack propagates that
agrees with the gradual development of plasticity and,
consequently, the residual stresses, in a growing fatigue
crack at constant amplitude loading cycle. These results
demonstrate that the plastic wake can be identified and

calculated from the analysis of the residual displacement
fields generated during fatigue crack growth using DIC.
From a direct observation of the contours, it is difficult to
establish any differences among them. For this reason,
trying to find a possible effect of the stress ratio, the qual-
itative comparison in Figure 6 can be extended to provide
quantitative data through estimating the area of the plas-
tic wake. Figure 7 shows the variation in the plastic wake
area with crack length, normalized by the specimen
width, for both stress ratios. The trend in the data can be
fitted with a quadratic polynomial (fit coefficient of 0.997
in the case of the specimen tested at R = 0.1 and 0.999
for the specimen tested at R = 0.6), giving the following
expressions that relate the plastic wake area with the nor-
malized crack length (a/W):

R¼ 0:1 : A¼ 117:05
a
W

� �2
�35:73

a
W

þ3:1903: ð3Þ

FIGURE 3 Illustrations showing (A) the equivalent stress map

for the region where its value exceeds the yield stress for a crack

9.2 mm long tested at R = 0.6; (B) the extent of the plastic wake

isolated from the rest of the stress map to assist in quantifying

its area
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R¼ 0:6 : A¼ 110:84
a
W

� �2
�25:108

a
W

þ1:301: ð4Þ

To the knowledge of the authors, no similar mathe-
matical fitting for other parameters used in quantifying
damage based on crack tip plasticity have been published
in the literature. There was little difference between the
plastic wake area at either stress ratio for normalized
crack lengths below 0.25. This is perhaps not surprising,
as the maximum stress was the same in both tests and
the influence of the stress ratio would be minimized
when the plastic wake area is smaller at the shorter crack
lengths. A divergence in the data occurs above a/W
approximately ≥0.30. This is likely to reflect both the

FIGURE 4 Crack length as a function of number of cycles for

both specimens tested at stress ratios of 0.1 and 0.6

TABLE 3 Data of number of cycles and crack lengths for both tests

R = 0.6 R = 0.1

Data N (cycles) a (mm) Data N (cycles) a (mm)

0 0 3.0 0 0 3.0

1 5000 3.0 1 5000 3.5

2 10,000 3.0 2 7000 4.2

3 15,000 3.1 3 7400 4.4

4 20,000 3.2 4 7800 4.6

5 25,000 3.4 5 8200 4.8

6 30,000 3.6 6 8600 5.0

7 35,000 3.8 7 9000 5.2

8 40,000 4.1 8 9400 5.5

9 44,000 4.4 9 9800 5.7

10 48,000 4.7 10 10,200 5.9

11 52,000 5.1 11 10,600 6.2

12 55,500 5.4 12 11,000 6.5

13 58,500 5.8 13 11,400 6.9

14 61,000 6.1 14 11,700 7.1

15 63,000 6.4 15 11,900 7.3

16 64,500 6.7 16 12,100 7.5

17 66,000 6.9 17 12,300 7.8

18 67,500 7.3 18 12,500 8.0

19 69,000 7.6 19 12,700 8.2

20 70,000 7.9 20 12,900 8.5

21 71,000 8.1 21 13,100 8.7

22 72,000 8.5 22 13,300 9.0

23 72,750 8.7 23 13,500 9.4

24 73,500 9.0

25 74,000 9.2
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increased amount of reversed plasticity that will occur at
R = 0.1 during the unloading half cycles and the higher
mean stress in cycling at R = 0.6 that increases the
ratcheting strain with continued cycling. This can be
interpreted as leading to a smaller compressive residual
stress zone in the specimen tested at R = 0.6 a higher
residual tensile stress field along the crack path than
would be the case for the specimen tested at low R ratio.
Hence, the larger compressive residual stress region in
the case of the specimen tested at R = 0.1 would cause a
greater retardation effect on fatigue crack growth than
for a specimen tested at R ratio of 0.6, that is, a greater
level of plasticity-induced crack tip shielding. This behav-
ior was reported in a previous work39 where a retardation
effect on fatigue propagation was observed in the case of
the specimen tested at low R ratio but was not seen for a
specimen tested at R = 0.6.

Figure 8 compares the trends in the maximum values
of the residual vertical displacements (v) as a function of
normalized crack length (a/W). It is observed that the
values are higher in the test at R = 0.6 for a/W ≥ 0.3.
Thereafter, the divergence gradually increases in the
results obtained at the two stress ratios. This behavior,
observed in Figure 8, links well with that observed in the

curves for plastic wake area given in Figure 7, and with
the development of higher residual tensile stresses in the
case of the specimen tested at the higher R ratio.

The experimental method for obtaining crack wake
area, as outlined in this paper, has been based on the uni-
axial tensile yield stress and could be further refined
through use of the cyclic stress–strain curve since the
plastic wake is the region plastically deformed left as a
fatigue crack propagates. However, it is important to note
that all discussion of results and conclusions drawn, espe-
cially on the comparison between the two stress ratios
analyzed, would not be affected.

These results support the conclusions drawn by other
authors16,18,44,45 that residual stresses can significantly
affect fatigue crack propagation behavior. It seems likely
that studying the residual displacement fields could shed
additional light on some of the effects of applied load his-
tory, or changes in the load amplitude, on fatigue crack
growth rate. Further insights could also be gained on the
crack wake contact phenomenon since it is, at least in
part, a direct consequence of the plastic deformation left
in the wake of a propagating crack.2 Therefore, although
the study of the residual displacement fields could con-
tribute to a better understanding on the contact

FIGURE 5 Extent of the plastic wake. Left column: data for R = 0.1 with crack lengths of (A) 4.8, (B) 6.9, and (C) 9.4 mm long. Right

column: data for R = 0.6 with crack lengths (D) 4.7, (E) 6.9, and (F) 9.2 mm long
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phenomenon between the crack flanks, further work
must be performed on how the fields can be related with
the shielding effect during fatigue crack propagation.

Thus, future work might explore the relationship
between the plastic wake left by a growing fatigue crack
and the shielding effect by using the SIFs calculated from
the analysis of the residual displacement fields. In this
respect, the CJP model can be useful in characterizing
crack tip displacement fields due to its demonstrated abil-
ity to incorporate the shielding effects of the plastic
enclave on a growing fatigue crack.11 The discussions
and conclusions drawn in this work can be extended
through such additional work on investigating how the
influences of shielding can be linked with the plastic
wake left by a propagating fatigue crack. In addition, it is
believed that the proposed methodology could be used to
explore the effect of an overload on a growing fatigue
crack, because the overload effect would be reflected in
the residual displacement fields. Much work has been
published dealing with overloads. Simpson et al.46 pro-
vide a useful starting point on the topic.

5 | CONCLUSIONS

In this paper, a DIC-based method has been outlined that
allows experimental determination of the plastic wake
region that is generated by a growing fatigue crack. The
area of the plastic wake has been used as a quantifying
parameter for residual displacements in the wake. The
experimental method was applied on two CT titanium
specimens, fatigued at stress ratios of 0.1 and 0.6. For
both specimens, a quadratic relationship between the
plastic wake area and the normalized crack length a/W
was obtained. The plastic wake region was found by dif-
ferentiating the residual displacement fields obtained for
a near-zero load level so as to avoid any rigid body
motion that might occur during loading. In this work,

FIGURE 6 Development of the plastic wake as the crack

grows for (A) R = 0.1 and (B) R = 0.6. The plastic wake contours

shown, according to the data detailed in Table 3, are the following.

R = 0.1: from Datapoint 1 (5000 cycles, 3.5 mm crack) until

Datapoint 23 (13,500 cycles, 9.4 mm crack); R = 0.6: from

Datapoint 5 (25,000, 3.4 mm crack) until Datapoint 25 (74,000,

9.2 mm crack)

FIGURE 7 Evolution of the plastic wake area as a function of

the normalized crack length for stress ratio values of 0.1 and 0.6

FIGURE 8 Maximum values of residual vertical displacements

as a function of the normalized crack length for stress ratio values

of 0.1 and 0.6
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10 N was used as the reference load that defined the
unloaded state of the specimen; this represents 1.3% of
the maximum applied load. A particularly innovative
aspect of the work is the use of the undamaged state of
the specimen as the reference for image processing.
Applying the von Mises yield criterion then gives the
plastic wake area as that region where the equivalent
stress is higher than the yield stress of the material. Stress
fields were then determined from the strain fields via
Hooke's law.

This work has demonstrated that is experimentally
possible to measure the residual displacement fields using
DIC by taking the undamaged specimen state as the ref-
erence image and correlating this field with that obtained
for the unloaded state at any particular crack length dur-
ing fatigue crack propagation. This opens up the possibil-
ity that the influence of prior history or changes in load
amplitude can be investigated from an analysis of the
residual displacement field. The technique outlined in
this paper therefore offers strong potential to contribute
to a better understanding of the mechanisms driving
fatigue crack growth and plasticity-induced shielding.
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