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Abstract

In this work, the boundaries of small-scale yielding (SSY) and large-scale yield-

ing (LSY) have been experimentally evaluated from the analysis of crack tip

opening displacement (CTOD) measured by digital image correlation (DIC).

According to a previous numerical work, the ratio between the elastic CTOD

range and the total CTOD range (Δδe/Δδt) defines the boundaries of SSY con-

ditions and LSY. Three materials have been studied, commercially pure tita-

nium and 2024-T3 and 7050-T6 aluminum alloys, tested at different stress ratio

values. SSY conditions are shown to dominate when Δδe/Δδt ≥ 79% and ≥78%
for titanium and the two aluminum alloys, respectively. In addition, LSY can

be established when Δδe/Δδt ≤ 66.3% and ≤67.2% for titanium and for 2024-T3

and 7050-T6 aluminum alloys, respectively. Transition or LSY conditions are

more probable in fatigue tests conducted at low R ratio and for crack lengths

above 40% with respect to the width of the specimen.
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1 | INTRODUCTION

The stress intensity factor, K, quantifies the strength of
stress and strain singularity at a crack tip, in linear elastic
materials. Its range, ΔK, has been widely used to study
fatigue crack growth since Paris–Erdogan law.1 The
inability to explain the R effect and the odd results
observed for short cracks or variable amplitude
loading forced the appearance of crack closure concept.2

This approach assumes that the crack driving force
is the effective stress intensity factor range:
ΔKeff = Kmax � Kopen, being Kmax and Kopen the maxi-
mum and the crack opening stress intensity factors,

respectively. A significant number of models was subse-
quently proposed including other parameters, namely,
fatigue threshold, fracture toughness,3,4 Young's modu-
lus, yield stress,5,6 and hardening exponent.7 After 1993,
different authors proposed alternative concepts based on
ΔK and Kmax, instead of ΔKeff, namely, Vasudevan et al.8

(Unified approach), Kujawski,9 and Noroozi et al.10

(UniGrow approach). Christopher et al.11 proposed a
novel mathematical model of the stresses around the tip
of a fatigue crack (CJP model), which considers the
effects of wake contact and compatibility-induced stresses
at the elastic–plastic boundary on the surrounding elastic
field. The effective stress field is characterized by: an
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opening mode stress intensity factor KF that drives crack
growth, a retarding stress intensity factor, KR and the T
stress.

All previous models retain the concept of dominance
of a stress intensity parameter in the near crack tip region
and assume that linear elastic fracture mechanics
(LEFM) applies, that is, that the concept of similitude
will hold true. The dominance of K-based approaches in
fatigue studies in the last six decades may be explained
by the advantages of their use, namely: (i) There are
international standards (ASTM E64712; ISO 1210813),
which present K solutions for the compact tension
(CT) and MT specimens usually used in the experimental
tests. (ii) The researchers devoted to experimental analy-
sis can develop an independent work, without the need
of a parallel numerical analysis. The basic experimental
equipment includes a testing machine with adequate
grips, and an optical microscope to measure the crack
length. (iii) The major part of fatigue crack growth (FCG)
studies have been developed using da/dN-ΔK curves;
therefore, there are many results in literature for compar-
ison. (iv) K solutions are available in literature for differ-
ent cracked geometries.14–16 Additionally, the numerical
determination of K is relatively simple using commercial
FEM software. (v) The K-based models include the effects
of all crack tip damage mechanisms, like oxidation, cyclic
plastic deformation, or coalescence of microvoids. The
complexity of the FCG phenomenon is therefore greatly
simplified, although this entails a loss of knowledge
about what goes on at the crack tip.

However, plastic deformation is usually observed at
the crack tip in metallic materials, which affects crack tip
fields. If this plastic deformation is very high, the validity
of ΔK parameter is questionable. A boundary for small-
scale yielding (SSY) regime must be defined to apply ΔK
with confidence. The ASTM E647-15 standard12 states
that for results of K calculation to be valid, the dimen-
sions of CT and MT specimens should meet the following
criteria, respectively:

W �að Þ≥ 4
π

Kmax

Y 0

� �2

ð1Þ

W �2að Þ≥ 1:25
Fmax

tY 0

� �2

ð2Þ

where Kmax is the maximum stress intensity factor, Fmax

is the maximum force, W is the width of specimen, t is
the thickness of specimen, a is the crack length and Y0 is
the yield stress of the material. This criterion indicates
that the non-cracked ligament of the specimen must
be relatively large, in order to give space for the

K dominated region. Alternatively, the definition of SSY
regime have been defined comparing the plastic zone size
with crack length (rp < <a).17 However, most of the
times the validity of SSY regime is not checked.

The experimental and numerical tools have evolved
in such a way that it is now possible to look directly to
the crack tip, where fatigue crack growh (FCG) really
happens. This permits a jump to a new level of under-
standing of FCG. In previous work of the authors,18 the
elastic and total crack tip opening displacement (CTOD)
ranges, Δδe and Δδp, respectively, predicted numerically
at a small distance behind crack tip (8 μm), were used to
define a new parameter:

%Δδe ¼Δδe
Δδt

�100 ð3Þ

Figure 1 is a schematic representation of a CTOD curve,
showing the elastic and plastic CTOD ranges.19 The total
CTOD, Δδt, is the sum of elastic and plastic components.

The lower boundary of SSY regime was proposed to
be %Δδe equal to 75%, and the upper boundary of LSY
was proposed to exist for %Δδe equal to 60%.18 In fact, the
CTOD is able to feel crack tip phenomena; therefore, is
ideal to understand the extension of crack tip plastic
deformation. This concept was applied to notched sam-
ples and it was found that a significant number of cases
studied fall outside the SSY regime.20 Escalero et al.21

followed a similar approach, using the J integral. The
boundary of SSY was defined by the separation of two J-
integral curves obtained for elastic and elastic–plastic

FIGURE 1 Schematic representation of crack tip opening

displacement (CTOD) versus load curve
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material models. An arbitrary criterion of a difference of
2% was considered.

Digital image correlation (DIC) is now being widely
used in experimental studies of FCG. The analysis of SSY
boundary using DIC is very interesting, avoiding the need
of complementary numerical studies. However, the
approach proposed by Marques et al.,18 based on COTD,
was defined for a measurement point at a distance of
8 μm behind crack tip. The digital extensometers defined
in DIC studies can only be placed at larger distances
behind crack tip; therefore, the limits for the SSY and
LSY boundaries must be redefined. Therefore, a numeri-
cal approach will be followed here to define an evolution
of the criterion proposed by Marques et al.,18 in order to
include the effect of the position of the measuring point
relatively to the crack tip. The criterion will be subse-
quently applied to DIC results obtained in titanium and
aluminum alloys.

2 | NUMERICAL ANALYSIS

2.1 | Numerical model

Standard compact C(T) specimens were used in this
work, as illustrated in Figure 2A. The specimen is sym-
metrical in both the vertical and horizontal planes, and
therefore, only 1/4 of the specimen has to be simulated
using appropriate boundary conditions (Figure 2B). A

small specimen thickness was used (t = 0.1 mm) to give
a plane stress state. The application of the load is made
vertically at the hole, as indicated, avoiding rigid body
movement along horizontal direction.

Four materials were considered: the Ti6Al4V
titanium alloy, and the 2024-T351, 2050-T8 and 7050-T6
aluminum alloys. Elastic–plastic models were used for
these materials. In these simulations the elastic behavior
followed a generalized Hooke's law and plastic behavior
was governed by the Huber–Mises yield criterion coupled
with isotropic and kinematic hardening, under an associ-
ated flow rule. The kinematic behavior is given by the
Armstrong–Frederick hardening law22:

_X ¼CX XSat
σ0 �X

̄σ
�X

� �
_̄εp ð4Þ

where CX and XSat are the material parameters of
Armstrong–Frederick law, σ0 is the Cauchy stress tensor,
X is the back stress tensor, σ is the equivalent stress and
_ε
p
is the equivalent plastic strain rate.
Table 1 gives the isotropic behavior for the various

materials in terms of the Voce hardening law,25 as
follows:

Y ¼Y 0þ YSat�Y 0ð Þ 1� exp �CYε
pð Þ½ � ð5Þ

where Y0 is the yield stress, YSat, and CY are material
parameters in the Voce law and εp is the equivalent

FIGURE 2 Compact tension

(CT) specimen (A) main dimensions.

(B) Boundary conditions

TABLE 1 Material properties with isotropic hardening fitted with Voce law

Material

Hooke's law Isotropic hardening (Voce) Kinematic hardening (Armstrong–Frederick)

E (GPa) ν (—) Y0 (MPa) YSat (MPa) CY (—) CX (—) XSat (MPa)

2050-T823 70.40 0.30 383.9 383.85 0 95.38 265.41

7050-T624 69.724 0.30 420.5 420.5 3.806 228.91 198.35
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plastic strain. Table 2 gives the equivalent isotropic
behavior of the materials in terms of the Swift hardening
law,28 as follows:

Y ¼C
Y 0

C

� �1
n

þ εp
" #n

ð6Þ

where C and n are material parameters in the Swift law.
The values of the elastic–plastic properties found in
Tables 1 and 2 were obtained by fitting experimentally
obtained cyclic stress–strain loops from smooth cylindri-
cal specimens.

The finite-element mesh was refined near the crack
tip and enlarged for more remote positions. Square ele-
ments with dimensions of 8 � 8 μm2 were used in the
crack propagation region. This element size was chosen
as a compromise between increased computation time
with a smaller mesh size and the first node being rela-
tively too far from the crack tip with a larger mesh size.
Only one layer of elements was considered through the
thickness. Crack propagation was simulated by succes-
sive debonding of nodes at the minimum load, which

occurred when the cumulative plastic strain at the crack
tip reaches a critical value. Each crack increment cor-
responded to one finite element, and the crack propa-
gates uniformly through the thickness by releasing both
current crack front nodes. The numerical simulations
were performed with the three-dimensional elastic–
plastic finite-element program DD3IMP, originally devel-
oped to simulate deep drawing. Further details of this
numerical procedure may be found in the literature.29

2.2 | Numerical results

Figure 3A presents typical CTOD plots obtained at dis-
tances of 8 and 96 μm from the crack tip, measured along
crack flank. A huge effect of measurement point is evi-
dent. At the first node behind crack tip (Lx = 8 μm), after
crack opening there is a well-defined loop, which is a
consequence of crack tip plastic deformation. At a larger
distance from crack tip, the crack opens at lower load
values and the maximum CTOD is significantly higher.
The loop is barely noticeable, which indicates a lower
level of plastic deformation. Because the plastic

TABLE 2 Material properties with isotropic hardening fitted with Swift law

Material

Hooke's law Isotropic hardening (Swift) Kinematic hardening (Armstrong–Frederick)

E (GPa) ν (—) Y0 (MPa) C (MPa) n (—) CX (—) XSat (MPa)

2024-T35126 72.261 0.29 288.96 389 0.056 138.8 111.84

Ti6Al4V HIP27 115 0.33 823.50 707.07 �0.0288 104.26 402.01

FIGURE 3 Crack tip opening displacement (CTOD) versus load curves. (A) Effect of distance to crack tip along crack flanks, Lx
(Ly = 0). (B) Effect of distance to crack tip perpendicularly to crack flanks, Ly (Lx = 120 μm). (AA7050-T6; W = 50 mm, plane stress;

ΔK = 15.5 MPa.m0.5; da/dN = 0.4 μm/cycle)
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deformation at the crack tip is the same, these results
indicate that moving away from the crack tip there is a
decrease of sensitivity relatively to crack tip phenomena.
On the other hand, there is an increase of elastic
deformation.

Figure 3B illustrates the effect of the position of mea-
surement point relatively to crack flank. The increase of
Ly does not affect significantly the aspect of the CTOD
curves. The crack opens first and the maximum CTOD is
slightly higher, but the loop is not visible at both mea-
surement points. Therefore, the distance Ly, indicated
schematically in Figure 3B, is not expected to affect the
sensitivity to crack tip plastic deformation.

Figure 4A presents the variations of elastic and plastic
CTOD ranges, Δδe and Δδp, respectively, with the dis-
tance of measurement point behind crack tip, Lx. The
increase of Lx produces an increase of elastic deforma-
tion, which is linked to crack opening profile. On the
other hand, there is a decrease of plastic CTOD range,
which means that the separation of the measuring point
relatively to the crack tip results in a loss of sensitivity to
what goes on there. The variation is very steep for low
values of Lx, less than 50 μm, being smoother for longer
distances. The same trend is observed for the elastic
CTOD, but less pronounced. Note also that the plastic
CTOD is significantly lower than the elastic CTOD even
at the first node behind crack tip, but this depends on the
material and load level. The ratio between elastic and
total CTOD is presented in Figure 4B. There is a sudden
increase of %Δδe = Δδe/Δδt, up to Lx = 50 μm, from
which a smooth variation is observed. The CT specime
studied has SSY conditions because %Δδe is higher than
75% at the first node behind crack tip (Lx = 8 μm).

Figure 5A shows the effect of crack length on %Δδe
for the Ti6Al4V alloy. CTOD values measured at the first
node behind crack tip are superimposed, showing that
the increase of crack length from 12.5- to 16-mm increase
the total CTOD, which could be expected because the CT
specimen becomes less stiff. The plastic CTOD also
increases with crack length, due to the increase of the
strength of stress singularity at the crack tip. The varia-
tion of plastic CTOD is dominant over the increase of
elastic CTOD; therefore, there is a decrease of Δδe/Δδt
with crack length, as observed in Figure 5A. Figure 5B
shows the effect of stress ratio, R, on the elastic and plas-
tic CTOD. The increase of R from 0.05 to 0.4 increases
both Δδe and Δδt, which is explained by crack closure
phenomenon. CTOD values measured at the first node
behind crack tip are superimposed, showing the elimina-
tion of crack closure phenomenon with the increase of
stress ratio. However, the parameter Δδe/Δδt does not
change with R for this material.

3 | EXPERIMENTAL WORK

The experimental work used 1-mm thick CT specimens
(dimensions shown in Figure 6) manufactured from
sheets of commercially pure titanium and 2024-T3 and
7050-T6 aluminum alloys. Young's modulus is 105, 72.3,
and 71.7 GPa, for the titanium, AA2024-T3, and
AA7050-T6, respectively, while the yield stress is
390, 348, and 420 MPa, respectively. Two titanium speci-
mens were tested in constant amplitude fatigue loading
with a maximum load of 750 N at stress ratio values of
0.1 and 0.6. In the case of the aluminum specimens, three

FIGURE 4 (A) Effect of distance to crack tip on elastic and plastic crack tip opening displacement (CTOD) ranges. (B) Effect of distance

to crack tip on the ratio between Δδe and Δδt. (AA2050-T8; CT; W = 36 mm; a = 8.272 mm; plane stress; ΔK = 11.3 MPa.m0.5; R = 0.05;

dy = 0)
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fatigue tests for each alloy were conducted at R-ratio
values of 0.1, 0.3, and 0.5 applying a maximum load of
600 N.

Fatigue tests for the titanium specimens were con-
ducted on an electrodynamic machine (Instron Elec-
tropuls E3000) with a loading capacity of 3 kN, while a
25-kN servohydraulic machine (MTS 370.02) was used
for the aluminum specimens. All fatigue tests were per-
formed at a loading frequency of 10 Hz. The experimen-
tal setup used to conduct the fatigue tests and perform
data acquisition for the titanium specimens is shown in
Figure 7A. A very similar setup was arranged for fatigue

tests conducted with the aluminum specimens. A random
black speckle (shown in Figure 7B) was sprayed with an
airbrush over a white background on one of the surface
of each specimen to implement DIC. A charge-coupled
device (CCD) camera, fitted with a macro-zoom lens to
increase the spatial resolution around the region sur-
rounding the crack tip, was placed perpendicularly to
each side of the specimen. The camera placed in the
speckled surface was used for the DIC measurements,
while the other camera was used to track the crack tip
for the different crack lengths analyzed. The camera sys-
tem was arranged to visualize the crack propagation at
the center of the image (as seen in Figure 7B), with a res-
olution of 13.7 μm/pixel in the case of the titanium speci-
mens and 8.8 μm/pixel for the aluminum specimens,
corresponding with a field of view of 17.3 � 13 mm and
14.1 � 10.6 mm, respectively. An optic fiber light ring
was placed around the zoom lens (also shown in
Figure 7B) to illuminate the speckled surface of the speci-
men and to assist better observation of the speckle pat-
tern and improved image processing.

In CTOD measurement, a particularly important
aspect and in the consistency of the results is ensuring
accurate location of the crack tip. According to this, an
experimental methodology for its location was published
by the present authors in a previous work.30 Vertical dis-
placement fields obtained by DIC were used to measure
the CTOD selecting a pair of points behind the crack tip
to measure the relative displacement between the crack
flanks. Figure 8 shows an example of the displacement
fields obtained for the AA7050-T6 specimen tested at
R = 0.1 corresponding to a load of 600 N and a 9.13-mm
crack. The developed methodology consisted of found the
x and y coordinates of the crack tip from the analysis of

FIGURE 5 (A) Effect of crack length on Δδe/Δδt (Ti6Al4V; R = 0.05; Fmax = 44.05 N; Fmin = 2.2 N). (B) Effect of stress ratio on elastic

and plastic crack tip opening displacement (CTOD) (Ti6Al4V; a0 = 12.5 mm; ΔK = 15.0 MPa.m05)

FIGURE 6 Dimensions (mm) of the compact tension

(CT) specimens (ASTM E647)

6 VASCO-OLMO ET AL.



different vertical displacement profiles plotted in the per-
pendicular and parallel directions of the crack plane.

Besides the accurate crack tip location, other critical
aspect in the interpretation of CTOD data is the location
of the pair of points selected behind the crack tip to mea-
sure the CTOD. For this reason, a sensitivity analysis was
performed by the present authors in a previous work30 to
explore how the x and y positions can affect the CTOD
value. As shown in Figure 9, two distances behind the
crack tip were used to define the CTOD measurement
position, one parallel with the crack direction (defined as
Lx) and other one perpendicular to the crack plane
(defined as Ly). In the sensitivity analysis, it was evalu-
ated the variation of the CTOD values obtained at maxi-
mum load corresponding to a range for one of the
measurement distances, while keeping the other distance
fixed. This analysis indicated that the CTOD could be
precisely measured using data obtained from two mea-
surement points located behind the crack tip at distances
of Lx = 123.2 μm and Ly = 132 μm for the aluminum

specimens and Lx = 68.4 μm and Ly = 136.8 μm for the
titanium specimens.

4 | EXPERIMENTAL RESULTS

Once the values of Lx and Ly measurement distances have
been established, the CTOD can be resolved into its elas-
tic and plastic components from an analysis of a full load-
ing cycle. A typical plot of CTOD data at increments of
20 N throughout a full loading cycle for a crack length of
9.13 mm in the case of the 7050-T6 aluminum specimen
tested at R = 0.1 is shown in Figure 10. The analysis of
the different behaviors observed (indicated with upper
case letters) during the load cycle allows the range of
elastic and plastic CTOD to be obtained. The loading part
of the cycle between Points A and B (60 to 140 N) is asso-
ciated with crack opening. Once the crack is open, there
is a linear regime between Points B and C (140 and
320 N), which is attributed to the elastic response.

FIGURE 7 (A) Experimental setup used to

conduct the fatigue tests and for data

acquisition. (B) Speckle pattern sprayed onto

one of the specimen surfaces to implement

digital image correlation (DIC) [Colour figure

can be viewed at wileyonlinelibrary.com]
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However, from Point C, the trend becomes nonlinear to
Point D (maximum load, 600 N), which is linked to plas-
tic deformation at the crack tip. The procedure followed
to separate the CTOD into elastic and plastic components
essentially requires extrapolating the linear regime
between B and C to the point of maximum load (shown
in Figure 10). The recommended practice in appendix X2
of the ASTM E 647 standard12 formed the basis of the
procedure used by the current authors in a previous work
to obtain the elastic and plastic components of CTOD.30

Considering the unloading half cycle, between D and E,
the CTOD value linearly decreases with the same slope
as that found between Points B and C for the loading half
cycle. As the load is decreased below Point E, there is a

deviation from linearity due to the reversed plastic
deformation.

The methodology described above to determine the
elastic and plastic ranges of CTOD can be applied to ana-
lyze the CTOD data from all the tests. Figure 11 shows the
results for the ranges of elastic and plastic CTOD obtained
for the eight specimens tested as a function of the crack
length. The elastic range data show significant scatter,
whereas those corresponding to the plastic CTOD range
show a less scattered and gradually increasing behavior as
the crack propagates. This last behavior shows that the
plastic CTOD range increases gradually with the crack
length in the same way that the gradual development of
plasticity in a growing fatigue crack at constant amplitude

FIGURE 8 Example of

displacement fields obtained by 2D

digital image correlation (DIC) for a

load of 600 N and a 9.13-mm crack:

Horizontal (A) and vertical

(B) displacement maps [Colour figure

can be viewed at wileyonlinelibrary.

com]
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loading cycle. Therefore, the plastic component of CTOD
is linked to plastic deformation developed during fatigue
crack propagation. In addition, higher values of plastic
CTOD ranges are observed in the case of the specimens
tested at low R ratio. Then, the lower the stress ratio, the
higher the plastic CTOD range. This shows that there is an
effect of the stress ratio on plastic deformation generated
during fatigue crack growth, being greater in the tests per-
formed at low stress ratio.

The influence of the measurement distance behind
the crack tip (Lx) on the elastic and plastic ranges of
CTOD (Δδe, Δδp) is shown in Figure 12. The elastic com-
ponent shows a sudden increase with the Lx distance to

100 μm approximately, from which a stable value is
reached. Zhu et al.31 also measured CTOD at different
distances from crack tip in physically short cracks and
obtained similar plots. A similar trend is observed for the
plastic component, but less pronounced; there is an
increase much smoother until reaching a stable value.
This behavior can be linked with the plastic deformation
generated in a growing fatigue crack. Plastic deformation
smoothly increases from the crack tip until reaching its
stabilization at a very short distance behind the crack tip.
The ratio between the range of each component and the
range of the total CTOD (Δδe/Δδt, Δδp/Δδt) is shown in
Figure 12B. As indicated in the numerical study, the

FIGURE 9 Vertical displacement

map with the region around the crack

tip enlarged to show the location of the

two points used to measure the crack tip

opening displacement (CTOD). Lx is the

horizontal distance behind the crack tip

and Ly is the vertical distance from the

crack plane [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 10 Variation in crack tip

opening displacement (CTOD)

throughout a full load cycle for the

7050-T6 aluminum specimen tested at

R = 0.1 and for a crack length of

9.13 mm, showing the range of its

elastic and plastic components [Colour

figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 11 Ranges of elastic and

plastic crack tip opening displacement

(CTOD) along the crack length at

different stress ratio values for the three

materials tested in this work

(CP titanium, AA2024-T3, and

AA7050-T6)

FIGURE 12 Influence of the distance

behind the crack tip on the elastic and plastic

ranges of crack tip opening displacement

(CTOD). (A) Δδe and Δδp versus Lx and (B) Δδe/
Δδt and Δδp/Δδt versus Lx. (Ti; a = 9.40 mm;

R = 0.1)
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FIGURE 13 Total crack tip opening

displacement (CTOD) range as a function of its

elastic range for titanium (A), 2024-T3

aluminum alloy (B) and 7050-T6 aluminum

alloy (C). It is also plotted the boundary between

small-scale yielding (SSY) and large-scale

yielding (LSY) regimes for each material

VASCO-OLMO ET AL. 11



FIGURE 14 Ratio between the ranges of

the elastic and total crack tip opening

displacement (CTOD) (%Δδe = Δδe/Δδt) as a
function of the crack length, normalized by the

width of the specimen, for the three materials

studied in this work: commercially pure

titanium (A), 2024-T3 aluminum alloy (B) and

7050-T6 aluminum alloy (C). The boundaries to

define the small-scale yielding (SSY) and large-

scale yielding (LSY) regimes are also presented

by a dashed and dotted lines, respectively

12 VASCO-OLMO ET AL.



definition of the SSY boundary is performed from the
analysis of the ratio between the elastic and total range of
CTOD, which defines the parameter %Δδe.18 There is a
stable behavior for both ratios (Δδe/Δδt, Δδp/Δδt), where
the values are around a constant value. Therefore, it is
clearly observed that there is no influence of the
measurement points with the distance behind the
crack tip (Lx) because the trend is practically constant.
Thus, it is possible to obtain a mathematical fitting
(%Δδe = �0.0195Lx + 80.657) to define the SSY boundary
for the measurement distances used to estimate the
CTOD for the titanium and aluminum alloys specimens.
On the one hand, for Lx distances behind the crack tip of
68.5 and 123.2 μm, the SSY regime occurs if %Δδe ≥ 79%
and ≥78%, respectively. On the other hand, the LSY
regime can be obtained from the interpolation of the
boundaries predicted by Marques et al.,18 obtaining
values of %Δδe ≤ 66.3% and ≤67.2% for Lx distances of
68.5 and 123.2 μm, respectively. In addition, the range
between these percentages defines a transition regime
from SSY to LSY.

Figure 13 shows the total CTOD range as a function
of its elastic range for titanium (Figure 13A), 2024-T3 alu-
minum alloy (Figure 13B) and 7050-T6 aluminum alloy
(Figure 13C). The region between 45� line and the dashed
line corresponds to the region where SSY conditions are
given; the region between the dashed line and the dotted
line corresponds with the transition region between SSY
and LSY conditions, while the region where LSY condi-
tions can be considered correspond with the region on
the left of the dotted line. For titanium, most of the cases
are in SSY regime, a few cases are in the transition region
and only one case is in LSY regime. Thus, three data
points are in the transition region for the specimen tested

at R = 0.1 and only one data point in the case of the test
at R = 0.6. In addition, the data point that is in LSY
regime corresponds to the specimen tested at R = 0.1.
This shows, therefore, that there is an effect of the stress
ratio applied to conduct the test, being most likely to
have SSY conditions for a high R-ratio value. This conclu-
sion agrees with that above indicated where less plastic
deformation is developed in high R tests, and therefore, it
is easier for SSY conditions to be met. For the aluminum
alloys, practically all the cases are in SSY regime, where
just five cases are the transition region. There are not
cases under LSY conditions. The effect of stress ratio is
also observed in the aluminum specimens. The tests that
present more cases out of the SSY region are those con-
ducted at R = 0.1 and R = 0.3, whereas all cases for a
stress ratio value of 0.5 are under SSY conditions.

All data points presented in Figure 13 correspond
with all crack lengths studied. Therefore, in order to ana-
lyze the effect of crack length on establishing SSY condi-
tions, Figure 14 shows the ratio between the elastic
CTOD range and the total CTOD range (%Δδe = Δδe/Δδt)
as a function of the crack length, normalized by the
width of the specimen, marking by a dashed line the per-
centage defining the SSY conditions and by a dotted line
the limit corresponding to the LSY regime. The conclu-
sion established above of the stress ratio effect on SSY
conditions it is also observed in the three graphs pres-
ented in Figure 14, where SSY conditions are more likely
for low stress ratio values. There are more cases out the
SSY region for long cracks, corresponding to crack
lengths above a 40% respect to the specimen width.
Therefore, it is evident the influence of crack length on
the boundary between SSY and LSY, where an increase
in crack length promote the onset of LSY. This behavior

FIGURE 15 ASTM 647-15

requirements to promote small-scale

yielding (SSY) conditions for the three

materials studied. The (4/π)(Kmax/Y0)
2

specification for the three materials

together with W–a specification
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agrees with the fact that as a fatigue crack is propagating,
plastic deformation is increasing, and therefore, it moves
towards LSY conditions.

The results can be compared with those obtained
applying the requirements established for the CT speci-
men by ASTM E 647-1512 according to Equation (1).
Figure 15 graphically shows the requirements defined by
ASTM E 647-15 for the three materials studied. (4/π)
(Kmax/Y0)

2 specification for the three materials is pres-
ented together with W–a specification to carry out the
comparison. Thus, the criterion is defined as those data
points area above W–a line, do not meet SSY conditions.
For the titanium specimens, the cases above a/W = 0.4
do not meet the SSY conditions; while for the AA2024-T3
specimens, the SSY conditions do not meet for a/W
values above 0.43. In addition, according to ASTM stan-
dard, all data points meet the SSY conditions in the case
of the AA7050-T6 specimens. According to this, there is a
very good agreement between the experimental results
and the requirements defined by ASTM. However, the
ASTM requirements do not define a transition region
between the SSY and LSY regimes as in the case of the
criterion proposed in this work. In addition, it is observed
again that long cracks promote LSY conditions.

5 | CONCLUSIONS

The use of K-based approaches to study FCG is valid only
in the SSY regime. The boundary of SSY is normally
checked comparing the size of plastic zone ahead of crack
tip with the remaining ligament. An alternative approach
uses the elastic and total CTOD, and a value Δδe/
Δδt = 75% was proposed to be the lower boundary of SSY
in a previous work,18 measured at a distance of 8 μm
behind crack tip. DIC is very interesting and useful to
study FCG and, in particular, the boundary of SSY
regime. However, because the measurements of DIC are
made at larger distances from crack tip, a study was
developed to redefine the boundary of SSY based on
CTOD, considering the position of measurement point
relatively to crack tip. Three different materials have
been studied (commercially pure titanium and 2024-T3
and 7050-T6 aluminum alloys), tested at different stress
ratio values (0.1 and 0.6 for titanium, and 0.1, 0.3 and 0.5
for the aluminum alloys). The main conclusions driven
are as follows:

• Numerically, the increase of Lx produces an increase of
elastic deformation and a decrease of plastic CTOD
range. This means that the separation of the measuring
point relatively to the crack tip results in a loss of sen-
sitivity to what goes on there. The variation is very

strong for low values of Lx, less than 50 μm, being
smoother for longer distances. On the other hand, the
distance perpendicular to crack tip has a limited effect
on %Δδe.

• Experimentally, there is a very light influence on the
ratio between the elastic and total ranges of CTOD
(%Δδe = Δδe/Δδt) with the distance behind the crack
tip to define the measurement points. The analysis of
this trend allows to define the boundaries of SSY and
LSY regimes. Thus, %Δδe ≥ 79% and ≥78% promote
SSY conditions for titanium and 2024-T3 and
7050-T6 aluminum alloys, respectively, In addition,
%Δδe ≤ 66.3% and ≤67.2% promote LSY conditions for
titanium and 2024-T3 and 7050-T6 aluminum alloys,
respectively.

• Of the cases analyzed, 90% are under SSY conditions.
In addition, only one case of the 10% remaining is
under LSY conditions, corresponding to the longest
crack length (a/W = 0.47) analyzed for the titanium
specimen tested at R = 0.1.

• Transition and/or LSY conditions are more probable in
fatigue tests at low R-ratio values than in high R-ratio
tests.

• Crack lengths above 40% respect to the width of the
specimen promote transition or LSY conditions.

In the view of the authors, the results obtained in this
investigation can assist to a better comprehension of the
mechanisms driving fatigue crack growth.
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NOMENCLATURE
a crack length
AA aluminum alloy
CT compact tension (specimen)
CTOD crack tip opening displacement
DIC digital image correlation
E Young's modulus
FCG fatigue crack growth
K stress intensity factor
Kmax maximum stress intensity factor
Kmin minimum stress intensity factor
Kopen crack opening stress intensity factor
LEFM linear elastic fracture mechanics
Lx distance to crack tip measured along crack flank
Ly distance to crack tip measured perpendicularly

to crack flank
R stress ratio
LSY large-scale yielding
SSY small-scale yielding
t specimen's thickness
W specimen's width
Y0 initial yield stress
Δδe elastic CTOD range
Δδp plastic CTOD range
Δδt total CTOD range
ν Poisson's ratio
ΔK stress intensity factor range (Kmax-Kmin)
ΔKeff effective stress intensity factor range
%Δδe ratio between Δδe and Δδt, in percentage
%Δδe
8 μm

value of %Δδe at a distance of 8 μm behind
crack tip
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