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Abstract. During the last decades, the debate over the mechanisms governing fatigue
crack shielding has been mainly focused on demonstrating the existence of fatigue crack
closure and the difficulties on quantifying the induced stress during crack propagation.
Hence, most adopted experimental methods have been based on the direct or indirect
measurement of contact loads between crack surfaces as the crack starts closing.
Nevertheless, these methods depend on many factors sometime difficult to control,
which has contributed to question their reliability by many authors. For this reason, two
modern well established, full-field, non-contact experimental techniques, namely
Thermoelastic Stress Analysis (TSA) and 2D Digital Image Correlation (2D-DIC), have
been analysed to evaluate the influence of crack shielding during fatigue experiments
conducted on two aluminium alloys (Al2024-T3 and Al7050) tested at different stress
ratios. In the particular case of TSA, the technique appears to have a great potential in
the evaluation of fatigue crack shielding since crack tip events are inferred directly from
the temperature changes occurring at the crack tip rather than from remote data.
Experimental data from both techniques have been employed in combination with two
different mathematical models based on Muskhelishvili’'s complex potentials to infer the
effective range of stress intensity factor. Results from both techniques agree quite well,
showing a variation in the stress intensity factor range as the R-ratic changes from 0.1
to 0.5 and illustrating the potential ability of both techniques to account for the shielding

effect due to crack closure.

Keywords. Stress intensity factor, Thermoelastic Stress Analysis (TSA), Digital Image
Correlation (DIC), crack shielding; fatigue crack growth.



Nomenclature:

A, B, C E F.

Ay, By am, by

coefficients on the CJP model for describing crack tip

displacement fields

complex variables in Muskhelishvili's model to describe different

stress states fields

crack length

heat capacity at constant pressure

Digital Image Correlation

Young’'s modulus

shear modulus

square root of -1

thermoelastic constant

opening mode stress intensity factor in the CJP model
mode | stress intensity factor

retardation stress intensity factor

shear stress intensity factor

ratio between the minimum and the maximum applied load
Thermoelastic Stress Analysis

absolute temperature

components of the T-stress in x and y-directions, respectively
notation for stress function

components of the displacement vector

complex coordinate of the collected points around the crack tip
coefficient of thermal expansion

density

function of Poisson’s ratio

Poisson’s ratio

Yield stress

complex stress functions



complex coordinate in mapping plane
auxiliary function in Muskhelishvili’'s model

auxiliary function in Muskhelishvili's model



1. Introduction

Fatigue cracks have been one of the main sources of structural failures in real in-service
structures. The application of fracture mechanics to engineering design has provided the
possibility of understanding further into the study of failure and crack growth
mechanisms. But there are still some aspects that remain not fully understood, such a
case is the crack closure effect. This lack of understanding arises principally from the
difficulties associated in quantifying the phenomenon and measuring its effect on the

crack driving force [1].

In the study of crack propagation, the experimental analysis of stresses or displacements
around the tip of a growing fatigue crack plays a significant role. Modern experimental
techniques, such as digital image correlation (DIC) [2] or thermoelastic stress analysis
(TSA) [3], have actively contributed to a better understanding of the different fatigue and
failure mechanisms. In this respect, TSA seems to be an extraordinarily suitable
technique for studying crack shielding. The technique is non-contacting and provides full-
field stress maps from the surface of structural components by measuring small
temperature changes at the surface of the structure arising from cyclic loading.
Additionally, the potential of TSA for fracture mechanics applications has been recently
enhanced with the development of new infrared array detectors. On the other hand, DIC
is globally accepted as a powerful technique for analysing fatigue and fracture problems
and seems to be very suitable for the evaluation of crack shielding since crack tip

displacement fields can be quantified with high level of accuracy [4].

It is well known that crack tip fields can be characterised by stress intensity factors (SIFs)
[5]. Different mathematical models for the calculation of SIFs from the analysis of
displacement fields have been developed. Some works were based on Williams’
expansion series [6] and others on Muskhelisvili's complex potentials [7]. All these
methodologies were based on the Multi-Point Over-Deterministic Method (MPODM)
developed by Sanford and Dally for calculating SIFs [8]. In recent years, special interest
has been focused on the development of the CJP model [9] for characterising crack tip
fields since considers the crack shielding effect on the elastic stress field induced by
plasticity generated during fatigue crack propagation. This model has been specifically
developed as an endeavour to obtain an elastic stress field model that explicitly captures
the influences of an embedded region of plasticity surrounding a growing fatigue crack.
This plastic enclave is therefore considered to shield the crack from the full influence of
the elastic stress field that drives fatigue crack growth. The model further proposes that
these plasticity-induced effects can be assessed through incorporation of the influence

of interfacial stresses at the elastic-plastic boundary on the elastic stress field ahead of
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the crack tip. Different works reported by some of the authors of the present work have
demonstrated the great potential of the combination between the CJP model and DIC
technique to study the shielding effect during fatigue crack growth at constant [10] and
variable loading [11]. For this reason, in this work data obtained by DIC technique are
compared with those obtained by TSA since enables to infer crack tip events directly
from the temperature changes occurring at the tip rather than from remote data.
Recently, Nowell and co-workers have shown very interested in the development of the
CJP model through two works [12], [13] where some data obtained by the research group

of fracture from Jaén were compared with some obtained by them.

Closure mechanisms reduce the effective crack driving force, and hence, the material
shows an enhanced resistance to crack growth. Nevertheless, TSA due to its physical
nature appears to offer a direct means of measuring the effective crack driving force.
This presumed ability arises from the fact that with TSA the near crack tip stress
distribution is obtained from the temperature variations on the specimen’s surface as a
result of the thermoelastic effect, providing a direct assessment of cyclic strain around
the crack tip. Hence, the observed crack tip stress pattern is the result of the specimen’s

response to the applied loading cycle.

However, besides of the presumed potential of TSA to account for shielding
mechanisms, most of the work conducted in TSA in relation with fracture mechanics
applications has been mainly related to different methods and approaches for the
calculation of the range of stress intensity factor from the analysis of thermoelastic
images [14]-[18].

In the present paper, TSA and DIC techniques are employed in combination with two
mathematical models based on Muskhelishvili's complex potentials to evaluate the
influence of shielding during fatigue experiments conducted with two commercial
aluminium materials (Al2024-T3 and AI7050-T6) at different R-ratios. The inferred AK
results illustrate the potential of both techniques for the evaluation of crack shielding

during fatigue crack growth.

2. Fundamentals of the optical techniques

In the present work the optical techniques of thermoelastic stress analysis (TSA) and
digital image correlation (DIC) are employed to calculate the range of stress intensity

factor. Thus, in this section the fundamentals of both techniques are briefly described.

2.1. Fundamentals of TSA



Thermoelastic stress analysis can be defined as a non-contact, non-destructive and non-
invasive experimental technique that provides full-field stress maps by measuring
temperature changes induced by the thermoelastic effect at the surface of a mechanical
component as a result of a periodic change in the applied load. The deformation of a
body is always associated with a change in its heat content and consequently, with a
change in its temperature. The classical theory of thermoelasticity states that the
application of a repetitive loading in a solid produces in it out-of-phase temperature
changes that can be related to the variation in the sum of the principal stresses according

to the following expression [3]:

aT
PCy

AT =i

A(0'1+0'2)=KTA(0'1+0'2) (1)

Where K is the thermoelastic constant, that depends on the material properties, such as
the coefficient of thermal expansion a, the density p, and the heat capacity at constant

pressure C,.

The thermoelastic information is normally presented as a vector, where the modulus
denotes the magnitude of the thermoelatic signal (Figure 1a), which is proportional to the
variation in temperature experienced by the specimen as a result of the thermoelastic
effect, and the phase (Figure 1b) denotes the angular shift between the thermoelastic
and the loading signal. Under elastic conditions, the phase shift between the
thermoelastic response of the material and the loading signal remains constant.
However, just ahead of the crack tip the presence of local plasticity leads to a change in
the phase shift (Figure 1b). This change in phase is employed to identify the plastic zone

and hence to locate the crack tip.

2.2. Fundamentals of DIC

DIC is a full-field optical technique used for displacement measurements in structural or
mechanical components. It works analysing a sequence of images of the analysed
component from an initial state (undeformed) to a final state (deformed). This technique
can be implemented both in 2D (in-plane) and 3D (in and out-of-plane). In this work 2D
DIC is implemented since the displacement fields are obtained on a plane specimen. Its
implementation comprises the following steps [19]: 1) specimen and experimental
equipment preparations, 2) acquisition of a sequence of images and 3) processing of the

acquired images.

The specimen surface must have a random grey intensity distribution (a random speckle

pattern), which deforms together with the specimen. The speckle pattern can be the



natural texture of the specimen surface or artificially made by spraying a random black
speckle over a white background applied on the specimen surface. The camera must be
placed with its optical axis perpendicular to the specimen surface in order to avoid
inaccurate two-dimensional measurements. After preparing the specimen and
assembling the set-up, a sequence of images is acquired from an initial or reference

state (undeformed state) until a final state (deformed state).

Once the sequence of images has been acquired, its processing is performed. The basic
principle of 2D DIC consists on tracking the displacement of points in two recorded
images before and after deformation. To compute the displacements at a certain point
P, a square reference subset centred at point P from the reference image is chosen and
used to track its corresponding location in the deformed image. To implement 2D DIC, it
is necessary to define the region of interest (ROI) in the reference image. This ROl is
divided into evenly spaced squares called facets. The displacements are computed at

the centre of each facet to obtain full-field deformation.

To evaluate the degree of similarity between the reference and the deformed facet, a
correlation criterion must be defined. The most commonly employed correlation criteria
are cross-correlation (CC) and sum-squared difference correlation (SSD). Further

information about these correlation criteria can be found in reference [2].

3. Description of the models characterising crack tip fields

The purpose of the current work is to assess the effective stress intensity factor range
on growing fatigue cracks. Several models for characterising crack tip fields can be found
in the literature. Among them, that based on Muskhelishvili's complex potential and the
CJP model have been adopted since it has been reported that they provide the most
accurate determination of stress intensity factor by using TSA [20], [21] and DIC [10],
[11], respectively. For this reason these two models are used in this work to calculate

stress intensity factor.

3.1. Model based on Muskhelishvili’s complex potentials

According to the theory of plane elasticity, stresses occurring in a body can be expressed
as a single function called a stress function. If the equilibrium conditions are satisfied and

in absence of body forces, it can be written as:
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In addition, according to the theory of plane elasticity there always exists a function U(x,y)

(Airy function) that satisfies the following equation:
o,to,=U (3)

Muskhelishvili [22] showed that every biharmonic function U(x,y) may be represented by
two functions ¢ and x of the complex variable z=x+iy. Therefore, the stress function takes

the form:

U =%{zp(z)+ £(2)} 4)
Where the bar denotes the conjugate and %, refers to the real part in complex notation.

Substituting equation 4 in equation 3 it can be obtained:

o, +0, =2p (2)+ ¢ 2)|= 2[0(2) + B(Z)| = 4n0(2) (5)
with @(z) = ¢’(z) and the prime to denote the derivative.

Nurse and Patterson [23] introduced some modifications to the original approach
developed by Muskhelishvili. It was assumed that the state of stress at the crack tip in
the cracked body under consideration could be represented by the stress at the crack tip
in an infinite plate in a generalised state of stress based on Muskhelishvili's complex
potentials in the form of Fourier series. In addition, as in Muskhelishvili’'s model the
boundary conditions at the crack surfaces were satisfied by a conformal mapping
equation [22]. Based on this premises, the following two complex potentials are defined

as.

R o0 a
Dg)= DA™ +> 2

N=0 m=15 (6)
bn

§2n

P(g)= 3 By +3
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Where Ay, By, a, and b, are complex variables and are used to describe different states
of stress. ¢ represents the complex coordinates of points surrounding the crack tip in the

mapping plane.

To satisfy the boundary conditions the series of parameters a,, and b, were solved by
equating terms of power of ¢. As a result, the following expressions for a,, and b, were

obtained:



a, =A, +A, +By + > (4j)A, - (2m+1)A,, -B,,
j=1
_ n - (7)
b, =A, +A, + By + (4k)a, —(2n+1)a, - A,
k=1
Where the over bar denotes the conjugate.

Subsequently, the expression for the complex potentials was calculated by inserting
equation 7 into equation 6 and rearranging the terms.

A, +A, +B, &l 2N Y % +1 A, B
D)= A 0 0 0o, _ N N A 2N
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Finally substituting the first part of equation 8 into equation 5, an expression for the first

stress invariant can be derived:
Oy +0o, = 2[CI)(g)+ aa]z

A +A+B, &|(2NYc*+1)}— A, By i (9)
=4N| A, + 2 0+ (—J[—JA e T W
{0 W E{ 2N .gz_“ N NN N
Expression 9 provides the first stress invariant as a function of Fourier series coefficients
and the polar coordinates in the mapping plane. The Fourier series coefficients depend
on the problem and they are unknowns, that can be obtained by fitting the mathematical
model to experimental data corresponding to the sum of principal stresses provided by
TSA.

3.2. CJP model

The CJP model is a mathematical model developed by Christopher, James and
Patterson [9] based on Muskhelishvili's complex potentials [22]. The authors postulated
that the plastic enclave which exists around the tip of a fatigue crack and along its flanks
will shield the crack from the full influence of the applied elastic stress field and that crack
tip shielding includes the effect of crack flank contact forces (so-called crack closure) as
well as a compatibility-induced interfacial shear stress at the elastic-plastic boundary.

James et al. [9] provided a schematic idealisation of forces that is repeated here as



Figure 2, which illustrates the forces believed to be acting at the interface between the
plastic zone and the surrounding elastic material. These forces include [9]: Fa, and Fyy,
are the reaction forces to the remote load that generates the crack tip stress fields
traditionally characterised by the stress intensity factor K; F; is the force due to the T-
stress; Fp, and Fp, are the forces induced by the compatibility requirements on the
elastic-plastic boundary near the crack tip, resulting from the permanent deformation in
the plastic zone around the crack tip, which is extensive in the direction perpendicular to
the crack and contractive along the crack due to the effect of the Poisson’s ratio; Fs is
the force induced by the compatibility requirements on the elastic-plastic boundary of the
crack wake; Fc is the contact force arising from the plastic wake contact effect
transmitted to the elastic-plastic boundary of the crack wake. In the original formulation

of this model, crack tip displacement fields [9] were characterised as:

26(u +iv) = K[— 2(B'+2E")2/2 + 4E'2/2-2E"2 2In(z) - % z}

- z[— (B+2E)z 2 —E'2 2In(z) - C:F } (10)

C'+F' _}
Z

—[A'z% +D'Z20n(z)-20'77 +

Where G = is the shear modulus, E and v are the Young's modulus and

E
2(1+v)
3-v

Poisson’s ratio of the material, respectively; and « = 3

for plane stress or x =3 - 4v
+v

for plane strain. In the mathematical analysis, the assumption D’ + E’ = 0 must be made
in order to give an appropriate asymptotic behaviour of the stress along the crack flank
[9]. Therefore, crack tip displacement fields are defined from five coefficients: A’, B, C’,
E’and F.

The CJP model provides three stress intensity factors to characterise the stress and
displacement fields around the crack tip; an opening mode stress intensity factor Kg, a
retardation stress intensity factor Kz, a shear stress intensity factor Ks and also gives the

T-stress.

The opening mode stress intensity factor Kr is defined using the applied remote load
traditionally characterised by K, but that is modified by force components derived from
the stresses acting across the elastic-plastic boundary and which therefore influence the
driving force for crack growth. Thus, unlike the classical K, Kt includes the effect of
plasticity-induced crack shielding and it is linear with the load as long as there is no

10



shielding effect. Kr is defined from the asymptotic limit of g, as x — +0, along y = 0, i.e.

towards the crack tip on the crack plane ahead of the crack tip:
Ke = lim2ar (o, +26'r % Inr)|= \E(A'—sa'-aes') (11)

The retardation stress intensity factor Kk characterises forces applied in the plane of the
crack and which provide a retarding effect on fatigue crack growth. Thus, Ky is evaluated

from o, in the limit as x — -0, along y = 0, i.e. towards the crack tip along the crack flank:
Ke = lm\2rro, |= ~(27) (12)

The shear stress intensity factor Ks characterises compatibility-induced shear stress
along the plane of the crack at the interface between the plastic enclave and the
surrounding elastic field and is derived from the asymptotic limit of o,, as x — -0, along

y =0, i.e. towards the crack tip along the crack wake:
Ks = lim2ro, |= ¢\/§(A'+B') (13)

A positive sign indicates y > 0, and a negative sign that y < 0.

The T-stress, which is found as components T, in the x-direction and T, in the y-direction

is given by:

(14)

4. Experimental details

Table 1 presents mechanical property data for AA2024-T3 and AA7050-T6 obtained from
tension tests. All CT specimens had a thickness of 1 mm and dimensions in accordance
with ASTM E647 [24] as shown in Figure 3, and were subject to constant amplitude
loading with a maximum load of 600 N. Tests were performed at stress ratio values of
0.1,0.3and 0.5.

The two surfaces of each specimen were treated using different methods to enable
simultaneous measurements of displacements by DIC and stresses by TSA. The surface
used for the DIC study was sprayed with a random black speckle pattern over a white
background (shown in Figure 4a), while the other surface of the specimen (used for the
TSA implementation) was sprayed with a black matt paint in order to increase the surface

emissivity. The experimental set-up for fatigue testing and the equipment for data
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acquisition are shown in Figure 4b. Fatigue tests were conducted on a 25 kN

servohydraulic machine (MTS 370.02) at a cycling frequency of 10 Hz.

DIC images were captured with a CCD camera (AVT Stingray F-504 B/C) placed
perpendicularly to the specimen surface, focusing with a macro-zoom lens (MLH-10X
EO) to increase the spatial resolution around the crack tip. The camera and the lens
were set up to give a resolution of 8.8 um/pixel (field of view of 14.1 x 10.6 mm), with the
crack path in the centre of the image (as seen in Figure 4a). The speckled surface of the
specimen was illuminated with a fibre optic light source (Fiber-Lite DC-950) to enable a
better observation of the speckle pattern and improved image processing. Image
processing was performed by Vic-2D [25] from Correlated Solutions Company using 25
pixels as subset size and a step value of 1 pixel to obtain the maximum resolution for the
displacement maps. Figure 5 shows an example of horizontal and vertical displacement

maps for a crack length of 9.13 mm and a load level of 600 N.

The equipment employed for TSA analysis consisted of a cooled infrared camera FLIR
X6581SC. This system incorporates a focal plane array In-Sb sensor that makes it
possible to simultaneously collect thermoelastic data from a 640 x 512 pixels window at
an adjustable frame rate up to 303 frames per second (figure 4b). The infrared system
has a thermal resolution below than 25 mK which for the experiments conducted implied
a stress sensitivity lower than 8 MPa. For TSA measurements a 50 mm lens with a 10
mm extension ring was employed providing a spatial resolution of 41 ym/pixel (field of
view of 26.2 x 21 mm). Thermal images were processed using IRTA software (produced

by DES SLR) to obtain the variation in the sum of principal stress.

Thermoelastic images were calibrated using the same samples employed for fatigue
testing. Several times during the experiment, the calibration constant A was recalculated
to check that no changes on its value were occurring. For this purpose, the variation of
the sum of principal stresses was calculated from DIC measurements at the applied load
range. Simultaneously, a TSA image (uncalibrated) was captured for the same load
range. To calculate the thermoelastic constant A a set of data points at a certain distance
from the crack tip were collected from both images at the same exact location (from DIC
units were MPa and for TSA units were Thermal Units). Finally, a least squares fitting of
both set of data was performed to obtain the thermoelastic constant. The value for A did
not change over the tests and was 8.77 MPa/Thermal Unit for the Al-2024-T3 and 8.82
MPa/Thermal Unit for the Al-7050, respectively

For a direct comparison between the obtained results with both techniques, it was
essential to analyse the same crack length by both techniques. According to this, as all

12



specimens had a thickness of 1 mm, the crack length measured on each side was
practically the same, which did not have a negative impact on the comparison between

techniques.

5. Experimental methodology for determining the stress intensity factor

In this section the adopted experimental methodology for calculating the SIFs from stress
and displacement analysis by TSA and DIC, respectively, is described. The multi-point
over-deterministic method developed by Sanford and Dally [8] forms the basis of this
process. The models are valid only for the elastic field near the crack tip singularity and
hence it was necessary to identify the near-tip zone where valid experimental data could
be obtained. An annular mesh (Figure 6) was therefore defined with an inner radius large
enough to avoid including plastic deformation at the crack tip and an outer radius that

lies within the region dominated by the elastic stress singularity.

For DIC, the inner radius is identified by estimating the plastic deformation extension at
the crack tip from the implementation of Von Mises yield criterion [26] to establish the
region around the crack tip where the stress values are higher than the yield stress of
the material (Figure 6a). In addition, the vertical displacement field was used to identify
the outer radius by observing changes in the field orientation that originate from the
interaction between the singularity dominated region and that dominated by specimen
edge effects. This limit is easily identified because the displacement field orientation

becomes straight and perpendicular to the crack (observed in Figure 6a).

In the case of TSA, inner radius was obtained by looking at the phase map (Figure 1b)
to identify the area near the crack tip where adiabatic conditions were lost as a result of
heat generation due to plastic work at the crack tip (region A in Figure 6b). The outer
radius was set by identifying the region ahead of the crack tip where a linear behaviour
of the inverse square of the maximum thermoelastic signal (horizontal) against the
vertical distance from the crack tip was observed, as described by Stanley and Chan [14]
(end of region B in Figure 6¢). Subsequently, the variation in the sum of principal stresses
at the crack dominated zone (Figure 6a) was extracted from thermoelastic images at the
locations of the annular mesh, and these values were combined with a mathematical
model describing the variation in the sum of principal stress ahead of the crack. The
adopted model for TSA data was based on Muskhelishvili's complex potentials and it
was implemented adopting the MPOD method [8]. As a result, the stress intensity factor
range was inferred from different thermoelastic images corresponding at different crack

lengths and R-ratios. From the inferred AK values an estimation of K,,., was calculated
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as Kopen = Kinax - AKrsa. Where K., is obtained from equation 15 considering P, instead
of AP.

6. Results and discussion

As mentioned above TSA and DIC are compared by calculating the range of stress
intensity factor. In the case of TSA, this value is directly obtained from the material
response due to a temperature variation during applying the fatigue cycle. However, the
stress intensity factor range by DIC is obtained as the difference between the maximum
and minimum values of Kr obtained for the different measured crack lengths (AKpc =
Ke max — Kemin)- Figure 7 shows an example with the variation of K¢ values along a full
loading cycle at low and high stress ratio values. Kt vs P plot for 2024-T3 specimen
tested at R=0.1 corresponding to a crack length of 4.63 mm is presented in Figure 7a,
whilst a similar plot is shown in Figure 7b for 7050-T6 specimen tested at R=0.5 for a
crack length of 8.63 mm. In addition, the nominal values of stress intensity factor
(equation 15) according to ASTM E 647 [24] are also plotted to establish a comparison

between the experimental and nominal trends.

a
2+ — 5 . y
AKnomfnalf= AP W3 0886+464i_1332(ij +1472[EJ _SS(EJ (15)
BIW [1 a Y’ w % W ™
w

Where AK,.minar is the range of stress intensity factor, AP is the loading range, a is the
crack length, and B and W are the thickness and the width of the specimen, respectively.

In the case of the specimen tested at high stress ratio (Figure 7b), the Kr values closely
follow the trend in the nominal K, values. In contrast, in the case of the specimen tested
at low R-ratio, K¢ deviates above the nominal K, once the values fall below approximately
7 MPa-m"2, which corresponds to a load level of 200 N. This behaviour is similar to that
reported by Elber [27], [28] when he originally defined plasticity-induced crack closure.
He noticed an anomaly in the elastic compliance of fatigue specimens, where at high
loads, the measured compliance agreed with that obtained from standard expressions
for fracture mechanics, whilst at low load; the compliance was close to that for an
uncracked specimen. Elber attributed this variation in compliance to contact between
crack surfaces (i.e. crack closure) in the lower part of the load cycle as a consequence
of the residual tensile plastic deformation left in the wake of a fatigue crack tip.

In Figure 8 it is plotted a comparison of Ki,ominais Ke.max Mmaximum and Kk i, obtained from
DIC (employing the CJP model) and an estimation of K., obtained from TSA results.

For the case of experiments conducted at low R-ratio, K¢ i and Kz Show higher values

14



than K.ominay at the minimum applied load. This illustrates the ability of CJP and
Muskhelishvili's models to infer the shielding effect due to the premature closure of the
crack. This effect was not observed when the analysis was performed at a higher R-ratio,
where similar Kg i, and K., values were obtained at minimum load. It is important to
notice that the CJP model, due to its mathematical formulation cannot be employed with
TSA data. However, due to the physical nature of TSA, the amplitude of the thermoelastic
signal is directly related with the crack driving force for the fatigue advance [21]. For this
reason, a purely elastic model as Muskhelishvili's, is able to account for the shielding
effect due to crack closure. This issue is supported by Figure 9 where it has been
performed a comparison of AK at different R-ratios. For R=0.5 both techniques provide
very similar values that agreed with AK,,ina. On the other hand, for R=0.1 experimental
AK values obtained by DIC and TSA again provides very similar results but in both cases
are lower than AK,.mina- This demonstrates the ability of both techniques to account for
the effective AK, that is related with a retardation effect on fatigue crack growth due to

the shielding effect arising as a fatigue crack is growing.

7. Conclusions

The influence of crack shielding on fatigue crack growth has been experimentally
evaluated in two different aluminium alloys (2024-T3 and 7050-T6) using Thermoelastic
Stress Analysis (TSA) and Digital Image Correlation (DIC). Crack shielding effect has
been quantified from the calculation of the effective range of stress intensity factor for
different fatigue tests conducted at stress ratio values of 0.1 and 0.5. Both techniques
have been combined with two different elastic models for characterising crack tip fields,
the CJP model in the case of DIC and that model based on Muskhelishvili's complex
potentials for TSA. The CJP model has been specifically developed to capture the
shielding effects of the plastic enclave from the full influence of the elastic stress field
that drives fatigue crack growth. It is to be noticed that the CJP model, due to its
mathematical formulation, cannot be employed with TSA. However, due to the physical
nature of the technique, the thermal response of the material is directly related with the
crack driving force during fatigue crack growth. For this reason, TSA has a great potential
in the evaluation of fatigue crack shielding since crack tip events are directly inferred
from temperature variation occurring at the tip. Results obtained from both techniques
show a great level of agreement, observing a variation in the range of stress intensity
factor as the stress ratio changes from 0.1 to 0.5 and highlighting the potential ability of

both techniques to account for the shielding effect during fatigue crack growth.
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Table 1. Mechanical properties of the 2024-T3 and 7050-T6 aluminium alloys

Aluminium alloy and value

Mechanical property ‘ Unit 5004-T3 Z050-T6

Young’s modulus, £ GPa 72.3 71.7
Yield stress, agys MPa 348 546
Poisson’s ratio, v - 0.33 0.33
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Figure 1  Typical thermoelastic images for a 6.57 mm crack at a load ratio of 0.5 for
aluminium 2024-T3. (a) Amplitude of the thermoelastic signal. (b) Phase shift
between the material thermoelastic response and the loading signal.
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Figure 4 (a) Image showing the speckle pattern applied onto the specimen surface for
implementing DIC. (b) Experimental set-up for fatigue testing and data

acquisition.
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Figure 5 (a) Horizontal and (b) vertical displacement maps obtained by 2D-DIC for a
crack length of 9.13 mm at a load level of 600 N.
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Figure 7 Variation of experimental Kr along a full loading cycle obtained using the CJP
model [9] in combination with displacement data obtained using DIC
technique for two different aluminium alloys at two different stress ratio
values: (a) Al2024-T3 for a 4.63 mm crack at R=0.1 and (b) Al7050-T6 for a
crack length of 8.63 mm at R=0.5.
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Highlights:

¢ Calculation of effective stress intensity factor range by TSA and DIC.

¢ Combination of full-field optical techniques with models for characterising crack tip
fields.

¢ Retardation effect on fatigue crack growth by analysing the range of stress intensity
factor.

¢ Potential ability of TSA and DIC to account for the shielding effect during fatigue
crack growth.
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