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Abstract

Fatigue crack growth in 1.6-mm-thick sheets of aluminium alloy AA2024-T3

was investigated under very high-stress conditions using 950-mm-wide middle

tension (MT) specimens. Experiments were conducted by applying uniaxial

load ratios R (0.1, 0.3 and 0.5) with the maximum nominal stress of 120 MPa

following conditions relevant for aircraft fuselage structures. The experiments

were conducted with digital image correlation to determine loading conditions

acting on the crack tip. Stable crack growth rates of up to da/dN > 4 mm/cycle

and ΔK > 100 MPa√m were reached, and final crack lengths 2a > 500 mm

were obtained. High-stress intensity factors cause plastic zone sizes that extend

up to approximately 100 mm from the crack tip. The da/dN-ΔK data obtained

in this study provide crucial information about the fatigue crack growth and

damage tolerance of very long cracks under high-stress conditions in thin

lightweight structures.
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1 | INTRODUCTION

Structural assessment of aircraft fuselage structures in
terms of fatigue and residual strength during their opera-
tional life is necessary to meet the safety requirements.
This assessment covers the entire range from crack initia-
tion to stable crack growth and final rupture. Fatigue
cracks can have fast crack propagation rates in the last
growth stage before final failure, and thus, this regime
accounts for only a small part of the service life cycles.
Nevertheless, this stage determines the damage tolerance
properties of the structure as a whole. Therefore, profound
knowledge of fatigue, fracture behaviour and potential fail-
ure modes of the used materials are required.1,2

Aluminium alloys such as AA2024 (AlCu4Mg) are
widely used for aircraft fuselage structures. Determination

of the damage tolerance of these alloys comprises sev-
eral stages: (i) Fatigue life curves (S-N or Wöhler curves)
provide information about crack initiation,3 while
(ii) subsequent stable fatigue crack growth (FCG) is
characterized by crack propagation curves (da/dN-ΔK)
for small-scale yielding (SSY) conditions. For large-scale
yielding (LSY) conditions in the presence of significant
plasticity, the cyclic J integral is sometimes used instead
of ΔK, although this requires complex information
about the local nonlinear-elastic constitutive behav-
iour.4,5 Data is determined with standard compact ten-
sion (CT) or middle tension (MT) specimens up to a ΔK
range of approximately 30 to 40 MPa√m.6–9 FCG in duc-
tile materials is generally related to transgranular duc-
tile striation formation10 with cyclic plastic
deformations at the crack tip.11 (iii) Final rupture and
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residual strength are captured in terms of crack growth
resistance curves (J-Δa or KR-Δa). Here, the specimen is
loaded quasi-statically instead of cyclically so that the
material tears slowly with large plastic deformations in
the vicinity of the crack tip.12 This last stage requires the
use of specimens with widths greater than 600 mm to
achieve K-values well above 100 MPa√m.13–15 Discrep-
ancies in the size of the specimens required to investi-
gate the transition from stable crack growth to the final
rupture at very high stresses often leads to a gap in FCG
curves typically available for AA2024, as FCG data for
high-stress intensity factors are rarely available in the
literature.

Recent advances in experimental mechanics have
been achieved by the application of digital image correla-
tion (DIC) in fracture mechanic experiments because
full-field information about the displacements and strains
provides access to the local crack tip field.16,17 Computa-
tional algorithms enable the determination of the J-
integral and the stress intensity factors by exploiting the
characteristic crack tip field18,19 or by using integration
techniques.20–22 In addition, DIC shows features that
influence the entire deformation field of the specimen,
for example, the stress dead zone in the centre of MT
specimens between the crack tips.23 These are valuable
methods for investigating crack propagation in more
detail and for identifying relevant crack driving
mechanisms.24–26

This study presents a testing procedure to study the
growth of long fatigue cracks in aluminium alloys sub-
jected to very high-stress conditions to fill the gap
between classical FCG data and stable crack extension.
Centre-cracked specimens (950 mm wide) are used to
investigate FCG in 1.6-mm-thick AA2024-T3 sheets at
ΔK regimes beyond 100 MPa√m. The tests are supported
by DIC to determine the stress intensity factors acting
during the experiment based on the interaction integral.
The FCG data can be used to estimate the lifetime of
highly stressed fatigue cracks in aircraft fuselage
structures.

2 | METHODOLOGY

2.1 | Material

The aluminium alloy AA2024-T3 (AlCu4Mg), which is
widely used in the aircraft industry, is investigated in this
study. The material was purchased from a commercial
supplier in the form of 1.6-mm-thick rolled sheets. The
supplier provided the following mechanical properties:
Young's modulus E = 71.4 GPa and yield strength
σyield = 345 MPa.

2.2 | Experimental setup

The setup of the FCG experiments is shown in Figure 1.
A standard uniaxial servo-hydraulic testing machine
(1) with a digital controller and a load capacity of 400 kN
was used; the AA2024-T3 specimens (2) have total
dimensions of 1,250 × 950 × 1.6 mm3 and are machined
by water jet cutting. An initial notch with a length of
2a = 20 mm is introduced at the centre of the specimen
by a saw cut.

The crack length is determined using direct current
potential drop (DCPD) during the experiment using
Johnson's equation.27 The voltage was measured between
two pins at the centre of the specimen at a vertical dis-
tance of 40 mm to each other (Figure 1B). Massive copper
plates in the clamping (brown parts in Figure 1C) were
used to transmit electrical current to the specimen. The
clamps were isolated from the machine to avoid alterna-
tive current paths. Owing to the large dimensions of the
specimens, a relatively high constant current of 80 A
(resulting in a voltage of �1 V) was necessary to obtain
an adequate potential difference of approximately
0.14 mV for the initial 20-mm-long notch. The specimen
is held by clamps in an area of 950 × 170 mm2 on each
side and loaded parallel to its rolling direction, L.
T denotes the transverse direction (Figure 1D).

A commercial 3D DIC system ((3) in Figure 1A; GOM
Aramis 12M) was used to obtain the full-field displace-
ment and strain information of the free surface of speci-
men (950 × 910 mm2) during the experiment. The strains
are given as the total strains (εtotal = εelastic+εplastic),
because no additional material model is included in the
calculations. Two cameras with a focal length of 24 mm
were positioned at a horizontal distance of 586 mm from
each other. The entire gauge area was captured at a dis-
tance of approximately 1,550 mm. Six lamps illuminated
the specimen during the test. For the DIC measurements,
the specimens were painted white using a commercial
water-based spray paint. Then, a black speckle pattern
was generated by applying black acrylic paint with a
brush onto the surface of the specimen. The DIC system
had a spatial resolution of 4.8 mm (1 pixel = 0.32 mm)
with a facet size of 19 × 19 pixel2 and a facet distance of
15 pixel.

2.3 | Experimental procedure

Three different loading conditions were analyzed during
the FCG experiments, as shown in Figure 2. In each case,
the maximum nominal stress σmax was kept constant at
120 MPa with the maximum force max = 182.4 kN; this
corresponds to roughly one third of the yield stress. To
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test three different load ratios (R = σmin/σmax), the mini-
mal force was increased from 0.1max to 0.3max and to
0.5max. The maximum stress intensity factors Kmax and
the size of the primary plastic zone (PPZ) were expected
to be constant because the maximal stresses remain con-
stant. A trapezoidal waveform with a period of 4 s was
selected to ensure that the specimen is always subjected
to maximal load, even if the stiffness of the specimen
decreases because of the increasing crack lengths. To
ensure repeatability, the experiments were subsequently
conducted under the exact same conditions following the
standard ASTM E647-15.

The 3D DIC measurements were conducted automati-
cally at the minimum and maximum loads whenever the
crack length increased by Δa between 5 to 10 mm. A
total of approximately 100 images were captured during
each crack growth experiment.

Fatigue crack propagation curves (da/dN-ΔK) were
obtained using two different techniques for determining
ΔK. In both cases, da/dN was calculated using the secant

method according to ASTM E647-15. Then, ΔK was cal-
culated using the linear-elastic finite element solution
and with the DIC postprocessor based on the interaction
integral.22,28,29 The interaction integral method was
implemented in a Python postprocessor as a line integral
as described in Breitbarth et al.30 For DIC-based ΔKDIC

evaluation, DIC datasets with the minimum and maxi-
mum loads were used. In each dataset, 10 increasing inte-
gration paths were automatically defined outside the
plastic zone at a distance of approximately 2 mm from
each other at maximum load. Then, the same contours
were used at the minimum loads. Finally, ΔKDIC was cal-
culated by subtracting the mean values at each load level.
Predominant plane-stress conditions were expected
because of the thin sheet material.

2.4 | Numerical analysis

3D finite element analysis (FEA) was used to calculate
the stress intensity factors and investigate the primary
and cyclic plastic zones. The simulations were set up as a
parametric model with ANSYS parametric design lan-
guage (APDL) in ANSYS Classic 19.1 and can be summa-
rized as follows:

1. Stress intensity factors: free-mesh, crack tip element
size = 0.5 mm, linear-elastic.

2. PPZ: free-mesh, increasing element size = 0.5 to
5 mm, elastic-plastic.

3. Cyclic plastic zone: mapped-mesh, element
size = 1 mm, elastic-plastic.

The material tensile properties determined by stan-
dard tensile tests are shown in Figure 3. In the elastic
region, the material model has a Young's modulus
E = 71.4 GPa and a Poisson ratio ν = 0.33. For the

FIGURE 1 (a) Experimental setup:

(1) servo-hydraulic testing machine,

(2) mounted middle tension (MT) specimen and

(3) commercial 3D digital image correlation

system; (b) direct current potential drop

measurement; (c) clamping of the specimen; and

(d) sketch of the MT specimen [Colour figure

can be viewed at wileyonlinelibrary.com]

FIGURE 2 Details of the loading conditions during fatigue

crack growth [Colour figure can be viewed at wileyonlinelibrary.

com]

BREITBARTH ET AL. 2685

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


elastic-plastic simulations of the plastic zone, a multi-
linear isotropic hardening model (MISO) with a yield
strength σyield = 345 MPa and nine data points indicated
in Figure 3 (black circles) were used.

Considering symmetry conditions, only one fourth of
the specimen was modelled to reduce computational
effort (Figure 4). Linear eight node hexahedron
(SOLID185) elements were selected as they provide a
suitable trade-off between accuracy and computational
time. The stress intensity factors (1) and PPZ sizes
(2) were evaluated for increasing crack lengths between
50 mm and 350 mm in steps of Δa = 5 mm. In these
cases, a free mesh was used to mesh the surface area. The
mesh size of the coarse part of the model outside the
crack tip area was about 5 mm, with local refinements up
to 0.5 mm in the vicinity of the crack tip. The 2D surface
mesh was then extruded with four subdivisions in the
thickness direction; the crack tip load KI was calculated
using the interaction integral provided in ANSYS via the
CINT command31 by averaging the node values along the
crack front.

For the simulation of the cyclic plastic zones (3), a
regularly shaped mesh, that is, a mapped mesh, was nec-
essary to ensure that all plastic zone elements have the
same size and shape (Figure 4). The edge length in the
refined region was 1.0 mm. The cyclic plastic zone was
simulated for the three load ratios R (see Figure 2) at a
crack length a = 200 mm. A total of 30 load cycles (= 60
load steps) were calculated in each simulation according
to the peak loads shown in Figure 2. The elements with
changing plastic energy density between two following
load steps were selected in postprocessing to reveal the

cyclic plastic zone. The details of this procedure can be
found in Breitbarth and Besel.32

2.5 | Fractography

The fracture surfaces were analyzed using a scanning
electron microscope (Zeiss Ultra 55 FEG device) to reveal
predominant crack growth mechanisms. The acceleration
voltage was set at 15 kV. Samples of 50 mm length were
cut from the tested specimens with a handsaw, cleaned
by compressed air followed by cleaning under ethanol
and distilled water.

3 | RESULTS

3.1 | PPZ and stress intensity factors

The size of the PPZs and stress intensity factors predicted
by the finite element simulations are shown in
Figure 5A,B, respectively. The surface shapes of the PPZs
at different crack lengths are plotted in blue while the
red dots indicate the crack tip positions. The red lines
were fitted with a quadratic function to illustrate the
overall boundaries of the growing crack. The crack tip
load KI,max increases with increasing crack length to

FIGURE 3 Tensile properties of the AA2024-T3 sheet

material based on three tensile tests used for the multilinear

isotropic hardening model (MISO) [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 4 3D finite element model with boundary conditions

and locally refined mapped mesh for the simulation of the cyclic

plastic zone [Colour figure can be viewed at wileyonlinelibrary.

com]
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values greater than 100 MPa√m for crack lengths greater
than 200 mm. Consequently, the corresponding elastic-
plastic simulations predict very large PPZs that extend up
to about 100 mm from the crack tip for a 325-mm-long
crack. This is in good agreement with Irwin's PPZ size

estimation rp = 1
π

KI
σyield

� �2
in the plane stress state.33 Simu-

lations for crack lengths a ≥ 325 mm were aborted
because of net-section yielding. The plastic zone trans-
forms from a rounded shaped to a butterfly-like shape
with increasing crack length.

Figure 6 shows a map of the von Mises equivalent
stress σeqv obtained from the elastic plastic simulations
for a crack length of a = 250 mm under maximum load-
ing conditions. The PPZ is shown in grey, as the colour
bar is limited to Rp0.2. Therefore, the DIC and FEA results
are comparable.

3.2 | Experimental strain information

Figure 7 shows representative DIC strain fields for each of
the three load ratios in terms of the von Mises equivalent
strain εeqv (=(2/3εijεij)

1/2,34) right before the final fracture
occurred. The DIC measurements shown in this figure are
conducted under maximum load. In each case, the crack
propagated symmetrically to the centre and it was almost
perpendicular to the load axis. The overall strain distribu-
tions in the testing area are very similar for all specimens,

as shown representatively in Figure 7A. Therefore, only
the regions close to the crack tip are plotted for load ratios
R = 0.3 and R = 0.1 in Figure 7B,C, respectively. The col-
our scale bar is limited to a maximum εeqv = 0.68% to
reveal plastic deformation (εeqv,yield = 0.2% + Rp0.2/
E = 0.2% + 345 MPa/71.4 GPa = 0.68%). Thus, red areas in
the vicinity of the crack tips indicate PPZs. The size of the
PPZ is similar in the contour plots of the elastic-plastic
simulation and the DIC measurement. However, the
shapes of plastic zones differ because of the spatial resolu-
tion limits of the DIC system (comparing Figures 6 and 7).

The specimens with load ratios of 0.5, 0.3 and 0.1
finally failed because of the unstable fracture at crack
lengths a of 277, 251 and 242 mm with maximum mode I
stress intensity factors of 144, 130 and 122 MPa√m and
the load cycles of 36.6 × 103, 21.2 × 103 and 17.2 × 103,
respectively. Thus, higher load ratios lead to a longer
fatigue crack, and higher maximum stress intensity fac-
tors could be reached. Further, this leads to larger PPZs,
as shown in Figure 7A-C. The crack extension for the
R = 0.5 experiment reached about 96 mm. In this case,
the length of the linear-elastic ligament is about 110 mm.
Further, the strain fields show extensive strain redistribu-
tions throughout the tested area owing to the long crack:
While the centre of the specimen is practically load-free
(blue regions), the areas close to the lateral periphery of
the specimen (green and yellow) are subjected to equiva-
lent strains greater than 0.45%. A video showing the
crack propagation and extension of the strain maps is
provided in Video S1.

FIGURE 5 (A) Primary plastic zones on the surface based on

finite element simulations at a nominal stress of 120 MPa and

(B) estimated stress intensity factors [Colour figure can be viewed

at wileyonlinelibrary.com]

FIGURE 6 Elastic-plastic simulation results for a crack with a

length of a = 250 mm showing von Mises equivalent stress σeqv at

the maximum nominal load of 120 MPa. The colour bar is limited

to Rp0.2 = 350 MPa to reveal the primary plastic zone (grey) [Colour

figure can be viewed at wileyonlinelibrary.com]
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3.3 | Fatigue crack propagation data

The da/dN-ΔK FCG curves are shown in Figure 8A.
While da/dN is based on continuous potential drop mea-
surements, ΔK is derived from the FEA (square symbols)
and DIC (star symbols) results. There are fewer data
points for the DIC results because of the limited amount
of data. Curves start at a crack propagation rate between
10−4 and 10−3 mm/cycle and stress intensity factors of
about 10 to 20 MPa√m. The highest crack propagation
rates and cyclic stress intensity factors of 4 mm/cycle and
115 MPa√m, respectively, were reached for the specimen
with R = 0.1 load ratio. The FCG curves for load ratios
R = 0.3 and R = 0.5 are shifted to the left because of their
lower cyclic stress intensity factors.

3.4 | Fractography

Fracture surfaces were investigated to reveal the fracture
mechanisms and possible crack closure effects that could
be expected up to load ratios R ≤ 0.7 for AA2024.35 For
the first 100 mm of the crack propagation, the specimen
with R = 0.1 presented a V fracture mode (double shear),
as shown in Figure 8B. Then, the fracture mode trans-
itioned to a 45� slant or S-mode (Figure 8C). This transi-
tion is characterized by an apparent increased crack
propagation rate for the linear-elastic FEA solution

(region indicated by a circle). The corresponding values
for KI are calculated for a flat fracture surface normal to
the applied load, and it increases steadily for longer
cracks (Figure 5). No change in the slope of the FCG rate
is observable for the DIC solution. The DIC and FEA
results practically overlap until the V-S transition occurs;
higher ΔK values were obtained in DIC postprocessing
during the phase when the S-mode fracture is active. The

FIGURE 7 Equivalent von Mises strain, εv, fields determined by digital image correlation (DIC) at maximum loading conditions for the

three experiments right before the final fracture. The plastic zones are shown in red based on the range of the colour scale bar. The load

cycles are about 36.6 × 103, 21.2 × 103 and 17.2 × 103 for A to C, respectively. The load direction is vertical [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 8 (A) Crack propagation data and (B and C) S and V

fracture modes observed for experiments with R = 0.1. The S mode

fracture is representative for R = 0.3 and 0.5. ΔK was calculated

with a linear-elastic solution and with a DIC postprocessor based

on the interaction integral [Colour figure can be viewed at

wileyonlinelibrary.com]
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fracture surfaces for the R = 0.3 and R = 0.5 experiments
had a 45� S-mode from the beginning. The crack propa-
gation curves for these load conditions overlap within a
small scatter band.

4 | DISCUSSIONS

Cyclic stress intensity factors greater than 115 MPa√m
with crack propagation rates up to 4 mm/cycle were
achieved for large and thin (1,250 × 950 × 1.6 mm3) spec-
imens of AA2024-T3 investigated in this study. The crack
propagation curves (Figure 8) start at about 10 to
20 MPa√m, where most FCG results in the literature end.
The achieved high-stress conditions are close to crack
resistance curve experiments.13 We suggest that they may
be interpreted as a type of cyclic R-curves. Furthermore,
the load cycles between 17 × 103 and 36 × 103 in the
experiments are typical magnitudes relevant for commer-
cial aircrafts.36

4.1 | Simulations and experiments

The experimental determination of the PPZ at the crack
tip using the DIC system is in good agreement with the
simulations. The shapes and extensions are considerably
similar with respect to the local spatial resolution of the
DIC measurements. A comparison of the PPZs shown in
Figure 7 with the simulations in Figure 5 reveals that the
elastic-plastic finite element model can predict their size
and shape very well. The effect of the plastic wake from
the propagating crack is an inherent part of DIC results;
however, it cannot be revealed separately as it is not pos-
sible to distinguish between elastic and plastic strains
without further assumptions. In addition, Figures 6 and
7A show that the limited specimen length and long crack
result in a large stress dead zone with reduced
stresses/strains (blue) in the centre of the specimen.23

This fact is well-captured in the simulation model for the
linear-elastic calculations of the stress intensity factors.
Furthermore, the stress intensity factors determined by
the linear-elastic finite element simulations and the DIC
postprocessor are in good agreement with each other.
Path-independent contour integrals in the linear-elastic
DIC field outside the plastic zone can capture the local
crack tip loadings without complex elastic-plastic stress-
strain parameters. This indicates that the K concept of
linear-elastic fracture mechanics can be extended for the
case of LSY conditions, which goes far beyond its original
definition, that is, plastic zones should be small com-
pared with the crack length. Nevertheless, an overlap of
all FCG curves obtained by DIC and potential drop

measurements was expected as they incorporate the
effective cyclic stress intensity factors considering intrin-
sic and extrinsic effects.20 This deviation can be attributed
to the macroscopic topology of the fracture surfaces indi-
cated in Figure 8B,C, that is, the differences between V
and S modes, and therefore, the complex interaction
between the fracture surfaces.

The investigation of the fast FCG rates and large plas-
tic zone sizes obtained in the present work undoubtedly
require the use of large specimen sizes. Standard fracture
mechanical specimens such as CT75 or MT160 would
rapidly fail because of unstable crack growth in regime C
(fast crack growth regime). Considering this, the maxi-
mum possible crack propagation rates depend on the
combination of specimen size and plastic zone expansion.
The FCG curves in Figure 8 show a stable crack exten-
sion and can therefore be fitted by the Paris Law in the
double-logarithmic diagram for numerical predictions of
crack growth. Furthermore, the increase in crack propa-
gation rates with load ratio R is in agreement with the lit-
erature despite the high crack tip loads.37

4.2 | Fracture modes and crack closure

A predominant 45� shear (S-mode) crack was present for
the R = 0.3 and R = 0.5 specimens, which is typical for
high plasticity at the crack tip.38 For the R = 0.1 speci-
men, the transition from the V to the S mode occurred
without any observable preindication during the experi-
ment. Figure 9 provides an overview of fracture surfaces
before (A and B) and after (C and D) this transition; no
fatigue striations are visible on the fracture surfaces.
Figure 9A shows a predominantly ductile fracture with
tear ridges, ductile dimples and transgranular fracture
(1), which are typical for regime C FCG.10 Furthermore,
Figure 9B reveals broken primary intermetallic particles
found throughout the fracture surface (2). Thus, the
high-load FCG shows evidence of cyclic ductile stable
rupture rather than fatigue striations, which should be
predominant in regime B (Paris regime) crack propaga-
tion. The scanning electron microscope (SEM) micro-
graph in Figure 9C reveals that there was a relative
movement of the S-mode fracture surfaces against each
other, that means flattened areas (3) indicate physical
contact of the fracture surfaces during crack propagation.
Figure 9D shows scratches (marked as (4)) perpendicular
to the crack growth direction (black arrow). The concept
for the mode I crack closure in the classical sense indi-
cates that forces are transmitted perpendicular to the
fracture surfaces when they are in contact.39 This is still
possible in the V mode because of the interlocking of the
fracture surfaces. In contrast, the surface contact for the
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S mode is more complex, as in-plane relative movements
are possible in the 45� direction. Therefore, sliding of the
45� fracture surfaces against each other could locally
cause additional mode II (in-plane shear) and mode III
(out-of-plane shear) loads at the crack front, thereby lead-
ing to very complex stress states that can increase crack
propagation rates. The simulation model can only repre-
sent a straight crack front perpendicular to the load direc-
tion. Under these conditions, the DIC-based results
consider the complex stress states directly at the crack tip
and provide a more accurate solution for the apparently
increased ΔKDIC. Thus, the da/dN-ΔKDIC curve continues
almost linearly in the double-logarithmic plot. Physical
contact of the fracture surface cannot be observed for the
specimen with higher load ratios (R = 0.3 and 0.5) as the
scratches perpendicular to the crack growth direction are
not visible. Thus, the crack propagation curves are very
close for these load ratios.

4.3 | Cyclic plastic zone

The highest stress intensity factor reached was
KI,max = 144 MPa√m, and it was obtained for the
R = 0.5 specimen because the longest crack length was
achieved for this load ratio. The R = 0.1 specimen

showed the highest ΔK (115 MPa√m) because of the
larger crack opening displacements. Effects causing the
earlier final fractures at lower load ratios (final crack
lengths a = 277, 251 and 242 mm for R = 0.5, 0.3 and
0.1, respectively) were not identified at the fracture sur-
faces. Originally, it was expected that the final fracture
would occur at similar crack lengths because of identi-
cal PPZ extensions, that is, via plastic collapse or ductile
tearing, with respect to the maximum K. Therefore, rep-
resentative simulations of the cyclic plastic zone were
conducted with identical PPZ sizes. To this end, 30 load
cycles were simulated until the geometrical extension of
the cyclic plastic zone converged. Different types of the
cyclic plasticity in the vicinity of the crack tip, namely
the forward and backward cyclic plastic zones, are plot-
ted for a crack length of a = 200 mm in terms of accu-
mulated plastic strain energy density

P
upl in Figure 10.

This comparison does not include crack propagation in
the simulation models as only the effect of energy accu-
mulation in the plastic zone needs to be separated.
Lower load ratios should increase the accumulated
energy because higher external work is introduced
because of the higher load amplitudes (W =

Ð
F � ds,

where W, F and ds are the work, force and infinitesimal
displacement, respectively). The PPZ is plotted in grey;
its extension is constant during cyclic loading. The size

FIGURE 9 Scanning electron microscope (SEM) micrographs of the R = 0.1 specimen before and after transition from the V to the S

mode. The black arrow indicates the crack growth direction. (A) and (B) show the fracture surface of the V mode at a crack length a of

90 mm and KI,max = 68 MPa√m. (C and D) Fracture surfaces of the 45� shear S mode at a crack length of 110 mm and KI,max = 77 MPa√m

[Colour figure can be viewed at wileyonlinelibrary.com]
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of the forward cyclic plastic zone increases with increas-
ing load ratio while that of the backward cyclic plastic
zone decreases. Moreover, the energy accumulation
close to the crack tip decreases with increasing load
ratio, and it is associated with a higher dislocation
movement.40 In other words, the work-hardening
increases with decreasing load ratio and, therefore, the
final instable rupture occurs at lower crack lengths.

5 | SUMMARY AND CONCLUSIONS

Results of the crack propagation experiments showed that
computationally efficient methods based on linear-elastic
fracture mechanics can be used to calculate the stress
intensity factors in the case of LSY, and they can be applied
to crack growth simulations and lifetime predictions for
aircraft fuselage skin sections. These data are also relevant
to evaluate the damage tolerance of such structures. The
fatigue experiments, together with the combination of DIC
with linear-elastic as well as elastic-plastic finite element
simulations, lead to the following conclusions:

1. Crack propagation starts at rates between 10−4 and
10−3 mm/cycle and stress intensity factors of about
10 to 20 MPa√m. The highest crack propagation rates
and cyclic stress intensity factors of 4 mm/cycle and
115 MPa√m, respectively, were reached for the speci-
men with R = 0.1.

2. The estimation of the stress intensity factors by means
of DIC and FEA linear-elastic solutions show similar
results even for large plastic deformations, that is,
plastic zone extensions up to about 100 mm in the
vicinity of the crack tip.

3. The fatigue cracks at ΔK > 30 MPa√m tend to a 45�

shear fracture (S mode) with ductile micro-fracture
features indicating cyclic tearing. A transition from
the V to S fracture mode was observed at a crack
length a of approximately 100 mm for the R = 0.1
loading condition that resulted in an apparent
increase in the FCG rates. Consequently, the FCG dia-
grams deviated with respect to ΔK based on the
linear-elastic solution and the DIC results. This effect
may arise because only the DIC calculation can cap-
ture the complex loading condition caused by the
transition of the fracture mode.

4. The size of the forward cyclic plastic zone increases
with an increasing R-ratio while that of the backward
cyclic plastic zone decreases. In contrast, the energy
accumulation directly at the crack front increases with
decreasing load ratio. Therefore, the unstable failure
that leads to shorter crack lengths at lower load ratios
can be attributed to the increase in the amount of
work-hardening at the front of the crack tip.
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NOMENCLATURE
a crack length
da/dN crack growth rate
DIC digital image correlation
ds infinitesimal displacement
E Young's modulus
F force
FCG fatigue crack growth
FEA finite element analysis
J J integral
Ki stress intensity factors with i for Modes I, II

and III
LSY large-scale yielding
PPZ primary plastic zone
rp primary plastic zone size
R load ratio
t time
upl plastic strain energy density
ν Poisson ratio
W work
εtotal total strain
εelastic elastic strain
εplastic plastic strain
σyield,
Rp0.2

yield strength

σ stress
ΔK cyclic stress intensity factor
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