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ABSTRACT

Mixed mode-I/II/III fatigue crack growth experiments and their simulations are performed using a system
permitting all possible combinations of three-dimensional mixed mode loading conditions. The so-called
Compact Tension-Shearing and Tearing (CTST) specimens used in the experiments are made of 7075-
T651 aluminum alloy. Different mixed mode loading conditions are considered and the applicability of
a previously developed new 3-D fracture criterion on 3-D mixed mode fatigue problems is evaluated.
Crack growth surfaces obtained from numerical simulations and experiments are compared using exist-
ing criteria in the literature and the developed criterion. Especially for highly mixed mode conditions, the
developed criterion predicts the crack growth surface better than the MTS criterion by reducing nearly
half of the latter’s deviation from the experimental surface. Based on the computed mixed mode stress
intensity factors, comparisons of lives show that most mixed mode fracture criteria underpredict fatigue
crack propagation lives. Numerical analyses are also performed on a cylindrical steel bar under combined
tension-torsion fatigue load to further validate the method presented. The predicted results showed good
agreement with experimental data from the literature.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

One of the main reasons for crack formation, fatigue crack
growth (FCG) and fracture problems encountered in practical engi-
neering applications is the exposure of structural and/or machine
parts to high magnitudes of complex fatigue loadings. Most studies
in the literature related to fatigue crack growth mainly focused on
crack growth behavior under pure mode-I loads acting perpendic-
ular to the crack plane and two-dimensional mixed mode-I/II
loads, under which the crack propagates through a curved path
in its plane. However, it can also be frequently observed that a
crack in an engineering application can also be subjected to combi-
nations of modes I, -1l and -III loads, resulting in mixed mode-I/II/
Il loading with all three active fracture modes. In such a situation,
a crack can propagate under fatigue loading or it can fracture in a
three-dimensionally non-planar manner depending on geometry,
loading direction and boundary conditions of the problem. From
the perspective of being able to predict three-dimensional FCG,
modeling, mesh generation and incremental crack propagation
analyses of non-planar cracks are much more complex than those
of mode-I and two-dimensional mixed mode-I/Il propagation
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problems. In order to predict incrementally successive crack front
profiles during a crack propagation simulation, equivalent stress
intensity factor (SIF) values, crack growth deflection angle and
crack growth amount for each nodal point on the respective 3-D
curved crack front need to be determined by separate equations.
These equations are developed as a function of three fundamental
SIFs, i.e., K;, Ky and Ky, and play a key role in the simulation
described above.

Under mixed mode loading conditions, mode-II and mode-III
fracture modes are coupled with each other. Due to the bending
effect of mode-III (tearing) loading in the out-of-plane direction,
additional Kj; SIFs are induced along the crack front and due to
the Poisson’s ratio effect of the material, mode-II (in-plane shear)
loading results in additional Kj; SIFs along the crack front. There-
fore, the underlying mechanisms acting under general three-
dimensional mixed mode loading are complex and highly interac-
tive. Although the coupled modes have been known and observed
numerically for many years [1-3], they may not be specifically
dealt with in some theoretical and experimental considerations
[4-9]. The effect of these coupled modes must be elucidated dis-
tinctly. Several stress or energy-based 3-D failure criteria are
developed so far to determine fracture behavior of the cracked
structures under general mixed mode loading conditions. Some
of them are Pook [10], Richard et al. [11], and Schollmann et al.
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[12] criteria, which were proposed for the prediction of crack kink-
ing and twisting angles and equivalent SIF. Irwin [13], Sih [14],
Tanaka [15], and Kikuchi et al. [16] also developed equivalent SIF
equations by using the three modes of SIFs. In our recent previous
studies [17,18], numerical and experimental mixed mode-I/II/III
fracture analyses were performed and critical fracture loads
obtained from the tests were compared with 3-D criteria men-
tioned above. The results showed that all of the existing criteria
underestimated the fracture loads for high mode mixity cases, in
which the coupled modes are dominant. Therefore, it is necessary
to evaluate the 3-D fracture criteria with extensive numerical and
experimental studies. Other than the above recent studies [17,18],
in order to investigate mixed mode-I/II/IIl fracture phenomena by
using conventional axial test machine only a few types of loading
apparatus had been proposed in the literature [2,19-23]. However,
monitoring of crack length and its propagation required for FCG
experiments is either impossible or limited on these test apparatus
due to their design styles.

One of the aspects of 3-D fracture and fatigue crack propaga-
tion is the free-surface effect. It is well known that at the point
where the crack front intersects the free surface, the stress singu-
larities are a function of the angle of intersection and Poisson’s
ratio [24-29]. As noted in [27], the corner point singularity only
dominates within a limited region, so in some circumstances, a
corner point singularity region may lie within a K-dominated
region and that the size of the corner region (boundary layer)
in which the crack tip stress field is characterized by the stress
intensity measure is not generally known. Therefore, in this
study, no special treatments are made to the free-surface SIF val-
ues other than extrapolating from the crack front point in the
close vicinity of the free-surface, after which the free-surface
effect is seen on the SIF distribution. Based on Ref. [29] it is
worthwhile to note that, using FE models mixed mode SIFs near
the free-surface are calculated and defined correctly within some
small distances from the free-surface, which supports the
approach described above.

In order to provide small scale yielding conditions under LEFM
(Linear Elastic Fracture Mechanics) rules, before performing mixed
mode tests the required specimen thickness (¢ > 2.5(Kc/oy)?) was
computed according to ASTM E399 standard [30] using results
from finite element analyses of the mixed mode specimen used
in this study under different loading conditions. The required
thickness was computed as 8-10 mm for plane strain mode-I frac-
ture conditions. To fracture the specimen for high mode mixity
conditions, the required load levels and plastic zone size increase.
As a consequence, to provide small scale yielding conditions under
LEFM rules, the required specimen thickness also increases. There-
fore, specimens with 25 mm thickness (which is 2.5 times more)
were used in the mixed mode fracture experiments. Furthermore,
it is also noted that in the current study, magnitudes of the applied
fatigue loads are much less than the corresponding fracture loads
to break the specimens.

One other aspect for 3-D fracture is the out-of-plane constraint,
especially for elasto-plastic materials. There are studies in the liter-
ature that investigate detailed stress distributions ahead of mode-I
and mixed mode crack fronts by taking into account in-plane and
out-of-plane constraint effects [31-35]. Ref. [35] demonstrated
that for thick specimens (t/w = 0.5, t: thickness, w: width of the
specimen), the out-of-plane constraint effect is almost zero. In
the present work, thick specimens (t/w = 0.5) made of Al-7075
exhibiting brittle fracture behavior are used and their fatigue crack
propagation behaviors are assessed in terms of mixed mode stress
intensity factors by compatibly using numerical [17] and experi-
mental [18] results representing the same mixed mode-I/II/III frac-
ture test system with no consideration of crack tip constraint
effects.
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In the recent previous studies [17,18], only the fracture aspect
of 3-D mixed mode crack problems were investigated and related
fracture criteria were developed. In this study, mixed mode-I/II/
Il FCG experiments are performed by using the recently developed
loading fixture [17,18], which permits all possible combinations of
mixed mode loading, and the optical measurements required for
monitoring of crack.

Fatigue crack propagation analyses are carried out by using
combined failure criteria, in which the equation of crack deflection
angle was developed from mixed mode-I/II tests [36] and the equa-
tion of equivalent SIF was developed from mixed mode-I/Ill and
mixed mode-I/II/III tests [18]. FCG surfaces and lives obtained from
numerical and experimental analyses are compared for different
mode mixity ratios.

In this paper, computational fracture mechanics simulations of
fully three-dimensional mixed mode-I/II/IIl fatigue crack growth
experiments are carried out. Applicability of a new 3-D fracture cri-
terion is evaluated using the results of mixed mode-I/II/IIl experi-
ments under fatigue loading. Excellent agreement is observed
between fatigue crack growth surfaces obtained from experiments
and those predicted by the simulations using the developed crite-
rion. Although close predictions by the developed criterion are
obtained for non-planarly evolving 3-D fatigue crack growth sur-
faces and for estimation of the final unstable fracture point under
all loading angles, the predicted fatigue lives using the developed
and different existing criteria in the literature are far away from
the experimental data. This contradictory result is comprehen-
sively discussed at the end of Section 4.

The present work is organized as follows: In the next section,
details of a recently developed mixed mode-I/II/Ill test system
and description of the fatigue crack growth test procedure are
given. Section 3 investigates the results of three dimensional
mixed mode fatigue crack growth analyses performed using 3-D
enriched finite element analyses and the recently developed 3-D
fracture criterion [18]. Comparisons of the experimental fatigue
crack growth lives with those predicted by the developed and
existing criteria are given in Section 4. An independent validation
example demonstrating the usage of the developed criterion is pre-
sented in Section 5. Finally, summary and conclusions are drawn in
Section 6.

2. Mixed Mode-I/II/IlI fatigue crack growth experiments

Fatigue crack growth experiments are performed by using Com-
pact Tension-Shearing and Tearing (CTST) specimen (Fig. 1) under
different combinations of mixed mode-I/II/IIl loading conditions. In
order to simultaneously generate all of mode-I, mode-II and mode-
Il external loads on the specimen at desired individual levels, a
loading apparatus (Fig. 2), which was used in conjunction with
the CTST specimen in the previous research [17,18] for mixed
mode-I//II/IIl fracture analyses and experiments, is used. Detailed
dimensions for the parts of the apparatus can be found in [17].
The Al 7075-T651 alloy machined from rolled plates in the L-T roll-
ing direction is used as the CTST specimen material, which has an
elastic modulus of 70GPa, a Poisson’s ratio of 0.33 and an initial
yield stress of 500 MPa. The loading apparatus and bolts are made
of St 4140 steel and HSS steel, respectively (Fig. 2). Young’s modu-
lus and Poisson’s ratio of the loading devices and bolts are 200 GPa
and 0.3, respectively. In Fig. 2, overall view of the test assembly
with its parts is shown. The arch-shaped (A) part allows the load-
ing axis to pass through the mid-point of the specimen loading
holes under different loading angles varying from 0° to 90° in steps
of 15°. The single-grip flange (B) part, which provides axial align-
ment of the system along the loading axis of the test machine
and produces out-of-plane loading on the specimen when rotated,
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Fig. 1. Dimensions of the CTST specimen (thickness is 25 mm, [17,18]).

is attached to the arch-shaped (A) part and to the specimen via the
tightly screwed bolts. To allow introduction of different levels of
out-of-plane loading on the tested specimen, bolt holes with steps
of 15° are created around the flange (B). By rotating the single-grip
flange (B) part attached to the specimen around “y” axis and by
clamping the mode-I clevis of the test machine on the desired load-
ing hole on the arch-shaped (A) part, any combinations of modes-I,
-II and -III can be generated on the specimen. A given 3-D mixed
mode general loading generated on the specimen is described as

Computers and Structures 243 (2021) 106399

follows: For the case of rotation around “y” axis by angle o, and,
clamping the mode-I clevis of the test machine on the arch-
shaped (A) part by angle B, the loading case is symbolized as,
M-II/IIl = oo, M—I/Il = B, M—I/IIl = B (Fig. 2). In order to start the
3-D mixed mode FCG test with a sharpened crack, for all tested
specimens, first fatigue precracking is performed under pure
mode-I tensile loading according to ASTM E647-13a standard
[37]. In the absence of any standard requirement for the loading
levels of a pre-cracking process before 3-D mixed mode fracture
or fatigue tests, in a compatible manner with the standard for
mode-I FCG tests [37], precracking loads are applied such that
the final K,.x during precracking doesn’t exceed the initial equiv-
alent Kp.x of the upcoming mixed mode FCG tests. Needless to
say that these equivalent SIF values are calculated using the com-
puted mixed mode SIFs from 3-D finite element analyses described
in the following section. Compression precracking is another alter-
native test method for generating fatigue crack growth threshold
data, without appreciable load-history effects [38,39]. However,
as noted in [39], recent studies showed that the residual stress field
arising from compression loading affects crack growth rates during
the test following the compression precracking.

After precracking, mixed mode fatigue crack growth tests are
performed by positioning the loading apparatus using the desired
two independent loading angles. All tests presented in this study
are performed at the stress ratio (R) of 0.1. Monitoring and mea-
surements of crack propagation during tests are done by simulta-
neously recording at predetermined time intervals the front and
back-side images of the specimen’s crack tip region from high-
zoom cameras and the number of cycles associated with the corre-
sponding crack length and growth state. The cameras, which are
used to monitor the positions of front and back surface crack tips
and to measure the crack lengths, had a magnification capacity
of 800X and a manual focus range from 0 mm to 200 mm. In all
experiments, 25 mm-thick specimens are used. General views of
the experimental set-up for different loading angles are given in
Fig. 3. Strain gage measurements had also been performed to
determine the accuracy of the finite element simulations involving

Fig. 2. Mixed mode-I/II/III test assembly and loading angles.
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Mode-I/II=15°, Mode-I/III=15°
Mode-IV/III=75°

Mode-I/II=45°, Mode-I/III=45°
Mode-II/TII=45°
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Mode-I/II=75°, Mode-I/ITII=75°
Mode-II/III=15°

Fig. 3. Views of the experimental set-up for different loading angles.

contact mechanics between contacting surfaces in the test assem-
bly and good agreement had been obtained with the analysis
results [18].

3. Three dimensional mixed mode fatigue crack growth
analyses

3.1. Analysis method

In this sub-section, the analysis procedure for simulation of
mixed mode-I/II/IIl fatigue crack growth tests is described. The

process steps of the analysis procedure are given in Fig. 4. ANSYS™

[40] is used to generate all finite element models employed in the
study and to perform their stress analyses, which involve the
appropriate contact mechanics as part of the physiscs of the prob-
lem. Experimental fatigue crack growth surfaces from the broken
specimens are scanned in order to start the crack growth simula-
tion analyses with the actual mode-I pre-crack lengths of the spec-
imens tested under different mixed mode-I/II/IIl loading conditions
and to compare the predicted simulation surfaces with experimen-
tal surfaces. In Fig. 5, overall and exploded views of the finite ele-
ment model of the test assembly with boundary conditions and

Contact Surfaces Contact Types |

] Modelling & Meshing : : ;
Specimen and Specimen holder Standard :

v Pin and Specimen holder Standard :

o Pin and Loading clevis Standard 1
Defining of Contacts > ¢ threads and Specimen hole Standard i

7 Bolt threads and Specimen holder Bonded (always) ;

Applying of B.C’s and Bolt heads and Specimen Bonded (always) E

: Loads PoTIIIIIIIIIITIIIIIIIIIIIIIIIINIIIIIIIIIIIIIIIIIIIIIIIIIIIILT
| + ] e
| Finite Element i >  FRAC3D Solver |Je— Material Properties :
| . [ E, v, etc. H
' Solution H T ;
i Y ¥ Results
i Submodeling of B.C’s i : (Stress, S:Fs, ete.) E
| v i Y STOP 5
i " ? . i
| Displacement list v Kegv2 Ky Calculate Life !
| Element list of specimen {1 | N
E Node list of specimen ¥ '
' |  Elementlist of crack front 1! Prediction of next Crack growth model | |
i | | Node listof crack front f crack profile and material constants | |
: L T ;
ANSYS FCPAS

Fig. 4. The process map of fatigue crack growth analysis procedure.
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Fig. 5. Overall and exploded views of the finite element model for an arbitrary loading angle.

loads are presented for an arbitrary loading angle. The finite ele-
ment meshes are generated using 10-noded tetrahedral elements
in the whole model, including the regions along the crack front.
Typical mesh convergence studies are employed and as a mesh
refinement parameter, ratio of crack length (a) and crack tip ele-
ment size (Stip), in perpendicular directions to the crack front is
found to be appropriate such that a/Stip = 100. The model shown
in Fig. 5 had a total of 307,298 10-noded tetrahedral elements
and 433,265 nodes. Boundary conditions are applied as follows:
Bottom nodes of the lower loading clevis are fixed in all directions
and those of the upper loading clevis are allowed to move along the
machine loading axis, i.e., the vertical direction, only. The test load
is applied on the upper loading clevis in the vertical direction. After
performing the stress analysis of the whole assembly, displace-
ments are taken from nodes of the contact surfaces of the specimen
to follow a submodeling procedure. These displacements along
with element and node lists of the specimen model and those of
the 3-D crack front are used in FRAC3D solver to compute SIFs
along the crack front. FRAC3D solver [41] is part of Fracture and
Crack Propagation Analysis System (FCPAS) [42] as a standalone
finite element program and employs enriched finite elements to
compute the resulting SIFs. The enriched finite elements do not
require special mesh near the crack front and the SIFs along the
crack front are directly solved for at the same time as nodal dis-
placements without any post-processing effort.

Crack growth model of Paris-Erdogan [43,44] law as shown in
Eq. (1) is used for prediction of nodal crack growth increments,

& C(aKey)" 1)

where, a is the crack length, C and n are the crack growth mate-
rial constants, N is the number of loading cycles and AK,q is the
equivalent SIF range under mixed mode fatigue loading. Material
constants, which are obtained from multiple mode-I fatigue crack
growth experiments according to ASTM E-647 [37] and represent-
ing the mean behavior of fatigue crack growth of the tested mate-
rial under R = 0.1, are 1.46x10° for C and 2.44 for n (da/dN in
mmy/cycle and K in MPa*m'/?). The FCG simulation (Fig. 4) is per-
formed by predicting the incrementally advancing 3-D crack front

on a given state using numerical data in terms of mixed mode SIFs
and local orientations for all nodes describing the crack front and
material properties combined with growth criterion. This process
is repeated until when the maximum allowed equivalent SIF value
or the critical crack length is reached. Further theoretical details of
the procedure is described in [42].

An improved empirical crack deflection angle equation (Eq. (2))
developed in a previous study by Demir et al. [36] is used for pre-
diction of crack deflection angles on the crack front nodes.

a-Ki+Ki-\/Ki+b-Ky-Ki+c-Ky-K
0o = —arccos (2)

K +d-Kj

The coefficients of Eq. (2) are given in Table 1.

Recently developed 3-D equivalent SIF equations (Egs. (3) and
(4)) from a previous study by Demir et al. [ 18] are used to compute
the alternating equivalent stress intensity factor under fatigue
loading. The equations were developed using tens of data points
from respective 3-D mixed mode fracture tests in terms of fracture
loads and their corresponding SIFs representing the exact test con-
ditions. In Eq. (3), first, using data from pure tearing experiments
employing the compact tension tearing (CTT) specimen, a relation-
ship is determined between the coupled mode-II and mode-III SIFs;

Kequr-m) = /0.6890 - K2 + 0.6796 - K2 (3)

Then, using data from fully 3-D mixed mode fracture tests in
terms of fracture loads and their corresponding SIFs, in combina-
tion with Eq. (3), the following equation involving all modes of SIFs
is defined to determine the equivalent SIF [18];

Keg = /@-K} +b K0y + € Kiequim)

4 5 0.25
+(d-KF + e KikZym) 4)
Table 1
Coefficients of crack deflection angle equation (Eq. (2)).
A b c d
0.1723 5.1062 —2.7483 -1.1636
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The coefficients of Eq. (4), which are obtained from nonlinear
regression analyses of the mixed mode SIFs from all mixed mode
fracture tests at the point of fracture, are given in Table 2 [18].
The developed criterion assumes that when the equivalent SIF
(Keq) given by Eq. (4) reaches mode-I fracture toughness (Kic) of
the corresponding material, unstable crack growth and fracture
occurs.

For comparison and to evaluate the accuracy of the developed
criterion, crack propagation analyses are also performed by using
the Maximum Tangential Stress (MTS) criterion proposed by Erdo-
gan and Sih [45] and crack growth surfaces predicted using the
developed and MTS criteria are compared with experimental
results. Another commonly used measure for mixed mode facture
problems is the Minimum Strain Energy Density (MSED) criterion
[14]. Comparison with a reference using the MSED criterion is also
presented in a validation problem involving 3-D mixed mode fati-
gue crack growth in a cylindrical specimen. According to the MTS
criterion, crack extends from the crack tip radially in perpendicular
direction to the maximum tangential stress. If this tangential stress
exceeds a critical value or K. reaches the Ki. value of the material
considered, unstable fracture occurs.
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Equivalent SIF (K.q) and crack deflection angle (0o) for the MTS
criterion are expressed by,

7] 0 3 .
Kog = cosj0 {K, cos? 70 —5Ku sm@o} (5)
3K2 + K\/K? + 8K
0p = —arccos ! 2’ '2 ! (6)
K} +9Kj,

The following method is used to determine and quantify the dif-
ference between the crack growth surfaces obtained from experi-
ments and numerical simulations. In Fig. 6, by aligning the pre-
crack surfaces as the reference surfaces, the method for compar-
isons of experimental fatigue crack growth surfaces with those
from numerical simulations combined with the developed and
MTS criteria is presented for an arbitrary loading angle. Hundreds
of line beams that are perpendicular to the pre-crack surfaces, i.e.,
parallel to the height of the specimen, are passed through the crack
growth surfaces of the cracked part excluding sections in the close
vicinity of free-surfaces. For each line beam, the intersection points
with the experimental and numerically predicted surfaces and

Table 2

Coefficients of new developed equivalent SIF equation (4).
a b c d e
0.5263 0.3322 -0.1112 0.0257 —0.0004

Non-planar fatigue
crack growth
surfaces

/ Linebeam

Pre-crack

® Experimental Surface
@ Developed Criterion
i ® MTS Criterion

Fig. 6. Method for comparison of experimental and numerically predicted fatigue crack growth surfaces.

A-"“"
Pre-crack

Final crack front

3D Non-planar
crack growth
surface

Fig. 7. Finite element mesh for model with predicted final crack front profile using the developed criteria, M—I/Il = 45°, M—I/IIl = 45°, M—II/IIl = 45°.
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their coordinates are determined. By calculating the vertical dis-
tances between the intersection points on the experimentally
observed and numerically predicted surfaces for all line beams
covering the crack growth surface, the root mean square (Xs)
value is defined using Eq. (7) given below.

X2+ X3+ ... + X2
2 _ 1 2 . n (7)

Using the above equation, an average distance between the
compared surfaces is calculated, which quantitatively allows
assessing the deviations of the predicted crack surfaces from those
obtained from the experiments. It is also noted that based on a pre-
vious sensitivity study [52] involving simulations of 3-D mode-I
fatigue crack propagation problems, maximum incremental crack
growth distances in the current simulations are taken as nearly
one tenth of the total crack length.

3.2. Results of mixed mode-I/Il/1ll fatigue crack growth analyses

Modeling and analyses of mixed mode-I/II/Ill crack growth
experiments are performed for three different loadings. These
are; M—I/II = 45°, M—I/IIl = 45°, M—II/IIl = 45°,which involves mod-
erate level of mode mixity, M—I/Il = 75°, M-I/IIl = 75°, M—II/IIl =
15° and M-I/II = 75°, M—I/Ill = 75°, M—II/IIl = 45°, which represent
higher levels of mode mixity conditions. Fatigue crack growth
analyses and experiments are performed at a stress ratio of
R = 0.1 for all loading conditions.

Fatigue crack growth surface of the specimen tested under M-I/
Il = 45°, M—I/lll = 45°, M—II/Ill = 45° loading is, first, scanned for
modeling the actual pre-crack front and to determine the final
crack front point at which unstable fracture occurs. The maximum
applied fatigue load is Fpax = 6.9 kN as in the experiment and the
analyses are repeated until maximum computed equivalent SIF
(Keq) reaches the mode-I fracture toughness (Kic) of the material
(29 MPay/m). Fig. 7 shows different views of the finite element
model containing the final crack front profile predicted using the
recently developed equivalent SIF and crack deflection angle crite-
ria (Eqs. (2), 3 and 4). It is seen from the figure that fully tetrahedral
mesh is used along the crack front and in the whole model. In
Fig. 8, distributions of mixed mode three-dimensional SIFs along
the crack fronts from back surface of the specimen towards the
front surface for the initial and final stage of crack growth incre-
ments predicted by using, respectively, the MTS and the developed
criteria are given. As expected, with the usage of both criteria Ky

—pre-crack_ KI - 7th front_KI
——pre-crack_KII - 7th front_KII
——pre-crack_KIII - 7th front_KIII
35.0
25.0
S
£ 15.0
=
-
2 50
N4
-5.0
MTS criterion
-15.0
0 0.2 0.4 0.6 0.8 1

Nondimensional position, s
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and Kj; decrease with crack growth, while K; increases. Ky SIF dis-
tribution along the crack front is nearly linear due to the counter
rotations of the upper and lower crack faces in the out of plane
direction of the specimen, which is activated by the remote
mode-I/Ill component of the loading. It should also be noted, as
seen from the SIF distributions, that the initially mixed mode frac-
ture conditions for the planar pre-crack state is converged to that
of a non-planar but merely a mode-I crack in the three-
dimensional space, i.e., the growing crack surface evolved to a state
nearly perpendicular to the loading axis. In Fig. 9, by aligning pre-
crack surfaces as the reference surfaces, comparisons of predicted
fatigue crack growth surfaces by the developed and the MTS crite-
ria with the experimental crack growth surface are given from dif-
ferent views for the case of M—I/Il = 45°, M—I/IIl = 45°, M—II/III =
45¢°, Surfaces predicted by using the developed and the MTS criteria
are colored in green and orange, respectively, and the experimental
surface is colored in red. Root mean square differences between
the predicted crack propagation surfaces and the experimental
fatigue crack growth surface for the described mixed mode loading
conditions are presented in Table 3. It is seen from the table that
the mean differences between the experimental surface and the
surfaces predicted by the developed and the MTS criteria are,
respectively, 1.02 mm and 1.48 mm for this loading angle. In other
words, the developed criterion predicts the experimental surface
better than the MTS criterion by reducing nearly one third of the
latter’s deviation from the actual experimental surface.

In Fig. 10, variations of mixed mode SIFs along the initial and
final crack fronts obtained from crack growth predictions using
the MTS and the developed criteria under M—I/Il = 75°, M—I/IIl =
75°, M-II/IIl = 15° loading angles are given. For this case, fatigue
crack growth analyses are performed under Fy.x = 12 kN fatigue
load. Comparisons of fatigue crack growth surfaces obtained from
the experiment with those from the numerical simulations by
using the developed and the MTS criteria are shown in Fig. 11.
The root mean square differences between the experimental sur-
face and the surfaces predicted by the developed and the MTS cri-
teria are, respectively, 0.46 mm and 0.50 mm (Table 3) for this
loading condition. It is seen from Fig. 11 that the predicted and
experimental crack growth surfaces are very close to each other
for this loading case.

Finally, mixed mode-I/II/IIl fatigue crack growth experiments
and numerical simulations are performed under Fy.x = 12 kN fati-
gue load for the case of M—I/Il = 75°, M—I/IIl = 75°, M—II/IIl = 45°,
which induces relatively higher mode-III condition along the crack
front of the CTST specimen. Distributions of mixed mode SIFs along
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Fig. 8. Distributions of mixed mode SIFs along the crack fronts for initial and final crack fronts predicted by using the MTS and the developed criteria, M—I/Il = 45°, M-I/

1T = 45°, M—II/IIl = 45°.
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Fig. 9. Comparisons of fatigue crack growth surfaces from different views, M—I/Il = 45°, M—I/IIl = 45°, M—II/IIl = 45°.

Table 3
Mean differences between predicted crack propagation surfaces and those from experimental measurements.
Loading Angles (°) Mean Difference (from the experimental surface)
M-1/1I M-I/11I M-II/11I MTS Criterion (mm) Developed Criterion (mm) Diff. %
45 45 45 1.48 1.02 45
75 75 15 0.50 0.46 9
75 75 45 1.42 0.76 87
0 45 0 0.49 0.39 26
0 60 0 0.49 0.55 -11
0 75 0 3.61 1.90 90
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Fig. 10. Distributions of mixed mode SIFs along the crack fronts for initial and final crack fronts predicted by using the MTS and the developed criteria, M—I/Il = 75°, M-I/
Il = 75°, M—II/IIl = 15°.

the initial and final crack fronts obtained from both crack growth
simulations using the developed and the MTS criteria are given
in Fig. 12. As seen from the SIF results for the pre-crack lengths,
Ky and Ky are the initially dominant modes in this highly mixed
mode loading condition compared to the two previous loading

angles. In Fig. 13, comparisons of the fatigue crack growth surfaces
are presented for different section views. It can be clearly seen
from the figure that, the surface predicted by the simulation using
the developed criterion is in very good agreement and, similar to
the predicted surfaces from the previous loading conditions, shows



A.O. Ayhan and Oguzhan Demir

Mod-I/ITI=75°
Mod-I/1I=75°
Mod-II/TII=15°

Section A-A

Section B-B

@ Experimental Surface
@ Developed Criterion

Computers and Structures 243 (2021) 106399

Section C-C

Section D-D
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Fig. 12. Distributions of mixed mode SIFs along the crack fronts for initial and final crack fronts predicted by using the MTS and the developed criteria, M—I/Il = 75°, M-I/

Il = 75°, M—II/IIl = 45°.

close tendency to the experimental surface. In this case, the devel-
oped criterion predicts the experimental surface better than the
MTS criterion by reducing nearly half of the latter’s deviation from
the actual experimental surface (Table 3).

3.3. Application of the developed criterion to mixed mode-I/IIl fatigue
crack growth experiments

In a previous study [46], numerical and experimental mixed
mode-I/Ill fatigue crack growth analyses were performed using
the same type of specimen made of the same material and crack

growth surfaces predicted for mixed mode-I/IIl = 45°, 60° and 75°
loading angles (Fig. 14) using the MTS criterion were compared
with experimental measurements. In Fig. 14, the finite element
model of mixed mode-I/IIl test assembly is given. The results
showed that the predicted surface by MTS criterion starts to differ
from the experimental surface for cases with loading angles equal
to or greater than 75°, i.e., highly mode-III conditions. Much further
details related to the mode-I/III crack growth modeling and exper-
iments can be found in [46]. In this sub-section, to represent the
applicability of the developed criterion, three-dimensional fatigue
crack growth simulations are performed using both criteria for



A.O. Ayhan and Oguzhan Demir

Computers and Structures 243 (2021) 106399

od-I/ITI=75°
Mod-I/II=75°
Mod-II/ITI=45°

Section A-A

Section B-B

@ Experimental Surface
@ Developed Criterion
@ MTS Criterion

Section C-C

Section D-D

Fig. 13. Comparisons of fatigue crack growth surfaces from different views, M—I/Il = 75°, M—I/IIl = 75°, M—II/IIl = 45°.

mixed mode-I/Ill loading angles equal to 45°, 60° and 75°. Crack
growth surfaces predicted using the developed criterion are com-
pared with the experimentally obtained surfaces and with the sur-
faces predicted by the MTS criterion, for which surface and life
comparisons were presented in [46]. Fatigue crack growth analyses
are performed at a stress ratio of R = 0.1 for all mixed mode-I/III
loading conditions. First, crack propagation analyses are performed
by applying Fnax = 8 kN fatigue load as in the experiment under
mixed mode-I/IIl loading angle of 45°. Distributions of mixed mode
SIFs along the initial and final stage of crack fronts predicted by the
developed and the MTS criteria are given in Fig. 15. It is seen that,
Ky SIFs vary from negative to positive values anti-symmetrically
with respect to the middle point of the crack front along the initial
crack front due to the counter rotations of the crack faces in the
out-of-plane direction of the specimen. By aligning pre-crack sur-
faces as the reference surfaces, comparisons of fatigue crack
growth surfaces obtained from the experiment and the numerical
analyses by using the developed and the MTS criteria are shown
in Fig. 16. Good agreement between the predicted crack growth
surfaces using both criteria and the experimental surface is evident
for this loading condition. Root mean square differences between
the experimental surface and the surfaces predicted by the devel-
oped criterion and the MTS criterion are 0.39 mm and 0.49 mm,
respectively (Table 3).

10

The second comparison in this category of mixed mode loading
type involves mixed mode-I/IIl loading angle of 60°. In the same
manner as the previous test cases, crack propagation analyses are
performed with a fatigue load of F,.x = 10 kN. Distributions of SIFs
along the initial and final predicted crack fronts and comparisons
of the fatigue crack growth surfaces predicted by the MTS and
the developed criteria with the experimentally measured surface
are given in Figs. 17 and 18, respectively. It can be clearly seen
from Fig. 18 that the predicted and experimental surfaces are very
close to each other for this case, which involves relatively higher
mode-III condition with respect to the previous case. Although
they are considerably close to each other, the MTS criterion pre-
dicts the experimental surface slightly better than the developed
criterion (Table 3).

Finally, mixed mode-I/III fatigue crack growth analyses are per-
formed by using the developed criterion under Fy,.x = 12 kN fatigue
load to simulate the experiment with the loading angle of M—I/II
I = 75°. Distributions of the SIFs along the initial and final crack
fronts and comparisons of fatigue crack growth surfaces are given
in Figs. 19 and 20, respectively. For this highly mixed mode-I/III sit-
uation, considerable differences are observed between the crack
growth surface predicted by the simulation employing the MTS cri-
terion and the experimental surface. Root square mean differences
between the experimental surface and the surfaces predicted by
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Fig. 14. Finite element model of mode-I/IIl fracture and FCG test assembly [46].

the developed criterion and the MTS criteria are 1.90 mm and
3.61 mm, respectively (Table 3). In this highly mixed mode case
also, the developed criterion predicts the experimental surface bet-
ter than the MTS criterion by reducing nearly half of the latter’s
deviation from the actual experimental surface.

4. Comparisons of mixed Mode-I/II/IIl fatigue lifes

One of the most important objectives of fatigue crack growth
simulations is to be able to accurately predict the fatigue life of
the component or the structure analyzed. In an effort to investigate
the capability of the simulation process and the criterion presented
in this study with respect to fatigue life prediction, crack growth
lives are calculated for the problems presented so far, including
comparisons with predicted lives from other fracture criteria in
the literature. For the fatigue lives predicted by other 3-D mixed
mode criteria in the literature, the mixed mode SIFs of the crack
front mid-point obtained from the incremental crack propagation
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analyses by the developed criterion are used. Comparisons of the
accumulated number of load cycles as a function of crack lengths
using different criteria with experimental results are given in
Fig. 21 for the case of M—I/Il = 45°, M—I/IIl = 45°, M—II/IIl = 45°.
Crack lengths on the predicted FCG lives represent the curve
lengths of the mid-point of the crack front and are calculated by
cumulatively adding up the distances between the mid-points of
the simulated crack fronts in an incremental manner. Since crack
length can not be measured for mid-thickness points during the
experiments by using high-zoom cameras, to be compatible with
the crack length definition on the predictions, the crack length data
observed on the front and back surfaces of the specimen is scaled
to represent the crack length in the mid-plane of the specimen
by taking the corresponding mid-points on the pre-crack and the
fast fracture crack front curves as the beginning and final crack
lengths on the final broken surfaces. As seen from the figure, all cri-
teria underestimate the experimental fatigue crack growth life,
except the Kikuchi criterion, which has an error of approximately
10%. In Fig. 22, number of load cycles vs. crack lengths are shown
for M—I/Il = 75°, M—I/Ill = 75°, M—II/Ill = 15°. Again, all criteria
underestimate the fatigue crack growth life with an error range
of 25-50%. Finally, life comparisons are given (Fig. 23) for M—I/I
I =75° M-I/IIl = 75°, M—II/IIl = 45°, which is a highly mixed mode
loading condition. It is clearly seen for this loading case that all of
the criteria predict too short propagation lives compared to the
experimental fatigue life, i.e., up to 6 times prediction errors exist.
Although Kikuchi criterion shows relatively closer tendency to the
experimental results during initial stages of the crack growth for
the two previous loading cases, remarkable deviation exists from
the experimental measurements, yielding up to 2 times prediction
errors for this loading angle.

Similar results were also obtained [46] from the life compar-
isons for mixed mode-I/Ill loading conditions, which are not
repeated here. In other words, all of the mixed mode criteria eval-
uated in the study predicted very short fatigue crack propagation
lives under varying levels of out of plane mixed mode-I/III
directions.

Many existing crack growth criteria assume that when the
equivalent SIF (K.q) reaches mode-I fracture toughness (Kj.) value
of the corresponding material, unstable fracture occurs. If one is
to examine all Keq levels in this study corresponding to final crack
lengths for all mixed mode-I/II/IIl and mixed mode-I/III crack prop-
agation analyses, as expected, equivalent SIFs are close to K. of the
material (29 MPa,/m) corresponding to the L-T orientation. This
states that the presented methodology can accurately predict the
final unstable fracture point. However, it is highlighted that
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Fig. 15. Distributions of SIFs along the crack fronts for initial and final crack fronts predicted by using the MTS and the developed criteria, M—I/III = 45°.
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Fig. 16. Comparisons of fatigue crack growth surfaces from different views, M—I/III = 45°.
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Fig. 17. Distributions of SIFs along the crack fronts for initial and final crack fronts predicted by using the MTS and the developed criteria, M—I/IIl = 60°.

although close predictions by the developed criterion are obtained
for 3-D non-planarly evolving fatigue crack growth surfaces under
all loading angles, predicted fatigue lives using the developed and
different existing criteria are far away from the experimental data.
In what follows, further explanation and reasoning for this situa-
tion are provided.

12

It is well-known that in rolled structures, materials exhibit dif-
ferent microstructural and mechanical properties in different
directions due to elongations of grains in the rolling directions
and re-positioning of their boundaries. Usually, FCG material con-
stants, C and n, obtained from mode-I fatigue crack growth exper-
iments are used for mixed mode FCG predictions [47-50], as is the
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Fig. 19. Distributions of SIFs along the crack fronts for initial and final crack fronts predicted by using the MTS and the developed criteria, M—I/IIl = 75°.

case with this study. However, during 3-D mixed mode crack prop-
agation, relative orientations of crack front points and those of
local crack face surfaces along the crack front continuously change
with respect to the rolling direction. Especially for highly mixed
mode loading conditions, such as the loading cases analysed in this
study, the orientations of crack front points and crack growth sur-
faces vary highly as clearly seen from all the predicted and exper-
imentally obtained surface pictures. To illustrate, consider for
example the case with M—I/Il = 75°, M—I/Ill = 75°, M—II/IIl = 45°

13

(Fig. 13), which exhibits a highly mixed mode-II/III loading condi-
tion on the specimen. It is seen from the figure that under this
highly mixed mode loading situation, the crack tip deflects down
with approximately 75° on the front surface of the specimen.
Moreover, it is also observed that the FCG surface has an inclining
slope in the out-of-plane direction towards the back of the speci-
men, resulting in truly 3-D non-planar evolved surface. Therefore,
it can be conceived, by taking the crack direction notations in
ASTM-E399 [30] as reference, that for the considered example
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Fig. 20. Comparisons of fatigue crack growth surfaces from different views, M—I/IIl = 75°.
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Fig. 21. Comparisons of fatigue crack growth lives, M—I/Il = 45°, M—I/Ill = 45°,
M-II/III = 45°,

and all others in this study, the evolving local crack surfaces along
the crack front changes initially from L-T direction towards a
mixed 3-D direction, simultaneously including T-L and S-T [30] ori-
entations with varying levels along the crack front. Thus, as was
indicated in [46], for accurate life prediction of mixed mode FCG
problems, the crack growth material constants, C and n, corre-
sponding to various 3-D directions of the non-planar crack surface
profile along the crack front should be used for each crack propa-
gation step. Needless to say that this involves multiple FCG tests
at tens of different combinations of crack face rotations of the spec-
imen with respect to the two independent rotation angles, i.e.,
from L-T towards T-L and S-T directions, including their combina-
tions. This remains as a future study.

14

50 —2—Experimental Data =&-Developed criterion
-o-MTS criterion =0-Richard criterion

45 r -B-Tanaka criterion =©-Kikuchi criterion
=©-Pook criterion =£=Schéllmann criterion

Crack Length, a (mm)

25 1 1 1 1 1

0 5000 10000 15000 20000

Number of Loading Cycles

25000 30000

Fig. 22. Comparisons of fatigue crack growth lives, M—I/Il = 75°, M—I/Ill = 75°, M—II/
I =15°.

5. Validation of the developed criterion

Having presented the experimental and simulation results of 3-
D mixed mode fatigue crack growth tests using the CTST specimen,
in this section, the study performed by Citarella et al. [51] is con-
sidered as a test case for validation. Results from numerical analy-
ses of three-dimensional fatigue crack propagation on a cylindrical
steel bar with a straight-front edge notch under combined ten-
sion-torsion fatigue load is presented to demonstrate the applica-
tion of the aforementioned analysis procedure and to validate the
developed crack growth criterion. The initial crack dimensions
given in Fig. 24 are L = 6.08 mm, h = 1.14 mm, a = 0.855 mm,
b = 0.852 mm and c = 3.705 mm. The specimen material is carbon
steel R2 M. For the combined tension-torsion fatigue crack growth
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Fig. 23. Comparisons of fatigue crack growth lives M—I/Il = 75°, M—I/Ill = 75°, M—II/
I = 45°.

analysis, loads are applied simultaneously such that in the no-
notch and uncracked crossection, the maximum axial stress is
250 MPa and maximum shear stress is 100 MPa (R = 0.1). The fati-
gue crack growth-related material properties, C and n used in the
analyses are 2.028-10° (da/dN in mm/cycle and K in MPa,/m)
and 3.2046, respectively. Young’s modulus and yield strength are
E =209 GPa and oy = 540.8 MPa [51]. As done for all the cases pre-
sented so far in this paper, fatigue crack growth analyses are per-
formed using FCPAS. Comparisons of mixed mode three-
dimensional SIFs along the crack front for the initial crack front
obtained from FCPAS analysis and from the study by [51] are
shown in Fig. 25. It can be clearly seen that distributions of SIFs
are in close agreement with the reference data. Incremental crack
growth analyses are terminated after 13 steps of crack propaga-
tion, whereas the number of propagation analysis steps is 10 in
[51]. Comparisons of equivalent SIFs along the propagating crack
fronts during FCG that are predicted using the developed criterion
with the data of [51], which were predicted by minimum strain
energy density (MSED) criterion [14], are given in Fig. 26. In the fig-
ure, the data from propagation steps 0, 2, 4, 6, 8 and 10 of the ref-
erence study [51] are plotted. Again, good agreement between the
equivalent SIFs is achieved during crack propagation and at final
crack front position.

Predicted fatigue crack propagation surface by FCPAS using the
developed criterion is given in Fig. 27. As expected, an initially pla-
nar pre-crack surface becomes increasingly non-planar in the
three-dimensional space, as the crack tip on one side deflects down
and the other deflects up. Finally, comparison of fatigue crack
growth lives predicted using the developed criterion with numer-
ical and experimental data of Citarella et al. [51] is shown in
Fig. 28. It is seen that crack growth life predicted by the developed
criterion is in good agreement with the experimental data of [51].
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6. Summary and conclusions

In this study, mixed mode-I/II/III fatigue crack growth experi-
ments and corresponding numerical crack propagation simulations

are carried out using the so-called Compact-Tension-Shearing-
Tearing (CTST) specimen made of Al 7075-T651 aluminum alloy
(L-T rolling direction) under different degrees of mixed mode load-
ing conditions. The simulation analyses are performed using Frac-
ture and Crack Propagation Analysis System (FCPAS), employing
enriched crack tip elements to compute the 3-D SIFs. Applicability
of a new 3-D fracture criterion developed in a previous study,

>,

Fig. 24. Dimensions of cylindrical steel bar [51].
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Fig. 28. Comparisons of predicted fatigue crack growth lives with the data of [51].

which proposed an equivalent SIF for unstable fracture, is also
evaluated using the results of mixed mode-I/II/Ill experiments
under fatigue loading. Moreover, the criterion is also applied to
the previously performed mixed mode-I/IIl experiments. Predicted
crack growth surfaces are compared with experimental measure-
ments for different mode mixity ratios. Generally excellent agree-
ment is observed between surfaces obtained from experiments and
those predicted by the simulations using the developed criterion. It
is seen from the results that, except one loading case (M—I/IIl = 6
0°), the developed criterion estimates the fatigue crack growth sur-
face 9% to 90% better than the MTS criterion, when compared to the
experimental data. Especially in such cases as high mode-mixity
loading situations, the developed criterion predicts the experimen-
tal surface better than the MTS criterion by reducing nearly half of
the latter’s considerable deviation from the actual experimental
surface. Comparisons of fatigue crack growth life predictions using
existing and the developed criteria with experimental findings
show that all of the mixed mode criteria evaluated predict very
short lifetime for all mixed mode-I/II/Ill and I/IIl loading condi-
tions. It is anticipated that this discrepancy between the predicted
and experimental fatigue lives must be further looked into by using
crack growth-related material constants, C and n, corresponding to
the actual directions of three-dimensionally evolving crack front
nodes on the non-planar crack profile during simulations. Finally,
a validation example demonstrating the usage of the developed
criterion is presented involving three-dimensional fatigue crack
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propagation on a cylindrical steel bar made of carbon steel and
under combined tension-torsion fatigue load. The obtained results
are compared to experimental crack growth data from the litera-
ture, which showed good agreement in terms of both evolving
crack surface and fatigue crack growth life. Considering all of the
above findings and comparative results, it is concluded that the
presented methodology, employing three-dimensional enriched
finite elements and the developed 3-D fracture criterion, is able
to simulate three-dimensional mixed mode fatigue crack growth
problems accurately and efficiently, especially in terms of evolving
fatigue crack growth surfaces.
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