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1. Introduction

Designers of metal structures and mechanical sys-
tems are constantly faced with fatigue problems. Most fa-
tigue crack propagation tests are carried out under mode I
loading conditions. However, these structures in service are
often subjected to complex stresses that can generate local
loading in mixed modes I, II, and III [1]. This mixed mode
of is the most encountered when crack deflection occurs
during crack growth [2].

The reliability of metallic structures under repeated
loading is evaluated through fracture mechanics, which con-
siders the presence of defects or cracks. This analysis, when
combined with experimental or reliability approaches, aids
in optimizing design and maintenance to ensure operational
safety. To estimate fatigue life and damage under mixed
loading, crack propagation kinetics must be understood.
Different types of specimens and devices have been de-
signed to carry out tests under different loadings in mixed
mode to reproduce the behavior of the material in real ser-
vice conditions [2-11].Various other techniques are com-
monly employed for mixed mode I/II fracture testing, such
as the use of a Brazilian disc with a central crack [10, 12-
14], a rectangular plate containing an inclined central crack
subjected to uniform field tension far [15], or even an asym-
metrical three- or four-point flexion [16-17].The CTS com-
pression and tension specimen is the most commonly used
and can produce a mixed-mode fracture I-III using an
adapted loading apparatus and is also used for evaluation of
FCG behavior [18-26].The analysis of structural integrity
consists of determining the tolerance to damage, taking into
account the existence of defects; hence, there is a need to
study the behavior of fatigue crack propagation under
mixed-mode loading. Experimentation was conducted on
specimens (CTS) with different mode I and mode II stress
intensity ratios, Ki and Kj;, in the aluminum alloy AIMgSil-
T6 [27]. Biner [21] carried out tests on AISI-304 stainless
steel samples by applying mixed-mode loading (mode I and
mode II). In an analysis of the propagation of fatigue cracks
in mixed mode (I+II) on steel used in railway structures car-
ried out by Lesiuk et al. [28], the results obtained showed
that this approach is essential to guaranteeing the reliability

and sustainability of railway infrastructure. Tests were con-
ducted on rail steel class 900A under different loading ratios
to study the real fatigue behavior under mixed mode (I + II)
[29-30]. A model for predicting the growth path of mixed-
mode fatigue cracks in the presence of compressive stresses
has been proposed [31]. Others works have been carried out
on mixed mode I+1I stresses on through cracks, mainly tests
on specimens with a central crack or CTS using devices
adapted to this type of stress where the mixity of modes is
identified by the angle formed between the loading direction
and the crack plane [32-34]. Studies highlighted the im-
portance of taking into account the effects of mode mixity
and loading rate in predicting the lifespan in mixed mode
[35-37]. The prediction of the lifespan is based on the deter-
mination of an equivalent stress intensity factor (SIF AKL,),
taking into account the effects of the two components of the
stress [38]. Tanaka modified the Paris model by introducing
SIF to determine the life of the component or structure under
mixed-mode loading [39].

However, these experimental studies can be costly
in terms of time and resources. Therefore, many numerical
methods have been developed to predict the mixed-mode
propagation fatigue life in a faster and more economical
manner [40-42]. These methods involve various criteria
such as the maximum circumferential stress (MCS) criterion
[43], the maximum energy restitution rate criterion [44], the
minimum strain energy density criterion [45], the J integral
criterion [46], and the stress intensity factor criterion Ky = 0
[47]. Additionally, other criteria, like Crack-Tip-Opening-
Displacement (CTOD), have been proposed to study the di-
rection and growth rate of cracks under mixed-mode load-
ing. These bifurcation criteria are essential tools for as-
sessing the stability of cracks under static loading and pre-
dicting their propagation. For instance, Shanmuga and
Murugan's research demonstrated how these parameters in-
fluence the tensile behavior of AA2024-T6 joints, offering
valuable insights for optimizing the (FSW) process [48].
Additionally, Cesnaviéius et al work emphasizes the role of
numerical modeling in predicting forces and thermal pro-
files during FSW, further improving the accuracy of weld
parameter selection [49].
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2. Experimental Investigation

A fatigue crack propagation study under mixed
mode (I+II) using CT specimens for three loading angles
(45°, 30° and 0°) is presented in this paper. The tests of fa-
tigue crack propagation under mixed mode were conducted
in mode I and in mixed mode (I+11) using the CTS specimen
and Arcan loading device designed by our laboratory [11]
based on the Richards principle [4].

2.1. Experimental procedures

The material studied is a 3003-aluminum alloy
type, which is a wrought alloy from the aluminum-manga-
nese family. The material is provided in the form of a sheet
measuring 1000x1000x2 mm. The chemical composition
and mechanical properties of the material are given in Ta-
bles 1 and 2 respectively. The mechanical properties are
taken from reference [50].
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Table 1
Chemical composition of AA3003 [50]
Elements Al Mn Si Fe Cu Ti Zn
% 96.7 1.3 109 |09 [0,13 ]0.1 |0.03
Table 2
Mechanical properties of base metal AA3003 [50]
Tensile Yield Poisson’s | Elastic Elongation
Strength, Strength, ratioo | Modulus & %
MPa MPa E, MPa
156.9 105.7 0.30 70000 15.5

The CTS samples were taken from sheets measur-
ing 360 x 120 mm. The Test samples were obtained from
the sheet using water jet cutting process.

The geometry and dimensions of the CTS speci-
men and the loading device are shown respectively in Fig. 1
and Fig. 2. A pre-crack is introduced at a/w = 0.4 in each
specimen (where: a is the length of the crack and w is the
width of the specimen). The length of the initial crack is
24 mm. The pre-crack is obtained by water jet cutting up to
20 mm and then machined by milling with a milling cutter
in order to obtain the shape of the notch.
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Fig. 2 Loading device: a — loading device suitable, b — the
different loading modes, [32]

Fig. 3 General view of the bench test and measurement and
data acquisition test system

Fatigue tests were carried out on an INSTRON
8501 hydraulic machine with a capacity of 100 kN shown in
(Fig. 3). The machine is controlled by a computer equipped
with MTS software which allows data acquisition and re-
cording. The fatigue tests were carried out in pure mode |
and in mixed mode (I + II) using the CTS(Compact-
Tension-Shear) specimen and the specially designed Arcan
loading device.

The device allows the application of pure mode(I)
loading to pure mode II as well as mixed mode loading on
CTS specimens. The loading angle varies in steps of 15° be-
ginning from 0 to 90°. Thus, the loading modes variation



depends on the value of this inclination angle through mode
I (pure traction) for an angle of loading 0° and in pure shear
mode II for a loading angle of 90°. The geometry and di-
mensions of the CTS specimen and the loading device are
illustrated in Fig. 7. CTS specimens with an initial notch of
a = 24 mm. All the specimens were notched by water jet
cutting.

The crack length was measured using a magnifying
optical binocular telescope (x 40) and a stroboscope
mounted on a device attached to the machine (Fig. 4), meas-
uring the length of the crack at x and the height at y (Fig. 5).

We then consider the equivalent length

a, =vNa’ +b* .

Fig. 4 System (Binocular magnifier — Strobe lamp) used for
crack tracking
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Fig.5 Definitions of extended crack length (aeq)

Fig. 6 shows the different configurations of the
tests carried out on the CTS (compact tension shear) speci-
mens on the AA3033 aluminum alloy. The choice of the
loading angles are 30°, 45° and 0° respectively which cor-
respond to mixed loading (I+II) and pure mode I tension.

The fatigue tests were carried out under mixed
loadings with angles of a= 0°, a=30°. and a=45° with a load
ratio R = 0.10 and a load (Ppin = 150 N, Py = 1500 N) and
a frequency of 15 Hz.

Fig. 7 shows the different test configurations.

3. Results and discussions
3.1. Crack length-number of cycles curves

The evolution of the equivalent crack length (aeq)
as a function of the number of cycles (N) is shown in Fig. 8
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Fig. 6 Specimen mounting on the Loading device suitable
for mixed mode: a —a=0° b —a=30° ¢c—a=45°
[32]

Fig. 7 View of the assembly of the specimens on the device:
a—angle a = 0°, b — angle o = 30°, ¢ —angle o = 45°

for the three loading angles (a = 0°, 30°, and 45°). We ob-
serve a progressive increase in crack length with the number
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Fig. 8 Crack length with respect to the number of cycles
(a=0° a =30°and a = 45°)

of cycles, which characterizes the phenomenon of fatigue
crack propagation. The results show that the crack length
increases proportionally to the number of cycles, indicating
continuous propagation over time, a phenomenon typical of
materials subjected to repeated loading. Analysis of these
results provides valuable information on crack propagation
under different loading angles. It is also interesting to note
that as the loading angle increases, the number of cycles be-
fore significant crack propagation increases. Thus, for an
angle of 0°, the number of cycles is higher than that ob-
served for 30° and 45°. Additionally, crack propagation is
faster at smaller angles due to the increased sensitivity of the
structure and the orientation of applied loads, which play a
key role in determining the direction of crack propagation.
These observations are crucial for assessing the durability
and performance of materials under varying loading condi-
tions.

3.2. CTS crack path direction and propagation

Fig. 9 shows the crack propagation direction for
loading angle 45° and 30°.

(a=45%)
(@=30%)

25 30
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Fig. 9 Direction of propagation of crack in CTS sample for

loading angles 45°and 30°

Fig. 10 Example direction of propagation of crack in CTS
o =45°

Fig. 9 represent the crack path direction and propaga-
tion in the CTS sample for loading angles (a=45°and 30°)
several observations can be made:

-The loading angles (a = 45°and 30°) are specified
which allows understanding how the direction of the load
affects the crack propagation. In Fig. 10 the direction of the
crack propagation for a loading angle of a =45° is shown.
Different angles can lead to different modes of cracking
which is crucial result and information for the design and
evaluation of materials structures in terms of fatigue life pre-
diction and reliability.

-By examining the direction of the crack for differ-
ent loading angles this allows understanding how the ap-
plied stresses influence the crack trajectory. This is essential
for predicting and preventing structural failures.

-The arrows in the Fig. 9 indicate the direction in
which the crack propagates in the CTS sample. This visually
depicts and illustrate the crack trajectory under different
loading angles.

-Comparing Fig. 9, differences in the direction of
crack propagation between 45° and 30° loading angles can
be observed. This can provide insights into the structure sen-
sitivity to different loading orientations.

3.3. Crack Propagation growth (da/dN) versus the Equiva-
lent Stress Intensity Factor (AK,)

The stress intensity factors at the crack tip in mode
I and mode 1II can be calculated using Egs. (2) and (3) Rich-

ard [52]:
AP~ a a
4K, = w cosaf, (W) , 2)
AP\ rma . a
AKH = Tsznafn (W} . (3)

where specimen width W = 60 mm, the thickness =2 mm
and AP = 1500 N.

. a a .
With f, (Wj and f, (W} form factors given by



Egs. (4) and (5)

2 3 4
£l £ 1=2.32158-14.3677| = |+ 66.85752| = | —117.66921| — | +89.72502| = | , (4)
w w w w w

2 3
2= _0.05741+4.36076| L |-4.46168] L | +2.48807| % | . 5
\w W W w

These equations are valid only in the range of
0.55 <a/W<0.7. The variation of the amplitude of the
equivalent stress intensity factor in mixed mode

AK,, =3 AK +84K . (6)

3.4. Comparison crack propagation rate (da/dN) versus the
equivalent stress intensity factor (AK.,)

Fig. 11 shows the evolution of the crack propaga-
tion rate (da/dN) as a function of the variation in the magni-
tude of the equivalent stress intensity factor (4K.,) for three
different orientation angles. This figure highlights the dif-
ferences in crack propagation behavior under different load-
ing directions:

-The evolution of crack propagation rates for the 0°
and 30° angles is very similar, indicating comparable prop-
agation characteristics under these loading directions. Fur-
thermore, it is observed that as the crack advances, the crack
propagation rate gradually rises, resulting in a correspond-
ing increase in the equivalent stress intensity factor (AKe,).

- For the 45° loading angle, crack propagation oc-
curs in two different directions, resulting in a delayed in-
crease in da/dN. This behavior suggests a more complex
crack propagation process, which may affect the material's
fracture performance.

- Overall, the analysis in Fig. 11 provides valuable
information on the influence of loading orientation on crack
propagation rates, thus facilitating the assessment of mate-
rial reliability under different stress conditions.
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Fig. 11 Crack propagation velocity da/dN with respect to
the variation in the amplitude of the equivalent
stress intensity factor AK,, for the three orientation
angles

3.5. Evolution of the SIF for mixed-mode FCG

Figs. 12 and 13 present the results of Stress Inten-
sity Factors SIF (Stress Intensity Factor) for Fatigue Crack
Growth FCG (Fatigue Crack Growth) in mixed mode I/II at
different loading angles where a0 represents the initial crack
length (ao = 24 mm).
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Fig. 13 Evolution of the SIF for mixed-mode FCG Kj

Fig. 12 reveals a progressive increase in K; with
crack growth leading to an increase in stress concentration
at the crack tip. This suggests that the Fatigue Crack Growth
Rate (FCGR) increases due to the rising driving force for
crack growth. Moreover, the Kj curve rises with increasing
angle a. It is noticed that K is the smallest at the 45° angle



while it is largest at 0° angle. This trend is attributed to
higher angles resulting in a longer actual crack growth
length and a greater driving force for crack growth.

Fig. 13 illustrates the change in Ky with crack
growth under mixed mode I/II loading. Initially, Ky remains
positive as long as the crack continues to propagate. The
variations in Ky at 45° and 30° are not very pronounced
which indicate a limited influence on the behavior of FCG
at these angles. Thus, the effect of Ki; on FCG behavior may
primarily control the crack growth path but its effect on the
FCGR (Fatigue Crack Growth Rate) is not as evident.

Currently, it is recognized that the effect of Ki; on
FCG behavior can not only control the crack growth path
but also have a significant influence on the FCGR.

4. Conclusions

In this study, the evolution of crack propagation
growth rate for three orientation angles in mixed mode I and
IT on CTS specimens was experimentally investigated.

The direction of fatigue crack propagation imme-
diately changes relatively to the initial orientation of mode
I fatigue when the loading angle is modified. This put into
evidence the importance of the loading angle in determining
crack propagation behavior.

We observe that the crack propagation for a 30°
angle does not have a significant variation compared to the
propagation in mode I for 0=0°. This finding highlights
some resilience of the material at this specific loading angle.

The lifespan for an angle 0=45° is significantly
shorter compared to those obtained for o=0° and 30°. This
difference in lifespan put into evidence the critical im-
portance of the loading angle on the durability of materials
subjected to fatigue conditions.

Lastly, these results highlight the significant influ-
ence and better understanding of the effect of the loading
angle on fatigue crack propagation. The results emphasize
the importance of considering this aspect in the design and
evaluation of materials subjected to variable loads.

Moreover, the evolution of K with crack growth
suggests an increase in fatigue crack growth rate. The angle
o appears to influence this trend with higher values observed
at 0°.

As for Ki, its impact on FCG seems primarily re-
lated to controlling the crack growth path.
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H. Mebarki, H. Fekirini, M. Benguediab, A. Lousdad

EXPERIMENTAL INVESTIGATION ON FATIGUE
CRACK PROPAGATION UNDER MIXED MODE
LOADING ON ALUMINUM ALLOY AA3033

Summary

The phenomenon of fatigue-crack propagation is a
permanent concern for designers, manufactures and users in
order to ensure the integrity of structures subjected to cycli-
cal stresses during their operational service. The concept of
damage tolerance (DT) is the most commonly used for the
design of structures with the prediction of fatigue life crack
propagation. Most researchers have focused on studying fa-
tigue crack propagation under mode I loading conditions.
However, these structures in service are often subject to
complex constraints and combined stresses that can gener-
ate local loadings in mixed modes I, IT and mode III. In this
regard this paper presents a study of fatigue crack propaga-
tion in mixed mode (I+II) using CTS (compact-tension-
Shear) specimens for three loading angles (45°, 30°, and 0°)
respectively. The mixed-mode fatigue crack propagation
tests were carried out in modes I and II using the CTS spec-
imen and Arcan loading device specially designed and con-
structed by our laboratory based on the Richards principle.
The experimental results show that the loading angle has a
significant effect on the crack growth rate and consequently
on the fatigue life prediction of mechanical structure under
fatigue loading.

Keywords: CTS specimen, mixed mode fatigue crack
growth, Arcan device, fatigue life.
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