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Abstract: This paper presents a model to calculate the opening angle of crack initiation in notched
fractures subjected to multiaxial loading. To validate the proposed model, a study was performed
on polished AZ31B-F magnesium alloy specimens under multiaxial high-cycle fatigue loading. The
specimens exhibited a notch in the smaller cross-sectional area, which was created with a special
drilling jig to promote the formation of fatigue cracks in this localized area of the specimen. The
load paths used in the experiments and numerical analyses were proportional and non-proportional,
resulting in different stress states in the crack front opening, which were determined by finite
element analysis to validate the proposed model. To obtain more accurate numerical results for these
estimates, these finite element analyses were performed using the nonlinear Chaboche plasticity
model of ABAQUS® 2021 software. A sensitivity analysis was also performed to determine which
load component—axial or torsional—has a greater influence on the fatigue strength and contributes
significantly to the crack opening process. The results show that the type of load path and the stress
level of each load component—axial and torsional—has a strong influence on the opening angle of
the notch crack and the fatigue lifetime of the specimen. This result is confirmed not only by the
experimentally determined fatigue strength, but also by a fractographic analysis performed on the
surface of the specimens for both load paths. Moreover, the results show an acceptable correlation
between the experimental results and the estimates obtained with the proposed model and the
stresses obtained with the finite element analysis.

Keywords: multiaxial fatigue; notch crack opening angle; AZ31B-F magnesium alloy; stress-based
model

1. Introduction

Structural failure is often caused by fatigue cracks, which frequently develop and
propagate in critical areas, usually due to complex geometric shapes and/or multiaxial
loading conditions.

In this context, the development of fatigue cracks and the orientation or propagation
of crack growth are receiving increasing attention in research, as they are crucial for an
accurate assessment of fatigue crack life and for analyzing the ultimate failure modes of
cracked components and structures [1-3].

In practice, components and structures not only exhibit geometric features that lead to
local stress/strain concentrations, but they are also subjected to multi-axial load histories
with different amplitudes in operation, leading to a complex combination of factors that
is not yet fully understood. This explains why, since the beginning of the 20th century,
enormous efforts have been made worldwide to develop robust design methods that are
suitable for solving such a difficult problem [4].

A look at the state of the art shows that the international scientific community has
focused heavily on the formulation of fatigue parameters whose definition is based on

Crystals 2024, 14, 211. https:/ /doi.org/10.3390/ cryst14030211

https://www.mdpi.com/journal/crystals


https://doi.org/10.3390/cryst14030211
https://doi.org/10.3390/cryst14030211
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-8526-398X
https://orcid.org/0000-0001-9848-9569
https://doi.org/10.3390/cryst14030211
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst14030211?type=check_update&version=1

Crystals 2024, 14, 211

2 of 14

either nominal linear elastic—plastic cyclic stresses or nominal elasto-plastic cyclic strains [5].
For notched components operating in the high cyclic fatigue range, various multiaxial
fatigue criteria were developed in the 1940s and 1950s based on the pioneering work of
Neuber [6] and Peterson [7]. These approaches model the adverse effects of stress risers
by performing the stress analysis in terms of nominal values [8-11], but also by directly
post-processing the local linear elastic stress/strain fields in the vicinity of the geometric
features under investigation [4,12,13]. Nevertheless, there is little work addressing the
fatigue strength of notched components, especially for new materials such as magnesium
alloys. Therefore, further work in this area is required to fully understand the fatigue
phenomena of notched components, especially those made of magnesium alloys subjected
to multiaxial loads.

Magnesium is a very common metal. It makes up around two percent of the earth’s
crust and is the third most common element dissolved in seawater [14], which contains
about 0.13% magnesium, or about 1.1 kg per cubic meter [15].

Magnesium belongs to the family of alkaline earth metals [16], and its alloys belong
to the light metals [17] and have enormous potential for mechanical and structural ap-
plications [18], mainly because they are the lightest construction material, i.e., they have
high specific strength and low density [16], interesting damping properties [19], good
machinability and recyclability. They also contribute to environmental protection [14], as
they promote fuel efficiency by reducing the weight of means of transportation [15], which
in turn, counteracts climate change. Magnesium is mainly used as a casting and wrought
alloy. Due to its close packed hexagonal crystal structure (HC), magnesium is difficult to
form by cold rolling and is therefore mainly a cast material. Magnesium alloys are easy to
forge or extrude and are characterized by good fatigue strength, although the notched bar
impact strength is rather low [16]. In wrought magnesium alloys, cracking is also associated
with material inclusions, but in most cases, twin deformations and slip bands associated
with twin density flow are the main cause of cracking. Crack propagation generally occurs
along the fields of the deformation twins [20-22].

All these properties have attracted the attention of the automotive and aerospace
industries. In the aerospace industry, magnesium alloys have so far been used for non-
structural applications [23,24], but there is a growing interest in extending the use of
magnesium alloys to structural components as the corrosion resistance of these alloys has
recently improved. Magnesium alloys are also used in the military sector, particularly in
helicopters and drones [23].

Despite the advantages attributed to magnesium alloys, they exhibit non-standard
mechanical behavior, which poses an additional challenge in evaluating their mechanical
resistance when subjected to cyclic and multi-axial loads with variable amplitude. This
has particular implications for the design of magnesium alloy structures and components.
The peculiarity of their mechanical behavior results from their compact hexagonal crystal
structure, which influences the way in which the slip planes of the crystal structure occur.
In particular, the occurrence of the phenomenon of twinning and de-twinning under cyclic
loading leads to eccentric and asymmetric hysteresis cycles. As a result, this behavior
leads to different cyclic yield stresses in tension and compression according to the cyclic
development and adaptation of the hysteresis loops, which typically exhibit a hardening in
tension and a slight softening in compression.

It is interesting to note that the cyclic yield stress of magnesium can increase cyclically
and can be higher than the monotonic yield stress, which is due to the cyclic hardening
process. Therefore, the yield stress determined in uniaxial tensile tests cannot be used to es-
timate the mechanical resistance of magnesium alloys under cyclic loading. This limitation
becomes even more important when magnesium alloys are subjected to multiaxial loads
leading to multiaxial cyclic hardening/softening, which increases the complexity of the
problem. Furthermore, it has been shown that the uniaxial fatigue limit approach (uniaxial
normal and shear loading), traditionally used in multiaxial fatigue models to estimate
fatigue strength, is very unsuitable for estimating the fatigue life of magnesium alloys [25].
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In this sense, and due to the increasing complexity of the cyclic behavior of magnesium
alloys, the development of new strategies to capture their mechanical behavior has been
promoted, resulting in more complex methods than the traditional ones being applied to
capture the cyclic mechanical behavior, leading to the so-called phenomenological models,
also known as empirical models, which relay on test data capture the evolution of a damage
parameter or mechanical properties [26]. In fact, it is very difficult or even impossible to
model/estimate this cyclic behavior without resorting to phenomenological models, i.e.,
models that represent the cyclic behavior of these materials, which is usually determined
by experimental data and fitting methods [27]. This is so true that current finite element
simulation software is not prepared to model the cyclic behavior of these materials. There-
fore, alternative strategies such as those used in this article are necessary, where the cyclic
behavior of the material is modeled based on experiments, and strategies such as the use
of external software (e.g., Matlab version R2022) are employed to update the mechanical
properties of the material throughout the testing period during FEA simulations [28]. In
these situations, phenomenological models make an important contribution to solving the
problem of estimating the mechanical behavior of materials whose mechanical behavior is
not standardized. It would indeed be advantageous to have a universal model that could
estimate the mechanical response to all materials based just on the stress or strain tensor
and one or another easily accessible property of the material, but this is not the reality,
especially not for magnesium alloys.

The aim of this paper is to present a stress-based model that can be used to calculate the
opening angle of the notch crack of a magnesium alloy under biaxial fatigue in a high-cycle
fatigue loading regime. Furthermore, the fracture angle under different load path conditions
is discussed. The presence of notches has a significant impact on shortening the lifetime
of components [29], and for magnesium alloys, the number of studies available in the
literature on this area is very limited. With this in mind, this paper aims to investigate the
effects of different multiaxial loading paths with different loading characteristics on notched
specimens tested in the laboratory for fatigue crack growth and fatigue strength. The results
obtained contribute directly to the knowledge of fracture mechanics and maintenance
activities of magnesium alloy components and structures.

2. Materials and Methods
2.1. Material, Specimen Shape and Test Method

The material investigated in this study is a commercially available extruded AZ31B-F
magnesium alloy. To characterize the mechanical properties of this material, test procedures
were performed according to the standard methods described in ASTM E8 [30], and ASTM
E606/E606M-21 [31]. The chemical composition of AZ31BF is listed in Table 1, and the
technical sketch showing the geometry, dimensions and notch of the sample is shown in
Figure 1. The cyclic properties of AZ31BF magnesium alloy were determined by analyzing
the experimental data, namely the elastic, plastic, monotonic and cyclic properties, listed in
Table 2.

Table 1. Chemical composition of the magnesium alloy AZ31B-F.

Chemical Composition (in wt%)

Mg
Balance

Al
3.1

AZ31B
Zn Mn Fe Ni Cu Ca Si
1.05 0.54 0.0035 0.0007 0.0008 0.04 0.1
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Figure 1. Technical sketch of the specimen.

Table 2. Elastic, plastic, monotonic and cyclic properties of the magnesium alloy AZ31B-F.

Elastic Properties

Young’s Modulus [GPa] 44
Modulus of shear [GPa] 15
Coefficient of Poisson 0.35

Plastic Properties

True Stress [MPal True Strain [%]
212 0.0
183 0.5
241 0.7
256 0.9
256 1.2
Monotonic and cyclic properties
Tensile strength [R;; (MPa)] 290
Monotonic yield strength [R,, (MPa)] 211
Cyclic yield strength [R}, (MPa)] 95
Elongation at failure [A (%)] 14
Cyclic strength coefficient [K’ (MPa)] 576
Hardening exponent [1'] 0.17
Fatigue strength coefficient [(7/'[ (MPa)] 450
Fatigue strength exponent [b] -0.12
Fatigue ductility coefficient [¢ ] 0.26
Fatigue ductility exponent [c] —0.71

Fatigue tests were carried out in a servo-hydraulic machine, Instron model 8800, with
a stress ratio of R = —1, at a frequency of 2 Hz and a room temperature of 20 °C. Two
biaxial cyclic loading paths were chosen for this study, see Figure 2. The first is an in-phase,
proportional loading path (PP) Figure 2a), and the second is a non-proportional, 90° out-of-
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phase loading path (OP), Figure 2b). All tests were performed at room temperature and
ended when the samples were completely separated.

(b)

— Sinusoidal normal stress = Sinusoidal normal stress

m— Sinusoidal shear stress = Sinusoidal shear stress
Resulting load Resulting load

Normal Stress - X
o
1

-2
0 2 0 0

) Shear Stress - XY Shear Stress - XY
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Figure 2. 3D loading Path: (a) non proportional; and (b) proportional.

Figure 2 shows the stress—time curve for normal and shear stress amplitudes, with
the blue line representing the sinusoidal normal stress, the red line the sinusoidal shear
stress and the green line the load path as a result of the combination of normal and shear
stresses. Table 3 shows the stress amplitudes considered in fatigue tests for normal and
shear stresses.

Table 3. Stress amplitudes and stress ratios used in fatigue tests.

Sigma [Mpal Tau [Mpa] Stress Ratio von Mises
54 31 0.577 77
60 35 0.577 85
67 39 0.577 95
71 41 0.577 100
74 43 0.577 105
78 45 0.577 110

2.2. Characterization of the Cyclic Behavior of the AZ31BF

Structural metals react differently to cyclic and monotonic stresses. This depends on
various factors, from the type of microstructure to heat treatments and the type of load
path. One example of this is the difference between the monotonic and cyclic yield stress
that occurs during cyclic hardening. Magnesium alloys tend to exhibit a more pronounced
cyclic hardening behavior on the tensile side of the cyclic load; on the compressive side,
this hardening is almost negligible. Hardening occurs when the cyclic condition influences
the plasticity of the material in such a way that the cyclic yield stress is higher than the
monotonic yield stress and the cyclic curve is higher than the monotonic curve [32].

This is mainly due to grain dislocations of the material as a result of cyclic load, purity,
inherent lattice behavior such as twinning or casting transformation processes [33-37]. It
can be concluded that fatigue models used to estimate crack initiation areas and fatigue life
must take into account the cyclic behavior of the material [37-39]. In wrought magnesium
alloys, fatigue cracking processes are also associated with material inclusions, but in most
cases, the deformation of the twin and the slip bands associated with the twin density flow
are the main cause of cracking.

The cyclic material curve can be used as a reference for fatigue loading to perform
elastic-plastic numerical simulations. However, the process of fatigue crack initiation leads
to micro-notches, which in turn, cause stress raisers that are very likely to lead to local
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(a)

Axial Stress [MPa]

plasticity [32]. Furthermore, the occurrence of fatigue cracks is associated with plasticity,
which leads to the conclusion that the effects of plasticity on the stress and strain states
must not be neglected when determining the crack initiation plane [21,40,41].

For this study, the elastic—plastic behavior of the material is based on the tests with bulk
material and is therefore used as an approximation for the evaluation of local plasticity [32].
The curves shown in Figure 3 were determined on the basis of the ASTM E8 and ASTM
606 standards. The cyclic response of the AZ31B-F alloy at different strain hysteresis
loops shows different yield stresses in tension and compression. The compressive yield
stress is close to the monotonic value, while the tensile stress is about 26% higher than the
monotonic yield stress (203 MPa and 256 MPa, respectively) [32].
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Figure 3. AZ31B-F: (a) Magnesium alloy monotonic and cyclic behavior, (b) calibration test of the
Chaboche plasticity model.

2.3. Chaboche Plasticity Model

In general, plasticity models have three main components to capture a material’s
response to plastic deformation. One of these components is the yield function, which
determines when a material yields. The most common yield criterion is the von Mises
function, where a combination of principal stresses on the octahedral plane determines
the yield point. The second part of plasticity models is the yield rule, which is based on
constitutive equations, in which the stresses and strains are calculated using the incremental
plasticity method, in which the next plastic deformation depends on the previous one.
This rule is generally based on the Drucker postulate [42], where the increments of plastic
strain are perpendicular to the yield surface defined by the yield function. The third part is
the strain hardening rule, which defines the changes on the yield surface during plastic
deformation [43]. The Chaboche plasticity model is a non-linear kinematic hardening
model. The yield function F is given through the follow equation:

3
F:\/z(S—oc):(S—oc)—KZO (1)
where S is the deviatoric stress, « is the back stress, and K is the yield stress [44,45]. The
kinematic hardening is determined by the back stress tensor; this contribution of the model
component is related to the translation of the yield surface [32]. The calculations of the back
stress tensor are contained in the following equations:

{a} = i{“i} )
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{Aa}; = %Cl{Aer’l} — yi{a AP 4 é%w{a} 3)
where Ae! is the accumulated plastic strain, 6 is temperature, and C; and 7, are the
Chaboche material parameters. In Equation (3), the strain hardening modulus and back
stress variation (recall term) are represented by the first and second terms, respectively. The
third term refers to the temperature change. According to the ABAQUS® 2021 Reference
Manual, see [46], the Chaboche plasticity model allows for the use of different kinematic
models and material constants. Here, C; and y; are model inputs for the kinematic model.
In this study, C; and y; are determined based on the cyclic material response presented in
the previous subsection.

2.4. Chaboche Model Calibration

The material parameters of the Chaboche plasticity model can be determined by stress—
strain tests under stabilized hysteresis loops. Using the values of plastic strain and the
inherent recall term, which is the difference between the applied stress amplitude Ao /2
and the cyclic yield stress (K) of the material at a fixed total strain, the relationship between
these two values can be fitted using Equation (4). The material constants C; and y; can be
determined by a fitting procedure.

Ao G AeP!

Table 4 shows the input parameters used in the ABAQUS® finite element analysis.

Table 4. Chaboche input parameters used in the numerical simulation for the material.

Material Cq Y1
AZ31B 25,000 90

3. Theoretical Analysis and Model Proposal
3.1. Stress Plane Approach

Since fatigue cracking occurs under high-cycle fatigue loading for a particular material
at the surface, a stress plane approach was considered in the current study to support model
considerations and development. These conditions are based on the following generic
stress tensor:

Oxx —Txy O
T=|-Ty oy O )
0 0 1

where the term oy is the stress in the direction xx, and the term oy, is the stress in the
direction yy. The term Ty, is the shear stress in the xy direction of the specimen. The loading
paths assumed in the experiments are the proportional (PP) and non-proportional (OP), i.e.,
a combination of normal and torsion loads applied simultaneously with different phase
angles between each load, as previously described in Figure 2. In this case, the general
normal stress due to the axial load is given by the following analytical expression:

o= L ©)

7TR?

where F is the term for the normal load, and R is the term for the radius of the sample throat.

In this case, the general shear stress due to the torsional load is given by the following
analytical expression:

_ TR

J

T

)
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where T is the term for the torsion, R is the term for the radius of the specimen throat, and
J is the polar moment of inertia. In this case, the polar moment of inertia for a generic
cylindrical body is given by the following analytical expression:

j="= ®)

Finally, if Equation (8) is substituted into Equation (7), the final analytical expression
for the shear stress due to torsion is obtained by the following analytical expression:

T= 2T 9)

7R3

3.2. Proposed Approach

Physically, the proposed model uses the angle between the components of the shear
stress in xy direction, and the respective normal stresses in x and y. It is assumed that the
combination of these two stresses persists in a particular plane, a plane that is more stressed
than the others, where crack initiation and propagation are expected to occur.

Since the proposed model is based on stresses and these stresses may change over
time due to hardening/softening, the proposed model requires that the developed stresses
be determined by FEA simulations. The obtained stresses are then used in the proposed
model to estimate the crack opening angle.

The estimated orientation of the crack initiation plane is then adjusted using the beta
parameters determined by the experiments described in this paper. With these parameters,
it is possible to tune the model expression to the cyclic behavior of the magnesium alloy
in question. In practice, it is possible to estimate the crack initiation plane for magnesium
alloys by inserting the beta values from Table 5 of the manuscript into expression 10,
depending on the type of loading (proportional (PP) or non-proportional (OP)).

{ (atan ( gig ) atan ( gi; ) * %;’Cal) (atan ( gé; ) — atan ( g§§ ) * rTnoar)s{ion) } + (10)
(atan( 22) Axial _ gan (%) * ,Tn) } % cos (¢Axial — d>T°“i°“)

Table 5. Maximum values of the sensitivity analysis for P and NP and respective applied stress—
results obtained by FEA.

Period for Maximum Values of the Sensitivity Analysis [0.125 s]

NP Loading Path Applied Stress P Loading Path
i oz [MPal rasion o
0 0 77 0 0
N/A N/A 85 0.06262 0.02708
0.03992 0 95 N/A N/A
N/A N/A 100 N/A N/A
0.03616 0 105 0.05063 0.02196
N/A N/A 110 0.04909 0.02118

N/A: “not available”.

Equation (10) is then used to estimate the opening angle of the notch crack for magne-
sium alloys, where 522 and S33 are the normal stresses in the yy and zz directions; both are
perpendicular to the longitudinal direction of the specimen (xx direction). 523 is the shear
stress in the yz direction. The notch is aligned with the yy direction. Here, S is used to
represent the stresses instead of the traditional sigma or tau symbols. This is to indicate that
these stresses are from FEA simulations and not from the traditional analytical expressions.

The values of % and Bo7is0" are the maximum values of the sensitivity analysis that
result when the maximum axial load occurs. The value ¢, and ¢yyiso, cOrresponds to
the angle of the load path for the period of 0 s, see Figure 2. The first ¢, as described in
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Equation (10), in this case ¢,y is the angle associated with the axial load. The second ¢,
as described in Equation (10), in this case ¢,iso,, is the angle associated with the torsion.

The sensitivity analysis is performed for the stress tensor shown in Equation (5). For
this purpose, the determinant of Equation (5) (stress tensor) is calculated, and then the o
and T stresses, Equations (6) and (9), are substituted into Equation (5). Then the derivative
with respect to R (the radius of the sample) is performed.

3.3. Finite Element Analysis

A finite element analysis (FEA) is performed to obtain the developed stresses (i.e.,
the stresses after adapting the material to the type and intensity of loading) in order to
determine the opening angle of the notch crack using expression 10. For this purpose, a
specimen test was modulated in the ABAQUS® 2021 software according to the specifications
of the E606/E606M-21 Standard Test Method for Strain-Controlled Fatigue Testing.

The indentation (notch) was placed in the negative direction of the XX axis, it has a
cylindrical shape with a circular cross-section with a radius of 0.15 mm, and the notch is
30 mm long in the longitudinal direction, as shown in Figures 1 and 4b.

Figure 4. Computational image of the specimen: (a) specimen with mesh; and (b) notch, the yellow
line represents the longitudinal axis and the red line the radial direction of the specimen).

The element used in the FEA was the parametric element “C30D10”, a square
tetrahedral element. The simulated sample in the FEA with notch has a mesh with
256,137 elements. The computational analysis of the sample with notch was performed
using the Chaboche plasticity model, as described in Sections 2.2 and 2.3.

After creating the sample in the FEA model including the notch and after adding the
Chaboche plasticity model, one end was bonded, and the loads shown in Figure 2 (axial
and torsional loading) were applied to the other end cyclically by repeating the load blocks
shown in Figure 2. The stresses developed were then determined in order to calculate
the NCOA.

4. Results and Discussion

The sensitivity analysis, photos of the fracture surface and the crack initiation angle of
the sample with the corresponding discussion are presented in the current section.

4.1. Sensitivity Analysis

Figure 5 shows the evolution of the (3 parameters (sensitive analysis) used in the
proposed model to predict the fatigue crack orientation at the earliest stages of propagation.
These results were obtained through simulations in FEA.
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Figure 5. Sensitivity analysis: (a) NP loading path, and (b) P loading path.

It can also be seen that the maximum values of the sensitivity analysis occur for the
time span of 0.125 s for both load paths. Different angles between the normal stresses and
the shear stresses were then calculated and multiplied by the maximum sensitivity values,
as shown in Equation (10). The normal and shear stresses assumed in Equation (10) are the
maximum values near the notch and for the maximum values of the sensitivity analysis.

For pure tension of a cylindrical component, the crack angle is 0°. For pure torsion of
a cylindrical component, the maximum crack angle is £45°. Because both loading paths,
proportional and non-proportional, as described in Figure 2, are a combination of tension
and torsion, it is expected that NCOA € [0°, +45°]. Once the features of the loading path
are different, it is expected that the NCOA will also be different. The notch crack opening
angle was calculated using the following proposed stress-based analytical expression:

The maximum values of 3 for tension and torsion as a result of the sensitivity analysis,
are shown in Table 5.

NP and P stand for non-proportional and proportional load paths, respectively. N/A
stands for unavailable results, as there were no tests for this load. The values listed
in Table 5 were used in the stress-based model to calculate the NCOA, as described in
Equation (10). The maximum values of the stresses for maximum sensitivity occur near the
notch and in the fourth quadrant. The 3-values obtained from the sensitivity analysis are
the maximum values as shown in this paper, presented in Table 5. The maximum values of
(3 are obtained for the period of 0.125s and are specific to each load path.

4.2. Correlation between Experiments and NCOA Prediction

Figure 6 summarizes the experimental results for the crack initiation angle of magne-
sium alloy AZ31BF subjected to non-proportional and proportional load paths. In each
subfigure of Figure 6, the NCOA estimated for the respective sample is shown in blue.

The summary of the maximum stresses near the notch during the FEA for the con-
ditions described in this paper, as well as the summary of the NCOA and the stresses
observed during the experiments in the laboratory and the respective errors obtained for
both loading paths, are shown in Table 6. The positive signal and the negative signal of the
stress represent compression and tension, respectively. All stresses are given in MPa.
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Figure 6. Photograph of the NCOA for: (a) 77MPa OP; (b) 85MPa OP; (c) 1056MPa OP; (d) 110MPa
OP; (e) 77MPa P; (f) 95MPa P and (g) 105MPa P.

Table 6. Summary of the stresses, the experimental angle, the calculated crack angle and the
respective error.

Mises Stress NP Loading Path Stress P Loading Path Non Proportional Proportional

Stress S22 S23 S33 S22 S23 S33 Exp. Crack Error Exp. Crack Error

[MPa] [MPa] [MPal [MPa]l] [MPal [MPal [MPal Angle Angle [%] Angle  Angle [%]
77 13.33 —-3.76 251 46.0 —-17.24 40.18 —-18.05 —-17.99 0.343 —38.16 —38.07 0.256
85 N/A N/A N/A 50.62 —18.97 44.2 N/A N/A N/A —38.85 —38.79 0.162
95 16.45 —4.63 3.09 N/A N/A N/A —-18.79 —-17.99 0.475 N/A N/A N/A
105 18.3 -5.13 342 62.39 —23.38 54.50 —18.13 —18.07  0.308 —40.23 —40.21 0.054
110 N/A N/A N/A 64.73 —24.25 56.51 N/A N/A N/A —40.60 —40.40 0.49

N/A: “not available”.

Based on the results, it was found that cracks appear on the surface of the sample.
This is due to the fact that the shear stress at the surface is greater, resulting in a higher
combined equivalent stress at the surface of the sample. This means that the cracks never
occur within the notch, but at the interface between the surface and the notch. The NCOA
occurred between [0°, £45°] as expected. The exact values of NCOA calculated using the
proposed analytical stress-based model, and those observed in the laboratory experiments
are shown in Table 6.

The NCOA occurs in the XY plane. The FEA shows that the maximum value of the
stresses occurs near the notch and in the fourth quadrant of the XY plane. However, the
crack extends along the second and fourth quadrant of the XY plane, as you can see below.

Once the combination of axial and torsional loading was different in each loading path
with the respective in-phase or out-of-phase angle, a different NCOA was expected. If you
analyze Figure 7 in detail, you can see that the value of the sensitivity of each load, axial
and torsional, is quite different in each load path. In the first half of the period range, [0 s;
0.250 s], the maximum value of sensitivity occurs, more precisely at 0.125 s. In the first half
of the proportional load path, however, the sensitivity for the axial load is always higher
than that for the torsion.
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Figure 7. NCOA at the surface and in the plane XY: (a) NP loading path; (b) P loading path.

The same is not true for the non-proportional load path in the remaining period range.
In a detailed analysis of the sensitivity analysis (see Figure 5), the sensitivity of the torsion
is greater than that of the axial load, approximately in the second half of the period range.
This is a direct consequence of the out-of-phase load path, which leads to a different NCOA.

5. Conclusions

The analytical model proposed to calculate the NCOA agrees with the experimental
results. The error between the stress-based model and the results obtained in the tests is
acceptable. In fact, the maximum error is below 0.5% in all the cases studied. The maximum
values for the sensitivity analysis occur in the first half of the loading period range, i.e., at
0.125s for both stress paths. For the proportional load path, the sensitivity value is always
higher than the torsion value due to the axial load. For the non-proportional load path,
however, the sensitivity of the axial load is lower than the sensitivity of the torsion, but only
in part of the period range. This is a consequence of the external phase shift angle, which
has a direct influence on the NCOA. As expected, the NCOA occurred in the range [0°,
£45°]. In fact, it occurred at negative values in both cases. The NCOA was approximately
18° and 39° for the non-proportional and proportional load paths, respectively. The NCOA
is a property of the load path and the respective in-phase or out-of-phase angle. In the
experiments, it was found that the crack plane was the XY plane and the crack occurred on
the surface of the specimen and along the second and fourth quadrants of the XY plane.
The XY plane was perpendicular to the direction of the notch.
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