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Abstract: The light weight of magnesium alloys makes them a promising material in different po-
tential industries, such as aerospace and automobile. In addition, magnesium alloys are attractive
materials for biomedical applications due to their biocompatibility with the human body. The appli-
cations of these alloys in structural parts require an understanding of their fatigue behavior because
they are usually subjected to time-varying loading. Furthermore, notches are inevitable in structural
parts. Geometrical discontinuities weaken structures because they act as stress raisers. Localized
cyclic plasticity around notches leads to crack formation and final failure. The main objective of
this research was to investigate the fatigue failure of ZK60-T5 extrusion in the presence of a notch.
U-notched specimens with a diameter of 16 mm, notch radius of 1.5 mm, and notch depth of 1.5 mm
were machined along the extrusion direction. Cyclic tests were performed under completely reversed
cyclic loading and ambient conditions. The results obtained from the cyclic tests of the U-notched
specimens were compared with those of unnotched and V-notched specimens to assess the effects of
both the presence and the geometry of a notch on fatigue life. The strain energy density approach
was successfully used to analyze the fatigue behavior of the U-notch specimens.

Keywords: fatigue; U-notched specimen; strain energy density; ZK60 magnesium alloy; fatigue life
estimation; notch effect

1. Introduction

The applications of magnesium alloys are increasing in diverse industries, such as
aerospace, automotive, medical, and electronics. The light weight of magnesium makes
it extremely attractive for transportation industries. The automobile and aircraft indus-
tries, which are motivated by fuel economy and reduction in gas emission, are leading
the development of new magnesium alloys with high strength and corrosion and creep
resistance. Multinational research initiatives, such as the Magnesium Front End Research
and Development project between Canada, the USA, and China, were established to enable
major applications of magnesium alloys in the body structure of the front end in automo-
biles [1-3]. In addition, high-strength and high-corrosion-resistant magnesium alloys, such
as the Mg-Nd-Y-Zr (WE series) alloys, are used in aircraft, helicopters [4,5], and military
jet fighters [6]. Magnesium alloys have excellent electromagnetic interference shielding
properties, making them suitable for electronic applications [7]. Furthermore, magnesium
alloys are one of the best materials biocompatible with the human body [8,9].

Due to their potential, researchers around the globe are investigating different magne-
sium alloys under various type of loading and conditions [10-14]. Normal, compressive,
and shear behaviors clearly show that magnesium exhibits distinct characteristics [15-19]
from those of conventional steel and aluminum alloys. The close-packed hexagonal lattice
structure of magnesium causes it to deform plastically under two different mechanisms:
slipping and twinning [20-25]. Texture analyses clearly show that wrought magnesium
alloys, produced by extrusion, rolling, or forging, possess strong texture, with the basal
planes parallel to the working direction and the c-axis normal to it [26,27]. As a result, ap-
plication of cyclic axial loading along the working direction results in an asymmetric cyclic
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behavior due to the involvement of multiple plastic deformation mechanisms, such as
slipping, twinning, and detwinning. The complex cyclic behavior of wrought magnesium
alloys cannot be simulated with existing commercial finite element packages. Therefore,
user-defined material subroutines need to be developed to capture the cyclic behavior of
magnesium alloys [28-31].

The high-cycle fatigue of ZK60 and ZK60-T6 magnesium extrusion was investigated
by Liu et al. using a rotating-bending experiment [32]. Their study showed that T5
heat treatment improves both monotonic, such as yield and ultimate tensile strengths
and elongation, and cyclic properties, such as fatigue strength. Liu et al. found that the
fatigue limits at 107 cycles are 150 MPa and 140 MPa for ZK60 and ZK60-T5, respectively.
The very-high-cycle fatigue (VHCF) of ZK60 extrusion was investigated by He et al. [33]
using push-pull loading conditions. They performed tests until 10° cycles without failure.
He et al. observed two zones with different morphological characteristics corresponding to
crack initiation and early growth. They also observed that the morphology of the crack
initiation zone is influenced by the interaction between the twinning bands and the plastic
zone ahead of the crack tip. The directional stress-controlled behavior of ZK60 extrusion
was characterized by Pahlevanpour et al. [34] along the extrusion and radial directions.
A significant observation of this study was that, unlike the extrusion direction, the cyclic
behavior along the radial direction is symmetric due to the unidirectional orientation of
the hexagonal close-packed (HCP) crystals. In addition, the stress-life curves show that
extrusion direction exhibit higher fatigue resistance than the radial direction. Pahlevanpour
et al. [34] explained that strain energy density, represented by the size of the hysteresis
loops, for tests performed at the same stress amplitude is higher for specimens machined
along the radial direction than that for the extrusion direction. Therefore, they used the
strain energy density [35] proposed by Jahed and Varavani to model the fatigue behavior
of the material. Their predictions for the fatigue life of the material under stress- and
strain-controlled loading [36] along the radial and extrusion directions fall within +2x
scatter bands.

Albinmousa et al. [37] used the strain energy density approach (SED) developed by
Lazzarin and Zambardi [38] to study the fatigue behavior of V-notched ZK60-T5 mag-
nesium extrusion. They showed that fatigue life can be successfully correlated with the
average strain density calculated over a control volume ahead of the notch. The SED ap-
proach has been shown to be capable of estimating the fatigue failure for different materials
and notched geometries [39-45]. The main objective of this research is to investigate the
fatigue behavior of U-notched specimens machined from ZK60-T5 magnesium extrusion.
The effects of the presence and geometry of a notch on the fatigue life of the material is
discussed. The local strain energy density approach was used to estimate the fatigue life
within £2x scatter bands.

2. Materials and Experiments
2.1. Material

The material used for this investigation was ZK60-T5 magnesium extrusion. The ma-
terial was acquired from SMW Engineering, Russia, as 1000 mm rods with a diameter of
150 mm. This alloy has chemical compositions as listed in Table 1. The microstructure of
the material of the plane normal to the extrusion is shown in Figure 1. This microstruc-
ture was observed by cutting small metallurgical samples that were mounted and then
polished using 240, 320, 400, and 600 grit size abrasive papers. An etchant was prepared
using 5 g picric and 5 mL acetic acid, 10 mL distilled water, and 100 mL ethanol. After
etching the samples, the micrographs were taken using an Olympus DSX-510 digital mi-
croscope. The microstructure consists of large and small grains with an average grain size
of 9.52 ym =+ 1.89 pm. This structure is commonly observed in ZK60, investigated else-
where [46], and in other wrought magnesium alloys, such as AZ31B [47,48], AZ61A [49],
and AZ80 [50].
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Table 1. Chemical compositions (wt%) of ZK60A-T5.

Mg Zn Zr Others
93.7 5.45 0.58 0.27

Figure 1. Microstructure of ZK60-T5.

2.2. Monotonic and Cyclic Behaviors

A representative monotonic tensile stress—strain curve for the material is shown in
Figure 2. According to Figure 2, the material exhibits conventional power-type harden-
ing. This is expected because it is known that slipping is the major plastic deformation
mechanism when tensile loading is applied parallel to the extrusion direction [24]. Loading
that is oriented such that extension is caused along the c-axis produces (1012) tension
twins that have a low critical resolved shear stress value. This effect can be observed
when a specimen that is machined along the working direction is subjected to compressive
loading. In this case, the resulting stress—strain curve shows a sigmoidal-type behavior.
By contrast, application of tensile loading on a specimen machined along the working
direction only activates slipping mechanisms. Therefore, the tensile stress—strain curve for
such a case shows conventional, power-hardening-type behavior [15]. Among the different
slip systems in magnesium, such as (1010) prismatic, and pyramidal (1011) and (1022), the
basal (0001) has the lowest critical resolved shear stress. It was observed that basal planes
can only accommodate about 8% elongation if they are tilted toward the loading axis by
more than 16.5° [51]. Additional elongation reaching 20% can be obtained when the (1010)
prismatic becomes dominant [51]. The ratio of the critical resolved shear stress of prismatic
to basal slip is estimated to be between 1.5 and 2.5 [52,53].
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Figure 2. Engineering stress—strain curve for ZK60-T5 along the extrusion direction.
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The cyclic behavior of the material has been investigated under strain-controlled
axial, shear, and multiaxial cyclic loading conditions [54]. This alloy has also been tested
under uniaxial strain-controlled fatigue loading by Pahlevanpour et al. [36,55]. Figure 3a
indicates that the strain-life curves obtained by Albinmousa et al. [54] and Pahlevanpour
et al. [36,55] are significantly comparable. Therefore, the stress-life curve obtained by
Pahlevanpour et al. [34,55], shown in Figure 3b, was used for this investigation. In general,
the cyclic behavior of ZK60 magnesium extrusion is similar to other wrought magnesium,
such as AZ31B [15,48], AZ61 [49], AM30 [26], and AZ80 [50]. The development of strong
texture as a result of either the extrusion, rolling, or forging process causes the material to
exhibit tension—compression asymmetry due to slipping in tension reversal and twinning in
compression reversal. A sigmoidal-type behavior is usually observed in the tension reversal
as twinned lattices are detwinned after compression. While such a distinct behavior is
commonly observed in cyclic strain-controlled experiments, it also prevails under cyclic
stress-controlled loading when local strain is measured by an extensometer [34] or digital
image correlation [56].

(a)

100 T
3 < Albinmousa et al

— r O Pahlevanpour et al
g L
> L
o
s r QO
= [o]e)]
E &
s MT %
o r @ @
2 - o ©
Té F @ ¢
15 E a
= -

0.1 ey

1x10? 1x10?% 1x10* 1x10° 1x106
Number of cycles to failure, Nf
(b)
300 +
+ Pahlevanpour et al
o
o
=3
[} 200 + ++
El -
é +
o ZaT122MPa T e +
@
5 100 4
@
E
o
=
0 } f }
1x10? 1x10% 1x104 1%10° 1x1068

Number of cycles to failure, Nf

Figure 3. Cyclic behavior of ZK60 extrusion. (a) Normal strain-life curves [36], reproduced from [36],
with permission from Elsevier, 2020. and (b) stress-life curve [34], reproduced from [34], with per-
mission from Elsevier, 2020.

2.3. Fatigue Experiments

Fatigue experiments were performed on notched ZK60-T5 specimens. Blanks with
an 18 mm x 18 mm cross section and a length of 140 mm were cut along the extrusion
direction of the rod. These blanks were then machined to round specimens with a diameter
of 16 mm and length of 130 mm. U-notches were machined in the middle of the specimens
with a depth of 1.5 mm and a radius of 1.5 mm, as shown in Figure 4. Completely reversed
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stress-controlled cyclic axial experiments, R = —1, were performed on six U-notched
specimens. The notched specimens were subjected to force amplitudes between 16 and
11.5 kN corresponding to nominal stress amplitudes of 57.2 and 79.6 MPa at the gripping
section, respectively. These amplitudes resulted in a fatigue life range between nearly
10* and 10° cycles. Frequencies between 1.0 and 30 Hz were used for the experiments.
All specimens were loaded until complete fracture by separation.

R1.5mm
¥ /
D16.0 3.0mm —= |=
i
— 130.0 mm -

Figure 4. Geometry and sizes of U-notched specimens.

In addition, the fatigue experiment on V-notched specimens machined from the
same material with the same outside diameter and depth but with a V-notch having an
opening angle of 60° and notch radius of 0.8 mm performed by Albinmousa et al. [37] was
considered in this study for comparison. This experiment was under completely reversed
stress-controlled conditions. These specimens were loaded with a force amplitude between
14 and 10.5 kN, which resulted in fatigue lives between 17 x 10% and 1.1 x 10° cycles.

3. Strain Energy Density Approach (SED)

Lazzarin and Zambardi [38] developed the strain energy density criterion used in
this investigation. This criterion predicts that failure occurs when the total average strain
energy density over a specific control volume ahead of the notch tip reaches a critical
energy. For a cyclic loading condition, the average strain energy range AW in the control
volume is compared to a critical strain energy value AW, to estimate failure such that

2
Aoy

AW, =
¢ 2E

)
where Ao, is the fatigue limit obtained from an unnotched specimen and E is the elastic
modulus. The strain energy density for blunted V-notched or U-notched samples subjected

to cyclic axial loading is [57,58]
ARy
= 671 1
AW = 2 (R}M) @)

where AKj is the range of the mode I notch stress intensity factor and e; is a geometrical
parameter that depends on the opening angle of the notch 2« and Poisson’s ratio v [38]. A4
is William’s eigenvalue, equal to 0.5 for a U-notch [59,60]. The material parameter R is
the radius of the control volume surrounding the notch, as illustrated in Figure 5, and is
calculated using

1
T—A7
R, = (,/ze1 AAKM) ! €)
o\

where AKj 4 is the range of the notch stress intensity factor (NSIF). It can be seen from
Figure 5 that the control volume has a crescent shape. In fact, the control volume is
constructed by a circle of radius R, + g, where

(m—2n)
ro = Pm 4)
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Figure 5. Control volume for a U-notch under mode I loading.

For a U-notched specimen with 2« = 0, Equation (4) yields vy = p/2, as indicated
in Figure 5. Based on the strain energy density criterion, the critical radius is considered
a material property [61]. If all required variables are known, the critical radius can be
determined using Equation (3). However, a more convenient procedure can be followed
to determine the critical radius using finite element analysis, which is explained in the
next section.

4. Finite Element Analysis

ANSYS software was used to perform finite element analysis. Due to double symme-
try, only one quarter of the specimen needs to be considered for finite element analysis.
In addition, the strain energy density criterion only requires linear elastic analysis. There-
fore, 2D axisymmetric linear elastic analyses were performed to evaluate the strain energy
density. Plane 83 element with 8 nodes and axisymmetric capability was used. An average
element size of 3.36 x 1073 mm? around the notch region was used to smoothly capture the
curvature of the notch. Symmetric and axisymmetric boundary conditions were defined as
illustrated in Figure 6. ZK60 was modeled as a linear elastic material with a modulus of
elasticity of 44.3 GPa and a Poisson’s ratio of 0.35.

As stated in the previous section, the critical radius R, was determined using finite
element analysis. It should be noted that because the critical radius is a material property,
the value of R, = 0.42 mm, determined by Albinmousa et al. [37], can be used in this
investigation. This is because they investigated the fatigue of V-notched specimens for
the same material. However, the procedure for obtaining R, using finite element was
followed for a U-notched specimen considered in this research. First, a reference fatigue
life of 10° cycles was considered. Second, the applied stress range corresponding to the
reference fatigue life from an unnotched specimen was found to be Ac4 = 244.4 MPa based
on the experimental work of Pahlevanpour et al. on the same alloy [34,55]. This allows
for the determination of the critical strain energy value using Equation (1), which gives
AW, = 0.67 MJ/m?. Third, the experimental results performed on U-notched specimens
for this investigation show that a force amplitude of 11.5 kN, equivalent to a nominal stress
range of 114.4 MPa at the gripping section, corresponds to a fatigue life of 10° cycles. As
a result, a nominal stress of 114.4 MPa was applied on the U-notched geometry shown
in Figure 6. Then, the critical radius was varied until the corresponding average strain
energy density in the control volume is AW = AW, = 0.67 MJ/m?>. Figure 7 shows how
this process is used to determine the critical radius, which yielded a value of 0.438 mm,
which is only 4.2% higher than that obtained by Albinmousa et al. [37] considering V-
notch geometry.
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Figure 6. Schematic of the finite element model.
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Figure 7. Determination of the critical radius.

Once the value of the critical radius is obtained, it is used for analyzing the remaining
specimens. This was done using the applied stress range used in the experiment and calcu-
lating the corresponding average strain energy density in the control volume. Figure 8a,b
shows the stress distribution along the y-direction surrounding the notch region and the
elastic strain energy in the control volume for the U-03 specimen obtained by applying a
nominal stress range of 159.2 MPa.
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Figure 8. Finite element results. (a) Normal stress along the y-direction. (b) Elastic strain energy in the control volume.

5. Results and Discussion

The fatigue results for U-notched specimens obtained in this investigation are listed in
Table 2. In addition, the results for V-notched specimens obtained by Albinmousa et al. [37]
are also listed in the table for comparison. The nominal and net section stresses in the table
are calculated at the gripping, D = 16 mm, and net, d = 13 mm, sections, respectively.

Table 2. Fatigue test results for U- and V-notches with R = —1. The nominal stress 0y,05; is calculated at the gripping section
(D = 16 mm) of the specimen, while the net section stress is calculated at the net section (d = 13 mm). V-notched data were
obtained from Albinmousa et al. [37]. Reproduced from [37], with permission from Elsevier, 2020.

Specimen Frequenc F, Oanom O a,net N,
No. Type P ID ?Hz) Y (kN) (MPa) (MPa) (Cycles)
1 U-03 1.0 16.0 79.6 120.5 11,722
2 U-01 15 14.0 69.6 105.5 74,749
3 U-06 3.0 13.0 64.7 97.9 112,443
4 U-notched U-07 20.0 12.5 62.2 94.2 362,313
5 U-04 3.0 12.0 59.7 90.4 626,310
6 U-05 30.0 11.5 57.2 86.6 1,025,305
7 V-02 1.0 14.0 69.6 105.5 17,203
8 V-18 1.0 14.0 69.6 105.5 18,243
9 V-17 1.0 14.0 69.6 105.5 19,703
10 V-12 15 14.0 69.6 105.5 20,509
1 V-16 1.0 14.0 69.6 105.5 28,879
12 V-01 1.0 12.0 59.7 90.4 52,479
13 V-notched V-19 40 12.0 59.7 90.4 136,330
14 V-20 4.0 12.0 59.7 90.4 184,005
15 V-05 8.0 11.0 54.7 82.9 239,733
16 V-11 4.0 12.0 59.7 90.4 324,649
17 V-10 20.0 11.0 54.7 82.9 1,114,854
18 V-07 15.0 10.5 52.2 79.1 1,144,682

The effects of the presence of a notch as well as the notch geometry on fatigue life
are shown in Figure 9. In this figure, the net section stress amplitudes for unnotched
specimens are calculated at the gauge section of a dog-bone specimen with a rectangular
geometry [55]. On the other hand, the net section stress amplitudes for U- and V-notched
specimens are calculated at the net section having a diameter of 13 mm. It is seen from this
figure that the presence of a notch has a significant influence on fatigue life. For example,
while applying a net section stress amplitude of 120.5 MPa on a U-notched specimen
results in a fatigue of about 10* cycles, an unnotched specimen subjected to the same stress
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amplitude can sustain 10° cycles without failure. Comparison of the fatigue behaviors of
the U- and V-notched specimens in the same figure shows that U-notched specimens have
better fatigue resistance than their V-notched counterparts.

250
U-notched (This work)

O V-notched (Albinmousa et al)
200 +

+ Un-notched (Pahlevanpour)

150

100 +

50 +

Maximum stress amplitude {MPa)
1

0 . PRI ey iy g ey
1x10? 1x10? 1x10* 1x10° 1x10° 1x10"

Number of cycles to failure, (Nf)

Figure 9. Effects of a notch and the notch geometry on fatigue life [34]. Reproduced from [34], with
permission from Elsevier, 2020.

It is seen from Table 2 that more duplicates were tested using V-notched than U-
notched specimens given more confidence in the value of the critical radius obtained
using the results of V-notched specimens, although a difference of 4.2% is negligible. In
addition, to have a common background for comparison, a single value of the critical radius,
R. = 0.42 mm, was used for evaluating the average strain energy density for both the U-
and the V-notched specimens. Figure 10 shows the correlation between the strain energy
density and fatigue life of unnotched and U- and V-notched specimens using a power-type
equation with an R? = 0.972. It is evident from this figure that the strain energy density
(SDE) criterion can correlate the data from all specimens into a single and narrow scatter
band. It is important to note that the strain energy densities for unnotched specimens were
evaluated using Equation (1). On the other hand, the strain energy densities for all notched
specimens were averaged over the control volumes for each specimen.

100 +
[ Rc=042mm < U-notched (This work)
&E O V-notched (Albinmousa et al)
=
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Figure 10. Correlation of the strain energy density and fatigue life of unnotched and U- and V-notched
specimens [34]. Reproduced from [34], with permission from Elsevier, 2020.
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Two observations can be made from the results presented in Figure 10. First, strain
energy density is a suitable fatigue damage parameter for analyzing notched magnesium
specimens. Second, the fatigue life of notched specimens can be estimated using the fatigue
data of unnotched specimens. As for fatigue damage parameters, they are classified into
stress-, strain-, or energy-based. Well-known stress- or strain-based parameters such as
Carpinteri [62], Fatemi-Socie [63], or Smith—-Watson-Topper [64] require a knowledge of
local stress and strain states at the notch root. Similarly, energy-based models such as Jahed-
Varvani [35] require a knowledge of cyclic hysteresis loops at the notch root to quantify
fatigue damage. In the case of axial cyclic loading, notch rules such as Neuber’s [65]
or Glinka’s [66,67] can be used to estimate the local stress—strain state based on applied
nominal loads. In fact, this approach was successfully used by Roostaei et al. [56] to analyze
the cyclic axial fatigue of a rolled ZEK100-F magnesium notched specimen. The authors
used Neuber’s and Glinka’s rules to estimate the local cyclic stress—strain state at the
notch root of a plate with a central hole. Roostaei et al. [56] investigated constant and
variable amplitude loading conditions. The estimated strain states for different conditions
were verified using a digital image correlation system. Using the Smith—-Watson-Topper
model, Roostaei et al. were able to estimate the fatigue life within a conservative 3 scatter
band. Still, the method adopted by Roostaei et al. [56] requires a numerical procedure
to be developed to model the asymmetric hysteresis loop of wrought magnesium alloys.
Alternatively, as discussed in the introduction, a user material cyclic plasticity model is
required to estimate the local stress—strain state at the notch root.

The strain energy density approach explained in Section 3 offers a simpler and more
practical alternative with a promising reliability, as observed in Figure 10. To estimate
the fatigue life of the U- and V-notched specimens examined in this work, the energy—
life data for unnotched specimens were fitted with a power-type equation as shown in
Figure 11. After that, the energy-life equation obtained was used to estimate the cyclic
axial fatigue lives of U- and V-notched specimens. A comparison between experimental
and estimated fatigue lives of all notched specimens is shown in Figure 12. This figure
shows that estimations fall within +2x scatter bands, which clearly supports the capability
of the strain energy density criterion in estimating the fatigue lives of different ZK60
notched geometries.

10.0 T

[ + Un-notched (Pahlevanpour)
€ I e Power fit
= L
2
z r o LT
] [t o
] e o SO
‘g_ 1.0 + e, v

r 4
oo L
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© L AW = 5523N;%15°
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£ |
A L
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1x10° 1x10° 1x10* 1%10° 1x108 1x107

Number of cycles to failure (Ny)

Figure 11. Energy-life curve for unnotched specimens [34]. Reproduced from [34], with permission
from Elsevier, 2020.



Metals 2021, 11, 113

110f 14

1x107 ¢
1x10% |
F - ¢
Q O
<
& \
TE O'__ < o
o 1x105
£ 1x10
. 6.
L
O -
1x10° >_ < U-notched
QO V-notched
_ Scatter band with factor 2
1!1[}3 . PRy s Leoa il L Loau ol N M|
1x103 1x10% 1x10° 1x108 1x107

Estimated life

Figure 12. Estimation of fatigue life of U- and V-notched specimens based on the strain energy
density criterion.

6. Conclusions

The fatigue of U-notched specimens machined from ZK60-T5 magnesium extrusion
was investigated. Stress-controlled cyclic axial experiments were performed under com-
pletely reversed loading conditions covering a life range between 10* and 10° cycles.
The results obtained were compared to those of V-notched tests performed on the same
material. It is evident that the presence of a notch is detrimental to fatigue life. It was also
observed that the notch geometry influences the fatigue life. The strain energy density
(SDE) approach was successfully used to correlate the fatigue life of unnotched and U-
and V-notched specimens using a critical radius of R, = 0.42 mm. The SED approach was
shown to be a reliable yet simple and practical tool for analyzing the fatigue of wrought
magnesium alloys. This approach offers a solution without the need for an explicit treat-
ment of the complex cyclic behavior of wrought magnesium, which is known to involve
multiple plastic deformation mechanisms such as slipping and twinning.
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