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Highlights

1. V-notched ZK60 specimens were tested under stress-controlled cyclic loading
2. The evolution of crack surface area was analyzed using x-ray tomography
3. Crack surface area of V-notched specimen increases exponentially with cycling

4. SED approach correlates smooth and V-notched specimens within a single band
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Abstract

Magnesium and its alloys are very attractive lightweight materials and have a potential of
applications in different industries. However, their applications as materials for load bearing
components are hindered by the limited knowledge of their fatigue behavior, especially in the
presence of notches. The goal of this research is to investigate the fatigue behavior of V-
notched specimens machined from ZK60-T5 extruded magnesium. V-notched specimens
were loaded at different stress amplitudes. One sample was analyzed using x-ray tomographic
to evaluate the damage evolution. In addition, the strain energy density approach was used to

analyze fatigue of magnesium for the first time.

Keywords: V-notched specimen; X-ray computed tomography (CT); Crack surface; Strain

Energy Density; ZK60 magnesium alloy

1 Introduction

In recent years, magnesium (Mg) and its alloys have gained wide interest in several
applications, from biomedical to automotive sector [1-8]. Specifically, their high specific
strength renders these materials attractive for load-bearing applications, and automobile parts
and different components in aircrafts and helicopters have started being manufactured.
However, the diffusion of these materials for structural applications is still limited due to the
lack of knowledge regarding their fatigue behavior in presence of geometrical discontinuities
(notches). The presence of geometrical discontinuities such as notches is in fact very
common in structural components, and they are known to be detrimental for static and fatigue

resistance [9-11]. Therefore, being structural parts usually subjected to cyclic loading, a deep
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understanding of fatigue damage mechanism of notched Mg alloys, together with the
development of a robust design tool for the prediction of the fatigue life of notched
components, is fundamental for the widespread diffusion of Mg and its alloys for structural
applications. Dealing with the former aspect, analysis of fracture surfaces using scanning
electron microscope (SEM) offers tremendous insight about the fracture behavior of the
materials. However, in recent years, new techniques, such as X-ray computed tomography (or
CT scan), have been developed to provide further and more detailed insights into the fatigue
damage evolution. As a non-destructive technique, in fact, x-ray tomography can be used to
image with high resolution (around 1 um) internal features of the materials, such as defects
and cracks, continuously during their fatigue evolution. Withers and Preuss [12], for
example, showed that X-ray computed tomography can be used to study damage-
accumulation mechanisms such as cavitation, fracture, microcracking, fatigue cracking, and
stress corrosion cracking in different engineering materials. In addition, Wright et al [13],
investigating the damage in aerospace grade carbon fiber—epoxy composites, reported this
technique to allow the evaluation of existing damage, and crack initiation and growth models.
Dealing with Mg and its alloys, King et al [14] performed in-situ observation of short fatigue
crack in cast magnesium Elektron 21 using both X-ray diffraction contrast tomography and
microtomography and they were able to map the crack surface length and depth with cycling,
reporting the surface length to depth ratio of the crack to be about 1.5. However, further
characterizations of the fatigue damage evolution of Mg and its alloys are needed, and this
work aims to fulfill this need. To do so, notched ZK60 samples were tested under fatigue and
X-ray tomography scans were performed at different intervals to measure the growth of the
crack surface with cycling. The choice of the material fell on ZK60 because, among the
different Mg alloys, ZK alloys, and specifically ZK60, are particularly interesting for

structural materials since the addition of Zinc and Zirconium increase the corrosion resistance
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of the base material and the mechanical properties (strength and ductility) due to their grain
refinement effect. In addition, this work aims to overcome the other limitation hampering the
widespread diffusion of Mg and its alloys in structural applications, i.e. the need of a robust
design tool against fatigue in the presence of notches. Several criteria have been developed in
the recent years to predict the fatigue behavior of different material classes (metals, ceramics,
polymers), from the notch stress intensity factors (NSIFs)-based criterion to the theory of
critical distance (TCD) approach [15-18]. However, these criteria suffer of different
drawbacks. NSIFs-based criterion, for example, is limited by its geometry dependency and by
the need of evaluating accurately the stress field ahead of the geometrical discontinuities to
correctly perform the fatigue assessment. The TCD approach, although overcoming the
geometry limitation of the NSIFs-based criterion, is still limited by the need to evaluate
accurately the stress field. In recent years, the strain energy density (SED) approach has been
reported to be a promising candidate for an easy and accurate prediction of the fatigue
behavior of different notched materials [19-23] and of real component such as steel rollers
[24]. The SED approach, that will be described in detail in Section 3, does not suffer from the
geometry dependency and from the need of evaluating accurately the stress field ahead of the
geometrical discontinuities, and has therefore gained wide interest among engineers and
practitioners, especially for the possibility offered to summarize the fatigue behavior of
differently notched components within a single narrow scatter band. However, to the best of
the authors’ knowledge, the SED approach has never been applied to Mg and its alloys and
we thus aim herein to fill this lack. In particular, ZK60 notched specimens were tested under

fatigue and the experimental fatigue data were then analyzed in terms of SED.
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2  Material & Methodology

2.1 Material

The material used for this investigation is the extruded ZK60-T5 magnesium alloy. This
material was acquired from SMW Engineering, Russia, in the form of rods with a diameter of

150 mm and lengths of 1000 mm. The chemical composition of the material is listed in Table

1.

Table 1

Chemical composition (wt%) ZK60A-TS5.

Mg Zn Zr Others

93.7 5.45 0.58 0.27

The quasi-static behavior of the material was obtained by means of monotonic tensile tests
carried out according to ASTM ES8-08 standard [25]. The average monotonic tensile
properties (elastic modulus, E, yield stress, oy, ultimate tensile stress, o;rs, and elongation to

failure, ¢;) of three specimens are listed in Table 2.

Table 2

Monotonic tensile properties of extruded ZK60-T5 magnesium alloy.

E (GPa) a,s (MPa) oyrs (MPa) er (%)

44.2940.59 220.749.15 284.0+9.9 17.65+1.14

2.2 Microstructure

To observe the microstructure of the material, metallurgical samples were polished in

succession using 240, 320, 400 and 600 grit size abrasive papers. Then, the samples were
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etched in a solution prepared from 5 g picric acid, 5 ml acetic acid, 10 ml distilled water and
100 ml ethanol [26]. The micrographs were taken using Olympus DSX-CB digital

microscope.

2.3 Fatigue Experiment

The V-notch specimens were machined as 16 mm diameter rods with a V-notch that has an
opening angle of 60°, a root radius of 0.8 mm and a depth of 1.5 mm as shown in Fig. 1. All

samples were cut along the extrusion direction and from the inner part of the rod.
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Fig. 1. Geometry and dimensions of V-notch specimen.

Cyclic tests were performed using Instron frame with a loadcell capacity of 100 kN. A total
of 17 specimens were tested under fully reversed stress, R = —1, uniaxial load-controlled
cyclic loading condition and at standard laboratory conditions. Load amplitudes between 9
and 14 kN were applied resulting in a fatigue life range between 17 X 103 and more than
10 x 10° cycles. The fatigue tests were carried out till the complete fracture by separation of
the sample into two halves or till the achievement of 13 X 10°cycles. Depending on the
magnitude of the load amplitude and to make sure that no heating is generated, tests were

performed with frequency range between 1 and 30 Hz. The frequency of each test is included

in Table 3.
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2.4 X-Ray Tomography

The x-ray scans were performed using Nikon XTH 225 ST system. CT scans were performed
with energy of 120 kV and a series of 720 radiographs projections were taken to reconstruct
the 3D volumes. The total scanning time for each scan was 1.5 hours and a total of 14 scans
were taken to assess the crack evolution. The reconstruction and the image processing were
done using Inspect-X and Avizo 8.1 software, respectively. Due to the high amount of time
required, only one specimen was carefully selected for ex-situ CT-scan analysis, and the
following procedure was followed. First, an extensometer was mounted on different
specimens that are tested at different amplitudes. The response of the local displacement
measured by the extensometer was analyzed. The target was to determine a load amplitude
that can initiate a detectable change by the extensometer and before the crack reaches to a
critical size. Fig. 2 shows an example of strain measurements recorded with cycling by an
extensometer for V-notched specimen loaded with force amplitude of 14 kN. This figure
clearly shows that changes in the strain measurement for this load can be detected after 10*

cycles.

It is worth mentioning that the selected load amplitude shall not be low such that the resulting
crack growth period is too long in order to minimize the number of CT-scans. An amplitude
of 12 kN was found to be a good choice for this study. Second, two specimens were tested at
this amplitude and with the extensometer mounted on them to have an understanding about
the fatigue behavior at this load. The resulting fatigue lives from these specimens were
between 50 x 103 and 130 x 103 cycles. The third specimen that was tested at this

amplitude was targeted to be used for CT-scanning. Hence, the sample was loaded on the
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cyclic machine with the extensometer mounted such that the knife-edges are positioned half-
way from the V-notch. Fourth, an alignment mark was engraved on the gripping section of
the specimen in order to make sure that the specimen is mounted at the same position in the
CT-scanner.
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Fig. 2. Strain measurement technique used during stress-controlled cyclic test of V-notched
specimen, F, = 14 kN.

A custom-made CT-base was manufactured to fit the size of the specimen and make sure it is
secured vertically. This base has an alignment mark also in order to ensure that the sample is
always mounted in the same orientation with respect to the x-ray gun and detector. A
schematic showing the sample mounted on the CT-base is depicted in Fig. 3. Fifth, from prior
knowledge about the behavior of the strain amplitude during the test, the machine is set to
stop after a specific change in the strain amplitude. Sixth, the sample is unmounted from the
cyclic machine after the stopping criterion is satisfied and is taken to CT-Scan lab. Seventh,
the sample is taken again to the cyclic machine to be cycled further. However, no
extensometer is mounted at this stage. Rather, depending on the size of the crack imaged by

the x-ray scanner the test end-condition is determine by setting a specific number of cycles.
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Usually, an increment of 500 to 1000 cycles is defined such that machine is stopped after this
specific number of cycles is exhausted. Then, sample is taken again for the next scan. This
process is continued until the sample is fractured. Finally, the fractured surfaces are analyzed

using scanning-electron microscope as described in the next Section.

T
e

| Specimen

o e Notch

Alignment

Markers \I

\

CT-Base

Fig. 3. A schematic illustrating the proper mounting of the sample on the CT-Base using the
alignment markers.

2.5 Fracture Surface Analyses

Specimens were cut and prepared for SEM analysis after fatigue failure. Fracture surfaces
were analyzed using FEI, Quanta FEG 250 scanning electron microscope. Secondary electron
(SE) and back scatter electron (BSE) are used to reveal different fatigue features micro-

cracks and striation.

3  Strain Energy Density Approach (SED)

The SED criterion has been proposed and formalized first by Lazzarin and Zambardi [27],
where they predict the static and fatigue behavior of different materials weakened by

different notch geometries. According to this criterion, the tensile failure of a component

10
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occurs when the total strain energy, W, averaged in a specific control volume located at a
notch or crack tip, reaches the critical value W,. Now, considering cyclic loadings, when the
strain energy range AW averaged in a control volume ahead of the notch or crack tip reaches
its critical value AW,, the failure will occur. In Ref. [27] a simple analytical formulation for

the determination of the critical value of the strain energy density range AW, has been

proposed:
AW, = A% (1)
¢ 2E

where Aay, is the fatigue limit of the material without geometric singularities and E is the
Young's modulus of the material. In plane problems the control volume becomes a circular
sector or a circle for V-notches or cracks, respectively (Fig. 4a and b), with the critical radius

R, defined as follow:

R, = (&)_ @)

Aoy
where A, is Williams’ eigenvalue for mode 1 [28], AK; 4 is the amplitude of the notch stress
intensity factors (NSIF) fatigue threshold and e; is a parameter dependent on the notch
opening angle 2a, on the hypothesis considered (plane strain or plane stress) and on the
Poisson’s ratio v (the reader should referred to Ref. [27] for e; formulation). In addition, for a
blunt V-notch or a U-notch (Fig. 4a or c), the volume is assumed to be of a crescent shape,
where R, is the depth measured along the bisector line. The outer radius of crescent shape is
equal to R, + 1y, being 1y the distance between the notch tip and the origin of the local
coordinate system (Fig. 4c). Such a distance depends on the notch opening angle 2a,

according to the expression:

(m—2a)

To=p (2n-2a) (3)

11
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Berto et al. [30] analyzed the fatigue behavior of innovative alloys at high temperature and,
using Ansys® code, they obtained the critical radius value varying the control volume until
the SED value for a notched specimen at a certain amount of cycles matches the critical SED
value obtained for a plain specimen failed at the same number of cycles (Eq. (1)). In this
work, the NSIF fatigue threshold is un-known, and thus the critical values are obtained using
a similar approach to that in Ref. [30]. The critical radius has been determined as the value at
which the SED values for two different specimen geometries at the same number of cycles
are equal. Moreover, this SED value has been considered as the critical one. A deeper

explanation will be provided in the next section.

(c)

Fig. 4. Control volume for sharp V-notch (a), crack case (b) and U notch (c) under mode |
loading.

4  Finite Element Analysis

In order to obtain the SED value, axisymmetric linear elastic 2D analyses were performed on
the notched models. Due to the double symmetry of the geometry, only one quarter of the
specimens were modeled. The 8-nodes axisymmetric element plane 83 was selected for these
analyses. The element size at the crack tip of 2.91 x 10~3 mm?. Symmetric boundary

conditions were used for vertical and horizontal symmetry lines of the models; however, the

12
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top side of the model was able to move along the loading axis (Fig. 5). Being the NSIF
fatigue threshold not available, Eq. (2) cannot be applied to determine the critical radius, and

the alternative approach proposed by Berto et al. [30] was used as followed.

Pressure
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g D
g D s
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>
>
D 15
>
> o @ = 30°
E P Y
ANNAN LA p=08
Symmetry

Fig. 5. Finite element geometry, load ad boundary conditions of V-notched specimen.
Dimensions in mm.

First, the reference cycle was considered as 10° and an average load of 10.8 kN was applied
as listed in Table 3 in the next Section. This load results in an average applied stress of 53
MPa on the gripping section of the specimen. Therefore, the critical radius is estimated by
applying a stress range of 106 MPa and calculating the resulting strain energy density in the
critical region. Then, the obtained strain energy density from finite element analysis is

compared with that obtained from Eq. (1) for un-notched specimen. This equation requires

13
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the determination of the applied normal stress range on an un-notched specimen machined
from the same alloy that resulted in a fatigue life of 10° cycles. Pahlevanpour et al [31,32]
performed stress- and strain-controlled fatigue experiments on ZK60 extrusion. Albinmousa
et al [33] performed strain-controlled fatigue experiment on the alloy investigated here.
Because the strain-life curve of Pahlevanpour et al [31,32] is significantly similar to that of
Albinmousa et al [33], the stress-life curve of Pahlevanpour et al [31,32] was used to
determine the average stress range that can be applied on an un-notched specimen and result
in a fatigue life of 10° cycles. This stress range was found to be 244.4 MPa which yields
AW, = 0.67 MJ/m’. ANSYS APDL code was used to perform parametric analysis by
applying pressure boundary condition of 106 MPa and changing the radius R, until the
resulting strain energy density in the control volume is equal to AW, = 0.67 MJ/m’. The
obtained radius was R, = 0.42 mm. The average strain energy in the control volume is
shown in Fig. 6. Because the radius of the control volume is a material property, the same
value of R, is used to obtain the strain energy density for the remaining specimens listed in

Table 3 by applying the corresponding stress range for each specimen.

ELEMENT SOLUTICN

STEP=1

SUB =1

TIME=1

SENDELAS (NOAVG)

DMX =.086238

SMN =.142191

SMX =3.53437
— — [———
142191 896008 1.64983 2.40364 3.15746

.519099 1.27292 2.02673 2.78055 3.53437

14
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Fig. 6. Elastic strain energy in the control volume. Applied pressure is 140 MPa and R, =
0.42 mm.

5 Results and Discussion

5.1 Microstructure
Fig. 7 shows the microstructure of ZK60A-T5 along the extrusion direction which is made up
of a combination of large and small grains with an average grain size of 9.52 + 1.89 um.
The texture measurement of the material was performed at the Fatigue and Stress Analysis
Lab in the University of Waterloo, Canada. A Bruker D8 Discover X-ray diffractometer
equipped with an advanced 2D-detector using CuKa beam radiation at the voltage of 40 kV
and current of 40 mA was used. The pole figures plot in Fig. 8 show that the majority basal
planes are parallel to the extrusion direction. This texture is commonly observed in other
magnesium extrusions such as AZ80 [34,35], AZ61 [36], AZ31 [37-40], AM30 [41] and in

ZK60 investigated by other researchers [42,43].

15
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Fig. 7. Microstructure of ZK60A-T5 in the extrusion direction.
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Fig. 8. (1010) and (0002) pole figures for ZK60A-T5 magnesium extrusion.

5.2 Fatigue Experiment
All the fatigue experiments on the notched ZK60-T5 extruded alloy are reported in Table 3
and in Fig. 9, where the results for the un-notched specimens tested by Pahlevanpour et al
[31,32] are also reported, clearly showing the detrimental effect of the notch on fatigue
strength of the material. It is worth mentioning that the sample HCF-ZK60-V20 is that used

for ex-situ x-ray characterizations.

Table 3

Summary of fatigue test on V-notch ZK60 samples. F,: force amplitude and a,,,,, : nominal
stress (calculated at the gripping section).

No. Specimen ID Freq (Hz) F, (kN) Ghom (MPa) Ny (Cycles)
1. HCF-ZK60-V02 1.0 14.0 105.5 17,203
2. HCF-ZK60-V18 1.0 14.0 105.5 18,243
3. HCF-ZK60-V17 1.0 14.0 105.5 19,703
4. HCF-ZK60-V12 1.5 14.0 105.5 20,509
5. HCF-ZK60-V16 1.0 14.0 105.5 28,879
16
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6. HCF-ZK60-VO01 1.0 12.0 90.4 52,479
7. HCF-ZK60-V19 4.0 12.0 90.4 136,330
8. HCF-ZK60-V20* 4.0 12.0 90.4 184,005
9. HCF-ZK60-V05 8.0 11.0 82.9 239,733
10. HCF-ZK60-V11 4.0 12.0 90.4 324,649
11. HCF-ZK60-V10 20.0 11.0 82.9 1,114,854
12. HCF-ZK60-V07 15.0 10.5 79.1 1,144,682
13. HCF-ZK60-V13 15.0 10.5 79.1 1,713,655
14. HCF-ZK60-V04 10.0 10.0 75.3 4,274,061
15. HCF-ZK60-V09 30.0 9.5 71.6 6,634,977
16. HCF-ZK60-V03 15.0 9.0 67.8 10,088,009
17. HCF-ZK60-V08 30.0 9.0 67.8 13,159,564—
250 —
V-notched (Current)
Un-notched (Pahlevanpour)
. O V-notched
T 2007 ® V-notched (HCF-ZK60-V20%)
s » V-notched (Run-out)
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= 150 —
g— oo
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@
; 3
5 w1 P00 oo
E " © o0 &
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=2 50
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I I 1 IIIIIII 1 I IIIIIII 1 1 IIIIIII I I IIIIII[
10* 10° 10° 107 10°

Cycles to failure (N

Fig. 9. Nominal stress life curve. Un-notched are from Refs [31,32].
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5.3 X-Ray Tomography

Specimen HCF-ZK60-V20* was successfully used for ex-situ x-ray tomography. Therefore,

the test on this specimen was interrupted 15 times for x-ray imaging. After reconstruction, the

volume surrounding the notch was sliced into nearly 250 layers. The thickness of each slice is

nearly 10.72 um. After that, the layers that does not have crack features are eliminated. Then,

the layers that have crack features are segmented using gray-level thresholding process. A

single threshold value is used in the whole image depending on the CT scan image histogram.

The gray-level thresholding process is assigned to each pixel to convert it to white or black

pixel using MATLAB such that white and black are assigned to the background area and the

crack area, respectively. Finally, a photo editing software is used to extract the crack area

from each layer and merge all crack layers into one image. As a result, the final image

represents the actual projected area of the crack surface as shown in Fig. 10.
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Fig. 10. Area fraction of projected crack surface obtained using x-ray tomography for sample
HCF-ZK60-V20". F, = 12 kN and N;= 184,005 cycles.

Fig. 11A shows a slice that demonstrates part of the surface morphology of the crack. A close
examination of all slices shows that the crack grew within 30 slices. Because thickness of
each slice is nearly 10.72 um, it can be estimated that the absolute crack height, i.e., from
valley to peak, is 322 um. Yet, a 3D segmentation of the crack surface shown in Fig. 11B
clearly reveals that the crack can be idealized as 2D geometry. A sequence of slices in
graphics interchange format is included as a supplementary material to display the crack

surface at different height.

Not drawn to scale Not drawn to scale

Fig. 11. Reconstruction of x-ray scans. (A) A slice at V-notch showing part of crack surface.
(B) A 3D visualization of the crack surface.

A major objective of this investigation is the calculation of crack size as a function of loading
cycles. Using the results shown in Fig. 10 and assuming that fatigue crack is a flat surface
that grew at the root of the v-notch, the actual projected crack area can be estimated and

represented as function of loading cycles as shown in Fig. 12. It is important to note that the
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measurements between 175,657 and 178,654 cycles shown in Fig. 10 should not infer that
there is no physical crack. Rather, we think that capturing smaller crack would require more
advance technique and/or facility such as micro-computed tomography. A close examination
of this figure suggests an exponential relation between the actual project crack area and
number of cycles. The fitting parameters for exponential fit, Eq. (4), obtained using

MATLAB are k = 2.4 X 1073'mm?” and 7 = 4.05 x 10~* with goodness of fit R? = 0.9923.

A, = ke™ 4)
70 ] " *
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F, =12 kN

. 60 — N; = 184,005 cycles o
.- O Crack area

E —— Exponential fit

(Q 50 —

(]
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©

x5 40 — 2

g Ap — 924 x 10—3164.05X10 N

©

g 307 R? =0.992
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o
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T
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g
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Fig. 12. Exponential correlation between projected crack area and number of cycles for V-
notched specimen subjected fully reversed cyclic axial loading.

5.4 Fractography Analysis
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Fatigue damage mechanisms of magnesium alloys are still under investigations. There are
three major observations reported in the literature. The first suggests that fatigue crack
initiation is related to intermetallic particles that are widely observed in wrought magnesium
alloys [36,44]. The second suggests that fatigue crack initiation is related to persistent slip
bands (PSB) [45—47] and/or twinning-detwinning deformation [48]. The third suggests that
fatigue crack initiation is related to twin-slip interaction [49]. Fatigue surface of specimen
HCF-ZK60-V20" was examined using SEM. Fatigue crack propagation site is characterized
by striation feature and secondary cracks as shown in Fig. 13. Multiple micro-cracks were
observed and measured. The sizes of these micro-cracks range between 4.8 um to 16.6 um
with an average size of 10.26 £+ 4.3 um. On the other hand, the average distance between
each striation is 1.46 + 0.79 um. Several secondary phase particles were observed in the
matrix with an average size of 5.18 + 2.11 um. In addition, dimple-like ductile fracture
features and tear ridges are observed. Based on these observations, it is possible that fatigue
damage mechanism is controlled by the initiation of micro-cracks around intermetallic
particles. These cracks are likely to coalesce into a domain crack that leads to final failure.
that The transition region between the crack growth and the final rupture is characterized by

shallow dimples and its surface is rather rough as shown in Fig. 14.
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Fig. 13. Crack propagation site showing dimple-like features, tear ridges, microcracks and
second phase particles.

Fig. 14. Transition region between fatigue crack growth and final rupture. (A) Secondary
electron (SE) and (B) Back scatter electron (BSE).

5.5 Strain Energy Density
Once the critical radius was determined as reported in Section 4, the experimental fatigue
data reported in Table 3 and the experimental data obtained by Pahlevanpour et al [31,32] for
un-notched samples were analyzed in terms of SED range. FE analyses were carried out
considering the experimental stress range as the applied load in the simulations, determining

the corresponding SED range value used to obtain the fatigue curve shown in Fig. 15.
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The fatigue results for notched and un-notched extruded ZK60-T5 samples fall within a
single narrow scatter band, with an inverse slope k = 6.83 and a strain energy density range
referred to 2 million loading cycles and to a probability of survival of 50% of 0.60 MJ/m’ In
fact, the scatter index Ty, related to the two curves with probabilities of survival Ps = 2.3%
and 97.7%, is 1.257. Ty, =1.257 becomes equal to 1.12 when reconverted to an equivalent

local stress range being the SED proportional to the square of the stress.

104
9—
8- ® V-notched 3
7] ® Un-notched (Pahlevanpour) Scatter index Ty, = 1.257
5 AWsg4,=0.60 MI/m® (N = 2x10%)

’)

v Ps = 2.3%

Ps =97.7%

0.60 MJ/m°

Strain energy density range (MJ/m
1

01 T T T [II]II T T T I]IIII T T [III]II T T T I]llll
10 10* 10° 10° 10’
Cycles to failure (Nj)

Fig. 15. Correlation between strain energy density and fatigue life for un-notched (smooth)
[31,32] and V-notched specimens.

6 Conclusion
In this work, new insights into the fatigue behavior of ZK60-T5 extruded Mg alloy were
provided. V-notched specimens machined from ZK60 magnesium extrusion were tested

under stress-controlled cyclic axial loading. One selectede sample was used for ex-situ x-ray
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tomographic analysis. Fatigue test was interrupted 14 time to conduct CT scans on this
sample. After segmentations analysis of the x-ray images, the crack surface areas at different
cycles were revealed. The obtained results suggest that the crack surface area an
exponentially related to the number of cycles. In addition, the applicability of SED approach
as a tool to provide a unique master curve for ZK60 magnesium samples with different
geometries was assessed for the first time. The results are promising as they show that the
experimental fatigue data obtained here for ZK60 notched samples and the fatigue data

reported in literature for smooth samples fall within a single narrow scatter band.
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