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Abstract

Magnesium and its alloys have increasingly gained attention among practitioners and engineers due to their attractive properties,
specifically their high specific strength that renders these materials suitable for several applications in different industries.
However, their use is still limited, especially in load-bearing applications, due to the limited knowledge of their fracture behavior,
especially in the presence of notches. The aim of this work is thus that to fill this lack, investigating the fracture behavior of
notched ZK60-T5 magnesium. Eleven different notch geometries were considered, i.e. U notched specimens with notch radii of
1.5, 3, 4, 5, and 6 mm and V notched specimens with notch opening angles of 35°, 60° and 90°, and notch radii of 0.4 and 0.8
mm. The mechanical tests showed that the presence of notches reduces the ductility of the material. This was confirmed also by
the fracture surface analyses carried out by means of Field Emission Scanning Electron Microscope (FE-SEM), where the size
of the shear lips was shown to decrease by increasing the notch acuity. In addition, this work aims also to provide practitioners
and engineers with a tool able to predict the failure loads irrespective of the notch geometry. For the first time on Mg samples,
a local approach, i.e. the Strain Energy Density (SED), is used to predict the failure loads of the differently notched samples,
and the results suggest high reliability of this approach, being the deviations between the experimental and the theoretical data
often lower than 10%.

Introduction

Recently, magnesium (Mg) has attracted wide interest in several applications, from biomedical to automotive
sectors due to their attractive properties 1–5. Particularly, the lightweight of magnesium makes this material
extremely attractive for transportation industries, such as automobile and aircraft industries, due to the
possibility to reduce the fuel consumption and the gas emission 6. However, to fully exploit the lightweight of
Mg, researchers have started focusing on the addition of alloying elements to increase the specific strength of
pure Mg. In addition, if passive alloying elements are added, it is also possible to increase the poor corrosion
of pure Mg 7,8. Among the different Mg alloys, ZK alloys, and specifically ZK60, are particularly interesting
for structural applications since the addition of Zinc and Zirconium increases the corrosion resistance of
the base material and the mechanical properties (strength and ductility) due to their grain refinement
effect 9. However, the diffusion of these materials for structural applications is still limited due to the lack of
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knowledge regarding their fracture 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 10–13. Some preliminary works on the effect
of notches on the fracture behavior of Mg alloys have been carried out. Most of the works focuses on the
effect of notches on AZ alloys. Yan et al 14, for example, investigating the deformation and failure behavior
of AZ91 alloy found that the presence of notches decreases the ductility, similarly to what is reported in Ref.
15. Interestingly, despite decreasing the ductility, the presence of notches was found to increase the strength
of AZ alloys 16,17. However, these works consider only notch geometries where the notch acuity is low, while
real components are weakened also by sharper notches. Additionally, to the best of the authors’ knowledge,
no work considers the effect of notches on ZK60 alloys. Thurs, this work aims to fill this lack by investigating
the fracture behavior of ZK60-T5 extruded samples weakened by eleven different notch geometries. The
investigated notch geometries were such that different notch acuities and sharpness are considered, in order
to cover a wider range of potential real applications. Namely, U notched specimens with notch radii of 1.5,
3, 4, 5, and 6 mm and V notched specimens with notch angles of 35, 60 and 90, and notch radii of 0.4 and
0.8 mm were considered. The mechanical properties of unnotched samples were also tested to evaluate the
effects of notches on the failure behavior. In addition, the fracture surfaces were investigated by means of
Field Emission Scanning Electron Microscope (FE-SEM) to understand how the different notch geometries
impact on the failure mechanisms.

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 for a robust design tool against failure in the presence of
notches. Several criteria have been developed in the recent years to predict the fracture of different material
classes (metals, ceramics, polymers), from the notch stress intensity factors (NSIFs)-based criterion 18 to
the theory of critical distance (TCD) approach 19,20. However, these criteria suffer from 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 fracture assessment
21. 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 22. 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
fracture behavior of different notched materials 23–27. 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 predict the failure loads of differently notched
components with acceptable engineering values range between -20% and +20%. 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, the experimental data of the eleven differently notched ZK60-T5 specimens
were compared with the predictions provided by the SED approach, showing accurate predictions, with most
of the predictions characterized by a deviation of 10%.

Material and Experiment

Material

The material used for this investigation is extruded ZK60-T5 magnesium. The 150 mm radius cylindrical bar
was acquired from SMW Engineering, Russia as 1000 mm long bar. The chemical composition of the alloy
is listed in Table 1. The microstructure of the material was analyzed by preparing metallurgical samples
that were polished with abrastive papers having grit sizes of 240, 320, 400 and 600. After that, the samples
were etched. The etchant was prepared using 5 g picric acid, 5 ml acetic acid, 10 ml distilled water and
100 ml ethanol. Micrographic analysis of the etched samples was performed using Olympus DSX-510 digital
microscope. Finally, texture analysis was carried out using Bruker D8 Discover X-ray diffractometer on the
material.
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Mechanical Tests

The material was cut into rectangular blanks with their longitudinal direction parallel to the extrusion
direction. Then, they were turned into cylinders with a diameter of 12 mm. Two unnotched specimens (Fig.
1a) were machined from the same blanks used for the notched specimens. These unnotched specimens are
used to obtain the stress-strain curves of the material. After that, U and V notches with different sizes
were introduced in the center of the specimens. The notches were machined with a depth of 3 mm. Four
U-notch geometries with notch root radii of 1.5, 3, 4, 5 and 6 mm were considered. For V notch geometry,
two notch root radii and three notch opening angles were considered: 0.4 and 0.8 mm, and 35, 60 and 90,
respectively. Representative geometries for one U and one V notch specimens are shown in Figs. 1b and 1c.
Three duplicates were tested for each distinct geometry. The unnotched and the notched specimens were
tested at the same loading rate, i.e., 2 mm/min. All tests were performed using Instron 5569 frame having
a loadcell capacity of 50 kN.

Fracture Surface Analysis

Optical (OM) and scanning electron microscopes (SEM) were used to analyze the fracture surfaces of the
samples. The morphology of fracture surface obtained from the tested specimens was evaluated using a
Olympus DSX-CB microscope, which has a capability to perform analysis and measurement of 3D surfaces.
The used field emission scanning electron microscope (FE-SEM) is FEI, Quanta FEG 250, Czech Republic.

Theoretical background

Lazzarin and Zambardi developed the Strain Energy Density (SED) criterion, according to which, under
tensile stresses, failure occurs when the average value of the strain energy density over a given control
volume is equal to a critical value Wc

18. According to Beltrami’s hypothesis 28, we have:

Wc =
σ2
c

E (1)

where σc is the ultimate tensile strength and E is the Young’s modulus. The critical value Wc varies from
material to material but it does not depend on the notch geometry and sharpness22,29. The control volume
is thought of as dependent on the ultimate tensile strength, on the Poisson’s ratio v and on the fracture
toughness KIc

30. Such a method was first formalized and applied to sharp, zero radius, V-notches under
mode I and mixed mode I/II loading and later extended to blunt U and V-notches and to real components
21,31–36. When dealing with sharp V-notches, the critical volume is a circle of radiusRc centered at the tip
(Fig. 2a).

Under plane strain conditions, the critical length Rc can be evaluated according to the following
expression37–40:

Rc = (1+v)(5−8v)
4π

(
KIc
σc

)2

(2)

In the case of blunt V-notches and U-notches (Figs. 2b and c, respectively), the volume assumes a crescent
shape, where Rc is the depth measured along the notch bisector line. The outer radius of the crescent shape
is equal to Rc + r0 where r0 depends on the notch opening angle (2α) according to the following expression:

r0 = q−1
q ρ (3)

with q defined as

q = 2π−2α
π (4)

3
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Results & Discussion

Material characterization

The microstructure of extrusion plane is shown in Fig. 3. It is seen from this figure that the micostrcture
is composed of grains with different sizes having an average of 9.52 ± 1.89 µm. This structure is commonly
observed in magnesium ZK60 alloy41–43. The pole figures in Fig. 4 show that the majority of basal planes
are aligned with the extrusion direction.

Mechanical characterization

A representative monotonic tensile stress-strain curve for the material is shown in Fig. 5. According to Fig.
5, it can be seen that the material exhibits conventional power-type hardening. This is expected because
it is known that the major plastic deformation mechanism is slipping when a tensile loading is applied
parallel to the extrusion direction 44. Mangesium exhibits distinct characteristics than conventionl material
such as steel and aluminum alloys due to the closed-packed hexagonal lattice structure. Because of limited
slip system and depending on the loading orientation, Mg may deforms plastically under slipping and/or
twinning44–47. In the case of wrought Mg alloys (extruded, rolled or forged) that possess strong texture with
basal planes parallel to the working direction and the c-axis normal to it48,49. Tensile loading along the
working direction only activates slip mechanisms resulting in a power hardening behavior13. In particular,
because basal planes (0002) can accommodate only 8% elongation, prismatic slip (1010) is also activated and
becomes the dominant to accommodate additional strain reaching to 20%50. The average and the standard
deviation of the mechanical properties obtained from testing two specimens are listed in Table 2.

Selected load-extension curves for the tensile tests on U and V notched specimens are shown in Figs. 6 and
7, respectively. A summary of the fracture load for these is listed in Table 3. It can be seen from Table 3
that the obtained fracture loads from the duplicates are consistent with a standard deviation between 0.02
and 1.75 kN. In addition, the effect of stress triaxiality can also be observed from the U-notch experiment
that generally shows that fracture load increases as the notch root radius decreases 51. In addition, notch
strengthing is observed in ductile materials. Peron et al tested additively manufactured Ti-6Al-4V notched
specimen using electron beam melting (EBM) process 52. The authors explained that the stress triaxialily
and constaint effects due to elastic stress state in the bulk of the sample are contributing to the rise of the
fracture load, i.e. notch strengtthing, for specimens with sharper notches. However, it is noted from Figs. 6
and 7 that the relationship between notch acuity or notch sharpness and fracture load does not always hold.
To illustrate, U5 specimen has less acuity than U3 or U4 but it actually has comparable fracture load them.
Similarly, the fractur load for V-notch specimens with notch angle of 35 is lower than that for 60 and 90.
Because the main aim of the study is to predict the fracture load of U and V notched ZK60-T5 speciems
using SED method it is out of the scope to invesitage the triaxiality and the notch strengthing mechanism
of this material.

SED predictions

Due to the unavailability of fracture toughness for the studied material, Eq. 2 cannot be used to evaluate the
critical radius. Therefore, in these conditions, an empirical approach can be a good solution for determining
the critical radius 10,30.Rc can be empirically determined considering the fact that the critical strain energy
density value, Wc, is independent of the acuity and shape of the notch, but it only depends on the material.
Therefore, the SED of any notched geometry can be measured for different radii of the control volume, and
the value of the radius at which the measured SED matches the critical one found from Eq. 1 (1.105 MJ/m3)
corresponds to the value of control volume measured with the critical radius, Rc.

To do so, we considered the U-notched specimen with 1.5 mm radius and we leveraged on numerical analyses
by using the finite element (FE) code ANSYS to evaluate the SED. The SED values can be directly derived

4
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from FE models, and they are mesh-independent as reported in Ref53. Axisymmetric linear elastic 2D analyses
were performed (the 8-nodes axisymmetric element plane 83 was selected for these analyses). Due to the
double symmetry of the geometry, only one quarter of the specimen was modeled. Symmetric boundary
conditions were used for vertical and horizontal symmetry lines of the models as shown in Fig. 8. Fig. 9 plots
the SED as a function of different values of the control volume and compares it with the critical SED value,
Wc. It can be seen that the intersection is closed to 1.3 mm, and from a more detailed analysis where the
value of the radius was varied from 1.25 mm and 1.35 mm with a step of 0.01 mm, the critical radius was
found to be 1.31 mm.

Table 4 summarizes the outlines of the experimental, numerical, and theoretical findings for the tested ZK60
notched samples, except for U notched samples with 1.5 mm radius since it was used to measure the critical
radius. In particular, the table summarizes the experimental stresses to failure (Pi with i = 1, 2, 3) for
every notched geometry compared with the theoretical value (Pth) based on the SED evaluation. The tables
also give the SED value as obtained directly from the FE models of the ZK60 samples by applying to the
model the average experimental stress p. The last columns of the table report the relative deviations bet-
ween experimental and theoretical stresses. As widely discussed in previous contributions31,54,55, acceptable
engineering values range between -20% and +20%. As visible from the table, this range is satisfied for the
great majority of the summarized test data.

The results are also given in a graphical form in Figs. 10a to 10d for the different notch geometries. The
experimental values of the failure stresses (dots) have been compared with the theoretical predictions based
on the constancy of the SED in the control volume (line). The plots are given for the notched ZK60 samples
as a function of the notch tip radius ρ. The trend of the theoretically predicted failure stresses is in good
agreement with the experimental ones.

A synthesis in terms of the square root of the local energy averaged over the control volume (or radius Rc),
normalized with respect to the critical energy of the material as a function of the notch tip radius is shown in
Fig. 11. The plotted parameter is proportional to the fracture load 18,30. The new data are plotted together
independently of the notch geometries. The aim is to investigate the influence of the notch tip radius on the
fracture assessment based on SED. From the figure, it is clear that the scatter of the data is very limited
and almost independent of the notch radius, as already verified in other contributions 56,57. All the values
fall inside a scatter ranging from 0.8 to 1.2 with the majority of the data inside 0.9–1.1 and only one value
outside the range from 0.8 to 1.2. The synthesis confirms also the choice of the control volume which seems to
be suitable to characterize the material behavior under pure mode I loading. The scatter of the experimental
data presented here is in good agreement with the recent database in terms of SED reported in Ref31.

Fractography

The morphology of fracture surface obtained from the tested specimens are represented in Fig. 12. According
to Fig. 12, the unnotched specimens showed a large area from the fracture surface edge toward the center
of net section influenced by shear failure. These shear lips were also observable in U-notched specimens,
however, their size seemed to be limited only to an area close to the specimen’s surface. Finally, the presence
of shear lips in V-notched specimens could not be seen in the low magnification of images obtained by the
microscope. Therefore, (FE-SEM) analyses were performed on the tested specimens to study their failure
mechanisms in more details. Figs. 13 to 15 show the typical fracture surfaces of the unnotched, the U-notched
(ρ = 1.5mm) and the blunted V-notched (2α = 35, ρ = 0.4mm) specimens observed by FE-SEM. For
the sake of brevity FE-SEM results from the notched specimens with highest notch acuities are presented
and compared to the unnotched specimens. The fracture surfaces of the tested specimens with different
geometries consist of shear lips on the area close to the edge of the fracture surface and a plateau in the
center of fractured area, representing the tensile failure in this region. The shear lips follow the direction of
maximum shear stress at 45, while the plateau is perpendicular to the loading direction. This morphology of
the fracture surface is common among the ductile materials undergoing fibrous and shear failure mechanisms
at the same time.
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The observed shear lips were characterized by shear dimples. The size of these shear lips tends to decrease by
increasing the notch acuity, having the largest and smallest width in the unnotched specimens and V-notched
specimens of 35 opening angle and 0.4 mm tip radius (See Figs. 13a, 14a, and 15a). The smaller shear lips in
the notched specimens represent the localized plastic deformation in these parts, resulting in lower ductility
of the part under tensile loading and consequently reduced elongation at failure. This is in agreement with
the experimental data obtained from the tensile tests. The presence of secondary cracks was detected in
notched specimens. Secondary crack origins arise where the local stress concentration due to the presence of
material inhomogeneities meets the intensified stress field ahead of the primary crack. The higher stress level
at the vicinity of the notch together with the stress triaxiality in this region can be considered as sources for
the higher appearance of these secondary cracks in the notched specimens.

The center part of the fracture surface is characterized by a mixture of both cleavage facets and dimple-like
fracture features describing the mixed ductile/brittle nature of fracture in the tested specimens. Presence
of secondary phase particles rich in Zn and Zr with an average size of 5.2 ± 2.1 µm was more evident in
this region of the fracture surface (see Figs. 13f, 14f, and 15f). Due to local stress concentration around the
secondary phase particles, void formation under tensile loading is more probable to occur from these sites.
Similar morphology of fracture features was observed for both unnotched and notched specimens.

Conclusions

Due to their lightweight, magnesium alloys are very attractive materials for transportation industry. The-
refore, un understanding of fracture behavior of these alloys is essential. Notches are unvoidable and their
presence possess a risk against structural integrity of machines. The quasi-static fracture of ZK60-T5 magne-
sium extrusion has been investigated for U and V notched specimens. The followings summarize the major
outcomes of this research:

1. Mechanical tests show that the notch acuity is inversily related to the ductility
2. Fractographic observations indicate that the material exhibits fibrous and shear failure mechanisms

that are common in ductile materials.
3. The FE-SEM fractographies confirm that increasing the notch acuity reduces the ductility as shown

by the reduction of the shear lips size with the increase in the notch acuity
4. Observed secondary cracks are attributed to the presence of high stress field near the notch tip and

due to stress triaxiality.
5. The strain energy density criterion was successfully used to estimate the fracture load of U and V

notched specimens with different sizes and geometries.
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