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Abstract

Ultra-light Mg-Li alloy is a promising alloy in aerospace since it is known to the lightest structural alloy at present, but
its fatigue behaviors remain to be explored. This work focuses on very-high cycle fatigue (VHCF) strength and small crack
initiation behaviors of an extruded dual-phase Mg-Li alloy (LZ91). The fatigue strength of the LZ91 alloy at 109 cycles is
about 78 MPa, and the fatigue ratio is approximately 0.46. Microstructure characterization demonstrates that fatigue crack
tends to initiate from the β-Li phase-enriched region. The α-Mg phase, presenting <10-10 > fiber texture with the basal plane,

deforms hardly along the extrusion direction and acts as an enhanced phase compared with the β-Li phase. The deformation

discrepancy localizes cyclic plasticity at the Li phase and finally leads to the fatigue crack initiation.
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. (VHCF) strength and small crack initiation behaviors of an extruded dual-phase Mg-Li alloy (LZ91). The
fatigue strength of the LZ91 alloy at 109 cycles is about 78 MPa, and the fatigue ratio is approximately
0.46. Microstructure characterization demonstrates that fatigue crack tends to initiate from the β-Li phase-
enriched region. The α-Mg phase, presenting <10-10 > fiber texture with the basal plane, deforms hardly
along the extrusion direction and acts as an enhanced phase compared with the β-Li phase. The deformation
discrepancy localizes cyclic plasticity at the Li phase and finally leads to the fatigue crack initiation.

Keywords:Magnesium-lithium alloy; very-high cycle fatigue; crack initiation and propagation; microstruc-
tural sensitivity.

1.Introduction

In recent decades, magnesium alloy is one of the lightest structural metallic materials, the advantages of this
alloy are its outstanding specific strength, sound damping capabilities [1-3]. However, due to its hexagonal
closed-packed (HCP) lattice structure, magnesium alloy possesses limited slip systems, low ductility, and
unfavorable formability at room temperature [4-6]. Recent studies have shown that the formability and
ductility of magnesium alloys would be highly improved by adding an appropriate amount of Lithium (BCC,
body-centered cubic structure) [7, 8]. It is reported that Lithium addition would significantly decrease
the CRSS value of non-basal slip systems by introducing more slip systems and reducing the c/a ratio [9].
Besides, with the addition of lithium, the lightest metal (about 0.534 g/cm3), the Mg-Li dual-phase alloy
could significantly reduce its density without losing too much mechanical strength [10, 11]. Therefore, Mg-
Li alloy is widely considered as an ideal structural material in the aerospace, automotive, and electronic
industry. Usually, the structural material is subjected to repeated fatigue loadings during its service life,
which may exceed more than 107 cycles and reach the VHCF (very-high cycle fatigue) regime [12-14].
However, knowledge of the VHCF properties of Mg-Li is fairly limited, which prevents its wide application.
Thus, it is essential to fully investigate its VHCF behavior.

As we all know, small crack initiation behavior accounts for the majority (about 90%-95%) of the total fatigue
life [15-17] of the material and it is closely related to the microstructure of the material. For conventional
magnesium alloy with a single phase of HCP structure, it is widely reported that crack initiation is closely
related to the deformation texture. Crack is mainly induced by twinning deformation in Mg alloys with
strong deformation texture [18], while basal slip-induced crack is the predominant crack initiation mode
in Mg alloys with weak deformation texture [19-21]. In the case of dual-phase Mg-Li alloy, the plastic
deformation behavior of the material becomes more complicated with the introduction of the β-Li phase.
Currently, plastic deformation and fracture behavior have been examined by some researchers [22, 23]. For
instance, Guo et al. [23] investigated the slip behavior of dual-phase Mg-Li alloy by tracing the microstructure
and texture evolution during the rolling procedure. It proposed that {001}<110> was the dominant texture
component in the β-Li phase and basal slip, pyramidal I and II slip worked together to coordinate deformation
strain in the α-Mg phase. On the other hand, Dong et al. [22] found that deformation and fracture occurred
mainly in the β-Li phase, and α-Mg phase participated in fracture at high tensile speed. However, what
remains unclear is how the α-Mg and β-Li phase coordinate the deformation strain as well as the fracture
mechanism of dual-phase Mg- Li alloys in the regimes of high-cycle and very high-cycle fatigue.

Therefore, the purpose of this research has been to study the behavior of dual-phase Mg-Li alloy LZ91 in
the VHCF regime. The relation between fatigue crack initiation and propagation and the microstructure of
the material was carefully investigated through microstructural characterization and quantitative statistics.
This research may increase understanding of the formation mechanism of the fatigue crack of LZ91 alloy and
potentially provide a way to improve its fatigue properties.

2. Material and experimental procedure

2.1 Materials

The material utilized in the present work is an as-extruded dual-phase magnesium-lithium alloy LZ91. The
material was prepared by melting high purity element magnesium, lithium, and zinc in a vacuum induction

2



P
os

te
d

on
A

u
th

or
ea

27
A

p
r

20
21

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
61

94
85

37
.7

34
79

32
4/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. melting furnace under a protective gas of high purity argon gas, followed by stirring and a setting of 3 min,
then they were poured into the cylindrical billets with a temperature of 730 . Then it was held at 250 for 1
h and to obtain an as-cast ingot. After that, the obtained as-cast ingot was extruded at the temperature of
200 with an extruding speed of 2 m/min. Finally, an extruded rod with dimensions of Φ110 mm × 400 mm
was obtained. The chemical compositions of the LZ91 alloy are displayed in Table 1 , and the mechanical
properties are listed in Table 2 , respectively.

In order to observe the microstructure of the LZ91 alloy, the specimen surface was ground with 800, 1200, 2000
grits silicon carbide paper, respectively, then it was an electrolytic etched perchloric acid-ethanol solution
(perchlorate acid: ethanol = 1: 9) for 90 seconds. The metallography of the cross-section and side surface of
the specimen was presented in Figure 1 , which was characterized by an optical microscope (OM, OLYMPUS
GX53). It can be seen clearly that the microstructure of LZ91 alloy mainly consists of a brighter α-Mg phase
and a relatively darker β-Li phase. Moreover, it should be noted that there is a significant difference between
the microstructure of the cross-section and the side surface of the specimen. The α-Mg phase inFigure 1a
distributes in β-Li phases with irregular shapes, while Figure 1b shows that the α-Mg and β-Li phases were
both elongated along axial direction due to the radial extrusion.

2.2 Experimental procedure

2.2.1 Nano-indentation

Nano-indentation was applied to characterize the hardness values of the α-Mg phase and β-Li phase. The
nano-indentation test sample was cut by a precision cutting machine, then it was mechanically ground. After
that, the electrolytic etching was employed to present the microstructure and distinguish the α-Mg phase
and β-Li phase of the material, and eliminate the residual stress as well. The nano-indentation tests were
performed in KLA iNano, the maximum load and target depth were set as 20000 μN and 1000 nm to make
indentations inner α-Mg phase and β-Li phase.

2.2.2 Fatigue testing

Data on long-life fatigue fracture of LZ91 were obtained by the fatigue tests, which were conducted on an
ultrasonic fatigue test system (Shimadzu USF-2000) at room temperature in the air. The resonance interval
was 100 ms per 300 ms, and the stress ratio R = -1, up to a limit of 109 cycles except for failure. Fatigue
test specimens were performed on hourglass-shaped specimens, and the length of the specimen was designed
to give it a resonance of 20 kHz. The detailed specimen configurations is shown in Figure 3 . Before fatigue
testing, surfaces of specimens were polished in advance by different grades of abrasive papers and cloths
to eliminate the effect of surface roughness on fatigue behavior. Temperature increment caused by cyclic
loadings used in this work was measured to be no more than 5 during fatigue tests by an infrared camera
(NEC-Avio R500EX). Besides, compressed cold air was adopted to cool the specimens during fatigue tests.

2.2.3 Microstructure observation methods

After fatigue tests, the microstructure of the material was characterized by a scanning electron microscope
(SEM, JEOL 7800F). The detection mode was SEI (secondary electronic imaging) mode, and the acceleration
voltage is set to 15 kV, respectively. The SEM observation area was concentrated on the fracture surface and
specimen surface. Especially, we carried out higher magnifications for the regions near the crack initiation
sites, which is focused on the crack initiation behavior of the material. On the other hand, the EBSD
(electron backscatter diffraction) technique was applied to determine the grain orientation of the material.
The area detected is the cross-section of the material, and the diffraction direction is perpendicular to the
cross-section.

3. Experimental results

3.1 Texture characterization

The microstructure of the material was characterized by the EBSD technique before fatigue tests. Figure
2 displays the EBSD information of the cross-section of the material, including the grain orientation map,
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. the pole figure, and the inverse pole figure. The striped phase in the grain orientation map in different
colors is the α-Mg phase. It should be noted that the β-Li phase can not be resolved due to its high metal
activity and high oxidation, thus it acts as a black matrix in the grain orientation map. The EBSD results,
especially in the pole figure, show that the α-Mg phase exhibits a strong texture along the axial direction of
the material, the grain orientation of most grains is around {10-10} and {11-20} (the cylindrical directions
of the hexagonal close-packed structure). In other words, the basal plane of most grains is parallel or nearly
parallel to the axial direction of the material. It is typical for the magnesium and its alloys to exhibit a
texture after extrusion, which mainly results from recrystallization and a unidirectional deformation during
extrusion [24-26].

3.2 Nano-indentation results

The mechanical properties of α-Mg and β-Li phase obtained by the nano-indentation test are listed in Table
3 , and the loading-displacement curves are shown in Figure 4 , respectively. By comparing the mechanical
properties of these two phases, it can be found that the hardness and elastic modulus values of the α-Mg
phase and the β-Li phase are fairly close, about 75 HV and 50.5 GPa, respectively. Notably, however, the
loading-depth curve of the α-Mg phase varies greatly from the one of β-Li phase. It can be seen that the
depth of the indentation in the β-Li phase increased smoothly with the increasing of the loading stress
applied by the probe. As shown inFigure 4a , however, the loading-depth curve of the α-Mg phase is
quite discontinuous and presents a ladder-like pattern. Similar results were obtained by some previous nano-
indentation experiments of Mg-Li alloy done by V. Kumar et al. and W. Wang et al. [27-29], and this
phenomenon was named as “pop-in” effect. Guo et al. [30] carried out nano-indentation teste on magnesium
grains of {10-10} and {11-20} crystal planes. It was concluded that the “pop-in” effect in loading-depth
curves is ascribed to the initiation of {10-12} extension twinning. This can be indirectly supported by the
EBSD results of the material. As stated in section 3.1, the axial grain orientation of α-Mg grains is mostly
concentrated in {10-10} and {11-20} cylindrical directions. Therefore, when the α-Mg phase is subjected to
an axial loading applied by the probe, the twinning deformation will be activated discontinuously when the
shearing stress reaches the critical value, as presented in the schematic diagram in Figure 4a1 . On the
other hand, due to the BCC (body-centered cubic) structure, the β-Li phase possesses 48 slip deformation
systems, which is far more than that of the HCP structure. In other words, there are more slip systems
for β-Li grains to coordinate the plastic deformation when they are subjected to axial loadings. For these
reasons, the displacement increases more continuously in the loading-displacement curve of the β-Li phase
as compared with that of the α-Mg phase.

3.3 Very high-cycle fatigue

The S-N data associated with stress amplitudes σa and fatigue life Nf of LZ91 alloy under asymmetric axial
loading with a stress ratio of R = -1 are shown in Figure 5 . The S-N data of some other Mg-Li alloys and
magnesium alloys were also included for comparison [19, 31, 32]. “Run-out specimens” represents that the
fatigue life of the specimen reached a limit of 1×107 (for LAZ832-0.5Y alloy) and 1×107 (for the rest three
alloys). The nonlinear fitting curves of these fatigue data were obtained by Basquin’s equation, which were
plotted by dash lines.

It can be seen that the S-N curve of LZ91 alloy exhibits a continuous decreasing trend, even in the range
of 107-109 cycles. By comparing the S-N curve of LZ91 alloy and LAZ832-0.5Y alloy, it can be found that
the curve of LZ91 alloy decreases much more slowly. Meanwhile, the fatigue performance of the LZ91 alloy
is much better than that of the LAZ832-0.5Y alloy when the fatigue life exceeds 105cycles. As compared
to conventional magnesium alloys [19, 32], whose fatigue tests were also conducted at R=-1 and a loading
frequency of ˜20 kHz, the fatigue resistance of the LZ91 alloy is obviously lower, about 20-35 MPa. However,
as the fatigue life approaching 109 cycles, the fatigue strength gap between them is narrowing, less than
20 MPa at 109cycles. Due to the significant difference in mechanical properties between LZ91 and these
two alloys, the lag of LZ91 in fatigue strength seems inevitable. After that, in order to compare the fatigue
performance of these alloys, we calculated their fatigue ratios (the ratio of fatigue strength to the ultimate
tensile strength), and the results are displayed in Table 4 . Clearly, the fatigue ratio of the LZ91 alloy, about
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. 0.46, is significantly higher than that of the other three alloys (0.29, 0.27, 0.30 for LAZ832-0.5Y alloy, ZK60,
AZ31, respectively), which indicates that the LZ91 alloy exhibits relatively good fatigue performance.

3.4 Observation on fracture surfaces

After ultrasonic fatigue tests, the scanning electron microscope was applied to characterize the fracture
morphologies of failed specimens.Figure 6 shows typical SEM images of two representatives failed specimens
at different magnifications. It can be clearly seen that fatigue crack nucleated and initiated from the specimen
surface and then continue to expand, which resulting in the ultimate fatigue failure, as presented in Figures
6a and 6e . Meanwhile, the crack growth direction can be determined according to the radial ridge of the
material fracture.

Figures 6b and 6f display the enlarged images of the regions near the crack initiation sites of the two failed
specimens, respectively. Obviously, along the growth direction of the crack, the fracture morphology varies
greatly with the crack grows deeper, which is quite analogous to that of high-strength steels and titanium
alloys [17, 33, 34]. Firstly, the regions near the crack initiation sites, with a distance of about 100 μm, present
a relatively smooth morphology. As the region went further away from the crack initiation sites, the fracture
morphology became rougher than Zone I. Meanwhile, lots of radial ridges can be seen in Zone II. As the
distance goes further, no characteristic morphology but radial streaks can be observed in the regions far
away from the crack initiation sites. In summary, according to the difference in morphology, we utilized dash
lines to divide the fracture surface into three distinct regions: Zone I, Zone II, and Zone III. These regions
corresponding to three stages of crack initiation and propagation, Zone (I): crack initiation region; Zone (II):
short crack propagation region; (III): long-crack propagation region.

High-magnification images of Zone I and Zone II are presented inFigures 6c and 6g . It is obvious that
there are much more striped crystallographic profiles in Zone II comparing to Zone I. It can be seen more
clearly in Figures 6d and 6h . By comparing the striped profiles with the α-Mg grains in the metallographic
diagram of the material, it was found that they are highly similar in appearance as well as area proportion.
Namely, these striped crystallographic profiles result from the fracture of the α-Mg grains near the crack
initiation site. It has been reported in some previous researches that there exist strong and weak phases
in duplex stainless steel [35-38]. The crack initiation and propagation behaviors are closely related to the
coordinated plastic deformation of the two phases (γ-austenite phase with faced centered cubic structure
and α-ferrite phase with body centered cubic structure). On one hand, when the hardness of the two phases
differs greatly, the crack tends to initiate in the weaker phase of the material. In this case, the phase with
much higher hardness is a hard phase in the material. For instance, M.W. Tofique et al [35]. and R. Strubbia
et al. [37] found that since the hardness of ferrite grains is much lower than that of austenite grains, the
plastic damage accumulation mainly in the ferrite grains. On the other hand, the crack nucleation will be
highly affected by the microstructure (grain orientation, grain boundary, etc.) of the material when the
hardness of these two phases differs slightly [35, 38]. As a structural alloy with a dual-phase structure, the
LZ91 alloy may possess hard and soft phases as well. Therefore, we investigated the microstructure of two
phases of the LZ91 alloy in the discussion section and attempted to associate it with crack initiation and
propagation.

3.5 Morphology of specimen surfaces

Figure 7 presents an oblique view of the specimen surface near the crack initiation site, the α-Mg grains
were indicated by white arrows. Note that the crack exhibit different characteristics when passing through
the α-Mg phase and β-Li phase. The fatigue crack passes directly through the β-Li phase in the process of
crack growth. On the contrary, the crack presents a ‘zigzag’ pattern when passing through the α-Mg grains,
as enclosed by yellow dash circles. An enlarged optical image of a second crack near the crack initiation
site is presented inFigure 8 . Clearly, there are numerous turning points in the crack path, especially when
the crack passes through α-Mg grains, making the crack appear pretty tortuous. This is quite analogous
to the fatigue behavior of duplex stainless steel [38]. It was reported that the fatigue crack growth was
affected by the slip directions of the γ-austenite grains, which is a relatively hard phase in the material. The
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. crack path appears quite tortuous results from the influence of the local microstructure. Therefore, it can
be inferred that the α-Mg phase may also act as a hard phase (i.e. strengthening phase) in the material.
The microstructure (grain orientation or grain boundary) of the α-Mg phase would hinder the initiation and
early propagation of fatigue crack to a certain extent. In the following discussion section, we attempt to
quantitatively analyze and figure out how the local microstructure has a macro effect on the crack behavior
of the material.

4. Discussion

As have been highly stressed in extensive previous studies [15-17], small crack initiation and propagation
account for the majority of the total fatigue life of metal materials. In other words, crack initiation and
early propagation play an essential role in the fatigue behaviors of metal materials. Therefore, we focus on
the small crack initiation and propagation behaviors of LZ91 alloy as well as the influencing factors in the
following discussion section.

4.1 Fracture morphology analysis based on fracture mechanics calculation

To further investigate the nature of fatigue crack initiation and propagation behavior, quantitative fracture
analysis was performed with the help of fracture mechanics. The stress intensity factor ΔK of the fracture
surface of failed specimens was calculated. For surface crack initiation in the present work, Zone I, II can be
approximately regarded as a semi-elliptic. The areas of Zone I and Zone II were measured and their square
root values

√
area , which was obtained by projecting on the plane perpendicular to the loading axial, were

used to calculate the ΔK values,given by the equation for surface cracks [16, 39]:

∆K = 0.65σ

√
π ·
√
ara

Where σ is the maximum stress amplitude of cyclic stress for R=-1, and 0.65 is the calculated parameter for
surface crack initiation.Figure 9 demonstrates the calculated results of ΔK of Zone I and Zone II together
with the values of the applied stress amplitude and the fatigue life. Obviously, the values of ΔK Zone I

and ΔK Zone II maintain nearly constant levels regardless of the fatigue strength and the fatigue life. The
average ΔK Zone Ivalue was evaluated to 1.44 MPa·m1/2 and the corresponding value of ΔK Zone II was a
little higher, about 2.40 MPa·m1/2, respectively. Compared with some previous investigations[40, 41], the
ΔK Zone II is slightly lower than that of some conventional magnesium alloys, which is usually considered
as a threshold of stable crack propagation. But it is still within the range of the reported crack growth
thresholds of magnesium alloys, about 1.2-5.0 MPa m1/2 [40-42]. Therefore, the ΔK value of Zone II can be
regarded as the crack propagation threshold of the material, which corresponds to the threshold for stable
crack propagation.

Therefore, in the present case, the fatigue failure process of the LZ91 alloy can be divided into three main
stages according to the differences in the ΔK values and the characteristics of the fracture surface. As
demonstrated in Section 3.3, the crack initiation region (Zone I) presents a relatively special morphology,
which is similar to the rough area (RA) and facet morphology of some structural alloys [43-45]. In the
titanium alloys [44], the facets were formed due to the inconsistent plastic strain of the two phases in the
crack initiation region. Based on this, it can be preliminarily deduced that due to the difference in the
plastic deformability of the two phases in the material, the plastic strain was highly concentrated in one of
them. Subsequently, the local deformation inhomogeneity of the two phases would lead to the nucleation and
initiation of micro-cracks. As the micro-crack grows, the size of the plastic zone at the crack tip gets larger, as
well as the stress intensity factor. This would therefore result in a higher level of stress in a local region near
the micro-cracks, as compared with neighboring regions. As a result, numerous micro-cracks were initiated,
propagated, and then coalesced in Zone II. Namely, the formation of Zone II corresponds to a multi-crack
propagation stage in the process of fatigue failure. This is the reason why there are a large number of radial
ridges in Zone II, which make it relatively rough. Afterward, when the stress intensity reaches the crack
propagation threshold value, namely, the ΔK value of the edge of Zone II, the crack propagation pattern
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. changes again. In some researches of high-strength steels, it was proposed that [46, 47] the ΔKRA (ΔK

Zone II in the present case) value corresponds to the relevant threshold for long crack growth. Therefore, the
growth pattern of the crack in Zone III switched from the multiple short crack growth to the steady single
long-crack growth that follows Paris law.

4.2 Ινφλυενςε οφ λοςαλ προπορτιον οφ α-Μγ γραιν ον ςραςκ ινιτιατιον βεηαvιορ

As a dual-phase Mg-Li alloy, there may also exist hard and soft phases in the LZ91 alloy, just similar to the
duplex stainless steels that have been studied before. The plastic deformation will preferentially accumulate
in the soft phase during the subsequent micro-crack initiation and early propagation [35, 36]. Therefore, we
calculated the proportion of α-Mg and β-Li phases in the region near the crack initiation sites. In this way,
we tried to explore whether the difference in local microstructure will affect the fatigue performance of the
material. As presented in Figure 10 , we calculated the area of α-Mg grains in the region near the crack
initiation site in each fracture topography. Note that the area of each calculated region is the same, and the
area of the calculated region is determined by the largest area of Zone I (specimen No. 5). In this way, the
proportion of α-Mg grains near the crack initiation site can be quantified more intuitively. The conversion of
the area of α-Mg and β-Li grains was done by the mathematical software. The statistical results of the area
of α and β phases in the calculated region are listed in Table 5 , and the α-Mg ratio-Fatigue life diagram is
presented in Fig 10b , respectively. It is obvious that there is a simple linear relationship between the fatigue
life of the material and the proportion of α-Mg phase in the region near the crack initiation site. Namely, the
lower the proportion of α-Mg phase in the region is, the longer the fatigue life will be. Besides, it is worth
noting that the proportion of α-Mg phase in most specimens is below the average value of the material.
Based on the discussion above, it can be preliminarily inferred that the α phase is a strengthening phase
in the material as compared with the β phase. In other words, fatigue crack is more likely to nucleate and
grow in a local region, where the proportion of α-Mg grains is relatively low. As demonstrated in Section
3.2, however, the hardness and the modulus of α-Mg and β-Li phase vary barely. As pointed above, the
crystallographic structure of the two phases is different, in which the α-Mg phase is the HCP, and the β-Li
phase is the BCC structure, respectively. According to previous studies, the texture of magnesium alloy will
significantly affect the fatigue behavior of the material. Therefore, in the present work, the most likely cause
for this may be the enhancing effect of the texture and the grain orientation of α-Mg grains.

4.3 Εφφεςτ οφ τηε γραιν οριεντατιον οφ α-Μγ γραινς ον φατιγυε βεηαvιορ

It is demonstrated in the previous section that there is a certain relationship between the local proportion
of α-Mg in the region near the crack initiation site and the fatigue life of the material. Since the hardness
and elastic modulus of the two phases vary slightly, the microstructure of the material may be the governing
affecting factor of the fatigue properties. As displayed in Figure 2 , the grain orientation of most α-Mg grains
is around {10-10} and {11-20} cylindrical direction, namely, the basal plane of them is almost parallel to the
loading direction during fatigue tests. It is well known that the magnesium possesses only 12 slip systems
[48-50], with three basal slip systems {0001} <-12-20>, three prismatic slip systems {10-10} <-12-20>, and
six pyramidal slip systems {10-10} <11-23>. It has been reported that the initial CRSS (critical resolved
shear stress) value of basal slip systems (about 0.45˜0.81 MPa) and {10-12} tensile twinning deformation
(about 2.0˜2.8 MPa) is far below that of non-basal slip systems (about 39.2 MPa of prismatic slip and 45˜91
MPa of pyramidal slip) and compressive twinning deformation (about 76-153 MPa) at room temperature.
Thus, the basal slip systems and tensile twinning deformation are most easily activated during the process
of deformation. However, due to the fact that the basal plane of the α phase is nearly perpendicular to the
loading direction, the activation of basal slip is highly hindered. Meanwhile, the loading-depth curve of the α-
Mg grain obtained by the nano-indentation test demonstrates that the α-Mg and β-Li phases exhibit distinct
characteristics. Clearly, the loading-depth curve of the α-Mg phase exhibits a “pop-in” effect comparing to
the β-Li phase, which is proved to be caused by the twinning deformation of α-Mg grains under compressive
loading. Therefore, it can be preliminary deduced that the twinning deformation is the predominating
deformation pattern of α-Mg grains when subjected to axial loading.

As been revealed in Section 4.2, there is a linear relationship between the fatigue life and the proportion of α-
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. Mg phase in the region near the crack initiation site. Namely, a higher local proportion of α-Mg phase, which
acts as a hard phase, seems to increase the fatigue life of the material to a certain extent. Two main reasons,
which make the α-Mg phase the hard phase in the material, can be concluded from the above discussion.
Firstly, the slip system of the HCP structure is less than the BCC structure, thus the local coordinate
deformability of the β-Li phase is much better than that of the α-Mg phase. Secondly, the orientation of the
α-Mg phase is mainly around the {10-10} and {11-20} cylindrical direction, which makes the basal slip of
the α-Mg phase difficult to be activated. Namely, the α-Mg phase becomes the hard phase in the material,
whose deformability is much lower than the β-Li phase. As a result, the β-Li phase takes the major part of
the plastic deformation during the fatigue testing, and the α-Mg grains become a strengthening phase that
is difficult to deform. Therefore, the fatigue crack tends to nucleate and initiate from the region where the
α-Mg phase is relatively sparse.

4.4 A proposed model of the fatigue behavior of LZ91 dual-phase Mg-Li alloy

As discussed above, small crack initiation and propagation are highly affected by the microstructure of
the material. Figure 11 thus presents the schematic illustration of crack initiation and early propagation
process. The stripe phase in white is the α-Mg phase, and the matrix in blue is the β-Li phase, respectively.
Severe plastic deformation tends to occur in the ‘soft’ phase, i.e., the β-Li phase during cyclic loading, as
shown in Figure 11a. As crack grows and has to pass through α-Mg grains, the crack propagation will be
inevitably hindered by α-Mg grain due to the hard grain orientations. As a result, there are some turning
points (marked by black arrows) in the crack path when it passes through α-Mg grains, which make it appear
more tortuous. Eventually, crack continues to propagate, resulting in the final failure of the material.

In the present investigation, the experimental results and microstructural analysis of the crack initiation will
fill the gap of our understanding of the VHCF behavior of the dual-phase Mg-Li alloy. More importantly,
they would provide more valuable advice to improve the anti-fatigue ability of the Mg-Li alloys.

5. Conclusions

In the present paper, the VHCF behavior of a dual-phase Mg-Li alloy (LZ91) was studied. The underly-
ing mechanisms of the crack initiation and early propagation have been fully investigated. The following
conclusions can be drawn from the discussions:

1. The S-N curve of the LZ91 alloy decreases continuously without a fatigue limit. The fatigue strength
is evaluated to 78 MPa at 109 cycles, and the fatigue ratio of the material is calculated to 0.46,
respectively.

2. The α-Mg grains in the material exhibit strong textures due to the extrusion, in which the basal planes
α-Mg grains are almost parallel to the loading direction. The twinning deformation is the predominant
pattern of α-Mg grains since the basal slip is highly hindered during fatigue tests, making the α-Mg
the strengthening phase in the material.

3. The fractography of the material presents a noticeable microstructural sensitivity. The distinct mor-
phologies of Zone I, II, and III resulted from the differences in the size of the plastic zone at the crack
tip.

4. The fatigue crack initiation is significantly affected by the local microstructure of the material. The
proportion of the α-Mg phase of the region near the crack initiation region is lower than the average
level. Cracks tend to nucleate and initiate from the local region with fewer α-Mg grains, and the fatigue
life is linearly positively correlated with the proportion of α-Mg phase in the region.
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