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Abstract

The mechanical property and formability
of Mg-Li-Zn aloy thin sheets with two
different Li contents have been examined in
uniaxial tension and press-forming tests at
room temperature. The influence of
anisotropy on deformation characteristics
was investigated. Formability parameters
such as average plastic strain ratio, planar
anisotropy, and work hardening exponent
were determined by tensile test results. The

properties and formability parameters were
correlated with the forming limit diagrams.
The fracture surfaces of the formed samples
were examined through use of scanning
electron microscope, and the fracture
behavior and formability were anayzed.
Anisotropic behaviors were observed in the
mechanical properties. From the analysis, it
was found that formability of the LZ90 alloy
was superior compared to that of the LZ60
aloy.

Keywords: Magnesium-lithium aloy;
Anisotropy; Formability

1. Introduction

Magnesium is the lightest metal that can
be employed in structural applications when
alloyed with other elements. Research on Mg
alloy focusing on mechanical properties has
become very active in the last decade [1-3].
In light of hexagonal close packed (HCP)
structure, Mg and its aloys have crucia
drawback of poor formability, especialy at
room temperature, as compared with
aluminum and its aloys. Since dlip at room
temperature is limited to the basal plane, the



processing and forming capabilities of
magnesium alloys are generally fairly poor.
Alloying Mg with the lightest metal
element, lithium, whose density is 0.534
g/em®, yields a Magnesium-Lithium (Mg-Li)
alloy with a density similar to that of plastics,
and which has only haf the density of
aluminum alloys. The Mg-Li phase diagram
[4] indicates that when the Li content is
between ~55 and 115 wit%, the
BCC-structured B phase of the Li solid
solution co-exists with the HCP a phase of
the Mg solid solution. The g single phase
structure could exist for Li contents greater
than 11 wt%. As the amount of Li added to
the Mg-Li alloy increases, the o phase still
possesses HCP structure, but the crysta
lattice axes ratio, c/a decreases such that slip
between crystal planes become less difficult
[5]. The co-existence of the S phase makes
the Mg-Li aloy possible to be cold-worked.
The adloy design and mechanical
properties of Mg-Li alloys have long been
investigated [6-13]. However, the correlation
between  mechanical  properties and
formability of Mg-Li aloys has less been
examined [6,14], though it is important to
the practical use of Mg-Li aloys. In order to
examine the possibility of the practical use
of Mg-Li aloys, uniaxia tension tests and
press-forming tests were performed to
explore  the  mechanical properties,
anisotropic behavior and formability of
Mg-Li-Zn aloy thin sheets with two
different Li contentsin the present work.

2. Materials and Experimental Procedures
2.1 Sheet preparation

The Mg-Li aloys were melted in a
high-vacuum electric induction furnace
under an argon atmosphere. The anayzed
chemical compositions of the cast aloys
were (Wt%) Mg-9.2Li-0.47Zn (designated as
LZ90) and Mg-5.8Li-0.46Zn (designated as
LZ60). The 200 mm cast cylindrical billets
were extruded to a plate with a thickness of
5 mm at a billet preheating temperature of
200°C, and the plates were then cold rolled

to athickness of 0.6 mm.
2.2. Tensile Tests

Uniaxial tension tests were carried out in
the directions of 0, 45 and 90° to the rolling
direction. The gauge length and width of the
tensile specimens were 50 and 6 mm,
respectively. The specimens were deformed
at room temperature with an initial crosshead
speed of 3 mm/min.

The normal anisotropy or average plastic
strain ratio () and the planer anisotropy (Ar)
were calculated from the r-values (r is the
plastic strain ratio which is the ratio of the
width strain to the thickness strain)
determined along three directions namely
paralel  (0°), diagona (45°) and
perpendicular (90°) to the rolling direction
using the following expressions [15]:
lo+Tgg + 25

r= 1
4 (1)
Ar=——>=—= (2
2
2.3 Press-forming tests

The sheet length for press forming test to
determine the FLD was 80 mm with various
width. Decreasing the width from 80 to 10
mm causes change in the state of strain from
near balanced-biaxial tension through plane
strain to uniaxia-tension. The punch speed
was kept constant at 6 mm/min during the
tests. Grid circles of diameter dg (2.5 mm)

etched on the sheets were used to measure
strain levels in each test. During forming the
etched circles were distorted into ellipses
and/or larger circles, and these deformed
grid circles were then used to measure strain
levels in each case. Measurements of the
major (d;) and minor (d,) diameters of the
deformed circles after deformation were
made to determine the major true strains (e;)

and the minor true strains (g,). The major

strains and the minor strains can then be
expressed as.
g, =In(d,/d,) (1)



e, =In(d,/d,) (2
FLDs were drawn by plotting the minor
strain in abscissa and corresponding major
strain in ordinate and by drawing a curve
which separates the safe region from the
unsafe region.

2.4 Metallographic inspection

The  specimens  for  microscopic
examination were prepared by conventional
metallographic techniques. The polished
specimens were etched for 1~5 sec in the
etchant of 5 g Picric Acid, 10 ml Acetic Acid,
95 ml Ethyl Alcohol. Optical microscope
(OM) was used to examine the
microstructures. The fracture surface of the
test specimens were analyzed by scanning
electron microscope (SEM).

Fig. 1. Optical micrographs of the as-cast
microstructures of the Mg-Li-Zn alloys. (a)
LZ60, (b) LZ90

3. Results and Discussion

3.1 Microstructures of the LZ60 and LZ90
alloy

The as-cast structure of the LZ60 aloy
presents a dual phase microstructure, as
given in Fig. 1(a). g is identified as the Li
solid solution of low atomic number while
the o phase is the Mg solid solution with a
higher atomic number. The as-cast structure
of the LZ90 alloy also exhibits a dua phase
microstructure including a f matrix plus a
distributed « phase in lath form with a width
of ~20 um and a length of ~100 pm, as given
in Fig. 1(b). The volume fraction of each
phase depends on the Li content, less «
phase was observed in LZ90 alloy due to a
higher Li content.

Fig. 2. Optical micrographs of the as-rolled
microstructures of the Mg-Li-Zn aloys. (a)
LZ60, (b) LZ90



Table 1 Tensile properties of the LZ60 sheet at room temperature

Property 0° 45° 90°  Average
Yield strength (MPa) 126.2 130.2 198.0 146.2
Ultimate tensile strength (MPa) 184.4 188.9 229.2 197.9
Elongation (%) 16.01 28.13 10.28 20.64
Work hardening exponent, n 0.213 0.193 0.0357 0.159

Table 2 Tensile properties of the LZ90 sheet at room temperature

Property 0° 45° 90°  Average
Yield strength (MPa) 108.9 114.4 123.6 115.3
Ultimate tensile strength (MPa) 133.0 126.4 135.9 1304
Elongation (%) 51.9 56.1 43.6 51.9

Work hardening exponent, n

0.02144 0.00880 0.00334 0.0106
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Fig. 3. True stress-strain curves of the Mg-
Li-Zn dloys. () LZ60, (b) LZ90

Fig. 2 reveas that the as-rolled structures
exhibit fibrous rolling texture, which is
typical plastically deformed structure. g
phase in the LZ60 alloy presents elongated
fine strips and dispersed particles in the

matrix, as shown in Fig. 2(@). The
morphology of most o phase presented in
the LZ90 alloy is coarse long strip, as shown
inFig. 2(b).

3.2 Tensile properties

Fig. 3 demonstrates the true stress-strain
curves of the LZ60 and LZ90 aloy in the
directions of 0, 45 and 90° to the rolling
direction obtained from the uniaxial tension
tests with an initial strain rate of 1.67x10-3
sl Thetensile tests were performed on three
samples for each direction. The values of the
tensile properties for each direction are given
in Tables 1 and 2 for the LZ60 and
LZ90alloy, respectively. The average values
of the strengths, elongation, working
hardening exponent are evaluated as [ 15]
X0+2X445+ Xgo 3)
where X is yield strength or ultimate tensile
strength, or elongation, or working
hardening exponent. Maximum strengths
were observed in the 90° direction for both
alloys. The elongations in the 45° direction
are greater than those in the other directions.
The work hardening exponents, n, (in the

approximation of o = Ke"), are minima for
90° direction to the rolling direction and

maxima along 0° direction. The yield and
ultimate tensile strength of the LZ60 are

Average =




Table 3 Formability parameters of the LZ60 and LZ90 alloy

Orientation LZ60 LZ90

r nr r nr
0° 1.077 0.229 0.715 0.0153
45° 1.868 0.361 1.419 0.0125
90° 1.525 0.054 0.747 0.0025
average r=1585 nr =0.252 r=1.075 nr =0.0114
Ar -0.57 -0.69

higher than those of the LZ90 alloy. The
elongations in all of the three directions are
less than 29% for the LZ60 aloy. The
elongations for the LZ90 aloy are
comparatively superior, indicated by its
elongations in all of the directions greater
than 43%. The ductility is quite high owing
to the presence of more ductile 5 phase in
the LZ90 aloy.

As reported in the literatures [16-18], when
stretching predominates in the forming
processes, n is the most important factor to
influence  stretchability.  Although the
average n value of the LZ60 aloy is larger
than that of the LZ90 aloy, the average n
value for the LZ60 alloy is seen to have a
low value of 0.159 with an initial tensile
strain rate of 1.67x10-3 s1. The LZ60 aloy
does not have great elongation and also
hasthe low n value, therefore the LZ60 alloy
might not have good stretchability at room
temperature. A rather small average n value
of 0.0106 was observed for the LZ90 aloy.
Although LZ90 alloy shows great el ongation,
the small value of work hardening exponent
revedls that the LZ90 alloy might not be able
to present excellent stretchability at room
temperature.

3.3. Formability parameters

The formability parameters for the LZ60
and LZ90 aloy determined by experiments
are tabulated in Table 3. The normal
anisotropy parameter, 1, of the LZ60 alloy
IS greater than that of the LZ90 alloy due to
more HCP « phase presented in the LZ60
alloy. A metal sheet with a larger value of
I shows a greater drawability [19]. The

limit drawing ratio (LDR) is dependent on
r; LDR is the ratio of the largest diameter
of the blank that can be drawn without
failure to the diameter of the cup or punch.
The LZ60 sheet used in this study shows a
LDR value of aound 18 a room
temperature. Although the LZ60 alloy
presents a r value of 1.585, it doe not
exhibit good drawability due to a moderate
elongation. The planar anisotropy Ar is
estimated to have a large negative value of
-0.57. A large vaue of Ar indicates the high
earing tendency of LZ60 aloy during
drawing operation. Earing is undesirable
since more metal must be trimmed.

The LZ90 sheet shows a larger LDR
value of 2.0 at room temperature. Although
the LZ90 alloy shows a smaller 1 value of
1.075, it gives moderate drawability because
of its great elongation. The tendency of ear
formation for the LZ90 dloy is still high
with alarge negative Ar value of -0.69.

3.4. Forming limit diagrams

Fracture limit curves plotted as the
forminglimit diagram for the LZ60 and
LZ90 aloy from the experimenta results are
displayed in Fig. 4. In tension-tension region,
i.e., biaxial tension region, the limiting
fracture major strain is about 14.46% and
the limiting minor strain is about 15.66% for
LZ60. This shows that the LZ60 sheet of
thickness 0.6 mm has limited stretchability
in agreement with a low n value and
moderate elongation. In tension-
compression region, the maximum major
strain is about 22.41%, the minor strain is
about 14.32%. The LZ60 aloy does not
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Fig. 4. Forming limit diagrams of the Mg-
Li-Zn dloys.

Fig. 5. SEM images of the fracture surface
for tension-compression strain condition. (a)
LZ60 dloy, (b) LZ90 aloy

present good drawability, in agreement with
the low value of LDR. For the near plane
strain condition (minor strain = 0), the

maximum fracture strain presented a rather
low value of about 2.07% only.

In tension-tension region the limiting
fracture strains for the LZ90 alloy are higher
than those of the LZ60 aloy. The limiting
fracture major strain for LZ90 alloy is about
20.17% and the limiting minor strain is
about 17.2%. Although the average n value
of the LZ90 aloy is much smaller than that
of the LZ60 alloy, the greater elongation of
the LZ90 aloy gives it a higher
stretchability than that of the LZ60 alloy. In
tension-compression region, the maximum
major strain is about 42.2%, the minor strain
is about 20.4%. The LZ90 aloy shows
moderate drawability. For the near plane
strain condition, the maximum fracture
strain presented alow value of about 9.6%.

3.5 Fracture analysis

The SEM images were obtained for the
fracture surfaces of the press-forming tests.
The samples for SEM observation were cut
from the region closet to the origin of the
fracture. The various SEM images are
demonstrated in the Figs. 5 and 6 for
tension-compression and tension-tension
strain condition, respectively. For the blanks
subjected to tension-compression strain
condition, dimpled structure with some flat
planes was observed in the LZ60 dloy, as
shown in Fig. 5(a). This reveds that the
fracture is partly ductile and partly brittle
owing to the LZ60 alloy having the HCP «
phase matrix, but the ductile fracture is the
dominant mode. This result is in agreement
with  the limiting strains in  the
tension-compression region of the FLD.
Dimpled structure with irregular surface was
observed for the LZ90 dloy, as shown in
Fig. 5(b), this is the typical fracture surface
for ductile fracture.

For the blanks subjected to tension-
tension strain condition, the fracture of both
alloys appears to be partly ductile and partly
brittle, as shown in the Fig. 6, and the
evidence for the brittle fracture is more.
Some small voids were observed in the
LZ60 aloy, as given in Fig. 6(a). In the



Fig. 6. SEM images of the fracture surface
for tension-tension strain condition. (a)
LZ60 dloy, (b) LZ90 aloy

LZ60 alloy, elongated fine strips and small
particles of S phase are dispersed in the «
matrix, as shown in Fig. 2(a). These small
voids should be associated with the fine
phase. The fracture features in the
tension-tension strain condition are aso in
agreement with the limiting strains in the
FLDs.

4. Conclusions

Mechanica properties and formability of
two Mg-Li aloys LZ60 and LZ90 were
investigated in this study. The LZ60 alloy
exhibited reasonable strength levels and
fracture elongation. The LZ90 Mg aloy
presented excellent ductility even at room
temperature and the strength levels were
somewhat inferior. The LZ60 alloy did not

exhibited good stretchability and drawability
a room temperature. The LZ90 alloy
presented better formability than that of the
LZ60 aloy. Tensile test results indicated
that the r value of the LZ60 alloy was not
large enough to give good drawability at
room temperature. Although the r value of
the LZ90 aloy was smaller than that of the
LZ60 alloy, the greater elongation gave it to
present moderate drawability. The large
negative values of Ar for both alloys would
result in serious ear formation during
drawing processes at room temperature. The
fracture in the tension-tension strain
condition presented partly ductile and partly
brittle for both alloys.
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