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Abstract: Three kinds of different phases of Mg—xLi—1Al alloys with x=5 (full @ LA51), 9 (dual-phase LA91), and 14 (rich-f
LA141) were prepared by vacuum melting method. Their microstructure and damping capacities were investigated by optical
microscopy, X-ray diffractometry, and dynamic mechanical analysis. The results show that the addition of Li changes the crystal
structure of the alloys and causes new damping mechanisms to emerge. And the appearance of BCC structure makes the damping
performance improved remarkably. The lower the elastic modulus is, the smaller the strain is and even the slower the acceleration is.
The dual-phase alloy shows a better damping capacity while the temperature changes. Furthermore, all three alloys have two
significant peaks: P; caused by the movement of dislocations on the basal planes and P, caused by the sliding of grain boundaries.
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1 Introduction

Magnesium and magnesium alloys which are
usually based on a hexagonal close-packed (HCP) crystal
structure are kinds of ultralight alloys. Because of their
high strength, hardness, good damping performance and
corrosion resistance, they are widely used in the
production of mechanical, electronic parts and the field
of aviation. However, their plastic deformation ability at
room temperature is not so good owing to their HCP
structure [1]. The Mg—Li binary phase diagram shows
that when BCC-structured lithium is added to
magnesium alloy, the HCP structure will change into
BCC structure [2]. Magnesium alloy which contents less
than 5.7% (mass fraction) of Li has only an
HCP-structured o phase of Mg solid solution [3]. With
the addition of Li, the crystal structure changes into
HCP-structured o phase of Mg solid solution to coexist
with a BCC-structured f phase of Li solid solution.
When the content of Li reaches 10.3%, only a
BCC-structured £ phase of Li solid solution can be found
[4]. And the density of the alloys (1.738 g/cm® for Mg
and 0.534 g/cm’ for Li) can be reduced, while their

processability, ductility, and superplasticity at relatively
low stresses can also be improved [5]. Furthermore, low
elastic modulus makes plastic deformation easier. Given
the low elastic modulus of Li (4.9 GPa), Mg alloy (45
GPa elastic modulus) with Li has a better plastic
deformation than others [6]. As the Mg-Li alloys
possess the advantages of acceptable mechanical and
electrical properties, and even a high heat dissipation and
good electromagnetic shield, they have been widely used
in engineering designs since the 1960s [7].

The addition of the BCC-structured f-Li phase into
the Mg—Li alloys can change its damping capacities, but
the mechanism of it receives less attention. As reported,
the damping capacities of alloys are dependent on the
strain amplitude and related to the dislocation movement
in which the dislocations are weakly pinned by impure
atoms on the basal planes [8]. The analysis of the
influence of the BCC-structured f phase on the damping
performance of Mg—Li alloys is a priority.

Al is usually added to strengthen Mg—Li alloys by
either dispersion strengthening or age hardening [1]. In
the present study, Mg—xLi—1Al alloys with x=5, 9, and
14 were prepared. The current work aims to study the
mechanism and effect of the BCC-structured £ phase of
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Li solid solution on the damping performance of
Mg—xLi—1Al (x=5, 9, and 14) alloys that have different
phase compositions. Based on the experimental results,
their damping properties are discussed.

2 Experimental

The chemical compositions of the as-cast
Mg—xLi—1Al alloys (mass fraction, %) with x=5.0
(LAS1), y=9.0 (LA91), and y=14.0(LA141) used in the

present study are listed in Table 1.

Table 1 Chemical composition of test alloys

Alloy w(Mg)/% w(Li)/% w(Al)/%
LAS1 94.3 4.72 0.98
LA91 90.55 8.31 1.14
LA141 84.58 14.31 1.11

The microstructure and phase information were
obtained by optical microscopy (OM) and X-ray
diffraction (XRD). The specimens for OM and XRD
were prepared according to the standard metallographic
procedure with an etching solution consisting of 35 mL
alcohol + 5 mL H,O + 5 mL picric acid + 5 mL acetic
acid, for an etching time of 5 s [9], and then etched with
4% HNO; in alcohol for an etching time of 10 s. The
information on the damping properties was obtained
using a dynamic mechanical analyzer (DMA). The
specimens for the tests were cut into 40 mmx5 mm from
the as-cast plates. The internal friction Q' values of the
as-cast Mg—xLi—1Al specimens were measured by TA
Q800 DMA equipment (TA Instruments) with a single
cantilever at a constant heating rate of 5 °C/min. The
testing temperature, frequency, and amplitude were 30 to
300 °C, 1 Hz, and 0.5-300 pum, respectively.

3 Results and discussion

Figure 1 shows the microstructures of the as-cast
LAS1, LA91, and LA141 alloys. In the specimens, the
white area is the a-Mg phase, whereas the gray area is
the f-Li phase. There is only white a-Mg phase observed

in LAS1 alloy while only gray f-Li phase in LA141 alloy.

And the LA91 alloy has about equal half parts in a-Mg
and fB-Li phases. The area percentages occupied by a and
f phases in LA91 alloy are measured using micrometrics
SE software for image analysis, and the results are 40.2%
in a-Mg and 59.8% in f-Li [9].

Figure 2 shows the XRD patterns of the as-cast
Mg—xLi—1Al alloys. Similar to the results mentioned
above, both a-Mg and f-Li phases exist in LA91, which
is suggested to be the Mg—Li dual-phase alloy. Only
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Fig. 1 OM images of as-cast LA51 (a), LA91 (b), and LA141
(c) alloys

l A —g-Mg |
=—f-Mg |
* — MgAlLi,
s l 1
LASI Ul a ] Al
[ :
I l’r
e
LAY o 4 . wia 44
i PEEULE) 100 en | v NN o STy SN e
LA141 s
. (1) = B
1 L M-\'——————-—%-—--—r--—-?"—-—
10 20 30 40 50 60 70 80 90
20(°)

Fig. 2 XRD patterns of as-cast LA51, LA91, and LA141 alloys
at room temperature
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o-Mg phase in LAS1 and f-Li phase in LA141 are
observed. A new MgAILi, phase exists in both LA91 and
LA141, indicating that with the increase in Li content,
the phases of the alloys change as follows: a-Mg phase
— a-Mg+p-Li phase — fS-Li phase, separating the
MgAIlLi, phase as its middle compounds.

Figure 3 shows the curve of the damping properties
0" versus the strain amplitudes ¢ for the as-cast
Mg—xLi—1Al alloys measured at 1 Hz constant
frequency and 35 °C temperature. The curves indicate
that the damping values of the three alloys increase
continuously relative to the strain amplitude, with the
strain amplitude enhanced from 7.0x10° to 6x107°.
Under lower strain amplitudes, the damping growth of all
the alloys is very slow. However, when the strain
amplitude surpasses the critical value, the damping
growth begins to accelerate rapidly.

: . B LAST m
0.20F 5! a4 e LAgL
............ A LAI4
_ oploftet vt | n
0.155 W
0005L ey, poenennest & L
oo ° r
HJL_‘ .
.
0.05F
s & L,
o
" 1 " 1 |
1073 1074 1073

&

Fig. 3 Q' versus amplitude for as-cast LA51, LA91, and
LA141 alloys measured by DMA at 1 Hz and 35 °C (The inset
shows magnified curves of three curves of strain-independent

part)

The inset in Fig. 3 shows the magnified curves of
strain-independent part. The damping properties are
augmented with increased Li content under lower strain
amplitudes. The damping capacity of LA141, which has
only a BCC-structured f-Li phase, is the highest with a
damping value close to a high damping standard
(0'>0.01) before its critical strain amplitude
(6~3.5x107%). Such phenomena may be caused by the
addition of BCC-structured p-Li phase into the
HCP-structured a-Mg phase, which expands the slip
systems and the gaps between the crystal lattices. Hence,
the alloys which have more BCC-structured S-Li phase
can more easily emerge through the dislocation motion,
and then enhance the damping capacity. The critical
strain amplitudes of the three kinds of alloys shown in
Fig. 3 also increase as the Li content increases. The
situation shows that as more BCC-structured f-Li phases

are added into the alloys, more crystal lattices are formed.

A number of Li atoms that melt into the alloys
accumulate and cause a stronger external force, which is
needed when the dislocation escapes the solute atoms.
The more difficult the dislocation depinning is, the
higher the critical strain amplitude is.

When the strain amplitudes exceed their critical
values, the damping capacities change drastically. As
shown in Fig. 3, the LAS1 alloys which have the lowest
damping capacity previously increase sharply when the
critical strain amplitude is exceeded, whereas the others
show a slight change. The cause of the contrast can be
explained by the influence of elastic modulus [6]. Elastic
modulus is a physical quantity used to reflect the tensile
or compression ability of materials. It is the ratio of the
strain and the stress. Hence, given the same amount of
stress, the lower the elastic modulus is, the smaller the
strain is. Given the elastic modulus of Li of 4.9 GPa,
which is about 1/10 of that of Mg, the strain of the alloys
with BCC-structured f-Li phase as LA141 and LA91 is
smaller than that of LAS51 when the critical strain
amplitude increases and that of LA141 is still smaller
than that of LA91. The same is true for the damping
capacity of LAS5I, which increases sharply, whereas
those of the other two increase slightly when the critical
strain amplitude is surpassed.

The damping capacity mechanism of the alloys is
determined by their dislocation movement, which can be
explained through the Granato—Liicke dislocation
damping theory [10—13]. Figure 3 is plotted onto a G—L
graph (Fig. 4) for further analysis. In the study of the
metal damping materials, the G—L curve is usually used
to determine whether the damping properties of the
materials satisfy the dislocation depinning theory.
In(¢Q™") and 1/ are considered, hence, when the
damping curve after the critical strain amplitude becomes
a straight line, the damping properties of the alloy meet
the G—L theory [10,14]. Figure 4 also shows that among
three kinds of alloys, only LAS1 fits the theory. As
both of LA91 and LA141 alloys have BCC-structured
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Fig. 4 G—L plot of as-cast LA51, LA91, and LA141 alloys
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[S-Li phases but LAS1 does not have. It can be inferred
that the -Li phase creates a new damping effect.

Figure 5 shows the heating curve of internal friction
0! versus temperature in the range from 30 to 300 °C
for the as-cast Mg—xLi—1Al alloys measured at constant
strain amplitude of 22 pum under a heating rate of 5
°C/min and with a frequency of 1 Hz. It can be seen in
Fig. 5 that the heating Q"' curve can be divided into two
parts as the changes of damping with the temperature,
which means that at a low temperature (below 50 °C) the
change of damping with the temperature is
inconspicuous while the damping has an increase at a
high temperature. In both the two parts, alloys containing
BCC-structured f-Li phase as LA91 and LA141 have
higher damping value than LAS51 which has only
HCP-structured a-Mg phase. Also in the low temperature
range, LA141 shows a best damping property and even
exceeding the high damping standard (Q '>0.01).
However, in the high temperature part, LA91 curve has a
sharp increase and shows the best damping property.
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Fig. 5 Q' versus temperature curve for as-cast alloys LAS51,
LA91, LA141 at 22 um strain amplitude, 5 °C/min heating rate
and 1 Hz frequency

From the reported study [9,15,16], there usually
turns up a peak at the low temperature part caused by the
sliding of grain boundaries in pure Mg with 99.96%
purity (mass fraction), Mg—Ni alloy with 6.2% to 22.6%
of Ni, as-annealed Mg—xLi—0.5Zn alloys with x=9.5%
and x=10.5%, and as-extruded Mg—11.2Li—0.95Al-
0.43Zn alloys. Because of the initial temperature in this
experiment is set at 30 °C, the P; peak can be seen
clearly in the three kinds of alloys.

The counterintuitive broad P; peak of LA141 in the
Fig. 5 shows that there must be more than one type of
damping systems. At the same time, according to the
Granato—Liicke dislocation damping theory [10—13], the
damping caused by dislocation movement in the low
frequency range can be expressed as follows:

o'=0"+0;" (1)
in which,
2
o' =¢ ﬂexp[—ﬂ] @
£o N
o' =Cypf*Ib? (3)

where C;, C, and Cj; are the physical constants; p is the
dislocation density; b is the burgers vector; &, and f are
the vibration strain amplitude and frequency,
respectively. Dislocation damping is direct proportional
to the dislocation density and is related to the strain
amplitude and vibration frequency. As temperature rises,
the dislocation density gets small, so the contribution of
the dislocation damping to the whole damping materials
decreases. Therefore, there exist other damping systems
after the temperature rises.

Figure 5 also reveals an internal friction peak, P,
which is at 78 °C in LAS51, 102 °C in LA91, and in 165
°C LA141, as indicated by the arrows. The P, peak,
which is also observed in pure Mg with 99.96% purity,
Mg—Ni alloy with 6.2% to 22.6% of Ni, as-annealed
Mg—xLi—0.5Zn alloys with x=9.5% and x=10.5%, and
as-extruded Mg—11.2Li—0.95Al- 0.43Zn alloys, was
reported to be caused by the sliding of grain boundaries
[16].

The LA91 curve undergoes a sharp increase after P,.
According to Fig. 2, this phenomenon is caused by the
emergence of the MgAlLi, phase and the coexistence of
HCP and BCC structures. The MgAILi, phase usually
exists at grain boundaries at a low temperature, hence, it
always blocks slippage. When the temperature rises, the
MgAIlLi, phase dissolves into the matrix, reduces the
impurities and the sliding resistance at the grain
boundaries, and causes the damping capacity to rise. The
phase interface of LA91 increases markedly, and is more
likely to generate dislocation because of the coexistence
of the HCP and BCC structures. As a result, the increase
in the range of the damping capacity in LA91 is much
greater than that in the single-phase LAS1 and LA141.
The illustration further indicates that the addition of
BCC-structured f-Li phase is benefit to improve the
damping property and this kind of coexistence structure
makes alloys a better damping performance.

4 Conclusions

1) The LAS1 alloy is rich in a-Mg, whereas LA141
alloy is rich in S-Li phase. The LA9I alloy has two
phases in major status and an MgAILi, phase in minor
status. They are precipitated along the grain boundaries
and in the grains.

2) At room temperature, the addition of
BCC-structured f-Li phase into the matrix alloy can
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promote dislocation motion and enhance the damping
capacity before reaching the critical strain amplitude of
the alloy. And beyond the critical strain amplitude, the
increasing speed of damping properties depends on the
elastic modulus. The addition of BCC-structured f-Li
phase into the matrix alloy can also change the damping
effects from the G—L theory into other unknown ones.

3) All the three kinds of alloys have two peaks in
the heating curve: P; peak caused by the movement of
dislocations on the basal planes, and the P, peak caused
by the sliding of grain boundaries. Both the curves of
LAS1 and LAI141 undergo a slight change with the
increasing temperature, whereas LA91 exhibits a sharp
increase attributed to the emergence of the MgAlLi,
phase and the coexistence of the HCP and BCC
structures. The addition of BCC-structured f-Li phase
makes the alloys change its damping system and get a
better damping performance.
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