Journal of Alloys and Compounds 465 (2008) 210-215

Journal of

AND COMPOUNDS

www.elsevier.com/locate/jallcom

Low-frequency damping properties of dual-phase
Mg—xLi—0.5Zn alloys

S.K. Wu®*, S H. Chang®, T.Y. Chou?, S. Tong®

2 Department of Materials Science and Engineering, National Taiwan University, Taipei 106, Taiwan
5 Department of Chemical and Materials Engineering, National I-Lan University, I-Lan 260, Taiwan
¢ Chung-shan Institute of Science and Technology, P.O. Box 90008-8-5, Lung-Tan, Taoyuan 325, Taiwan

Received 22 September 2007; received in revised form 30 October 2007; accepted 30 October 2007
Available online 6 November 2007

Abstract

Low-frequency damping capacities of dual-phase Mg—xLi—0.5Zn alloys with x=6.0 (a-rich LZ60), 9.5 (LZ100) and 10.5 (3-rich LZ110) are
studied by dynamic mechanical analyzer. Both LZ100 and LZ110 have a significant P; peak but only LZ110 exhibits a significant P, peak. LZ60
does not show any obvious internal friction peak and has the lowest tan § value of high-temperature damping background (HTDB). Both P; peak
and HTDB of LZ100 are frequency dependent and thermal activated with their activation energy being 0.87 and 0.59 eV, respectively. The relatively
low activation energy of HTDB for LZ100 is corresponding to the smaller atomic radius of Li atoms in Mg alloys which facilitates the dislocation
climbing process at moderately high temperature. The strain amplitude dependence of tan § value shows that, for LZ100 at room temperature, the

critical strain is 3 x 107>,
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Magnesium with a density of 1.74 g/cm? is the lightest of
all structural metals and this characteristic is regarded as the
most important factor in the selection and use for engineering
designs. Meanwhile, magnesium and magnesium alloys pos-
sess high damping capacity due to their good ability to absorb
energy elastically [1]. Damping capacities of magnesium and
magnesium alloys are reported to be dependent on the strain
amplitude, and are considered to be related to the disloca-
tion movement in which the dislocations are weakly pinned by
impurity atoms on the basal planes [2]. Since magnesium has
the hexagonal close-packed crystal structure, the cold-working
amount of magnesium alloys is restricted. Therefore, most mag-
nesium alloys are deformed at elevated temperature by warm/hot
working. Lithium is another light-weight metal having a density
of only 0.53 g/cm®. When lithium is added to magnesium, the
density of the alloy is reduced and its processability, ductility
and superplasticity at relatively low stresses are also improved
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[3-6]. The Mg-Li binary phase diagram shows that, with Li
content between about 5 and 11 wt.%, BCC-structured 3 phase
of Li solid solution will co-exist with HCP-structured o phase
of Mg solid solution [7]. a+ 3 dual-phase Mg-Li alloys have
been reported to have high elongation with low strength, such
as Mg—-8.5wt.% Li and Mg-9 wt.% Li having the elongation
of 610% and 460%, respectively, at room temperature [4,8].
Therefore, zinc [9—12], aluminum [12—14] and so on are usually
added to strengthen Mg—Li alloys. In this study, o + 3 dual-phase
Mg-xLi—0.5Zn alloys with x=6.0, 9.5 and 10.5 wt.% were pre-
pared. The aim of the present work is to study the low-frequency
damping capacities of o+ 3 dual-phase Mi-Li alloys with dif-
ferent o and (3 volumes through strain amplitude and frequency
damping tests. According to the experimental results, the char-
acteristics of their damping properties are discussed.

2. Experimental procedures

The alloys used in this study are Mg—xLi—0.5Zn (in wt.%) with x=6.0
(LZ60), 9.5 (LZ100) and 10.5 (LZ110). The alloys were processed in a high-
frequency induction furnace equipped with vacuum capability and Ar gas used
during the cast. The chemical compositions of cast ingots were analyzed by
the induction couple plasma (ICP) apparatus. The ingots were rolled at room
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temperature with rollers maintained at 160 °C. The initial 37 mm-thick ingots
were thinned down to final 1 mm plates with each pass of rolling undergo-
ing ~5% thickness reduction. The rolled plates were annealed at 250 °C for
1.5h and they were the as-annealed plates used in this study. The specimens
for dynamic mechanical analyzer (DMA) tests were cut from the as-annealed
plates with the specimen’s size being 35 mm long and 5mm wide and their
longitudinal direction being along the rolling one. Internal friction tan § values
of as-annealed Mg-xLi—0.5Zn specimens were measured by a TA 2980 DMA
equipment with a single cantilever at a constant heating rate of 5 °C/min. The
testing temperature, frequency and amplitude are used in the range of 0-200 °C,
0.5-50Hz and 5-20 wm, respectively. The crystallographic features of the as-
annealed Mg—xLi—0.5Zn alloys were determined using a Philips PW 1830 XRD
instrument with Cu Ko radiation. The specimens of as-annealed Mg—xLi—0.5Zn
alloys for the microstructural observation were prepared by the standard metal-
lographic procedure with the etching solution 35 ml alcohol + 5 ml H,O +5 ml
picric acid + 5 ml acetic acid and the etching time 5s.

3. Results and discussion
3.1. Microstructure observations

Fig. 1(a)—(c) shows the as-annealed microstructures of LZ60,
LZ100 and LZ110 alloys, respectively, which are observed by a
Nikon AFX-DX optical microscopy. As can be seen, the white
area is the [ phase and the gray one is the o phase. The area
percentages occupied by a and B phases are measured by a
software “Micrometrics SE (Version 2.6)” for image analysis
and the results are 93.6% a, 6.4% [ for LZ60 alloy; 57.2% «,
42.8% B for LZ100 alloy and 18.6% o, 81.4% {3 for LZ110
alloy. Obviously, alloy LZ60 is rich in « phase, LZ110 is rich in
B phase and LZ100 has about half-half in o and 3 phases. Fig. 2
shows the XRD results of the as-annealed Mg—xLi—0.5Zn alloys
of Fig. 1. In Fig. 2, only diffraction peaks of « and 3 phases can
be observed and those of more intensive peaks are indexed their
diffracted planes. The results of Fig. 2 also indicate that LZ60
and LZ110 alloys are primarily composed of o and 3 phases,
respectively.

3.2. Damping characterization of MgLi alloys

Fig. 3 shows the heating tan § curve versus temperature for as-
annealed Mg—xLi—0.5Zn alloys with x=6.0, 9.5 and 10.5 wt.%.
The DMA experimental parameters used in Fig. 3 are 1 Hz fre-
quency, 20 wm amplitude and 5 °C/min heating rate from 0 to
200 °C. The inset shown in Fig. 3 is the magnified curves in the
range of 0-80 °C. As indicated in Fig. 3, the tan § curve of LZ110
alloy has two internal friction peaks at about 35 °C (termed P;)
and 120°C (termed P;), respectively. Both Py and P, peaks
shown in Fig. 3 are also observed in pure Mg with 99.96 wt.%
purity and Mg—Ni alloys with 6.2-22.6 wt.% Ni [15]. According
to the reported study [15], Py peak results from the movement of
dislocations on the basal planes and P, peak is caused by the slid-
ing of grain boundaries. Except P and P, peaks shown in Fig. 3,
the heating tan § curve of LZ110 can be divided into an ather-
mal internal friction background (for temperature below 70 °C)
and an exponential internal friction background (for temperature
above 70 °C). The exponential internal friction background is
also termed as high-temperature damping background (HTDB)
which has been observed in many other intermetallics [16—18].

Fig. 1. Microstructural images of as-annealed (a) LZ60 alloy, (b) LZ100 alloy
and (c) LZ110 alloy observed by an optical microscopy.

Fig. 3 also illustrates that LZ100 alloy exhibits a well-defined
Py peak at about 35 °C but no obvious P, peak can be found.
Meanwhile, the HTDB of LZ100 has a higher tané value of
HTDB than that of LZ110 when temperature is above 140 °C.
However, as shown in Fig. 3, both P and P; peaks for LZ60 alloy
are insignificant. Besides, LZ60 has the lowest tan é value in both
athermal internal friction background and HTDB among these
three alloys. Above results indicate that the microstructure of as-
annealed Mg—xLi—0.5Zn alloys can significantly influence the
damping behavior of internal friction peaks and internal friction



212 S.K. Wu et al. / Journal of Alloys and Compounds 465 (2008) 210-215

3000

. @ « phase
(110)

SR o W P phase

(1010)a

2000}
=
g (200) p
= (0222)

o

2 1500f
K
[7]
o Mg-10.5Li

1000 e N

e
Mg-9.5Li
500
Mg-6Li
0
20 70 80 90

Fig. 2. XRD results of as-annealed LZ60, LZ100 and LZ110 alloys at room
temperature.

background. Since LZ60 alloy has the lowest tan § value in both
athermal internal friction background and HTDB, it implies that
the damping capacity of HCP-structured o phase is inferior to
that of BCC-structured 3 phase. This characteristic is possibly
related to the insignificant P; and P, peaks in LZ60 alloy. Fig. 3
also shows that LZ100 alloy has rather good tan § values in the
overall range of 0—200 °C. Thus, LZ100 alloy is chosen to study
its damping capacity as a function of frequency and amplitude,
as demonstrated in the following.
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Fig. 3. The tan § values vs. temperature for as-annealed LZ60, LZ100 and LZ110
alloys measured by DMA. The inset shows the magnified curves in the range of
0-80°C.
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Fig. 4. The tan § values vs. temperature under various frequencies (0.5-50 Hz)
for as-annealed LZ100 alloy. The inset shows the magnified curves in the range
of 0-80°C.

3.3. Frequency and amplitude dependence of LZ100 alloy

Fig. 4 shows the effect of frequency (0.5-50 Hz) on the tan §
value of LZ100 alloy using 5 °C/min heating rate and 20 pm
amplitude (strain £=1.2 x 10™4). The inset shown in Fig. 4 is
the magnified curves in the range of 0-80 °C. As can be seen,
the peak temperature of P; shifts to a higher temperature with
increasing frequency. This feature indicates that P peak is a
thermal activated relaxation process. Meanwhile, the tan § value
of HTDB for LZ100 alloy increases with decreasing frequency at
the same temperature. This phenomenon implies that the HTDB
of LZ100 alloy exhibits a viscoelastic characteristic at higher
temperature. Further discussions on the frequency-dependent
characteristics of Py peak and HTDB are demonstrated in next
section.

Fig. 5 shows the effect of amplitude on damping capacity
of LZ100 alloy with the amplitude at 5, 10 and 20 pum and the
frequency at 1 Hz. The inset shown in Fig. 5 is the magnified
curves in the range of 0-80 °C. The P; peak appears at 35°C
with 20 pwm amplitude having the highest tan § value. As shown
in Fig. 5, the effect of amplitude on the tan  value is not so signif-
icant except that the temperature is around 150 °C. Fig. 6 shows
the dependence of tan § value on strain amplitude (¢) in LZ100
alloy at room temperature. As can be seen, in the strains lower
than 3 x 1077, the tan & value is almost kept constant and is inde-
pendent or weakly dependent on the strain amplitude. However,
in the strains amplitude higher than 3 x 107>, the tan § values
increase rapidly with increasing strain amplitude, and finally
reach a saturated value at ¢ =10 x 10™*. The critical strain e,
which is defined as the transition strain from the strain ampli-
tude independent region to the dependent region, is 3 x 107 in
Fig. 6. This ¢ value is comparable to that reported in pure Mg
of 99.96 wt.% purity, which is 2 x 1073 [15].
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Fig. 5. The tan 6 values vs. temperature under various amplitudes (5-20 pm) for
as-annealed LZ100 alloy. The inset shows the magnified curves in the range of
0-80°C.

3.4. Frequency effect on P; peak and HTDB of LZ100 alloy

As shown in Fig. 4, the peak temperature of P; shifts to a
higher temperature when the frequency is increased. This indi-
cates that Py peak of LZ100 alloy exhibits a thermal activated
relaxation characteristic. Therefore, the relaxation time and acti-
vation energy of Py peak should follow the Arrhenius equation
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Fig. 6. Strain amplitude dependence of the tan é values of as-annealed LZ100
alloy at room temperature with 1 Hz frequency. The critical strain & is 3 x 107>.
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Fig. 7. Arrhenius plot (Inw vs. 1/T) measured from P; peak temperature in
Fig. 4.

[19]:

H
T = Tp exp <kT) (D)

where t and 7( are the relaxation time and relaxation constant,
respectively, H is the activation energy of the dislocation move-
ment, k is the Boltzmann constant and T is the temperature.
At peak temperature, relaxation time t and angle frequency w
satisfy the relationship of tpwp = 1. Therefore, Eq. (1) can be
rewritten as

1 H
wp ' = To€eXp T 2)

Since tp is a function of frequency, the Arrhenius relation of
In(w) versus 1000/Tp can be plotted, as shown in Fig. 7, and the
activation energy (H) of P; peak can be calculated as 0.87 eV.
The activation energy of P; peak for other magnesium alloys
has not been reported yet, however, this low activation energy
(0.87¢V) is close to that for the dragging process between dis-
locations and mobile point-defects in aluminum (about 0.8 eV)
[20,21].

Meanwhile, also from Fig. 4, the tan§ value of HTDB for
LZ100 alloy increases with decreasing frequency at the same
temperature. This feature indicates that the HTDB for LZ100
alloy also exhibits a viscoelastic characteristic. In dynamic
experiments, the internal friction can be described as [17]:

1
O '=tans= — 3)
Tt
Usually, there exists a distribution of relaxation time which can
be taken into account empirically by a spectrum parameter  in
Eq. (3) [22]:

o= :

 (0r)"

“

where 0 <n <1 (n=1 for “ideal” viscoelasticity). Since vis-
coelastic behavior at high temperature can be determined by
a thermally activated process, an Arrhenius equation (Eq. (1))
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holds for the relaxation time 7. For the analysis of the HTDB, it
is convenient to use the logarithmic representation of Eq. (4):

mO YT w)=-nlnw—nInt(T) (5)

Fig. 8(a) shows the logarithmic plot (InQ~! versus Inw for
various temperatures) of the HTDB data which are determined
at different temperatures above 140 °C in Fig. 4. As shown in
Fig. 8(a), the measured In 0! and In w has a linear dependence
which is in accordance with the expectation of the viscoelastic
relaxation behavior. From the slope and intercept of the fitting
lines shown in Fig. 8(a), the n value and relaxation time ()
measured at each temperature can be determined. Fig. 8(b) plots
the relaxation time (7) as a function of temperature in which 7 is
measured from various temperatures in Fig. 8(a). From Fig. 8(b),
the activation energy of the HTDB for as-annealed LZ100 alloy
can be determined from the slope of the fitting line as the value
of H=0.59eV.

The activation energy of HTDB for Mg alloys has not been
investigated in detail before. Nevertheless, in this study, the cal-
culated activation energy of HTDB for annealed LZ100 alloy
is much lower than those of reported Al or TiAl alloys, such
as Al-4at.% Mg alloy (about H=1.25eV) [23], Ti-46 at.%
Al-9at.% Nb alloy (about H=4.2-43eV), Ti-46.5at.%

Al-4 at.% (Cr, Nb, Ta, B) alloy (about H=3.8-3.9eV) and
Nig95Als05 single crystal (about H=3.3eV) [18]. Besides,
LZ100 alloy also exhibits HTDB at a lower temperature than
those of Al or TiAl alloys. Weller et al. [18] reported that the
HTDB in TiAl and NiAl alloys can be assigned to the diffusion-
assisted climb of dislocations since the activation energies of
TiAl alloys detected from high-temperature damping experi-
ments and from creep experiments are very similar. Therefore,
the lower activation energy of HTDB for annealed LZ100 alloy
indicates that the diffusion-assisted dislocations climbing pro-
cess is easier in LZ100 alloy. At the same time, the calculated
activation energy of HTDB for LZ100 is also lower than that of
the self-diffusion in pure Mg, say 1.38 eV [24,25], and that of
the grain boundary diffusion in pure Mg, say 0.95 eV [26]. This
indicates that the addition of Li atoms into Mg matrix can accel-
erate the solute atoms diffusion process or the grain boundary
diffusion process and simultaneously facilitates the dislocation
climbing process at moderately high temperature. This charac-
teristic comes from the fact that the smaller atomic radius of
Li atom can diffuse more rapidly in the relatively loose BCC-
structured [ phase and at the abundant o/ phase boundaries in
LZ100 alloy.

4. Conclusions

Low-frequency damping capacities of dual-phase
Mg—xLi—0.5Zn (in wt.%) with x=6.0 (LZ60), 9.5 (LZ100) and
10.5 (LZ110) are studied by DMA. Microstructural observa-
tions and XRD results indicate that LZ60 and LZ110 alloys are
rich in a and 3 phases, respectively, and LZ100 alloy has about
half-half in o and 3 phases. Both LZ100 and LZ110 have a
significant Py peak but only LZ110 exhibits a significant P
peak. LZ60 alloy does not show significant P; and P, peaks and
has the lowest tan § value of HTDB among these three alloys.
These results indicate that the microstructure of Mg—xLi—0.5Zn
alloys can significantly influence the damping behavior of
internal friction peaks and HTDB. The effect of frequency on
the tan § value of LZ100 alloy shows that P; peak temperature
increases with increasing frequency and its activation energy is
calculated as 0.87 eV. The dependence of tan § value on strain
amplitude in LZ100 alloy at room temperature indicates that
the critical strain & is 3 x 107> with its tan § value being lower
than the pure Mg. The activation energy of HTDB for LZ100
is only 0.59 eV which is much lower than that of self-diffusion
and grain boundary diffusion in pure Mg. This characteristic
comes from the fact that the smaller atomic radius of Li atoms
can diffuse more rapidly in the relatively loose BCC-structured
B phase and at the abundant o/ phase boundaries which
facilitates the dislocation climbing process at the same time.
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