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a b s t r a c t

The compressive mechanical properties of Mg–8Li–1Al–1Ce alloy were investigated under quasi-static 
strain rates (0.0001/s, 0.001/s, 0.01/s, and 0.1/s) and high strain rates up to �2700/s at room temperature. 
The experimental results indicate that the flow stress and strain rate sensitivity increase with increasing 
strain rate. Microstructure observation by optical microscopy reveals that the distribution of compound 
Al2Ce is influenced by the strain rate: when strain rate is higher, the comp ounds Al 2Ce distribute in both a
and b phases; when strain rate is lower, most of the comp ounds Al 2Ce distribute in b phase and in the 
boundaries between a and b phases. Furthermore, it is found that the twinning forms in extruded 
Mg–8Li–1Al-1Ce alloys when deformed at high strain rates, and the amount of twinning increases with 
increasing strain rate, the deformation mechanism of Mg–8Li–1Al–1Ce alloy at high strain rates is a com- 
bination of dislocation motion and twinning. 

� 2013 Elsevier Ltd. All rights reserved. 

1. Introduction 

Magnesium–lithium (Mg–Li) alloys, as the lightest known 
metallic structural materials [1], have been applied in the fields
of the aerospace, lightweight weapon, automobile, portable equip- 
ment, etc. [2–4]. However, the more extensive applications of these 
binary Mg–Li alloys are restricted due to their low strength, and 
some alloying elements are therefore added into binary Mg–Li
alloys to improve their mechanical performance [5–11]. For exam- 
ple, aluminum element is often used as a solid solution strengthen- 
ing element, and cerium element is one of the mostly used alloying 
elements to refine the grain size of magnesium alloys [12]. To thor- 
oughly understa nd the deformation and fracture mechanisms for 
further improving the mechanical properties of Mg–Li alloys, the 
microstructur es, mechanical properties, and the effect of alloying 
elements have been studied until now [8,13–15]. For instance, Dro- 
zd et al. [8] investiga ted the mechanical properties of ultra light 
Mg–Li–Al alloys LA43 and LA45 at elevated temperature s, their re- 
sults demonst rated that the test temperature has a marked effect 
on the mechanical properties (yield strength and ultimate tensile 
strength) and deformation mechanisms. In our previous work, 
the microstructures and quasi-static mechanical propertie s of cast 
and extruded Mg–Li alloys were studied [13], the results show that 
the microstru cture becomes refined and the mechanical properties 
enhanced after extruded. The effect of the addition of alloying ele- 
ments Y [14], Sn [15] and Ca [16] on microstructur es and mechan- 

ical properties of Mg–Li alloys were also analyzed, and the results 
of our previous work indicate that the grains of Mg–Li alloys were 
refined and the mechanical properties were improved due to the 
addition of alloying elements [14–16]. A critical content of alloying 
element correspondi ng to the maximum strength of Mg–Li alloy 
was determined experimental ly in our work [15]. Under high 
strain rate conditions, Sha et al. [17] studied the dynamic deforma- 
tion behavior of Mg–8Li alloy using Hopkinson pressure bar exper- 
imental techniqu es, it can be concluded from their results that, 
when the strain and strain rate reach critical values, the deforma- 
tion localization (shear band) occurs, the damage mode of Mg–Li
alloy under high strain rate is shear localization , while such a
phenomeno n is rarely found under quasi-static loading. The effect 
of Li amount on the crack propagation behavior and fracture mech- 
anisms of Mg–Li alloys was also investiga ted under high strain rate 
[18]. It can be seen from the literatures that most studies were 
performed under quasi-static loading conditions, and the work 
associate d with the high strain rate deformation and fracture 
mechanis ms is quite limited. However, the structures and compo- 
nents made by these light-weigh t alloys are often subjected to dy- 
namic loading during their manufactur e and service, it is therefore 
essential to study the mechanical properties of Mg–Li alloys under 
high strain rate, as the mechanical response and failure mecha- 
nisms of Mg–Li alloys under high strain rate is dramatically differ- 
ent from that under quasi-stati c loading. 

In this work, the compressive mechanical response and the 
strain rate sensitivity of Mg–8Li–1Al–1Ce alloy at various strain 
rates are studied under room temperature , and the deformat ion 
mechanis ms of the Mg–Li alloy is also addressed based on micro- 
structure observation. 
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2. Material and experiment al procedure 

The material used in this work is an extruded Mg–8Li–1Al–1Ce 
alloy, the chemical compositi on is given in Table 1. Two main pro- 
cesses, casting and extrusion, were employed to obtain Mg–Li alloy 
for experimental investiga tion. Firstly, the pure magnesium , lith- 
ium, aluminum and Mg–26Ce master alloy were melted in a vac- 
uum melting furnace with argon atmosph ere and then put in a
permanent mold to obtain an ingot with a diameter of 50 mm; sec- 
ondly, the cast Mg–8Li–1Al–1Ce alloy was reheated to 573 K and 
kept this temperature for 12 h in a furnace with protective gas, 
and then it was squeezed into rod at the extruding speed of 
2.0 m/min . The rod with a diameter of 14 mm was finally produced 
for microstructure observati on and mechanical tests. 

Specimens for microstructur e observation were cut from the 
extruded rod and then mounted, polished, and etched using 
1 vol.% nital, their microstructur es were analyzed using an optical 
microscopy (LEICA DM IRM). The phase structure of the Mg–Li
alloy was analyzed by X-ray diffraction (D/Max2500PC Rigaku)
with monochromati c Cu Ka radiation, and 2-theta angle range of 
15�–85�, XRD phase identification was assisted by MDI Jade soft- 
ware. Specimens for compression tests under quasi-static and high 
strain rates were regular cylinders with dimensions 5 mm diame- 
ter � 5 mm length, they were directly machined from the extruded 
rod using EDM. The mechanical tests were performed at room tem- 
perature, and the loading axis was parallel to the extruded direc- 
tion of the Mg–Li alloy. Quasi-sta tic compression tests were 
carried out on Instron 8800 load frame at the strain rates of 
�0.0001/s, �0.001/s, �0.01/s and �0.1/s in accordance with the 
ASTM E9-09. The high strain rate compression tests were carried 
out on a split Hopkinson pressure bar (Fig. 1), which mainly con- 
sists of pressure gun, striker bar (projectile), incident bar, transmit- 
ted bar and the data acquisition system. The incident and the 
transmission bars were each 800 mm in length, while the striker 
bar having a length of 290 mm was used in this work. Both the bars 
and the projectile were of a diameter of 14.5 mm and comprised of 
a high strength steel. 

The dynamic compression test is conducte d by shooting the 
striker bar from a gas-gun. The striker bar impacts the incident 
bar, thereby generating an incident compressive stress pulse, 
whose amplitud e and the duration are well-defined by adjusting 
the velocity and the length of the striker bar. This loading pulse 
propagates along the incident bar toward the specimen. When 
the incident pulse reaches the interface between the incident bar 
and the compressive specimen, part of the incident pulse is trans- 
mitted through the specimen and into the transmission bar as a
compressive pulse, deforming the compression specimen. Simulta- 
neously, the remainder of the incident pulse is reflected back into 
the incident bar as a tensile stress pulse. The incident et (t) and the 
reflected er (t) strains are measured by strain gauges glued at the 
midpoint of the incident bar, while the transmitted et (t) strain is 
measured by the strain gauge glued at the midpoint of the trans- 
mission bar. It is worth noting that the incident and transmitted 
strains are both compress ive strains and are considered positive 
values, whereas the reflected strain represents a tensile strain 
and is negative These recorded signals are input into a computer 
program to achieve the stress (strain rate)–strain curves of the 
tested materials. Under stress equilibrium conditions, the stress, 
strain, and strain rate can be calculated using the transmitted et

and reflected er strains in terms of one-dimensional stress wave 
theory [19] as:

rðtÞ ¼ E
A0

A
etðtÞ ð1Þ

eðtÞ ¼ 2C0

L0

Z
erðtÞdt ð2Þ

_eðtÞ ¼ 2C0

L0
erðtÞdt ð3Þ

where r is the engine ering stress (MPa), e the engineerin g strain, et

(t) the transmitted strain, er (t) the reflected strain, _eðtÞ the strain 
rate (1/s), E the young modulus of incident and reflected bars 
(GPa), A the cross sectional area of incident and reflected bars 
(m2), A0, l0 the cross sectional area and length of specimen 
(respectively m2 and m), C0 is the longitudin al wave veloci ty in 
the bars (m/s).

3. Results and analysis 

3.1. Microstruc ture of the extruded Mg–8Li–1Al–1Ce alloy 

The microstructur es by an optical microscopy and XRD patterns 
of Mg–8Li–1Al–1Ce alloy are shown in Figs. 2 and 3, respectively. It 
can be seen from Figs. 2 and 3 that three phases, a phase (white), b
phase (gray) matrix and compound Al 2Ce are found in Mg–8Li–
1Al–1Ce alloy. Both a and b phases are elongated along the ex- 
truded direction, most of the compounds Al 2Ce distribute in b
phases and in the boundaries between a and b phases.

3.2. Stress–strain response of the extruded Mg–8Li–1Al–1Ce alloy 

Typical stress pulses (eiðtÞ; erðtÞ; and etðtÞ) recorded by strain 
gauges in Hopkinson pressure bar test are shown in Fig. 4. The typ- 
ical shape of incident pulse is a square, while the shapes of re- 
flected and transmitted pulses are different from that of incident 
pulse, which is dependent upon the properties of tested materials 
[20].

The stress, strain and strain rate are determined using these re- 
corded reflected and transmitted pulses. However, it should be rec- 
ognized that these mechanical parameters given by Eqs. (1) and (2)
are the engineering stress and engineering strain. In order to calcu- 
late strain rate sensitivit y, the true stress S and true strain d need to 
be converte d from engineeri ng stress and strain using the follow- 
ing equation [21]:

S ¼ rð1þ eÞ
d ¼ lnð1þ eÞ

�
ð4Þ

Typical true stress–strain curves determined at various strain 
rates are potted in Fig. 5. It is noted that the flow stress increases 
gradually with increasing strain, and the flow stress also increases 
with increasing strain rate. The experimental facts that the flow
stress increases with both increasing strain and strain rate indicate 
that the Mg–8Li–1Al–1Ce alloy has a strong work hardening 
behavior, the flow stress is quite sensitive to strain rate, which 
can be seen from the comparison among the flow stresses mea- 
sured the same strain but different high strain rate. For example, 
at the same strain of �0.12, the flow stress at strain rate of 
�0.001/s is �218 MPa, while at strain rate of �1700/s it increases 
to � 292 MPa (see Fig. 5 for details), thereby the increment of the 
flow stress is calculated to be �74 MPa when the strain rate in- 
creases to �1700/s from 0.001/s, it is evident that the flow stress 
of Mg–8Li–1Al–1Ce alloy is strongly dependent of strain rate, Such 
a strain rate sensitivity can be also found in another magnesium -

Table 1
Chemical composition of Mg–8Li–1Al–1Ce.

Element Li Al Ce Mg 

wt.% 7.842 0.982 0.902 Balance 
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