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Abstract

The paper deals with the effect of Al content in two-phase Mg-10Li-zAl (z = 0, 1, 5) alloys
on their straining behaviour before and after severe plastic deformation by high pressure tor-
sion. Both coarse-grained and ultrafine-grained alloys were compression strained in channel-die
device with simultaneous acoustic emission monitoring. It has been observed that Hall-Petch
strengthening in ultra-fine grained alloys superposes with the strengthening resulting from Al
alloying (solution hardening, particulate strengthening). Superposition of these strengthening
mechanisms becomes stronger with increase in Al content, presumably due to enhanced grain

refining effect.

Key words: Mg-Li-Al alloys, grain refinement, high pressure torsion, acoustic emission,

Hall-Petch strengthening

1. Introduction

Alloying of magnesium with lithium significantly
reduces its density and markedly improves the cold
formability. Nevertheless, Mg-Li based alloys possess
relatively low strength, especially those with high Li
content. To reach the strength-ductility compromise,
two-phase Mg-Li alloys (4-11 wt.% Li) are preferred
in which stiffer hcp a-phase is dispersed within ductile
bee S-matrix [1]. In these alloys, hep a-phase is Mg(Li)
solid solution while bee B-phase is Li(Mg) one without
forming intermetallics [2]. Because of similar atomic
radii no significant solute strengthening takes place
in binary Mg-Li alloys. Adding of aluminium causes
additional strengthening either by Al solute or by
the precipitation of metastable MgAlLi; and/or stable
AlLi phases [3]. This makes Mg-Li alloys more suitable
for engineering applications.

Application of severe plastic deformation (SPD)
on two-phase based Mg-Li alloys refines both o and
(3 constituents down to submicron sizes thus initiat-

ing considerable Hall-Petch strengthening [4, 5]. It is
worthy to note that in two-phase Mg-Li based alloys
the Hall-Petch strengthening may be frustrated by
very high Li diffusivity in (B-phase that initiates the
Coble type creep even at the room temperature [6]. A
question arises how the Hall-Petch strengthening su-
perposes with other strengthening mechanisms (solid
solutions precipitation) operating in ultrafine-grained
two-phase Mg-Li-Al alloys. Present paper deals with
this topic.

Three two-phase Mg-Li alloys differing in their
hardening mechanisms were selected for current exper-
iments: Mgl0Li (no hardening), MglOLilAl (solution
hardening) and Mgl0Li5Al (solution and precipitation
hardening). These alloys were prepared by melting &
casting followed with high pressure torsion (HPT) to
create the sub-microcrystalline structure. HPT is con-
sidered the most powerful SPD technique for produ-
cing exceptionally small grain sizes [7]. Both coarse-
and ultrafine-grained alloys were compression strained
in channel-die device with simultaneous acoustic emis-
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sion (AE) monitoring. Main intention of this work is to
examine the interplay between the strengthening res-
ulting from Al alloying and the Hall-Petch strength-
ening in HPT processed Mg-Li-Al alloys.

2. Experimental
2.1. Alloys preparation

The alloys with nominal compositions of Mg-
-10wt.%Li, Mg-10wt.%Li-1wt.%Al and Mg-10wt.%Li-
-5wt.%Al were prepared by the melting of pure mag-
nesium, lithium and aluminium (purities of 99.9 %,
99.0% and 99.9 %, respectively) followed by casting
into cold low-alloyed steel mould (40 x 40 x 20 mm?).
Both melting and casting operations were conduc-
ted in the same chamber under argon pressure of
0.5 MPa after previous evacuation. The actual alloy
compositions as determined by wet chemical analysis
were Mg-9.88wt.%Li, Mg-9.92wt.%Li-1.03wt.%Al and
Mg-9.74wt.%Li-4.74wt.%Al. The alloys prepared were
naturally aged during long-term storage (more than 40
days) at ambient temperature.

2.2. High pressure torsion

HPT was conducted in constrained version at the
room temperature in which the disc-shaped sample
was inserted into the cavity between two anvils and
torsionally strained by 1-3 rotations of the upper an-
vil under the compression of 3 GPa. After N rotations,
for a disc sample with the radius of R and the height
of [, the dilatational strain v = (2rRN)/l and the equi-
valent strain ex = 7/1.73 have been reached [7]. The
discs before HPT were 10 mm in diameter and 2 mm
in thickness.

2.3. Channel-die compression

The channel-die test is a plane strain test in which
the specimen is compressed by the punch while the
lateral spreading is blocked by two walls so that the
sample can extend only along a single direction thus
creating biaxial stress state. Compression in channel-
-die set was performed in testing machine INSTRON-
3382 under the traverse velocity of 0.05 mm min~—!
wherein external loading F was continuously recor-
ded. The channel-die block was made of quenched steel
having the distance of 10 mm between the side walls.
The size of disc samples tested (10 mm in diameter)
was nearly the same as the walls distance. Channel-
-die assembly greatly facilitates the transduction of
AE signal from deformed sample to recording appar-
atus which enables to detect very weak AE signals
emitted by ultrafine-grained structures. This was the
main reason why the channel-die version was used
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Fig. 1. Optical micrograph of as-cast Mgl0Li alloy. Etching
agent: 2 % HCI in water-free iso-propanol.

for straining experiments. The samples tested were of
identical geometry to compare their loading-strain re-
sponses.

2.4. Acoustic emission

The disc samples were inserted into channel-die
block on a thick parallelepiped ceramics rod serving as
a waveguide for AE signals. The samples were covered
with teflon foil to eliminate the friction effects. Total
amplification of the AE analyzer was 70 dB and the
sampling frequency was 44.1 kilosamples per second.
Each AE signal registered contained 300 MB data of
digital samples. The files recorded were converted us-
ing the numerical program to obtain the plot AE event
rates versus time.

3. Results and discussion
3.1. Coarse grained alloys

Equilibrium Mg-Li phase diagram predicts that
Mg-10wt.%Li alloy has a two-phase structure a + 3
in which a-MgLi (hcp) is dispersed in 3-MgLi (bcc)
[8]. Such a dual structure is formed during solidific-
ation of respective Mg-Li liquid (L) wherein « con-
stituent precipitates from [ matrix by the Widman-
stitten type solidification L — 8 — a4+ [ as the tem-
perature decreases. Accordingly, current MglOLi alloy
consists of polycrystalline § matrix with fairly large
grains (500-600 pm) inside which about one order of
magnitude single-crystalline a phase is uniformly dis-
persed (Fig. 1). Volume fraction of « phase (about
12 %) was determined by the linear intercept method.

AE of channel-die strained diphase MglOLi alloy
can be roughly considered the sum of AE of a and
0 constituents. Earlier AE inspections of single phase
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Fig. 2. AE events rate and force versus time during
channel-die compression of as-cast MglOLi.

a-Mg4Li and 3-Mgl2Li alloys have revealed that AE
response of a-MgdLi was about 3—4 orders of mag-
nitude higher than that of 8-Mgl2Li [9]. Strong con-
tinuous AE signal in the vicinity of yield point falling
rapidly down to the base level emitted from a-Mg4Li
can be related to massive dislocation slip on pyramidal
planes of hcp phase activated by the decrease in cell
parameters ratio ¢/a due to Li alloying [10]. On the
other hand, weak AE bursts produced by g-Mgl2Li
appeared irregularly during whole straining period ex-
hibiting significant maximum around the yield point
are indicative of dislocation climb promoted by ex-
tremely fast diffusion of Li in bec structure [11]. These
results will be used below to elucidate AE behaviour
of present Mg-Li and Mg-Li-Al alloys.

Dramatically different AE activities of a and
components suggest that resultant AE of diphase
Mgl0Li alloy reflect mainly the contribution of «
phase despite its small volume fraction. Accordingly,
channel-die strained MglOLi alloy produces continu-
ous AE patterns qualitatively similar to that of single
phase a-Mg4Li. After reaching its maximum AE falls
rapidly down being kept on very low level over the
whole post-yielding period (Fig. 2). As already men-
tioned, such an AE response can be ascribed to crys-
tallographic slip in o phase mainly under participation
of non-basal dislocations [12].

Low-temperature equilibrium Mg-Li-Al phase dia-
gram suggests that Mgl0Lil1Al has a two-phase a + 3
structure while MglOLi5Al should consist of three
phases, namely «, § and AlLi [13]. Natural ageing of
Mg-Li-Al alloys leads to the precipitation of coherent
MgLiAl; that transforms to incoherent AlLi particles
during long-term room-temperature storage [14]. It is
remarkable that fine particles AlLi (50-100nm) pre-
cipitate only in § region mainly around «/3 bound-
aries while no precipitation occurred in a-phase [15,
16].

Rapid drop in AE activity of Mgl0LilAl can be
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Fig. 3. AE events rate and force versus time during
channel-die compression of as-cast MglOLi1Al
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Fig. 4. AE events rate and force versus time during
channel-die compression of as-cast MglOLi5Al

ascribed to enhanced resistance of dislocation slip in
hcp a-phase due to dissolved Al atoms. AE record of
Mg10Lil1Al remains still continuous exhibiting minor
bursts that are likely generated by inhomogeneous
plastic flow due to the interaction of mobile disloca-
tions with Al solute (Fig. 3). Twinning as other pos-
sible source of AE bursts has not been evidenced by
microstructural observations.

In contrast, strong continuous AE signal of Mgl0-
-Li5Al alloy, resembling that of MglOLi, suggests that
no hardening occurs in a-phase despite high nominal
Al content (Fig. 4). Reason for this rather surprising
observation is unclear at present. It may be tentat-
ively explained with earlier precipitation of AlLi from
supersaturated f-matrix during cooling thus leaving
too little Al amount for the strengthening of a-phase.
Note that similar AE features appeared also during
channel-die compression of two-phase Mg8LizAl alloys
(z varied between 0 and 5) [9].

The relation between AE and mechanical responses
of current MglOLi based alloys is not straightforward
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because AE matches practically only the yielding of
a-phase while the macroscopic yielding depends on
both a and [ constituents. Moreover, because of
quite low volume fraction of a-phase, the macro-
scopic strength seems to be governed mainly with
(8 phase. The load-time curves demonstrate that Al
adding to MglOLi causes considerable alloy strength-
ening (Figs. 2-4). When taking the departure from the
linear course as the indication of the yielding onset, it
is seen that the loadings at which Mgl0Li, MglOLi1Al
and MglOLi5Al start to yield (8, 10 and 13 kN, re-
spectively) increase persistently with Al content. This
observation is consistent with the yielding data re-
ported for two-phase Mg-Li-Al alloys in the literature
[2, 3]. Present AE records indicate that in Mgl0Lil1Al
significant hardening of a-phase takes place due to
Al alloying, while in Mgl0Li5Al no hardening of a-
phase is recognizable despite high nominal Al con-
tent. This suggests that macroscopic strengthening in
MglO0Li5Al is entirely at the expense of 3 constituent
(solid solution, precipitation).

AE records in Figs. 2—4 also show that onsets of
macroscopic yielding of alloys tested are asynchronous
with the maxima of AE signals appearing in the pre-
yielding period. This phenomenon can be explained
with the microplasticity resulting from complex mul-
tiaxial loading taking place during channel-die strain-
ing [17].

3.2. Ultrafine grained alloys

Application of HPT on current Mg-Li and Mg-Li-
-Al alloys resulted in great refinement of their struc-
tures (Fig. 5). TEM images show that their structure
consists of nearly equiaxed « and (§ grains with the
size of several hundreds nanometers, i.e. they are by
2 and 3 orders of magnitude smaller than in as-cast
state (Figs. 6a,b). Hence, S-grains have been refined
much faster than a-phase which agrees with obser-

Fig. 5. The refining effect in MglOLi alloy after HPT pro-
cedure. Optical micrograph (no etching).

vations reported by other authors [5]. It is also seen
that Al alloyed samples after HPT exhibit consider-
ably finer structure than MglOLi: while MglO0Li after
HPT has the mean grain size 400-500nm (Fig. 6a),
that in Mgl0Li5Al is about 100 nm (Fig. 6b). Favour-
able effect of alloying on the grain refinement dur-
ing SPD is generally explained with decreasing recov-
ery rate in solid solution alloys, either through reduc-
tion in dislocation mobility [18] or lowering in stack-
ing fault energy [19]. These observations imply that
generation of ultra-fine structure during SPD is gov-
erned mainly with the coalescence of subgrains while
the condensation of dislocation tangles and formation
of cells in early recovery stage are of lesser relevance.

Mechanical behaviour of ultrafine grained metals
(I pm > d > 0.1 um) is usually interpreted in terms of
the core-mantle model dividing the grains into a grain
interior (core) and a grain-boundary region (mantle)
[20]. According to this concept, mantle (thickness
of 10-100nm) produces the starter dislocations that

Fig. 6. TEM images of UFG structures after 3 HPT rotations — peripheral parts of disc samples: (a) MglOLi, (b) MglOLi5Al
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Table 1. Loads at the yielding onset and sums of AE events recorded during channel-die compression of both as-cast
samples and HPT processed samples

Alloy material

Load of yielding onset (kN)

Sum of AE events, x103

Mgl0Li, as-cast

MglOLi, after HPT (3 rotations)
Mgl0LilAl, as-cast

Mgl0LilAl, after HPT (2 rotations)
Mgl0LilAl, after HPT (3 rotations)
Mgl0Li5Al, as-cast

Mgl0Li5Al, after HPT (3 rotations)

8
12
10
16
16
13
22

979
33
9.7
1.4
0.8
914
124

cross-slip and multiply upon emission inside the grains
thus creating a work-hardened zone. Consequently, the
dislocation pile-up is formed that reduces free paths
of mobile dislocations and constrains their move-
ment which leads to rapid decrease in AE activity.
Moreover, the dislocation motion looses its collect-
ive behaviour so the grains are deformed by success-
ive motion of individual dislocations as manifested by
burst-like AE patterns [21, 22].

There are collected in Table 1 the sums of recorded
AE events and the yielding onsets of channel-die com-
pressed alloys before and after HPT. It is seen that
ultrafine-grained samples are markedly stronger than
those coarse-grained. In both cases the strength tends
to increase with increase in Al content. Accordingly,
the yielding onset of as-cast alloys increases along the
series Mgl0Li — MglOLilAl — MglOLi5Al by ~ 62 %
(8—10—13 kN), while corresponding increase after HPT
operation is ~ 83 % (12—16—22kN). This suggests that
Hall-Petch strengthening after HPT rises more rapidly
with Al alloying. Apart from other possible reasons, it
may be connected with the above mentioned favour-
able effect of Al alloying on the grain refinement.

The solution strengthening in nanostructured al-
loys generally operates in the same way as in con-
ventional coarse-grained alloys [23]. Thus, in ultra-fine
grained MglOLilAl it may be expected the superpos-
ition of Hall-Petch strengthening and the hardening
due to Al solute. On the other hand, the superposition
of Hall-Petch strengthening and precipitation harden-
ing in MglOLi5Al is hardly expectable because the
grain sizes after HPT (about 100 nm) are nearly com-
parable with the size of incoherent AlLi precipitates
(50-100 nm). In this case the Orowan type mechanism
operating in single grains through formation of dislo-
cation loops around particles cannot be effective. The
particulate composite strengthening is known to cause
only relatively small increase in the yielding stress.
Therefore, the only relevant strengthening in ultrafine
grained MglOLi5Al seems to be connected with the
grain refinement of J-phase combined with Al solute
hardening, while the strengthening with AlLi particles
is of minor significance.

AE patterns of MglOLi alloy after three HPT ro-
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Fig. 7. AE events rate and force versus time during com-
pression test of MglOLi alloy after HPT (3 rotations).
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Fig. 8. AE events rate and force versus time during com-
pression test of MglOLi1Al after HPT (2 rotations).

tations are essentially of continuous type exhibiting
pronounced bursts with the maximum in pre-yielding
stage (Fig. 7). This suggests that dislocation slip in
a-phase is strongly restricted, apparently due to rapid
size reduction. Smaller AE bursts appearing during
entire post-yielding period may indicate the sliding
and/or decohesion at o/ interfaces.

Figures 8 and 9 show AE records of MglOLilAl
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Fig. 9. AE events rate and force versus time during com-
pression test of MglOLilAl after HPT (3 rotations).
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Fig. 10. AE events rate and force versus time during com-
pression test of MglOLi5Al after HPT (3 rotations).

alloy after two and three HPT rotations, respectively,
indicating nearly comparable very small burst-like AE
maxima in the pre-yielding period followed with AE
bursts slightly over the base level. Such an exceedingly
low AE activity is attributable to the hindering of dis-
location slip due to the coupled effect of dissolved Al
atoms and grain size refinement. Negligible AE bursts
in the post-yielding period may be ascribed to the slip
and/or decohesion at «/0.

AE count rate for MglOLi5Al alloy after 3-fold
HPT is shown in Fig. 10. Unlike the coarse-grained
Mgl10Li5Al, monotonous burst-like AE counts ap-
pear over entire straining period reaching the level of
about 30s~!. Extensive refinement of a-phase down
to ~ 100 nm imposes strong obstruction on the dis-
location slip so that continuous AE fully disappears.
Decohesion of a-particles and/or incoherent AlLi pre-
cipitates occurring in J matrix may operate as pos-
sible sources of AE bursts, similar to those observed
typically in particle strengthened metallic composites
[24] and/or ageing hardened metallic alloys [25].

4. Concluding remarks

The present results suggest that Hall-Petch streng-
thening in MglOLi, Mgl0Li1Al and Mgl0Li5Al alloys
after HPT is roughly additional to the strengthen-
ing from Al alloying (solid solution, precipitation).
In other words, the higher initial strength of coarse
grained alloys, the higher strength of respective ultra-
fine grained ones. Moreover, significant progressivity
in Hall-Petch strengthening with increase in Al con-
tent has been observed. The refinement degree by
HPT is significantly promoted by Al alloying wherein
the final grain sizes vary roughly between 100 and
500 mm. Remarkable strengthening in HPT processed
Mgl0Li1Al may be attributed to the coupled effect
of solution hardening and grain refinement while the
strengthening in HPT processed MglOLi5Al can be
ascribed mainly to the grain refinement and harden-
ing with Al solute at the solubility limit. It is believed
that the strength level of alloys studied is mainly
governed with the strength of matrix §-phase as the
volume fraction of a-phase is quite small (12 vol.%).
AE provides useful additional information on the rela-
tion between the structure refinement and the deform-
ation behaviour, even though it matches mainly the
mechanical response of a-phase. Strongly suppressed
dislocation slip in HPT processed samples is displayed
by rapid drop in AE activity which more or less cop-
ies the trends of the size reduction of a-phase. Weak
AE bursts observed in Mgl0Li5Al after HPT may be
ascribed to the friction of a-grains and/or AlLi inter-
metallics with 8 matrix.
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