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ACOUSTIC EMISSION IN Mg-Li-Al ALLOYS AND RELATED COMPOSITES BASED ON DIPHASE o + 8 MATRIX

SUBJECTED TO CHANNEL-DIE COMPRESSION AT ELEVATED TEMPERATURE 140°C

EMISJA AKUSTYCZNA W STOPACH I KOMPOZYTACH Mg-Li-Al NA OSNOWIE DWUFAZOWE]J o + 8
PODDANYCH NIESWOBODNEMU SCISKANIU W PODWYZSZONEJ TEMPERATURZE 140°C

The study is a continuation of the new research direction, started a few years ago in cooperation with the Institute
of Materials and Machine Mechanics of the Slovak Academy of Sciences in Bratislava, in which the acoustic emission
(AE) method is used to investigate channel-die compressed Mg-Li-Al based alloys and related composites reinforced with
short 6 — Al,O3 ceramic fibres. The aim of the studies is further documentation and explanation of the AE phenomenon in
Mg-Li-Al alloys and composites based on a + 8 diphase matrix subjected to channel-die compression at ambient and elevated
temperatures 140°C. Attempt has been made to explain the correlations occurring between AE intensity, AE activity and the
plastic deformation characteristics as well as the microstructure observed before and after deformation using the optical and
the scanning microscopy. The effect of anisotropy of the fibres distribution with respect to the compression direction has been
observed in Mg8Li/6 composites at room temperature, whereas in Mg8Li3Al/6 composites compressed at elevated temperature
140°C it has been observed that AE activity occurs in two ranges and that AE intensity is higher than that observed at room
temperature. The results are discussed on the basis of the dislocation mechanisms of plastic flow and the mechanisms related
with the microcracking processes in @ + 8 diphase based alloys and composites.

Keywords: acoustic emission, Mg-Li-Al alloys, composites with short Al,0O5 fibres, channel-die compression, microstruc-
ture, dislocations

Temat stanowi kontynuacjg, zapoczatkowanego kilka lat temu — w ramach wspélpracy z Instytutem Materialéw i Mecha-
niki Maszyn Stowackiej Akademii Nauk w Bratystawie — nowego kierunku badari wykorzystujacych metode emisji akustycznej
(EA) w testach nieswobodnego Sciskania stopéw na bazie Mg-Li-Al oraz kompozytéw na osnowie tych stopéw wzmocnionych
krétkimi wiéknami ceramicznymi 6 — AL,O;. Celem badan jest dalsza dokumentacja i wyjasnienie zjawiska EA w stopach
i kompozytach Mg-Li-Al na osnowie dwufazowej a + B, poddanych nieswobodnemu $ciskaniu w temperaturze otoczenia i
podwyzszonej 140°C. Podjgto prébe wyjasnienia korelacji zachodzacych pomiedzy przebiegiem intensywnosci i aktywnoSci
EA a charakterystykami deformacji plastycznej oraz mikrostruktura obserwowang przed i po odksztalceniu przy zastosowaniu
mikroskopu optycznego i skaningowego. W kompozytach Mg8Li/§ zaobserwowano wystepowanie efektu anizotropii rozkladu
widkien wzgledem kierunku $ciskania w temperaturze otoczenia. Natomiast w kompozytach Mg8Li3Al §ciskanych w pod-
wyzszonej temperaturze 140°C zaobserwowano wystgpowanie dwich zakres6w aktywno$ci EA i wyzsza intensywno$é EA
niz w temperaturze pokojowej. Wyniki przedyskutowano w oparciu o dyslokacyjne mechanizmy plastycznego plyniecia oraz
mechanizmy zwigzane z procesami mikropgkania w stopach i kompozytach na osnowie dwufazowej a + S.

1. Introduction density in the range of 1300+1600 kg/m® is compara-
ble to that of polymers), and particularly the composites

based on these alloys reinforced with ceramic fibres —

sity and high mechanical strength for the use in automo-
tive (e.g. housings of motor-car engines), air- and space-
craft (e.g. light computer housings) industry is one of the
important topics of the contemporary materials science
and engineering. Magnesium-lithium alloys, as the light-
est of the known metallic constructional materials (the

-

are the very attractive materials for such practical appli-
cations.

Mg-Li alloys occur in the form of three different
phases. In the range of Li concentration below 4wt.%
they present a hexagonal phase of hcp structure, where-
as the alloys with Li content higher than 12wt.% occur
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in the form of B phase with bcc structure. Mechanical
properties of a phase are worse than those of 8 phase,
which is characterized by very good machinability and
weldability [1, 2]. The alloys of Li concentration between
4 and 12wt.% are diphase and occur as a mixture of a+8
phases. Alloy additions, e.g. from 3 to 5% Al, indeed,
slightly increase the alloy or the composite density, but
distinctly improve their mechanical strength.

The realized investigations were concerned with
the determination of the relations between the acous-
tic emission (AE) behaviour and the strain mecha-
nisms in diphase alloys and related composites subject-
ed to channel-die compression at ambient and elevated
(140°C) temperatures. The temperature 140°C is relat-
ed with the heating of the housing of moto-car engine.
In order to attain this aim the results presented in our
earlier papers [3-5], concerned with the investigation of
AE behaviour in pure polycrystalline magnesium as well
as in single phase alloys and related composites have
been used in the discussion. The results obtained in the
present work are discussed also on the basis of concepts
well-known in literature [6, 7] as well as on the basis of
the authors’ own suggestions [8] that the main causes of
AE in metals are the collective processes of acceleration
and surface annihilation of many dislocations.

2. Research methods

The Mg-Li based alloys and composites were pre-
pared at the Institute of Materials and Machine Mechan-
ics of the Slovak Academy of Sciences in Bratislava
within the scheme of international cooperation. The ba-
sic Mg-Li alloys were obtained by casting of raw mate-
rials — magnesium (3N purity) and lithium (N5 purity)
metals — in a steel crucible at 800°C with subsequent
pouring into a cooled steel mould in a chamber of vacu-
um induction furnace (Balzers) under low argon pressure
(1000 Pa, of 99.999% purity) after previous evacuation
(1072 Pa). This procedure was similar to that reported
in [2].

The composites were fabricated by infiltration of a
fibrous preform with metallic melts in the laboratory
autoclave by the vacuum-pressure method. The preform
containing ~20 vol.% of short 6 — ALO; fibres was
prepared by ultrasonic stimulated dispersion of com-
mercial Saffil® RF product. The obtained composites,
containing ~10 vol.% of fibres, were characterized by
the planar-random distribution, whereas individual fibres
had the mean diameter of ~3 pum and the mean length
of ~100 um.

The composites samples, in the form cubes with
10 mm edge, were subjected to compression tests in
a testing machine INSTRON-6025, equipped with a
channel-die, which ensured plastic flow only in the com-

pression axis (ND — normal direction) and in the direc-
tion parallel to the channel axis (ED — elongation direc-
tion). The plane state of strain was realized in this way
since there was no deformation in the direction perpen-
dicular to the channel walls (TD — transverse direction).
The traverse speed of the testing machine in each test
was always the same and was equal to 0.05 mm/min.

Simultaneously with the registration of the external
compressive force F, there was measured the AE pa-
rameter in the form of the rate of AE events, dN,/dt.
A broad-band piezoelectric sensor enabled to record the
acoustic signals in the frequency range from 100 kHz
to 1000 kHz. The contact between the sensor and the
sample was maintained by means of a steel rail in the
channel-die being this way a natural wave-guide. In the
compression tests at 140°C there was additionally used
a quartz wave-guide of a special form. The number of
AE events was recorded usually within the time interval
At = 4s or 6s. The total amplification of the apparatus
was 86 dB, and the threshold voltage of the discrimina-
tor was in the range 1.17+1.20 V. In order to minimize
the undesired effect of friction against the channel walls,
each sample was covered with a Teflon foil.

Moreover, before and after each test, there have
been carried out microstructure observations using the
standard technique of optical and scanning microscopy.
This way, in many cases, besides of both acoustic (time
dependence of the rate of AE events) and mechanical
(work-hardening curve in the version force-time) char-
acteristics there are presented micrographs which reflect
the most essential elements of the microstructure being
the result of deformation and/or the microcracking mech-
anisms. The force-time relationship corresponds, with a
rough approximation, to the work-hardening curve in the
version stress-strain since the elongation of the sample
increases linearly with time due to the constant traverse
speed of the testing machine.

3. Results and discussion

The starting point for the discussion of the deforma-
tion mechanisms in Mg-Li-Al/§ composites on diphase
a + B basis, subjected to channel-die compression at
elevated temperature 140°C, were the results obtained
for pure alloys on diphase a + 8 matrix, i.e. Mg8Li,
Mg8Li3Al and Mg8Li5Al alloys and related composites
subjected to channel-die compression at room tempera-
ture.

3.1. Acoustic emission in Mg8Li, Mg8Li3Al and
Mg8Li5Al alloys at ambient temperature

Fig.1 shows the graph of the rate of AE events and
of the external compressive force as a function of the
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Fig. 1. The course of AE events rate and of the compressing force in alloys on diphase a + 8 basis: (a) — Mg8Li, (b) — Mg8Li3Al and (c) —
Mg8Li5Al, subjected to channel-die compression at ambient temperature

duration of the channel-die compression test of Mg8Li
alloys.

It is characteristic fact that the maximal level of the
AE events rate, not exceeding the value 3x10%*s in the
alloy Mg8LiSAl (Fig. 1c), is here almost by one and
a half order of magnitude smaller than in the case of
single-phase alloys @-Mgd4Li, where it attains the value
of the order 1.25x10%s [3-5]. This fact has been at-
tributed to a considerable drop of the volume fraction of
a phase, acoustically very efficient, at the expense of the
increase of the fraction of 8 phase of very poor acoustic
efficiency. The poor acoustic efficiency in Mg12Li based
single-phase # alloys has been documented in the studies
[3-5], where it has been demonstrated that the highest
mean value of the AE events rate, observed in Mg12Li
alloy, were on the level of 10%/s. The considerable drop
of AE intensity in these alloys is attributed to the very
high diffusivity of lithium in 8 phase which consider-
ably limits the possibility of a collective behaviour of
the dislocations. Alloy additions 3% Al (Fig. 1b) and

5% Al (Fig. 1c) evidently increase the strength proper-
ties of these alloys in comparison with pure alloy Mg8Li
(Fig. 1a). However, their possible effect on AE is of less
importance here and will not be discussed in detail.

3.2. EA in Mg8Li/6, Mg8Li3AV6 and Mg8Li5SAV6
composites at ambient temperature

AE investigations, carried out last year [4], have
shown that in composites based on pure Mg, there oc-
curs the effect of anisotropy of the fibres distribution
with respect to the compression direction. However,
on the other hand, although the ultrasound measure-
ments have confirmed sufficiently the occurrence of this
anisotropy [5], earlier AE investigations in Mg4Li3Al/§
and Mgd4Li5Al/6 composites based on a phase [3, 4]
have not fully confirmed the occurrence of this phe-
nomenon. For this reason the investigations of AE in
Mg8Li/6 composites on diphase (a+f) matrix have been
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Fig. 2. Effect of anisotropy of the distribution of fibres with respect to compression direction ND in Mg8Li/é composites subjected to
channel-die compression at ambient temperature: (a) — perpendicular fibres, (b) — fibres parallel to ND-ED plane. At the top —
corresponding optical microstructures after deformation

carried out also with respect to the phenomenon of the
anisotropy of fibres distribution.

Fig. 2 shows the behaviour of AE in Mg8Li/6
composites in which the fibres are situated perpendic-
ular (Fig. 2a) and parallel (Fig. 2b) to the compression
axis ND. It can be seen that in the case of parallel fi-
bres the AE course against the background of the main,
broad-band maximum of the AE events rate, connec-
ted with purely dislocation processes is more violent,
much more jerky and is characterized by a distinctly
longer period of activity (AE peaks are observed after
the main maximum almost to the end of the compres-
sion test) in comparison with the course in a composite
with fibres perpendicular to the compression direction.
Such behaviour of AE is typical for the effect of fibres
anisotropy and it evidently confirms its occurrence. The
effect of anisotropy can be attributed to the fact that in
case of perpendicular fibres a considerable number of the
fibres is parallel (or nearly parallel) or at a small angle
to the active slip systems connected with the direction
of the maximal shear stresses. In this way the number
of effective intersections of dislocations with the fibres,
leading to microcracks, generating jump-like AE events,
is statistically lower in the same time interval than in the
case of a composite with fibres situated in parallel.

Moreover, microcracking of fibres, occurring e.g.
under the influence of very high concentration of in-
ternal stresses at the front of dislocation pile-ups (even
some hundred times exceeding the external stresses) is
much probable in the case of parallel fibres on account
of higher values of the angles between the active slip
planes and the axes of fibres.

It can be said that the optical microstructure (Fig. 2a,
at the top) in the case of fibres perpendicular to ND,
is more “point-like”, i.e. a greater number of fibres in-
tersect the side plane of observation ND-ED (in cases
discussed here and further on it is always the plane of
the figure), than in the case of fibres parallel to ND
(Fig. 2b, at the top), where a greater number of fibres
are parallel to the observation plane ND-ED. The latter
optical microstructure suggests that the microcracking
of fibres may occur as a result of a dislocation interac-
tion with shear microbands. This suggestion will be later
ultimately confirmed by observations using a scanning
microscope. Fig. 2 shows additionally that the AE Ile-
vel in composites is at least by one order of magnitude
smaller than that in pure alloys (Fig. 1), as a result of the
presence of fibres which are obstacle for the dislocation
motion and reduce their collective behaviour.
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Fig. 3. EA and force during channel-die compression of Mg8Li3Al/6 (a) and Mg8Li5Al/6 (b) composites at ambient temperature

It is possible that in the processes of the limitation
of the collective dislocation motion also Al participates,
which is suggested by the AE graphs in the compo-
sites Mg8Li3Al (Fig. 3a) and Mg8Li5Al (Fig. 3b), with
parallel location of the fibres. When comparing the AE
graphs it can be observed that AE activity is retained
almost throughout the whole duration of the test, which
is, moreover, characteristic for composites, however it is
distinctly smaller in a composite with greater Al con-
tent. This is attributed to a smaller population of the
precipitation particles of LiAl phase (or even the transi-
tion MgLi,Al phase) in composites with lower Al con-
centration. The greater population of these particles in
Mg8LiSAl composites (Fig. 3b) favours the limitation
of the dislocation motion, which also causes a rather
small increase of their strength in relation to Mg8Li3Al
composites (Fig. 3a).

3.3. EA in Mg8Li/6, Mg8Li3AVS and Mg8LiSAl/6
composites subjected to channel-die compression at
elevated temperature 140°C

An important element in the discussion of AE in
composites compressed at the temperature 140°C will
be also the results obtained in previous studies [3-5]
for pure, polycrystalline magnesium Mg and the cor-
responding composites Mg/d, tested at ambient temper-
ature. First of all, as it has been observed in these inves-
tigations [3-5], the surprise is the evidently higher AE
intensity in the composite Mg/ at 140°C than in pure
Mg at ambient temperature, which, in turn, is a few time
higher than in an identical composite compressed also at

ambient temperature. On the other hand, AE activity at
140°C in Mg/6 composite, similarly as at ambient tem-
perature, is retained almost throughout the whole dura-
tion of the test, which is characteristic for these compos-
ites. Moreover, the investigation results [3-5] suggested
that in these Mg/6 composites, at the temperature 140°C,
there occur at least two ranges of AE activity with a
characteristic course of the work-hardening curve. This
suggestion is confirmed by Fig. 4, which shows that the
two-range character and the long duration of AE activity,
remaining at a high level till the end of the test, are par-
ticularly visible in Mg8Li/§ (Fig. 4a) and Mg8LiSAl/6
(Fig. 4b) composites on diphase (@ + 8) matrix and are
actually connected with the characteristic deflection of
the work-hardening curve.

Fig. 5, in turn, presents the behaviour of AE in
Mg8Li3Al/é composites with different initial distribu-
tion of the fibres. Although a somewhat greater AE activ-
ity in the case of parallel fibres can be noticed (Fig. 5b),
yet this is not a satisfactory confirmation of the phe-
nomenon of anisotropy. On the other hand, there can be
noticed here the occurrence of the second range of AE
activity (after about 1500 s). Moreover, when comparing
the AE graphs in Fig. 5 and Fig. 4 with the graphs for
ambient temperature (Fig. 2), it is seen that AE activ-
ity at elevated temperature in diphase based Mg8Li/6
composites is several times higher — even by an order
of magnitude when comparing Fig. 5a with Fig. 2b —
than it is observed at room temperature. Thus the unex-
pected behaviour of AE at elevated temperature 140°C,
observed for the first time in Mg/é composites [3-5], is



250

-§-6E+4 - 30
= M%ghifccumosite

5 F

%494- ZOE
1y 2E+4 1 EA -wg
S |

é 04 llli i 0

a)

g Mg8Li3Al +8 L ND
= T=140°C
%1 BE+5 -
N F
- =
g 205
w i
s e
o 8E+4 4 o
= LS - 104
Z
b
w
<

0- -0

0 2000 4000

(@ TIME

__6EH, MgBLISA! - composite -30
g T=1
= F
.§4E+4 e o 22
B o]
&
%2&4- e 10§
<

0- Lo

4000

5 © e

o Mg8LI3A! + 8 lIND
E T=140°C
51 BE+54
3 ‘ P
: og
= u
T g o)
2 - 104
4
wl AE
@
<

0- -0
(b) 0 2000 4000

Ti

Fig. 5. AE behaviour in Mg8Li3Al/6 composites subjected to channel-die compression at 140°C: (a) — perpendicular fibres, (b) — fibres
parallel to the ND-ED plane. At the top: corresponding optical microstructures after deformation

confirmed by the AE behaviour in Mg-Li/6 and
Mg-Li-Al/6 composites based on diphase (a + ) alloys.
Hence, there exist premises to assume that the higher
AE intensity and the two-range character of AE activity
is due to the processes which are so dominating that the
anisotropy effect is almost invisible. It is probable that
such a process may be the weakening of the mechanical
strength of fibres at higher temperature which increases
the number of microcracks generating AE events. Ac-
cording to the above concept the second range of AE
activity would be connected with the microcracking of

“another portion” of fibres whose strength has been re-
duced after some time since the beginning of the test
at 140°C. It should be also added that the optical mi-
crostructures after deformation (Fig. 5, at the top), which
reveal distinct fragmentation of the fibres, not observed
in the initial state, are a strong suggestion that the mi-
crocracks of fibres occur during deformation, and are
not the result of the technological process of fabrication
of the composites. Owing to the application of scanning
microscopy this suggestion has been strongly confirmed
in another study by the authors [9].
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Fig. 6. Scanning microstructures of Mg8Li3Al/5 composites after deformation at 140°C. In the column on the left — fibres situated
perpendicular to the compression direction ND, and in column on the right — situated parallel to the ND-ED plane (ND is perpendicular
to the marker direction). There are visible the effects of the microcracks of fibres due to dislocation shear (photo in the centre of the left

column and at the bottom of the right column) and the effects of debonding (photo in the centre of the right column and at the

bottom of the left column)

The remarks concerning the optical microstructures
after deformation have been fully confirmed by observa-
tions using a scanning microscope (Fig. 6). They have
additionally revealed that the microcracks of fibres occur
as the effect of a dislocation shear (Fig. 6, on the left,
in the centre, and on the right at the bottom), e.g. as a
result of relaxation of high internal stresses formed in
the front of a dislocation pile-up. Scanning microscope
reveal also numerous effects of the decohesion of the
fibres from the matrix, the so-called debonding (Fig. 6,
on the right, in the centre and at the bottom, on the left
at the bottom); this process may greatly contribute to
the observed AE signals. Attempts to decide which AE
peaks can derive from this process will be possible using
an AE analyser of new generation, which is at present
installed at the Institute. Some preliminary results are
presented in [10]. Similar attempts will be made to test

the possibility of the generation of AE from the micro-
cracks forming along phase boundaries or due to the
differences in the coefficients of thermal expansion of
the ceramic fibres and the metallic matrix.

4. Conclusions

1. The maximal level of AE in Mg8Li alloys on the
(a +p) diphase basis is more than one order of mag-
nitude lower than in Mgd4Li alloys on the basis of
single o phase. The reason is the fraction of 8 phase,
of poor acoustic efficiency due to very high diffusi-
vity of lithium, hampering the collective behaviour
of dislocations.

2. AE behaviour in Mg8Li/6 composites based on
diphase (@ + ) matrix tested at ambient temperature
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(1]

[2]

B3]

confirms the occurrence of the effect of anisotropy
of fibres distribution with respect to the compression
direction.

The level of AE intensity in Mg/é composites and
Mg8Li alloy based composites, compressed at 140°C
is unexpectedly considerably higher than in the case
of these composites tested at ambient temperature.
AE behaviour in composites tested at elevated tem-
perature shows the occurrence of two ranges of AE
activity.

Higher intensity and the two-range character of AE
activity at 140°C can be explained on the basis of the
processes of weakening of the mechanical strength
of ceramic fibres, leading to increased number of
microcracks generating AE events.
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