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Abstract

The acoustic emission (AE) technique was used to monitor structural changes and related
plastic deformation in prospective Mg-based light alloys and metal matrix composites subjected
to thermal loading and/or mechanical stress (tensile or creep testing). It is shown that the AE
response depends significantly on the testing conditions. The deformation mechanisms and their
correlation with the testing parameters are discussed. It is shown that the AE response and the
residual strain after thermal cycling depend significantly on the upper temperature of cycling.
The results are explained in a quantitative analysis using a model that correlates the internal
thermal stresses with the changes in temperature. The AE response in deformation tests is
discussed in terms of the contemporary knowledge of plastic deformation processes in metallic
materials.

1. Introduction

Several magnesium-based alloys and metal matrix composites (MMCs) have been developed
and manufactured over the last decade for potential use as light-weight high-performance
materials in a range of applications including, for example, the automotive industry (Fritze et al.,
1998). The standard operating conditions for most alloys and MMCs involve thermal and/or
mechanical loading. This may induce microstructural changes and matrix plastic deformation
characterized by dislocation generation and motion.  In addition, for the case of MMCs thermal
loading induces internal stresses owing to the often substantial mismatch between the thermal
expansion coefficients of the matrix and the reinforcement. Under higher load and/or long-term
exposure, structural damage (for example, interface de-cohesion, fiber fracture) may also occur.

The mechanical properties of Mg-based materials are dependent on the mechanisms of
plastic deformation in hexagonal close-packed (hcp) metals. Magnesium exhibits an axial ratio
of ac / equal to 1.623, which is slightly less than the ideal value of 1.633. The main deformation
mechanisms are dislocation glide in the basal planes (0001) along < >1120 directions and
twinning in the pyramidal planes { }1011 (ASM Handbook, 1999). Twinning may also reorient
the basal planes so that they become more favorably oriented for slip (Zhang et al., 2000). The
relative importance of these various mechanisms depends strongly upon temperature. With
increasing temperature, twinning becomes easier as the metal strength decreases. However,
above a temperature of 250°C additional non-basal slip systems (pyramidal planes) are activated
and deformation becomes much easier so that twinning is then less important. In addition,
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recovery processes gain importance with increasing temperature and in polycrystalline materials
there is the increasing importance of grain boundary sliding at the higher temperatures.

Acoustic emission (AE) is a non-destructive experimental technique, in which transient
elastic waves are generated within a material due to sudden and irreversible structural changes. It
has been established that AE is a viable procedure for monitoring the development of
microstructural changes and related plastic deformation and/or structural damage in many classes
of materials. Specifically, dislocation motion and microstructural damage are generally
recognized to produce significant AE in most metals and alloys (Heiple and Carpenter, 1987).
Hence, there is a possibility of using AE monitoring to identify and characterize the
microstructural changes occurring within the Mg-based materials and to correlate these
measurements with the associated temperatures or other testing parameters.

To date, there are only limited results demonstrating the use of AE in monitoring the
structural response and matrix deformation of Mg-based alloys (Fisher and Lally, 1967, Siegel,
1977, Friesel and Carpenter, 1984, Kato et al., 1986). During the deformation of pure Mg, an
AZ31B and various Mg-Al alloys at room temperature, there was a distinct correlation between
the AE activity and the sample orientation, purity, strain rate and the mode of testing (tension,
compression). In all cases, deformation twinning and dislocation glide were found to be the
major sources of AE. By contrast, AE evidence for Mg-based MMCs is almost entirely lacking.

This paper provides a comprehensive review of our recent work in this area. The present
experiments were conducted to investigate the use of AE as a non-destructive tool for the
examination and evaluation of Mg-based materials. Special emphasis was placed on the
influence of the matrix composition, the matrix reinforcement and temperature on AE, and the
related microstructural evolution and plastic deformation of a variety of Mg-based alloys and
MMCs. To simulate thermal and/or mechanical loading of structural parts, the specimens were
subjected to thermal cycling, tensile tests at constant cross-head speeds and tensile creep tests at
elevated temperatures. In addition, the potential for analyzing the experimental data using
established models is evaluated.

 2. Experimental Procedure

The matrix materials used in this investigation were Mg of commercial purity, magnesium
alloys ZE41 alloy containing 4 wt. % Zn and 1 wt. % rare earths, an AZ91 alloy containing 9 wt.
% Al and 1 wt. % Zn, a QE22 alloy containing 2 wt. % Ag and 2 wt. % rare earths and an AM60
alloy containing 6 wt. % Al-0.5 wt. % Mn, where all of these alloys have Mg as the balance. The
AM60 alloy received a standard T6 thermal treatment prior to testing.

The matrix materials were reinforced with 20 vol. % of Saffil δ-Al2O3 short fibers through
the use of a squeeze-casting procedure, in which the molten Mg or Mg alloy is infiltrated under
pressure into Saffil short fiber pre-forms having planar isotropic fiber distributions. The MMCs
showed planar isotropic fiber distributions with fiber diameters of ~3-5 µm and fiber lengths up
to ~150 µm after casting.  There was a slight chemical reaction between the matrix and the
reinforcement, which led to chemical bonding at the interfaces. In addition, the matrix in the
vicinity of the interfaces became enriched in aluminum. The AZ91-Saffil MMC received a
standard T6 thermal treatment prior to testing. A typical optical micrograph of the as-received
state is shown in Fig. 1. The surfaces of selected specimens were examined after fracture using a
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Fig. 1. Typical optical micrograph of the AZ91-Saffil in the as-received condition.

TESLA BS 343 scanning electron microscope operating at an accelerating voltage of 15 kV.
Fracture surfaces were cleaned in acetone before making any observations.

An unreinforced QE22 alloy and MMCs QE22-15 vol.% SiC and AZ91-15 vol.% SiC
(globular particles with a mean diameter of 30 and 10 µm, denoted as 320BL and 600BL or
600HD, respectively) were also produced by means of hot extrusion after mixing and milling of
the matrix powder and particles. Almost no defects and no products of any chemical reaction
were detected between the matrix and the particles at the matrix-particle interfaces. Examination
revealed that the materials exhibited a wide distribution of the matrix grain sizes so that there
were regions with a grain size less than 1 µm as well as regions with grain sizes up to ~20 µm.
These materials received a standard T6 thermal treatment prior to testing.

Specimens were machined for thermal cycling in the form of rods with lengths of 50 mm and
diameters of 5 mm: the reinforcement planes in these samples were parallel to the longitudinal
axes. Thermal cycling was conducted in situ by placing the specimens within a dilatometer
equipped with a radiant furnace permitting temperatures from ambient to 400ºC. The residual
strain was measured after each cycle and the AE signal was transmitted through a quartz rod in
contact with the specimen.

Cylindrical specimens with a gauge length of 29 mm and a diameter of 4.95 mm were
deformed in tension. The tensile tests were performed in furnace-equipped MTS and Instron
machines in the temperature range from 20 to 300°C and at a constant crosshead speed giving an
initial strain rate of 8.3 x 10-5 s-1. A steel wave-guide was used to transmit AE. One end had
cylindrical envelope-shaped that fitted tightly to the round specimen surface and it was coupled
to the sample surface using heat-resistant silicone paste. The other end of the wave-guide has a
conical shape, to which the transducer was placed using vacuum grease and spring holders.
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Tensile creep specimens were machined with gauge lengths of 25.4 mm and M10 screw-
heads. The longitudinal specimen axes were within the plane containing the long axes of the
fibers. All of the creep testing was conducted under conditions of constant stress using a creep
machine equipped with a contoured lever arm.  Tests were performed at stresses in the range
from 35 to 95 MPa and at temperatures from 423 to 583 K (150-310ûC) with the temperature
controlled during each test to ±2 K.  Some tests were conducted at a single stress until failure and
others used progressive loading, in which the stress was increased at selected time intervals until
ultimate failure.  The AE signal was monitored during each creep test using a steel wave-guide
of cylindrical shape that fitted tightly to the specimen.  This wave-guide was coupled to the
sample surface using heat-resistant silicone paste and steel springs.

The AE was monitored directly using computer-controlled DAKEL-LMS-16 (thermal
cycling and creep tests) and DAKEL-XEDO-3 (dynamic tensile tests) facilities developed by
DAKEL-ZD Rpety, Czech Republic. The facilities incorporated a highly sensitive LB10A
transducer (with a flat response between 100 and 500 kHz and a built-in preamplifier giving a
gain of ~30 dB) and a miniaturized MST8S piezoelectric transducer (with a flat response
between 100 and 600 kHz).  As described earlier (Chmelík et al., 1998a), the AE analyzers
detected the AE signals at two threshold levels, corresponding to gains of 100 and 80 dB,
respectively.

3. Experimental Results and Discussion

3.1. Thermal cycling of Mg-based metal matrix composites

Figure 2 shows the variation with time of the AE count rate, C1N& , and the specimen
deformation, ∆l, with the temperature, T, for two MMCs during a single temperature cycle
having upper temperatures, Ttop, of 300°C and 400°C, respectively. It is apparent from Fig. 2a
that, for the Mg-Saffil MMC, there is moderate AE during the heating within a temperature
range from ~140°C to ~220°C and significant AE during the cooling of the sample at
temperatures from ~180°C to room temperature. The AZ91-Saffil MMC (Fig. 2b) shows AE
only during cooling at the lower temperatures from ~60°C to room temperature. Following the
cycles, a residual contraction was measured in the samples.
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Fig. 2. Value of the AE count rate, C1N& , temperature, T, and sample deformation, ∆l, as
measured in the Mg-Saffil (a) and the AZ91-Saffil (b) during temperature cycles to upper
temperatures of 300°C and 400°C, respectively.

    
Fig. 3 (a) and (b)
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Fig. 3. Residual strain, ∆l/l0, and AE counts for two different detection levels, NC1 and NC2,
versus the upper cycling temperature, Ttop: the residual strain was estimated with reference to a
temperature of 30°C and the AE counts were evaluated for the entire cooling period of each
cycle. (a) Mg-Saffil, (b) ZE41-Saffil, (c) AZ91-Saffil, (d) QE22-Saffil.

The behavior of the composites during thermal cycling was characterized in detail by using a
stepped incremental temperature technique. The results are documented in Fig. 3 where the
residual strain, ∆l/lo, and the AE count per cycle, NC1 are plotted against the upper cycle
temperature, Ttop, where lo is the original length of the sample and one cycle was performed for
each upper temperature corresponding to each separate experimental point recorded for the
residual strain. These plots demonstrate that there is no residual strain up to a certain upper
temperature, followed by a slight tendency for a compressive contraction for the Mg-Saffil and
the ZE41-Saffil. For all MMCs, residual elongation prevails in a certain temperature interval and
for higher upper temperatures there is a residual contraction that increases in magnitude with
increasing values of Ttop. The AE response also depends on the upper temperature, increasing
significantly at a critical value of Ttop and exhibiting intense AE bursts, which appear with a
further increase in Ttop (with the exception of the QE22-Saffil MMC, which does not show bursts
of AE).

It has been shown that, under conditions similar to those used in these experiments, more
than 1000 thermal cycles are needed in order to produce any measurable damage in the samples
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(Kiehn et al., 1994). Thus, the AE counts recorded in these experiments must be attributed to the
occurrence of structural changes in the matrix and to any associated plastic deformation. Since
the MMCs were fabricated by squeeze-casting at an elevated temperature, the composites
contain thermal residual stresses at room temperature due to the mismatch in the thermal
expansion coefficients between the matrix and the reinforcement (Arsenault and Taya, 1987; Xia
and Langdon, 1994) and the magnitude of these stresses is of the order of the minimum stress
required for creep in the matrix.  In practice, the matrix in these MMCs experiences tensile
stresses whereas the fiber reinforcements experience compressive stresses. Therefore, when the
MMC is heated, the internal tensile stress acting on the matrix reduces to zero and, on further
heating, there is a build up of compressive stresses; whereas on cooling, the internal stresses
behave in the opposite sense. It is anticipated these stresses will be concentrated near the matrix-
fiber interfaces and at the ends of the reinforcing fibers. These thermal stresses may also exceed
the matrix yield stress within discrete temperature ranges and relaxation will then occur through
the generation of new dislocations and plastic deformation within the matrix. This plastic
deformation may appear as dislocation glide, as twinning or possibly as grain boundary sliding at
the higher temperatures depending upon the precise temperature and the crystallographic
structure of the matrix. In general, it is reasonable to anticipate that the compressive deformation
that appears on heating will give some form of diffusion-controlled high temperature creep
whereas the tensile deformation appearing on cooling will lead to dislocation glide and twinning.
Thus, and in support of the experimental observations, a larger AE is expected during cooling at
the lower temperatures.

It was suggested earlier that it may be possible to correlate the AE response and the internal
thermal stresses produced during thermal cycling (Chmelík et al., 1998b). With respect to the
dependence of the residual strain on the upper cycle temperature as plotted in Fig. 3, a
quantitative analysis of internal thermal stresses has been developed for a short-fiber reinforced
aluminum composite exhibiting chemical bonding at the interfaces (Urreta et al., 1996) and more
recently this approach has been further developed and applied to experimental data (Carreño-
Morelli et al., 1997, 2000). The analysis predicts that the thermal stresses, σTS, produced by a
temperature change at the interfaces of ∆T are given by

( )( ) (1)                      Tf
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where Ef and EM are the values of Young's modulus for the reinforcement and the matrix,
respectively, f is the volume fraction of fibers and ∆α is the difference between thermal
expansion coefficients of the matrix and the reinforcement between the matrix and the
reinforcement associated with the coefficients of thermal expansion.

For the MMCs used in these experiments, Ef  = 300 GPa and EM  = 45 GPa at room
temperature, f = 0.20, ∆α = 20 × 10-6 K-1 and the decrease in EM with increasing temperature is
~50 MPa K-1.  Thus, eqn. (1) predicts that a temperature change by 1ºC produces an increment in
the thermal stress of ~0.6 MPa and at temperatures above ~250°C this increment decreases to
~0.4 MPa K-1.

It is shown in Fig. 3a that slight but measurable compressive deformation occurs in Mg-Saffil
during cycling at upper temperatures above ~100°C and tensile deformation appears during
cycling at upper temperatures above ~140°C. It follows from eqn. (1) that a temperature change
of 70°C produces a thermal stress of ~40 MPa and, by comparison with the reported compressive
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acoustic yield (micro-yield) stress of ~20 MPa for the squeeze-cast unreinforced Mg at 100°C
(Trojanová, 2002), this implies the presence of an initial internal tensile stress of ~20 MPa. A
similar calculation may be performed for cooling of the sample from ~140°C since, on heating, a
temperature change of 110°C produces a thermal stress of ~60 MPa so that the matrix
experiences a compressive stress of ~40 MPa at 140°C. This stress exceeds the matrix yield
stress at this temperature and is relaxed by matrix plastic deformation (cf. observed AE) to
values below ~15 – 20 MPa. Cooling of the composite to room temperature produces an
estimated thermal stress of ~70 MPa. Consequently, a tensile stress approaching ~40 MPa should
appear at temperatures near to room temperature and this will correspond to the macroscopic
yield point. This effect will lead to AE, as observed experimentally. It is noteworthy that the
disappearance of AE during heating at 220°C indicates a change in the deformation mechanism
towards high temperature creep. A similar calculation may be performed for the ZE41-Saffil,
which exhibits a similar behavior to the Mg-Saffil (Fig. 3b).

For the AZ91-Saffil, Fig. 3c shows that reaching a Ttop of 260-280°C leads to the appearance
of compressive deformation. The corresponding temperature change of 230°C produces a
thermal stress of ~110 MPa. Since the compressive yield point of the squeeze-cast AZ91 alloy is
~75 MPa at 270°C (Trojanová, 2002), the initial internal tensile stresses of 35 MPa may be
assessed. A similar calculation may be done for cooling of the specimen from Ttop. Figure 3c
shows that a measurable tensile deformation appears during cooling when Ttop of 200°C is
reached. On heating, the corresponding temperature change of 170°C produces a thermal stress
of ~80 MPa, which demonstrates that the matrix experiences a compressive stress of ~45 MPa at
200°C. Cooling the composite to room temperature produces a thermal stress of ~90 MPa.
Consequently, a tensile stress approaching ~45 MPa should appear close to room temperature,
which corresponds to the acoustic yield point (Trojanová, 2002). Hence, it is reasonable to
anticipate that a slight tensile deformation will appear, which was indeed observed. Figure 3c
shows also that AE first appears after cooling from Ttop of 320°C. On heating, a temperature
change of 290°C produces a thermal stress of ~125 MPa so that the matrix experiences a
compressive stress of ~90 MPa. In practice, this stress is probably relaxed by compressive
deformation to below 20 ~ 30 MPa. If the composite is cooled to 60°C where significant AE first
appears, a thermal stress of ~160 MPa is produced. Consequently, a tensile stress approaching
~140 MPa should appear at 60°C and this is of the same order as the measured macroscopic
tensile yield stress of the matrix alloy (Trojanová, 2002). This calculation suggests there will be
an intense AE on cooling to near room temperature, as is clearly evident in Fig. 2. Similar results
to those for AZ91-Saffil were also obtained for QE22-Saffil.

It follows from these calculations that there is a very good correlation between the present
experimental data and the predictions of a model developed earlier to explain the characteristics
of internal damping in an aluminum composite containing short fibers (Carreño-Morelli et al.,
2000).

3.2 Tensile deformation at elevated temperatures
To clarify the nature of the matrix plastic deformation during thermal cycling of Mg-based

MMCs, tensile tests of an aluminum-rich AM60 alloy were performed as a function of
temperature. The stress–strain curves and corresponding AE count rates (

1CN&  and 
2CN& ) for the

AM60 alloy deformed at different temperatures are depicted in Fig. 4a, b, respectively. The
deformation curves are smooth and indicate a substantial strain hardening at temperatures lower
than 200°C. They also show a fairly large elongation to fracture of about 0.2. With increasing
temperature, the flow stress decreases and softening occurs. At temperatures above 200°C, the
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Fig. 4. (a) True stress-true strain curves for AM60 deformed at different temperatures. (b) Strain
dependencies of the AE count rates 

1CN&  and 
2CN& for different temperatures.
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work hardening rate is close to zero and a dynamic balance occurs between hardening and
softening. The strain dependencies of the AE count rates show a characteristic shape with a peak
close to the yield point and a subsequent decrease in the AE activity. The AE activity vs.
temperature shows a distinct maximum at 200°C. This behavior thus demonstrates clearly the
temperature dependence of the plastic deformation in Mg-based alloys as discussed in Section 1.
It is noteworthy that these results are consistent with the AE observations during heating of the
Mg-Saffil MMC where AE vanished when the temperature exceeded 220°C (Fig. 2a).

3.3 Creep of an AZ91–Saffil composite
There are a number of reports describing the creep behavior of Mg-based MMCs reinforced

with short fibers and using AZ91 (Mordike et al., 1997, 1998; Li and Langdon, 1999a and b; Li
et al., 1999; Sklenicka et al., 2000; Pahutová et al., 2000), AS41 (Mordike et al., 1998) or QE22
(Mordike et al., 1997) as the matrix alloys.  The present investigation was initiated to provide
more information on the creep of an MMC with an AZ91 matrix alloy and especially to critically
evaluate the potential for making use of AE as a monitoring tool for characterizing creep
deformation and the development of creep damage during testing. Because very slow strain rates
are an inherent feature of long-term creep investigations, a series of specific tests was judiciously
selected and undertaken to provide information on three separate issues: (1) the ability of the
fiber reinforcement to provide additional creep strengthening by comparison with the
unreinforced alloy, (2) the testing conditions required to reveal a meaningful response using AE
monitoring and (3) the effect on the AE response of testing at different temperatures.

Fig. 5. Creep curves of strain versus time at 473 K with an applied stress of 40 MPa for the
unreinforced AZ91 alloy and the composite: both materials were tested in a T6 condition.

When an MMC is subjected to mechanical loading, creep occurs in the matrix alloy through
the generation and motion of dislocations and, in addition, there may be structural damage at the
higher stress levels through debonding at the fiber-matrix interfaces or fracturing of the
individual fibers. It is reasonable to anticipate that AE will provide a meaningful and measurable
response to some deformation and damage mechanisms (Heiple and Carpenter, 1987) and/or
flow changes. This suggests the potential for using AE measurements to characterize the flow
and damage processes occurring within the material during testing.
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To evaluate whether additional creep strengthening is introduced through the presence of the
reinforcement, Fig. 5 shows the initial portions of the creep curves for tests conducted on the
unreinforced AZ91 alloy and the composite material at a stress of 40 MPa and a temperature of
473 K: both of these materials were tested in the T6 condition. It is apparent from Fig. 5 that,
when the applied stress is the same on each specimen, the creep rate is substantially slower in the
composite due to an apparent strengthening effect arising from the presence of the Saffil fibers.

In practice, however, care must be taken in making a comparison of this type because there is
experimental evidence for a threshold stress, σo, when creep testing this MMC (Li and Langdon,
1999; Li et al., 1999; Sklenicka et al., 2000).  This means in practice that the effective stress, σe

(= σ − σo), acting on the composite may be significantly lower than in the unreinforced material
where there is no threshold stress and σo = 0.  In the MMC used in these experiments, an earlier
analysis suggested the occurrence of load transfer (Sklenicka et al., 2000) whereby part of the
external load is transferred to the reinforcement.  It is instructive to note that experiments on
numerous Al alloys and Al-based MMCs have often revealed slower creep rates in the
composites even when creep data are compared at the same values of the effective stress
(Mohamed, 1998; Li and Langdon, 1999).

To elucidate the nature of the AE response in unreinforced and reinforced materials, tests
were conducted on the unreinforced alloy and on the MMC at 473 K and at the same initial level
of the applied stress of 40 MPa.  In each test, the stress was increased progressively at selected
time intervals.  The results are shown in Fig. 6 for (a) the unreinforced AZ91 alloy and (b) the
composite material: again, both materials were in a T6 condition. The count rate for AE is
documented along the lower axes.

Inspection of Figs. 6(a) and (b) shows there is a well-defined AE response throughout the
total lifetime of the unreinforced alloy whereas creep of the MMC is not accompanied by a
measurable AE except only at the instances associated with the stress increases and at the very
highest stress increment of 80 MPa. Several AE pulses in the MMC are observed at an applied
stress of 70 MPa. It is important to note the creep lifetime of the unreinforced alloy and the
MMC. There is also a large difference between the count rate associated with the stress increases
during creep of the unreinforced alloy and the MMC. The AE count rate change due to the stress
increase in the MMC is several times lower than for the unreinforced alloy.

The presence of a measurable AE response must be associated either with the creep
deformation occurring within the material or with the advent of creep damage in the form of
debonding or breaking of the fibers.  However, there are no fibers in the unreinforced alloy and,
since there is an AE response throughout the creep lifetime of this material, it must be associated
with the flow mechanism occurring within the alloy. There are several experiments showing a
stress exponent of n = 3 for the unreinforced AZ91 alloy (Dargusch et al., 1998, Blum et al.,
1997; Pahutová et al., 2000) and this suggests that a viscous glide process is dominant whereby
the movement of dislocations is impeded by the presence of aluminum solute atom atmospheres.
In addition, there have been similar reports of n = 3 in Mg solid solution alloys containing 0.8%
Al (Vagarali and Langdon, 1982) and 3% and 5% Al (Sato et al., 1993), respectively.

If viscous glide is the rate-controlling flow process in the unreinforced AZ91 alloy with n =
3, it is reasonable to assume there will be no AE response: but an AE response is anticipated at
higher stress levels when the dislocations are able to break away from their solute atom
atmospheres (Yavari and Langdon, 1982).  Therefore, in order to explain the experimental results
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Fig. 6. Creep curves and the AE response for (a) the unreinforced alloy and (b) the composite,
where both materials were tested in a T6 condition at 473 K with the same initial applied stress
of 40 MPa.

documented in Fig. 6, it is necessary to demonstrate that flow occurs in the unreinforced alloy
within the region of dislocation breakaway at stress levels as low as 40 MPa.  The breakaway
stress, σb, in solid solution alloys is given by an expression of the form (Friedel, 1964):

kTb

cWm
b 3

2

5
=σ (2)

where c is the concentration of the solute, b is the magnitude of the Burgers vector, k is
Boltzmann’s constant, T is the absolute temperature and Wm is the binding energy between the
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solute atom and the dislocation, which may be written as

am VG
1

1

2

1
W ∆








µ−
µ+

π
−=                   (3)

where µ is Poisson’s ratio, G is the shear modulus and ∆Va is the difference in volume between
the solute and the solvent atoms.

Equation (2) may be solved through the use of µ = 0.34 and ∆Va = 8.2 × 10-30 m3 (King,
1966) for aluminum atoms in magnesium and with b = 3.2 × 10-10 m and G = {(1.92 × 104) -
8.6T} MPa (Slutsky and Garland, 1957) for pure magnesium and noting that the initial
concentration of aluminum in the alloy is ~9 wt. %, which corresponds to ~8 at. % so that c ≈
0.08.  Following this procedure, the value of the breakaway stress is estimated as σo ≈ 110 MPa
and this is higher than any of the applied stresses used to obtain the data in Fig. 6(a). In practice,
however, it has been shown that Eq. (2) tends to overestimate the magnitude of σb by a factor of
~2 because it fails to include the variation in the interaction energy with the solute concentration
and the influence of the different spacings between the solute atoms and the line of the
dislocation (Endo et al., 1984). The introduction of these improvements reduces the value of σb

to ~55 MPa, and in practice an additional reduction is necessary because the T6 heat treatment
leads to a fine dispersion of Mg17Al12 precipitates (Clark, 1968; Solberg et al. 1991), which
serves to deplete the concentration of aluminum atoms remaining in solid solution within the
matrix and thereby it reduces the value of c in Eq. (2).  The total extent of this aluminum
depletion is not known at the present time but it is reasonable to conclude that all of the stresses
used in Fig. 6(a), including the lowest applied stress of 40 MPa, are within the region of
dislocation breakaway and therefore the occurrence of breakaway accounts for the AE response,
which is clearly visible throughout the test.  This conclusion is consistent also with experimental
creep data on the composite material where it was shown that breakaway occurred, and n
increased above a value of 3, at an effective stress level of ~14 MPa at the slightly higher
temperature of 573 K (Li and Langdon, 1999a and b).

Fig. 7. Fracture surface of the composite after testing as shown in Fig. 6(b).
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Fig. 8. Optical micrograph showing the distribution of fibers in the perpendicular plane near the
crack surface shown in Fig. 7.

By contrast, no AE response is visible in the composite material shown in Fig. 6(b), at least
below 70 MPa, although these tests were conducted at the same temperature of 200°C and with
the same lowest applied stress of 40 MPa using material subjected to the same T6 heat treatment.
This difference arises because there is a significant threshold stress in the composite and, strictly,
this requires comparing the unreinforced and the reinforced materials at the same values of the
effective stress acting on the dislocations.  No detailed information is available on the magnitude
of the threshold stress, σo, in the composite material at a testing temperature of 473 K but
scattered results from tests conducted at this temperature under shear conditions (Li and
Langdon, 1999a and b) suggest the threshold stress is of the order of σo ≈ 30 MPa. Practically the
same value of the threshold stress may be obtained from results reported in other work
(Sklenicka et al., 2000a and b).  If it is now assumed that the lowest applied stress level of 40
MPa used for the unreinforced alloy in Fig. 6(a) is probably close to the lowest stress for a
breakaway condition in the AZ91 matrix alloy at a temperature of 473 K, it follows that
breakaway in the composite will require an effective stress, σe, of ~40 MPa which is equivalent,
when incorporating the threshold stress, to an applied stress of the order of  (σe + σo) ≈ 70 MPa.
These calculations are therefore consistent with Fig. 6(b) and with the occurrence of a significant
AE response in the composite only at the highest applied stress of 80 MPa.

Figure 7 shows the appearance of the fracture surface of the composite material after testing
through the progressive loading shown in Fig. 6(b). An optical micrograph showing the
distribution of fibers in the perpendicular plane near the crack surface is shown in Fig. 8. It is
seen that the majority of fibers are perpendicular to this plane but some fibers lie also in the
plane. It is also seen that the distribution of fibers is not homogeneous in the volume of the
specimen. Thus, some areas of the volume are almost free of fibers and, by contrast, in some
areas the volume content of fibers is much higher than the nominal volume of 20%. The SEM
micrograph of the fracture surface (Fig. 7) shows no clear evidence for either fiber breaking or
fiber pull-out. Some fibers lying in the perpendicular plane might appear to correspond to the
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Fig. 9. Creep curve and the AE response for the composite tested at 473 K with an initial applied
stress of 70 MPa after a T6 heat treatment.

occurrence of fiber fracture but these fibers broke during the squeeze-casting of the composite
material. Drozd (2000) has observed similar features in a non-deformed AZ91 composite.

To evaluate the effect of increasing the applied stress and the test temperature, identical tests
were conducted on the composite material using a temperature of 473 K and an applied stress of
70 MPa for samples after the T6 heat treatment. It is reasonable to expect that breakaway will
occur in the composite under this applied stress and the result is shown in Fig. 9.  Inspection
shows the character of the AE count rate changes drastically and the AE response in Fig. 9 is
significantly greater for the sample crept at 70 MPa than after creep at 40 MPa. In practice, there
is a large increase in the AE activity in the later stage of tertiary creep immediately prior to
fracture. The decrease in the level of the aluminum solute due to the precipitation of Mg17Al12

during the T6 heat treatment combined with the increase in the applied stress serve to increase
the potential for dislocations to break away from their solute atmospheres and this gives an
increase in the AE response.

An increase in the test temperature should result in a decrease of the effective stress
necessary for dislocations to break away from their solute atmospheres.  Tests were conducted
on the composite at 583 K with an initial applied stress of 40 MPa after the T6 heat treatment.
Figure 10 shows a faster creep rate and a larger AE response throughout the creep lifetime of the
MMC by comparison with the results obtained at 473 K.  The fracture surface is shown in Fig.
11 and there is evidence for a pull-out of the fibers corresponding to local debonding and the
large AE response observed prior to failure in Fig. 10. In practice, the distribution of fibers in the
perpendicular plane near the crack surface is similar to that shown in Fig. 8.

3.4 Creep of QE22 and AZ91 reinforced with SiC particles
Since no load transfer is anticipated in particle-strengthened MMCs, the creep data were

analyzed using the standard relationship (Cadek, 1988):
                                          ssε&  =  A σn exp (-Qc/RT) (4)
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Fig. 10. Creep curve and the AE response for the composite tested at 583 K with an initial
applied stress of 40 MPa after a T6 heat treatment.

Fig. 11. Fracture surface of the composite after testing at 583 K with an initial applied stress of
40 MPa after a T6 heat treatment.

where ssε&  is the minimum creep rate, A is a constant, σ is the applied stress, n is the stress
exponent, Qc is the activation energy for the creep process and R is the gas constant (8.314
J/Kmol).

The analysis of the creep data of the unreinforced QE22 alloy shows, for the temperature
range from 423 to 473 K, an increase in the stress exponent from 2.0 to 5.8. Also, progressive
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Fig. 12. The creep curve and the AE count rate tested under progressive loading: (a) the
unreinforced QE22 alloy at 473 K, (b) QE22-15 vol. % SiC (320BL) tested at 448 K, (c) QE22-
15 vol. % SiC (600BL) tested at 473 K. In all cases, stress changes are indicated by arrows.
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Fig. 13. Transmission electron microscopy micrograph of the QE22-SiC composite after creep
deformation at 473 K showing distinct cracking (indicated by arrows) at interfaces.

loading from 35 to 70 MPa gives in an increase in the activation energy from ~97 to ~184
kJ/mol. The analysis of the creep data of the QE22-SiC reveals no clear dependence of the stress
exponent and the activation energy on temperature and the applied stress. Thus, the measured
values of the stress exponent are within the range from ~2.0 to ~9.4 and the measured values of
the activation energy are within the range from ~74 to ~246 kJ/mol. The AZ91-SiC behaves in a
very similar manner to QE22-SiC. Detailed information on the creep properties has been
reported (Moll et al., 2000).

The creep rate and the AE response are shown in Fig. 12a for a test on the unreinforced
QE22 alloy under progressive loading at 473 K. The test was stopped after 17 days because the
limits of the AE and strain measurements were reached. Only very few AE signals appeared
rather randomly during the test and these signals could not be correlated with the creep curve.
Figure 12b shows the creep rate and the AE response of the QE22-SiC (320BL) MMC under
progressive loading at 448 K. The creep rate is significantly higher than for the unreinforced
sample deformed at 473 K. Pronounced AE activity is observed at events associated with stress
increases and at the stress level of 70 MPa. In the last stage of the test, AE activity increases
steadily. Figure 12c shows that a slight increase in temperature to 473 K and a reduction in the
particle size to 600BL lead to a significant reduction in the creep resistance. As previously seen,
intense AE is observed at a stress of 70 MPa and the AE activity is higher than shown in Fig.
12b. The AZ91-SiC MMC exhibited similar results.

The main deformation mechanism of the QE22 alloy and the QE22-SiC and AZ91-SiC
MMCs is very probably diffusion-controlled dislocation motion and, possibly, also grain
boundary sliding. Grain boundary sliding was not observed directly but, at a homologous
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temperature of 0.5, this process tends to be unavoidable in fine-grained materials. The MMCs
show a pronounced ductility and rather high creep rates in comparison with the unreinforced
sample. It is reasonable to suggest, therefore, that interfacial sliding contributes significantly to
the creep deformation. Since diffusion-controlled dislocation motion and grain boundary sliding
are not important AE sources (Heiple and Carpenter, 1987), the observed increase of the AE
activity at increasing load may indicate a growing share of interfacial sliding. Since the SiC
particles are rigid, interfacial sliding is not easily accommodated sufficiently so that creep
damage can take place. Indeed, many cavities and cracks were revealed at the interfaces after
creep testing in examinations using transmission electron microscopy: a typical example of this
cracking is shown in Fig. 13.

5.  Summary

1. A number of Mg-based composites were subjected to thermal cycling and measurements
were taken, using acoustic emission (AE) and dilatometry, to record the internal thermal stresses
and the related structural changes and matrix plastic deformation.  It is shown that the AE
response and the residual strain recorded after cycling depend significantly on the upper
temperature of cycling. Using a recent model developed for internal damping, it is demonstrated
that the experimental data may be successfully correlated in terms of the variations of both the
AE count rate with temperature and the residual strain with the upper cycling temperature.

2. The AE response during plastic deformation of the AM60 magnesium alloy is
significantly dependent on the temperature. Peak AE activity is found for a deformation
temperature of 200°C, which can correspond to the maximum twinning activity.

3. The introduction of short alumina fibers into an AZ91 magnesium alloy improves the
creep resistance because of the introduction of a threshold stress that serves to reduce the
effective stress acting on the material. The creep deformation may be monitored using AE.
There is little or no AE response when deformation occurs by the viscous glide of dislocations
with n = 3, but an AE response is visible at stress levels, which are sufficiently high such that the
dislocations are able to break away from their solute-atom atmospheres.  There may be also a
very large AE response immediately prior to failure due to a local debonding around the fibers,
which is visible as a pull-out of fibers at the fracture surface.

4. Creep behavior was investigated in a QE22 alloy in the unreinforced condition and QE22
and AZ91 alloys reinforced with 15 vol. % SiC particles. The creep of the unreinforced alloy
appears to be governed by grain boundary sliding and dislocation motion. The reinforced alloy
shows poor creep resistance in comparison with the unreinforced alloy at comparable stress
levels and temperatures. This may be explained by taking into account interfacial sliding as an
additional creep mechanism. As a consequence of this interfacial sliding, many cavities and
macroscopic cracks occur at the interfaces.
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