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THERMAL AND MECHANICAL FATIGUE IN A QE22 MAGNESIUM
ALLOY REINFORCED WITH SHORT SAFFIL FIBRES

Using non-destructive methods changes in the microstructure of QE22 metal matrix composites (MMC) due to thermal and mechanical
cycling have been investigated. Thermal stresses induced in composites due to a considerable difference between thermal expansion coefficients
of the matrix and ceramic reinforcement may create new dislocations on cooling from elevated to ambient temperature. Thermal stresses can
achieve the yield stress of the matrix and micro-glide of newly created dislocations as well as their annihilation can occur. Thermodynamic

processes in the matrix influence these effects.
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1. Introduction

Commercial magnesium alloy QE22 was derived from Mg-
RE-Zr alloys by the addition of silver, which improves mechanical
properties of the alloy. Good creep resistance is attributed to both
the strengthening effect of precipitates and the presence of the grain
boundary phases that reduce the grain boundary sliding. Ageing
causes precipitation within the grains. The precipitation process
depends on silver content [1]. If the silver content is less than
2 wt.%, the precipitation process appears to be similar to that occur-
ring in Mg-RE alloys, i.e. it starts with the GP zones (Mg-Nd,
coherent) and finishes with Mg,Nd incoherent precipitates. For
higher amounts of silver two independent precipitation processes
have been reported; both started with Mg-Nd GP zones, rod-like
or ellipsoidal, and leading ultimately to the formation of an equi-
librium phase of probable composition Mg;,Nd,Ag [2]. A consid-
erable improvement of the mechanical properties as well as the
thermal stability of the alloy can be achieved by the reinforcement
by ceramic fibres. Magnesium matrix composites possess good wear
resistance, enhanced strength, good damping capacity and creep
resistance and they keep low density and good machinability
[3-5]. Benefits of the fibre reinforcement can be powered by pre-
cipitation hardening. Enhanced mechanical properties of commer-
cial Mg-Ag-Nd-Zr alloy reinforced by short Saffil fibres have been
reported elsewhere [3,6]. A difference between thermal expansion
coefficients (CTEs) of the matrix and the reinforcement is a very
important factor in composites with a metallic matrix. The coef-
ficient of thermal expansion of a ceramic reinforcement is lower
than that of most metallic matrices. This means that when a com-
posite is subjected to temperature changes, thermal stresses arise at
the interfaces between the matrix and the reinforcements. Thermal
stresses resulting from a thermal mismatch can generally be
expressed in the following form

ors = f(Cr;)) Aa AT, (D
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where f(C,r;) is a function of the elastic constants, C, and geo-
metrical parameters r,, A« is the difference in value of the thermal
expansion coefficient of the two components and AT is the temper-
ature change. The thermal stresses may relax and new dislocations
are generated in the matrix. Therefore, there is a higher dislocation
density in the matrix, especially near the interfaces. This high matrix
dislocation density as well as the reinforcement/matrix interfaces
can provide a high diffusivity path in metal matrix composites
(MMC). The higher dislocation density would also affect precipi-
tation kinetics in a precipitation hardenable matrix.

The aim of the present paper is to investigate QE22 magnesium
alloy reinforced with 8-Al,05 (Saffil) submitted to thermal and
mechanical loading and to determine possible physical and ther-
modynamic processes occurring in the matrix. Non-destructive
methods are used in this study.

2. Experimental procedures
2.1 Material

Composites were prepared by squeeze casting. Commercial
QE22 alloy (nominal composition 2.5 wt.% Ag, 2 wt.% Nd rich Rare
Earth, 0.6 wt.% Zr, balance Mg) was used as the matrix material.
The alloy was reinforced with 6-Al,O; short fibres (Saffil®) with
a mean diameter of 3 um and a mean length about 87 um (mea-
sured after squeeze casting). The preforms consisting of the Al,0,
short fibres showing a planar isotropic fibre distribution and a binder
system (containing Al,O; and starch) were preheated to a tem-
perature of 1000 °C that is higher than the temperature of the melt
alloy and then inserted into a preheated die. The two-stage appli-
cation of the pressure resulted in MMCs with a fibre volume frac-
tion of 17.5 vol. %. The pressure required to force the melt into the
die with the preform was 50 MPa for 30 s in the first step and 130
MPa for 90 s in the second step. The second step closes pores and
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shrinkage cavities. The short time of contact between the liquid
alloy and the fibres leads to only slight reactions between the fibres
and the matrix.

2.2 Damping measurements

Damping measurements were carried out on bending beams
(80 mm long with thickness of 3 mm) in vacuum (about 30 Pa) at
ambient temperature. The damping was obtained by the measure-
ment of the logarithmic decrement of free decaying bending beam
vibrations in an apparatus described elsewhere [7]. The bending
beams fixed at one end and a permanent magnet attached at the
free end dipping into a coil system were contactlessly excited to
mechanical resonance of their fundamental vibration (clamped-
free-bar with end loading) by an alternating magnetic field. This
was realised by a closed feedback loop consisting of an excitation
coil, an induction coil and a power AC amplifier. The free decay-
ing vibration was determined via the effective alternating voltage
induced by the moving permanent magnet into the induction coil.
After reaching a certain (required) amplitude, the coil current was
switched off by a PC and the declining mechanical vibration was
stored in the PC via an ADC measuring the voltage induced by the
moving permanent magnet [7,8]. Using these data, the logarithmic
decrement 6 of the free vibration was determined by the PC accord-
ing to exponential law

A(t) = Ay exp(—81/7). (2

In Eq.(2), 4, is the required amplitude, ¢ is time and 7 is the
period of vibrations.

2.3 Cycling of samples

Fatigue was realised by the controlled bending loading of the
bending beam samples in the same apparatus as used for the
damping measurements controlling the amplitude and number of
vibrations. The samples were cycled for a certain time at a prede-
fined amplitude. From the time and resonant frequency, the number
of cycles was calculated. Immediately after cycling, the strain ampli-
tude dependence of the decrement was measured. The resonant
frequency of the system ranged from 71 to 73 Hz. The sample
was cycled up to fracture, which was reached at N = 2.19 X 10®
cycles.

3 Experimental results and discussion
3.1 Thermal cycling

For many metallic materials, the strain dependence of the
damping capacity can be divided into a strain independent and
a strain dependent component. In the case of the logarithmic decre-

ment, this experimental finding can be written as:

8= 25, + 8y (e). (3)

0, is the amplitude independent component, found at low ampli-
tudes. The component &, depends on the strain amplitude € and
is usually caused by dislocation vibration in the material.

Figure 1a shows the plots of the logarithmic decrement against
the logarithm of the strain amplitude for QE22+17.5vol.% Saffil
composite before and after thermal cycling between the room tem-
perature and increasing upper temperature up to 320 °C. Figure
1b shows the plots obtained at higher upper temperatures (320,
360 and 400 °C). From Figs. 1a and 1b, it can be seen that the strain
dependences of the logarithmic decrement exhibit two regions in
good accord with Eq. (3). The values of §, in the strain amplitude
dependent region increase very strongly with increasing upper
temperature of the cycle up to 360 °C and then, above 360 °C, the
values of §, (at given strain amplitudes) decrease with the upper
temperature. The critical strain €, at which the logarithmic decre-
ment becomes amplitude dependent may be used to calculate the
effective critical stress amplitude corresponding to the micro-yield
stress according to the equation

o,=Fe, (4)

where E is Young’s modulus.
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Fig. 1 (a) Amplitude dependence of decrement for QE22+17.5 vol.%
Saffil obtained after thermal cycling between room temperature and
various upper temperatures (up to 320 °C).

The experimental data indicate microstructure changes in
specimens. An increase of internal stresses due to the difference in
CTE is very probably responsible for these changes. The internal
stresses produced by thermal loading of composites can be reduced
by various relaxation mechanisms: creation of new dislocations
and their glide, by decohesion or sliding of the matrix/reinforce-
ment interface, by diffusion of solute atoms in the matrix. It is
expected that the dislocation density near the reinforcements is
significantly higher than that elsewhere inside of the matrix. The
dislocations formed during cooling from an elevated temperature
to a certain lower temperature can glide inducing plastic defor-
mation in the matrix. An increase in the dislocation density near
reinforcement fibres has been calculated as [9, 10]
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Fig. 1 (b) Amplitude dependence of decrement for QE22+17.5 vol.%
Saffil obtained after thermal cycling between room temperatures and
upper temperatures 320, 360 and 400 °C.
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where f is the volume fraction of the reinforcing phase, d is its
minimum size, b is the magnitude of the Burgers vector of dislo-
cations and B is a geometrical constant. From Eq. (5) it follows
that the dislocation density increases as the temperature difference
increases. The residual thermal stresses are developed within the
matrix during cooling. As QE22 matrix becomes softer with tem-
perature, the internal thermal stresses in the matrix can exceed
the matrix yield stress. Then, new dislocations are formed, they
can glide and the matrix deforms. Highly strained zones, plastic
zones, are formed. The zones with higher dislocation density are
adjacent to reinforcements.

(%)

The strain amplitude dependence of the logarithmic decre-
ment suggests dislocation unpinning processes. The differences in
the damping behaviour of specimens thermally cycled to various
upper temperatures can be attributed to the interaction between
dislocations and point defects (solute atoms) including small clus-
ters of foreign atoms and to changes in the dislocation density.

The strong strain dependence of the logarithmic decrement
for QE22/Al,0; composite specimens shown in Fig. 1 may be
explained using the Granato-Luecke theory of the dislocation
damping. In the Granato-Luecke theory [11, 12] the dislocation
structure is assumed to consist of segments of L, length along which
weak pinning points are randomly distributed. The mean distance
between two weak pinning points is €, with €« L. The ends of the
longer segments L, are assumed to be unbreakable (strong) pinning
points. The mean total density of dislocations is p. The periodic
stress o = o0y, sinwt is applied. At 7= 0, the dislocation loop is
able to breakaway from the weak pinning points only at a suffi-
ciently high stress. The stress necessary for breakaway of disloca-
tions is determined by the largest double loop in a segment and it
is strongly dependent on the statistic distribution of the pinning
points. With increasing temperature (for 77> 0 K), the stress is
decreased because the breakaway process is thermally activated
[13]. At higher temperatures the breakaway can occur at lower
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stresses than possible for double loop. However, higher activation
energies are required because the breakaway is simultaneous from
several neighbouring weak pinning points. At higher temperatures
and low frequencies approximation, the stress dependence of the
logarithmic decrement component & can be expressed as [13]

5 pLy v [3mkT\'? [ Gad\V?
76 w\ 20, U,G

4 U, (UG\" 1 .
I\ A o )

where G is the shear modulus, oy, is the amplitude of the applied
stress and w is its frequency, v is the dislocation frequency, U, is
the activation energy, k is the Boltzmann constant. With increas-
ing upper temperature of the thermal cycle the decrement compo-
nent §;, increases, too. The observed behaviour may be explained
if we consider that (a) during cooling and also during thermal
cycling, new dislocations are created due to the difference in the
CTE and/or (b) new pinning points on existing dislocations may
be formed by thermodynamic processes in the matrix that can
modify the number of free foreign atoms or their small clusters.
Kiehn et al. [14] investigated the microstructure of QE22 with 26
vol.% Saffil fibres after the annealing step by step at increasing
temperature using transmission electron microscopy. They observed
incoherent matrix particles containing Zr, Nd and Al. During
annealing step by step, the population of particles at the fibres did
not change, but new (ALMg,,)Nd cubic particles precipitate
between 120 and 180 °C appeared. Above 180 °C, the hexagonal
B-phase and/or tetragonal Mg;,Nd substitute the former cubic
phase. Between 240 and 300°C the -phase transforms into semi-
coherent tetragonal Mg;,Nd, too. Kiehn et al. [ 14] have estimated
that ceramic fibres and the reaction products of the inorganic
binder (containing Al,O5) in the preform enhanced the Al con-
centration due to decomposition in the QE22 matrix. Contrary to
the unreinforced alloy, Ag remains dissolved in the matrix of the
composite and does not take part in the precipitation process. The
main weak pinning points seem to be the solute atoms or their
small clusters.
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Fig. 2 Dependence of the C, parameter on upper temperature of
thermal cycle.
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The obtained experimental data may be analysed using Eq.
(6) in the form 6 = §, + C,eexp(—C,/€). The values of C, para-
meter are plotted against the temperature of thermal treatment in
Fig. 2. The C, parameter is proportional C, % € 23 and, hence,
the experimental results indicate that the mean distance between
the weak pinning point increases with increasing temperature. This
is reasonable because the dislocation density increases and the
number of solute atoms (cluster) forming weak pinning points is
constant. The C, parameter is practically constant at temperatures
between 200 and 300 °C and then it slightly increases. This tem-
perature variation of C, may be explained if the observations of
Kiehn et al. [14] are taken into account. The plot of the C; para-
meter against the thermal treatment temperature is given in Fig. 3.
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Fig. 3 Dependence of the C, parameter on upper temperature of
thermal cycle.

The stress that is necessary for a thermal breakaway of dislo-
cation loops o at a certain temperature is given by [13]

kT
or= O'M[l - (71 lnA)}, (6)

A:ﬂ@(’CT)z ®)

o), is assumed to be the breakaway stress in the pure mechanical
process. For a double loop with the loop length €, and ¢,, the
breakaway occurs under the stress

2F,

m

TR v

Here F,, is the maximum binding force between a dislocation
and a pinning point. U, = 4/3(F,}/®)"?, where ® is a constant.
All experiments were performed at ambient temperature; it is rea-
sonable to consider that the influence of the thermal activation is,
in the first approximation, the same. After thermal treatment,
shorter dislocation segments (the mean distance between weak
pinning points) become longer because of the enhanced dislocation
density due to temperature cycling and due to the lower number
of solute atoms. Then, the critical strain according to Eqgs. (4) and

(9) that is indirect proportional to £ should decrease with increas-
ing upper temperature of the cycle. It is observed experimentally
(Fig. 1); the critical strain €,, decreases with increasing upper tem-
perature of the cycle. This tendency is stopped at a temperature of
360 °C where the decrement component 8, decreases. The critical
strain becomes higher, which corresponds to the shorter disloca-
tion loops. Thermal stresses produced near the matrix/ceramic
fibre interfaces are accommodated by the formation of plastic
zones. The dislocation density can increase only up to the moment
when the plastic zones formed in the matrix begin to overlap. Con-
sequently, the dislocation loops formed in the vicinity of the
matrix/fibre interfaces have the opposite sign on the both sides of
the fibre. It should be mentioned that the yield stress in the matrix
at higher temperatures is lower than the internal stresses and, at
temperatures higher than 360 °C, the thermal tensile stresses
change to compression ones.

3. 2 Mechanical cycling

The logarithmic decrements measured for a sample without
prior mechanical cycling and for a sample after 4320 cycles are
plotted against the maximum strain € of the bending amplitude in
Fig. 4. It is evident that the values of the logarithmic decrement
(at selected strain amplitudes) in the sample after 4320 cycles are
lower than those for the samples without mechanical cycling. It
can be seen that the strain amplitude dependence of the logarith-
mic decrement can be expressed as a sum of two components, the
same as the equation (3), i.e.

8= 8+ dy(e). 3)
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Fig. 4 Amplitude dependences of the logarithmic decrement for as recei-
ved sample and after 4.32 X 10° cycles.

It is again assumed that dislocations are pinned by strong and
weak pinning points. The mean distance between the strong pinning
points is Ly and the mean distance between two weak pinning
points is €, with € « L. It is also assumed that the mean total dis-
location density is p and that the periodic stress is applied. The
logarithmic decrement in the strain amplitude independent region
at low frequencies yields
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where B, is the damping force per unit length of dislocation per
unit velocity.

The stress (strain) dependence of the decrement component
&y can be expressed by equation (6). The microstructure changes
in the composite samples upon mechanical cyclic loading are pri-
marily induced by plastic deformation in the matrix [15].

The logarithmic decrement estimated at the strain amplitude
€ =13 X 1074 depends on the number of cycles as shown in
Fig. 5. It can be seen that after a decrease in the logarithmic decre-
ment at the onset of the cycling process, the decrement is more or
less constant with some fluctuation between 107 and 10® cycles.
Cycling for N > 10® leads to an increase of the decrement (Fig.
5). The amplitude dependences of the logarithmic decrement
component 6, measured between 1.88 X 10* and 2.19 X 10% cycles
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Fig. 5 Variation of the logarithmic decrement at €y = 1.3 X 10~* with
the number of cycles.
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Fig. 6 Amplitude dependences of the logarithmic decrement for
increasing number of cycles (at higher cycles).
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are shown in Fig. 6. It can be seen that the decrement significantly
increases with increasing number of cycles in the amplitude
dependent part. This indicates a rapid increase of the dislocation
density and also an increase in the distance between the weak
pinning points (shorter dislocation segments) in the matrix. This
increase of the decrement, on the other hand, is accompanied by
a decrease of the resonant frequency (see Fig. 7). The comparison
of our results with a similar investigation of magnesium alloy
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Fig. 7 Variation of the sample resonant frequency and decrement with
the number of cycles. Decrement component &y is estimated at
a maximum strain amplitude of 1 X 1073,

Fig. 8 Fibres pullout at the fracture surface.

KOMUNIKACIE / COMMUNICATIONS 4/2006 =« 19



KOMNIKCCe

C O M M UNICATI ON:S

AZ91 reinforced with 15 vol.% of short Saffil fibres [16] indicates
that there is a substantial difference between the cycling loading
behaviour of composites with AZ91 and QE22 matrix. While in
the AZ91 composite cracks are formed during the cycling
bending, such cracks were not observed in the composite with
QE22 matrix [17]. We believe that this is due to the existence of
the brittle intermetallic phase Mg,,Al,, in the AZ91 alloy as well
as in its composite. Small cracks are formed in this phase. Similar
cracks were observed during thermal and mechanical loading of
the AZ91 alloy [8,16]. The higher plasticity of the QE22 alloy
without a brittle phase is very probably the reason for different
fatigue behaviour of the QE22/Al,0; composite. Plastic deforma-
tion is accumulated in the matrix. The observed decrease of the
damping at the onset of the cycling process (see Fig. 5) is very
probably caused by a decrease of the mobile dislocation density.
Dislocation segments are inactive due to dislocation-dislocation
interaction. The measured decrease of the resonant frequency at
the end of the fatigue process indicates a stiffness loss due to
cracks and maybe also by an increase of the number of bowable
or moveable dislocations as a function of cycling. A rapid increase
in the amplitude dependent component of the decrement at the
end of the sample life is due to rapid nucleation or growth of
cracks and a resulting strong local increase in the free dislocation
density. Newly created dislocations at cracks tips accommodate
these stresses. The dislocations can be also absorbed by interfaces.
Crack deflection along an interface is followed by the separation
of the fibre/matrix interface. The pull out of fibres was observed
at the fracture surface. Holes after fibres are visible in Fig. 8. No
fibre fracture was observed.
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