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Abstract
In practice, some problems connected with undesirable mechanical vibrations or interrup‐
tion of acoustic bridges may be solved using high damping materials. Especially, trans‐
port industry needs high damping light materials with proper mechanical properties.
Magnesium alloys and magnesium alloys‐based metal matrix composites may be consid‐
ered as materials exhibiting such behaviour. Damping of mechanical vibrations and their
conversion to the heat (internal friction) is conditioned by the movement and redistribu‐
tion of various defects in the crystal lattice. Generally, internal friction depends on the
material microstructure and conversely changes in the material microstructure may be
studied using the internal friction measurements. The strain amplitude‐dependent inter‐
nal friction was investigated at room temperature in commercially available Mg alloys
and Mg alloys‐based composites with the aim to identify changes in the microstructure
invoked by thermal and mechanical loading. The temperature‐dependent internal fric‐
tion indicated the following effects: (a) mechanisms connected with dislocations and grain
boundaries in the microcrystalline pure Mg, (b) precipitation and phase transformations
in alloys and (c) generation as well as relaxations of thermal stresses in composites. The
internal friction was measured in the bending mode in two frequency regions: I.: units and
tens of Hz and II.: units of kHz.
Keywords: magnesium alloys, magnesium alloys‐based composites, amplitude‐dependent
internal friction, temperature‐dependent internal friction, dislocations, solute atoms,
thermal stresses
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1. Introduction
Internal friction is an anelastic relaxation connected with dissipation of the mechanical
energy carried by the sonic or ultrasonic wave in a material and their conversion mostly
into heat. In a solid material, it is manifested by deviations from Hooke's law and stress‐
strain hysteresis in the case of cyclic loading. Defects in the microstructure as point defects,
grain boundaries, phase transformations, electrons, phonons or redistribution of the heat
are responsible for internal friction. The general quantities describing the internal friction is
the specific damping capacity Ψ = ΔWdiss/Wmax, or the loss factor η = ΔWdiss/2πWmax, where ΔWdiss
is the mechanical energy dissipated in a material during one cycle of the applied stress, and
Wmax is the maximum mechanical energy stored in it. In real experiments depending on
the apparatus used, various quantities are measured: the mechanical loss factor tanϕ, the
logarithmic decrement δ or the reciprocal value of the quality factor Q. These quantities are
simply proportional:
Ψ = η / 2π = tan ϕ = δ / π = Q −1.

(1)

It should be mentioned that such proportionality is valid for small values of damping Ψ<<1,
which is valid for most metallic materials. Very effective sources of internal friction are
dislocations. If a material containing dislocations is submitted to a harmonic applied stress
σ = σ 0 sinωt with an angular frequency ω = 2πf, the lost energy ΔWdiss depends only on the
anelastic strain. In the case of an anelastic dislocation strain
Δ Wdiss = ∮ εd dσ.

(2)

The maximum stored energy can be well approximated by the maximum elastic stored energy
σ0

Wmax = ∫ σd εel = __21 Jel σ02,
0

(3)

where Jel is the elastic compliance related to the shear modulus G‐1=Jel. Mechanical loss factor
due to the presence of dislocations in the material may be written as
1
∮ εd dσ.
tan ϕ = _____
π Jel σ02

(4)

The logarithmic decrement, δ, as another damping quantity, is given as
A

i
1
____
δ = __
n ln A ,
i+n

(5)
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where Ai and Ai+n are the amplitudes of the ith cycle and (i + n)th cycle, respectively, separated
by n periods of the free vibrations of the specimen.
In experiments, three types of dependences can be estimated:
(i)

Amplitude (strain/stress) dependence of damping capacity;

(ii) Temperature dependence of the damping capacity;
(iii) Frequency dependence of the damping capacity.
Because the damping capacity is in many cases connected with the atomic jumps, Arrhenius
equation may be used
f = f0 exp (− ΔG / kT ) ,

(6)

where f is frequency, f0 a constant, ΔG the Gibbs free energy, k the Boltzmann constant and
T the absolute temperature. In this way, the frequency dependence of the damping capacity
may be converted to the temperature dependence.
The dynamic strain dependence of the damping capacity can be divided into a strain‐inde‐
pendent and a strain‐dependent component. If the logarithmic decrement is measured, the
experimental finding can be expressed as
δ = δ0 + δH (ε),

(7)

δ0 is the amplitude‐independent component, found at low amplitudes. The component δH
depends on the strain amplitude and it is usually caused by the presence of dislocations in
the material. The strain amplitude dependence of the logarithmic decrement suggests dislo‐
cation‐unpinning processes. Dislocations‐solute atoms interactions may be explained using
the Granato‐Lücke (G‐L) theory of dislocation internal friction. In the G‐L theory [1, 2], the
dislocation substructure exhibits longer segments with the lengths of LN along which weak‐
pinning points (solute atoms) are randomly distributed. The mean distance between two
weak‐pinning points is ℓ assuming that ℓ« LN. The mean total density of dislocations is ρ.
Shorter dislocation segments vibrate under the periodic stress σ = σ0sinωt carried with the
sonic or ultrasonic wave. At T = 0 K and at sufficiently high stress, the dislocation is able to
break away from the weak‐pinning points which may be point defects (solute atoms) or their
small clusters. The longer segments LN are assumed to be determined by unbreakable pin‐
ning points, for example, the nodes of the Frank‐Read sources. Dislocations break away from
weak‐pinning points under stress that is determined by the largest double loop in a segment.
The length of this double loop is strongly dependent on the distribution of the solute atoms.
The stress necessary for the break‐away decreases with increasing temperature because the
break‐away process is thermally activated [3]. At higher temperatures, the break‐away can

39

40

Magnesium Alloys

occur at lower stresses than necessary in pure mechanical process, but higher activation ener‐
gies are required because the break‐away is simultaneous from several neighbouring pinning
points. In the high temperature and low frequencies approximation, the stress dependence of
the decrement component δH can be expressed as [3]
νd _____
ρ LN __
3πkT
δH = ____
6 ω ( 2 U0 )
2

1/2

ℓ 3 σ02
____
( U0 G )

1/2

U0
U0 G
_
exp − _43 _
kT
[
( ℓ3 )

1/2

1
_
σ0 ],

(8)

here G is the shear modulus, σ0 is the amplitude of the applied stress and ω its angular fre‐
quency, ν is the dislocation frequency, U0 is the activation energy, kT has its usual meaning.
This relationship has a similar form as the original formula given by Granato and Lücke [1, 2].
The δH component depends exponentially on the stress amplitude. The amplitude‐indepen‐
dent component δ0 may be in the frame of G‐L theory expressed as
δ0 =

ΩBρ ℓ 4 ω
_______
,
EL b 2

(9)

where Ω is an orientation factor, B is the coefficient of dislocation friction, EL is the tension
in a dislocation line and b is the Burgers vector of dislocations. The critical strain εcr at which
the internal friction becomes amplitude dependent may be used to calculate the effective
critical stress amplitude corresponding to the micro‐yield stress according to the following
equation:
σcr = E εcr ,

(10)

where E is Young's modulus. The stress necessary for a thermal break‐away of dislocation
loops σT at a finite temperature is given by [3]
kT
σT = σcr = σM 1 − _
ln A
[ ( U1
) ]

(11)

σM ___
kT
ν ___
A = __23 __
ω σ0 ( U ) .
1

(12)

2/3

with
2/3

σM is assumed to be break‐away stress in pure mechanical process. For a double loop with the
loop length ℓ1 and ℓ2, it occurs at the stress
2 Fm
σM = ______
.
b (ℓ 1 + ℓ 2)

(13)

Here, Fm is the maximum force between the dislocation and the pinning point. U1 = 4/3(Fm3/Φ)1/2,
where Φ is a constant.
While amplitude‐dependent component of internal friction is only due to the presence of dis‐
location in the material, amplitude‐independent part is influenced by several contributions as
dislocations, grain boundaries, precipitates, interfaces, or heat transfer. The damping capacity
of materials is a function of the microstructure, stress, temperature, or frequency. The anelas‐
tic strain can result from the motion of structural defects, such as point defects, dislocation,
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grain boundaries, and phase transformations, and conversely the internal friction can be used
to study such motions. Two basic dependencies were measured: amplitude‐dependent inter‐
nal friction (ADIF) and temperature relaxation spectrum of internal friction (TDIF).
It is often stated in the literature that magnesium and magnesium alloys have good damping
properties. Damping depends on many factors: purity, grain size, alloy composition, ther‐
momechanical treatment of magnesium materials; their microstructure and substructure,
temperature, frequency and the stress amplitude. Therefore the universal statement that mag‐
nesium and magnesium alloys have high damping capacity is not true. Experiments are nec‐
essary to establish to what extent damping occurs for each particular case. The first internal
friction effect observed in magnesium was established by Kê [4]. One relaxation peak found
at 490 K was attributed to the grain boundary sliding. Similar results of polycrystalline mag‐
nesium and magnesium alloys were found by several authors [5–11]. Internal friction peaks
measured at low temperatures in magnesium by Fantozzi et al. [12] and Seyed Reihani et al.
[13] were attributed to the so‐called Bordoni relaxation, that is, the intrinsic mobility of dislo‐
cations through the Peierls barriers. Relaxation peaks found in the vicinity of 0.4 Tm observed
by Nó et al. and Trojanová et al. were attributed to dislocation glide in the non‐compact slip
planes [14–16]. Ageing effects in magnesium alloys were studied using ADIF [17, 18] and also
TDIF [19]. The influence of microplastic and cyclic deformation on the damping capacity was
studied in Mg and Mg alloys using ADIF [8, 20, 21]. Formation of new interfaces in magne‐
sium alloys via precipitation [22], mechanical twinning [23] or an adding of ceramic particles
or fibres [24, 25] may substantially increase the damping capacity. Materials with the high
damping capacity are known as HIDAMETS (HIgh DAmping MEtalS) or HIDAMATS (HIgh
DAmping MAterialS) among them magnesium materials have an important place. Thermal
cycling of magnesium alloys reinforced with ceramic fibres or particles may substantially
deteriorate microstructure and mechanical properties [26].

2. Amplitude‐dependent internal friction
2.1. Cast alloys
Gravity cast magnesium alloys AM20, AX41 and AZ31 were annealed step by step for 20 min
at increasing temperature of the thermal cycle. The temperature step was 20°C. Immediately
after thermal cycling, amplitude dependence of internal friction was measured. Amplitude
dependences of decrement estimated for AM20 alloy are introduced in Figure 1a–c for vari‐
ous upper temperatures of the thermal cycle. The amplitude dependences of decrement are
practically identical for thermal cycling with the upper temperatures up to 200 °C. Thermal
cycling with higher temperatures between 200 and 260 °C causes a decrease in the amplitude
dependent component while the amplitude independent component remains unchanged.
Thermal cycling with the upper temperatures between 260 and 400 °C causes an increase in
the amplitude dependent component. The amplitude dependence of decrement obtained at
400°C achieved similar values as in the case of the as‐cast sample.
According to Eq. (8), the δH component of decrement depends exponentially on the stress
amplitude. The experimental curves were fitted according to formula (8) in the form
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δ = δ0 + C1 ε exp (− C2 / ε ) ,

(14)

Here, the C1 parameter is proportional to ℓ 2/3 and the C2 is proportional to ℓ −2/3. Discussion of
the C2 parameter is simpler because it depends only on the length of the small dislocation
segments ℓ and the activation energy U0. Assuming that the activation energy is in the first
approximation the same (all measurements were performed at room temperature), we may
attribute observed temperature dependence of the C2 parameter to changes in the microstruc‐
ture. The typical feature of the microstructure of AM20 magnesium alloy is the formation of
Mg17Al12 intermetallic phase particles as it is obvious from Figure 2a. The estimated param‐
eters C2 are shown in Figure 1d.

Figure 1. Amplitude dependence of decrement measured in the AM20 alloy after thermal cycling: lower (a), medium (b),
higher (c) upper temperatures of the thermal cycle, temperature dependence of the C2 parameter (d).

The temperature dependence of the C2 parameter slightly increases up to 200°C, then rapidly
decreases with increasing upper temperature of the thermal cycle, and starting from a tem‐
perature of 260‐280°C, it again increases. The length of dislocation segments ℓ is done by the
interaction of the solute atoms with the dislocation line. Although the concentration of solute
atoms in the alloy is lower than the solubility limit, solute atoms in the as‐cast alloy are not
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Figure 2. Microstructure of the as‐cast alloy (a); temperature dependence of the C2 parameter in the homogenised alloy
alloy (homogenised is also in the picture above) alloy (b).

homogeneously dispersed. At temperatures between 200 and 320°C, solute atoms are movable
and the solute solution is purified due to precipitation process in the alloy. Concentration of
weak pinning points (solute atoms) decreases, and if the dislocation density is constant, the
effective length ℓ of dislocation segments increases. The C2 parameter is proportional to C2 ∝
ℓ⁻2/3, thus with increasing annealing temperature, the values of C2 parameter decreases. Above
320°C, the C2 slightly increases; this can be caused by several reasons: a decrease in dislocation
density, ρ, thermal stresses and the interaction of dislocations with precipitates. The observed
increase of C2 parameter at temperatures up to 160°C could be caused by segregation of solute
atoms at dislocations. Such processes were observed during plastic deformation of various Mg
alloys [27, 28]. The strain‐ageing phenomena are due to dislocation‐solute atom interaction.
After a homogenisation treatment (413°C for 18 h), free solute atoms occupy dislocation lines. In
the G‐L model, dislocations are pinned at some place and the free elastic segments move under
the oscillating stress. Damping of these oscillations is controlled by interactions with phonons
and electrons. In concentrated alloys, the dislocation line is strongly pinned by high number of
solute atoms and their small clusters, which occupy the dislocation line. Because of very short
distance between the weak pins (solute atoms), the force necessary for break‐away of disloca‐
tion is very high. At T = 0, the dislocation starts to glide when the Peach‐Koehler force achieves
the value of the binding force between the dislocation line and solute atoms; the dislocation seg‐
ment Lc (Lc is the pinning correlation length) is released. Then, the critical stress σc is done [29] as
σc =

np2 fp4
____
( γ )

1/3

if

fp < < γ np b 3,

(15)

where np is the density of dislocation pinning points (solute atoms or their small clusters), fp is
the elementary pinning force and γ is the dislocation elastic energy γ = K ¯ Gb2 where b is the
Burgers vector magnitude, K ¯ is a constant of the order of 0.5. The collective pinning energy
may be estimated as
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Uc = (γ np fp 2 b 6 ) 1/3.

(16)

When the stress (strain) amplitude reaches its critical value, the dislocation motion has
features typical for avalanche motion. Long free dislocation segments may operate in
the slip plane and damping rapidly increases. Such collective pinning is obvious from
Figure 3a for AX41 alloy. The critical strain (stress) for break‐away of dislocations depends
only slightly on the thermal treatment, that is, the microstructure is very stable due to
the formation of Mg2Ca precipitates which are more thermally stable in comparison with
Mg17Al12. The constant length of shorter dislocation segments is manifested by a nearly
constant C2 parameter as it was observed in the homogenised AM20 and AX41 alloys
(Figures 2b and 3b).

Figure 3. Amplitude dependence of decrement measured in AX41 alloy after thermal cycling (a) and temperature
dependence of the C2 parameter (b).

Different results were found in the case of an AZ31 alloy in the as‐cast state (see Figure 4a, b).
The alloy was thermally treated in the similar way as the AM20 alloy. ADIF measured
in the as‐cast sample and after the thermal cycling up to 240°C showed no changes in
the microstructure (Figure 4a). Thermal treatment at higher temperatures influenced both
the amplitude‐independent as well as amplitude‐dependent components of the decrement
(Figure 4b). Both increased with increasing upper temperature of the thermal cycle. A rapid
increase of the δ0 component indicates some microstructural changes in the sample. The
microstructure of the sample after the measurement series is shown in Figure 5. Tiny pre‐
cipitates situated in the grain boundaries are the characteristic feature in the microstructure
(Figure 5). The formation of precipitates is connected with the purification of the grains
interior. A decrease of the solute atom concentration inside of grains increases the effec‐
tive length of dislocation segments ℓ. The δ0 component is very sensitive to ℓ, as it follows
from Eq. (8); it means the internal friction rapidly increases in the amplitude‐independent
component.
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Figure 4. Amplitude dependence of decrement measured in AZ31 alloy for various upper temperatures of the thermal
cycle: lower temperatures (a) and higher temperatures (b).

Figure 5. Microstructure of the AZ31 alloy after the thermal cycling.

2.1.1. Summary
From the ADIF investigations in AM, AX and AZ magnesium alloys, it can be concluded that
changes in the microstructure of alloys may be detected using the internal friction measure‐
ment. Thermodynamic processes occurring in the alloys change the effective length of the
dislocation segments. These processes take place mainly at temperatures higher than 200°C.
Free solute atoms occupy the dislocation line and the stress necessary for the break‐away of
dislocations is very high. Avalanche release of dislocation lines (and also their length) leads to
a rapid increase in the internal friction.
2.2. Magnesium alloys‐based composites reinforced with short fibres
Metal matrix composites (MMCs) are materials combining two or more components with differ‐
ent physical and chemical properties. The commercial Mg alloys AZ91, ZC63 were reinforced by
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δ‐alumina short fibres (Saffil®, 3 μm in diameter with the mean length of about 87 μm) applying
the squeeze‐cast technology. The preform consisted of short Saffil fibres and a binder system
(containing Al2O3 and starch). Fibres exhibited a planar isotropic fibre distribution. The preform
was preheated to a temperature higher than the melt temperature of the alloy and then inserted
into a preheated die. The pressure was applied in two stages. Composites based on AZ91, ZC63
alloys were exposed to the T4 heat treatment (AZ91: 413°C/18 h; ZC63: 440°C/8 h). Microstructure
of the AZ91+14.6% Saffil fibres composite is introduced in Figure 6a. The sample was cut so that
the fibres plane was parallel to the section plane. It can be seen that the distribution of fibres is
not ideal and many fibres were broken during the squeeze‐casting process.

Figure 6. AZ91/Saffil composite before mechanical cycling (a) and cracks in the vicinity of the fatigue fracture plane after
mechanical cycling (b).

Figure 7a shows the plots of the logarithmic decrement against the strain amplitude for
the ZC63 magnesium alloy reinforced with 24.9 vol.% Saffil fibres before and after thermal
cycling between room temperature and an increasing upper temperature of the thermal cycle.
Figure 7b shows results obtained for higher temperatures. From Figure 7a,b, it can be seen
that the strain dependencies of the logarithmic decrement exhibit two regions in good accord
with Eq. (7). The values of δH in the strain amplitude‐dependent region increase very strongly
with increasing upper temperature of the thermal cycle up to 260°C, and then above 260°C,
the values of δH again decrease with the upper temperature. Similar results were found for
other composites based on magnesium alloys; only the critical temperature TC at which the
original increase of the amplitude‐dependent decrement component turns to the decrease is
different for various magnesium alloys. Similar results were found for the AZ91+14.9 vol.%
Saffil short fibres (Figure 8a, b). The critical temperature TC was in this case found to be 280°C.
This critical temperature was found for ZC63/Al2O3 260°C (temperature 280°C was not mea‐
sured), ZE41/ Al2O3 300°C. The critical temperature for QE22 was about 360°C and for AX41/
Al2O3 310°C, depending on the melting point of the matrix alloy.
In the lower‐strain amplitude region, the decrement is only weakly dependent on the strain
amplitude. In the second region, for higher strains (or stresses, according to Hooke‘s law
they are proportional), the decrement increases strongly with increasing strain amplitude.
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Figure 7. Amplitude dependence of decrement measured for ZC63 alloy reinforced with 24.9 vol.% of Saffil fibres after
thermal cycling: lower upper temperatures of the thermal cycle (a) and higher temperatures of the thermal cycle (b).

Figure 8. Amplitude dependence of decrement measured for AZ91 alloy reinforced with 14.6 vol.% of Saffil fibres after
thermal cycling: lower upper temperatures of the thermal cycle (a) and higher temperatures of the thermal cycle (b).

A number of possible damping mechanisms can be identified in MMCs. Interfaces present
in composites are very effective source of damping (interfacial frictional sliding, local dis‐
sipative interfacial processes and interfacial diffusion). Grain boundary sliding can occur in
the same way as in the unreinforced materials. A finer grain size, which is typical for most
MMCs, means that there this process may occur with the higher intensity. On the other hand,
ceramic reinforcements exhibit low dislocation density, then dislocation motion and grain
boundary sliding are limited; the damping effect from these mechanisms will be reduced
in proportion to the remaining volume fraction of the matrix. All these effects (dislocation
damping, interface and grain boundary damping) may influence the amplitude‐independent
δ0 component, while the amplitude‐dependent component δH is caused by dislocation motion
in the material.
The experimental data were analysed using relationship (14). Values of the C2 parameter are
introduced in Figure 9 for ZC63 (a) and AZ91 (b) alloys reinforced with Saffil fibres. Note
that good correlation with the theory presented was found only for temperatures higher than
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50–100°C. Decreasing values of the C2 parameter with the upper temperature of the thermal
cycle up to temperatures 240–260°C indicate that the length of shorter dislocation segments
ℓ increases with increasing upper temperature. Further cycling at temperatures higher than
240–260°C again increased C2 parameter, that is, the length of dislocation segments ℓ decreased.

Figure 9. Temperature dependence of the C2 parameter in the AZ63 alloy with 24.9% of Saffil fibres (a) and AZ91 alloy
with 14.6% of Saffil fibres (b).

Metallic matrices and ceramic reinforcement are in the equilibrium at the manufacture tem‐
perature. Cooling to the room temperature induces thermal stresses [30]. The coefficient of
thermal expansion (CTE) of ceramic reinforcement is lower than that of most metallic matrices.
This means that when the composite is subjected to a temperature change, thermal stresses
will be generated. Generally, these thermal stresses may be formulated in the following form:
σt = f(C, ri ) ΔαΔT,

(17)

where f(C,ri) is a function of the elastic constants C, and geometrical parameters ri, Δα is the
absolute value of the difference in the expansion coefficients of the components, and ΔT is the
temperature change. Typically there is a large difference between the thermal expansion coef‐
ficient (CTE) of the matrix and the reinforcing phase. Even small temperature changes may
generate thermal stresses. These internal stresses generated by thermal cycling of composites
can be reduced by various relaxation mechanisms: dislocations production, their glide, by
decohesion or sliding of the matrix‐reinforcement interface, by diffusion of solute atoms in
the matrix. Density of newly created dislocations created in the vicinity of the reinforcement
is significantly higher than elsewhere inside of the matrix. The dislocations generated dur‐
ing cooling from an elevated temperature below a certain temperature Tcr can glide inducing
plastic deformation into the matrix.
The observed results may be explained if we consider that during cooling and also during
thermal cycling new dislocations are created due to the difference in the CTE. This process
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may be influenced by the thermodynamic processes occurring in the matrix during the ther‐
mal cycling. Chmelík and co‐workers [31] measuring the acoustic emission from the ther‐
mally treated composite (without any applied stress) have shown that new dislocations are
formed in the cooling part of the thermal cycle. Higher dislocation density decreased the
effective length of dislocation segments considering that the number of pinning points is con‐
stant. Number of free foreign atoms or their small clusters can be modified by thermodynamic
processes in the matrix. A redistribution of solute atoms may be studied by electrical resistiv‐
ity measurements. Residual resistivity ratio RRR (RRR‐1 = ρe(77 K)/ρe(293 K)) measured for
step‐by‐step annealed sample at increasing temperature is introduced in Figure 10a for ZC63/
Al2O3 MMC. A sharp drop in RRR‐1 detected in the temperature range from 160 to 240°C
may be explained by the solute redistribution. This decrease of the resistivity reflects very
complex processes; precipitates of various types can be formed in the matrix. The absence of
the expected ageing effect might be due to the massive CuMgZn consuming a high amount
of alloying elements. Electrical resistivity measurements have shown that the precipitation
processes occur in some Mg‐based MMCs approximately between 200 and 300°C [32–34].
Similarly, the matrix alloy is purified from the free solute atoms also in the AZ91 alloy as it
will be shown in Section 3.3.

Figure 10. Temperature dependence of the residual resistivity ratio in ZC63 alloy and composite (a) and critical strain in
the AZ91+14.6% of Saffil fibres (b).

From Figure 9a, b, it is obvious that the C2 constant decreases with increasing upper tem‐
perature of the thermal cycle. This tendency finished at temperatures between 200 and 300°C
(depending on the matrix alloy) and then it again increases with temperature. Such behaviour
may be explained by the formation of plastic zones which may accommodate thermal stresses
produced at the matrix/ceramic fibre interfaces.
The radius of this plastic zone is given by the following approximate relationship [35]:
1/2

rplz =

4Δα EM
. ΔT] ,
rf [_______
(5 − 4ν ) σy

(18)
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where Ef and EM are Young's moduli of fibres and matrix, respectively, ν is Poisson constant
and σy the yield stress in the matrix, rf is the radius of fibres. Similarly, it is possible to express
the volume fraction of the plastically deformed matrix [35]
M
. ΔT − 1].
fplz = f[_
(5 − 4ν ) σy

4Δα E

(19)

If the volume fraction of the plastified matrix increases above a certain value, the plastic
zones may overlap. In the overlapped zones, the dislocation loops formed near the inter‐
faces have the opposite sign on both sides of the fibre. At higher temperatures, the yield
stress in the matrix is lower than internal stress and at temperatures higher than 260–340°C,
the tensile stresses change to compression ones. At this moment, dislocations move in the
plastic zones and annihilation of dislocations can occur and hence the dislocation density
decreases.
Chmelík and co‐workers [31] have measured acoustic emission of samples thermally cycled
between room temperature and an increasing upper temperature of the thermal cycle. At ele‐
vated temperatures from 200°C (in the case of AZ91 MMC) to 280°C, permanent elongation of the
sample was detected, followed by rapid shortening of the sample after cycling at temperatures
higher. These characteristic temperatures were different for various magnesium alloys used as
the matrix alloys, but in each case, the critical temperature at which the sample became to be
shorter accords with the critical temperature obtained in the internal friction experiments (AZ91/
Al2O3 280°C, ZC63/Al2O3 260°C (temperature 280°C was not measured), ZE41/Al2O3 300°C, QE22/
Al2O3 360°C). A decrease of the amplitude‐dependent component of the decrement is observed in
the region where the sample is plastically deformed by thermal stresses. Acoustic emission signal
was detected only in the cooling parts of the thermal cycle while high‐temperature strain of the
sample was completely noiseless.
The temperature dependence of the critical strain εcr is shown in Figure 10b. All measure‐
ments were performed at ambient temperature. Thus, we can assume that parameter A and
the activation energy U1 in Eq. (11) are, in the first approximation, independent of thermal
treatment. Then, the critical strain εcr depending on the length of dislocation segments ℓ fol‐
lows the same tendency as the C2 parameter.
2.2.1. Summary
Thermal stresses are generated after the thermal cycling of magnesium alloys reinforced
by short Saffil fibres. These stresses may be relaxed by anelastic as well as plastic strain.
Internal friction measurements can detect newly created dislocations in the vicinity of
fibres ends.
Internal friction measurements showed that changes in the microstructure start at tempera‐
tures above about 200°C. Precipitation processes and solute atoms migration are respon‐
sible for these changes. Thermal internal stresses generated at temperatures higher than
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220–280°C are high enough to invoke motion of newly created dislocations. Thermal cycling
at temperatures higher than ~300°C causes movement and annihilation of new dislocations
(which are only slightly pinned and well movable) in the matrix, under appearing compres‐
sive thermal stresses, which leads to a decrease of internal friction.
2.3. Influence of mechanical cycling on ADIF
The same composite as in Section 2.2, that is, AZ91 alloy with 14.6% of Saffil fibres, was
mechanically cycled in the same apparatus in which the ADIF was measured. The sample
vibrated certain number of cycles at the resonant frequency, and then the amplitude depen‐
dence of decrement was measured.
The end of the fatigue life of the sample was manifested by the rapid increase of the resonant
frequency. The sample was cycled up to the sample failure. It was reached at N = 2.19 × 108
cycles, the maximum strain amplitude was 1 × 10‐3.
The amplitude‐dependent internal friction curves determined in the as‐received state and
after definite numbers of cycles are introduced in Figure 11a. A rapid increase of the decre‐
ment was observed between the first measured curve for N = 0 and the second measured
curve after 1 min of cycling, corresponding to N = 4.02 × 103 cycles. The logarithmic decrement
estimated in the amplitude‐independent region for the strain amplitude ε = 2 × 10‐4 is shown
in Figure 11b. A saturated region, where the decrement is more independent of the number
of cycles, was found from N = 4 × 103 to approximately 1 × 106 cycles. Further cycling led to
a rapid decrease of the decrement and then again an increase followed with the fracture of
the sample. A rapid increase of the amplitude‐independent component of decrement δ0 was
observed for number of cycles N = 4 × 107 − 9 × 107 as it is demonstrated in Figure 12a. After
further cycling, local maxima appeared in the amplitude‐independent part of the curves as it
can be seen in Figure 12b.

Figure 11. Strain amplitude dependences of the logarithmic decrement for as‐received state and after certain number of
cycles (a) and resonant frequency and damping measures after N cycles (b).
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Figure 12. Rapid increase of decrement observed after cycling (a); local maximum in the amplitude independent part
of decrement (b).

Changes in the composite response upon cyclic loading are primarily caused by plastic defor‐
mation in the matrix [36]. The cycling response in the material containing particles impen‐
etrable for dislocations leads to a rapid increase in the dislocation density during cyclic
loading until a saturated state is reached. Composites typically exhibit a higher dislocation
density compared with their monolithic counterparts. The dislocations have to circumvent
the impenetrable ceramic fibres and in the case of the AZ91 alloy also precipitates Mg17Al12.
New dislocations are generated at the matrix/obstacles interfaces. According to Eq. (9), the
amplitude‐independent component of the logarithmic decrement depends on the dislocation
density and the length of the shorter dislocation segments ℓ. The observed increase of the dec‐
rement at the onset of the cycling process is a result of the increase in the dislocation density.
Because the number of the pinning points is constant and the effective length of the shorter
dislocation segments ℓ is higher, the decrement increases. During further cycling, the disloca‐
tions are trapped by the interface, and induce disordered three dimensional dislocation struc‐
tures with a few dislocations extending in the matrix. The density of movable dislocations is
reduced. Shuttling of these dislocations accommodates the imposed strain but the damping
decreases as it is obvious from Figure 11a, b. A rapid increase of the logarithmic decrement
for the number of cycles higher than 4.7 × 107 (Figures 11b and 12a) indicates nucleation and
growth of fatigue cracks. We observed also influences of the number of cycles on the sample
resonant frequency. A rapid increase of the damage parameter of the specimen after N cycles,
D(N), can be defined [37] as
f2

E

N
N
D(N) = 1 − ___
= 1 − __
,
E
f2
o

(20)

o

where EN is an effective Young's modulus of the specimen after N cycles and E0 is Young's
modulus for N = 0 and fN and f0 are the resonant frequencies of the specimen after N cycles and
for N = 0, respectively. Microstructural investigations showed that the initiation sites of cracks
were fibres, clusters of fibres and large‐size precipitates (see Figure 6b).
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A smooth local maximum in the amplitude dependence of the logarithmic decrement was
observed after very high numbers of cycles (see Figures 11a and 12b). This maximum is caused
by the formation of cracks in the fatigued matrix. A simple rheological model taking into account
the crack origin of damping was developed by Göken and Riehemann [38]. According to the
model, one elementary crack is assumed to be represented by a frictional grip that is attached
in series to a spring E1 representing the loss of modulus due to opening of the crack. This fric‐
tional grip is absolutely firm for stresses lower than its critical stress σ<σci. In this stress region,
the spring E1 and frictional grip σc1 attached parallel to another spring Er are elongated by an
amount of εc1 with σc1=(Er+E1)εc1. The grip is separated at σ=σc1 where the spring E1 is released
and the strain increases according to σc1=Erε because only Er representing the relaxed modulus
is elongated. In this process, the elementary crack opens at the critical strain and the mechani‐
cal energy ΔW is converted to heat by the displacement of the two crack surfaces, by emission
of dislocations at the crack tips, or by crack growth. The mechanical loss can be written as
σ

2

ε

c
i
ΔW
1 ____
__c
≅ __
η = ___
∝ (__
ε)
2π W
Er ( σ )

E

2

(21)

for ε≥εc and η = 0 for ε<εc. Introducing n combinations of grips σci and springs Ei with I = 1…n,
the damping behaviour of n cracks can be modelled. The local maximum in the amplitude
dependence of the logarithmic decrement was caused by the distribution of cracks length
and their orientations leading to a nearly continuous distribution of the critical strains σc. All
occurring local maxima could be fitted with good accuracy when a lognormal distribution
of critical stresses σc was assumed. In Figure 12b, the local maximum after 9.9 × 107 cycles is
shifted to slightly higher damping and higher strain amplitude after additional cycles leading
to a total number of 1.02 × 108 cycles. This may indicate that new smaller cracks are created or
dislocation damping increases again during this period. The latter could already be observed
in the high amplitude region from 8.8 × 106 to 9.9 × 107cycles. Fatigue cracks were found after
mechanical cycling in the composite microstructure as it is demonstrated in Figure 6b.
2.3.1. Summary
Fatigue can successfully be studied by the measurement of strain amplitude‐dependent
damping after increasing numbers of mechanical cycles. For mechanical cycling of AZ91/Saffil
composite mainly dislocation effects could also be found for cycle numbers up to 4.7 × 107.
For further cycling, a strong increase of damping can be attributed to nucleation and growth
of cracks leading to fracture of the sample. Smooth relative maxima appearing on the damp‐
ing versus strain curve can be explained and evaluated by a rheological model of the effect of
cracks on damping.
2.4. Magnesium zirconia nanocomposite
Magnesium with 3 vol% of zirconia nanoparticles was prepared by powder metallurgical route.
Powder from Mg was mixed with ZrO2 nanoparticles (the mean size of 14 nm) and milled
together for 1 h in a planetary ball mill. The mixture was subsequently pre‐compressed followed
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by hot extrusion at a temperature of 350°C under a pressure of 150 MPa. After extrusion, the
originally more or less equiaxial grains changed into elliptical grains with the long axis par‐
allel to the extrusion direction. The grain size in the cross section was about 3 μm and in the
extrusion direction 10 μm. ADIF was measured after mechanical cycling at room temperature.
Experiments were performed in similar way as in the case of AZ91/Saffil composite. Decrement
estimated for two strain amplitudes depending on the number of cycles is shown in Figure 13a.

Figure 13. The logarithmic decrement measured for two amplitudes depending on number of cycles (a) and damage
parameter versus number of cycles (b).

Mechanical cycling in the region from 3 × 103 to 2.4 × 106 leads to the decrement increase.
Observed increase of decrement is very probably a consequence of the dislocation density
increase and also an increase of the effective length between weak pinning points. Further
cycling up to 2.9 × 107 cycles decreased the decrement. This drop is caused by a decrease of the
dislocation density, which is a consequence of interactions between dislocations. The higher
dislocation density limited the slip length of vibrating dislocation segments. Rapid increase
of the decrement is caused by the cracks creation. Rapid decrease of the damage parameter
shown in Figure 13b observed for the number of cycles of N>107 and the decrease of the reso‐
nant frequency at the end of the fatigue process indicates loss of the stiffness as a consequence
of the creation and propagation of cracks.
2.4.1. Summary
Magnesium zirconia nanocomposite was cycled at room temperature and after certain num‐
ber of cycles the logarithmic decrement was measured. Plastic deformation during cycling
increased the dislocation density and also the measured decrement. The loss of stiffness at the
end of the fatigue process is a consequence of the cracks formation and propagation.
2.5. Ultra‐fine‐grained magnesium
Ultra‐fine‐grained magnesium (UFG‐Mg) samples were prepared by ball milling of powder
in an inert atmosphere and subsequent consolidation and hot extrusion. The linear grain size
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of specimens estimated by X‐ray line profile analysis was about 100–150 nm. Samples were
cyclically loaded until failure with bending vibrations in the apparatus also used for damping
measurements. The resonant frequency of the system ranged from 59 to 62 Hz. The end of
the fatigue life of a sample was manifested by a rapid decrease of the resonant frequency. The
sample was cycled up to failure, which was reached at N = 2.74 × 108 cycles.
The amplitude‐independent component, δ0, and the damping value at the maximum
amplitude, δmax, plotted against the cycle number are shown in Figure 14a. It can be seen
that the decrement is more or less constant at the onset of the cycling process. Cycling in
the region between 107 and 108 cycles leads to an increase of the decrement. The observed
increase of the decrement indicates a rapid increase of the dislocation density and also an
increase in the distance between weak pinning points. This increase of the decrement, on
the other hand, is accompanied by a decrease of the resonant frequency. Figure 14b shows
the damage D (defined by Eq. (20)) plotted against the cycle number N. A rapid increase
of D occurred for N > 108. The measured decrease of the resonant frequency at the end of
fatigue process indicates a stiffness loss due to the formation of cracks and may also be
caused by an increase of the number of bowable or moveable dislocations as a function
of cycling. A rapid increase of 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.

Figure 14. Amplitude dependence of decrement measured in UFG‐Mg for two amplitudes (a); damage parameter
depending on the number of cycles (b).

2.5.1. Summary
The accumulation of plastic deformation mainly due to an increase of the dislocation density
is the significant feature of the fatigue process. Cycling higher than 108 cycles led to nucleation
and growth of cracks. Newly created and propagated cracks increased the logarithmic decre‐
ment and damage parameter.
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3. Temperature relaxation spectrum of internal friction
3.1. Microcrystalline Mg
Microcrystalline magnesium was prepared using the powder metallurgical route. The tem‐
perature dependence of the loss angle tan ϕ estimated over a wide range from room tempera‐
ture up to 480°C is given in Figure 15a for three measuring frequencies of 0.5, 5 and 50 Hz.
Two peaks showing different intensities have been found: the weak low‐temperature peak and
the more intense high‐temperature peak. It can be seen that both peaks shift to a higher tem‐
perature with increasing frequency, indicating that they may be relaxations peaks. Positions of
peaks in the temperature scale are for three measuring frequencies introduced in Table 1. The
curves shown in Figure 15a were measured during one heating course in the multi‐frequent
mode. Repeating of the thermal measuring cycles did not change the height and position of
peaks. The internal friction peaks are assumed to be imposed by a background IFb expressed by
−C

b
,
I Fb = A + B exp (_
kT )

(22)

where k is the Boltzmann constant and T is the absolute temperature, A, B and Cb are con‐
stants. After subtracting the background by using a fitting programme PeakFit, the maximum
temperature TP was estimated for both the relaxation peaks. Exact temperatures of both peaks
estimated for various frequencies are given in Table 1. The peak widths are broader than that
for a Debye peak, characterised by single relaxation time. The internal friction peak appears
at the condition ωτ = 1 [39], with
ωτ = ωτ0 exp(ΔH / kT),

(23)

where ω is the angular frequency (=2πf, f is the measuring frequency), τ is the mean relaxation
time, τ0 the pre‐exponential factor, and ΔH is the mean activation enthalpy. Figure 15b shows
the semilogarithmic plot of the frequency versus reciprocal value of the peak temperature
TP—the so‐called Arrhenius plot.
From the slope and intercept of the straight line, the mean activation enthalpy ΔH for the low‐
temperature peak has been obtained and its value is 1.02 ± 0.05 eV. Internal friction in magne‐
sium has been studied by several authors. Their results are summarised in Table 2. The peaks
found above room temperature up to 100°C were described to dislocation effects. As far as the
peak observed may have a dislocation nature, prestraining of the sample at a low temperature
should influence the height of the peak. Deformation by rolling at room temperature (ε≈2%)
increased the strength of the low‐temperature peak. This result is different from an estimation
presented in the paper [14], where probably the identical peak PD vanished after annealing
at 570 K. Similar peak was found by Trojanová and co‐workers [40, 41] for ultra‐fine‐grained
magnesium prepared by ball milling and hot extrusion.
In the case of a relaxation processes linked to dislocation motion, the activation area A = V/b
(b is the Burgers vector and V activation volume) is the area that a dislocation has to move in
order to activate the process, this means to overcome the barrier. Therefore, the product Vσ*
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Figure 15. Temperature dependence of the loss angle measured at three frequencies (a) and Arrhenius plots constructed
for low‐ and high‐temperature peaks (b).

f/Hz

P1 (°C)

P2 (°C)

0.5

84.7

325

5

133.9

377.4

50

142.2

445.2

Table 1. Peak temperatures observed for various frequencies.

ΔH (eV)

Material

T (°C)

f (Hz)

Mg99.999%

76.8

1–2

Seyed Reihani [42]

Mg99.97%

219.8

0.46

Kê [4]

Mg99.9999%

67

1

Nó et al. [14]

Mg99.9999%

157

1

Nó et al. [14]

High purity Mg

146.8

Mg99.9999%

148.8

1

1.00

Nó [44]

μ‐Mg

84.8

0.5

1.02

This work

μ‐Mg

325

0.5

1.40

This work

UFG‐Mg

102

1

0.95

Trojanová et al. [40]

UFG‐Mg

358

1

1.77

Trojanová et al. [40]

UFG‐Mg+3nGr

78

1

1.08

Trojanová et al. [45]

References

Fantozzi et al. [43]

Table 2. Occurrence of the internal friction peaks in magnesium prepared by various routs .
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represents the work done by the applied stress to promote the dislocation motion over the
local barrier. Neglecting the entropy term, the activation volume can be expressed as
∂T
∂ ΔH
____p ,
=
−
k
ln
ω
τ
V = − ____
(
)
0
∂σ
∂σ

(24)

using Eq. (23) and the condition ωτ = 1 for peak appearance. Figure 16a shows the internal
friction spectrum measured at different strain amplitudes ε (from 8.3 × 10‐5 to 2.3 × 10‐4). As
the strain amplitude increases the peak shifts towards higher temperatures and its height
increases while the background increases moderately. Taking for ln(ωτ0) = ‐31.33 (τ0 = 7.9 ×
10‐15 s, ω = π Hz), and for ∂Tp/∂σ = (1/E)1.84 × 104 (linear regression from Figure 16b, σ = Eε, E
is the Young modulus), we obtain for the activation volume V(exp) = 1.5 × 10‐28 m3 and disloca‐
tion activation volume Vd = ψVexp = 7.2 × 10‐28 m3 = 22 b3 (E = 42 GPa, and the Taylor factor ψ =
4.8). Considering geometrical interpretation of the activation volume
V = bd ℓ D = bA,

(25)

where the energy barrier has a width d. ℓD is the length of the dislocation segment between
barriers. Parameters of the thermally activated process (activation enthalpy and activation
volume) are typical for certain barriers and their experimental estimation gives a possibility
to identify the main barriers relevant for dislocation motion. Usually, the thermally activated
process is studied in plastic deformation. On the other hand, the inelastic behaviour of metallic
materials can be considered as the thermally activated dislocation motion.

Figure 16. Temperature dependence of the low‐temperature peak measured for various strain amplitudes (a) and
amplitude dependence of peak temperatures (b).
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The main deformation mode in magnesium is basal slip of <a> dislocations. The secondary con‐
servative slip may be realised by <a> dislocations on prismatic and pyramidal planes of the first
kind. Couret and Caillard studied by TEM prismatic glide in magnesium in a wide temperature
range [46, 47]. They showed that the screw dislocations with the Burgers vector of __31 [112¯0] are
able to glide on prismatic planes and their mobility is much lower than the mobility of edge dis‐
locations. The deformation is controlled by thermally activated glide of these screw dislocation
segments. A single controlling mechanism has been identified as the Friedel‐Escaig mechanism.
This mechanism assumes a dissociated dislocation on a compact plane (0001) that joins together
along a critical length Lr producing double kinks on non‐compact plane. The activation energy
for this process is
U = 2 UK + 4 UC + 2 UR

(26)

where 2UK , 4UC and 2UR are the formation energies of the kink pair, of the four constrictions
and of the two recombined segments, respectively. The activation area is proportional to the
critical length between two kinks and it should be small.
A ∝ Lr b.

(27)

The theoretical prediction leads to a value of 2UK superior to 1.2 eV and to an activation
area of about 15 b2. This mechanism should give an internal friction peak similar to the
Bordoni relaxation. The Friedel‐Escaig mechanism is also sometimes called as pseudo‐
Peierls mechanism. Additionally, in this model the maximum of the internal friction peak
must increase with increasing oscillating stress (strain amplitude) from a certain criti‐
cal value. Thus, the comparison between the theoretical predictions and the experimen‐
tal results leads to the conclusions that the observed relaxation is very probably pseudo
Bordoni relaxation based on glide of screw dislocations on non‐compact planes controlled
by the Friedel‐Escaig mechanism.
The high‐temperature peak has been observed at temperature ~325°C (0.5Hz). The cold prestrain‐
ing of the sample did not affect the strength of the high‐temperature peak. Position and height
of the peak are very stable during heating as well as cooling. The activation energy was obtained
from the frequency dependence of the peak temperature (Arrhenius plot) to be 1.40 ± 0.05 eV (see
Figure 15b). Existence of the high‐temperature peak in magnesium has been reported by Kê [4]
and other authors [5, 6, 10, 11]. They described this peak as being related to the grain boundary
relaxation. Grain boundary sliding is realized by the slip and climb (providing a maintenance
of vacancy sources and sinks) of grain boundary dislocations. Since both modes of dislocation
motion must occur simultaneously, the slower one will control the grain boundary sliding. The
climb mode involves jog formation and grain boundary diffusion and both modes may be affected
by the interaction with impurities segregated in grain boundaries. According to ref. [48], grain
boundary dislocation segments vibrate under applied cyclic stress, restoring force K is assumed
to be from the elasticity of the limiting grains at triple junctions. According to this theory, the
relaxation strength is for small grains not depending on the grain size:
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G ρs b
,
(tan ϕ ) max = _____
C
2

(28)

where ρs is the dislocation grain boundary surface density (total dislocation length per unit
of grain boundary area), G is the shear modulus and C is a constant. The relaxation time in
this model is
Δ Hj + Δ HGB

kT
ΔH
exp (_
τ = _______
= τ0 exp (_
,
kT
kT )
b 2 Cj D K
)

(29)

where Cj is the linear density of jogs along the dislocation line, D is the diffusion coefficient,
ΔHj, ΔHGB are the activation enthalpies for the jog formation and the grain boundary diffusion,
respectively. The activation enthalpy for grain boundary diffusion in the coarse‐grained mag‐
nesium is 0.95 eV [49]. Comparing with the estimated activation enthalpy value of 1.40 eV, the
possible jog formation energy should be approximately 0.45 eV, which seems to be a reason‐
able value. Similar peaks describing the grain boundary sliding are introduced in Table 2. Peak
observed by Kê [4] was found at 219.8°C and by Trojanová [41] at 358 °C. This is very probably
due to the fact that microcrystalline and ultra‐fine magnesium were prepared by milling in
the protective Ar atmosphere containing 1% of oxygen. MgO particles in the grain boundaries
together with the alumina nanoparticles may influence grain boundary diffusion characteristics.
3.1.1. Summary
Microcrystalline magnesium was prepared by milling and hot extrusion. Internal friction was
measured as a function of temperature with three frequencies 0.5, 5 and 50 Hz. Two relaxation
peaks were observed: a peak at 85 (0.5 Hz) with activation energy of 1.02 eV, and a peak at
325°C (0.5 Hz) with activation energy of 1.40 eV. The estimated small values of the activation
volume and the peak sensitivity to the stress amplitude lead us to conclude that the low‐tem‐
perature peak is due to the screw dislocation motion on the prismatic plane controlled by the
Friedel‐Escaig mechanism. Grain boundary sliding is probably the reason for appearing at the
high‐temperature peak.
3.2. Mg‐Gr nanocomposite
The Mg with 3 vol% of Gr nanoparticles was prepared by the similar procedure as the micro‐
crystalline Mg (see Chapter 3.1). The Mg micropowder with a median particle diameter of
about 40 μm was mixed for 8 h with 3 vol.% of graphite powder and milled for 8 h in the plan‐
etary ball mill in a sealed argon atmosphere. The composite was encapsulated in an evacuated
Mg container, degassed at 350°C, and extruded by the preheated (350°C) 400 t horizontal
extrusion press. The material was studied in a transmission electron microscope; the mean
grain size of the material was found to be about 200 nm. Temperature relaxation spectra of
internal friction were measured in a DMA 2980 (TA Instruments) apparatus while heating
and cooling. In a temperature range from room temperature up to 480°C, the measurements
were performed in the multi‐frequency mode at three frequencies 0.5, 1 and 2 Hz. Throughout
the measurements, the strain amplitude was 1.2 × 10‐4. The heating as well as cooling rate was
1 K/min. No grain growth during heating up to 480°C was observed.
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Figure 17a shows the temperature dependence of the mechanical loss angle tanφ measured at
three frequencies during first heating sub‐cycle. Two types of peak have been found: the weak
low‐temperature peak and the more pronounced two high‐temperature peaks. While the low‐
temperature peak position in the temperature scale depends on the measuring frequency,
position of both high‐temperature peaks does not depend on the frequency. Figure 17b shows
the temperature dependence of mechanical loss angle measured during cooling. It is seen
that the two high‐temperature peaks developed into one peak. Position of this peak is not
depending on frequency and it remained constant in the next heating‐cooling cycles. The low‐
temperature peaks extracted from the internal friction spectrum subtracting the background
damping are introduced in Figure 18a, b which shows the Arrhenius plot for the low‐temper‐
ature peak. An estimated activation enthalpy of 1.08 ± 0.05 eV is close to activation enthalpies
found for μMg and UFG‐Mg as it is given in Table 2. This fact and together with found peak
temperature from a range of 67–102°C indicates that the low‐temperature peak is due to the
reversible screw dislocation motion on the prismatic plane controlled by the Friedel‐Escaig
mechanism as it was described in paragraph 3.1.

Figure 17. Temperature relaxation spectrum of internal friction measured for three frequencies while heating (a) and
cooling (b).

Figure 18. Subtracted low‐temperature peaks (a), Arrhenius plot and activation enthalpy obtained for the low‐
temperature peak (b).
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Observed independence of the high‐temperature peak on the frequency indicates that this
peak has no Debye nature. Its existence is due to newly created dislocations and their motion.
An increase in the dislocation density near reinforcement with the different CTE compared
with the matrix has been calculated according to Arsenault & Shi [50]
B Vf ΔαΔT 1
ρ = ________ ___
tmin ,
b 1−V
(

f)

(30)

where Vf is the volume fraction of the reinforcing phase, tmin its minimum size, b the magnitude
of the Burgers vector of dislocations, B a geometrical constant, Δα the absolute value of the CTE
difference between the matrix and the reinforcement, ΔT the temperature difference. Rawal
[51] studied the interface in the cast Mg‐Gr composite. He found, using the transmission elec‐
tron microscopy, enhanced dislocation density near the interface. Dislocations were generally
linear and corresponded to available basal slip systems in hcp Mg matrix. Dislocation density
measurements made using the weak beam imaging technique indicate an average dislocation
density of 1.6 × 1013 – 6 × 1014 m‐2. High density of dislocations may be attributed to the residual
stress state generated because of differential contraction between the Gr and matrix during the
fabrication process. In the Mg/Gr composite studied in the present work, the CTE value of high
purity Mg matrix is 26 × 10‐6 K‐1 and that of the Gr is approximately 4.0 × 10‐6 K‐1 (the value for
carbon fibres is –1.4 × 10‐6 K‐1 [52]). It is expected that such large difference could generate a
high density of dislocations during heating as well as cooling of Mg/Gr system. The residual
strain, or strain accumulation, produced by the thermal mismatch may be calculated from
ε = ΔαΔT.

(31)

In the absence of thermal stresses, the vibrating dislocation segments do the dislocation damp‐
ing IFd. If the composite material is heated, compressive thermal stresses σth are generated in
the matrix and induce a long‐range movement of dislocation, which is superimposed on the
oscillatory motion induced by the apparatus. Several models are reported in the literature to
describe the mechanism(s) responsible for damping in composites due to dislocation motion
in the vicinity of reinforcing phase. Mayencourt and Schaller [24] have reported a non‐lin‐
ear dependence of the internal friction in MMCs with the cooling rate, measuring frequency
and strain amplitude. Dislocation motion near the interface is controlled by the solid friction
mechanism and break‐away of dislocation from solutes. Vincent and co‐workers [53] devel‐
oped a model where a coupling between the thermal‐induced strain and the alternating shear
stress of the apparatus is considered. Carreño‐Morelli and co‐workers [25] developed a model
based on the growing plastic zones around the reinforcement. Wei et al. [54] studied internal
friction in Al with Gr particulates. An internal friction peak was found at about 260°C. The
internal friction peak is attributed to the thermal dislocations, the thermal stress coupled to
the exciting stress, and the interaction between the dislocations and the cyclic applied stress.
3.2.1. Summary
Mg with 3 vol.% of Gr nanoparticles prepared by milling and hot extrusion has been char‐
acterised by mechanical spectroscopy during continuous heating as well as cooling. Internal
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friction was measured as a function of temperature with three frequencies ranging from 0.5
to 2 Hz. Two internal friction peaks were observed in the temperature relaxation spectrum.
The peak observed in the vicinity of ≈ 80°C, having the activation energy of 1.08 eV, has been
described to the reversible screw dislocation motion in the Mg grains on the prismatic plane
controlled by the Friedel‐Escaig mechanism. Thermal stresses generated due to thermal mis‐
match during heating as well as cooling are very probably the reason for the peak observed at
≈ 300°C. Position of this peak is insensitive to the measuring frequency. Increased dislocation
density induced by thermal stresses and movement of dislocations under the thermal stress
as well as the applied stress is the reason for the existence of this peak.
3.3. AZ magnesium alloys
TDIF was measured in cast magnesium alloys AZ31, AZ63 and AZ91 after homogenisation
treatment (22 h at 390°C). The resonant frequency and damping analyser (RFDA) was used
to determine the damping and resonant frequency. The measurements were performed in
a wide temperature range from room temperature up to 400°C. The prism‐shaped samples
75 × 20 × 10 mm3 were excited to vibrations in the resonant frequency using a small striker.
Damping of the sample‐free vibrations was registered with a microphone and processed
using special software. The resonant frequency exhibiting ~8 kHz was estimated by means of
Fourier transform. The linear heating rate was chosen in the range from 1 to 4 K/min. The AZ
alloys are formed by the solid solution of Al and Zn atoms in Mg (δ‐phase) and the Mg17Al12
intermetallic compound (γ‐phase). Precipitates existing in these alloys may be of two kinds:
discontinuous precipitate (DP), which is formed by lamellae γ + δ, and continuous precipi‐
tate (CP) having usually a form of small discs or spheres. Microanalysis of all three alloys
showed the presence of the γ‐phase in the AZ31 alloy while the discontinuous precipitate
was observed only rarely. In the AZ63 alloy, electron compound Mg17Al12 was found beside
discontinuous precipitate. AZ91 alloy exhibits similar microstructure as AZ63 alloy, only with
the different proportional representation of individual phases.
The temperature dependences of the logarithmic decrement measured at the heating rate of 2
K/min for AZ31, AZ63 and AZ91 alloys are introduced in Figure 19a. The temperature depen‐
dence of the logarithmic decrement was measured in the AZ91 sample after the homogenisa‐
tion treatment while heating is introduced in Figure 19b. The heating rate was 60 K/h, the
cooling rate was not controlled. The temperature record showed the linear decrease of tem‐
perature up to 120–140°C. When room temperature was reached, a new measurement was
started. The measurements were repeated three times. It is obvious from Figure 19b that the
decrement is more or less constant up to approximately 220°C, and then it increases with
increasing temperature. At temperature ~320°C, a local maximum of the logarithmic decre‐
ment is observed. The height of this maximum decreases in the second and third run of the
measurement. The position of maximum in the temperature axis is the same for all runs.
The temperature dependence of the logarithmic decrement was measured for three heating rates
as it is shown in Figure 20a. Note that before each measurement, a new homogenisation treat‐
ment was performed. Only the first runs of the measurements are given in Figure 20a. The higher
heating rate, the higher temperature of the local maximum is observed. The height of the maxi‐
mum simultaneously decreases with the increasing heating rate. To reveal the physical nature
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of the observed local maximum in the temperature dependence of the logarithmic decrement, a
sample with the smaller thickness was tested. Maximum position in the temperature scale was
not shifted for the measurement with the resonant frequency of ~7 kHz (see Figure 20b). This
fact indicates that the observed maximum is not of the Debye type. Some transitory effects must
be considered.

Figure 19. Temperature dependence of the decrement measured for three AZ alloys (a) and AZ91 alloy in three runs (b).

Figure 20. Temperature dependence of the logarithmic decrement while heating performed in three runs for the heating
rate 1 K/min (a) and for three heating rates (b).

In the temperature dependence of the logarithmic decrement, four characteristic points were
selected: 220, 320, 360 and 390°C. Samples were subjected to the homogenisation treatment
and then put into a furnace with the predetermined heating rate of 1 K/min. Reaching the
chosen temperature, samples were step by step removed from the furnace and quenched into
water of 60°C. Scanning electron microscopy (SEM) observations were performed at room
temperature. After heating of the sample with the heating rate of 1 K/min up to 220°C super‐
saturated solid solution decomposed; DP appeared in the vicinity of grain boundaries as it
is obvious from Figure 21a, small precipitates visible as light points are CP, their size slowly
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increased. Tiny CPs are situated primarily in the annealing twins, the matrix in the vicinity of
twins is purified, density of CPs is in these places lower (Figure 21b).

Figure 21. Microstructure of the alloy observed homogenisation and linear heating up to 220 °C: discontinuous
precipitates (a), small continuous precipitates (b).

When temperature increased up to 320°C, decomposition of DPs started, and then the grow‐
ing of CPs (Figure 22a) followed. Original lamellae were reshaped into small discs as it is
visible in Figure 22b. CPs depicts the twin; small discs of CPs are ordered in twin/grain
boundaries. Note that a temperature of 320°C corresponds to the peak temperature in the
temperature dependence of decrement.

Figure 22. Microstructure of the sample subjected to homogenisation treatment and annealed up to 320 °C: decomposition
of discontinuous precipitates (a), continuous precipitates situated in twins.
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Microstructure of the sample annealed up to 360°C (local minimum in the temperature depen‐
dence of decrement) is characterised by the growth of CP (Figure 23a). Light points are small
Mn particles; small content of Mn (0.24 wt.%) was used for grain refining. In the vicinity of grain
boundaries, purified places were established (Figure 23b). Meander‐like grain boundaries are
decorated with larger precipitates (Figure 23a, b).

Figure 23. Microstructure of the sample after homogenisation treatment and annealed up to 360 °C: growing continuous
precipitates (a), purified place free of precipitates in the upper right corner (b).

At 390°C, the transformation of DP into CP is finished. The CPs decorate the grain boundar‐
ies (Figure 24a), DP vanished as it is obvious from Figure 24b and the size of CP increased. It
is possible to conclude from the microstructure observations that, in the temperature range
from 220 to 360°C, a transformation of DP originally formed up to 220°C stepwise passed
off. Disc‐shaped CP changed into small spheres and at the highest temperatures into larger
particles with a complex shape. Increasing the heating rate, time for the transformation of
DP into CP is shorter. It is very probably the reason why the maximum height decreases
with increasing heating rate and at the same time, the maximum is shifted to higher tem‐
peratures. DPs are formed when the grain boundary diffusion is dominant, whereas the
CPs are formed at higher temperatures from solid solution when volume diffusion becomes
faster. As it was shown in previous paragraphs, internal friction is very sensitive to the
material microstructure, volume fraction and distribution of structural defects. Any modifi‐
cation in the microstructure induces changes in the internal friction course. Thus, the inter‐
nal friction measurements may provide information about processes occurring at the atomic
scale. Internal friction maxima were found in the AZ magnesium alloys by several authors.
Lambri and co‐workers [11] found the internal friction peak at about 152°C using the mea‐
suring frequency of 1 Hz. Authors ascribed this peak to the grain boundary sliding. The
peak height may be controlled by a decrease in solute atoms due to precipitation process.
The activation energy estimated from the Arrhenius plot was evaluated as 1.13 eV. Similarly,
Liu and co‐workers [55] found the internal friction peak situated at 165°C and a frequency
of 1 Hz. They determined the corresponding activation energy of 1.26 eV. The peak was
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ascribed to the grain boundary relaxation. Two internal friction peaks were observed in
[19]. P1 peak estimated at 165°C was characterised by the activation energy of 1.31 eV and
the high temperature P2 peak was found to be sensitive to the heating rate and insensitive
to the measuring frequency. Analogous peak to the P2 internal friction peak was estimated
also by Soviarová et al. [28] at 320°C, frequency of 20.4 kHz and a heating rate of 1 K/min.
Theoretical models of the internal friction consider that transformations in the solid state
may be manifested by internal friction peaks. Damping mechanism can be associated with
the kinetics of atoms diffusing to evolving precipitates [56]. Observed independence of the
maximum position on frequency indicates that the Arrhenius equation cannot be considered
in this case, that is, the interface relaxation and diffusion processes may be excluded as the
reason for the maximum occurrence. During the IF measurement, the movable γ‐Mg17Al12/δ‐
Mg interface consumes the work. When a new interface forms, defects (solute atoms and
vacancies) diffuse and accumulate in the interface which leads to the gradual pinning of
the interface. The movable space is a function of heating time, that is, the heating rate. The
mobile interface stabilises, so that the internal friction decreases.

Figure 24. Microstructure of the sample after homogenisation treatment and annealed up to 390 °C: continuous
precipitates in grain boundaries (a), particle of γ‐Mg17Al12 phase (b).

3.3.1. Summary
Internal friction measurements of the AZ31, AZ63 and AZ91 alloys showed an exponen‐
tial increase of the logarithmic decrement with temperature. In AZ63 and AZ91 alloys, this
increase is modulated by a local maximum at about of 320°C. The maximum height decreased
in the second and third run while the maximum temperature remained the same. The posi‐
tion of the local maximum was sensitive to the heating rate and insensitive to the frequency.
Increasing heating rate shifted the peak temperature to higher temperatures. The occurrence
of the internal friction maximum is connected with the transformation of discontinuous pre‐
cipitates to continuous ones. Strain (stress)‐supported flux of solute atoms and movement of
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the γ‐Mg17Al12/δ‐Mg interface are very probably the reason for the absorption of mechanical
energy carried by an ultrasonic wave.
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Nomenclature
Quantities (selected)

Materials

σ, ε stress, strain amplitude;

AZ31 Mg‐3wt%Al‐1wt%Zn

δ, logarithmic decrement;

AZ63 Mg‐6wt%Al‐3wt%Zn

tanϕ loss factor;

AZ91 Mg‐9wt%Al‐3wt%Zn

Q quality factor;

AM20 Mg‐2wt%Al‐0.4wt%Mn

ρ dislocation density

AX41 Mg‐4wt%Al‐1wt%Ca

ΔH activation enthalpy;

ZC63 Mg‐6wt%Zn‐3wt%Cu

V activation volume;

QE22 Mg‐2wt%Ag‐2wt%RE

λ, LN length of dislocation segments

Saffil® 96‐97%Al2O3, 4 to 3%SiO2

b Burgers vector of dislocations

μMg microcrystalline Mg

τ relaxation time

UFG‐Mg ultrafine‐grained Mg

ω angular frequency

nGr graphite nanoparticles

α thermal expansion coefficient

nZrO2 zirconia nanoparticles
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