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ABSTRACT

Purpose: of this paper is to study the damping behaviour of ZC63 magnesium alloy and the same alloy reinforced 

with short Saffil fibres.

Design/methodology/approach: Samples were thermally cycled between room temperature and increasing 

upper temperature of the thermal cycle and the logarithmic decrement were measured at room temperature.

Findings: The strain amplitude dependence of the logarithmic decrement can be divided to two components: the 

amplitude independent and the amplitude dependent.. While the thermal treatment does not change the amplitude 

independent component, the amplitude dependent part increases with increasing upper temperature of the thermal 

cycle.

Research limitations/implications: Redistribution of solute atoms during thermal cycles is the reason for 

the observed changes in the amplitude dependence of decrement. Thermal stresses arise in the composite at the 

interfaces between the matrix and the reinforcement owing to a considerable mismatch of the thermal expansion 

coefficients of the matrix and that of the reinforcement.

Practical implications: The ZC63/Saffil composites may be used as damping materials.

Originality/value: New results on the damping behaviour of ZC63 alloy and its composite including internal 

friction were obtained.

Keywords: Metallic alloys; Magnesium alloys; Non-destructive testing; Internal friction

MATERIALS

1. Introduction 

Light magnesium alloys are interesting for various 
applications in the automotive industry because lightweight 
components reduce fuel consumption and pollution. In the 
temperature interval exceeding 150 °C most magnesium alloys 
exhibit low strength and stiffness [1-9]. Mg-Zn-Cu alloys were 
developed for a combination of good ductility at elevated 
temperature performance where Cu imparts grain refinement and 
Zn good castabiltiy and ductility [1]. The reinforcement of cast 
Mg alloys using short ceramic fibres of particles results in a 
significant improvement of the strength and creep resistance at 
elevated temperatures [10, 11] while low density and good 
machinability remain acceptable.  

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. These thermal stresses 
due to thermal mismatch can be generally expressed in the 
following form 

 ! f(C,ri) "# "T , (1)  

where f(C,ri) is a function of the elastic constants C, and 

geometrical parameters ri, "# is the absolute value of the 

difference in the expansion coefficients of the components, and 

"T is the temperature change. The different thermal expansion 

between the reinforcement and the matrix introduces a higher 
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dislocation density in the matrix, especially near the interfaces 

between the matrix and the reinforcement. This high matrix 

dislocation density as well as the reinforcement/matrix interfaces 

can affect the precipitation kinetics. 

The aim of the present paper is to investigate damping of 

ZC63 magnesium alloy and ZC63/Al2O3 composite submitted to 

thermal loading and to determine possible physical and 

thermodynamic processes occurring in the matrix using non-

destructive methods.  

2. Experimental 

Commercial magnesium alloy ZC63 (nominal composition in 

wt.% Mg-6Zn-2.7Cu-0.5Mn) and its composite were studied. 

Both materials were prepared by the squeeze casting method. The 

ZC63 alloy was reinforced with  -Al2O3 short fibres (Saffil®)

with a mean diameter of 3 !m and a mean length about 87 !m

(measured after squeeze casting). The preform consisting of 

Al2O3 short fibres showing a planar isotropic fibre distribution 

and a binder system (containing Al203 and starch) was preheated 

to a temperature higher than the melt temperature of the alloy and 

then inserted into a preheated die (290 to 360 °C). The two-stage 

application of the pressure resulted in metal matrix composites 

(MMC) with a fibre volume fraction of 24.9 vol. % fibres. 

Test specimens for the damping measurements were 

machined as bending beams (88 mm long with thickness of 3 

mm) with the reinforcement plane perpendicular to the longest 

specimen axis. The damping measurements were carried out in 

vacuum (about 30 Pa) at room temperature. The specimens fixed 

at one end were excited into resonance (the frequency ranged 

from 160 to 170 Hz) by a permanent magnet and the sinusoidal 

alternating magnetic field. Damping was measured as the 

logarithmic decrement   of the free decay of the vibrating beam. 

The signal amplitude is proportional to the strain amplitude ". A 

special algorithm using all points was used for calculation of the 

strain amplitude dependence of the logarithmic decrement. 

Thermal cycles between room temperature and an increasing 

upper temperature up to 400 ºC were performed. The amplitude 

dependence of decrement was measured at room temperature 

immediately after thermal treatment. Internal friction spectra 

were measured usimg a dynamic mechanical thermal analyser 

(DMTA) (DMA 2980 TA Instruments) in the forced vibration 

single cantilever mode during heating up to 420 °C and cooling 

to room temperature. Three measurement frequencies: 0.5, 5.0 

and 50 Hz, were used. Throughout the measurements the strain 

amplitude was 3.3 x 10-5. The energy dissipation was measured 

by the mechanical loss tan# (# is the loss angle). Microstructure 

of the squeeze cast materials was studied by the light optical 

microscopy.  

3. Results and discussion 

Microscopic examinations of ZC63 alloy and composite have 
shown more or less uniform grain structure (Fig. 1a) with 
precipitates at the grain boundaries. Optical light micrograph of 
the alloy reinforced with Saffil fibres is introduced in Fig. 1b.  

Fig. 1a. Microstructure of the as cast alloy 

Fig. 1b. Microstructure of the composite. Broken Saffil fibres are 
visible

Fig. 2a. Amplitude dependence of decrement measured for the 
alloy after one thermal cycle at increasing upper temperature 

2.  Experimental

3.  Results and discussion
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Because the composite samples for the light microscopy were cut 
perpendicular to the fibres plane, mostly fibres cross sections are 
visible. Figure 2a shows the plots of the logarithmic decrement 
against the logarithm of the strain amplitude for ZC63 alloy 
before and after thermal cycling between room temperature and 
increasing upper temperature up to 320 ºC.  

Fig. 2b. Amplitude dependence of decrement estimated for alloy 
at higher upper temperatures of the thermal cycle 

Figure 2b shows the results obtained at higher temperatures – 
(320 – 400 ºC). It can be seen that the strain dependencies of the 
logarithmic decrement exhibit two regions: the amplitude 
independent part and amplitude dependent part. One can write: 

 !  0 "  H (#), (2) 

where  0 is the amplitude independent component, found at lower 

amplitudes, and the component  H depends on the strain 

amplitude #. The critical strain #cr at which the logarithmic 

decrement becomes amplitude dependent may be used to calculate 

the effective critical stress amplitude corresponding to the micro 

yield stress according to the equation 

$c = E #cr , (3) 

where E is Young’s modulus. While the thermal treatment has 

practically no influence on the amplitude independent component, 

the  H values in the strain amplitude dependent region increase 

very strongly with increasing upper temperature of the thermal 

cycle up to 320 %C and then, above 320 °C, the values of  H

decrease with the upper temperature (Fig. 2b). The critical strain 

amplitude #cr decreases with increasing upper temperature of the 

thermal cycle (up to 320 °C); thermal cycling at higher 

temperatures causes an increase in the critical amplitude. 

   Similar results were obtained for the thermally treated ZC63 

alloy reinforced with short Saffil fibres (Figs. 3a, b). The 

decrement in the amplitude dependent region,  H, increases with 

increasing upper temperature of the thermal cycle up to 260 °C, 

while the critical strain decreases in the same temperature range. 

Cycling at higher upper temperatures causes again a decrease in 

the amplitude dependent decrement,  H, and an increase in the 

critical strain. Comparison between the alloy and composite is 

given in Fig.4. While the curves obtained for as received materials 

are practically the same, the curves obtained after cycling at 260 

°C (composite) and 280 °C (alloy) are different. Slightly higher 

values of the decrement (at the same amplitude) were estimated 

for the composite. There is also a large difference between the 

critical strains #cr.
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Fig. 3a. Amplitude dependence of decrement measured for 
composite after cycling at lower upper temperatures of the 
thermal cycle 

Fig. 3b. Amplitude dependence of decrement estimated for 
composite cycled at higher upper temperatures 

It is generally accepted that the vibrating dislocation segments 

are very effective source of damping of the material. The strain 

dependent component of the logarithmic decrement is usually 

explained using the Granato-L!cke (G-L) theory of dislocation 

damping [12, 13]. According to the G-L theory, the dislocation 

structure is assumed to consist of segments of LN along which 

weak pinning points are randomly distributed. The mean distance 

between two weak pinning points is   with  « LN. The mean total 



544 544

Z. Trojanová, P. Lukáè

Archives of Materials Science and Engineering 

density of dislocations is  . The periodic stress ! " !0sin#t is 

applied. At T = 0, the dislocation is able to breakaway from the 

weak pinning points only at a suffitiently high stress. Ends of the 

longer segments LN are assumed to be unbreakable (hard) pinning 

points. The stress required for the breakaway of dislocations 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, the required stress decreases 

because the breakaway process is thermally activated. At higher 

temperatures the breakaway can occur at lower stresses than that 

for the double loop. However higher activation energies are 

required because the breakaway is simultaneous from several 

neighboring pinning points. 

Fig. 4. Amplitude dependence of decrement measured for the 
alloy (full characters) and composite (empty characters) 

In the high temperature and low frequencies approximation, 

the stress dependence of the $H component of the logarithmic 

decrement can be expressed as [13] 
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(4)

where G is the shear modulus, !0 is the amplitude of the applied 

stress, # its frequency, 4 is the dislocation frequency, U0 is the 

activation energy, k is the Boltzmann constant and T is the 

absolute temperature. It can be seen that this relationship has a 

similar form as the original formula given by Granato and Lücke 

[12]. The $H component depends exponentially on the stress 

amplitude. The experimental curves were fitted according to 

formula (4) in the form 

5 67178$"$ /CexpC 210  (5) 

Here the C1 parameter is proportional to  3/2 and the C2 is

proportional to  -3/2. Even if the damping curves measured after 

cycling of the alloy and the composite seem to be similar, the 

fitting procedure was successful only in the case of the composite 

after cycling at temperatures higher than 100 °C. The G-L model 

has been developed for pure metallic crystal with only small 

content of impurities. In the G-L model, pinned dislocation 

segments move under oscillating stress. Oscillation damping is 

controlled by interactions with phonons and electrons. In the 

concentrated alloys the dislocation lines are strongly pinned by 

high number of solute atoms that occupy the dislocation lines. 

Because of short distance between the weak pins (solute atoms), 

the force necessary for the breakaway of dislocations is very high. 

At T = 0, the dislocation starts to glide when the Peach-Koehler 

force is high enough for depinning of the segment Lc (Lc is the 

pinning correlation length). Then the critical stress !c is done [14] 
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where 9 is the dislocation elastic energy, 9 = K Gb2 (b is the 

Burgers vector magnitude, K  is a constant of the order of 0.5), fp

is the elementary pinning force and np is the density of dislocation 

pinning points (solute atoms). The collective pinning energy may 

be calculated as  

Uc=(9npfp
2b6)1/3 (7) 

When the stress (strain) amplitude reaches its critical value, the 

dislocation motion has features typical for the avalanche motion. 

Long free dislocation segments may operate in the slip plane and 

damping rapidly increases. Note that this process at temperatures 

higher than 0 K is thermally activated. The number of free solute 

atoms or their small clusters that occupy the dislocation line can 

be modified by thermodynamic processes in the matrix. A lower 

density of pinning points at the dislocation line, due to 

precipitation in the alloy, should be manifested by a decrease of 

the critical stress !c It has been really observed as it is obvious 

from Fig. 5 where the critical strain 7cr = !c/E is plotted against 

the upper temperature of the thermal cycle. 

Fig. 5. Temperature dependence of the critical strain 

A redistribution of solute atoms may be studied by electrical 

resistivity measurements. Residual resistivity ratio RRR (RRR-1 = 
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K

 e(77K)/ e(293K)) measured for step by step annealed sample at 

increasing temperature is introduced in Fig. 6 for ZC63 alloy and 

ZC63/Al2O3 MMC. A sharp drop in RRR-1 in the temperature 

range from about 160 to 260 °C indicates solute redistribution. 

This decrease of the resistivity reflects very complex process; 

precipitates of various types can be formed in the matrix [15].  

Fig. 6. Resistivity ratio RRR-1 changes of reinforced and 
unreinforced ZC63 alloy vs upper temperature of thermal cycling 

Decreasing concentration of the free solute atoms decreases the 
critical stress up to 300 °C due to precipitation. Thermal cycling 

at temperatures T ! 300 °C may be high enough for repeated 
solution of existing precipitates. 

The G-L theory is applicable only on slightly pinned newly 
created dislocations in the composite. These dislocations are 
formed in the composite matrix due to thermal stresses. Usually 
there is a considerable difference between the thermal expansion 
coefficient of the matrix and reinforcing phase fibres. 
Temperature changes during thermal cycling generate thermal 
stresses which may by partially accommodated inducing new 
dislocations into the matrix. The density of newly formed 
dislocations near reinforcement fibres has been calculated as [16]  

t

1

)f1(b

TfB

"

#$#
% (8)

where f is the volume fraction of the reinforcing phase, t its 
minimum size, b is the magnitude of the Burgers vector of 
dislocations, B is a geometrical constant. From eq. (8) it follows 
that the dislocation density is increasing with the temperature 
difference. When the thermal stresses achieve the yield stress 
value, plastic zones can be formed at the interfaces matrix/fibre. 
The amplitude dependences of decrement measured for composite 
sample after thermal treatment with temperatures up to 100 °C are 
practically the same. Newly created dislocations due to thermal 
stresses cause the rapid increase of the decrement after treatment 
at temperatures higher. According to Carreño - Morelli et al. [17] 

the thermal stresses produced by a temperature change #T at 
interfaces are given as 

& '& '
Tf

f1EfE

EE

Mf

Mf
TS #$#

"(
%)  (9) 

where Ef and EM are the Young's moduli of the reinforcement and 

of the matrix, respectively. For the ZC63/Al2O3 composite and 

room temperature Ef = 300 GPa, EM = 45 GPa, f = 0.249 and #$

= 20*10-6 °C-1 can be set in this equation.  

Fig. 7. Temperature dependence of the mechanical loss tan+

measured at 0.5 Hz while heating and cooling 

Involving the decrease of EM with increasing temperature (approx. 

50 MPa/°C) the equation yields that a temperature change of 1 ºC 

produces an increment in a thermal stress of 0.6 MPa. At 

temperature higher than 250 °C this increment decreases to 0.4 

MPa per 1 °C. The temperature difference of 140 °C is enough to 

generate new dislocations.  

Fig. 8, Temperature dependence of the mechanical loss tan+

mesured while cooling at three frequencies 

Figure 7 shows the temperature dependence of the mechanical 

loss tan+ measured at 0.5 Hz while heating and cooling with the 

heating and cooling rate of 1 K/min. Although the temperature 

dependence of tan+ measured while heating is smooth and more 

less monotonically increases with temperature, broaden maximum 

between 50 and 200°C appeared while cooling. The maximum 

height depends on the frequency as shown in Figure 8. The 

transient mechanical loss, i.e. the additional damping while 
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heating or cooling, is related to the coupling of the applied 

periodic stress with the internal stress and is due to the long range 

motion of the structural defects such as dislocations [18,22]. It is 

anticipated that these stresses will concentrate near the matrix-

fibre interfaces and at the ends of the reinforcing fibres. These 

thermal stresses may also exceed the yield stress of the matrix 

within certain temperature ranges, which will then lead to 

relaxation by generating new dislocations and plastic deformation 

within the matrix. Mayencourt and Schaller [19] proposed that 

new dislocations punched in the vicinity of the interface could 

move in the matrix. This motion is controlled by the interactions 

of the dislocations with the solute atoms such as breakaways from 

the pinning points. For low values of T / , the transient damping 

is given by  

! " ! "# $
! " ! "# $ %&

 %'

 
()

/TK2/1

/TK2/1T
KK2tan

2

2
21tr

 

  
 (10) 

where K1 and K2 are the parameters related to the physical 

properties of the material.  

*

+
(

el

2

1
J

b
K  , (11) 

where + is the mobile dislocation density, b is the Burgers vector, 

Jel is the elastic compliance, and * is the coefficient related to 

relaxation intensity. 

0
2

EK
K

,

-.
(  , (12) 

where K is a geometrical factor, E is Young’s modulus, .- is the 

absolute value of the difference between the thermal expansion 

coefficients of the matrix and reinforcement, and ,0 is the applied 

stress amplitude.  

The strain amplitude dependence of the logarithmic 

decrement 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 including small 

clusters of foreign atoms and to changes in the dislocation 

density. With increasing upper temperature of the thermal cycle 

the decrement component /H increases too. The observed 

behaviour 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 and/or that new pinning points on 

existing dislocations are formed by reactions between the matrix 

and the reinforcement. A number of free foreign atoms or their 

small clusters can be modified by thermodynamic processes in the 

matrix. Observed increase of the dislocation density increases the 

decrement. Length of the shorter dislocation segments ! becomes 

longer because of the enhanced dislocation density due to 

temperature cycling and due to the lower number of solute atoms, 

then the C2 constant that is indirect proportional to ! should 

decrease with the increasing upper temperature of the cycle. It 

follows from Fig. 9 that the C2 parameter (from the relationship 

(5)) really decreases with increasing upper temperature. Note that 

values of the C2 parameter have been estimated by fitting of 

experimental data with respect to equation (5). Decreasing 

tendency of C2 is stopped at a temperature of 260 °C. Thermal 

cycling at higher temperatures increased the C2 values.  

Fig. 9. Temperature dependence of the C2 parameter 

The higher the upper temperature, the more dislocations are 

created. The total dislocation density increases. On the other hand, 

the dislocation density can increase only up to the moment when 

the formed plastic zones begin to overlap. The yield stress of the 

matrix decreases with increasing temperature, the dislocations 

may move easily and annihilation of dislocation may occur. 

There is a very good correlation between the variation of the 

resistivity ratio RRR-1 with the upper temperature of cycles (Fig. 

6) and the temperature dependence of the C2 parameter (Fig. 9). 

From both dependences may be concluded that changes in the 

microstructure occur at temperatures above about 220 ºC. These 

changes are connected with a creation of new dislocation in the 

vicinity of the matrix/fibres interfaces due to the relaxation of the 

thermal stresses. Zn atoms may replace Mg atoms forming a solid 

solution. Zn atoms can serve as the week pinning points for the 

dislocations. On the other hand, Cu atoms hardly dissolve – they 

form small Mg2Cu precipitates that pin the dislocations. 

Measurements of the logarithmic decrement and the resistivity 

ratio (non-destructive methods) as a function of thermal cycling 

with various upper temperatures give the first information on the 

possible changes in the microstructure of alloys and composites. 

The temperature dependent internal friction was also observed in 

the unreinforced ZC63 alloy. Figure 10 shows the temperature 

dependence of the mechanical loss tan) in the ZC63 alloy measured 

at four frequencies during cooling. The internal friction peaks are 

visible at the curve between 300 and 400 °C (see Figure 10).  

These peaks appeared during the first cooling sub-circuit. The 

temperature at which the peaks appear is frequency dependent 

The frequency shift of the peaks is well visible. 
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Fig. 10. Temperature dependence of tan  measured for four 

frequencies while cooling 

Fig. 11. Arrhenius plot constructed from the peaks position 

introduced in Fig. 10 

The internal friction peaks are assumed to be imposed by a 

background IFb that may be expressed by 

IFb = Ab + Bb exp (-Cb/kT)  (13) 

where Ab, Bb, and Cb are constants. After subtracting the 

background by using a fitting program “PeakFit”, the maximum 

temperature TP was estimated for the high temperature relaxation 

peak. The internal friction peak appears at the condition !"=1

[20], with 

!" = !"0 exp (#H/kT) (14) 

where ! is the angular frequency (= 2$f, f is the measuring 

frequency), " is the mean relaxation time, "0 is the pre-exponential 

factor, and #H is the mean activation enthalpy. Figure 11 shows 

the plot of the logarithm of the frequency versus the reciprocal 

value of the peak temperature TP - so called Arrhenius plot. The 

slope of the plot is proportional to the activation enthalpy. The 

value of the activation enthalpy was estimated to be (1.7%0.05)

eV. This peak may be described to the grain boundary sliding. An 

existence of the high temperature peak in magnesium has been 

reported by Kê [21]. He ascribed 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. Both jog formation and 

grain boundary diffusion may be affected by the interaction with 

impurities segregated in the grain boundaries. Grain boundary 

sliding at higher temperatures contributes to the rapid decrease of 

the strength of the magnesium alloys. Grain boundary sliding, as a 

softening process, influences the deformation behaviour of 

magnesium alloys and composites, especially at elevated 

temperatures. 

4. Conclusions 

ZC63 magnesium alloy (6 Zn, 2.7 Cu, 0.5 Mn in wt.%, 

balance Mg) and the same alloy reinforced with short Saffil fibres 

were thermally cycled between room temperature and an 

increasing upper temperature of the thermal cycle. The damping 

behaviour was characterized by the logarithmic decrement. The 

strain amplitude dependence of the logarithmic decrement 

measured at room temperature can be divided to two components. 

The amplitude independent component (at low strains) is not 

influenced by the thermal treatment. The amplitude dependent 

part (at higher strains) is strongly influenced by thermal cycling. 

It increases with increasing upper temperature of the thermal 

cycle. The critical strain at which the logarithmic decrement 

becomes dependent on strain amplitude decreases with increasing 

upper temperature. 

The observed experimental results together with the variation 

of resistivity ratio with temperature are a consequence of changes 

in the microstructure of the investigated materials. These changes 

are connected with newly created dislocations, diffusivity of 

solute atoms and dissolution of precipitates. 

The thermal stresses at matrix/fibre interfaces produced by a 

temperature change due to the difference in the thermal expansion 

coefficients between the matrix and the reinforcement may relax 

and new dislocations are created. The total dislocation density 

increases. Above a certain temperature, the distance between two 

adjacent solute atoms or their small cluster (weak pinning points) 

may increase with increasing temperature due to an increase in 

solubility limit. Hence, the average length of dislocation segments 

between two weak pinning point becomes shorter – the decrement 

increases. On the other hand, the distance between two adjacent 

strong pinning points may increase with increasing temperature as 

a consequence of dissolution of the pinning precipitates at higher 

temperatures – the logarithmic decrement increases. 

The temperature relaxation spectrum of the internal friction 

exhibits the high temperature peaks during cooling. These peaks 

are very probably due to the grain boundary relaxation. The 

activation enthalpy corresponding to this relaxation has been 

estimated to be 1.7%0.05 eV.   

The presented results show that non-destructive methods help 

to identify changes in the microstructure and the temperature 

range in which the changes occur.  

4.  Conclusions
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