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HIGH DAMPING MATERIALS ! MECHANISMS AND APPLICATIONS

R. de Batist¥®

Materials Science Department, S.C.K/C.E.N., B-2400 Mol, Belgium

Résumé - Les matériaux & fort amortissement sont utilisés largement dans le
domaine de 1a réduction du niveau de bruit et de 1'amplitude de vibration dans
différentes structures complexes. Cet amortissement élevé peut étre structurel
ou trouver son origine dans Te matériay méme. L'amortissement dépend de para-
métres externes tels Ta température, 1'amplitude de vibration, la fréquence,
Te champ magnétique, ... et est déterminé essentiellement par 1'état micro-
structurel du matériau. On discutera quelques structures pouvant conduire &

un amortissement élevé et surtout quelques processus physiques susceptibles

de causer un frottement intérieur élevé dans des matériaux tels que les com-
posites, les polycristaux, les hauts polyméres ou les amorphes. De tels pro-
cessus physiques sont basés sur la restructuration micro- ou macromoléculaire
dans les matériaux, résultant de la présence de dislocations ou de divers types
d'interfaces (parois de domaines, joints de grains, macles, etc.).

Abstract - High damping materials find numerous uses in the field of vibration
and noise reduction in more or less complex structures. The high damping re-
quired in such structures can be structural damping or materials damping,
although the distinction is not always clear-cut. Damping depends on a number
of external parameters such as temperature, vibration amplitude, frequency,
magnetic field etc. The material microstructure determines Targely the mecha-
nism(s) responsible for the damping level in a certain field of external para-
meter values. A number of possible processes for structural damping will be
discussed as well as some of the physical mechanisms responsible for materials
damping in composite materials, polycrystailine materials, polymers, amorphous
materials, etc. These mechanisms are based on micro- or macromolecular re-
structuration within the materials as caused by effects of dislocations and
various types of interfaces (e.g. domain, twin, interphase or grain bounda-
ries).

1 - INTRODUCTION

The ability of rapidly damping out mechanical vibrations has Tong been recognized as
a very useful material's property, although musicians may not fully agree with this
qualification. The study of the mechanical damping properties of solids covers a
wide range both of materials and of phenomena. From amorphous elastomers to the most
perfect single crystals, all types of solids offer their own specific challenge to
the understanding of their internal friction characteristics in terms of dissipation
phenomena related either to the behaviour under mechanical stress of individual
atoms or to cooperative motions of more or less extended agglomerates of atoms or
molecules. Internal friction studies have thus primarily been used to enhance our
fundamental knowledge of the mechanical properties of solid materials. Examples of
this can be found in the field of phonon-phonon or electron-phonon interaction pro-
cesses, in the characterization of point defects in crystalline materials (both
their symmetry and their migration properties), in the study of dislocations, of
grain boundaries or domain boundaries, of glass transitions in amorphous solids, etc.

*Also k.U.C. Antwerpen, B-2020 ANTWERPEN (Belgium).
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(1-4). The use of materials specifically for their damping properties on the other
hand appears to be much less documented, although there exist quite a number of
applications for both low damping materials (mechanical filters, oscillators, delay
lines ...) and high damping materials (noise and vibration absorbers, ...).

In the present review, attention will be focused on high damping materials. Some ty-
pical examples will be described of applications where in the design phase of equip-
ment the high level of the damping of the material plays an essential role. Of cour-
se, here too the relevant material properties depend on a number of utilization pa-
rameters, and a successful design can only be obtained when all of those parameters
have been carefully and knowingly taken account of. Clearly this can only be done by
due consideration of the mechanisms responsible for the damping behaviour in the ma-
terial to be used. The largest part of this review will therefore deal with a dis-
cussion of the various phenomena which Tead to mechanical damping. In addition to
situations in which the mechanical configuration of the system leads to a reduction
in vibration amplitudes, one will be mostly concerned with structural damping as
occurs in composite materials and with materials damping as found in materials that
appear more homogeneous on a microscopic (though not atomic) scale.

In order to set the scene for the present discussion, a quantification of the level
to be understood under the Tabel of "high damping" is desirable. This is clearly a

matter. of subjective choice, but a consideration of the experimental data available
suggests that a lower bound of Q'1 = 102 is not unreasonable. This excludes most,

if not all, of the phenomena related with small scale transport processes of atomic
scale entities, focusing the attention to mechanisms based on cooperative types of

processes.

2 - POSSIBLE USES OF HIGH-DAMPING

Obviously, applications of the damping properties of materials are to be expected in
situations where the occurrence of mechanical vibrations has to be reduced below
some critical amplitude. The necessity of limiting vibration amplitudes may be an
intrinsic requirement for the correct operation of a system; it may also contribute
to the useful 1ife of the system or it may simply originate in a wish to improve the
physical comfort of the user or to reduce the impact on the environment.

Vibration isolation of course has to be considered in both directions: oscillations
induced by the system on the surroundings as well as oscillations generated in the
surroundings and transmitted to the system. As a matter of fact, one should also
consider cases in which the vibrations induced within the system may interfere with
the desired functioning of the equipment. The mathematical analysis of the mechanical
behaviour of complex many degrees of freedom systems can be carried out using modal
analysis techniques (5,6). As some typical examples one can mention the reduction of
the forces transmitted to the hand of a tennisplayer from the vibrations of his ra-
cket (5), the equalization of the spraying density of a fertilizer-distributor by
reduction of the vibration amplitudes of the sprayer booms (7) and the improvement
of drilling quality obtainable by the introduction of a dynamic damper (8).

Noise reduction is another obvious benefit to be obtained by using vibration absor-
bing materials in installations subjected to or generating mechanical osciltations,
such as a motorcar. Finally, the fatigue-life is determined by the alternating
strain amplitudes occurring in the material, and this may cause problems in struc-
tural materials such as metals or composites as well as in sensitive structures such
as e.g. electronic print plates subjected to strong sollicitations as in high g
circumstances. It is clear then that high damping materials can be expected to con-
tribute to improving the fatigue performance of oscillating mechanical parts.

3 - PARAMETERS INFLUENCING THE DAMPING BEHAVIOUR OF MATERIALS

Before entering into a detaiied discussion of physical mechanisms leading to high
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damping levels, a survey will be given of the various physical parameters which have
to be considered in evaluating the damping properties of materials. Here, one will
consider only external parameters as imposed by the utilization conditions; the in-
ternal variables will follow quite naturally when discussing the mechanisms respon-
sible for the abserved damping. Of course, it is quite conceivable that external
variables (e.g. temperature) will also influence the internal parameters.

Among the important external variables, some have a direct relation with the vibra-
tional state: frequency, strain amplitude, number of cycies. For a linear process
which does not alter the material microstructure relevant for the material damping,
neither the strain amplitude nor the duration of cycling will have an effect on the
damping level. In as much as the interest of the present paper Ties in high damping
phenomena, however, one will frequently have to deal with non-linear processes and
hence with amplitude dependent effects. Also, these effects will often induce chan-
ges in the internal structure of the material {e.g. changes in dislocation distri-
bution) and cansequently in the damping. Whether frequency will have an effect on
the internal friction depends also on the mechanism. If the process causing the dam-
ping is a thermally activated relaxation process (even if it is widely distributed),
frequency will be correlated with temperature, and in this way temperature will have
an indirect effect on the material behaviour. Of course, temperature will also have
a pronounced effect on the internal state variables reponsible for the damping me-
chanisms, but this will be discussed later.

Other external variables may also alter the material microstructure and will conse-
quently contribute to changes in the damping. As an exampie one might mention the
effects of irradiation, leading to the creation of point defects in crystalline ma-
teriais or of cross-linking and/or chain-scission in polymers, the effects of ther-
mal shock, resulting in microcracks, the influence of the surrounding atmosphere
causing craze formation or various kind of corrosion, etc.

A1l of these parameters have to be evaluated for their relevance when designing for
vibration reduction in a specific situation.

4 ~ PROCESSES LEADING TO HIGH DAMPING

When considering the various possibilities of reducing the displacement amplitudes
of structural elements of a complex system, one may distinguish very roughly between
systems damping, structural damping and materials damping. This is only a very sche-
matic classification, however, since it will be obvious that it is not always easy
to clearly define the boundaries between these different types of damping.

In a system with several degrees of freedom, combinations of mass and elasticity can
be introduced resulting in zero amplitudes for selected degrees of freedom at well
specified frequencies, even without damping. This systemsapproach for vibration re-
duction can of course be combined with materials damping by considering the elas-
tic and damping properties of the materials used in the system. In this way one is
led to the concept of structural damping, in which the response function of a system
can be strongly reduced even at resonance frequencies by the incorporation of struc-
turally damping components. This damping may be caused by external friction or in-
teraction with an external field, e.g. as in an electromechanical brake. It is also
possible to use a compound structural member in which the required elastic stiffness
and damping are generated in two different materials combined in one unit, as e.g.
in a metallic plate covered with a highly damping viscoelastic coating. Such struc-
tural damping can be described with reasonable accuracy using the ruile of mixtures
for both the dissipated (AW) and the stored (W) amounts of mechanical energy, S0
that (using subscripts 1 and 2 for the two components of the composite):

B T Sl
O Wt wEW,

As shown e.g. in (9), a damping peak may occur in such a composite as a result of
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the simultaneous variations of damping and elasticity in one of the comporents (in
the present case an anorganic glass deposited on a metal base). Also, depending on
the retative values of the intrinsic material properties, fibre reinforced matrices
may exhibit either higher or Tower damping properties than the original matrix (10).

0f course, viscoelastic materials such as anorganic glasses or organic polymers are
not the only material modifications exhibiting high damping. It is the purpose of
this paper to discuss physical mechanisms leading to high values of internal fric-
tion in various classes of materials. Composite materials will not be considered in
as much as its damping results from friction vetween the various component materials.
Sources of internal damping, inherent to one of the components, will obviously be
treated. Of course, it is not always easy to decide whether a material should be re-
garded as a composite. Whereas no one will have difficulty with a glass fiber re-
inforced resin, the case for a glass-ceramic, for a partly transformed thermo-elas-
tic martensite,for a eutectic alloy or may be even for a polycrystalline aggregate
is much less clear.

A schematic overview of the gradual transition from systems damping over structural
damping to materials damping is given in Figure 1.

5 - MECHANISMS OF MATERIALS DAMPING

Internal friction in a material is the result of irreversibilities occurring during
alternating stress cycles imposed on it and these irreversibilities originate in the
interactions between the structural components of the material. It may be expected
then that a high level of damping can occur only when a considerable fraction of the
molecules are allowed to perform relatively long-range excursions between their

more or Jess equivalent equilibrium positions. Clearly, phonon-phonon interactions
do not fall under this Jabel. For the well-known case of point defect relaxation
effects the required excursion distances correspond with a diffusional jump, and

the relaxation strength, which is determined by the anisotropy of the strain field
related with the point defect, can in favourable cases reach a value of about one
per at %, so that a high damping of say 10-Z can occur only in materials with a high
solubility for point defects. As an example, one can refer to the old as well as
recent results obtained for the Snoek effect in bcc metals such as niobium or tanta-
Tum (11). Obviously, we will stand a better chance of obtaining high damping levels
by considering mechanisms based on cooperative phenomena. Such phenomena range from
dislocation processes over various kinds of interphase boundary motions (grain
boundaries, twin boundaries, domain boundaries, ...) to phase change effects (glass
transition, martensitic transformation, precipitation, ...)

5.1. ~ Dislocation damping

The literature on dislocation damping effects has been expanding continuously over
the past decades (1-4). However, most of this research has concentrated on the lower
damping levels. Yet, it is well known that dislocatign relaxation effects are cha-
racterized by a relaxation strength determined by ALZ. Hence there is no reason why
high damping values should not be observed resulting from high dislocation densi-
ties, A, coupled with sufficiently large free dislocation loon lengths, L. This is
demonstrated in Figure 2, showing the Bordoni peak observed inMo (12). Also the
Granato-Liicke type break-away damping can lead to very high damping Tevels in fa-
vourable cases such as in variocus magnesium alloys (13,14).

5.2. - Interphase boundary damping

The thermodynamic degree of ordering of a solid is determined by the correlations
between an atom and its neighbours and is a function of the external field variables
(temperature, elastic field, magnetic field, electric field, ...). For fixed external
field values, the spatial orientation of the characteristic directions in the ordered
state can still take a number of more or less arbitrary values, and a macroscopi-
cally homogeneous solid {(in terms of chemical composition) will be heterogeneous on
a microscopic level. For a crystalline solid which is not a monocrystal, this will
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tead to the presence of grain boundaries and/or twin boundaries. Semicrystalline
material contains crystallites embedded in an amorphous matrix (or separated by an
amorphous Tayer) - such grain surfaces occur-in semicrystalline polymers and in
glass ceramics. The crystallographic order can be suppiemented by additional orde-
ring processes, characterized by the existence of a spontaneously ordered state des-
cribed by a state parameter which is different from zero only below a characteristic
critical temperature. Frequently the ordered state can assume a limited number of
crystallographically equivalent orientations within any crystal, resulting in the
creation of domain boundaries. The nature of the ordered state can be either chemi-
cal, elastic, electric or magnetic; the material will be described accordingly as
e.g. ferroelastic, ferroelectric, antiferromagnetic, etc. Of course, more than one
type of order may occur simultaneously: a ferroelastic material may have developed

a spontaneous electric polarization; a ferromagnet will also exhibit a spontaneous
deformation.

Provided the order parameter couples with an external field, the domain boundaries
will attempt to move in accordance with the direction of the applied field. If
furthermore this motion occurs in an irreversible manner, so that the relationship
between the field and the corresponding state of order is not a single-valued one,
energy will be dissipated. In the frame of this review, the field to be considered
is a mechanical stress field, the coupling with the spontaneous strain will result
in a modulus defect and hysteresis in the stress-strain relation for a periodically
varying field will lead to internal friction.

Probably the best documented effect is the damping related with the magnetomechani-
cal interaction phenomena occurring in ferromagnetic materials, for which a detailed
description has been available since the first half of this century (see e.g.
(15-18)). Figure 3 shows schematically the influence of a number of parameters on
the observed magnetomechanical damping effects. Through the magnetostrictive effect,
the well-known magnetic hysteresis curve can be transposed into a mechanical hyste-
resis curve and this allows one to derive an expression for the amplitude dependence
of the internal friction in terms of magnetomechanical material constants:

-1t 3:2.~3
Q =c a XSE IS e (e« ec) (1)

Here )¢ is the saturation value of the magnetostriction, Ig the saturation value of
the magnetization, E is Young's modulus and € the strain amplitude; o describes the
shape of the stress-strain curve in analogy with that of the magnetization curve,
assuming that the magnetic susceptibility x can be written as a linear function of
the magnetic field H:

X = X + o (2)

The Timiting strain amplitude e. corresponds with the magnetomechanical coercive
stress for which no further stress induced domain boundary motion (or domain reo-
rientation) can occur. For larger amplitudes of vibration, the amount of energy dis-
sipated per cycle remains constant and the internal friction will decrease as £7¢.

Of course, this assumption about x (egqn. (2)) implies that eqn. (1) can be no more
than a qualitative approximation. Yet, it indicates that the internal friction will
depend on the shape and the steepness of the magnetic hysteresis curve and in parti-
cular on the value of the coercive field strength and the saturation magnetization;
these parameters can be strongly influenced by structural changes such as internal
stress fields. The relative weakness implied by the use of eqn. (2) is illustrated
in Figure 4, taken from the work of Masumoto et al. (19) on nickel-cobalt alloys,
and which also gives an indication of the damping Jevels obtained insuch materials.

Other types of domain boundaries can obvicusly also be expected to yield internal
friction contributions. Unfortunately, these cases are much less well documented by
experimental data and in particular a well-detailed theoretical description is still
Tacking.
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The situation is slightly better when one considers grain boundary effects, for
which a much Targer set of experimental results is available. Since the first expe-
riments of K& (20), grain boundary internal friction effects have been widely stu-
died and figure practically permanently on the programme of the conferences on in-
ternal friction and ultrasonic attenuation (3,4). Grain boundary relaxation parame-
ters are a function of grain size, d, and grain boundary mobility, pp = v/t if v is
the grain boundary velocity under a shear stress t. The actual peak height of the
grain boundary relaxation effect depends upon the distribution in grain sizes.

This is true also for the peak position, since this is determined by the relaxation
time, which is proportional with d and wl. The grain boundary mobility is thermally
activated with an activation enthalpy which, depending on the boundary microstruc-
ture, may take values between 50 % and 100 % of that for self-diffusion. Clearly,
grain boundary mobility is also strongly influenced by the presence of impurities,
and this can lead to the simultaneous occurrence of several grain boundary relaxa-
tion peaks. This is illustrated in Figure 5, showing the effect of internal oxida-
tion and reduction on the position of the grain boundary peak in an A1-Mg alloy (21).

Further difficulties in interpreting high temperature damping peaks in crystalline
materials in terms of grain boundary mechanisms arise from the fact that apparently
similar effects are observed also in single crystalline samples. (See e.g. the dis-
cussions in ICIFUAS 7 (3)). This suggests that the basic mechanisms responsibie

for the damping peaks are similar too. This is not unreasonable if one takes into
account that any detailed description of the grain boundary structure leads to the
necessity of considering the simultaneous motion of sets of dislocations. Similar
sets of simultaneously moving disTocations can also be expected to occur in single
crystals subjected to the high temperatures where these damping peaks occur (homo-
logous temperatures of about 1/2}.

These relatively elevated peak temperatures also imply that the mere observation of
the effect can cause changes in the material microstructure which can suffice to
alter the damping spectrum. This is of course not very favourable for a quantitative
analysis of- the phenomena. In this respect, twin boundary relaxation effects would
appear to be more tractable, since they seem to be governed .by Tower activation
enthalpies. However, the twinning microstructure is not very predictable, nor re-
producible, and the amount of experimental investigations of internal friction
effects associated with twin boundaries remains still rather small. The increasing
interest in both metal-hydrogen systems and thermoelastic martensitic phase trans-
formation effects can be expected to Tead to an increasing number of investigations
on the anelastic behaviour of twin boundaries.

Evidence for the assignment of an internal friction peak in zirconium to a specific
type of deformation twin is presented in this conference ((22), see also (23)).
Even higher damping values are reported in the work of Melik-Shakhnazarov et al.
(24) on anelastic effects in the B phase of niobium hydride. This is illustrated

in Figure 6. These authors relate their observations to the presence of twins in
the hydride precipitates and present a model (cfr. Figure 7) explaining the mobility
of the twin boundaries under a shear stress as being governed by the redistribution
of hydrogen atoms, so that the activation enthalpy for the internal friction peak
should be nearly equal to that for hydrogen diffusion. They also show that the re-
laxation strength is a rather steep function of the hydrogen concentration CH, as a
result of both an increase in the twin boundary concentration and an increase _in
the twinning deformation (both of these quantities are suggested to vary as Cﬁ).

An interesting class of materials, also from the point of view of the high damping
levels that can be obtained in them, are those martensite phases characterized by a
high density of twins or, more generally, martensite variants. The damping related
.with the phase transformation itself is discussed in §.5.3. The presence of the
variant interfaces usually leads to a high damping level in the martensite phase,
frequentiy superimposed with an intense internal friction peak ascribed to boundary
retaxation. A striking example of this effect is given in Figure 8, taken from Sugi-
moto et al. (25) and showing twin boundary damping in an antiferromagnetic mangane-
se-copper alloy with a martensitic fcc » fct transformation at about 130°C.
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If one allows for interaction between point defects and the various interface boun-
daries occurring in the martensite phase, the situation becomes even more complex
but also less reproducible. The contribution of Van Humbeeck and Delaey at this con-
ference (26) describes two damping peaks in the martensite phase of Cu-Zn-Al alloys,
which are interpreted as being caused by the interaction between point defects,
retained in the material following quenching from the high temperature beta-phase,
and the dislocations which are present within the martensite plates and/or the plate
boundaries.

5.3. - Phase change effects

The cooperative molecular motions occurring during a solid-solid phase transforma-
tion can couple with external stress fields and thus lead to energy dissipation. On
a smaller scale, in a two-phase material consisting of precipitate particles in a
matrix, the shape of the precipitates can be changed under the influence of an ex-
ternal stress and since this will not occur instantaneously, internal friction will
result. In as much as this reshaping is conditioned by diffusion processes along the
particle-matrix interface, it can also be considered as an interphase boundary
effect and it will therefore be discussed first.

Diffusional relaxation around incoherent second phase particles has been described
theoretically by Mori et al. (27). They show that the reshaping of ellipsoidal par-
ticles in the presence of an elastic stress field leads to a specimen behaving as a
standard linear solid. The relaxation strength is found to be proportional with the
volume fraction of particles and with the shear modulus of the particles. The relaxa
tion time T on the other hand is proportional with Ta3/Dh, in which T is the tempe-
rature, a the particle size, D the interfacial diffusion coefficient and h the thick
ness of the diffusion Tayer. This particle size dependence of the peak temperature
has been confirmed experimentally in Al-Si {28) and in Cu-Fe (29) alloys. However,
in Al-Ge alloys in which the precipitates are flat rather than spherical, the peak
temperature was found to be independent of ageing treatments and hence presumably

of the particle size (30).

As mentioned before, martensitic phase transformations have attracted considerable
attention Tately (see e.g. (31)). In addition to the boundary mobility effects
within the martensitic phase described earlier, the phase transformation itself is
characterized also by a very pronounced internal friction maximum, usually accom-
panied by a dip in the elastic modulus. The peak characteristics are found to depend
on a number of experimental parameters such as heating (cooling) rate, T, frequency,
f, and stress amplitude, o,. The energy dissipation can be related to the amount of
material transformed and, %aking into account the fact that for a thermoelastic
martensite the transformation can be induced by temperature changes as well as by a
mechanical stress, the following phenomenological expression for the damping can be
derived (32):

-1 . a7 3m
Q" = Cpar g+ (95:9) 55 (3)

Here, m = m(T,0) is the amount of material transformed by a change in temperature,
T, and/or stress, o; Cp (0g,0.) expresses the fact that for o, > o, the phase
transformation is stress induced. -

The thermoelastic character of the martensitic transformation in certain systems is
reflected also in the superelasticity of these materials (Figure 9) and leads to
shape memory effects as well. Clearly, the shape of the stress-strain curve in the
thermoelastic range contains information about the critical stress o; and about the
energy dissipated per stress cycle. It also indicates that the strong amplitude de-
pendence observed in the transformation range is expected to go through a maximum
since the surface of the hysteretic part cannot increase beyond full transformation
of the material, whereas the stored elastic energy can. The complete details of the
material behaviour depend strongly on the mobility of the interfaces between parent
phase and martensite and hence on the thermomechanical history of the specimen, i.e.
on the point defect concentration, the dislocation density, the grain boundary
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configuration and the state of order. As a result, the transformation temperature
and the damping levels are frequently found to vary considerably with ageing time
and temperature. A full understanding of these phenomena is still lacking, although
it is clearly required not only from a fundamental scientific point of view, but
also if one is to use these materials for either their shape-memory or their high
damping properties.

in eqn. {3), the first term is important only at relatively low frequencies and in
non-isothermal conditions, whereas the second term reduces to zero for non-thermo-
elastic martensitic transformations. Yet, the internal friction still exhibits a
characteristic pattern in the phase transformation temperature range for T = 0 and
frequencies in the kHz range, with an amplitude dependence very similar to that ob-
served for dislocation break-away. A qualitative description of the damping to be
expected during a first order phase transformation has been recently derived by
Koshimizu using the Landau approach (33). Using a Gibbs free energy function (g)
expanded in even powers of the variables ¢ (stress) and £ (order parameter), up to a
term in £6, it is found that the most characteristic aspects of the damping beha-
viour can be obtained by making further assumptions about the time dependence of the
order parameter, &, in terms of the affinity (- 3g/3&) or in terms of a hysteretic
catastrophic dynamical behaviour similar to the one in a dislocation break-away
process. In this way the variations with temperature of the elastic modulus and of
the damping, the temperature hysteresis between heating and cooling runs and the
ampTitude dependence can be described in a qualitative way very reasonably.

Whereas most of the damping mechanisms discussed so far are to some extent related
to the crystallinity of the solid material, amorphous materials have since long been
recognized to be amongst the most highly damping ones. In contrast with crystalline
matter, the distribution of relaxation times governing the internal friction beha-
viour in amorphous solids is usually much wider. Furthermore, for the frequently
most prominent absorption peak, corresponding with the so-called glass transition,
where extensive viscously damped molecular motion becomes possible, the temperature
dependence of the relaxation time can usually not be described by an Arrhenius-type
of relaxation., Rather, one has to take into account also the temperature dependence
of the free volume in these non-crystalline solids. As a result, the relaxation
time as a function of temperature is given by an expression of the form (34):

C.(T-T
i t(m Gl Tree) (a)
(T ref) C2+T ~-T of
In this relation, T is a suitably chosen reference temperature. If Tpef is taken

as the glass trans1E?on temperature, C1 and Cp are found to be fairly universal
constants for a large number of amorphous polymers (34). Eqn. (4) shows that the
relaxation time decreases steeply with temperature but with a non-constant effective
activation enthalpy. Nevertheless, a time-temperature correspondence remains valid
here too, and anelastic data obtained at one frequency-temperature can be translated
to other values of frequency and/or temperature provided a master curve such as
given by eqn. (4) is available.

A typical damping spectrum for an amorphous polymer is shown schematically in

Figure 9, together with results obtained on poly-vinylidene fluoride (35) to indica-
te the similarity as well as the increasing complexity resulting from the coexisten-
ce of both amorphous and crystalline fractions. Also shown is the damping spectrum
obtained with coal, confirming the macromolecular character of the coal structure
(36).

A temperature dependent activation enthalpy as implied in eqn. (4) is also observed
in metallic glasses; by using a simple linear temperature dependence for the activa-
tion enthalpy, Berry (37) has_indicated that it is possible to rationalize an other-
wise irrealistic value of 107¢° s for the pre-exponential factor 1, appearing in

the standard Arrhenius relation.
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6 - CONCLUSION

In contrast with most of the Tow damping level phenomena, in the case of the various
processes leading to high damping Tevels the theoretical basis is much less well de-
veloped and also the experimental data base is much more skinny. This is surprising,
since applications of the damping properties of materials are based precisely on
high damping levels. In recent years, however, more and more physical processes have
been identified and confirmed experimentally, and it is to be expected that also the
theoretical analysis will soon be put on a better footing. In this way, a better
understanding of the effect of the various internal and external parameters on the
observed damping levels and on their stability can be expected. This will then allow
more possibilities for industrial applications of these material properties to be
designed properly.

ACKNOWLEDGEMENTS

It is a pleasure to acknowledge the extensive bibliography on high damping structural
materials collected at the Catholic University Leuven and the various stimulating
discussions with L. Miyada, J. Van Humbeeck and L. Delaey.

REFERENCES

(1) NOWICK, A.S. and BERRY, B.S., Anelastic Relaxation in Crystalline Solids, Aca-
demic Press, N.Y. (1972).

(2) DE BATIST, R., Internal Friction of Structural Defects in Crystalline Solids,
North-Holland, Amsterdam (1972).

(3) Proceedings of ICIFUAS-5, Eds. D. Lenz and K. Liicke, Springer Verlag, Berlin
(1975} .
Proceedings of ICIFUAS-6, Eds. R.R. Hasiguti and N. Mikoshiba, Univ. of Tokyo
Press (1977).
Proceedings of ICIFUAS-7, Eds. W. Benoit and G. Gremaud, J. de Physique C5
(1981).

(4) Proceedings of ECIFUAS-1, in J. de Physique C2 (1971).
Proceedings of ECIFUAS-2, in I1 Nuovo Cimento 33B (1976).
Proceedings of ECIFUAS-3, Ed. C.C. Smith, Pergamon Press, Oxford (1980).

(5) VAN HONACKER, P., The use of modal parameters of mechanical structures in sen-
sitivity analysis - System synthesis and system identification methods, Ph.D.
Thesis, K.U. Leuven (1980).

(6) VANDEURZEN, U., Identification of damping in materials and structures - Optimi-
zation of the dynamic behaviour of mechanical structures - Ph.D. Thesis, K.U.
Leuven (1982).

{7) VERELST, H. et al., Dynamic behaviour of sprayer booms, in Proceedings (2) of
seminar on modal analysis, Leuven {1982).

(8) VAN DEN NOORTGATE, J. and DONIES, J., Metaalbewerking 47 (1981}).

(9) LEFEVRE, D. et al., Materials Sci. and Engin. 41 (1979) 193.

(10) DI CARLO, J.A. and MAISEL, J.E., presented at Symposium on advanced fibers and

composites for application at elevated temperatures, the Metallurgical Society

of AIME, New Orleans (1979).

} SEEGER, A. et al., Z. f. Metallkunde 73 (1982) 1.

) MUHLBACH, H., phys.stat.sol. (a) 69 (7982) 615.

} SUGIMOTC, K. et al., Trans. JIM 16 (1975) 647.

) SUGIMOTO, K. et al., Trans. JIM I8 (1977) 277.

) HONDA, K. et al., Physik. Zeitschr. 3 (1982) 380.

) BECKER, R. and KORNETZKI, M., Z. f. Physik 88 (1934) 634.

) KERSTEN, M., Z. f. Techn. Physik 15 (1934) 763.

) %ECKER, R. and DORING, W., Ferromagnetismus, p. 364, Springer Verlag, Berlin
1939).

} MASUMOTD, B. et al., Trans. JIM 23 (1982) 95.

} KE, T.S., Phys. Rev. 71 (1947) 533.

) BAIK, S. and RAJ, R., Acta Met. 30 (1982) 499.

N e o s o e e,



C9-48 JOURNAL DE PHYSIQUE

MIYADA, L.T. and DE BATIST, R., This conference.

MIYADA, L.T. et al., Abstract of contribution to Colloque des Société Fran-
caise et Belge de Microscopie Electronique, Liége (1983).
MELIK-SHAKHNAZAROV V.A. et al., phys.stat.sol. (a) 74 (1982) 593.

SUSIMOTO, K. et al., Met. Sci. J. 7 (1973) 103. -

VAN HUMBEECK, J. and DELAEY, L., This conference.

MORI, T. et al., Acta Met. 28 (1980) 319.

OKABE, M. et al., Phil. Mag. A44 (1981) 1.

MONZEN, R. et al., Acta Met. 3T (1983) 519.

KANAZAWA, 1. et al., phys.stat.sol. (a) 75 (1983) K211.

DELAEY, L. and CHANDRASEKARAN, M., Eds. Proceedings International Conference on
Martensitic Transformations, J. de Phys. 43, C4 (1982).

DEJONGHE, W. et al., Scripta Met. 10 (1976) 1125.

KOSHIMIZU, S. and BENOIT, W., in (31), p. 679.

See e.g. J.D. Ferry, Viscoelastic properties of polymers, J. Wiley, New York
(1970).

CALLENS, A., Ph.D. Thesis, V.U. Brussel (1979).

WERT, C.A. and WELLER, M., J. Appl. Phys. 53 (1982) 6505.

BERRY, B.S., Scripta Met. 16 (1982) 1407. —

38) VAN HUMBEECK, J. et al., Zeit. fur Met. 69 (1978) 575.

NN

HFOWONOYOT & W N

PRI N
NSRRI NN N N NP S N

FIGURES

Systems damping Structural damping Materials damping

o, s st s, LS
4 e

} KM, Y L—r
X M }—_—I- X - r—r X F sinwt

Ky

Fsinwt Fsinwt
K2
M2

X
F* f(n)

X = 0 for a suitable choice Sources of n: external X determined by

of XK, M, w. friction, multi-component material response function.
materials.

Fig. 1 - Schematic representation of
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o and materials damping.
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Fig. 3 - Schematic representation of the effect of temperature, amplitude, frequency
and field strength on magnetomechanical damping.
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Fig. 4 - Hysteresis loop-shape and Fig. 5 - Effect of thermal treat-
field dependence of ?&1, as observed ment (583 K) and measurement atmos-
in a Ni-Co alloy (QM “is the maximum phere on the peak shape and peak
damping as measured as a function of position in an Al - 5 % Mg alloy

strain amplitude) (19). (21).
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Fig. 6 - Temperature dependence of inter-
nal friction in NbHO 94 (24).
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Fig. 8 - Internal friction in Mn - 12 %
Cu quenched from 900°C (25).
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Fig. 7 - Coherent twin boundary in

NbH (24).
x,0 H atoms at elevation z = 1/4,
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Fig. 9 - Superelasticity in single
crystal Cu-Zn-Al (38).
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Fig. 10 - Internal friction in (a) amorphous nylon 6 (36),

and (c) semicrystallina PVDF (35).
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