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Deformation of extreme viscoelastic metals and composites
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Abstract

The figure of merit for structural damping and damping layer applications is the product of stiffnessE and damping tanδ. For most materials,
even practical polymer damping layers,E tanδ is less than 0.6 GPa. We consider several methods to achieve high values of this figure of merit:
high damping metals, metal matrix composites and composites containing constituents of negative stiffness. As for high damping metals,
damping of polycrystalline zinc was determined and compared with InSn studied earlier. Damping of Zn is less dependent on frequency than
that of InSn, so Zn is superior at high frequency. High damping and large stiffness anomalies are possible in viscoelastic composites with
inclusions of negative stiffness. Negative stiffness entails a reversal of the usual directional relationship between force and displacement in
deformed objects. An isolated object with negative stiffness is unstable, but an inclusion embedded in a composite matrix can be stabilized
under some circumstances. Ferroelastic domains in the vicinity of a phase transition can exhibit a region of negative stiffness. Metal matrix
composites containing vanadium dioxide were prepared and studied. The concentration of embedded particles was sensitive to the processing
method.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

High damping materials are used to reduce vibration in
aircraft, automobiles and other machinery. Reduced vibra-
tion can lead to reductions in fatigue and failure of structural
parts, improved efficacy of the airplane pilot or car driver
due to reduced noise, and improved passenger comfort and
satisfaction. Similarly in machinery, noise reductions bene-
fit the user. Thefigure of merit for free damping layers is
proportional toE tanδ for the layer. In many applications,
bending is important, so Young’s modulusE is considered
as a measure of stiffness. Here,δ is the phase angle between
stress and strain. It is called theloss angle. The loss tangent
tanδ is also the ratioE′′/E′, with E′′ as the loss modulus, the
component of stiffness out of phase with the driving force.E′
is the component of stiffness in phase with the driving force.
Some authors refer to thequality factor Q which represents
how sharp and intense a resonance peak is. If the damping is
not too large, the relationship is tanδ = 1/Q. In viscoelastic
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materials it is possible to achieve high stiffness and low loss,
or high loss and low stiffness, but materials which combine
high damping and stiffness are not common, as shown in
Fig. 1. The diagonal line inFig. 1presents the largest prod-
uct (E tanδ = 0.6 GPa) of stiffnessE, considered as the ab-
solute value of the complex dynamic Young’s modulus |E∗|,
and damping, found in common materials. Polymeric layers
[1] are presently used in many applications to damp vibra-
tion [2,3]. For materials of the highest damping (tanδ > 1),
the full-width at half-maximum of the damping peak at con-
stant frequency may be only about 18◦C. Moreover avail-
able polymer damping layers have a figure of meritE tanδ

less than 0.6 GPa. It is therefore desirable to study alternate
materials for damping applications.

In view of the limitations of polymer damping materi-
als, metals[4] and their composites have been considered.
For example manganese–copper (Mn–Cu) alloys, given the
trade name ‘Sonoston’, are used for ship propellers used in
naval applications. Mn–Cu alloys are non-linear: their damp-
ing performance depends on strain level. They offer little
damping at small strain; moreover their behavior is tempera-
ture dependent[5]. Substantial viscoelastic response in met-
als may be associated with a high homologous temperature
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Fig. 1. Stiffness loss map, showing experimental results for Young’s modulusE and mechanical damping tanδ for various common materials at selected
frequencies at room temperature (20◦C). The diagonal line represents the figure of merit |E∗| tanδ = 0.6 GPa= constant. Most common materials
including polymer damping layers, occupy regions to the left of that line. Adapted from Lakes[37].

TH > 0.5 in whichTH = T/Tmelting, with T as the absolute
temperature[6]. Some low melting point metals[7,8] such
as lead and tin exhibit relatively high damping compared
with structural metals but are unremarkable for the figure of
merit E tanδ. Eutectic In–Sn alloy, which exhibits substan-
tial damping tanδ exceeding 0.1 at sub-audio frequency and
a shear modulus ofG = 7.5 GPa, and a Young’s modulus
E = 21 GPa, has been previously studied in depth[9]. Pure
zinc is of some interest as a damping material since it is fairly
stiff (a Young’s modulus of 100 GPa compared with 70 GPa
for aluminum and 200 GPa for steel); cast zinc has moder-
ate damping: the loss tangent is about tanδ = 0.01 over a
range of frequency. Zinc alloys such as zinc–aluminum al-
loy ZA27 studied by Ritchie et al.[10], has a small tanδ =
0.001 above 1 kHz. In view of the large thermal expansion of
zinc, a thermoelastic damping peak of magnitude approach-
ing 0.01 may be observed in flexure. Since this damping
depends on heat flow, the frequency of the peak depends on
the thickness of the specimen or metal part. The specimens
studied by Ritchie et al. were about 1.2 mm in thickness
which gave rise to a thermoelastic peak near 40 Hz.

Metal matrix composites have been used to achieve en-
hanced properties such as high specific modulus, strength,
and thermal stability. Even so, composite design with con-
sideration of viscoelastic properties, even creep, of partic-
ulate reinforced metal matrix composites, is not common
[11]. In viscoelastic composites, the best viscoelastic re-
sponse (highest figure of meritE tanδ) is achieved by incor-
porating inclusions of the maximum possible stiffness into a
compliant, high damping matrix[12]. By contrast, soft high

damping inclusions in a stiff matrix give rise to low damping
for given stiffness. Stiff particle inclusions are superior to
fibers in this context, even though they provide less stiffen-
ing effect for a given volume fraction. Composite materials
based on a metal (eutectic InSn) matrix and bonded tungsten
laminae exhibited a high figure of meritE tanδ at low fre-
quency[12]. These constitute a proof of concept; since they
contain tungsten, which is both dense and expensive, their
applicability would be limited. As for alternate constituent
phases, SiC has a high stiffness,E = 430 GPa, low density,
ρ = 3.2 g/cm3, and reasonable cost. It has been used with
InSn to make high damping composites[13], but it is more
difficult to achieve the required high inclusion concentration
with particles than with laminae.

A different conceptual scheme for high damping com-
posites involves inclusions of negative stiffness. Composite
materials based on ferroelastic inclusions[14] which have
negative stiffness[15] in the vicinity of a phase transfor-
mation, provide large peaks in mechanical damping over
a range of temperature. Ordinarily, negative stiffness en-
tails instability, but inclusions of negative stiffness can be
stabilized[16] in a composite by the surrounding matrix.
Vanadium dioxide is a ferroelastic material[17,18]. It un-
dergoes a transformation from monoclinic to tetragonal
at Tc = 67◦C. Negative stiffness in the vicinity of phase
transformations is inferred from the fact that the energy ver-
sus deformation diagram[19] exhibits at least two relative
minima or energy wells. Composites with negative stiffness
inclusions are of particular interest because they permit
one to exceed accepted bounds on properties. Bounds[20]
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on properties of composite materials are generally derived
assuming positive phase properties. These bounds can be
exceeded if negative stiffness is allowed. The causal mecha-
nism for the damping maximum and variation in stiffness in
the vicinity of the transition is a greater deformation in and
near the inclusions than in the composite as a whole. This
can allow extreme properties not previously anticipated.

Negative stiffness can be visualized as follows. Macro-
scopic lumped examples of negative stiffness include a col-
umn constrained in a buckled ‘S’ shaped configuration[21].
If one presses laterally on the column, one can cause it to
snap through. The negative stiffness condition is unstable.
The column can be stabilized by a lateral constraint. That
constraint may contain a spring element of positive stiff-
ness. Negative stiffness is to be distinguished from negative
Poisson’s ratio[22]. Poisson’s ratio is the ratio of lateral
contraction strain of a stretched object divided to its lon-
gitudinal strain. Flexible tubes after compressive buckling
exhibit decreasing force with an increase in deformation,
hence they have negative incremental stiffness. Single cell
tetrakaidecahedron models of polymer foam cells exhibit a
non-monotonic compressive force-deformation relation[23]
under displacement control. These therefore exhibit nega-
tive stiffness over a range of strain. Macroscopic elements
of positive and negative stiffness in series give rise to me-
chanical damping orders of magnitude greater than that of
the constituent material, provided the positive and negative
stiffness is balanced by tuning the prestrain, which governs
the degree of instability in the negative stiffness elements
[24].

In the present work, damping and stiffness of pure zinc
(as a potential composite constituent) and of Sn–VO2 com-
posites are studied at acoustic frequencies.

2. Materials and methods

2.1. Metal preparation

Metals were cast as follows. A hydraulic press (Carver)
and heating apparatus was used to press pieces from a zinc
ingot (>99.99%, Alfa Aesar, Ward Hill, MA) to approxi-
mately 20,000 lbs for 2–10 min. This resulted in thin sheets
of metal which were cut into small pieces. These pieces
were inserted into a Pyrex glass tube 3 mm in inside diam-
eter with one end sealed shut with a torch. A steel rod was
placed in the upper end to aid in consolidation. The sample
tube was then placed in a 7 mm inner diameter Pyrex tube
capped to reduce oxidation. The furnace was preheated to
480◦C. When the melting had begun the sample was tamped
by dropping the tube vertically onto a foil-covered piece of
foam to assist in consolidation. Once the sample was com-
pletely melted and consolidated the furnace door was opened
to abruptly cool the chamber to 420◦C. Final cooling was
done within the furnace for slow cooling. More rapid cool-
ing was done by removing the specimen tube into room air

and exposing it to air flow from a fan. The glass tube was
then cracked by compression and the sample removed and
cut with a diamond saw to about 3 cm length.

2.2. Composite preparation

Composite materials were prepared with inclusions of
vanadium dioxide (VO2) in a pure (99.99%) tin matrix.
Particulate inclusions of 150�m size or smaller were in-
corporated into a tin matrix by rolling sheets of tin with
particles, followed by casting into a cylindrical mold 3 mm
in diameter. Specifics are as follows: a block of tin (Alfa
Aesar, Ward Hill, MA) was rolled into a thin square sheet
using a commercial powered roller (Stanat MFG Co., Model
No. TA-315, Westbury, NY). A tin sheet with an area of at
least 26 cm2 and a thickness of about 0.8 mm was produced
in the rolling process. Once the tin was flattened, the surface
was cleaned with acetone to remove oxidation and grease
from the rollers. A layer of fine vanadium dioxide particles
(about 5% of the total target amount of VO2 by weight) was
sprinkled on the tin sheet, which was then folded by hand
and rolled again to obtain the desired thickness. Reduction
in thickness by a factor of two was necessary to achieve
adhesion. Every third or fourth layer, no vanadium dioxide
particles were embedded to facilitate the compaction of the
previous layers. Cracked edges were trimmed with a razor
and their weights measured using a scale. Total weight of
trimmed tin matrix was subtracted from the original tin
weight to determine the final concentration of particles.
Folding directions were consistently alternated by 90◦ to
achieve straighter edges. At least 40 passes through the
rollers were conducted to achieve the desired concentration
of particles with a uniform distribution. A portion of the tin
sheet was rolled tightly into a glass cylindrical tube of in-
ner diameter 3 mm inclined at 45◦ from the horizontal and
melted in a furnace. The melting was done quickly and the
tube removed from the furnace to cool while being slowly
rotated about its axis, in the air.

2.3. Test methods

Optical micrographs of specimens were obtained using
an Olympus (Melville, NY) type BH2-1 microscope with
a digital camera (Diagnostic Measurements, model 3.2.0,
Sterling Heights, MI) and image capture system. Each spec-
imen was cut with a low speed diamond saw and was ground
and polished with graded metallographic abrasives prior to
microscopic observation.

Viscoelastic testing on the samples was performed by us-
ing the broadband viscoelastic spectroscopy (BVS) appara-
tus [25,26], as shown inFig. 2. The apparatus is capable of
measuring mechanical properties of materials in a 11 decade
frequency range, from 10−6 up to 105 Hz without appeal to
time–temperature superposition, assumptions of Arrhenius
temperature dependence of properties, or any other temper-
ature related calculations. The rationale is to enable study of
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Fig. 2. Schematic diagram of the broadband viscoelastic spectroscopy
apparatus. For high frequency studies, the driving magnet may be cubical,
the same thickness as the specimen.

heterogeneous specimens including composites, for which
such inferences are not justified. The wide frequency range
is achieved by choosing a specimen geometry amenable to
a simple analytical solution so that data can be readily in-
terpreted, and by using drive and detection methods free of
resonances and low-frequency cut-offs.

Specimens were mounted on a support rod by cyanoacry-
late cement. A permanent magnet and mirror were ce-
mented on the free end of the specimen to provide torque
and measurement of angular displacement. The cement
between interfaces was allowed to cure for 24 h. For high
stiffness specimens, a tungsten support rod, which has a
Young’s modulus twice that of steel, was adopted. Also,
the instrument was modified by providing the ability to use
a 25.4 mm (1 in.) diameter stainless steel support rod. This
has 16 times the torsional rigidity of a 12.7 mm (0.5 in.)
diameter steel rod. These modifications reduce the parasitic
compliance and damping for stiff specimens.

Torque was generated by the interaction between the per-
manent magnet and the Helmholtz coil inside the apparatus.
For torsion, the electrical signal was input in the torsion
coil, which is oriented so the torque on the permanent mag-
net (the cross product of applied magnetic field and the
magnet’s magnetic moment) is in the correct direction. For
bending, the signal was input to a bending coil oriented
perpendicularly as shown inFig. 2. The sensitivity direction
of the angular displacement measurement was rotated by
90◦ by inserting a dove prism into the laser beam path. The
frequency of the torque was controlled by the frequency
of electrical currents from a function generator to the coil.
For stiff, stubby specimens, the mirror was mounted on the
sample, not on the magnet, to eliminate errors from the com-
pliance of the cement. The sample and coil were put inside

a massive brass chamber supported by a vibration isolator.
A mirror reflected the diode laser beam from the specimen
end mirror to a split-diode light detector. The light detector
converted the spatial movement of the laser beam into an
electrical signal, and the signal was captured by an oscillo-
scope and computer. The use of a lock-in amplifier (Stan-
ford Research Systems, SR850) facilitated measurement of
the loss tangent with high accuracy. In addition, the method
of determining the width of digitized Lissajous curves was
also adopted to verify the experimental data. Data reduction
was achieved by following previous well-developed proce-
dures for ultra low, sub-resonant, and resonant frequency
ranges. The electrical input was sinusoidal for dynamic
studies and a step function for creep studies.

Data reduction of torsion experiments may be done using
an exact relationship[27] for the torsional rigidity (ratio of
torqueM∗, including its phase, to angular displacementφ)
of a viscoelastic cylinder of radiusR, lengthL, and density
ρ fixed at one end with a mass of mass moment of inertia
Iat at the other end:

M∗

φ
= 1

2
ρπR4ω2L

cotΩ∗

Ω∗ − Iatω
2 (1)

whereΩ∗ = (ρω2L2/G∗)1/2 with G∗ as the complex shear
modulus which has a phase angleδ, ν as frequency andω =
2πν. Below the first natural frequency, it was sufficient to
use the following equations for calculating the modulus and
loss tangent. The observed phase angle isϕ the structural
phase angle.

tanδ =
[

1 −
(

ν

ν0

)2
]

tanϕ (2)

This expression corrects for the effect of the fundamental
resonance. At low frequency the shear modulus was obtained
from:

G∗ = 2M∗L
φπR4

(3)

At resonance frequenciesν0, tanδ was obtained from the
width �ν = ν − ν1 of the resonance curve (the plot of dy-
namic complianceφ/M versus frequency) at half the maxi-
mum amplitude.

tanδ ≈ �ν

ν0
√

3
(4)

For quasistatic bending, at low frequency, Young’s modulus
was obtained from:

E∗ = 4M∗L
φπR4

(5)

Temperature dependence of properties was studied as fol-
lows. The specimen was driven at a constant frequency
(100 Hz) well below the lowest natural frequency. An insu-
lated inner chamber was heated to above 85◦C and main-
tained for at least 30 min. The heater was shut-off and the
chamber allowed to cool. Cooling rate over the temperature
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range of interest was less than 1 K/min. A lock-in ampli-
fier was used to take repeated measurements at the selected
frequency during the cooling process.

3. Results and discussion

3.1. Zinc

Optical microscopic analysis of the structure of zinc spec-
imens showed that furnace cooling gave rise to large crystals
on the order of a millimeter in size. Rapid cooling gave rise

Fig. 3. Frequency dependence of torsional viscoelastic properties of cast pure Zn, rapidly cooled (solid gray symbols) compared with furnace cooled(open
symbols). Damping in bending exhibits a peak attributed to thermoelastic coupling. Shown for comparison is the behavior of eutectic InSn (dash line)[9].

Fig. 4. Temperature dependence of torsional viscoelastic properties of cast pure Zn, rapidly cooled compared with furnace cooled at 100 Hz.

to a smaller grain size, but the crystals are still fairly large:
several hundred microns. The frequency dependence of the
properties of furnace cooled and rapidly cooled Zn is shown
in Fig. 3. The damping of zinc varies little with frequency,
in contrast to InSn in which tanδ ∝ ν−n over many decades
whereν is frequency andn = 0.28 for eutectic InSn, and
n = 0.22 for �-InSn. For other metals at high homologous
temperature,n has a value in the range 0.1 ≤ n ≤ 0.5. For
examplen = 0.10 for SnCd, 0.12 for SnSb[28] and 0.44
for InSnCd[29] at room temperature. The polycrystalline
zinc studied here has considerably higher mechanical damp-
ing than zinc single crystals[30,31] for which tanδ can be
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less than 10−5 (at 39 kHz). The difference in damping is at-
tributed to dislocations associated with boundaries. Viscous
sliding of grain boundaries, which usually gives rise to a
well-defined peak, cannot be responsible for the broadband
damping observed.

The difference between the two different processed sam-
ples is not significant at low frequency, however the rapidly
cooled sample shows an increase of tanδ at high frequency.

Fig. 5. Optical micrographs of Sn–VO2 composite. (a) VO2 particles: 50�m scale bar; (b) Sn–VO2 composite, rapid cooling: 50�m scale bar; (c)
Sn–VO2 composite, slow cooling: 100�m scale bar.

This might be due to additional dislocations formed during
the process. Temperature dependence at 100 Hz of the two
different processed Zn samples shows significantly different
viscoelastic properties (Fig. 4). The compliance is normal-
ized to that at 1 Hz at room temperature. Rapidly cooled Zn
is more temperature dependent than furnace cooled Zn.

The causal mechanisms for metal damping are considered
to be based on the paradigm of dislocation based damping.
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Fig. 5. (Continued ).

To place that in context, an early model for the high tem-
perature background is the dislocation-point defect damp-
ing of Schoeck et al.[32]. At sufficiently high frequency
ν, tanδ ∝ ν−1, a dependence on frequency which is not
observed. For a distribution of activation energies, Schoeck
et al. obtained, for the case of zero restoring force on the
dislocations, tanδ ∝ ν−n They could not calculate the value
of n but suggestedn < 1. Cagnoli et. al.[33] suggested
that such a model cannot account for damping at low fre-
quency. Cagnoli et al., assuming self-organized criticality
of stick–slip dislocation processes calculated tanδ ∝ ν−2.
That theory cannot account for the behavior of Zn or InSn
or other metals referred to earlier. A more recent disloca-
tion based theory[34] gives tanδ ∝ (−ln ν)3. This would be
satisfactory for the low-melting point metals such as InSn,
SnCd and others over a relatively narrow frequency window,
but it fails to model the behavior over 11 decades. The rela-
tively flat frequency response of Zn observed in the present
results cannot be accommodated by such a theory. It is not
yet possible to predict the slopen for any material or to ex-
plain why different materials exhibit different values ofn.

Thermoelastic effects[35,36]can contribute to the damp-
ing of bent bars, in which the strain field is heterogeneous.
Since the effect depends on thermal expansion, the strain
field must contain a volumetric component. Thermoelastic
damping due to stress-induced heat flow in a circular cylin-
drical rod vibrating in bending has a characteristic frequency
ν0:

ν0 = 0.539
k

Cv

1

r2
(6)

with r as radius,k as the thermal conductivity andCv as the
heat capacity per unit volume. For zinc,k = 113 J/(s m K),

Cv = 383 J/(kg K). The density,ρ = 7.13 × 103 kg/m3 is
used in the calculation to convert the heat capacity to a mass
basis. So, for a rod 3.3 mm in diameter (corresponding to the
size of the specimen),ν0 = 8.2 Hz. The relaxation strength
for this kind of damping is given by

∆ = Eα2T

cρ
(7)

with E as Young’s modulus,α as thermal expansion coeffi-
cient,ρ as density,c as heat capacity per unit mass, andT as
absolute temperature. For zinc,∆ = 0.018, so for a Debye
peak the maximum tanδ = 0.009. This is the strongest ther-
moelastic damping among common materials. In the present
results for zinc, the elevation of damping observed in the
bending of zinc in comparison with torsion near 10 Hz is
attributed to thermoelastic coupling.

3.2. Composites

High damping composite materials can be achieved in at
least two ways. First, one can combine a stiff, low damping
phase with a more compliant high damping phase using
an optimal inclusion morphology. As an illustration of that
approach, SiC–InSn composites were fabricated and tested
[12] as discussed above. Since InSn has high loss with
moderate stiffness (E = 21 GPa;G = 7.5 GPa), it was
chosen as a matrix material for composites with SiC. Sec-
ond, one can make use of inclusions of negative stiffness.
Vanadium dioxide was chosen as the inclusion material
since it undergoes a phase transition near 67◦C. This phase
transition gives rise to negative stiffness in the vicinity of
the transition. Optical micrographs of inclusions and of
Sn–VO2 composite are shown inFig. 5. Fig. 5(a) shows
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Fig. 6. Experimental torsional compliance and mechanical damping tanδ vs. temperature for ferroelastic composite. Filled triangles, a composite containing
1% (v/v) vanadium dioxide particles in a tin matrix. Points, pure tin for which tanδ = 0.019 over the temperature range considered. Measurements were
conducted at 100 Hz, well below resonance, during slow cooling through the ferroelastic transition of the inclusions.

inclusions prior to incorporation in a composite. Processing
technique proved to be crucial in successfully making these
composites. Rapid heating and cooling led to a distribution
of particles as shown inFig. 5(b). Volume concentration
of particles estimated from a set of such images was on
the order 1%, corresponding to the intended concentration.

Fig. 7. Stiffness loss map, showing experimental results for Young’s modulusE and mechanical damping tanδ for materials examined in the present
study and in[9,12,14]. Cast zinc is superior to InSn at the higher frequencies. All values are at room temperature except for those for Sn–VO2 composite,
which are for 66◦C.

The particles were fragmented into smaller pieces, some
less than 10�m, by the rolling process. The effects sought
in these composites depend on single domain inclusions.
Therefore, this fragmentation can be beneficial. The do-
main size of VO2 is not available. For specimens held too
long (10 min) above the matrix melting point, the particles
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segregated and did not appear in the cross section, as shown
in Fig. 5(c). Therefore, rapid processing is essential to the
production of low-concentration composites by this method.

Stiffness and damping versus temperature of a particu-
late Sn–VO2 composite with 1% (v/v) of inclusions exhib-
ited sharp variations not seen in the pure Sn matrix[14]. In
some cases, a large excursion in dynamic compliance was
observed, as shown inFig. 6. A stiffness loss map summa-
rizing the performance of metals and composites is shown
in Fig. 7. Zinc is superior to InSn at the higher frequen-
cies since its damping does not vary much with frequency
in comparison with InSn. The Sn–VO2 composite requires
sharp tuning of temperature to achieve extreme properties.
For practical damping composites, the tuning range would
have to be broadened. That is a topic for further study.

4. Conclusions

(i) The mechanical damping of zinc exhibits little depen-
dence on frequency over a wide range. At high fre-
quency it has a higher damping than InSn and other
high damping metals.

(ii) Composites with inclusions of negative stiffness based
on ferroelastic inclusions achieve high damping via
temperature tuning.

(iii) Composites with inclusions of negative stiffness require
relatively rapid cooling of the melt to prevent segrega-
tion of the inclusion particles. Rolling of layers prior
to casting results in fragmentation of the inclusions.
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