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Abstract. It has been demonstrated by many authors that the internal damping mechanism of the viscoelastic materials
has many possibilities for practical engineering applications. However, traditional guideline procedures of analysis
and design of viscoelastic dampers subjected to cyclic loadings, uniform, constant temperature is generally assumed
and do not take into account the self-heating phenomenon. Moreover, for viscoelastic materials subjected to dynamic
loadings superimposed on static preloads, such as engine mounts, these procedures can lead to poor designs or even
severe failures since the energy dissipated within the volume of the material lead to temperature rises. In this paper, a
hybrid numerical-experimental investigation of the static preloads effects on the self-heating phenomenon in
viscoelastic dampers subjected to harmonic loadings is reported. After presenting the theoretical foundations, the
numerical and experimental results obtained in terms of the temperature evolutions of the viscoelastic material for
various static preloads are compared, and the main features of the methodol ogy are discussed.
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1. INTRODUCTION

It is well-known that viscoelastic materials are efficient in mitigating the undesirable vibrations levels of
engineering systems such as automobiles, airplanes, civil engineering structures and flexible mechanisms at moderate
application and maintenance costs. However, one of the most distinguishable features of viscoelastic materials is that
their mechanical behavior varies strongly with different environments such as the temperature, the frequency and the
amplitude of the excitation, and the static preloads (Nashif et al., 1985; Schapery, 1964). This fact makes indispensable
the availability of efficient models capable of predicting various aspects of the combined static and dynamic responses
of viscoelastic materials.

In most traditional design guidelines of viscoelastic dampers it is assumed uniform and time-independent
temperature distribution within the viscoelastic material, whose value is chosen to be coincident with the ambient
temperature under which the damper is intended to operate. However, due to their inherent properties, when viscoelastic
materials are subjected to cyclic loadings, the well-known self-heating phenomenon can causes local temperature
increases, and may affect significantly the damping capability, or even lead to the complete failure of viscoelastic
damping devices (Cazenove et al., 2012; Rittel, 1999; Gopalakrishna and Lai, 1998). Also, in applications in which
dynamic and static loads are involved, such as engine mounts, the interest in achieving high isolation characteristics
becomes of capital importance as vibration amplitudes are directly related to fatigue and, as a result, to structural
integrity (Nashif et al., 1985). Thus, the determination of the temperature distribution within viscoelastic materials
subjected to linear dynamic loadings superimposed on static preloads is an interesting and hard-to-solve
thermoviscoelastic problem. Although heat transfer analysis of elastomers has been conducted, the main contribution
intended for this study is its extension to the case of the combined effects of dynamic loading with static preloads on the
self-heating phenomenon in viscoelastic materials for vibration attenuation.

More recently, Cazenove et al. (2012) have proposed a new hybrid numerical-experimental methodology to
investigate the influence of the frequency and the amplitude of the excitation on the self-heating phenomenon in a
translational viscoelastic mount. They observed that as the excitation frequency and the excitation amplitude increase,
the self-heating phenomenon becomes more pronounced resulting in a significant temperature augmentation inside the

9739



ISSN 2176-5480

A.M.G. de Lima, D.A. Rade, H.B. Lacerda, C.A. Araujo
The Self-heating Phenomenon in a Prestressed Viscoelastic Damper Subjected to Dynamic Loadings

volume of the material. Also, the authors have demonstrated that the temperature rise leads to maximum decreases of
the loss factor of 70%, resulting in a significant decrease of the damping capability of the viscoelastic damper device.
However, the effects of the static preloads have not been addressed by the authors. According to Gopalakrishna and Lai
(1998), the local temperature values inside the viscoelastic materials used to mitigate the vibrations levels in tall

buildings, can increase up tb0°C in a few seconds during a storm. However, this isugho to be a limiting
assumption as it has been not assumed a complete tridimensional strain state to compute the heat source and the
prestressed effects on the viscoelastic damping devices. Rittel (1999) has been demonstrated experimentally that the
conversation ratio used to measure the mechanical energy transformed into heat for polycarbonates deformed in a range
of strain rates, is strongly dependent on strain and strain rate. Also, as they are very difficult to estimate, their values
have been assumed rather arbitrarily in the range [0.1; 1.0], such as in the study reported by Rittel and Rabin (2000) in
which it is performed finite element (FE) based numerical thermal analysis of the cyclic compression of
Polymethylmethacrylate (PMMA) and polycarbonate cylindrical specimens.

This paper is devoted to the numerical and experimental investigation of the influence of the dynamic loads
superimposed on static preloads on the self-heating phenomenon in a translational viscoelastic mount used for vibration
mitigation, with the capacity of accounting for complex geometry and complete tridimensional strain state, by assuming
weak coupling between both fields and the nonlinear coupled thermal and structural analyses, which are performed in
ANSYS software. The results in terms of the temperature evolution within the volume of the viscoelastic material can
be characterized as a function of time or number of cycles.

2. COMPLEX MODULUS FOR THE COMBINED STATIC AND DYNAMIC LOADS

The dynamic behavior of viscoelastic materials depends on a number of factors, among which the most relevant are
the excitation frequency and the temperature [4]. Various mathematical models have been developed to represent this
behavior and have been shown to be particularly suitable to be used in combination with FE discretization [15-17].
However, for many applications in which the viscoelastic materials are subjected to dynamic loads superimposed on
static preloads, it is necessary to evaluateGbmplex Modulus to describe the combined static and dynamic strains.

Thus, based on the fact that the static and dynamic properties of a linear viscoelastic material can be measured
independently of each other (Nashif et al., 1985), and taking into accoufrtetheency-Temperature Correspondence
Principle for one-dimensional stress-strain relation, @oenplex Modulus can be expressed as follows:

Gl T,0) = F(5)G(ar . To) = G'(@r . Ty, 8) +iG" (et Ty, ) 1)

where & = ay (T)a) is thereduced frequency, « is the actual excitation frequency, indicates the temperaturg, is

a reference value of temperaturd, is the static strains, and-y (T) represents thehift function. G'(a)r ,TO,J),

G"(a)r ,TO,J) and ’7(@ ,TO,J) = G"(a)r ,To,b')/G’(a)r ,TO,J) are defined, respectively, a®rage modulus, loss modulus

andloss factor. Any pair formed from these three parameters completely characterizes the viscoelastic behavior under
combined static and dynamic loading conditions in the frequency domain.

In equation above, functionéa(a)r,TO) and ag (T) can be measured dynamically from experimental tests for
specific viscoelastic materials. Drake and Soovere (1984) suggest the analytical expressions (2) for the complex
modulus and shift factor for the 3M™ ISD112 viscoelastic material defined in the following temperature and frequency
intervals 210< T < 360K and 1.0< w< 1.0x10° Hz, respectively, wherdy =290K . The parameters appearing in
relations (2) are presented in Tab. 1.

Gleg To)=B; + Bz/h"r Bs(iw /Bs) ™™ +(iy /BS)_B4) (2a)
g1 1 2a _ Tl b_a_ _
logyolar) = {? ToJ 230{ T, b]|0910(T0J + [To 12 Spz ](T To) (2b)

However, the derivation of a function of straiﬁ,(d), for linear viscoelastic materials is more delicate, and the

difficulty in predicting general accurate analytical expressions comes from the fact that it could take several forms
depending on the relation between the stadic,and engineeringg, strains involved in the stress-strain relationship
accounting for the type of viscoelastic damping device to be used. Also, a supplementary difficulty arises from the large
number of combinations for the dynamic and static loading parameters involved in the experimentally measurements
techniques for viscoelastic materials. However, for simple extension problems, the Mooney-Rivlin equation (Nashif et
al., 1985) can be used to describe the static stress-strain relations, where the strategy is to generate a set of material
properties measured statically and used to determine the constants appearing in the function of strain, and a set of
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material properties measured dynamically without static preloads to derive the complex modulus function. Then, Eq. (1)
can be used to predict the combined static and dynamic behaviors in terms of the complex n@{daliTs,d), and
the loss factorn(a), ,TO,J).

In the numerical study addressed herein, the viscoelastic material data measured dynamically as a function of
excitation frequency and temperature are provided by expressions (2), and the static preloads are directly applied in the
viscoelastic damper device by using the ANSY finite element software.

Table 1. Parameters of the 3M™ ISD112 provided by Drake and Soovere (1984).

Complex Modulus — Eq. (2a)

B, [MPa] B, [MPa] Bs B, Bs Bs
04307 1200 1543000 0.6847 3.241 0.18
Shift factor — Eq. (2b)
To [K] ILY Ty [K] Spr [K] 2 S [K]t San [KI?
290 210 360 005956 01474 009725

a=(DgCc ~CgDc)/De, b=(DcCa—CcDa)/De . Ca =T -UTp)?, Cg = (YT, -1Ty)
Cc =(SaL = Saz) . Da =Ty -¥Ty)f . Dg = [Ty ~¥Tp), Dc = (San ~Saz). De =(DgCa —DaCg)

From the reduced temperature nomogram generated by the computation of Egs. (2), the designer can obtain the
complex modulus and the loss factor at any given temperature into a frequency band of interest, as illustrated in Fig. 1.
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Figure 1. (a) Storage modulus and (b) loss factor for different temperatures for the 3M™ |SD112 viscoelastic material.
3. HEAT GENERATION RATE FOR THE COMBINED STATIC AND DYNAMIC LOADS

When a viscoelastic damper device such as the translational mount illustrated in Fig. 2 is subjected to sinusoidal
stressesa(t):ao sin(wt), superimposed on a static preloall, a significant amount of mechanical powe,,, is
transformed into heat within the viscoelastic material volume, resulting a local temperature increases. This heat
generation rateg|y , can be related to the dissipated mechanical power according to the following expression (Cazenove

etal., 2012):
dg = BV 3

where [ represents the thermal conversion ratio defined as a fraction of the mechanical power dissipated by the
viscoelastic effects(l— ,B)v'vm is the complementary part of the dissipated power which is stored within the viscoelastic
through microstructural changes, and the dissipated mechanical power can be determined as follows:
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Wi (t,0,T,0)=o(t)" £t T 3)=G(wT e (t.w.T,0)Célt,w.T,9) (4)

where e‘(t w.T ,6) = so(a),T ,J)Sin(a)t +¢) indicates the strain responses due to the sinusoidal stressescwtierihe
frequency, andg is the phase angleC(w,T,d)=G(w,T,d)C is the material properties matrix dependent on the

environmental factors, and defined in such a way #{atw,T,d8)=C w,T,d)oft).
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Figure 2. lllustration of a viscoelastic mount subjected to dynamic and static loadings.

Upon introduction of the complex modulus function (1) into expression (4), it is possible to show that the
contribution of the real part of the complex modulus to the dissipated mechanical energy, which is associated to the
purely elastic power stored in the viscoelastic material, vanishes over a cycle of vibration. On the other hand, the
imaginary part corresponds to the viscous power, resulting in the following heat generation:

09 (@T,0)= B t. 0T ) = 2 G (@T )b (0T S)Ce0(wT ) 5)

It must be emphasize that the exact solutions of the nonlinear thermoviscoelastic problem, resulting from the
association between the heat generation rate (5) and the transient heat equation (Lienhard and Lienhard, 2004), taking
into account the thermal boundary conditions, cannot be obtained easily and numerical resolution schemes must be
used. Also, it accounts for general strain states (two- or three-dimensional) by the proper inclusion of the strain
components into the strain vecey{w,T,d). Furthermore, the computation of the loss modus4w, T, d), which is

most frequently a nonlinear function of the temperature evolution to be determined, is made by considering the
analytical expressions (2) and the static preloads are directly applied on the viscoelastic device.

In the context of a finite element modeling procedure, the heat generation rate must be calculated for each
viscoelastic element from displacement amplitudes obtained from the harmonic analyses superimposed on the static
preloads. This can be done by integrating Eq. (5) over the volume of each viscoelastic element, as follows:

aolaT.0)= 2 (o ol (o Ol D 2
ev
or,

aolam 0)= 7LDy >

where K(,(a),T,J)(e) :G'(w,T,J)I BTﬁBdV(e) is the real part of the viscoelastic stiffness matrix, &ds the matrix
formed by the differential operators which intervene in the strain-displacement reIatior\s(e)aisdthe volume of the
viscoelastic element.

4. NUMERICAL PROCEDURE
An iterative resolution procedure has been implemented in ANSY{Z®09) finite element software by using the

ANSYS Parametric Design Language (APDL) intended to perform the transient thermal and prestressed harmonic
structural fields accounting for the self-heating phenomenon.
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At this point, it is important to consider that, in the context of the present study a strategy must used to incorporate
the viscoelastic behavior into ANSYS FE software. It can be done by assuming that the stiffness matrix of the damper
depicted in Fig. 2 can be decomposed into a stiffness matrix associated to the purely eladig, @artl a stiffness
matrix related to the viscoelastic substructuté\,(a),T,J), the equations of motion in the frequency domain of the
viscoelastic damper containiig degrees of freedom (DOFs), are given as (de Lima et al., 2009):

[KD(w,T,5)+iwCeq(a),T,5)—sz] U(wT,0)=F(w) 7)
where Ce (@,T,0) = a(w,T,0)K, and KHw,T,8)= K¢ +G'(w,T, 9K, .

As can be noted from the expression above, the introduction of the viscoelastic effect into the FE model gives rise to
a system of equations of motion of the same form as those based on the assumption of a viscous damping matrix
proportional to the stiffness matrix, with the following frequency-dependent proportionality coefficient,
a(a),T) =/7(w,T)G’(w,T)/a). This fact will be explored for the computation of the viscoelastic stiﬁriéséa)o,To,J),

and the equivalent viscous dampin@eq(wo,To,J), matrices for a given excitation frequenay,, and for an initial

temperature valuel,, using the ANSYS FE software.

1. Initialization: at the beginning of the process, the viscoelastic stiffness and equivalent viscous damping matrices
for an excitation frequencyw, and for an initial temperature valu®&, are computed, taking into account the
mechanical boundary conditions;

2. Satic structural analysisin order to introduce the effects of the static preloads;

3. Prestressed harmonic structural analysis: the strain rates for each viscoelastic element for the actual operational
and environmental conditions of the viscoelastic material are computed by performing the following prestressed
harmonic structural analysis:

. -1
Ul T0,0)= [ (T, )+ 1 0Ceq06To,0) - ] 'F () @
4. Computation of the heat generation rate by performing expression (6b).

5. Transient thermal analysis: a new set of temperature values are generated by performing a transient thermal
aralysis, taking into account the thermal boundary conditions applied on the boundary of the domain.

6. Update the viscoelastic material properties: if the convergence criterion based on temperature variations between
two consecutive iterations is not satisfied within a specified tolerance, a new iteration is initiated and the structural and
thermal analyses are performed based on the latest set of temperature values generated, taking into account the updated
viscoelastic stiffness and equivalent viscous damping.

5. NUMERICAL SIMULATIONS AND EXPERIMENTAL RESULTS

To illustrate the computation procedure of the influence of the combined dynamic and static strains on the self-
heating phenomenon in viscoelastic materials, numerical tests were performed using the translational viscoelastic mount
depicted in Fig. 3(a), and Fig. 3(b) shows the translational viscoelastic mount constructed by inserting two 5mm-thick
layers of 3M' VHB 9469 rubber-like material between three rigid steel blocks attached to a rigid frame, which is
mounted on a universal test machine MTS-800. The thermal properties assumed for the steel and the viscoelastic
material are those given in Tab. 2. The point A of the specimen, whose position is indicated in Fig. 3(a) had its
temperature measured by using a thermocouple. Moreover, another thermocouple was used to measure the room
temperature. Voltage signals were acquired and processed using a signal analyzer 24@iéat

Table 2. Thermal properties for the SAE 1020 steel and 1ISD112 material

Material plkg/m? cp[9/ (kK] kw/(mK)] 14
VHB 9469 11089 20047 0.16Y 0.0777
SAE 1020 7850 476 35 0

@ From 3M’ technical report.
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Figure 3. (a) lllustration of the viscoelastic damper device and its applied loading conditions; (b) experimental setup.

In the thermomechanical simulations, the discretization was done using two-dimensional coupled field elements. For
the structural analyses, the 2D plane stress eleRiegftIE42 was used, having eight nodes and three DOFs per node
(displacements inx, y and 2 directions). For the thermal analysis, the corresponding 2D elePh&NES5 was

chosen, having the same number of nodes and one DOF per node (temperature). The total number of mechanical and
thermal DOF'’s are 1677 and 559, respectively. Also, as thermal boundary conditions, it was assumed heat transfer by
natural convection between the surfaces of the outer-steel plates and the surrounding air, with a convection coefficient,

h= 13016W/(m2K), and ambient temperature vallig,= 25°C, assumed as the uniform initial temperature in the
damper at the beginning of the simulation.

The numerical simulations, which consist in obtaining the temperature values afArnndieated in Fig. 3(a),
comprise a loading phase with a vertical displacem@)t Ug sin(erfot) with fo =15Hz and uy = 1.5mm, imposed
to the viscoelastic damper during 28000 seconds superimposed on different values of static displacements, as defined by
the following test scenarios: (@)= 0.0mm; (b) 6 = 20mm; (c) o = 25mm; (d) 4 = 35mm.

Figure 4(a) shows the temperature distributions for pAirihdicated in Fig. 3(a) obtained by the numerical
simulations, and Fig. 4(b) shows the corresponding temperature distributions obtained by the experimental tests, for all
preload scenarios. In both cases it can be noted that as the static strain amplitude increases, the self-heating effects
become more pronounced, resulting in a significant augmentation of the temperature values. Also, one can identify a
progressive stabilization of the temperatures in the loading phase (frofs to t=2800%), and a steep and
immediate decrease of the temperature values after the removal of the dynamic load. Finally, it can be seen that the
experimental observations are in agreement with those observed in numerical simulations.

55 T T T T T T T 42 T
— &=2.0mm ——&20mm
ol —— &=25mm || 40 —— &5 mm |
——— &=3.5mm — &35mm
3B/ d
45 B
o ) 36 B
o S
2 40 § a4 |
o ) [ )
5 Mumerical results 3 o lf Experimental results ]
o 35 o
= =
& @
~ ~ 30 1
30
28 e
25 kB 1
a0 L L L 1 1 L L 24 L L L L L
0 ns 1 15 2 a5 3 15 4 0 1000 2000 . 3000 4000 5000 G000
Time [5] w10t Time [g]

Figure 4. Numerical and experimental time evolutions of the temperature field in the translational damper for various
values of static displacements.
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It is important to mention that the experimentally acquired temperature evolutions for the translational viscoelastic
mount subjected to the combined effects of the shear harmonic loading and the static preloads have been shown.
However, the direct comparison of these results with those obtained from numerical simulations is not possible, since
for this later the values of the thermal conversion ra@tioand the natural convection coefficiedt, have been

asumed arbitrarily according to the values provided by Cazenove et al. (2012). It is widely known that these two
parameters vary in a range of values depending upon several conditions such as the geometry of the viscoelastic surface,
and operational conditions such as strain amplitudes. Thus, it is interesting to use a curve-fitting procedure in order to
identify these parameters for the specific test conditions considered, which is not considered in this work.

To provide a sense of the evolution of the temperature distribution over the damper with time, Figs. 5 to 7 represent
the temperature contours at three instants of time for the higher value of the static preload. It can be seen that the
temperature gradient is oriented towards the center of the viscoelastic core. However, as the thermal boundary
conditions are not symmetric, the zone of the highest temperatures is displaced towards the central plate.

These results enable to conclude that, since the temperature distribution is not uniform, the mechanical properties of
the viscoelastic material (storage modulus and loss factor) vary from one point to the other. This finding is in contrast
with the assumption of uniform temperature within the volume of the viscoelastic medium, which is frequently assumed
in the analysis and design of viscoelastic devices.

T AN
i ' JUH 28 2013
16:14:10

20, T 3
29.074 30.512 31.95 33,388

astic damper

self heating of

Figure 5. Temperature contours in the translational damper at trd€0s .
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Figure 6. Temperature contours in the translational damper at tri2600s .
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Figure 7. Temperature contours in the translational damper at tiB800s .
6. CONCLUDING REMARKS

A modelling procedure of the effects of the combined static and dynamic loadings on the self-heating phenomenon
in viscoelastic materials has been suggested and evaluated by means of numerical simulations and experimental tests.
One important aspect that must be pointed out with respect to the thermal analysis of viscoelastic materials is the
difficulty in estimating some of the thermal properties, especially in the case of the static preloads superimposed on the
cyclic loadings. To cope with this problem, a curve fitting procedure may used based on the formulation of an
optimization problem.

The numerical and experimental results make clear that the amplitude of the static preload can affect significantly
the temperature evolutions within the viscoelastic volume. As a result, the temperature increases can affect significantly
the mechanical properties of the viscoelastic material and compromises their damping capability. Thus, it can be
concluded that the most traditional procedures of analysis and design of viscoelastic damping devices by assuming
constant, uniform temperature distributions over the volume of viscoelastic materials can be inadequate in certain
circumstances and is likely to lead to unexpected damping performance of viscoelastic dampers.
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