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The effectiveness of a constrained-layer damping treatment in dissipating energy and thereby augmenting the
system damping is contingent on the viscoelastic polymer having a fairly significant value of material loss factor. A
monolithic viscoelastic polymer tends to be lossy over a fairly narrow temperature range, corresponding to the
material being in the transition state. At temperatures below this range, the viscoelastic polymer displays glassy
behavior, whereas for higher temperatures, it displays rubbery behavior. In either case, the material loss factor
reduces sharply and the effectiveness of the damping treatment is severely degraded. A gradient viscoelastic polymer
layer, for which the properties vary through the thickness of the layer, can increase the temperature range of
effectiveness of the damping treatment. This is because different regions through the thickness enter transition at
different temperatures, and so the gradient polymer as a whole provides damping augmentation over a broader
temperature range. Classical constrained-layer damping treatments with monolithic polymeric damping layers
routinely assume a uniform shear strain through the thickness of the damping layer. However, because the shear
modulus of the gradient viscoelastic polymer can vary by up to two—three orders of magnitude through the thickness,
the shear strain can also be expected to vary substantially through the thickness. Consequently, a new analysis is
developed with the gradient viscoelastic polymer modeled as comprising N discrete sublayers, each with its distinct
properties and each assigned an independent shear degree of freedom. Simulation results are presented for a
gradient polymer comprising N =2 discrete sublayers. The results of the study are used to understand the
underlying physics. It is seen that ideally, the glassy temperature of the two sublayers should be approximately
similar. Further, the treatment is most effective if the sublayer that goes into glass transition at higher temperatures

has a lower rubbery modulus than the sublayer going into glass transition at lower temperatures.

L

REE-LAYER and constrained-layer damping treatments have

been widely used for structural-damping-augmentation
applications. The latter are particularly effective and nominally
comprise a viscoelastic-damping-polymer layer on the surface of the
host structure, which is in turn covered by a stiff constraining layer.
As the host structure undergoes cyclic deformation, the viscoelastic
polymer then undergoes cyclic shear strain and dissipates energy. If
the constraining layer is itself an active piezoelectric layer, the energy
dissipation (and structural damping) can be further increased. There
has been much work in this area in recent years (see, for example, [1-
9]). The effectiveness of a constrained-layer damping treatment in
dissipating energy and thereby augmenting the system damping is
contingent on the viscoelastic polymer having a fairly significant
value of material loss factor, or being lossy (in addition to
dependence on a number of other design parameters). Unfortunately,
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when a monolithic viscoelastic polymer is used, as is the case in
classical damping treatments, the material is lossy over a fairly
narrow temperature range (typically around 40—-60°F), correspond-
ing to the polymer transitioning from the glassy to the rubbery state.
At temperatures below this range, the viscoelastic polymer displays
glassy behavior, whereas for higher temperatures, it displays rubbery
behavior. In both cases, the material loss factor reduces sharply and
its effectiveness as a damping treatment is severely degraded. Using
polymer blends and multilayer treatments are a couple of possible
methods for improving the temperature range of effectiveness [10—
13]. Recently, the second and third authors of this article suggested
the use of a gradient viscoelastic polymer, for which the properties
vary through the thickness of the layer [14,15]. Like multilayer
treatments, the improved effectiveness of a gradient viscoelastic
polymer over a broad temperature range is based on different regions
through the thickness providing high damping over different
temperature ranges.

Use of gradient viscoelastic polymers or multiple polymer layers
in damping treatments presents an interesting set of modeling
challenges. In the analysis of classical constrained-layer damping
treatments with a monolithic polymeric damping material, it is
routinely assumed that the shear strain through the thickness of the
damping layer is uniform. However, with a gradient viscoelastic
polymer, the shear modulus can vary by as much as two—three orders
of magnitude through the thickness. Because of the large variation in
shear modulus through the thickness, the shear strain can also be
expected to vary substantially, and the uniform-shear-strain
assumption used for monolithic treatments would no longer be
valid.

This paper describes a new analysis developed in which a gradient
viscoelastic polymer of a constrained-layer damping treatment is
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modeled as comprising N discrete sublayers, each with its distinct
properties and each assigned an independent shear degree of freedom
V15 V25 V35 - - - » Vi), torepresent the shear strain variation through the
thickness. As the temperature varies, different regions through the
thickness will be in the glassy, rubbery, or transition (dissipative)
state. The shear modulus will correspondingly vary, accompanied by
significant through-the-thickness variations in shear strain, at
different temperatures. Because the energy dissipation and damping
performance characteristics of the gradient (or multilayer) polymer
treatment are strongly dependent on the shear strain levels in the
dissipative regions within the polymer, it is critical to accurately
model the shear strain distribution through the thickness. The model
developed in this paper provides the capability to rigorously analyze
the performance of such a gradient-polymer damping treatment.
Results from the analysis are then used to develop an understanding
of desirable characteristics of the gradient viscoelastic polymer so as
to improve its effectiveness as a broad-temperature damping
treatment. Demonstration of damping augmentation over a broad
temperature range using two properly selected commercially
available damping materials as sublayers of the constrained
viscoelastic layer is also provided.

II. Analytical Model and Solution Scheme

In this section, the kinematics of deformation, layer-by-layer
expressions for strain, and variations in the strain energy and
kinetic energy are derived for beams with gradient viscoelastic
treatments on the upper and lower surfaces, covered by
constraining layers. The beam is discretized using the finite
element method, and the element stiffness and mass matrices are
derived from the expressions for strain energy and kinetic energy
variations. After assembly, the global differential equations of
motion can be obtained. Because the viscoelastic material
behavior is described using the complex modulus, the system-
governing differential equations are solved in the frequency
domain. The modal loss factor is calculated as a measure of the
modal damping. This entire process is described in detail in the
subsections that follow.

A. Finite Element Equations of Motion
1. Kinematics of Deformation

Figure 1 shows a section of the beam in the deformed
configuration, where dw/dx is the slope of the beam, and
Y1 Y2, V35 ---» Yy are the shear angles in the N sublayers of the
viscoelastic material. From the figure, expressions for the axial
displacements in the individual layers can be obtained. The axial
displacement in the base beam is

U, =—247- (D

Beam
Gradient
Viscoelastic
Layer

Fig. 1 Constrained-layer damping treatment with gradient viscoelastic
polymer modeled using N discrete sublayers.

The axial displacements in the viscoelastic sublayers are

First sublayer (adjacent to the base beam), top:

w

Ir —
u = -z
ax

+@=T)n (2a)

First sublayer (adjacent to the base beam), bottom:

d
u =255+ @+ Ty, (2b)
ox
Second sublayer, top:
Jw
wW=—z—+uy+@-T)n (3a)
ox
Second sublayer, bottom:
d
W ==z T =y + G+ Ty, (30)
Third sublayer, top:
ow
u’ :—Za‘f'fl)/l +hn+G@-T)r (4a)
Third sublayer, bottom:
ow
Pl =—z——tiy—tLy+@+T3)y (4b)

ox
Nth sublayer (adjacent to the constraining layer), top:

N-1
ow

uM'=—z e + ; v+ (@=Ty)vy (5a)
Nth sublayer (adjacent to the constraining layer), bottom:
aw N—-1
W= e T Wt G T (5b)

In Egs. (2-5), the parameters f,1,,t3,...,ty represent the
thickness of each of the N sublayers of the viscoelastic material, and
T,,T,,T;,..., Ty represent the distances from the midplane to the
bottom of the Nth sublayer of the viscoelastic material. Thus, 7'} =
t,/2 (where t, is the thickness of the base beam), T, = T} + t,, and
T;=T,+t,...,Ty =Ty_; + ty_;. The axial displacements in
the top and bottom constraining layers, respectively, are

Top:
. ow ul
u = _ZE + ; tkyk (63)
Bottom:
w &
ch _ _ 77
u-=-z I ; LYk (6b)

2. Strains in the Individual Layers
The normal strains in the individual layers can then be obtained by
simply differentiating Eqs. (1-6). The normal strain in the base
beams is
9w
0x?
The normal strains in the viscoelastic sublayers areFirst sublayer
(adjacent to the base beam), top:

gh = —z

()

0’w 0y,

It _— _ 7 _ el
Exx = 2 axz + (Z Tl) ox (83)
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First sublayer (adjacent to the base beam), bottom:
2w
glh = S + (z+ Tl) (8b)
Second sublayer, top:

3 ay,
g2l = — g +t 9 +(Z—T2) (9a)

Second sublayer, bottom:

o @ 87/.

& = —2Z P o + (z+ Tz) (9b)
Third sublayer, top:
82 3)/1 3 3y3
8?;2 a a2 +lla_+t2 oOx +(Z_T; ax (10&)
Third sublayer, bottom:
0’w oy
3b 1
=—Z—5—t—=— T 1
fond i3 1 . 3 24 (z+ g) (10b)

Nth sublayer (adjacent to the constraining layer), top:

& ad
eV = _a_ Z al+(z—TN)ﬁ (11a)
=1

Nth sublayer (adjacent to the constraining layer), bottom:

Nb _ E
Exx = 3 k

The normal strains in the top and bottom constraining layers are

+ (z+ TN) (11b)

Top:
Pw Ny
= = 12
Exx < 2 + ; k ox ( a)
Bottom:
a S
ot =—25 —X gy 2 (12b)

The transverse shear strain ¢_, is zero for the base beam and the
constraining layers. Transverse shear strains in the individual
viscoelastic sublayers are yy, V5, 3, - - -, V-

3. Strain Energy Variation

The strain energy variation §U, with contributions due to flexural
and shear deformations, can be written as

U= [ e+ deoi) av
volume

L
= / { / 8¢, E(2)e b dz
0 cross section

+ / 8e, G, (2)e.,b dz} dx (13)
cross section

InEq. (13), Young’s modulus E varies from layer to layer (E,, for the
base beam, E|, E,, Ej, ..., Ey for the N sublayers of the viscoelastic
material, and E. for the constraining layer). The viscoelastic
sublayers alone contribute to the strain energy variation due to shear
deformation (with G, G,, G, . . ., Gy representing the shear moduli
of the individual sublayers), whereas the base beam and constraining
layer are assumed to be shear-inflexible. Note that E|, ..., Ey and
Gy, ..., Gy are complex quantities and can vary with both frequency
and temperature. Introducing the expressions for strains in the

various layers (from Sec. II.A.2) into Eq. (13) and evaluating the
integrals over the cross section yields

L
= Péw By By, Byy
Y /(; |:3x2 ox ox dx ]
wa Cwl sz . CwN BZU)/ax2
Cll ClZ . ClN a)/l/ax
X C22 . CZN ayz/ax d)C
Cyn dyy/0x
Gt 0 0
L Gty 0
[T o e opeJ2 o
Gyiy
1
V2
X . opdx
YN
14
where

E,,bt3 2, = R 2E.b 3
Cuw == +3 ;Z [T,m ]+ 3 2+t+t
~(5+0)
c -—Eb[ SR HE {T}M—T}}]
N th 2
_ Z E bt)[T?, — T3] — E(,btj[(z +1,+ r(.)

k=j+1

t, 2 .
- §+t” forj=1,...,N

23
C; Eb(3)+2b12 > Byt +2E.bi,

k=i+1

fori=1,...,N

N
C, = Ejbti[{Tfu - T}} - 2T_,~t‘,~] +2bit; Y Euy + 2E byt
k=j+1
fori=1,....N, and j=i+1,...,N
(15)

In Eq. (15),

N
=>4
k=1

represents the total thickness of the viscoelastic material on the upper
or lower surfaces of the beam (as the sum of each of the thickness of
each of the N sublayers), ¢, is the thickness of the constraining layer,
and T, represents the offset from the neutral axis to the top surface of
the kth viscoelastic sublayer (T, = Ty + #;).

4. Kinetic Energy Variation
The variation in kinetic energy §7 can be written as

L L
0T = / méw w dx + / {/ G(z)bduu dz} dx (16)
0 0 cross section

The first and second terms, respectively, represent kinetic energy
variations due to transverse w motion and longitudinal # motion.
Differentiating the expressions in Sec. II.A.1 with respect to time to
obtain the axial velocities in the individual layers and evaluating the
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integral over the cross section yields

Tww  Twi Tw2 *°° Tun %

. . T Tz ot Tiv Vi
5T=/ 5u')mu')dx—|—/ |22 8y, Sy, -+ Syw ] Ty o Ty |4 V2 Ldx 17

0 0 : . . .

TNN YN

where

opbts 2 X o 20 (1, 3 (1, 3
= - T - T — ) - - ~
Tuw =" —|—3bk§=1pk[ W T+ =5 Sttt S+h

2 ul t 2 2 )
Tyj = ij[_g{T./?u =T} + T{T;, — T./Z}] - Z pbt{T7, — Til = Pcbfj[(f +1,+ tc) - (5}7 + tu) ] for j=1,...,N
k=j+1

28 al
T = p,-b(—’) + 2b¢? Z Oty + 20083t fori=1,...,N

3 k=i+1

N
T = pbt{T2, — T3 = 2T;t) + 2btit; Y pyt + 2pbtitjte fori=1,....N, and j=i+1,....N
k=j+1
with py, p1, P2, P3.--., Py, and p,. denoting the mass densities of the base beam, the N viscoelastic sublayers, and constraining layer,

respectively.

5. Finite Element Discretization

The equations of motion are obtained by using expressions for strain energy variation [Eq. (14)] and kinetic energy variation [Eq. (17)] in the
Hamilton’s principle and discretizing the structure using the finite element method (Fig. 2). Over the length of any individual element, the
transverse displacement w and the shear in the individual sublayers y,, ¥5, ¥3, . . ., ¥y are assumed to vary as follows:

w = Ny, w; + No,0, + N, w, + Ny 6, (19)
and

" =Ny + Ny,
V2 =Ny + N, Yo
V3 =Niys + N,ys, (20)

Yv =NiYni + Novnr

where w; and 6, are the transverse displacement and rotation at the left-end node of the element, w, and 6, are corresponding values at the right
end; ¥1;, Yais Vai» - - - » Va1 are the shear angles in the various viscoelastic sublayers at the left end of the element, and y,, V5., V3s - - - » Yy, are the
corresponding shear angles at the right end of the element (see Fig. 2). The shape functions in Egs. (19) and (20) are

[Nu, Noo Nu, No |=[1-38+28 (£+28-8) 38 -2 (E-&)] and [N, N J=[(1-§ & (@D

where £ is the nondimensional local coordinate within the element (0 < £ < 1), and / is the element length. Further, the 2 x (2 + N) element nodal
degree-of-freedom vector {q} is defined as

{ay=1wy 6 vu vu vu = Ymu W2 6 v, vy Vi o vwl” (22)

6. Element Stiffness Matrix
In Eq. (14) for the strain energy variation, the displacements and their spatial derivatives at any axial location can now be written in terms of the
shape functions and nodal displacements. Thus,

9w/ x> #Ny, ENg O 0O .- 0O Ny xN; O 0 - 0
dyy/dx 0 0o N o0 - 0 0 0 In0 0
In/ox L =B Jq} with [B]=| 0 0 iNg e 000 N 00 and
dyy/0x 0 0 Ny 0 0 IN; (23)
" 00N O - 0 00N 0 0
0 0 0 N, 0

2B with (8] =

- 0 0 N, 0 0 N,
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Introducing Egs. (23) into Eq. (14) and integrating along the element length yields the (4 + 2N) x (4 + 2N) element stiffness matrix K:

wa Cwl CwZ

CwN

Gt
1 Cll ClZ CIN 1 H
k= / B\ 2 Cov \[Bi1dg + / [B,]2b
0 . 0
CNN
B 1172 wa /% wa 0 0 0 - 1/712 wa 1% wa
7Y ww - % Cwl l[ CwZ % CwN [% wa % wa
%Cn 17C12 %Cw 0 %Cwl
% Cx % Coy 0 % Cun
K= % CNN 0 %CwN
- ;Tz Cll)ll) ]%C'll)")
%wa
r0O 0 0 0 0 0 o0 0 0
0 0 0 0 0 o0 0 0
261G 1, 0 0 0 0 LbiG1, 0
2bIG,1, 0 00 0 l1pGyu
2bIGyty 0 0
+ 00 0 0
0 0 0
2pIG 1, 0
2bIG,y1,

7. Element Mass Matrix

0 0
Gt
” GAIRE
0 0 0 7
%Cwl leZ %CwN
_?Cll %Clz _?CIN
—Cn 1Cn —7Cw
_%Cw _%CZN %CNN
0 0 0
l% le 1% CwZ 1% CwN
7Cn zclz {Cuv
1Cn G
%CNN i
0 -
0
0
0
\ :
3b1gNtN o4
0
0
0
2pIGyty |

In Eq. (17) for the kinetic energy variation, the velocities and their spatial derivatives at any axial location can similarly be written in terms of

the shape functions and nodal displacements. Thus,

W, =[Bs}{¢} with [By]=[Ny Np

and

with

0 0
[B=| 0 0
0 0

., 00 - 0 N,
ow
@x
J'/l
Y2 ¢ =[Bs{q}
YN
0 N, N, 0
! r r
N, 0 0 0 0 N,
N, 0 0 0
N0 0

Ny,

0 0 0] 25)
0O --- 0
0O --- 0
N, -~ 0

Introducing Eqgs. (25) into Eq. (17) and integrating along the element length yields the (4 + 2N) x (4 4+ 2N) element mass matrix M:
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371 ? Ti2 % TIN
3722 3ToN
!
L 3IvN
[ 156ml  _ 22ml2 54ml 13m% ]
420 420 0 0 0 a0 420 00 0
4ml’ _ 13ml _ 3mP
420 00 0 420 b 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0
n 0 0 0 0 0 0 (26)
156ml 22mi? 00 0
420 420
4ml
Do 00 0
0 0 0
0 0
0
L 0
8. Global Equations of Motion ’ 2 7 /
quations of . K — QM —KJ, g\ _[F.) .
The element stiffness and mass matrices can be assembled to K. K, — Q2M || g% 0
produce the global stiffness and mass matrices K; and M. After , ) 5 , 71 (29)
application of geometric boundary conditions, the system equations { Uil } — |:KG — QMg _KGZ i| { F, }
. . 4 " !
of motion can then be written as 96 K¢ K — QM 0

MgGg + Kgge = Fg or Mggg + (Kg + jKg)ge = Fg (27)

In the preceding equation, F is the external load vector, ¢ is the
global degree-of-freedom vector, and the global stiffness matrix is
complex (of the form K; = Ki; 4+ jK(;) because of the complex
modulus of the viscoelastic material [for example, G, = G| + jG}
in Eq. (14)].

B. Calculation of System Response

In the present study, the beam is assumed to be simply supported at
both ends and subjected to a transverse sinusoidal excitation force at
the midpoint. Because the complex modulus approach is used for
characterization of the viscoelastic behavior of the gradient-polymer
sublayers, the system behavior is examined in the frequency domain
using harmonic balance, with the applied force and response
expressed as

Fo=F,e/* and gq;= (q/G + qu)e-/ﬂ’ (28)

Introducing Egs. (28) into Eq. (27), it can be shown that

Once the response (g;; and g¢;) has been calculated at any frequency
2, amplitude ¢, corresponding to any degree of freedom, can then

be determined as g, = /(q)* + (q4)*-

C. Calculation of Modal Damping

The system response is calculated using Eq. (29) over a range of
harmonic excitation frequencies. The resonance frequency can be
determined and the modal loss factor 5, proportional to a ratio of
dissipated energy D to the maximum stored energy per cycle U,
can be calculated at this frequency. At resonance, the modal loss
factor is a measure of the damping in a mode and is twice the modal
damping ratio. It can be shown that the energy dissipated per cycle
and the maximum stored energy are given by

D, = (4l Kids +af Kial) and

(30)
Unax = %(q’cTKbq’G +ad ’Gqé)
so the modal loss factor 1 can be written as
1 D ) q/TK// q/ + q//TK// q//
n p _49c6%c64c ¢ 869c G1)

T 2 Upe 40KoaG + a0 Ko
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Fig. 2 Schematic of finite element showing the nodal degrees of
freedom at the left and right ends.

_Sublayer 1
----------------- (’Ruhh«/ y

Sublayer 2
T Rubbery

Lqss Factor
. 2

T, T, Temp.

Fig. 3 Variation in shear modulus and loss factor for sublayers 1 and 2
of the damping treatment as a function of temperature.

III. Sample Results and Discussion

Sample simulation results are presented for a 50-cm-long, 20-mm-
wide, 4-mm-thick aluminum beam, simply supported at both ends,
with constrained-layer damping treatments covering the entire length
of both the upper and lower surfaces. The total thickness of the
viscoelastic polymer on either surface is 1 mm, and comprises N = 2
discrete sublayers of equal thickness (0.5 mm each). The aluminum
constraining layer thickness is 1 mm. Figure 3 shows a schematic
sketch of the profile of the shear modulus and loss factor variations
versus temperature for the two sublayers. Both sublayers have a
comparable glassy modulus G,;. At temperature T, the sublayer 1
(adjacent to the beam) first enters the transition state, with its
modulus dropping below that of sublayer 2 (to a value of G,.;/5) and
its loss factor increasing appreciably. Sublayer 2 has not yet entered
its glass-transition state at temperature 7, and its modulus remains at
G- The analysis results (presented in Table 1) show that at
temperature 7, shearing within the polymer is occurring
predominantly in the more compliant sublayer 1 (4.46%, compared
with 0.89% in sublayer 2). Because this sublayer is also lossy at
temperature 7', a high modal damping (of 7.84%) is observed. At a
higher temperature 7, the sublayer 1 enters the rubbery state, with a
further decrease in shear modulus (to G,.;/20) and a reduction of the
loss factor to negligible values (assumed to be zero).

At temperature T,, however, sublayer 2 enters the transition state,
and so it has a significant loss factor. At 7,, if the modulus of
sublayer 2 is lower than the rubbery modulus of sublayer 1 (case A in
Fig. 3, the modulus of sublayer 2 is assumed to have reduced to
G,.;/50), most of the shearing occurs in this sublayer (8.44%,
compared with 3.38% in sublayer 1, as seen in Table 1), and the

~Sublayer 1
oo GRubbery

G ublayer 2

Rubbery

~Sublayer 3

[l

ss Factor

T, T, T,
Fig. 4 Desired characteristics of a three-sublayer gradient viscoelastic
damping polymer treatment as a function of temperature.

Temperature

modal damping remains high (7.01%) because the sublayer
undergoing the maximum cyclic shear has dissipative properties. If
the modulus of sublayer 2 is G,.;/20 at temperature T, exactly equal
to the rubbery modulus of sublayer 1 (case B in Fig. 3), the cyclic
shear strain levels in both sublayers are equal (5.46%, as seen in
Table 1). However, because only one of these sublayers is dissipative
and the other is nondissipative, the resulting modal damping is
somewhat reduced (5.97%). Finally, consider the case when the
modulus of sublayer 2 is higher than the sublayer 1 rubbery modulus
(case C in Fig. 3, the modulus of sublayer 2 is assumed to have
reduced only to G,.;/10). Then most of the shear strain is observed in
the more compliant sublayer 1 (6.79%, compared with 3.39% in
sublayer 2). However, because sublayer 1 undergoing large cyclic
shear has a near-zero loss factor and the lossy sublayer 2 experiences
relatively lower shear strain levels, the modal damping obtained
(4.12% in Table 1) is reduced even further.

From the preceding results, it is evident that a viscoelastic polymer
with properties (and glass-transition temperatures) varying through
the thickness can indeed augment structural damping over a broader
temperature range than a monolithic treatment. Sublayer 1 alone
provides damping augmentation only around 7'}, whereas sublayer 2
alone is effective only around 7. It is also evident that for the
maximum possible modal damping at the higher temperature,
sublayer 2 (which is entering its transition state at the higher
temperature) must have a lower rubbery modulus than sublayer 1
(case A in Fig. 3). Because the glassy moduli of the two sublayers are
comparable, this implies that sublayer 2 (which has the higher glass-
transition temperature) must have a larger difference between its
glassy and rubbery moduli. The glassy modulus of sublayer 2 cannot
be significantly reduced, because if it is lower than the modulus of
sublayer 1 at temperature 7, a significant percentage of the shear
strain would occur in this nonlossy region (rather than the lossy
sublayer 1), and the performance of the treatment at lower
temperatures would be compromised.

If an even wider temperature range of effectiveness is desired, a
notional sublayer 3 could conceivably have its glass-transition
temperature at a higher temperature 75 (753 > T, > T,). For
maximum effectiveness of the treatment over the temperature range,
the rubbery modulus of sublayer 3 would be lower than that of
sublayer 2, which would already be lower than that of sublayer 1. The
glassy moduli of all the sublayers would be roughly equal. This is
depicted in the schematic sketch in Fig. 4.

Next, we consider a case in which the viscoelastic sublayers are
commercially available damping polymers. The aluminum base

Table 1 Case study, N = 2 sublayers, modal damping, and sublayer shear strains

Temperature Shear modulus? Loss factor Shear strain, % Modal damping, %

T, Sublayer 1: G¢/5 0.7443 4.46 7.84
Sublayer 2: G ¢ 0 0.89

T, Case A Sublayer 1: G,;/20 0 3.38 7.01
Sublayer 2: G,;/50 0.7343 8.44

Case B Sublayer 1: G,.;/20 0 5.46 5.97
Sublayer 2: G,;/20 0.7343 5.46

Case C Sublayer 1: G,;/20 0 6.79 4.12
Sublayer 2: G,;/10 0.7343 3.39

“Reference (glassy) modulus G; = 12.466 MPa and Young’s modulus of aluminum E = 71 GPa
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Fig. 5 Variation of the viscoelastic material properties GE-SMRD and
DYADG609 as a function of temperature.

beam is 50-cm long, 20-mm wide, and 6-mm thick and simply
supported at both ends. The viscoelastic damping layers extending
over the length of the upper and lower surfaces of the beam each
comprise two sublayers: GE-SMRD (at the surface of the beam) and
DYAD-609 (in contact with the constraining layer). The properties
of these commercially available viscoelastic materials can be found
in [16]. The viscoelastic damping layer is nominally 2-mm thick,
with each sublayer being 1 mm in thickness. Each constraining layer
is 2-mm thick and is made of composite material: carbon with high
modulus (Young’s modulus E = 400 GPa and p = 1800 kg - m™3).
Figure 5 shows the variation in shear modulus and material loss
factor for each of the polymers as a function of temperature. It is seen
that GE-SMRD has a peak loss factor at a temperature of 80°F,
whereas DYAD-609 reaches its peak loss factor at 130°F. Further,
the glassy moduli of both materials are comparable, whereas the
rubbery modulus of DYAD-609 (which enters glass transition at a
higher temperature) is lower, as desirable for a high-performance,
broad-temperature damping treatment. Figure 6 shows damping in
the fundamental mode of vibration as a function of temperature. For
the treatment comprising the 1-mm GE-SMRD and 1-mm DYAD-
609 sublayers, modal damping values of over 15% critical are
observed over a temperature range extending from 80-180°F. For
10% critical modal damping, the temperature range of effectiveness
goes from 70-210°F. If the viscoelastic damping layer is GE-SMRD
alone, the temperature range of effectiveness is much reduced. As
seen in Fig. 6, 10% critical modal damping is obtained only over a
temperature range of 70—120°F for a 1-mm treatment. If the thickness
is 2 mm, the peak damping values are higher, but the temperature
range of effectiveness is not significantly increased (compared with
the hybrid 2 sublayer treatment). Similarly, if the viscoelastic
damping layer is DYAD-609 alone, high damping is obtained at
higher temperatures (more than 15% modal damping over a 120—
190°F temperature range for the 1-mm treatment and over a 110-
190°F range for the 2-mm treatment), but damping levels over the
70—120°F range are low.

Figure 7 shows the variation in strain amplitude in the individual
sublayers over the temperature range. It is observed that at
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Fig. 6 Modal damping ratio as a function of temperature.
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Fig. 7 Variation of the shear strain in viscoelastic layers as a function of
temperature.

temperatures lower than 140°F, the shear strain is largest in the GE-
SMRD sublayer of the multiple-layer treatment. As the temperature
increases beyond 140°F, the shear modulus of the DYAD-609
sublayer has decreased to values lower than that of GE-SMRD (see
Fig. 5). Consequently, the shear strain levels in the DYAD-609
sublayer are higher. The effectiveness of damping treatment over the
broad temperature range comes from the fact that the shear strain in
the GE-SMRD sublayer is larger at lower temperatures, for which it
is lossy, and the strain in the DYAD-609 sublayer is larger at higher
temperatures, for which its loss factor is high. It is interesting to note
that at higher temperatures (greater than 140°F) shear strain in the
GE-SMRD sublayer decreases (Fig. 7) even though its shear
modulus does not (Fig. 5). This is because the shear modulus of the
DYAD-609 sublayer becomes even lower. In fact, for GE-SMRD
alone (1-mm and 2-mm layers) Fig. 7 shows that at temperatures over
140°F, the shear strain levels would be highest because the shear
modulus of the material is at its lowest (the rubbery modulus). For
DYAD-609 alone (1- and 2-mm layers), the shear strain at low
temperatures is very low (Fig. 7) when the material is in the glassy
state (Fig. 5). The shear strain starts to increase as the material enters
glass transition and then approaches a constant value as the shear
modulus approaches the rubbery modulus. Thus, although shear
strain variations versus temperature for a monolithic polymer layer
may faithfully follow the variation in shear modulus, the strain
variation for a multilayer treatment also depends on how the shear
moduli of the sublayers compare with each other.

It should be noted that in general, the shear modulus and loss factor
of a viscoelastic polymer is also dependent on the shear strain
amplitude in the polymer. Thus, the performance of the constrained-
layer damping treatment is dependent on the amplitude of excitation
([17]). However, constrained-layer damping studies in the literature
have generally neglected the strain-amplitude dependence, which is
tantamount to making the assumption that excitation levels are small
enough so that the variation in properties with shear strain amplitude
are negligible. The same assumption is used in the present study.

IV. Conclusions

This paper presents an analysis for beams with constrained-layer
damping treatments having a gradient viscoelastic polymer layer (for
which the properties vary through the thickness of the layer). The use
of such a gradient viscoelastic polymer can increase the temperature
range of effectiveness of the damping treatment. Because the shear
modulus of a gradient polymer can vary through the thickness by
two—three orders of magnitude, the shear strain cannot be assumed to
be uniform. The analysis represents the gradient viscoelastic
damping as comprising N discrete sublayers, each with its own
properties (that vary with temperature) and each with its own shear
degree of freedom.

Simulation results are presented for a pinned—pinned beam with a
gradient-polymer constrained-layer damping treatment. The
gradient polymer comprises N = 2 discrete sublayers. From the
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simulation results, it can be concluded that such a treatment can
provide damping augmentation over a wider temperature range (than
a monolithic viscoelastic layer), and for best performance, the
sublayer undergoing glass transition at lower temperature should
have a higher rubbery modulus than the sublayer undergoing glass
transition at the higher temperature (with the glassy moduli of both
sublayers being comparable). This would ensure that over the
temperature range of interest, the sublayer that is in the glass-
transition state, and therefore having a high material loss factor, is
also the one undergoing maximum cyclic shear strain.
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