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Synopsis

Damping systems based on interpenetrating polymer networks(IPN’s) provide noise and
vibration attenuation over broad temperature and frequency ranges. Semicompatible latex
IPN’s are employed in both extensional and constrained layer configurations. The damping
behavior of IPN’s of compositions poly(ethyl methacrylate)/poly(n-butyl acrylate) [PEMA/
PnBA], poly(ethyl methacrylate-co—ethyl acrylate)/poly(n-butyl acrylate-co—ethyl acrylate)
[P(EMA-co-EA)/P(nBA-co-EA)}, and poly(vinyl chloride)/poly(butadiene-co—acrylonitrile)
[PVC/P(B-co~-AN)] were investigated and compared to both commercially available ma-
terials and to theory. The damping of both the PEMA/PnBA and the P(EMA-co-EA)/
P(nBA-co—EA) IPN’s in a constrained layer configuration was significantly better, over a
broad temperature range of —10° to 60°C, than the commercial materials. In addition, the
P(EMA-co-EA)/P(nBA—co-EA) IPN was found to be effective in damping phenolic-impreg-
nated Kevlar cloth laminates. A reduction of 10 dB in impact noise resulted with a 6-8%, by
weight layer inserted between the Kevlar-phenolic panels. The relationship between the peak
damping temperature of a constrained layer system to maximum tan & along with that of an
extensional damping system to maximum E” was also demonstrated. Although the amount
of damping predicted by the theory approached that found experimentally, sufficient differ-
ences existed such that the exact detail of the damping curve was not described.

INTRODUCTION

When polymers are in their glass transition region, the time required to com-
plete an average coordinated movement of the chain segments approximates the
length of time of the measurement. When dynamic or cyclical mechanical
motions are involved, the time required to complete one cycle, or its inverse, the
frequency is the time unit of interest. At the glass transition conditions, which
involve both temperature and frequency effects, the conversion or degradation of
mechaniecal energy to heat reaches its maximum value. The degradation of
vibrational energy to heat is of special interest in damping unwanted noise be-
cause a polymer, at its glass transition conditions and in contact with a vibrating
surface, rapidly converts the mechanical energy to thermal energy, thereby re-
ducing the emitted noise.

An inereased awareness of the effects of unwanted noise has resulted in a
heightened interest in the field of noise reduction with concomitant evolution of
legislation in the United States and elsewhere. It is possible to reduce noise by
absorption, as with acoustical tiles; by a physieal barrier; or by damping at the
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Fig. 1. Constrained layer damping configuration.

source.! This paper will be primarily interested in materials used in coating
systems for vibration damping at the source.

The theoretical aspects of resonant vibration attenuation by coatings have been
described by Ungar,? who described two main types of coating configurations:
extensional and constrained. An extensional damping treatment is a single-
layer coating in which evergy dissipation (and consequent damping) evolves
primarily from the flexural and extensional motions of the damping layer. A
constrained layer treatment, Figure 1, consists of a two-layer system with a
viscoelastic layer under a stiff constraining layer. The addition of the con-
straining layer produces a shearing action within the viscoelastic layer as the
composite panel vibrates. The shear action in combination with flexure and ex-
tension greatly increases the amount of energy dissipated per cycle over exten-
siopal systems. ' ’

The extensional damping coating and the viscoelastic layer of the constrained
system are hased on polyermic materials which are selected because of their rela-
tively high loss factors under the required conditions. The temperature and
frequency sensitivity of polymeric materials with respect to their loss factor and
elastic modulus is well known. The width of the glass transition region defines
the useful damping range of the polymer. For homopolymers and random
copolymers, the useful damping range is approximately 20° to 30°C.3~5 Acousti-
cal frequencies of interest span the range of 20 Hz to 20,000 Hz, three decades.
For many polymers, the time-temperature equivalence is 6° or 7°C per decade of
frequency, or about 20°C for the acoustical range. Thus, a homopolymer will
just damp the full acoustical range at one temperature. However, many noisy
or vibrating systems (machinery, outdoor needs) have their temperature varied
by external conditions.

Materials consisting of incompatible (nonmiscible) polymer blends or grafts
with widely separated transition temperatures will have two regions of high
damping separated by an intermediate region of low damping.®—® Semicom-
patible polymer blends and grafts which have extensive but incomplete molec-
ular mixing, on the other hand, have a rather broad region of high damping
which may span the range between the two transitions.®® An important way
to control molecular mixing in graft copolymers is by crosslinking both polymers.
When the number of deliberately introduced crosslinks in both polymers out-
number the accidentally introduced grafts, a new mode of controlling phase
morphology results. These materials are known as interpenetrating polymer
networks (IPN’s).11-20 [PN’s are synthesized by swelling a crosslinked poly-
mer (I) with a second monomer (II), plus crosslinking and activating agents and
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polymerizing Il in situ.2!:2?> By selecting IPN’s of specific composition, a number
of damping materials having broad but controlled, useful temperature ranges of
damping have been synthesized, and have been incorporated into a constrained-
layer damping system.?*—% These damping materials were conceived as a
broad-temperature damping system which could easily be coated onto a wide
variety of substrate configurations by dipping, spraying, or brushing. The
present study was concerned with refinements of this basic system. Improved
materials for use as the viscoelastic damping layer were sought, and attention
was centered on materials having optimum damping properties in the vicinity of
room temperature.

The effectiveness of the constraining layer depends directly on its modulus for
plastic materials. Several composite systems were formed and investigated, in-
volving both particulate and fibrous fillers. The damping properties of these
materials were compared to each other and to commercial materials over a broad
temperature range (—30° to 60°C).

Engineering studies were also conducted on the effect of the thickness ratio of
constraining layer to viscoelastic layer. In addition, equations from the litera-~
ture were employed to compare theory with experiment, with the aid of computer
programming.

EXPERIMENTAL
Materials

The IPN’s used in this work were synthesized by emulsion polymerization
techniques described elsewhere. Formula A is a latex 25/75 poly(ethyl meth-
acrylate)/poly (n-butyl acrylate) [PEMA/PnBA] IPN which had been used in
the prototype I formulation.?? Formula G consisted of a (9—co-21)/(21-co—49)
poly (ethyl methacrylate)/poly (n-butyl acrylate) [P(EMA~co—EA)/P(nBA—co—
EA)] latex IPN.2¢ Prototype II employs formula G as the viscoelastic layer.
Formula K, a high-temperature material, was emulsion polymerized under pres-
sure with composition 50/(34~co-16) poly(vinyl chloride)/poly(butadiene—co—
acrylonitrile) [PVC/P(P(B-co~An)]. In all cases, the first-mentioned polymer
formed the seed latex.

The damping properties of two random copolymers were also explored.
These were a latex 55-45 random copolymer of ethyl acrylate and methyl meth-
acrylate, formula H, and a 70/30 EA/MMA latex random copolymer, formula J,
both also prepared by emulsion polymerization. The former was designed as a
room-temperature optimized extensional damper, while the latter was intended
as the viscoelastic layer in a constrained layer system also optimized for room
temperature. Several commercial extensional damping materials were com-
pared to our materials. Two of these, B and C, were highly filled coatings
based on poly(vinyl acetate). Therest, D, E, and F, were of unknown composi-
tion. The several materials employed are described in Table I.

The efficacy of various materials as constraining layers was also investigated
(Table II). A highly filled epoxy, HS 7130 (High Strength Plastics, Chicago,
I1l.), reinforced with 59, by weight Fybex (E. I. du Pont de Nemours & Co., Inc.,
Wilmington, Del.), M, was used in this study. Epon 828 (Shell Chemical Corp.)
was used as a constraining layer both by itself, P, and reinforced with fiber glass.
Two types of fiber glass were used, a 9-mil-thick mat of randomly distributed
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TABLE I
Composition of Damping Polymers
Designation Source Composition
A IPN 75/25 poly(ethyl methacrylate)/poly(n-butyl acrylate)
B commercial poly(vinyl acetate)
C commercial poly(vinyl acetate)
D. commercial unknown
E commercial unknown
F commercial unknown
G IPN (9-co0-21)/(21-co—49) poly(ethyl methacrylate-co—
ethyl acrylate)/poly (n-butyl acrylate-co-ethyl
acrylate)
H random copolymer 55/45 ethyl acrylate/methyl methacrylate
J random copolymer  70/30 ethyl acrylate/methyl methacrylate
K IPN 50/(30—co—16) poly (vinyl chloride)/poly (butadiene—co~
acrylonitrile)
TABLE II
Composition of Constraining Layers
Designation Composition
M HS7130 reinforced with 59, Fybex
N 15 mil aluminum
P Epon 828
Q Epon 828 reinforced with fiber glass mat
R Epon 828 reinforced with fiber glass cloth
S 13.5 mil steel
T Laminate of Kevlar fabric impregnated with phenolic

glass fibers, Q, and a 3-mil-thick woven glass cloth, R, having the same weight per
unit area as the glass mat. Stiffer constraining layers of 15 mil aluminum, N,
and 13.5 mil steel, S, were also studied. A further set of experiments was carried
out using phenolic impregnated Kevlar cloth laminates, T, in sandwich form,
where the Kevlar materials served as both substrate and constraining layer.
Each laminate consisted of 20 layers, 10 layers on each side, producing a material
approximately 1.5 cm thick. Several thicknesses of damping latex IPN were
incorporated in sandwich form.

Coating Procedures

The reeds used in these experiments were cut from Nicholson precision ground
type 01 tool steel and measured % in. X 8 in. X 62.5 mils thick. The various
materials of interest were coated onto one side of the reeds, the total thickness
of the coating equaling the 62.5-mil substrate thickness. Except in cases where
the thickness ratio was intentionally varied, the thickness of the constraining
layer equaled the thickness of the viscoelastic layer at 31.25 mil each.

In a separate experiment, steel panels 1 ft X 5 in. X 62.5 mils in size were
coated with the materials of interest. Again, the total coating thickness was

.approximately equal to the substrate thickness, and constraining and visco-
elastic layer thicknesses were equal. The coated panels were suspended with
thin wires inside a small acoustically treated chamber designed in this laboratory.
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A General Radio Model 1565B sound meter, set in the fast mode with an A
weighting, was positioned directly above the panel to measure impact noise.
As the panel was struck by a hard plastic ball, the peak reading in dBA was re-
.corded. Since acoustical measurements at several temperatures were of interest,
the panels were cooled or heated before being tested to provide for temperature
control.

~ In a separate paper,? the loss modulus E”, the storage modulus E’, and the
loss tangent tan 8, which is equivalent to the ratio E*/E’, were determined for
the damping materials. The results will be summarized here, as necessary.
Studies were conducted over the temperature range of interest at a frequency of
110 Hz.

Comparison to Theory

Using Ungar’s? theoretical approach to constrained layer damping, a computer
program was written to calculate the per cent critical damping of composite
panels or reeds. The program incorporated as parameters the densities and
thicknesses of the substrate and of both layers; the elastic modulus of the sub-
strate and constraining layer; the frequency; and the storage modulus and loss
tangent of the viscoelastic layer. The equations employed are defined in
Appendix I. With this program it was possible to predict the effects that dif-
ferent temperatures and thickness ratios would have upon the composite
damping.

Instrumentation

Several experiments were employed to determine the damping properties of
the various materials.

A vibrating reed apparatus employing a Model SD-A vibrator (MB Manufac-
turing Co., New Haven, Conn.) was driven by a Hewlett-Packard Model 2020
low-frequency oscillator. A Wilcoxen Model 111 accelerometer (Wilcoxen Re-
search, Bethesda, Md.) was attached to one end of the reed, and the output was
fed to a Tektronix Model 315 D oscilloscope (Tektronix, Inc., Portland, Or.). To
obtain better resonance performance, a counterweight equal to the accelerometer
was placed at the other end of thereed. The oscilloscope was triggered to provide
a single horizontal sweep as the excitation force to the reed was cut off. The re-
sulting waveform, a decaying sinusoid, was photographed with a 35-mm camera
and the photograph was-used to determine the composite damping.

By measuring the vibrational decay rate, it is possible to determine the
logarithmic decrement A, and from this the per cent critical damping. Thus,

1 XN

A N In ”

where A = logarithmic decrement, N = number of ¢ycles, xo = initial amplitude,

and xy = amplitude after N cycles. From the logarithmic decrement, it is
possible to calculate the per cent critical damping using the relation

% C.D. = 100(2x4). (2)

Examples of the waveforms generated by a highly damped and an undamped
reed are depicted in Figure 2. An example of the waveform generated by an

M
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Fig. 2. Oscilloscope traces of vibration decay: (a) undamped reed; (b) highly damped reed.

undampled reed is shown in Figure 2a, and a reed damped with formula G with
constraining layer M is shown in Figure 2b.

Experiments with the vibrating reed apparatus were carried out at a resonant
frequency of approximately 600 Hz, the exact frequency being dependent upon
the resonance point of the particular reed in use. Temperature variation was
made possible by inserting the reed into an environmental chamber and cooling
with liquid nitrogen. An internal heater was employed to control the tempera-
ture rise at a rate between 1° and 2°C per min.
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RESULTS

Figure 3 compares prototype I (formula A constrained with M) with various
commercial materials over a broad temperature spectrum. Whereas the com-
mercial materials, B, C, D, E, and F, all tend to peak sharply at one temperature,
A shows relatively high damping throughout the temperature range. Al-
though formula A provides a good broad-temperature damping system, the
damping undergoes a slight minimum at room temperature. Consequently,
formula G was synthesized? to provide optimum damping characteristics in the
room-temperature region, as well as for significant high and low temperature
utility.

Figure 4 demonstrates the damping capabilities of formula G in both exten-
sional and constrained layer modes as a function of temperature. In the latter
mode, the constraining layer material M was employed. Formula G shows a
superiority to the damping properties of formula A in the region of —20°C to
+50°C, the range of greatest interest.

Ball and Salyer? % and Ungar? have noted that E” is of greatest importance
in extensional damping, whereas the value of tan é is of greatest importance in
constrained layer treatments. This dependence is clearly evident when com-
paring the vibrating reed data of Figure 4 with the dynamic mechanical spectros-
copy data of Figure 5. There is a very close correspondence between the E”
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Fig. 3. Temperature dependence of damping for formula A and commercial materials.
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Fig. 6. Comparison of theoretical and experimental constrained layer damping for formula A
a8 & function of temperature.

peak at —11°C in Figure 5 and the extensional damping peak at —10°C in
Figure 4. In addition, the tan & peak at 6°C also corresponds to the constrained
layer damping peak at 15°C. The slight variation in temperatures can be
ascribed t0 experimental error and the differences in frequencies employed
(DMS at 110 Hz, vibrating reeds at 600 Hz).

Figure 6 compares the temperature dependence of formula A from Figure 3
with theory. The predicted damping curve provides a reasonably close ap-
proximation to the actual damping curve, but prediets the damping to be lower
than found by approximately a factor of 2. Also, the details of the curve,
especially the shallow minimum near room temperature, are not reproduced by
the theory.

An attempt waz made to study the effective damping as a function of the
constraining layer-to-viscoelastic layer thickness ratio. Reeds were prepared
with the constraining layer thickness fraction ranging from 0 (all viscoelastic
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TABLE III
Constrained Layer Damping at 28°C
Viscoelastic layer Constraining layer Critical damping, %
J M 2.27
G M 1.90
A M 1.70
A N 1.39
K M 1.02
A R 0.78
A Q 0.76
A P 0.63

SILENT PAINT PROTOTYPE ‘A

A PREDICTED
® EXPERIMENTAL

1.6 L ~
©
Z -
g ., / AN
Al A
o
S |
2 )Y
g 2t
= - A
@
O 1.0} /
> .
5 A
¢ os}
Ll
a - .
06}
i L ol Il 1 L 1 | L L

0] 02 04 08 0.8 10
CONSTRAINING LAYER FRACTION

Fig. 7. Comparison of theoretical and experimental constrained layer damping as a function
of the ratio of constraining layer thickness to viscoelastic layer thickness.

layer) to 1 (all constraining layer). Formula A was used as the viscoelastic
layer constrained with material M. The results are shown in Figure 7. The
experiments, all performed at 25°C, indicate a maximum near the 50/50 ratio.
A computer simulation was also performed using Ungar’s theory,? which in-
dicated a damping maximum near the 70/30 constraining layer-to-viscoelastic
layer ratio. Thus, the theory, which is an approximation, usefully describes the
data in broad outline but not in detail.

Table I1I ranks the damping ability of the various constrained layer materials
at 28°C. The 70/30 EA/MMA random copolymer, J, in a constrained layer
configuration was found to have the greatest damping. This was followed closely
by prototype II and prototype I latex IPN’S. The effect of constraining layer
stiffness is clearly shown in this table. On separate reeds, formula A was con-
strained with Fybex-reinforced HS 7130, aluminum foil, and Epon 828 (reinforced
and not reinforced). Although the aluminum foil is the stiffest of the three
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TABLE IV
Extensional Damping at 28°C
Damping layer Critical damping, %

B 1.60

C 1.25

H 1.23

J 0.70

M 0.69

D 0.60

F 0.50

K 0.34

E 0.30

G 0.26

Bare reed 0.24

TABLE V
Impact Noise Data
Viscoelastic Constraining Noise level, dBA
layer layer —10°C 22°C 60°C
Bare steel panel — 97.5 100 97
E — 75 73 83
B — 87 77 74
G M 77 .4 77
G S 75.5 73 79
D — 88.5 77 79
A M 74 75 75
A s 72.5 73.5 75
A R 73.5 75 74.5

C — 87 : 75 74

types, the reed constrained with it falls somewhat below that reed constrained
with HS 7130. This is due to the fact that the foil has only half the thickness
of the other constraining layers. Epon 828 is a somewhat flexible epoxy, and
consequently lower damping results. As would be expected, the damping of the
glass cloth-reinforced Epon 828 is better than that with the glass mat due to
the greater packing density of the glass cloth. Both of these compositions are
much better than the reed constrained with Epon 828 alone.

Table IV illystrates the damping capabilities of the various materials in the
extensional mode at 28°C. The commercial materials, B and C, both based on
poly (vinyl acetate), provide the best damping capability. However, comparison
of data in Table TV with those in Table III illustrates the superiority of the
constrained layer damping systems.

Table V shows the results of the acoustically treated chamber test at three
temperatues. These results confirm the data found in the vibrating reed ex-
periments measuring the actual noise generated. Here, formula G constrained
with a thin steel layer, S, was found to be superior at room temperature. Again,
the stiffness of the constraining layer was found to have a direct relationship on
the effectiveness of the damping treatment. The high temperature sensitivity
of the commercial materials is contrasted with the lower sensitivity of formula G
and the relative temperature insensitivity of formula A. The panels used for
this test consisted of a steel substrate.
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TABLE VI
Kelvar Panel Impact Noise Data,

Noise level, dBA

Weight, % G 4°C 29°C 50°C
0 82.7 81.7 72.2
6.0 73.7 71.3 66.8
8.2 73.7 70.2 66.2
12.5 72.2 70.0 66.5

Separately, panels consisting of phenolic impregnated Kevlar cloth laminates,
in sandwich form were tested in the chamber. Several thicknesses of formula G
were used as the viscoelastic layers in these panels. Table VI presents the im-
pact noise level of the panel at 4°, 29°, and 50°C. It is apparent that only a
small amount of damping material is needed to provide a significant decrease in
the impact noise. The laminate itself appears to undergo transition beginning
about 50°C and becomes much more acoustically dead. This could account for
the reduced efficiency of the damping material at the highest temperature. Also,
formula G has its maximum tan & value slightly below room temperature and
has a lower efficiency at 50°C.

DISCUSSION

When the phase domains are very small, of the order of 100 Ain dimension, ?
the classical concept of a sharp boundary dividing two phases breaks down. In
fact, the phase dimensions may be smaller than the end-to-end distances normally
encountered in polymer molecules,?® 500-800 A, reinforcing the view that the
compositional makeup of 100-A' domains is nonelassical and may vary from
point to point. Thus, extensive but incomplete mixing takes place, with each
local volume element contributing to the glass transition region according to its
composition. Depending upon the exact degree of phase separation, the transi-
tion may be broader or narrower. The limit of complete molecular mixing
produces narrow transitions resembling random copolymers,®® while the limit
of gross incompability produces two sharp transitions, each one representative
of its own homopolymer.

Latex IPN formulations A and G represent different broad-temperature
damping systems. Formulation A has only poly(ethyl methacrylate) and
poly(n-butyl acrylate) in polymers I and II, respectively. The tan 6 values are
nearly constant with temperature, but actually exhibit a slight minimum between
the two transitions. Formulation G has a common comonomer, ethyl acrylate,
incorporated in both polymer I and polymer II. As a consequence, the tan
s-temperature plot of formulation G, Figure 5, is significantly narrower, with a
single, well-defined maximum. From an acoustical damping point of view,
formulation G was engineered to give the best damping near room temperature
(it actually peaks slightly below room temperature at 600 Hz) while retaining
significant damping capability over a broad temperature range.

It is of special interest to note that while Ungar’s? theory correctly shows that
E” controls extensional damping and tan § controls constrained layer damping
(see Figs. 4 and 5), the quantitative aspects of the theory contain some important
assumptions, causing a difference in predicted versus experimental results
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(Figs. 6 and 7). For example, the damping capability of the constrained layer,
acting as an extensional damper on top of the damping layer, is not fully con-
sidered. Thus, the experimental value of the percent critical damping is higher
than predicted.

This work confirms the theoretical prediction that the per cent critical damping
depends upon the stiffness of the constraining layer. Also, sandwich configura-
tions, where the damping material lies between two equal thickness layers, both
outer layers serving dually as substrate/constraining portions, is confirmed as a
very effective arrangement. Also, since most work reported in the literature has
either or both layers metallic,?-?-%® Table VI shows that stiff plastics can also
be effectively damped.

Appendix I

An iterative procedure was used to calculate the theoretical constrained layer damping of a
given treatment using the following equations?:

EHp + EHs [ 1 1
r= 12 Hy? (Ele Esz) ®
1 @
Xopt =
" VA + V) 4 6
_ xY
E—(Bl+Ba(1+l+i) 3)
1_1 |8
P w \/N @
Gy 1 1
x= P’Hz (E1H1 + EaHa) ®)
N = (2 4+ y)xont ®)
2
moe = —% @
2
2+y+
Xopt
201 + N) =X
"= X2t | e ®)
142N % ¢+ (L)
Xopt Xopt,

where Y = stiffness parameter, x = shear parameter, n = composite loss factor, E = modulus
of elasticity, H = thickness of layer, Hy; = distance between neutral planes of layers = H; +
H, H

L -‘2- ', G = real part of complex shear modulus, » = wavenumber, 8 = shear loss factor,
B = complex flexural rigidity, and B = EH%/12 = flexural rigidity of layer; subscripts:
1 = base layer, 2 = viscoelastic layer, 3 = constraining layer, and opt = optimal.

Procedure

Calculate stiffness parameter Y for given configuration using eq. (1).
Calculate xqp¢ from eq. (2).

Let X = xopt and solve for B using eq. (3).

From eq. (4), calculate 1/p%.

Finding x using eq. (5).

Al il S
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6. Compare this value to the previously used value. If difference is small, stop. If not,
use this new value in eq. (3) to find B.
7. Repeat steps 4 to 6 until values of x converge.
8. Calculate N and #max from egs. (6) and (7).
9. Use the final value of x in eq. (8) to find 5.
10. To find per cent critical damping, multiply 5 by 50.

The authors are indebted to the Human Engineering Laboratory of Aberdeen Proving
Ground, Aberdeen, Maryland, for financial assistance through contract DAADO5-72-C-0175.
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