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ABSTRACT

Conventional dawping tapes, consisting of one or more adhesive
layers constrained by relatively rigid bands, do not have sufficient
damping for many applications. Considerable improvement can pe
realized in a2 multiple~-band configuration in which alternate bands
are rigidly anchored on opposite sides of the configuration. The
energy dissipaticn in sucg a configuration is analyzed ccnsidering
both short (rigid) bands and long (elastic) bands. General rela-
tions are derived between the configuration properties (in terms
of the equivalent elastic modulus E_ and the effective loss modulus
E') and a parameter which includes ®the material properties and the
configuration geometry. Test configurations were made and tested.
Experimental results are in excellent agreement with the theory.
Both the theory and experimental vesulis indicate that this new
configuration is capable of dissipating very large damping energy,
significantly higher than conventional surface treatments.
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SYMBOLS

a dimensionless parameter, wihich depends on the ratio
. . - . . 2 -y
of adhesive stiffness to band ~+iffness, = G 4°/E“t“m

a dimensionless parameter = el &Z/Eztzm

vnit damping energy dissipation in a material
(in.-1b./cu. in.-cycle)

total damping en:vgy dissipation in the surface treat-
ment or configuration (in. 1bs/cycle)

total damping energy dissipaters in band-adhesive unit
(in.-1b./cycle)

value of Dj for band-adhesive unit having rigid bands
modulus of elasticity of the band material (psi)
complex modulus of elasticity of the band (psi)

storage (elastic) modulus of elasticity or Young's
modulus of band  (psi)

loss (out-of-phase) modulus of elasticty (psi)
t * 11
Ee + i Ee
equivalent complex modulus of elasticity of the configu-

ration (psi)

equivalent storage modulus of elasticity of the configu-
ration  (psi)

equivalent loss modulus of the configuratiorn, the loss
modulus of an equivalent uniform material which dissipatec
same energy  (psi)

%omplex modulus of rigidity for a viscoelastic adhesive
psi)

storage (elastic) modulvus of rigidity {psi)

loss (out-of-phase) modulus of rigidity (psi)
X x

cosh [a ¢ "Iﬂ cos [B a - I‘ﬂ

sinh | o (1 - ;,i] sin [B (1 - ]



SYMBOLS (CONT'D)

Ju = cosha, cos BW
Iy = cosha % cos B %
k* = k! + 1ikV
h| ] 3
=  complex modulus of the band-adhesive unit (1b./in.)
kj = the elastic modulus (ratio of in-phase component of the
force to the displacement) of the band-adhesive unit
(1b./in.)
kg = the loss modulus (ratio of out-of-phase component of
Ehe forci to displacement) of the band-adhesive unit
1b./in.

kﬁrb’ kjrb’ and kgrb are moduli for band-adhesive units having
rigid (inextensible) bands

k!ra = value of k! for band-adhesive unit having a rigid ad-
J hesive layér -

* - t "

Fc ke + 1 kg

it

complex modulus of the configuration (1b./in.)

Note: ké and kg definition like those for k; and kg.

o
]

length of a lap joint (in.)

ct
i

distance between effective fixed points on ends of
configuration

= thickness of adhesive (in.)

awa - BWSw = a sinh @ cos Bw - Bw cosh aw sin Bw

= ﬂz 8

= a R~-BS=a sinh a>cos.B - BB cosh& .‘nkB

n = number of band-adhesive units in a configuration
N, = a5, +BR,=6, cosha sinB_+ B sinh ¢ cos B
N = O S+BR==0cosha sin B + B8 sinh & cos B

P = amplitude of sinusoidal force (1b.)

Pj = force in a band~adhesive unit (1b.)

- sirh ay, sin Bw

L L

sinh a % sin B %
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SYMBOLS (CONT'D)

sinh o, cos Bw

sinh @ cos B

cosh «. sin Bw

cosh & sin B \.
time (sec.)

thickness of adherend of modulus Ey (in.)

thickness of adherend of modulus E, (in.)

W - 2w+ 2) I+ W - 1O 2)

special value for T,, when W2 is 2

2 cosh @ cos B + M+ 2

2

W - w2+ 2) qF WP - 1) N,

special value for Vw when W2 is 2
2 sinh & sin B + N

a convenient grouping of parameters = 1 + E2t2/Elt1
displacement in the band-adhesive unit (in.)
WB cos 6/2 '

spccial value for S when W2 is 2

VI B cos 6/2

WB sin 6/2

special value for Bw when Wz is 2
VZ B sin 8/2

shear displacement in anelast’c adhesive at any
position x (in.)
*x at x = 0

phase angie by which the cyclic strain vector lags behind
the cyclic stress vector during sinusoidal loading of a
viscoelastic material = the loss angle

shear stress in adhesive (psi)

shear strain in adhesive

amplitude of sinusoidal stress cycle

frequency (radians per second)

loss coefficient of the band-~adhesive unit
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I, INTRODUCTION

High damping is often required in structural and machine members,
particularly for those subjected to near-resonant excitation. In
some cases high inberent damping in a structure can be attainasd by
proper choice of materials er by design. In most cases, however,
criteria other than damping generally determine material selection
and design. Often, therefore, other means must be found fovr inrreaa-
ing damping. One method for accomplishing this is to utilize surfacc
treatments which contain high damping viscoelastic adhesives.

In general, two types of surxface treatments have been used for
increasing the dampiny of a member. One is the viscoelastic coating,
mastic or free layer (1,2,3) adhered to the surface, so that under
cyclic loading the coating 1s subjected to the cyclic normal strains
at the surface of the member. The second type 1s damping tape consist-
ing of a viscoelastic damping adhesive and a constraining metal band
which produce shear stress in the adhesive when the member surface to
which it is attached is subjected to normal strains (2,3,4). In
general, constrained layer or damping tape treatments are capable of
higher damping than coating treatments (2,5,6).

A single such conventionel damping tape often provides insuffi-
cient damping. For high damping multiple tapes such as shown in
Figure 1 are sometimes employed. The surface treatment consists of
several layers (four are shown in Figure 1) each having a thin metal
band ("'b" in Figure la) and a viscoelastic adhesive (shaded regions
"a" in Figure la) which serves as the damping medium. For clarity in
the Figure, the thickness in each band and of the adheslve layer 1is
greatly exaggerated (normally they are a few thousandths of an inch
thick). When the structural member is subjected to axial or bend-
ing load, normal strain is produced in the surface. This causes
shear in the constrained viscoelastic adhesives as shown in Figure 1b.
Under cyclic loading the adhesive layers are subjected to cyclic
shear and they dissipate energy. Unfortunately, however, each succes-
sive band (No. 2, 3, 4, etc.) {ecomes less effective since the cyclic
shear strains in the viscoelastic adhesive become progressively smal-
ler (¢ > d>e > £, etc.). As a result, the additional damping iea-
lized by adding bands is generally limited. In fact. damping of mul-
tiple tapes is approximately equal to that of a single adhesive layer
constrained by a metal band having a thickiiess equal to the sum of the
individual band thicknesses (2).

Since conventional surface treatments do not provide sufficient
damping for many types of applications, several new types of surface
treatments have been developed (2,7,8).. However, these new configura-
tions are generally more complex and costly than the conventional
treﬁgmegts, generally more than can be justified by the higher damping
realized. ' -
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A new type of multiple-band configuration for providing high
damping in a surface treatment is described in this report, one
which overcomes many of the limitations in prior treatments. The-
stress, strain, and damping analysis of this configuration and veri-
fying experimental data are presented to demonstrate the high damp-
ing capacity of this new configuration.

II. ALTERNATELY ANCHOREU, MUZTIPLE-BAND TREATMENTS

One form of the new configuration is shown in Figure 2. Alter-
nate bands are anchored on opposite ends of the cenfiguration; that
is, bands 1, 3? and 5 are rigidly attached to the structural member
at location "p" (left side of surface treatment), and bands 2, 4,
and 6 are attached at location "q'' (right side). The visccelastic
adhesive (shaded icsions) joins adjacent bands and provides the means
for dissipating energy. The bands and adhesives are generally only
a few thousandths of an inch thick (thickness greatly exaggerated in
Flgure 2), thus many layers can be included in the configuration.

Under cyclic axial or flexural loading the adhesive is subjected
torcyclic shear (Figure 2b shows flexure loading). For this confi-
guration, and unlike the multiple conventional damping tapes shown in
Figure 1, the shear strain in successive adhesive layers 1s essential-
ly the same irrespective of the number of layers. Thus, the damping
of this surface treatment is approximately prcporcicaal to the number
of bands, and is not limited in a manner observed for conventioral
multiple~-band tapes. Therefore, the damping provided by the treatment
can in theory be increased to the desired value.

The configuration shown in Figure 2 is suitgble for beams or
other members having uniaxial stress. Studies are now in progress
on biaxial stress configurations for panels, plates, etc.

The al terhately anchored band treatment has one disadvantage com-
pared to the conventional damping tapes. Whereas in the conventional
tapes the viscoelastic adhesive provides a means for attaching the
surface treatment to the structural member, in the n-- configuration
the bands must be rigidly anchored (using structural adhesives or
other means of attachment) to the member at locations "p'' and "q".

The resultant stress concentrations at the attachment locations may re-
quire attention.

III, THE BAND-ADHESIVE ‘UNIT AND ITS PROPERTIES
3.1 Definition of Band-Adhesive Unit ard Assumptions.

Several bends and adhesive layers near band "j" located within
the configuration are shown in Figure 3a. The entire configuration may
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be considered to consist of band-adhesive units like the one indi-
cated bv the dashed line in Figure 3a and shown in Figure 3b. If
all bands and adnesive layers have the same geometry and properties
(in Figure 4a, E; = E;, t; = t,, and b and m are same for all

layers*), then the band-adhesive unit lies between the midplanes of
adjacent bands. If band thickness is "t" (see Figure 3a), then each
band in the band-adhesive unit is t/2 thick (see Figure 3b). Under
these clrcumstances all uni.s are identical.

If band and adhesive geometry or properties varies with position
j, then it becomes more difficult to define ecach unit. As a first
approximation a unit might be considered to extend between planes of
zerc shear of adjacent band. In primnciple, therefore, it is possible

. ©o separate a configuration having unequal bands and adhesives into

its component band-adhesive units, not all of which are necessarily
equal.

The entire configuration contains n units (total number of
bands 1s n, with n/2 mounted on each side, and the total number of
adhesive layers is n). 1In general, the properties of the entire con~
figuration may be determined from the properties of the band-adhesive
units by a simple summation process. For example, total damping D,

of the configuration can be determined from the damping Dj of band-
adhesive unit trom:

. n
D, =~ > D, (3.1
j=1
And if all band-adhesive units are equal, then:
D, =n Dj (3.2)

This section 1s concerned with the analysis of the band-adhesive unit
and the entire configuration consisting of many such units is con-
sidered in Section IV.

The following assumptions are made i. the analyses which follow.

(1) Bands and adhesive are very thin. Thus:
(a) Bending effects in individual bands and adhesive
layers can be neglected.
(b) The adhesive layer is subiected to pure shear
only (tension effects negligible).
(c) The bands are subjected to pure tension only
{shear effects negligible).

‘?) The viasccelastic adhesive properties and the strain
amplitudes considered are such that the damping re-
mains linear (9). Under these circumstances complex

* See List of Symbols at beginning of report.
' 3



notation may be used to specify the unit properties
of the adhesive material in terms of:

| ¢ ? | .
T=G'vy + - B% (3..))
Gtr=G' + 1 G" , (3.4)

The damping enef%y dissipated per unit volume of
adhesive material (in the linear range) 1is:

D=rng vyl (3.5)
(3) The thickness of the adhesive layer remains
constant. :

(4) The bands are elastic and dissipate no energy
(E" = 0 and E = Ex = E'),

(5) Polsson ratio effects are neglected aud the one-
dimensional problem only is considered.

‘The geometry and materials used in practical configurations and the

large number of bands included generally justify these assumptions.

The significant properties of the band-adhesive unit can be speci-
fied in terms of the relations between the force P, and the displace-

ment X. shown in Figure 3b. Since linear materials (in the viscoelas-
tic segse) are assumed, complex notation is appropriate and the proper-
tlies of the band-adhesive unit may be defined as:

kg - k3-+ i kg ‘ S | (3.6)

The loss coefficient of the unit is:
= k' /Kk!

ﬂj kj kj - | (3.7)

The dampin% ener§y~dissipated per cycle of displacement amplitude X,

or per cycle of force amplitude Py is:

, 2 " 2 n 2 '
= U = =

Dy = MKy XS =W " P2 = m 1;-% P2 (3.8)

3.2 Theory and Experimental Results for Bénd-Adhesive Unit Having
Unequal Bands (Width Constant). :

For generality we ccnsider first the case of unequal bands hav-
ing thickness t; and &, and stiffness E; and E, as shown in Figure 4a.

The two bands ave zonnected by a layer of adhesive of thickness "m'".
In this section we consider two cases (a) an elastic adnesive havhg

4



a conventional shear modulus (G' = 0 and G = G* = G'), and (b) a
viscoelastic adhesive having a loss coefficient G".

3.2a Limiting Cases.

As the first limitin% case we consider bands that are rigid
or inextensible in comparison to'the adhesive layer (E is infinitely
large, yet bands are still assumed to be flexible in bending). Under
these circumstances the shear strain in the adhesive layer is upiform.
1f the dimensions of the adhesive layer are m, b, and ¢ as shown in
Figure 4, the relationship between the unit properties of the adhesive
and the properties of the band-adhesive unit having rigid bands (sub-
script "rb" added to designate '"rigid band" theory) are:

Kfpp = GF (¢ b/m)
jrb = G (4 b/m)

kjyp = 6" (¢ b/m) (3.9)
2 _ My 2
- - r
Djrb v k'j'rb Xg = 7 K! | Pa
jr

As a second limitinq case we consider the adhesive layer to be
very rigid (G' = @ and G" = 0) compared to the bands. Under these
circumstances the properties of the band-adhesive unit are simply
those of a band having a thickness equal to t; + t, and a length i,

Using the subscript ''ra" to designate the "rigid adhesive' theory:
' - . :
kjra E b(tI+t2)/L (3.10)
3.2b Units Having Elastic Band and Elastic Adhesive.

In most practical applications significant strain occurs in the
bands and adhesive. Thus, neither the rigid band theory (and the as-
soclated uniformity of shear strain in the adhesives) nor the rigid
adhesive theory described above is appropriate. We discuss first the
case of .the elastic bands (E" = 0 and E*¥ = E' = E) and elastic adhe-
sive (G" = 0 and G* = G' = G).

- The elastic constant of the unit is kj - P./Xj, where the dis-
placement caused by force Pj is, from Figure 4b:

Xj - *o + e (3.11)

where *o = (Vx) = ghear displacement in the adhesive at x = 0.(in.)
x=(

e; = total extension in band 1. (in.)
5



The values of 'o and e, are derived below.

The shear displacement ¢8 in the adhesive at section x is
(10,11)

P1Am

¥, = WLC sIaE VA (Wz-l)cosh(WA'%) + cosh WA (1 -'%)] (3.12)
where: Az = G LZIEthm | (3.13)
-:dimensionless ratio of adhesive stiffhess to band
"stiffness '

W2 (Epty + Eyt,)/Eqt; . | (3.14)

And at x = 0 the shear displacement is:
PjAm

*O - ('X)X-O - m—m 1 [(Wz-l) + cosh WA ] ) (3.15)

To determine e; we consider the force Px at section x in band 1.

Piy = ix b T, dx (2.16)
where: T -‘the adhesive shear stress at any position x.= G wx/m.

The force and unit strain in the band 1 at section » are:

Py -Pg f ¥, dx (3.17)
G ‘
€ix = !EEIE— lx 'x dx . 7 (3.18)

Substituting for ¥, (Eq. 3.12) and integrating from 0 to x:
v p |
h|

€1y [(wz-l) einh WA ¥ - sinh WA (1 - %) + einh WA]

WZEltl b sinh WA
, (3.19)
The total extension e of band ivis:

el - r clx dx.

wFioT

S——
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Substituting Equation (3.19) and integrating:

(Wz-l) m Pj A
e; = (WZ-Z) (cosh WA-1) + WA sinh WA]. (3.28;
WblG sinh WA
Substituting Eiuations (3.20) and (3.15) in (3.11) the total or
overall extension of the band-adhesive unit (see Figure 4b) is:
LPj [(w4-2w2+2)cosh WA +(W2-1) (2 + WA sinh WA)]
W°b E2t2 WA sinh WA
Thus the elastic constant of the completely elastic band-adhesive
unit (k'Y = 0 and kj-k'nk.) is:
3 o
P
ky = in
W2 b Eyt, WA sinh WA
- (3.22)

t [ - 2w%+2) cosh wa + (w2-1) (2 + WA cizh WA) |

3.2¢c Units Having Elastic Bands and Viscoelastic Adhesives.

We consider next the case where the adhesive layer is assumed to
be viscoelastic (G* = G' + 1 G"). The equations for this case can be
derived by proceeding as for the elastic case discugsed above except
by replacing the conventional elastic modulus G by the complex modulus
G*¥ = G' + 1 G". Defining tan 8 = (!'/G' and B2 = ~g* LZIEthm the

folloéing substitutions can be made.

i

WA = ﬁa (cos 8/2 + 1 sin 8/2) = (4 + 1 8.)

cosh viA = cosh a,, cos Bw + 1 sinh e, sin By = J, + 1 Q,

sinh WA = sinh a, cos B+ 1 cosh a, sin Bw =R, + 1 S,

Using these substitutions, Equa:ion (3.22) becomes

oy ;I _ WhEyt, o (@ 1 B) (R#+1is)

3 T [ty 2 )}
W 20%42) (T 10 )+ (-1 (a 418, ) (RH1S )42 |

2 K]
. W bEztz (MwTw + vaw) + 1 (NwTw - vaw)
L

Z gl
T, + Vw

(3.23)

R IO BB T
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The components of the complex modulus can be determined b{ equat ing
the real and imaginary parts of Equations (3.6) and (3.23).

2
W bEzt2 (M'WTw + NwVw)

. (3.26)
3 - Tz + v
2 ,
W°bE,t NT - V

k'j! - CZ 2 ( ‘27 w mzw) (3.25)
(Tw + Vw)

k! NT -~ MwV ,
N o=l = WW W 3.26
TR ORI, (3-26)

3.2d Experimental Results and Comparison with Theory.

Test results by Avery (11) on a number of double unit configura-
tions are given in Figure 5 (schematic diagram of test set-up is
given in insert in Figure 5). Various adherend materials and thicknes-
ses were used to adjust the values of E,t, to cover the range between

the rigid band theory (see-Eguations 3.9) and the rigid adhesive theory.
The adhesive usad was 3M #466 (at test frequency of 0.25 CyPs, G* = 7
and N = 0.4). All test data are for W = 1,(E1t1 = ©), Avery' s test

results and the theoretical curve for this case (ssc Equations 3.8,
3.25 and 3.26) are compared in Figure 5, using parameter B as a basis
for comparison. The check between theory and the experimental data is
excellent except at the high values of B. In the rigid adhesive range
2high values of B) highly nog-homogeneous shear occurs in the adhesive

see Figure 6c for case c£ W = 2 as example) and the high localized
shear in the adhesive can cause adhesive separation, thus reducing the
observed damping.

These comparisons are made on the basis of damping at a specified
force amplitude, in which case dimensionless damping increases with B.
If comparisons are made on the basis of damping at a specific dis-
placement (or on the basis of dimensionless loss modulus) as discussed
in the next section, a decrease is observed with increasing values of
parameter B.

3.3 Theory of Band?Adhesive Unit‘Having Viscoelastic Adhesive and
Equal Bands (W2 = 2). :

If the bands are.equal (Elt1 = Eyt, = E(t/2) as shown in

Figure 6), then W2 = 2. Under these circumstances it can be shown
(10) that the shear strain in the adhesive is:

. A
L P %TWH r T (3.27)



where A = [12 + 12+ 2 (13, + 1,00 + 32+ Q% T

a=[8*+s2f
Defining ¥_, . as the uniform shear strain displacement for
the ri.g%d band case under a specified force amplitude P,

¥opr = a® , and:

id
Yx. =0.71 B2 < ' (3.28)
Vbt a

Defining *rbd as the uniform shear strain displaccment for the

ri%id band case under a specified displacement amplitude X, = Pa/ka
rbd? and: :

m -é,- mB (0711,)-;;\-— (0.71 B$) cos o (3.29)
And from Equation 3.27
'

x 5 3.30
*rbd ( rb /( rbf) cos ( )

The properties of the band-adhesive unit in terms of its com-
plex moduli and its loss coefficient can be determined by substituting

W2 = 2 in Equations (3.24), (3.25), and (3.26).

bEt MT + NV
K! = (3.31)
3T 22

bEt NT - My
K = (3.32)
3%t vt
.o NI - MV | _
TR : (3.33)

Curves illustrating the shear strain distribution fo: a parti-
cular case (N1 = 0.40 and G* = 7 psi) for three values of parameter B
are shown in Figure 6. Distance along the ordinate scale is made
proportional to the fourth root of the ordinate value to spread out



curves and avoid crowding near zero. BPRoth the specifiec force ampli-
tude case (*rbf) and the specified displacement amplitude cases

(¥_. ) are illustrated.
rbd

Under a specified force amplitude (dashed lines in Figure 6) the
localized strain at the ends of flexible bands may be mucn larger than
for the rigid band case (for B = 10 it is about s2ven times as large).
Since the effective strain amplitude from a damp: g viewpoint is the

root-mean-square strain (Dx o #i), the D. of the extensible band con-

figuration is larger than for the rigid band case (sec Figure 9 dis-
cussed later).

The ratio 'varbd’ under a specified displacament ampliiude, can
be determined from *xlvrbf by using the multiplying factor kj/kéﬁb as

shown by Equation (3.30). This dimensionless storage modulus it never
larger than unity and may be very small (see Figure 7). As shown in
Figure 6, the localized shear displacement is never larpger than that
in the rigid band and is generally wuch smaller. Thus, the damping is
always smaller for the flexible band case than for the rigid band case,
very much smaller in some cases. ‘

The general damping and stiffness properties of the band-adhesive
unit are defined in Equations 3.31, 3.32, and 3.32. The important
trends revealed by these equations are shown graphically in Figires 7,
8, 9, and 10 in which a dimensionless property is plotted against para-
meter B, where B is a dimensionless ratio of the adhesive stiffness
to the band stiffness.

The ordinate used in Figure 7 is the storage modulus k% of the
unit, made dimensionless by dividing by kérb of the rigid band unit.

Up to a value B of approximately 0.3, the dimensionless storage modulis
is constant, indicating that the rigid-band equations are appropriate
in this region. At the cther extreme, at values of paramoter B greaierx
than 5, the storage modulus is equal to that of a solid member without
joints (the rigid adhesive region). The intermediate region, one in
which many practical configuratioms lie, is the transition region be-
tween the rigid band and the rigid adhesive behavior and includes
characteristics of both types. »

The storage modulus is not only dependent on parameter B but atso
on the loss coefficient n. However, M does not affect the dimension-
less modulus critically. In fact, the curves for M between 0 and 0.2
are practically identical as -~hown in Figure 7, and the curve for
N = 1.0 lies about 30 per cent above M = 0.2 curve.

The loés modulqs:kg‘of the band-adhesive unit, made dimensionless
by dividing by the rigid-band value kgrb’ is shown in Figure 8 as a
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function of parameter B. The general character of the relationship

- shown is similar to that for the storage modulus given in Figur=e 7

and a rigid-band region, etc. can be identified. Since k% is Zve

proportionality constant between the damping energy dissipater and
the square of the displacement amplitude (see Equation 3.8), .gure
8 indicates directly the reduction in damping at a specified . 's-
placement from that foxr the rigid-band theory as B is increa: %,

At a value B = 1 the effective loss modulus is about half of ~hat
predicted by rigid~-band theory, and at B = 5 the reduction to
about 1% of the rigid-band value. The physical reason for .ais may
be seen from Figure 6; under a specified displacement the i icctive

" (rms) strain distribution is smaller and thus the damping /. smaller.

In contrast with the reduction observed in the dimen ionless
loss modulus with increasing parameter B, the .damping enc ..y dissi-
pated at a specified force amplitude may increase significantly with
B as shown in Figure 9. This increase 1s associated wii: the high
strain amplification at the ends of the bands (see Figur 6¢), and
a similar trend was illustrated in Figure 5. ,

Finally, the loss coefficlent 1, of the configurs. on, made
dimensionless by dividing by the los3 coefficient njrb for the rigid-

band configuration, decreases with increasing values -7 parameter B
as shown in Figure 10,

Figures 7 through 10 show that significant difi-: nces are ob-
served between the properties of the rigid-band configuration and
those having flexible bands in the range of engineering interest.
The combinations of material properties and configuration geometry
which characterize practical treatments cover the range of B from
0.1 to probably over 100. The figures show that in this range many
of the important dimensionless properties vary up to over two orders
of magnitude. '

LV. PROPERTIES OF THE MULTIPLE-BAND CONFIGURATION IN
TERMS OF k; - kj + i kg OF THE TYPICAL BAND-ADHESIVE UNIT

The properties of the configuration may be expressed in two wz ..
One approach is in termc of its overall complex modulus kg = ké+ i kg.

the second method is to determine the equivalent complex modulus
E¥ = Eé + i Eg for a volume equal to that of the entire configuration.

These two approaches ere reviewed in this Chapter.

11



4,1 Properties in Terms of kg - ké + 1 kg.
4.la Uniformly Strained Configurations.

If the member Lo which the configuration is attached is sub-
jected to pure axial strain or if the configuration is very thin
compared to the member, then the extension X, is the same for each

band-adhesive unit (xl = X, in Figure 11). The properties of the en-

tire configuration may, in general, be determined from the properties
of the band-~dhesive units by a simple summation process. Thus:

KX = ;1 k¥ (4.1)

However, in the actual damping configuration considered all band-
adhesive units are reasonably constant in geometry and properties.
Under these circumstances kg_l = k? = k§+1 = k}+2, etc. and Dj_1 = D..

etc. Thus, kj and D¥ may be considered to be the properties of t
typical band-adhesive unit. Bands and adhesives near the member . --
ace or near the free surface of the configuration will have somewnat
different stress and strain distributions than those near the middle
(typicel) ones. Howevei, the configuration is assumed to have meny
bands, therefore, the atypical character of the few surface bands is
generally not significant,.

For cases where analysis in teuvms of the typical band-adhesive
unit (see Figure 3b) is appropria.e each band has a force 2P, and a
displacement X,. Since n/2 bands are attached to each side (see
Figure 3a), Equations (4.1) reduce :=:
n

2P,
k= R oY) X -ak
(4.2)
k., = n k3
kg = kg

Expressed in terms of damping energy the properties of the con-
figuration are:

2 2
Dc-ﬂk'éxa -ﬂnk'j' X3 (4.3)
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The resultant force on the configuration is located at th:e middle
band (in Figure 11, g = d/2).

4.1o Non-Uniformly Strained Configurations.

{i the surface treatment is not thin compared to the member to
which ic¢ is attached, the bands are generally subjected to different
strains (see example of flexure illustrated in Figures 2b and 11). In
this case Equations (4.2) are not appropriate. The equations for the
"thick" treatment case, considering the non-uniform strain distribu-
tion, are derived below.

. A thick treatment is shown attached to a nesm in Figure ii. The
minimum total otrein Xl cxiiis at band 1 (located at the bear surface)

and the maximum is xn located at the sutermost band. The distribution
of forces P, in the band-adhesive units and the resultant PC of thesge

forces are shown in Figure 11. Assuming a large number of bands* and
assuming the band numtering shown in Figures 2 and 3:

P, = 2Py + 274 + 2Pg + === + 2P,
Considering all band-adhesive units are identical:

= ! - - o
Pc ij [Xl + X3 + X5 + + Xn ]

s ()@ s (3 )

The location of this resultant force, as given by distarce g from the
surface of the beam (see Figure 11), is:

X X
g (49 /(2 +

The strafin Xc at this location isg:

xc-x1:[1+§ (\-;“I - )]
R CRRICRDICRS)

* If n 1s small, then consideration must be given to whether n is
even or odd. To simplify the derivations given below n is assumed to
be odd.
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The elastic constant ké of the treatment may now be defined in terms
cf ths ratio of the total (or resultant) force Pc in the treatment to
the displacement X, at the location cf the resultant forces. Thus:

(X. ) .
k - + 1
SRS 57
%

: T o/x X X
1{ 71 1
1+ +2)(--1\/( +1>
E’(’Q ¥~/ \%
The effects of the surface addition on the stiffness of the
beam= can be determined by assuming a spring constant ké given by

Equation {(4.7) located at a distance "g'" (Equation 4.5) from the beam
surface and attached at points p and q a distance "L" apart. Dis-
tance '"L" is greater than '"4¢'" by a distance governed by the geometry
of the attachment ends (see Figure 11).

PR
a

4.7)

The loss modulus kg for the entire configuration can be deter-

mined from the damping energy dissipated by the surface treatment.
The total damping is the sum of that contributed by all n units, thus

n
Do = 2> Dj (4.8)
i=1
If the typical unit approach is appropriate, then from Equation (3.5)

2 2 2
2 '7'X3+-"-+Xn)

2| (4.9)
z xn—] /
- 2
3 [: n . T kg X rms

D = T kY (x{+x

.nnk"

where X - = "root-mean-square'" displacement
= Xy + 0.707 (X, - X9) : (4.10)

If the loss modulus k: of the entire configuration is defined in terms
of the root-mean-square displacement as given by Equation (4.10), then:

D, = ™ KY X | (4.11)
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- form over the length where the surface treatment is attached (vi

From Equations (4.9) and (4.11)

1,08 = (4.12}
[

4.2 Configuration Properties in Terms of Its Equivalent Complex Modu-
‘ 11 EX = Eé + i Eg.

In many cases the surface strain in the member is reasonablg ugi-
ration
wave length much larger than the treatment length). To analyze such
cases it is often convenient to consider the effects of a configuration
added to a surface of a member in terms cf (or by replacing it by) a
homogeneous material having (a) the same cross-sectional area and

-length L, and (b) attached to the member over distance "L'" (see Figure

11). The effects of the treatment can then be ¢onsidered in terms of

the equivalent moduli E; and E] such that the homcgeneous equivalent

matevrial has the same overall stiffness and damping properties as the
configuration. The values of Eé and Eg for the equivalent homogeneous

‘ material are derived next.

The overall elastic constant ké of the homogeneous material (see

Eguation 4.2) having the same volume and attached at points p and q
(_igtance L apart) as the configuration is:

ke = B¢ ()= n k)

Thus: EL = nk} (L/bd) = kj (L/bh) (4.13)

where: h = total thickness cf band-adhesive unit = m + ¢,

The loss modulus E} of the equivalent homogeneous materral must
be such that the same energy dissipation as the configuraticn. Since
D= mE" eg'(see Equation 3.3) and from Equation (4.3),

D - n g ¢2 .’(de)i- n o kY X2
e Cie i

but 2 i”ﬁﬁlL, thus:

,1ng-7n;g§%fﬁgbd3fy Ky (L/bh) | (4.14)

‘bhiﬁ;éggivalént loss coefficient is: .
k"

o ]

Tle‘ = 'E‘T'e = R‘ij (4f15)
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V. TEST CONFIGURATION, EXPERIMENTAL RESULTS
AND COMPARISON WITH THEORY

5.1 Description'of Multiple-Band Configuration Used in Test Program
and Its Predicted Properties.

The test configuration used in the experimental verification pro-
gram is shown in Figure 1Z. For clarification the vertical scale is
about 50 times larger than the horizontal scale. The total thickness
of the configuration is only 0.04" as compared with its overall length

of 6 inches. Bands werc steel, for which E = 30 x 106. For the adhe-
sive used for the damping layer (No. 466 manufactured by Minnesota
Mining and Manufacturing Co.), G' = 15.5 psi and G" = 13.2 psi at the
frequency of 0.78 cps and at room temperature used in the test program.

The main bands in the configuration are identified as 1 through 5,
and the damping adhesive is shown by the shaded layers between the
bands. The configuration was assembled by progressively building up
layer upon layer by applying the damping adhesive as illustrated and
structural adﬂesive (Scotch Weld EC 2158 manufactured by Minnesota Min-
ing and Manufacturing Co.) at interfaces f£. To simplify construction
bands having constant cross-section are used and spacer sheets inserted
between bands as shown to produce the desired geometry. After the
configuration is assembled, it may be attached to the member surface
using strcuctural adhesives a. interfaces g-h and w-y and using damping
adhesive in the middle region h-w.

In order to maximize the damping of the configuration per unit
weight or size, it is often necessary to use thin bands (0.006" thick-
ness used in the test configuration). At the same time it is necessary
to provide sufficient clearance at the ends of the bands to accommo-
date shear strain in the adhesive without contact between band ends

. and spaces (see regicns r and r' in Tizure 12). This leaves a short

length of band unsupported by the adhesive and buckling may require
consideration in some cases. One approach for minimizing tge possi-
bility of buckling is through careful geometry control. Generally
only a few thousandths of an inch is required for clearance for adhe-
sive shear motions, and thus the minimum unsupported length of band
is generally smaller than the band thickness. Thus, with careful
dimension control, buckling possibilities can be minimized. Another
approach ig to stagger the unsupported section of alternate bands as

_shown by the displacement between r and r', so that each band is sup-

ported by adhesive on at least one side over its entire length.

Another approach for minimizing buckling and maximizing damping
is to utilize bands which taper towards their free end within a con-
figuration (constant stress member approach). The use of tapered bands
aiso aliows Including more bands per given space for a given band stiff-
ness. Theoretical and expeiimental studies on tapered bands are now
in progress.

16
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Of the several possibilities the staggered gap approach was used
in the test configuration investigated in this program.

To simplify the analysis of the test configuration, only four
active damping adhesive layers were considered (between bands 1 and
2, 2 and 3, 3 and 4, and 4 and 5). The damping adhesive between band
1 and the member surface is also subjected to cyclic shear, but the
magnitude is much smaller than in the active bands; therefore, it was
not considered in the analysfs (estimated energy dissipated by the
damping layer between band 1 and the member surface is about 10% of
that in the active damping adhesive layer).

Even though the test configuratirn has very few bands, and the
length of each band is somewhat diffecent, nevertheless the typical
band-adhesive unit approach discussed in Section 3.3 was used in pre-
dicting the properties of the test configuration. The properties kj

and kg'of the typical band-adhesive unit for the particular values of

material and geometry properties for the test configuration are shown

in Figure 13 as a function of length { of configuration. The rigid-

band theory and the rigid-adhesive theory are shown as ctraight lines

in Figure 13, and these correspond to similar straight lines shown in

Figure 7 for the more general curves. The experimental points in-
cluded in Figure 13 are discussed later.

As mentioned previously, the concept of an equivalent storage
modulus, loss modulus and loss coefficient of a uniform homogeneous
material provides a useful practical approach for analyzing the ef-
fect of the surface treatment. Theoretical wvalues for these equiva-
lent properties are shown in Figure 14. These values are based on
the assumption that the end-connections of the configuration are such
that the anchor length L (see Figure 11) is 1 inch longer than the ad-
hesive length {. These theoretical curves show that the maximum value
of Eg (at an optimal length 4 of about 3'") is very high indeed, appro-

ximately 4,000,000 psi. This is one or two orders of magnitude higher
than currently avallable homogeneous viscoelastic materials6 At the
same time the storage modulus Eé is also very high, over 10° psi in

the region of engineering interest.

5.2 Test Procedure, Vibration Decay Results, and Observed Values of
Moduli k5 and kg.
A vibration decay method was used to determine experimentally

the damping properties of the configuration. Measurements for de-

termining'the‘atorage_modulus k} of the configuration were not made.

The test beam to which the multiple~band configuration is at-
tached ‘and thé test apparatus are shown in Figure 15. A tapered
beam was used so that under the moment distribution imposed during
the vibration test the surface strain is uniform over the region to
which the configuration is attached. An extension arm and weight are
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attached to the beam and the whole assembly mounted vertically. To
perform a test the mass at the lower end of the lower beam is dis-
placed and released. Measurements on amplitude of vibration are then
made as a function cf time during decay (natural frequency of vibra-
tion is about 0.78 cycles per second). ,

‘The decay test results are shown in Figure 16 in terms of dimen-
sionless ampl{tude, the ratio of the amplitude at any number of cycles
divided by that amplitude associated with zero cycles. As shown in
Figure 16 the decay process is linear; thus, the particular amplitude
asgociated with the zero cycle is immaterial,.

Two different lengths were used for the test configurations. By
stripping off layers the number of band-adhesive units tested was
four, two, and one. o - -

The effectiveness of the surface treatment is apparent from

"Figure 16. The test system used stores considerable strain and po-

tential energy during displacement. The test beam is 3/16" thick,
1.6" wide, and 7" long; thus, it is capable of storing considerable
strain energy. In addition, the extension arm and attached weight
behave like a pendulum (see Figure 19) and the potential energy asso-
ciated with the elevation of its center of gravity is approximately
80% .of the strain energy stored in the beam. Nevertheless, the sur-
face treatment produced the very large increase in decay rate observed
in Figure 16. -If a thinner test beam or a lighter pendulum were used,
the change in logarithmic decrement caused bg the surface treatment
would be even more dramatic; and if thicker beams were used, a smaller
change in log decrement would be observed. '

These methods were used to compare the experimental results with

‘the values predicted by the theory developed in the previous sections.

First, the log decrement data shown in Figure 16 was converted
to values of the loss modulus using the analytical methods detailed in
Appendix A. This led to the values for k' shown as the three points

in Figure 13. The experimental points fall within about 15% of the
theoretical curve. Considering variability in properties and other
test uncertainties, this check is considered excellent. Tests were
also performed on a single band unit having a * = 2, and this point
(not shown in Figure 13§ fell 337% above the theoretical curve. How-
aver, as mentioned previously, the computation did not i{nclude the
damping energy dissipated in the damping layer between band 1 and the
beam surface (see Figure 12). Furthermore, the atypical character of
the end bands was not considered. These factors, 1f considered, would
bring the theory and experimental results even closc..

In the second method used the equivalent loss modulus E} (see

Section 4.2) was computed and uséd to determine the overall loss coef-
ficient Mg of the experimental system. The values predicted by this
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theory are shown in Table I, Column (b). These compare favorably
with the experimental values for Mg shown in Table I, Colurm {a).

These experimental values for the treated beams were determined
directly from the 4, data shown in Figure 16, subtracting in each

case the damping not due to the treatment (that caused by the beam,
grip and machine losses) as represented by the ''no treatment' curve
on Figure 16.- . v

The methods discussed above utilize the concept of a typical
band. However, each band in the test configuration had a somewhat
different length .. To avoid this approximation a third method was
usged to make layer-to-layer: summation (using equations of type 3.1).
Approximate summation methods considering the actual lengtn of each
adhesive layer and the band geometry factors on each side of the ad-
hesive layer (band location and position factors, particularly with
reference to the outer bands). Theoretical values of Mg 80 deter-

mined are given in Table I, Column (c). Although this method leads
to an improved check with theory, it is more awkward and time-consum-
ing to use than the theories associated with the typical unit band
concept. '

All three methods confirm the validity of the theory, at least
in the range of measurements. Additional tests are planned to com-
pare theory and experiment for lengths remote from the optimum length
for maximum loss modulus.

VI. COMPARISONS WITH CONVENTIONAL FREE
AND CONSTIAINED LAYER TREATMENTS

Many factors must be considered in comparing the effectiveness
of the new configurations and treatments with conventional damping
treatments. Beyond its damping capacity the weight, cost, ease of
use, and durability of treatment must be considered. However, in many
applications a comparison on the basis of equal weight of surface treat-
ment is appropriate. Kerwin and Ungar (2,5) have used this type of
comparigon. Different types of treatments are rated in Figure 17 in
terms of the maximum loss coefficient versus the ratio of the treat-
ment related to the weight of the base plate. The comparisons between
the free layer* and the constrained layer treatment (curves a and b)
are taken from references 2 and 5. The uppermost curve shown as "'c'
in this Figure indicates the possibility offered by the new alter-
nately anchored multiple~band treatment. Curves c were constructed

¥ The values of E" used in Figure 17 for comparison purposes are
identified as typical values (5). However, free layer materials re-
cently described have higher values of E'. For example, material
LD-400 manufactured by Lord Mfg Co. has an E' higher than 100,000 psi,
and for this value the free-layer curve would lie in the vicinity of
the conventional layer curves (b) in Figure 17.
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directly from the free-layer curves (a) by considering loss moduli
and specific gravity p ratios. The particular multiple-band treat-
ment represented in this Figure is not necessarily the maximum value
attainaﬁle; it is merely the maximum value for rather arbitrarily se-
lected band and adhesive thicknesses and other geometry features.
Nevertheless, the new configuration when compared on this basis is
approximately an order of magnitude more effective than conventional
treatments for treatment weights less than 107 of the plate weight.

To indicate the effectiveness of the new treatment as compared
with conventional treatments the loss coefficient of the actual test
beam with conventional damping tapes was computed. Assuming that an
infinite number of conventional damping tapes are applied to the test
beam (and approximating its effect to be equivalent to one band having
Eqtg = @ with a single adhesive layer (2) ), and assuming negligible

shift in the neutral axis:

xhy '
X h e
E Sl I iy R (6.1)
The ¢amping energy dissipated by the damping tape is:
D = 2 "G [ZE‘E m b dx = — 500 = (6.2)

Using the methods detailed in Appendix A, the following comparisons
can be made.

For 4 = 2V,

Conventional tape with n = =, Ng 0.00033
New configuration with n = 4, ng = 0.031
:"New configuration with n = 10, ng = 0.0873

" For 4 = 4",

rCopventiodal tape with n. =

®, Mg = 0.0026
New configuration with n = 2, ng = 0.028
~"New configuratipn with n = 10, ng = 0.0868.

VIL.. CONCLUSIONS

[

The theory developed for the alternately anchored multiple-band
surface treatment prévides a convenient method for predicting its
stiffness and damping properties. These may be represented in terms

XTI §
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of two types of units: - (a) the storage modulus ké, loss modulus
k¥ and loss coefficient n_ of the configuration, or (b) the equivalent
storage modulus Eé and the loss modulus Eg, and loss coefficient 0,

of a uniform material having the same volume and anchorage points.
The second type of unit provides a particularly useful .ay for pre-
dicting the effects of adding a surface addition to members.

The experimental results on several test configurations provide
a good check for the theory.

Both *he theoretical and experim-ntal results indicate that this
new configu.ation is capable of dissipating very large damping energy.
Very large equivalent loss moduli Eg can be realized (the values for

the test configurations were about 4 x lG6 psi). Illustrations in-
cluded in the paper indicate that for many conditions of engineering
interest the new configuration is capable of dissipating significantly
more energy than conventional free or constrained layer treatments.
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APPENDIX A
REDUCTION OF 4, TEST DATA FOR n, AND kY

A.1 Values of Storage and Loss Moduli.

The moduli for the test configuration (see Figure 12) may be
calculated from Equations (3.31) and (3.32) by inserting .the follow-
ing values for the configuraticn used in the test program: 3 2
m = 0.002", t = 0.006", G' = 15.5, G" = 13.2 and E = 3 x 10/ 1bs/in”.

For ¢ = 2 this leads to values of k! = 1.39 x 10% and kg = 8.52 x 103,
For 4 = 4", ki = 1.87 x 10% and K 530 x 103.

A.2 Estimation of the Anchor Len-

Length L. is the distance betwee: .ne two points p and g of ef-
fective anchorage (see Figure 11). For the configuration having

L = 2" each end rigidly adhered to the member is 2" long (overall
" length of configuration is 6"). If the 2" anchored ends behave like
an integral part of the structural member (and plancs perpendicular
to the neutral axis remain planes), the points to which the bands are
effectively anchored are located at points h and w in Figure 12. 1In
this case L equals 2'". If instead the bands in the anchored rigid
are assumed to be rigid (and shear strain is allowed to occur in the
structural adhesive), the effective anchor points p and q are located
midway between end points g and h and points w and y, respectively.
Under these circumstances L equals 4'". Actual measurements indicate
that the effective length L is some distance between these two ex-
tremes, actually about 3'".

For the configuration having ¢ = 4", the anchor length L lies
between 4'" and 5", and actual measurements indicate that L is 4.5.

Substituting these values of L.in Equations (4.12) aund (4.13)
the values for E| and Eg for each configuration may be calculated,

and these are tgbulated in Table II.
A.3 Stored Energy U, in System.

The total stored energy US in the testing system is
U, = Ub + 0, + Up (A-1)
where: |

Uy = strain energy in the test beam.

Ue

U,

strain energy in the treatment attachied to the beam.

potential energy in the pendulum
23



These energies are expressed below in terms of Yor the deflection of
the lower end of the test beam as shown in Figure 19,

Strain Energy Uy in Beam Test.

The beam shown in Figure 15 is idealized to that shown in
Figure 18 for. .the pur gses of this caiculation. Since the beam is
alumir-m E, =12. x 18 1bs/in¢. Referring to Figures 18 and 19, the

fol? ng can be defined.

je ‘eflection of the end of the test beam (at x = 7").
p = radius of curvature of the neucral axis
= 24.5]y,.

Yna" depth of the neutral plane from the surface of the
beam to which the treatment 1s attached.

Since the aluminum beam is tapered, the location of the neutral
axis varies with position along the x axis of the beam. However, to
simplify calculation the position of the neutral axis is assumed con-
stant and equal to that for an aluminum beam having a constant width
of 1.58". For a treatment 1 inches wide and d inches thick, and con-
sidering equilibrium (moments of stress about the neutral axis must
be zero), the following equation follows:

(0187-yna) yna yna+d)
1.58 E, [ ydy =1.58 E, [  ydy + E. ydy
y=o0 y=o0 =Y.
.0555E, - d’E! a2
Yna = TS9TE, ¥ 24E] A-2
na . Ea + e

Considering this shift in the neutral axis the strain energy in
the test beam is:

f . " f . 2 E ,x$7 f"zyna z=1-.06x

Uy, = (5 Ee“)dv = | 5 E iL?-dv = —EZ yzdzdydx

b vol‘? & V‘E g o 290 i=o y=(yna-.187) £= -{1~.06x)
ViR

Yna 2
= — 2 1 - .06 dydx
2(24.5) £=o £=(yn&-.187) v« *) dy
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2
y. E 7
- e a i 2[5 - (v, -1875)3 ] (1-.06x)dx

(24.5)2 -0
- 2 2 -
= .0030 E_(.562 yZ, - .95 y,, + .0066) y_ (A-3)

Strain Energy U, in Configuration.

The treatment is regarded as a homogeneous material with proper-
ties Eé and Eg of length L, breadth b, and height d extending from

Yna E° (yna + d) above the neutral axis. Its strain energy is:
2 b
\ y. L (Yt d) 2

U. = I % ELe Z4(vol) = - EL =5 f na y<dxdydz

¢ Vol “ pe X=0 Y=Y, Z=0
Integrating and substituting for o:

Eéde 2 2. 2

u, = m Byna + 3yp,d + 49y, (A-4)

Potential Energy UP in Pendulum.

Figure 19 shows a schematic diagram of the pendulum in its de-
flected position. The energy associated with the pendulum effect is
equal to the mass Mp of the pendulum multiplied by the change in beight

of center of mass of the pendulum during the oscillation. Thus,

Up = Mp z = Mp [h + r (1 - cos 8) ]

Assuming for small angles tan 8 w-%% ~ 0, and the elevation of the
center of mass is:

7
h=7- I cos 6%%) dsc
0

where

2 :

d d ’ '
cos (Id:;) ~ 1 - _% ( X)Z, _d_V = %’ and _cal;.‘i = _’g. , P .
X
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7
3
1 ,x.2 7
h=7-[@-32 &% ax =
[a-76 P
1 8 =1- (1 72 72
- cos 6 =1 - - -
202 202
Theref U (73 + 72 )
ererore - r
g Tl T o 202
) .
Up - 37085 ye (A‘S)

Results.

The values of Uy, U, Up and y_ for the different creatment con-

figurations, calculated using the above equations, are taoculated in
Table II.

A.4 Damping Properties of the Configuration and the Svstem.

The energy dissipation in the treatment is:

E" k'.'
D, = f m E} eZ d(vol) = 2m 'E$' U, = 2m TE‘J' U, (A-6)
vol - e J
7 b U
Therefore, (kg)exp. = k3 UE (ns)exp. (A-7)

The experimentally determined values of ng are tabulated in

Table I. The values of k' calculated from the experimental results
are plotted in Figure 13.
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P it ok e A

TABLE 1

COMPARISON BETWEEN VALUES OF THE LOSS COEFFICIENT ng OF THE

TEST CONFIGURATION: - (a) VALUES OBSERVED EXPERIMENTALLY AND
(b and ¢) VALUE PREDICTED BY THE THEORY

Values of ﬂs

Test a) Determined Values Predicted by Theory
Configuration Experimental b) Using Eg c) Approximate Sum-
. Values Approach mation Process
4 n
2 4 0.031 0.031 0.031
2 2 0.017 0.014 0.014
2 1 0.010 0.007 0.008
4 2 0.028 0.021 0.027
TABLE I1II
'MEASURED AND CALCULATED VALUES FOR THE
TEST CONFIGURATION AND SYSTEM
ConIig- ' ;
uzatigé Eg Eq Yna Uy Up U, D, e
2 4 4.1912.55 }.090) 59.2{37.8} 5.1]19.8{.0308
2 2 3.4912.13 {.091|59.1}137.8| 2.2| 8.6 .0138
2 1 2,62]11.60 }].092159.0(137.8] 1.0} 4.1 .0066
4 2 7.02]12.36 |.085]59.5|37.8] 6.4|13.6 | .0210
Multiply by Multiply by y-
10
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Figure 11 Thick Treatment Geometry and Displacement
Distribution Under Flexure.
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Figure.1l5 Schematic of Vibration Decay Test Set-Up.
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Figure 17 Relative Effectiveness of Free Layer,
Constrained Layer, and Alternately Anchored
Multiple-Band Treatment. Maximum g Shown

for (a) and (b), ng for (c¢) not Maximized.
(see References 2 and 5)
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