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FOREWORD

The work described in this report was performed at the
University of Dayton Research Institute for the Metals Behavior
Branch, Metals and Ceramics Division, Materials Laboratory, Air
Force Wright Aeronautical Laboratories (AFWAL/MLLN), under Contract
number F33615-79-C-5108, "High Frequency Fatigue of Turbine Blade
Material." The contract was administered under the direction of
AFWAL by Dr. D. I. G. Jones (MLLN). The program was conducted by i
the Aerospace Mechanics Group, University of Dayton Research

Institute, Dayton, Ohio with Mr. Michael L. Drake as the principal
investigator.

The investigations of the effects of composition, viscosity,
microstructure and constraining layers on the damping properties of
vitreous enamels were conducted by Dr. Binod Kumar. Experimental
evaluation and data reduction was accomplished by Mr. S. Hilton,
Mr. W. Goddard, Mr. D. Hopkins, and Mr. P. Graf. This work was
performed during the period October 1979 to July 1982.
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SECTION 1
INTRODUCTION

In order to control high cycle fatigue in vibrating
structures at elevated temperatures, vitreous enamel coatings have
been suggested and used [1,2,3]. The coatings dissipate vibratory
energy due to their characteristic high mechanical loss in the
viscoelastic range. The dissipation of vibratory energy by such
treatment improves the performance, reliability, and reduces
maintenance costs of the structure. At lower temperatures (<460°C),
polymeric coatings are commonly used. Preliminary feasibility
experiments and viscoelastic damping data for vitreous enamel
coatings have been reported by Nashif [ 4 ] and Sridharan [5].

The University of Dayton has been engaged, in developing
viscoelastic danping measurement techniques and vitreous enamel
compositions for damping applications in aircraft engines for
approximately 10 years, under contracts funded by the Air Force
Materials Laboratory, Wright-Patterson Air Force Base. Significant
developments have been made in the measurement and application
techniques. A better understanding has developed in regard to the
effects of composition (6) on the damping properties.

The primary objectives of the studies reported here were to
further evaluate damping properties of new compositions, analyze
previous data and develop a relationship between the structure
and the damping properties, evaluate the constrained layer damping
concept with the vitreous enamel, and analyze the difficulties
associated with the utilization such as nucleation and crystal-
lization of vitreous enamels as a vibration damping material.

Vitreous enamel or inorganic silicate glasses exhibit
damping peaks at various temperatures. For a frequency of 1 Hz
a peak occurs at about -30°C, which is related to the alkali
ion diffusion. A second peak at the same frequency occurs at about
200°C. The damping (n) of the first peak is approximately 0.001,
whereas the damping of the second peak varies from 0.001 to 0.02,
depending on the glass composition. For a single alkali glass, the
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damping intensity (n) of the second peak is approximately 0.001.
The addition of a second alkali causes a large increase in the
intensity of this peak to as high as 0.02. The damping peaks are
also frequency dependent. Increasing frequency increases the peak
temperature. For example, a decade increase in frequency shifts
the peak toward a higher temperature by approximately 15°C. These
two praks are the results of anelastic damping. Readers can refer
to a recently published review paper (7) for the mechanisms and
the related information concerning the two peaks.

A third peak of significantly higher damping intensity (Q-1=1)
than the first two occurs at a higher temperature. Associated with
this damping peak is a large change in the complex modulus. A
change of about 40 percent in the modulus can be expected. This
peak is frequently referred to as the viscoelastic peak. This is
the peak of primary interest in dissipating the vibratory energy at
elevated temperature and will be the main topic of discussion in
this report.
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SECTION II

TECHNICAL PROCEDURES

2.1 EXPERIMENTAL

2.1.1 Glass Preparation
All of the compositions, except the standard

commercial compositions, were formulated and synthesized from the
analytical grade raw materials. Required amounts of oxide and
carbonate raw materials were weighed and mixed in a V-blender for
approximately one hour. The weighed material was then melted in a
platinum crucible at appropriate melting temperatures. The molten
glass was quenched by pouring into a container of cold water. The
quenched glass was then dry ball milled, using A1203 grinding
media, for 24 hours. The milled powder was then screened to obtain
various particle size splits. The test beams were coated with
vitreous enamels of particle sizes passing through a 100-mesh screen
but not through a 150-mesh screen.

2.1.2 Method of Coating Application
Prior to spraying, the metal substrate was sandblasted

using 36-mesh silicon carbide grit and an air pressure of 75 psi.

The powder material was applied to the metal substrate by plasma
spraying. A Meteo 3MB plasma spray apparatus was operated at 400 amps
DC, 75 volts DC at 30,000 watts setting with a gas flow of 15 scfh

H2 and 80 scfh Ar. A gas nixture of 84.2 percent Ar and 15.7 percent
H, was used. The coated beam was then fired in a resistance-heated
furnace for approximately three minutes or until the surface appeared
to be smooth.

2.1.3 Vibration Damping Measurements

An apparatus and technique was developed to accurately
and reliably excite, and measure the response of a beam specimen
at temperatures exceeding 1,000°C.

The specimen used was a cantilever beam coated on one

side with an enamel or glass. A typical specimen is illustrated in
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Figure 1. The specimen was clamped in the fixture as illustrated in
Figure 2. The air cylinder insured that a constant clamping pressure
was maintained on the root section of the specimen over the entire
temperature range. This fixture also allowed for thermal expansion
of the fixture and high temperature creep of the clamping bolts.

The force gage, mounted in series with the clamping
bolt and the air cylinder, was used to measure the response of the
specimen. The force gage was well removed from the high temperature
environment.

An electromagnetic transducer was used to excite the
specimen., This transducer was specially designed to operate from
room temperature to at least 1,000°C. The design used a closed
loop cooling system incorporating a modified room air conditioner.
A block diagram of the apparatus and complete measuring system is
shown in Figure 3, and Figure 4 is a schematic of the transducer
cooling system.

The specimen and fixture were placed in the furnace
and heated to the desired temperature, usually above the annealing
temperature of the enamel. The cantilever beam specimen was excited
at its free end by a sinusoidally varying magnetic force induced

- i bl
M Tt e

by the electromagnetic transducer. A high Curie temperature cobalt
ﬁf disc was attached to the end of the beam to allow for excitation of
the nonmagnetic specimens. The frequency of oscillation was varied
until a resonance was detected. At resonance the shear force in
the beam reached a maximum and was measured by the dynamic force
gage. The force gage measured the variation of the shear force at
the root of the cantilever beam specimen,

2.2 CALCULATION OF DAMPING PROPERTIES

The damping characteristics of the coatings were determined
by measuring the vibration response of a composite cantilever beam
at varying temperatures over the viscoelastic range. It is assumed
that the enamel is a viscoelastic material; that is, the modulus
of the enamel can be treated as a complex quantity
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Figure 2. High Temperature Damping Test Apparatus.
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EB = 36 + 135 = 36 (1 + itané)
Ny = tané = EB/Eb

where Eb is the storage or Young's Modulus of the enamel and tané

is the ratio of the dissipative modulus, EB, to the storage modulus.
Consider the metal beam with an enamel coating on one side

as shown in Figure 5.

-|
THICKNESS (hp)

COATING DENSITY (Pp)

| BeamM—”

THICKNESS (h,)
DENSITY (#,)

Figure 5. Coated Oberst Test Beam

The formulas developed by Oberst [8] and used by many other
investigators were used to determine the damping properties of the
enamel as a function of frequency and temperature. These formulas

are:




1 + 2(E/E)) (hy/h))A + (Ep/E) 2 (h /m)

2
(mn/mln) (1+thD/h1pl) =

1+ (ED/E]_) (hD/hl) (1)
and
3 2 4
n__ (Bp/Ey) (hy/hy) [2842(E/E)) (hp/h))” + (E/E)) “(hp/hp) " -1
n, 2 4
2 [1+(ED/E1) (hD/hl)][1+2A(ED/E1)(hD/hl) + (ED/EI) (hD/hl) 1 (2)
where:
_ 2
A=2+ 3(hD/hl) + 2(hD/h1) . (3)
k| w, = natural frequency of the nth mode of the composite beam,
- ann, rad/sec
E, wy,= natural frequency of the nth mode of the metal beam,
. -.. 2nf, , rad/sec .
4 ! - in
ig hD = thickness of enamel coating applied to composite beam
r h1 = thickness of metal beam
1
;y Pp = density of enamel coating
-i Py = density of metal beam
: ED = real part of the modulus of enamel coating
, E, = Young's modulus of metal beam
' tan 6e = effective loss factor of composite beam (=n)
tan § = loss factor of enamel coating (= n,)
A The quantities of hD, hl' Ppr and ey are known and are assumed

to remain constant with temperature. The parameters, Whr  Wyp and
’

n are experimentally measured. The value of n is determined from

Aw Af _ ‘
nstan6e=—-&=—f—n- (4)
wn n
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where Afn is the bandwidth at the half-power points of the response
peak for the nth mode., The value of Elcan be determined from' the
measured response of the uncoated metal beam using

4 2 4
En = M0 Typ L /BT (5)

En = the eigen value corresponding to the nth mode and is a
constant, determined by the boundary conditions

bhl = the mass per unit length of the metal beam

Py
the length of the beam

t
(]

I = %5 bhi = the second moment of area of the metal beam

about its centerline.

The values of E: for beam with classical boundary conditions
are well known and can be found in reference[9]. Thus, from the
measured resonant frequencies of the coated and bare beams and the
measured composite loss factor, tan Ge' the damping properties of
the enamel can be determined as a function of temperature and
frequency.

The resonant frequencies and modal damping of five to six
modes of the coated beam, covering a frequency range of 100 Hz to
1,500 Hz, can usually be measured for each temperature. Thus, the
damping properties of the vitreous coating over a decade of frequency
at a given temperature can be easily and quickly determined.

11
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SECTION IIIX
RESULTS AND DISCUSSION

During the development of high temperature vibration damping
enamels, one of the primary goals has been to develop a better
understanding -of the effects of structure, composition, and ,
physical properties on the damping behavior of vitreous enamels.
In view of this goal, several experimental and theoretical investi-
gations were conducted. Those investigations can be broadly class-
ified as follows:

e Damping properties of new compositions;

e Relationship between the glass transition temperature
and the damping temperature;

o Effect of nucleation and crystallization on the
viscoelastic damping;

® Constrained layer damping with vitreous enamels.
3.1 DAMPING PROPERTIES OF NEW COMPOSITIONS

3.1.1 Mixed Alkali Glasses
As indicated in Section I, mixed alkali glasses

exhibit a characteristic damping peak at lower temperatures (100-200°C).
It has also been noted that some commercial glasses containing
mixed alkali exhibit intense and broad damping peaks. Therefore,
it was hypothesized that there is a relationship between the
viscoelastic damping and presence of mixed alkali in the composition.
In order to verify the hypothesis, an experiment was designed in
which alkali oxides were systematically varied. Properties of the
glasses, i.e., the thermal expansion, damping behavior, and their
thermal stability in the damping range were determined.. This

subsection describes the results of the experimental design on the
mixed alkali glasses and also recommends the future course of the
investigation.

Molar composition of the glasses and their properties
are summarized in Table 1. Compositions numbered 1 through 6 have
been obtained from the Lizo-Kzo-SiO2 system, The coefficient of

12




thermal expansion shows a linear increase as Lizo is replaced by
the Kzo, which is also graphically shown in Figure 6. The
coefficients of thermal expansion of L120-3s102 and K2-3Sio2
glasses are 53 x 10 7/°C and 140 x 10~ ’/°C respectively. There
is a slight variation in Tg; however, the dialtomeric softening
point exhibits a general decrease as the Li,0 is replaced by
K,0. These glasses also exhibited varying degrees of thermal

A et i s sl

stability. For example, the composition 1 becomes opaque after
the powdered frit was applied and vitrified on the metallic

substrate, Compositions 2 and 2A became opaque during the damping
measurements. Compositions 3, 3A, and 4 remained unchanged after
the damping measurements. General appearance of the glass com-
positions 2, 2A, 3, 3A, and 4 after damping measurements are shown
in Figure 7. Compositions 5 and 6 could not be successfully
applied on to the metallic substrate, possibly becaue of the

extreme hygroscopic nature of these compositions.
All compositions from the system LiZO-Nazo-SiO2
(7 through 11) exhibited unstable behavior during application and
damping measurements and therefore were dropped .
experimental investigation.

Reduced Temperature Nomograms for compositiomns 2, 3, and

4 are shown in Figures 8, 9, and 10 respectively, with experimental and
reduced data given in Tables 2, 3, and 4. Compesition 2 shows a broad

and relatively high loss factor as compared to compositions 3 and 4. 1In
order to make a direct comparison of loss factor of the three compositions,

Figure 11 exhibits a plot of the loss factor at 100 Hz versus temperature.
It is obvious that only a narrow compositional range

of the mixed alkali series exhibit stable glasses whose damping
properties could be satisfactorily determined. It appears that
the damping properties of these stable compositions are superior
than other multicomponent commerical compositions. However,
further investigations are needed to substantiate any relationship
between the presence of mixed alkali and viscoelastic damping.
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Figure 7. Appearance of the Glass Coatings After
Damping Measurements. MNumbers on the

Left Indicate Glass Composition.
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3.1.2 Fluoride Glass

This material was formulated and synthesized in our
laboratory and is different from other materials in the sense that
it develops two phase structure upon heat treatment. The beams
were coated using the standard plasma spray technique. Damping
data for the material before and after heat treatment are shown
in Figures 12 and 13 respectively. Before heat treatment, the
material exhibits a damping peak typical of many vitreous enamel
compositions (Figure 12). After heat treatment, the peak becomes
broader and the peak intensity decreases. This interesting
damping behavior of the material after heat treatment believed to

have resulted from the two phase structure.
3.1.3. Lead Silicate Compositions

Damping properties of several compositions from the PbO-
Sioz-Rzo system were evaluated. Table 5 shows the compositions of the
glasses as calculated from the batch ingredients. The table also shows
general characteristics of the glasses. It is noted that the incor-
poration of alkali oxide (RZO) in mixture rather than a single oxide
helps in stabilizing the glass as evidenced by compositions III, V,
Vi, IX, X, and XI.

Loss factors as a function of temperature of the seven

stable compositions from Table 5 are shnwn in Figures 14 through 20,

with experimental and reduced datagiven in Tables 6,7,8,9,10,11,and 12.

TABLE 5
COMPOSITIONS (PERCENT WEIGHT) OF LEAD SILICATE GLASSES
I I1 ITITI | IV A4 VI VII |[VITII| IX X XI
SiO2 49.02 45.9} 44.3(49.02|44.2)44.3(43.9143,9[44.3(44.344.3

PbO | 40.02 45.9| 44.3(49.02(44.344.3(43.9(43.9(44.3[44.3]44.3
K,0 1.96f =-- 1.7 == 1.7 -- 1.7 3.3] 1.7} 3.4 5.1

2
Na20 - 8.2l 8.0 1.96} 9.7 (11.4{ 7.2| 7.2} 6.3} 6.3] 6.3
Lizo - - 1.7 | == - - 3.3] 1.7| 3.4 1.7} --
Remarks

Devitrified
(Opacified)
Devitrified
Stable Glass
Devitrified
Stable Glass
Devitrified
Stable Glass
Stable Glass
Stable Glass
Stable Glass
Stable Glass
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Figure 12. Modal Damping from Fluoride Materal
(Number Superimposed on the Curves
Indicate Mode Number)
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3.1.4. Low Temperature Glasses

Six low melting materials were formulated for damping
measurements. Compositions of these materials are shown in Table 13.
Reduced nomograms for loss factor and loss modulus are shown in
Figure 21 through 30, with experimental and reduced data in Tables

12,13,14,15, and 16. As expected, these compositions exhibit peak
damping in the range of 600°F to 800°F (315°C to 427°C) All these
compositions exhibited slight tendency towards devitrification;
nonetheless, composition LT-3 appears to be the most stable composition.
Contrary to expectation, composition LT-5 shows decreased loss factor
and increased peak damping temperature as compared to LT-1 and LT-3.

It is most probable that there has been a greater degree of devitri-
fication in composition LT-5.

TABLE 13
COMPOSITIONS OF LOW TEMPERATURE GLASSES.

L .
} Ident. No. PbO PbF, 3203 2.0
f% LT-1 84.0 - 9.0 .
,? LT-2 80.4 3.6 9.0 7.0
n LT-3 76.4 7.2 9.0
y LT-4 73.2  10.8 9.0
5 LT-5 69.6 14.4 9.0 .
‘ LT-6 66.0 18.0 9.0 7.0

The composition LT-2 exhibited flat loss factor vs
frequency and temperature curves indicating that the composition
has completely crystallized during the measurement.

These low temperature compositions were designed to
cover the damping temperature range of 600°F to 800°F, which is

normally considered to be

the range of high temperature polymers.
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3.2 RELATIONSHIP BETWEEN THE DAMPING TEMPERATURE AND
GLASS TRANSITION TEMPERATURE

Figure 31 shows a plot of the maximum loss factor at 100 Hz
versus the glass transition temperature (Tg) of test matrix glasses
whose damping properties were reported earlier (10). The glass
transition temperatures for the compositions are also shown in
Table 192. It is obvious from the figure that there is a linear
relationship between the loss factor peak temperature and T .
Regression analysis of the data provided a relationship between the
damping peak temperature, Tn at 100 Hz and the glass transition
temperature as expressed by equation (6). The correlation coefficient
for this relationship is 0.96.

Tn = 166.02 + l.lOTg (6)
where: Tn and Tg are in °C.

The relationship is useful in predicting the damping peak
temperature if the glass transition temperature is known. This
suggests that the loss factor peak temperature Tn is determined

by the viscosity of the glass just as T _ corresponds to a given
viscosity (approximately 1013 poise). glso, increasing Tg indicates
general stiffening of the glass structure and, therefore, one can
expect a decrease in the Np peak height. However, an attempt to
correlate the Np peak height with the glass transition temperature
was not successful.

An estimate of the viscosity corresponding to the "p
peak temperature can be made because the viscosity-temperature
relationship of the Corning 0010 glass is known. Figure 32 shows
the viscosity-temperature relationship of the glass. The loss
factor peak temperature for the glass at 100 Hz is 650°C, which
corresponds to a viscosity of 107 poise. Similarly, at 1000 Hz,

6.5

the loss factor peak corresponds to a viscosity of 10 poise.

It is, therefore, noted that the observed damping occurs when7t2e
glass temperature is near the softening point (viscosity = 10 7).
Also, the damping temperature is about 200°C above the glass

transition temperature. The glass transition temperature of the
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TABLE 19
GLASS TRANSITION TEMPERATURES (Tg) OF TEST
MATRIX GLASS COMPOSITIONS

Specimen Number TgLC)
| M30 429
| M1 532
E M36 601
: M2 441
? M19 408
: M17 491
E M29 583
| M49 475
M32 568
M26 441
M12 496
M21 662
M35 466
M24 494
M11 489
M22 511
M14 447
M48 421
M5 456
M27 482
M4l 541
M31 466
M4 590 |
M45 491 i
M46 564 f
M6 447 Z
M7 431 :
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Figure 32. Log Viscosity Versus 1/T for Corning 0010 Glass
(viscosity in poise).
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Corning 0010 glass is approximately 430°C. At the damping
temperature, the glass can be characterized as a viscous,
rather than a viscoelastic, material.

3.3 EFFECT OF NUCLEATION AND CRYSTALLIZATION ON THE
VISCOELASTIC DAMPING

In the previous section, it has been shown that the
6

viscosity of the vitreous enamel ranges from 10 to 107 poise in
the damping range. The viscosity range is favorable for processes
like nucleation and crystallization. It has also been observed
that when a vitreous enamel is aged in the damping range, generally
there is a reduction in the loss factor (Q-l). The structural
mechanisms leading to the reduction are not understood. It has
been hypothesized that the reductions is related to the devitri-

i fication, but no experimental data exist to support this hypothesis.
In view of this lack of understanding of the effects of thermal

aging on the damping properties, this work was undertaken.

b

| Figure 33 illustrates a typical viscosity versus temperature

iﬁ relationship for silicate glasses. The viscoelastice damping

5? range is indicated by a shaded area in the figure. Included

;f schematically in the figure are nucleation and growth rate curves
Qf for silicate glasses. It should be noted that the damping range
‘% approximately coincides with the crystal growth range. A glass

coating containing nucleating sites would be expected to
crystallize in the damping range. This assumption can be justified
if the real situation is examined. These vitreous enamel coatings
are generally applied on superalloys substrates. Diffusion of the
metallic ions into the coating can enhance the nucleation and
growth processes. Prolonged exposure of the coating in the
damping range would be expected to transform the vitreous enamel
coating into a crystalline coating. A consequence of the trans-
formation would be a significant change in the damping properties.
In view of the background provided above, two glass compo- ;
sitions were thermally aged in the damping temperature range.
Their damping properties and microstructural development were




characterized as a function of heat treatment time. Optical

microscope, scanning electron nicroscope (SEM), and x-ray
diffraction were the primary analytical tools for microstructural
characterization.

Compositions of the two glasses designated as A and B with
the heat treatment conditions are shown in Table 20, Composition
A is A1203 free, whereas composition B contains 5.70 percent A1203.
Heat treatment temperatures approximately correspond to the
respective peak damping temperatures. Heat treatment times were
arbitrarily chosen.

TABLE 20
COMPOSTIONS IN WEIGHT PERCENT

Heat Treatment Heat Treatment
A Conditions B Conditions
Sio2 74.65 | at 760°C 70.40 at 815°C
A1203 - I no heat treatment 5.70 I no heat treatment
Na, 0 12.78 II 100 hours 12.05 II 112 hours
Cao 10.77 III 314 hours 10.15 III 309 hours
Co0 1.80 1.70

The loss factor of these glasses as a function of temperature
and heat treatment are shown in Figures 34 and 35. The loss factor
decreased with increasing heat treatment time near the peak damping
for both compositions. Composition B, in general, has a lower loss
factor than composition A. This can be explained on the basis of
the A1203 concentration in the glass. It has been shown that the
addition of A1203 decreases the loss factor (6) significantly.

T K A AR e | T
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Figure 36 shows the optical micrographs of the enamel-metal
interface of "as-fired" and "heat treated" (112 hours at 815°F
or 435°C) specimens obtained from composition B. Both specimens
exhibited seeds and bubbles at the interface. No crystalline phase
or microstructure was present in the as-fired enamel coating.
However, after the heat treatment, a crystalline phase in the ‘
vitreous enamel coating appeared. The crystalline phase was f
noted to or:ginate from the seeds and bubbles in most instances,
and appears in the micrograph as elongated needles. There was
also a marked variation in the grain sized distribution of the
metal at the interface. It appears that the metallic grains at
the interface have been fragmented into smaller sizes due to
chemical reaction with the vitreous enamel coating. The fragmen-
tation of the metallic grain is much more pronounced after heat
i treatment (Figure 36b).
i The evidence of crystallization from the optical micro-
scopy and possibility of glass-metal interaction at the interface

e et

! promoted further microscopic examination. Several specimens were
examined under SEM and the observations are decribed in the
following paragraphs.

e

Figures 37 shows the glass-metal interface for composition A
after various heat treatments. All these micrographs have similar
magnification. It should be noted that the fragmentation of the
metallic grains at the interface increases with increasing heat
treatment time. Also the degree of crystullization of the vitreous
; enamel coating increases with progressive heat treatment. No

AT e

change in the size and distribution of the pores at the interface
was noted.
Figure 38 shows morphology of the vitreous enamel coating "A"
at varying magnifications after a heat treatment of 100 hours. The
appearance of crystals of hexagonal habit can be noted in
micrographs 38b and 38c. ’
Figure 39 demonstrates the microstructure of the vitreous
enamel coating "A" at varying magnifications after 314 hours of
heat treatment. As expected, the degree of crystallinity has
increased when compared to the 100 hour specimen (Figure 38a, 38b, 38c).




Figure 40 shows the metal-glass interface for composition
"B" as a function of heat treatment time. Fragmentation of the
metallic grains at the interface is similar to the one observed in
Figure 37. There is no evidence of crystallinity in the vitreous
enamel coating in the as-fired specimen (Figure 40a). After heat
treatment the coating crystallized as evidenced by micrographs
40b and 40c.

Figure 41 shows the enamel coating for the composition "B"
at various magnifications after heat treatment for 112 hours.
All three micrographs show the existence of a predominately glassy
phase. After heat treatment for 309 hours, there is a significant
increase in the degree of crystallinity, as shown in Figﬁre 42,
However, in this case, characteristics of the crystals appear to
be different from those of the composition "A" for similar heat
treatment (Figure 39). The crystalline phase is present as
elongated needles rather than in a hexagonal habit.

The crystalline phases for both compositions which appeared
after heat treatment were identified by x-ray diffraction. Table 21
summarizes the x-ray diffraction results. After heat treatment,
composition "A" developed a-quartz and devitrite (Na20-3Ca0~GSi02)
crystals; a-quartz being the major crystalline phase. The hexa-
gonal crystals shown in Figures 38 and 39 can now be identified as
a-quartz. After heat treatments of composition "B", a-cristobalite
and devitrite (Na20°3CaO-GSioz) appear as crystalline phases;
a-cristobalite being the major crystalline phase. The elongated
crystals observed in Figure 42 are therefore a-cristobalite.

Prolonged heat treatment of the vitreous enamel coatings
"A" and "B" in the viscoelastic range progressively reduced the
loss factors as shown in Figures 2 and 3. Microstructural analysis
by optical microscopy, SEM, and x-ray diffraction revealed
crystallization of the coatings. The degree of crystallinity for
both compositions was related to the heat treatment time. It is
suggested that the crystallization of the glass coatings is
primarily responsible for the reduced loss factor. This suggestion
can further be justified by considering the fundamental origin of
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(a)

Glass

®
Figure 36. Optical Micrographs: (a) As Fired Specimen
L (150X); (b) Heat Treated for 112 Hours at
1,500°F (150X).
]
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(a) As Fired
(1000X)

(b) At 100 Hours
(1000X)

Figure 37. Glass-Metal Interface for Composition "A"
After Various Heat Treatments (continued).
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(c) At 314 Hours
{1000X)

Figure 37. Glass-Metal Interface for Composition "A"
After Various Heat Treatments (concluded).




(a) 100X
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" (b) 300X ’
I

- Figure 38. Morphology of Vitreous Enamel Coating "A"
After Heat Treatment of 100 Hours (continued).
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(c) 1000X

Figure 38. Morphology of Vitreous Enamel Coating "A" .
After Heat Treatment of 100 Hours (concluded).
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(b) 300X

Figure 39. Microstructure of Vitreous Enamel "A" After {
314 Hours of Heat Treatment (continued).
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Figure 39. Microstructure of Vitreous Enamel "A" After

314 Hours of Heat Treatment (concluded).
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(a) As Fired
(1000X)

{b) At 112 Hours
(1000X)

Figure 40. Metal-Glass Interface for Composition "B"
as a Function of Heat Treatment Time (continued).

78




(c) At 309 Hours
(1000X)

Figure 40. Metal-Glass Interface for Composition "B"
as a Function of HEat Treatment Time (concluded).
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Figure 41. Enamel Coating "B" at Various Magnifications
After Heat Treatment for 112 Hours(continued).
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. . Figure 41. Enamel Coating "B" at Various Magnifications
. After Heat Treatment for 112 Hours {(concluded).
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(a) 100X

(b) 300X

Figure 42. Enamel Coating "B" at Various Magnification
After Heat Treatment for 309 Hours (continued).

82




(c) 1lo000X
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. Figure 42. Enamel Coating "B" at Various Magnifications
. . After Heat Treatment for 309 Hours (concluded).




TABLE 21

CRYSTALLINE PHASES AFTER VARIOUS HEAT TREATMENTS

Compositions Heat Treatment Crystalline Phases
A I as fired no crystalline phase
IT heat treated at major. - a-quartz
760°C for 100 minor - devitrite
hours
IIT heat treated at major = a=-quartz
760°C for 314 minor - devitrite
hours
B I as fired no crystalline phase
II heat treated at major - a-cristobalitef
815°C for 112 minor - possibly
hours devitrite and mullite
- III heat treated at major - a=-cristobalitg

815°C for 309
hours

minor - possibly
devitrite

a=-quartz - hexagonal
a-cristobalite - tetragonal
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the viscoelastic damping. The viscoelastic damping originates
from the vitreous nature of a material in the proper viscosity
range. Any deviation from the vitreous nature would affect the
damping properties. Crystallization of the coating is such a
deviation where the amount of a vitreous material is progressively
reduced. Number of relaxation units and sites which give rise

to the damping are directly proportional to the amount of vitreous
material in the coating. Crystallization reduces the number of
relaxation units and sites and therefore the loss factor.

One would expect a shift in the loss factor peak temperatures
of Figures 34 and 35 with progressive crystallization. With
crystallization the viscosity of the residual glass would change
and therefore shift the damping peak. No shift in the peak
temperatures would indicate that the viscosity of the residual
glass was similar to the parent glass. Compositions used in this
investigation provide such a situation. During crystallization
crystalline SiO, (a-quartz and cristobalite were major phases for
both compositions) precipitate thereby making the residual glass
richer in Nazo and Cao0. Nazo would make the glass softer whereas
Ca0 has the opposite effect and the overall effect being neutral.
No shift in the loss factor peak temperatures (Figures 33 and 34)
suggest a neutral effect of the crystallization on the viscosity.

The general observation on the microstructural development
suggests that increasing heat treatment or aging time leads to a
progressive increase in the crystallinity of the vitreous enamel
coating. There is also a significant microstructural change of
the metallic substrate microstructure. These two processes
independently or in combination alter the damping properties.
However, it is well known that metals have much lower damping than
the vitreous enamel at these temperatures, and any microstructural
change 9n the metallic substrate would not be expected to influence
the damping properties significantly. Therefore, the variations
in the damping data (as showa in Figures 34 and 35) must be related
to the microstructural change in the vitreous enamel coating. This '
leads to the conclusion that the reduction in damping capacity of
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the enamel coating is related to the increasing degree of crystal-
linity. This does not mean that vitreous enamel coatings cannot
be used as a vibration damping material. However, care must be
taken when developing and utilizing enamel compositions in view of
the fact that the conditions during the viscoelastic damping are
favorable for nucleation and growth processes.

3.4. CONSTRAINED LAYER DAMPING WITH VITREOUS ENAMEL

For many years, vitreous enamels have been known to exhibit
high loss modulus in the transition range. As a result, many of the
research and application efforts to date that have utilized vitreous
enamels as vibration damping materials have been directed toward
free layer damping designs. In previous publications (6, 11, and 12),
the viscosity temperature relationship of a vitreous enamel in the
damping range and its influence on the damping properties had been
discussed. Areas of concern have developed after consideration of
viscosity within the damping range and practical application. Some
areas of condern are; flow under gravity and centrifugal force,
weathering and reaction with atmospheric gases, and volatilization
of components from the vitreous enamel. All of these potential
problems can be controlled by applying a protective layer over the
damping material. A protective layer over an enamel damping layer
has been used successfully in several applications (2, 3, and 13).
In cases where a protective layer was needed, an interesting phenomenon
was recorded. Enamel damping materials in a constrained layer damping
design exhibited an increased temperature range of effective system
damping in contrast to a free layer damping system. In addition to
this gain, the handling of vitreous enamel constraining layer damping
designs would be less cumbersome as the enamel could be coated onto

a constraining layer of desired size and shape. The enamel could

then be soldered or spot welded into place. Several constrained

layer vitreous enamel treatments were evaluated both to better view
their advantages and to determine the mechanism involved. This section
| discusses the results and mechanisms involved in the vitreous enamel

constrained layer damping treatment.
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The damping material used in this experiment was Corning
composition 1990*. The 1990 was applied to: 1) test beams in
partial and full coverage (see Figure 43); and 2) iron and stainless
steel foils. All foil applications were done using the plasma
spray technique. The coated constraining layers were welded onto
cantilever beams. A photograph of the coated iron foil and the
composite beam is shown in Figure 44. The damping of the four
composite beams was determined using the standard resonant beam
technique described in Reference . The experimental results are
presented in Table 22. Modal loss factors were determined by the
half power bandwidth method. Verification test measurements were
carried out on the free layer and iron constrained specimens.
Reproducibility was excellent at lower temperatures. At high temp-
eratures (above 700°C), there were minor discrepancies which are
believed to be related to the devitrification of the vitreous enamel.
Oxidation of the iron foil was noted during the damping tests at
elevated temperature. The stainless steel foil exhibited little or
no oxidation under similar conditions.

The modal loss factor versus temperature plots for a free
layer damping treatment, a constrained layer damping treatment, and
the bare beam itself, are shown in Figure 45. The free layer
treatment shows a loss factor of .018 at 480°C, whereas the
constrained layer treatment exhibits a loss factor of .0318 at 710°C.
The temperature range where the modal loss factor_(ns) is above .01
for the free layer treatment is 440°C to 525°C. The constrained layer
treatment has Ng of .01 from 475°C to 850°C where the experiment was
terminated. The temperature range of effective damping for the
constrained layer treatment is of significant interest. Aalthough a
broadening of the modal damping peak with the constrained layer
polymer materials is anticipated, a peak broadening which extends
several hundred degrees centigrade is unusual. Analysis of the
origin of broadness will be discussed in detail in the following
paragraphs.

Like the polymeric materials, vitreous enamels span three
distinct modulus regions with increasing temperature. However,
unlike the polymeric materials which have a rubbery region above

*5102-41, LiZO-Z, Na20-5, R20-12, PbO-40
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TABLE 22
EXPERIMENTAL TEST MATRIX

Beam Configuration | Damping |Constraining {Maximum [Temperature
Material Layer System |Range Where
Thickness | Thickness n ng 2 .01

Free layer beam .031 cm c——— .028 427°=-538°C

full coated

Free layer beam .031 em -—-- 019 | 432°-s24°c

partially coated

Iron constrained .023 cm .013 em | .032 480°->840°C

layer beam

Stainless steel .028 cm .013 cm | .0SS 470°->850°C

constrained
layer beam




Tg, the vitreous enamel becomes a ligquid when heated above Tg. A
typical modulus and loss factor versus temperature plot for a

‘viscoelastic material is illustrated in Figure 46. Region I is

the design range for a free layer damping treatment. Region II is

- the design range for a constrained layer damping treatment. The

mechanisms of damping for these two regions are well understood.

In polymeric materials, Region III is the rubbery region and is the
design region for tuned viscoelastic dampers. A proposed mechanism
in enamels above Tg follows.

The broad damping peak of the constrained layer system shown
in Figure 45 covers all three regions. The addition of a constraining
layer to a free layer damping material should result in a decreased
effectiveness of the damping system in the temperature region of
Figure 46 as a result of the reduction in extensional deformation
in the damping material. This is demonstrated in the test results
in Figure 45. The free layer effectivenees is reduced, but the
materila loss modulus is sufficiently high to contribute significant
damping at approximately 475°C. As the temperature continues to
increase, the material loss factor and modulus begin to decrease.
Ordinarily, this would result in decreased system damping as shown
in the free layer curve in Figure 45; however, a new phenomenon now
takes control of the damping. As the modulus begins to drop, signif-
icant shear caused by the constraining layer begins to be established
in the damping layer. As a result, the system damping continues to
increase with temperature to a peak value. This damping trend
continues throughout the temperature range of the experiment. A
review of the characteristics of vitreous enamels above Tg sheds
light on this phenomenon.

Most of the vitreous enamels behave like Newtonian liquid
at temperature beyond the glass transition range. The static
viscosity of the enamel decreases continuously as the temperature
is increased. The static viscosity for the Corning 1990 glass in
the temperature range of interest exhibits typical behavior and is
shown in Figure 47, The rate of decrease is higher at lower temper-
atures than those at the high temperatures.
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Pigure 44, (A) Vitreous enamel coated iron foil. i
. (B) Spot welded iron foil on beam.
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Figure 45. Loss Factor Versus Temperature Comparison
for Undamped, Free Layer Damped, and
Constrained Layer Damped.
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Figure 46. Typical Temperature Dependence of Polymer
Viscoelasticity.
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Plots of log % and experimentally determined log ng are
shown in Figure 48. There is a good correlation between the
measured Ng and the calculated
lower temperatures (up to 700°C

for the constrained system at

~ |3

. Table 23 gives values of % at
various temperatures.

A minimum for the modal loss factor of the constrained
layer system that is centered around 790°C can be seen in Figure 45.
The second measurement of a similar constrained layer specimen did
not reproduce the minimum. Only speculative explanation can be
provided for this behaviof as further characterization continues.
Two possible explanations for the behavior are possible. Any
defect arising from the spot welding of the enamel coated iron
foil could contribute to the unexpected damping behavior. Also,
it is known that the crystallization of the vitreous enamel cbating
decreases the loss factor (3). The temperature at which the
minimum occurs might correspond to the liquidus temperature of the
enamel. The rate and degree of crystallization of a vitreous
material increase as the liquidus temperature is reached and the
increased crystallization rate would adversely affect the loss
factor. Beyond the liquidus temperature, the crystallites
redissolve and the enamel becomes again a homogeneous 1liquid giving
rise to an increased damping. It is hoped that further studies
would clarify this high temperature behavior of the vitreous enamel.

The damping effectiveness and the temperature profile of
a constrained layer damping system are dependent on the damping
material thickness and the constraining layer stiffness. These
typical effects are shown for enamel constrained layer systems
in Figure 49 for the iron-constrained and steel-constrained layer
damping treatments. At lower temperatures (400-700°C), both the
iron- and steel-constrained specimens exhibit similar damping
trends which agree with the proposed theory. Nonetheless, at
temperatures beyond 700°C, a difference in the damping behavior is
noted. Whether to attribute - this behavior to the differences in
the elastic properties of the two constraining layers or to other
conditions including crystallization of the vitreous enamel
discussed earlier remains a matter for further investigation.
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TABLE 23
% AT VARIOUS TSMPERATURES

Temperature °C % (Poise™l)
10 -14
10712

400 4.61
450 8.a3
500 3.19
550 13.06
600 | 3.33
650 11.91
700 4.12
7%0 10.69
800 18.23

10=10

10”9
10~?
10~8
10~8
10~8

B X X X M X K K N
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CONCLUSIONS

[

From the results presented in the previous section, the
. following conclusions can be drawn.

(1) New compositions such as mixed alkali, lead silicate and
low temperature glasses exhibited the characteristic damping
, properties in the viscoelastic range. The damping temperatures
and the peak intensities were composition dependent. The fluoride
] composition initially showed a typical vitreous enamel damping
peak; however, after a heat treatment significant broadening of
i : the damping was noted. It was suggested that the broadening of

the damping peak appears to be related to a precipitation phenomenon
of a second phase during the heat treatment.

(2) It has been shown that there is a linear relationship

| between the glass transition temperature and the damping temperature.
‘ This suggests that the damping temperature is directly related to
the viscosity. The viscoelastic damping occurs at a temperature

{ { near the softening point and corresponds to a viscosity range of
106 - 107 poise.

K ehbap s s
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(3) The viscosity range 106 - 107 was found to be favorable

for processes like nucleation and crystallization. Effects of
nucleation and crystallization on the damping properties were
studied for two soda~lime-silica type of composition. Progressive
increase in the crystallinity decreased the loss factor of the

two compositions and it was determined that the nucleation and
crystallization have an adverse effect on the loss factor.
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(4) It has been demonstrated that the concept of constrained
layer damping is feasible and promising. The constraining layer
smeared the free layer damping peak in such a fashion that the
structural damping increased from a low value to a peak with

increasing temperature and remained at the peak value even at
temperatures over 800°C.
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