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Abstract

Dynamic modulus and damping capacity property data were measured
from 20° to over 500° C for unidirectional B/Al (1100), B/Al (6061),
B/SiC/Al (6061), Al,O,/Al, SiC/Ti-6A1-4V, and SiC/Ti composites. The
measurements were made under vacuum by the forced vibration of compos-
ite bars at free-free flexural resonance near 2000 Hz and at strain ampli-
tudes below 10'6. Whereas little variation was observed in the dynamic
moduli of specimens with approximately the same fiber content (50%), the
damping of B/Al composites was found at all temperatures to be signifi-
cantly greater than the damping of the A1203/A.1 and SiC/Ti composites.
Because this modulus and damping behavior could be explained very well by
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composite theory based on constituent phase properties. it follows that
phase and composite dynamic properties can now be predicted for test con-
ditions not covered in this study. For those few gituations where slight
deviations from theory were observed, the dynamic data were examined for
information concerning microstructural changes induced by composite fab-
rication and thermal treatment. Thus, the 270° C damping peak observed
in B/Al (6061) composites after heat treatment above 460° C appears to be
the result of a change in the 6061 aluminum alloy microstructure induced
by interaction with the boron fibers. The growth characteristics of the b
damping peak suggest its possible value for monitoring fiber strength deg-

ration caused by excess thermal treatment during B/Al (6061) fabrication

and use.



Introduction

As discussed by Lazan (1), studies of the dynamic modulus and damp-
ing of structural materials can provide valuable information in the areas of
engineering, materials science, and nondestructive evaluation. In the
engineering area, dynamic property data are required to understand and
predict the inirinsic mechanical response of a material under vibratory
and impact loading. In the materials science area, the damping property
is an effective scientific tcol for monitoring a material's microstructure
through the time-dependent deformation mechanisms operating within it.

In the nondestructive evaluation (NDE) area, the dynamic characteristics
can yield information concerning microstructure responsible for significant
guasi-static mechanical properties such as tensile strength. It was, in
fact, with the goal of obtaining information in all three areas that a survey
study was initiated to measure the dynamic response of selected composite
materials. In this paper we report dynamic property data for as-fabricated
and heat-treated unidirectional aluminum and titanium matrix composites
tested under vacuum from 20° to over 500° C. These baseline data were
measured near 2000 Hz in the strain amplitude-independent region beiow
10’6. The composite systems studied were selected because their struc-
tural app ation is of current aerospace interest, for example, for fan or
compressor blades, and because their dynamic behavior would elucidate
some significant fundamental diffc rences in the mechanical behavior of the
constituent phases. These phases included various alloy matrices and
various types of fiber reinforcement such as boron (B), silicon carbide-
coated boron (B/SiC), alumina (A1203), and silicon carbide (SiC) fibers.
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Besides the gathering of dynamic property data, another prime objec-
tive of this study was to verify that these data were predictable from com-
posite theory and the dynamic properties of the fiber and matrix phases.

If composite theory were found applicable, it should then be possible to
predict dynamic response for conditions not covered in the test, such as
other fiber volume fractions and stress application times (i.e., vibration
frequencies). A secondary objective was to search for any differences be-
tween data and theory which could be attributed to microstructural or
macrostructural changes induced by the fabrication and heat treatment
conditions. If these changes could be correlated with a mechanical property
such as composite strength, the dynamic data might then be exploited for
their NDE value. For the tested aluminum and titanium matrix composites,
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it will be shown that the majority of the dynamic data were predictable from
composite theory and that wherever slight deviations from theory occurred,
important microstructural and NDE information could be extracted.

Experimental

Property Measurement

The apparatus employed for measuring the low strain dynamic modulus
and damping of composite materials from -200° to over 500° C is described
in detail elsewhere (2). For this paper the basic test method consisted of
the forced flexural vibration of a long composite bar at its fundamental free-
free resonant mode in a high vacuum furnace (<10°b torr). Because the
test objective was to determine properties as a function of temperature,
the effects of in-situ high vacuum heat treatment could also be examined.
The specimens were cut from thin composite panels into rectangular parel-
lelepipeds with nominal dimensions of 2- by 10~ by 100 mm. Specimen
support was maintained by four pins located along the specimen length at
the two nodes for fundamental resonance which occurred between 1200 and
2200 Hz for the specimens of this study. Vibration drive and detection
were achieved electrostatically by two capacitor-type electrodes positioned
at convenient antinodes. Because of the low electrostatic forces, vibra-
tional strain amplitudes did not exceed 1076, During warm-up and cool-
down runs at a typical rate of i C/min, temperatures measured by a ther-
mocouple at a pin tip were determined to be within +2° C of the true speci-
men temperature. For this work, specimen resonance during thermal cy-
cling was automatically maintained by an electronic closed loop. This ad-
vantageous self-drive feature was accomplished by inserting a constant out-
put log amplifier and a variable attenuator between the detector lock-in
amplifier and the drive audio amplifier.

The flexural dynamic storage Young's modulus EB (hereafter referred
to simply as dynamic modulus) was calculated from the specimen dimen-
sions and the experimental drive frequency w/2m required for resonance
(maximum vibrational displacement). In particular

2 3
EB:-——12w E(l) (1)
b2 w \h

where b is a constant and m, h, w, and ( are the specimen mass,
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thickness, widt.,, and length, respectively. For (/h > 100 and fundamen-
tal resonance, b = 22.37. For (/h <100, the b value is smaller but pre-
dictable from specimen dimensions (2, 3). Due to the low matrix moduli
and finite number of plies N for the composite specimens, Ep was slight-
ly less than the dynamic modulus one would measure, for example, by pure
longitudinal waves along the specimen length. However, it can be shown (2)
that for typical unidirectional composites, this modulus difference is less
than 1 percent when N = 8. Since this was the case for the composites of
this study, it was assumed that the calculated Ep was equivalent to the
dynamic axial modulus E,, or tothe dynamic transverse modulus E,,
depending, respectively, on whether the fibers were parallel (axial mode)
or perpendicular (transverse mode) to the specimen length.

The damping capacity ¢ of a material is a measure of intrinsic me-
chanical energy losses that occur during vibratory motion. These losses
are a consequence of microstructural deformation mechanisms whose dy-
namic stress-strain curves are characteristically hysteretic. Some mech-
anisms such as dislocation unpinning produce losses which are independent
of vibration frequency but increase strongly with vibration strain amplitude;
whereas other mechanisms such as dislocation and grain-boundary relaxa-
tion produce losses which vary with frequency but are generally amplitude-
independent or anelastic (4). In this study the sum total of all hysteretic
losses was measured by oscilloscope photographs of the freely decaying de-
tector signal obtained by disconnecting the drive voltage. It was observed
that at strain amplitudes below 107% an decays were exponential with decay
time constants independent of initial strain amplitude (linear anelasticity).
For this reason, ) which is defined as AW/W, the relative amount of
stored energy lost per cycle, was calculated from

4mIn(s, /S,)
_ AW 1/ -2
y==-—a= @)
W w(t2 - t].)
where Sl and S, are the detector envelope signals at times t and t,,

respectively. Because the § measurement was made in high vacuum,
essentially all damping could be attributed to intrinsic losses. Apparatus
losses and thermoelastic losses (cf. Appendix) were estimated to contribute
less than 0.0003 to the § value. Absolute error in the damping measure-
ment was estimated at less than 5.
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Specimens

Tables 1 and 2 list relevant physical data for the composite specimens
and their constituent phases, respectively. A bulk 6061 aluminum alloy
specimen was also studied for calibration and control purposes. All com-
posite specimens except A1203/A1 were cut with a diamond wheel from
8 or 16 ply composite panels manufactured by the high temperature diffu-
sion bonding of monolayers. The bonding temperature was 460°:5° C for
all TRW boron/aluminum specimens (12) but was unknown for the other
specimens. A vacuum infiltration technique was employed for fabrication
of the A1203/Al specimen (6). Fiber volume fractions vy were deter-
mined both by fiber count and by density considerations.

Results and Discussion

Dynamic Modulus

The E;, and E,, values measured at 22° C for the as-fabricated
specimens are listed in Table 3. The absolute error of ~4% arises for the
most part from two experimental problems. First, the thicknesses of
specimens cut from composite panels were found to be nonuniform, exhibit-
ing variations of as much as 6% along the specimen length. To account for
this problem in the moduli calculations two thickness values were used: h
the average thickness as measured by micrometer and h* the effective
thickness calculated from specimen volume as measured by hydrostatic
weighing. Generally, h was greater than h* by less than 19 due perhaps
to thickness undulations created by fibers just below the surface. A second
problem was that most specimens vibrated at two fundamental resonant
modes close in frequency (Aw/2m= 30 Hz). Although introducing some un-
certainty in the modulus data, the two modes differed in amplitude by a fac-
tor of 10 or greater (same drive force) so that no beating effects were ob-
served in the damping data. The source of this double mode was unknown
but may have been caused by slight inaccuracies in placement of the pin sup-
ports at the two vibrational nodes. The moding effect was not limited to the

composite specimens as it was observed to be the prime error source for the

modulus data of the calibration 6061 aluminum bar,

To determine whether the Table 3 results were predictable from com-
posite theory, calculations of theoretical dynamic moduli were made using
the complex modulus approach in the manner described by Hashin (13).
For axial vibrations one finds that the rule-of-mixtures (ROM) predicts
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Eyr = ViB * VP 3)
where v is volume fraction, E is dynamic modulus, and the subscripts

f and m refer to the fiber and matrix phases, respectively. For trans-
verse vibrations, the Halpin-Tsai approximate equation predicts that

Eyy = Em(H/J) 4)

where
H=(1+ ;'vf)Ef + E(l - vf)Em

d = (1 - vf)Ef + (g + Vf)Em

and the ¢ parameter is a measure of reinforcement which depends on
boundary conditions (14). The predictions of the abuve equations which
were derived under the assumption of low damping and modulus isotropy
for each phase are shown in Table 3. These calculations employed the
moduli data of Table 2 plus a ¢ value of 2. This value was based on the
observance that the fiber packing geometry for the transverse specimens
was best approximated by a square array (14). The errors in the theoret-
ical moduli of Table 3 are due both to the variation in moduli for the con-
stituent phases (cf. Table 2) and to the experimental errors in the volume
fraction decerminations (cf. Table 3).

Comparing the experimental and theoretical data of Table 3, one finds
good agreement between measured and predicted room temperature moduli.
This result confirms both the predictive accuracy of Eqs. (3) and (4) and
the experimental accuracy of the modulus measurement technique. This
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being the case, it would appear then that if experimental errors were re-
duced, the composite modulus measurement could be employed to accu-
rately determine the average dynamic modulus of a large group of fibers.
Along these lines, the Table 3 results suggest in general that the average
dynamic modulus for B/SiC is somewhat higher than the Table 2 value,
whereas the B, AIZO. , and SiC moduli of Table 2 are fairly accurate. How-
ever, differences on the low side are also apparent, for example, in the two
Avco B/Al (6061) specimens from the same panel and the NASA SiC/Ti -
specimen. The implication of lower fiber moduli for these composites may
be a geometry effect created by internal variation in fiber alignment, a real
fiber modulus effect created by differences in fiber fabrication techniques,
or an interfacial effect created by poor fiber-matrix bonding within these




specimens. Confirmation of this last effect would give additional value to
the dynamic modulus measurement for the detection of flaws in composite
macrostructure. For this study, however, experimental modulus errors
plus the unknown variation in fiber moduli and alignment preclude any defi-
nite conclusions concerning integrity of interfacial bonding within the as-
fabricated composites.

Heat treatment and thermal cycling effects were studied by slowly
warming to various temperatures, remaining at these temperatures from
10 to 60 minutes, and then furnace cooling down to room temperature. For
all but one specimen no frequency shifts outside the double mode range
were observed after one to four thermal cycles up to 550° C. The only ex-
ception to this constant modulus behavior was the Avco B/Al (6061) axial
specimen whose modulus dropped 6% after two cycles to 4150° C. Since
Table 3 indicates an apparently low modulus for this specimen in the as-
fabricated condition, the cycling effect suggests further deterioration of an
originally poor interfacial bond.

Regarding temperature dependence of the composite moduii, it was
convenient to calculate the dynamic modulus ratio Ry defined as E X(T)/
Ex(22° C). The property R:\ can be measured quite accurately because it
eliminates both the dimcusional and double resonance problems inherent in
the absolute moduli calculations. From Eq. (1), Ry for axial specimens
is given as

; ‘ 3 -
5 oafong POt oy aT) : g
1 1 0 ) ]
W(Z?- C) , ‘s -~
(1 + ayy AT) =)
where AT =T - 22° C and Gy and @yy are the average coefficients for
composite axial and transverse thermal expansion, respectively. Likewise,
R22 for transverse specimens is
2
Ryy = | —43 = (6)
w(22” C)] (1 + a1y AT)
=]

Expansion coefficients employed to obtain Ry, and Ry, are listed in
Table 4. For the B/Al specimens, no significant effects due to matrix
alloy or SiC fiber coating could be detected in the R, and Ry, results.
These combined data are shown in Fig. 1 with the R, measured for the



calibration 6061 aluminum bar and the Ry measured for a typical boron
fiber near 2000 Hz. Actual data points are not shown because they were
taken less than 10° C apart with an average error in R of less than +0.003.
Figure 2 compares the Ry, data for the Al,0,/Al and two SiC/Ti speci-
mens with literature data for SiC and bulk Ti-6Al1-4V.

Examination of the Figs. 1 and 2 data reveals that in contrast to the
Al,0, and SiC composites, the B/Al moduli show a nonlinear dependence
on temperature. This effect is clearly caused by the nonlinear behavior of
the boron fiber and aluminum matrix which both begin to show measurable
anelasticity in this temperature range. Such nonlinear behavior is not seen
in Fig. 2 because the AlL,0, and SiC fibers which dominate axial deforma-
tion deform elastically at these temperatures. Another fact to be observed
in Figs. 1 and 2 is that the R data are in qualitative agreement with com-
posite theory, that is, R, <Ry < Ru < Ry. Considering the high accuracy
of these data, it was ol interest to determine whether quantitative agree-
ment also existed.

For the axial Rll results one can employ the rule-of-mixtures Eq. (3)
in the form

v E? v_ E°

== i m m
Rll_ 10 HT* E° Rm ()

13 11

where the superscript o refers to 22° C values. The effects of thermal
expansion on volume fraction can be calculated from

vf(T) v?[l -2 AT‘“".!?. - un)] ' (8)

When the single phase results for Ry and R~ were inserted into Eq. (7),
the calculated Ru versus temperature curves for both the B/Al and
SiC/Ti specimens were found to be somewhat higher than the experimental
curves. This result was interpreted as an indication that the Rm for the
bulk specimen did not represent the modulus behavior of the matrix. Under
this assumption effective Rl‘n curves for the matrices were calculated
from Eq. (7) and the Ry and Ry data. The resulting curves for the
aluminum and titanium alloy matrices are shown by the dashed lines of
Figs. 1 and 2, respectively. Although a physical model for l{r‘“ <R, has
yet to be determined, an independent calculation of the aluminum R, using
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Roo and R¢ data was found to yield the same result as indi_ated by the
open points of Fig. 1. Therefore, at least for high fiber volume fraction
composites, it appears that the R;xx curves are the appropriate curves for
cdetermining matrix moduli dependence on temperature.

Summarizing the practical aspects of the modulus results, one can
conclude that the rule-of-mixtures and Halpin-Tsai equations can be em-
ployed to predict axial and transverse dynamic moduli, respectively, for
the unidirectional aluminum and titanium matrix composites of this study.
A low number of thermal cycles to 500° C should have negligible effects on
these predictions. Deviations from theory may indicate inadequate fiber-
matrix bonding during fabrication. In general the phase moduli R.f and
R;‘n data presented here should allow composite moduli determination for
any temperature from 20° to 500° C, for any volume fraction in the vicinity
of 50%, and for vibration frequencies near 2000 Hz. Because anelastic de-
formation can be described analytically, the effect of frequency on the boron
fiber and aluminum matrix moduli can be easily predicted (2). Because of
their elastic behavior below 500° C, frequency effects on the moduli of the
Sic, A1203, and titanium phases need not be considered.

DamEi.ng

Before examining the damping data for the various specimens, consider
through composite theory the role of the constituent phases in these mea-
surements. Employing the complex modulus approach, one finds that the
rule-of-mixtures predicts composite damping for axial vibrations to be

LSRR T L Bt UL (9)
where
M1 = Vi(Eg/Epy).
For transverse vibrations, the Halpin-Tsai equation predicts
Yoo = Voo¥p * (1 = ¥o2)¥y, (10)
where

2
Yoo = V¢ [(1 + £)° EfEm/HJ]
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The 11 and Y9p Parameters are simply the ratios of fiber stored energy
to composite stored energy for axial and transve se modes, respectively.
Their calculated values for the specimens of this study are listed in

Table 4. It should be clear from this table that damping losses within the
fiber microstructure can have a significant effect on composite damping,
even for transverse vibrations.

B/Al and B/SiC/Al. - The Y11 damping capacity versus temperature
spectra for the TRW B/Al axial specimens are shown in Fig. 3. Two
scales have been used to better display the large and rapid change in damp-
ing observed in these composites. The data points were measured during
first warm-up runs for three specimens in the as-fabricated condition.
Very little differences . damping were observed even though the specimens
contained two different aluminum alloy matrices. In fact most of the scatter
was within the damping measurement error of less than :5%. No system-
atic studies were made of heat treatment effects that occurred during the
first warm-up runs. However, data taken on first cool-downs from 400° C
indicated a small drop in the ¢ values. The magnitude of the Y11 drop
varied from specimen to specimen, but after heat treatment near 460° C,
the Ypp curves for the TRW B/Al (6061) specimens reached the same low
level indicated by curve a of Fig. 3. Because the treatment temperatures
required to decrease a,tl | Were in the range of primary recrystallization
for aluminum, this effect was probably caused by a reduction in the matrix
contribution to axial composite damping. That is, recrystallizing aluminum
is known to reduce its damping by decreasing dislocation density and in-
creasing grain size (17) (4).
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To better appreciate the guantitative phase contributions to the TRW
data of Fig. 3, the damping spectra of a boron fiber and the bulk 6061
aluminum specimen were measured. Typical qbf spectra measured in
flexure near 2000 Hz are shown in Fig. 4 for 203 um boron fibers after
vacuum heat treatment at 400° C and above (curve ye(a)) and after air heat
treatment at 400° C (curve z}t-(b)). Data points in this figure and following
figures have been omitted for clarity. The strong anelasticity of the boron
fiber is clearly evident above 200° C where grain-boundary type "sliding"
between small boron structural units is thought to be occurring (5). The de-
crease in low temperature damping by heating in air is considered to be an
impurity atom reduction of low energy "sliding'" mechanisms. The ¥ -
curve measured on the bulk 6061 aluminum is also shown in Fig. 4 after
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correction for a small thermoelastic background (cf. Appendix). Because
no changes were observed in t,bm after heat treatments to 550° C, it was
assumed to be represcntative of the matrix material contributing to the
curve a of Fig. 3. A apf curve representative of the boron fibers within
the axial specimens was then calculated using composite theory, that is,
Eq. (9). As indicated in Fig. 4 the resulting qp; curve was found to be in
very good agreement with the air-treated zpf(b) curve. This result sug-
gests that fiber damping was essentially unaltered by composite fabrication
except at low temperature where possible surface contamination effects are
evident. From an engineering point of view, it follows from Eq. (9) that
the 911 for a 50 fiber volume percent B/Al composite vibrating near 2000
Hz can range from as low as 0.84 a,b; to as high as the as-fabricated data
of Fig. 3, or even higher, depending on the low temperature mechanical
history of the matrxx One should expect also that vibrating at strain levels
greater than 10~ 6 will produce increases in both fiber (5) and matrix damp-
ing. Vibrating at frequencies lower or higher than 2000 Hz will shift damp-
ing to lower or higher temperatures, respectively. The magnitudes of
these shifts for the boron fiber and aluminum matrix have been discussed
elsewhere (2).

The damping results fo, the Aveo B/Al (6061) axial and transverse
specimens are shown in Figs. 5 and 6, respectively. Because their Y11
spectra were in excellent agreement, only two curves were required in
Fig. 5 to describe the dampir ¢ data for the Aveo B/Al (6061) and B/SiC/Al
(6061) axial specimens in the as-fabricated (curve a) and heat-treated near
400° C (curve b) conditions. The effects of heating the B/SiC/Al (6061)
specimen to 550° C are shown by the dashed line. Comparing these results
with the TRW axial data of Fig. 3, one finds qualitatively similar
temperature-dependent behavior. Slight quantitative differences can be
seen, however, at 150° C where the as-fabricated Avco ¥1, @ppears to be
annealing to lower values, at high temperature where Avco Y11 is less
than TRW ¢,,, and at 270¢° C where both the as-fabricated and heat-treated
Avco Y11 contain a small damping peak that is absent in the TRW ¥ At
first glance one might atiribute these deviations to slightly different matrix
microstructures and thus of little consequence. Although this is probably
the case for the first two effects, the existence of the damping peak as will
be discussed in a later section may have significant practical value.

o1redIad
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Regarding the Avco transverse specimens, it should be pointed out that
during the initial warm-ups these specimens were found to bend slightly out
of plane due probably to variations in the thermal expansion coefficient
@yy. Because of the small gaps between the electrodes and specimen, this
bending effect eventually produced electrical contact, thereby inhibiting
further data taking. For this reason, as shown in Fig. 6, the as-fabricated
data had to be terminated at 260° C for the B/Al (6061) specimen (curve a)
and at 200° C for the B/Al (1100) specimen. Upon termination of the warm-
up run, cool-down data was taken, yielding curves b and d for the B/Al
(6061) and B/Al (1100), respectively. To achieve higher temperature heat
treatments, the gap separations were increased considerably, thus prevent-
ing both electrical contact and data taking during the treatment run. After
treat gap separations were reduced to values suitable for dynamic
me urements during the next warm-up. The effect of 1-hour 550° C treat-
ment on the Avco B/Al (6061) is shown by curve ¢ of Fig. 6. This curve
which clearly reveals the 27 0° c damping peak suggests that the heat treat-
ment had little effect on the height of the as-fabricated peak but increased
its width on the low temperature side.

To determine whether composite theory would predict the transverse
damping capacity results of Fig. 6, the g = and effective ;,ff‘ curves of
Fig. 4 were inserted into Eq. (10) assuming a 50 fiber volume percent B/Al
composite. As shown by the dashed curve of Fig. 6 the calculated ¢,, was
measurably lower than the experimental background data. This rcsurt_sug-
gests that the transverse data contained some additional background damp-
ing that increased monotonically with temperature. Although the exact
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source of this damping is presently unknown, some possible explanations
include stronger fiber anelasticity for vibrations transverse to the fiber
length and/or unexpe. ted thermoelastic energy losses for the transverse
specimens (c¢f. Appendix). Clearly more transverse work must be done
using, for example, composites with varying fractions of elastic fibers.

A1203/A1 and SiC/Ti. - The Y1 damping spectra for the Al.,OS/Al

axial specimen are shown in Fig. 7. Curve a is the first warm-up as-
fabricated data and curve b the first cool-down data after 10 minutes at
560° C. Comparing these results with the Figs. 3 and 5 data, one ob-
serves that at all temperatures the A1203/Al specimen has significantly
less damping than the B/Al axial specimens. This difference can be under-
stood in terms of composite theory and the fact that in contrast to the highly
a

a1




anelastic boron fiber, the elastic A1203 fiber has essentially no damping.
For example, assuming Yy =0 for the A1203 fiber, Eq. (9) predicts that
Y11 = 0.16 ¥, so that the Fig. 7 data represents matrix behavior reduced
by a factor of 6. Although exact verification of this numerical relationship
is difficult because metal matrix damping is highly structure sensitive, ap-
proximate agreement can be found by comparing the Fig. 7 data with the
6061 aluminum data of Fig. 4. In addition, the primary recrystallization
effects observed above 400° C for the A1203/Al specimen are qualitatively
similar to those observed for the B/Al specimens. However, in contrast to
the behavior of the 1100 and 6061 aluminum matrices, the AL,O /Al matrix
displayed near 37 5°Ca damping peak whose height was apparent.ly unaffect-
ed by the 560° C heat treatment. A possible microstructural explanation
for its source is the Zener relaxation (4) of substitutional lithium atoms
employed in this matrix to improve fiber wetting (6).

The ¥y, spectra for the SiC/Ti axial specimens are shown in Fig. 8.
For the SiC/Ti-6Al-4V composite, curve a is the first warm-up as-
fabricated data and curve b the first cool-down data after 10 minutes at
590° C. Curve ¢ is the first warm-up as-fabricated data for the 25 fiber
volume percent SiC/Ti specimen. No cool-down data were taken for this
specimen. Comparing these results with the B/Al axial data of Figs. 3
and 5, one observes significantly lower damping at all temperatures for the
SiC/Ti specimens, a fact again attributable to the elasticity of the reinforc-
ing fiber. Thus, as was the case for A1203/A1, the Fig. 8 spectra repre-
sent reduced damping behavior of the titanium matrices. Although two dif-

ferent alluys were cmp105 ed, similar behavior can be seen cspecialh

11
near 200° and 400° C where annealing effects are apparent and above 500° C

where grain boundary relaxation effects begin to predominate (18).

Summarizing the engineering aspects of the composite damping results,
one can conclude that the damping of aluminum and titanium matrix compos-
ites can be greater than the bulk matrix material if the reinforcement fibers
are highly anelastic such as boron, but can be significantly less if the fibers
are elastic such as Al:_,'O3 and SiC. The magnitude of these effects are pre-
dictable by Egs. (9) and (10) for axial and transverse conditions, respec-
tively. In these relations, it can be assumed that Y for boron is the z,Lf
of Fig. 4 (corrected, if necessary, for frequency (2)), that Y =0 for
Al,O, and SiC, and that Yy 18 the damping of the bulk matrix material.

It should also be realized that whereas the damping of the fiber phases Y
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are relatively unaffected by mechanical and thermal treatment, minor
variations in deformation, heat treatment, or alloy content can cause large
variations in matrix damping z,bm. Thus, on a relative basis, composites
reinforced by the elastic fibers could show much larger fluctuations with
treatment conditions than composites reinforced by the boron fiber.

Heat Treatment Effects in B/Al (6061)

In our previous study (2), it was observed that as-fabricated B/Al
(6061) specimens which displayed the 27 0° ¢ damping peak had lower ten-
sile strengths than B/Al (6061) specimens without the peak. However, the
peak could be created in the stronger specimens by heat treatment at
550° C, a temperature known to degrade fiber strength by reaction between
the boron and the aluminum matrix (19). Thus, there exists the possibility
that the appearance of the 270° C damping peak is indicative of fiber weak-
ening caused by thermal overprocessing of the composite. To determine
whether this is the case, we conducied a study of the effects of heat treat-
ment temperature on the size and shape of the B/Al (6061) damping peak.
Our approach was to compare these results with fracture strain data for
heat-treated B/Al (6061) axial composites (19). If an empirical correlation
could be found between the damping and axial fracture strain data, it should
then be possible to employ composite damping to nondestructively evaluate
the strength of boron fibers in as-fabricated and heat-treated B/Al (6061)
composites.

Because the TRW B/Al (6061) data showed no peak for the as-fabricated
condition (30 min at 460° C), the growth characteristics of the damping peak
were determined by subjecting an as-fabricated TRW B/Al (6061) axial
specimen to 1-hour heat treatments at various temperatures above 460° C.
The 4’11 damping results presented in Fig. 9 are best fit curves from data
points taken less than 5° C apart. To better appreciate the thermally-
induced changes in peak shape, the damping background from curve a of
Fig. 3 was subtracted from the Fig. 9 data to yield the damping rest’l—lts of
Fig. 10. The inverse absolute temperature scale was used here because
damping peaks produced by thermally-activated mechanisms are generally
symmetric when plotted versus inverse temperature (4). Although mea-
surement and subtraction errors introduced a AYyy uncertainty of as much
as 0.1%, certain growth and shape trends can be ascertained from the Fig.
10 data. For example, after the lowest treatment temperature of 460° C,
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a small and apparently symmetrical peak centered near 294° C became
evident. After the 480° C treatment, this peak about doubled but retained
its shape. Although some increase in peak height was observed after the
500° C treatment, the major damping change was on the low temperature
side of the peak, suggesting perhaps the growth of other peaks. Higher
temperature treatments had negligible effect on the magnitude of the damp-
ing maximum but slightly decreased its temperature location by monotoni-
cally increasing the low temperature asymmetry. The Avco B/Al (6061)
transverse specimen heat-treated to 550° C also showed evidence of this
low temperature damping growth (cf., Fig. 6).

In order to determine whether any correlation could be established be-
tween the peak growth characteristics and fiber strength degradation, the
B/Al (6061) fracture strain data of Metcalfe and Klein (19) were analyzed
in terms of 1-hour heat treatment effects. The results shown by the
hatched area in Fig. 11 were cut off at an upper limit of 0.85%, the aver-
age fracture strain estimated from strength data for the TRW B/Al (6061)
specimens. Comparing these data with the Fig. 10 results, one finds thet
fiber (or axial composite) fracture strain begins to decrease at approxi-
mately the same heat treatment temperature at which composite damping
between 200° and 350° C begins to increase. From a materials science
point of view, this suggests that the mechanisms for both effects were con-
trolled by the same process, such as boron atom diffusion across the fiber-
matrix interface. From an NDE point of view, this suggests that an empir-
ical correlation does exist between peak damping and boron fiber fracture
strain. To examine this possibility, we have arbitrarily chosen to plot in
Fig. 11 the damping growth at 200° and 250° C. Comparing the Fig. 11
fracture strain and damping results, one finds that since they both depend
linearly on temperature, they can indeed be correlated with each other.
Thus, any extra composite damping measured over background between
200° and 250° C can be used not only to estimate 1-hour heat treatment
temperature but also degradation in boron fiber fracture properties. Of
course, the damping data of Fig. 11 apply only to 50 fiber volume percent
B/Al (6061) axial specimens vibrating near 2000 Hz. If other volume frac-
tions, fiber layups, or frequencies are used, new calibration curves for
heat treatment effects on composite damping would have to be determined,

Regarding a microstructural model for the 270° C damping peak, it ap-
pears that the boron fiber and the 6061 aiuminum matrix are both required
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for the peak's appearance. This follows from the observation that neither
the bulk 6061 aluminum specimen nor a TRW B/Al (1100) specimen showed
evidence of the peak before or after heat treatment at 550° C. It also ap-
pears that the microstructure responsible for the peak is contained within
the 6061 matrix and not within the fiber or fiber-matrix interface. As pre-
viously discussed (2), this conclusion is based on the fact that the peak was
about five times larger in transverse specimens than in axial specimens
taken from the same panel (cf., Figs. 5 and 6). From these results one is
led toward a model in which during the thermally-induced reaction between
the boron fiber and aluminum matrix, boron atoms diffused away from the
interface possibly as interstitial atoms to become trapped eventually at sub-
stitutional atoms or precipitated phases specific to the 6061 aluminum alloy .
The trapping mechanism is required to explain the absence of the peak in
the single phase 1100 aluminum matrix and also the very low solubility of
boron in aluminum (20). The damping could arise from a stress-induced
ordering of boron atoms (4), that is, by an interaction between the applied
stress and the boron atoms as they thermally vibrate at their trap sites.
Damping maxima would occur then at those temperatures where the boron
vibration or jump rate &, becomes equal to the angular frequency w of
the applied stress. For thermally activated processes,

Wy =W, exp(-Q/KT) (11)
where Q is the energy barrier crossed during jumping, k is Boltzmann's
constant, and T is the absolute temperature. Typically for point defects,
Wy = 10%% so that for the applied stress froquency of 2000 Hz, Q ¥ 1.2 eV
for the initial damping peak centered near T = 567 K. The change in peak
shape with increasing heat treatment might then be explained by the fact
that as new boron atoms enter the matrix, they cluster or interact with
each other in such a manner as to reduce the thermal energy barrier Q
for the newly arrived atoms, thereby producing new damping maxima on
the low temperature side of the initial peak. Similar behavior has been ob-
served in other alloy systems such as manganese steel where the intersti-
tial carbon atoms interact with substitutional manganese atoms to produce
a damping peak which grows asymmetrically with carbon content (4).

¥inally, the experimental or theoretical situation regarding boron
fibers with surface coatings is not clear at the present time. For example,
the Avco B/SiC/Al (6061) axial specimen did possess the 270° C damping
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peak in the as-fabricated condition, suggesting some boron diffusion through
the SiC layer at this specimen's fabrication temperature (unknown). But,

in contrast to the Avco B/Al (6061) specimens, the peak did not change after
heat treatment at 550° C.

Summary

The principal engineering, scientific, and NDE findings of this study
can be summarized as follows:

1. Dynamic modulus and damping capacity property data were mea-
sured from 20° to over 500° C for unidirectional B/Al (1100), B/Al (6061),
B/SiC/Al (6061), Al,0,/Al, SiC/Ti-6Al-4V, and SiC/Ti composites. The
measurements were made under vacuum by the forced vibration of compos-
ite bars at free-free flexural resonance near 2000 Hz and at strain ampli-
tudes below 1079,

2. The room temperature dynamic moduli Ell and Eyy were gener-
ally in good agreemwnt with the predictions of the rule-of-mixtures and
Halpin-Tsai equations for longitudinal stress waves parallel (axial) and
perpendicular (transverse) to the fibers, respectively. This result sup-
ports (a) the use of these equations for predicting unidirectional dynamic
properties at fiber volume fractions and vibrational frequencies not covered
in the test results, and (b) the use of the flexural vibration test for monitor-
ing the effects of fabrication and use conditions on phase microstructure
and composite macrostructure. Thus, for example, the observance of
moduli values lower than those expected theoretically may be an indication
for some as-fabricated specimens of less than optimum intcrfacial bonding.

3. For the temperature dependence of the moduli, the normalized
modulus ratio Rx = E(T)/E{22° C) was found to be an accurate and repro-
ducible parameter. Comparison of the experimental R, and R,, data
with the predictions of composite theory based on R data for the constitu-
ent phases suggest that the matrix moduli decrease faster with temperature
than the moduli of bulk specimens of these metals. For this reason the ex-
perimental composite data were employed to construct effective RT‘“
curves to be used with the composite equations to describe modulus behav-
ior for both the aluminum and titanium matrices. A low number (<5) of
thermal cycles from 20? to near 500° C was generally found to have negli-
gible effects on the R curves and the 22° C moduli.
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4. The axial damping capacities y,, of the B/Al (1100), B/Al (6061),
and B/SiC/Al (6061) specimens were observed to be as great and greater
than the damping capacity of a bulk 6061 aluminum alloy specimen and sig-
nificantly greater than the axial daiuping capacities of the A1203/Al and
SiC/Ti specimens. These results can be explained by the rule-of-mixtures,
measured damping for the boron fiber, and the assumption of zero damping
for the Al,0, and SiC fibers. Thus the damping of aluminum and titanium
matrices are enhanced by boron fiber reinforcement and significantly dilut-
ed by M203 and SiC fiber reinforcement,

5. Heat treatments to 400° C and above generally produced a slight de-
crease in the damping-temperature spectra of as-fabricated specimens.
This behavior is in most part explainable by annealing or recrystallization
effects within the matrix microstructure, leading to a diminution in matrix
damping. However, heat treatment of B/Al (6061) specimens above 460° C
also produced a damping increase in the form of a peak centered near
270° C. It was determined that growth data for the damping peak could be
empirically correlated with literature data for the degradation in fiber frac-
ture strain caused by the thermal-overprocessing of B/Al (6061) composites.
On the basic level, this finding implies that the microstructural sources for
both effects are controlled by the same process, such as, boron atom diffu-
sion across the fiber-matrix interface. Characteristics of the damping
peak suggest that its source is the stress-induced ordering of boron atoms
trapped at substitutional atoms or precipitated phases within the 6061 alu-
minum alloy. On the practical level, the finding of a damping-strength
correlation supports the use of composite damping measurements for the
nondestructive evaluation of boron fiber strength in as-fabricated and heat-
treated B/Al (6061) composites.
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Thermoelastic Damping

During the flexural vibration of a material, internal {ransverse tem-
perature gradients are generated due to coupling between local stress and
temperature. It the vibrational period of the stress is near the relaxation
time for thermal diffusion across the specimen thickness, mechanical en-
ergy losses arise producing the thermoelastic damping effect (4). For a
thin rectangular cross-section specimen, the resulting damping capacity is

predictable from
Y= Wmu[2wwo/(w2 + wg)]

where w is the angular frequency of the applied stress,

w, = (K/pC)(n/h)®
and

¥max = TE azT/pC

Here K, p, C, h, E, «, and T are the thermal conductivity, density,
specific heat, thickness, Young's modulus, thermal expansion coefficient,
and average absolute temperature of the specimen. Because of its high ex-
pansion coefficient and low density, aluminum can have a large thermoelas-
tic damping effect, for example, Biax® 1 6% at T = 295 K. However, for
the bulk 6061 aluminum alloy specimen of this study, w, << so that this
effect is greatly reduced. In fact, at 295 K a thermoelastic § value of
0.0247% is predicted and a § value of 0.0327 was measured, suggesting
very small damping contributions from the apparatus and this specimen's
microstructure.

For the thermoelastic effect in composites it was assumed that the
material properties in the above equations could be replaced by effective
composite properties based on the volume fractions and corresponding
properties of the constituent phases. Thus for axial vibrations, E = Eip
=y K= K22; whereas for transverse vibrations, E = E22' o = Qgg,
and K = Koy Employing composite theory for these thermomechanical
properties (21), one finds for the B/Al specimens of this study that
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'p(llxhl) =0,003% and Yiransverse) ® 0.02%. Therefore, although the
thermoelastic damping effect for B/Al transverse specimens is a factor
of 7 larger than the effect for B/Al axial specimens, it is still quite small
for the flexural frequencies ol this work,
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Table 3. - Dynamie Moduli at 22° C and ~2000 Hz

Specimen Fiber Dynamic moduli, ON/n’
volume .
fraction, Experimental Theoretical
A/
44 E E
% 11 22
B/Al (1100) 501 25149 | ===== 24343
4941 mmmee | 14848 161 8
B/Al (6061) 514 20440 | =em== 247413
484 22046 | ===== 23642
484 wmeee | 14146 16848
B/SIC/Al (6061) 514 271 413 | ===== 256040
AI203/A1 5242 22847 | ==ee= 22246
SIC/Ti-6Al-4V 444 2604 | ===== 24542
SIC/Ti 2843 17140 | ===== 188418
Al (6061) ——- 145 | ===mm 60 42

Aprom rule-of-mixtures and Halpin-Tsai equations
using phase properties of Table 2.

Table 4. - Specimen Expansion and Fiber Fraction Parameters

Specimen Fiber Thermal expansion | Energy-weighted
type volume coefficient, » liber
fraction, 0c=140% volume fraction
b
“1n Q33 M | Y22

B/Al 0,560 5.5 19 0,84 0,31
ALOy /AL | 0.52 b2 | Ps 8.0 | e
SiC/Ti 0,44 7.8 8.1 0.75 ———

.26 8.2 5.4 .65 ———

When not available in literature, o values were caleulated
from data and phase theory in Ref. 15,

DRet. 6.
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