EFFECT OF HEAT TREATMENT ON STIFFNESS AND
DAMPING OF SiC/Ti-15-3

JOSEPH E. GRADY and BRADLEY A. LERCH
NASA Lewis Research Center, Cleveland, Ohio USA

ABSTRACT

The effect of heat treatment on material properties of $1C/Ti-15-3 was measured by vibra-
tion tests. Heat treatment changes the microstructure, which was found to stiffen the
matrix and reduce its damping capacity. Test results illustrate how these changes in the
matrix affect the corresponding properties of the composite. Measurements show that heat
treatment affects damping properties of the composites to a greater extent than stiffness
properties. The extent of the changes in mechanical properties is shown to depend on
heat treatment temperature and exposure time.
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INTRODUCTION

Mechanical loading and thermal aging introduce damage into metal matrix composites that
can eventually lead to the failure of composite structures. If the initiation and
development of micro-scale damage could be tracked nondestructively, the composite
structure could then be repaired or replaced prior to catastrophic failure. Toward this
end, non-invasive inspection techniques have been developed to detect damage-induced
changes in the microstructure of fiber reinforced composite materials (Lee and Williams,
1980; Henneke, 1990). An alternative to these traditional local NDE techniques is to
measure changes in global structural dynamics that result from changes in the material
properties (Duke, 1988; Vary, 1990).

In (Grady and Lerch, 1991), a sensitive technique was developed to detect small changes
in material properties of metal matrix composites, such as those caused by damage due to
mechanical 1oading and/or thermal aging. Free vibration response to a low-amplitude
impact load was monitored, and the measured vibration frequencies were used to determine
the flexural stiffness of the test specimens. Recent work in Acousto-Ultrasonics has
showed that the propagation of elastic stress waves is attenuated by damage in the
material (Duke, 1988;-Vary, 1990). This attenuation may cause a significant change in
the damping properties of the material. In the present work, the vibration monitoring
approach in (Grady and Lerch, 1991) is used to determine how damping properties are
affected by heat treatment. The results indicate that modal frequency and damping
properties can be used to non-destructively detect the microstructural changes in a
SiC/Ti-15-3 composite caused by heat treatment.

METHODS

The material was fabricated using a proprietary process in which alternating layers of

$CS-6 SiC fibers were consolidated between foils of T{-15V-3Cr-3sn-3A1 (Ti-15-3). Eight
rows of fibers were used, resulting in a total composite thickness of approximately 0.08
inches. The fiber volume fraction was nominally 34 percent. Microstructural details of
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the material can be found in (Lerch et al., 15%0a,b). An unreinforced Ti-15-3 plate was
fabricated by laminating foils in a process similar to that used in making the composite.

In this way, the mechanicel properties of the enreinforced plate would ba nesrly the same
as those of the matriz within the composite.

Five unidirectionally reinforced :':)“]q and two monalithic Ti=15-3 (matrixz cnly) specinens
were tested. The specimens were originally designed for thermomechanizal fatigue
testing, and were thersfore of nominal dimension 15.2 x 1.27 x 0.167 cm (6 x 0.5 x 0.08
inches), with & reduced gage section, as shown in Figure 1. [Individual specimens ware
cut from composite pamels and the Ti-15-3 plate using an EDM process.
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Figure 1. Test specimen and vibration measurement Apparatus,

Heat Treatment. Each test specimen was subjected, in a vacuum, to one of three heat

treatments to vary the sicrostructure and the resulting mechanical preperties of the
matrix:

1. 700*C/24 hour + f.c.
2. TootCled hour + f.c. + 427T°CH24 houwr + f.c.
3. TAB"C/L1E win. + W.0. + 300°C/ 24 hour + f.c.

where f.c. is furnace cooled and W.Q. is water gquenched.

The wicrostructures differ primarily in the size, shape, and Tocation of the alpha-
titanium phase (Lerch et al., 1990a). The microstructures of the unreinforced Ti-15-3
are shown in Figure 2. The corresponding mechanical properties of the titanium as
measured in tensile tests (Gabb et al., 1991) are given in Takle 1. The high strength
and stiffness produced by heat treaiments 2 and 3 are a result ef the high velume
fraction ef fine alpha-titanium precipitates. The very fine alpha particles resulting
from heat treatment 3 have been shown to localize slip, reducing the ductility to
negligible Tevels (Okada et al., 1%85). The microstructure of the in-site matrix

matarial in the 34C/T1-15-3 composites is nominally the same as that shown here Tor the
monolithic matrix (Lerch et al., 1330a).

I i TH 18-

Figure 2. Effect of heat treatment on microstructure of Ti-15%-3Cr-35n-341.
Ncte the size, shepe, and distribution of the «=Ti precipitates [indicated
by arrows) At the grain boundaries and in the grain interiors.
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Teble 1. Tensile Properties of Hest Treated T4-15-3
[from Gabb et al., 1991}

Tanslle Tensile Faflure
Heat Treatment Hodulus, stzmgh. {St'l'\lll'li}
GPa WPa). T B
= Tl { h
nane 88.9 931 12
#11 700°C | 24 hr Bz.7 B&G 21
F2: 700°C / 24 hr
* o7 1813 7
427°C / 24 hr
#3: 788°C J 15 min
* 103 l4a8 .03
300°C / 24 hr i

Yibratjon Testing. The test specimens wers cantileversd im @ ¢lasping fixture a3 shown
in Figure 1. Vibration was induced by &pplying an impact Joad st the fres snd of the
specimens with an instrumented hammer. Two 1ightwelght {140 mg) plezowlectric accelerom-
eters were mounted on the specimens with cysmoacrylate glue at the pesitions shown in the
figure. The impact force and mcceleraticn time histories wers digitally recorced &t a
rate of 1 Maz for 8.2 mi1l1zeconds after the initial impact. Each specimen wes tested in
{he initinl, ms-received condition, and after sxposurs to one of the three hest treat-
ngnts.

Frequengy Begponge Function. The frequenczy response, Hlu), of sach test spaecimen wasy
caleulated from the force and tcceleration time historfes (Melroviteh, 1875):

Hiw)= A(w) /Fla) (1)

where Flu) and A{s) are the force snd acceleration responte histories expressed in the
frequency domain, which are defined from the measured tima hiztories wiing the Fourier
transformi -~

Fla) = _I[:firfa-!“ de {2}

where F(s) denotes the force history sxpressed in the frequency domain and f(t] s the
meatursd force dats, in the time domain. The frequency domain results werse calculated
frem the time histeries veing a Fast Fourier Tramaferm (FFT) algorithm.

Ta minimize the effects of signal noise on the measurements, &n averaging process was
used to calculate the frequency response functions. The results shows here represent the
averaged velues of ten frequency response functions calculuted from ten separats vibra-
tion tests on esch specimen. This approach was shown to delermine resonant frequencies
of the test specimens with s measurement varisbility of #0.2 percent ([Grady and Larch,
1991) «

Changes in flexaral stiffness dum to hest treatment were detsrmined frem the messured
changes in resonant frequencles. If it is assumed that the vibration of the test
specimens can be described by & simple Euler besm medel [Manmer and Kromp, 1980), the
resonant frequencies e, are given by




2nL?w, = (B,L)2YEI/pA (3)

i i i i length, pA is mass density per
h 'n' designates the vibration mode, L is the beam ! i
:n$:e1ength. EI is the flexural stiffness of the composite and f, is a constant of
integration, determined by the beam boundary conditions.

i jbration modes are generally more sensitive to material damage than are
}t‘;zhl;;:gu::zzu:ncy modes (Grady and Lerch, 1991). Therefore, modal pr_'operhesl(frequen-
cy and damping) for the 26 kHz bending mode were measured for the unidirectiona —_—
composites, and the same measurements were taken for the 1‘? kHz mode of the mom]: i
matrix specimens. In each case, these correspond to the fifth or sixth flexura
vibration mode for the specimen.

i i the dissipation of kinetic energy by a structure.
ping Measurement. Damping is f :
?’:':t data have shown that microstructural changes in the material may affect structural
damping properties as well as the resonant frequencies.

i measure of the damping from the free vibration response, a single
I?b:::::): 's‘:;: was examined by bar\dpgss fi]tering the acceleration history §uch :ha; the
response at all but one resonant frequency was filtered out. Recent1¥. a linear zef s
logarithmic decrement technique was used (Kinrg et al., 1991) to ol?tam.a measure o
structural damping in Graphite/klurningm compr.:snes from the free vibration response.
This approach was followed here, and is outlined briefly below.

i i i issipative force varies with the
he structural damping is of the viscous typg. the dissipa
\Il:l:;ci ty of the motion, which causes the vibration to decay exponentially with time
(Thomson, 1972):

x(t) = X,etf cos (0,4t - ¢) (4)

i i i js the viscous damping coeffi-
here x(t) is the displacement as a function of pme. 13 =
:1:nt, i ?is the undamped vibration frequency, ¢ is the phase .ang’l-e and X is the initial

amplitude of the motion. The damped vibration frequency, ey is given by

w0y = 0y1-E2 (5)

Equation (4) represents a sinusoidal motion within an exponentially decaying envelope.

The decay rate is characterized by the damping coefficient, §:

1n [X,/x(t)] = kot (6) ?

In general, structural damping coefficients are small, that is,
E<l (7)
Therefore, the acceleration measured at a point on the test specimen is given by

%= -w?x (8)

where oy = o from equations (5) and (7).
obtained from the acceleration data.

The damping coefficient can therefore be
From equations (6) and (8),
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Eot = In[X,/R(t)] (9)

~here x is the decaying amplitude of the measured acceleration, and X, is the maximum
(inftial) acceleration. The largest damping coefficient measured for the material used

in this work was approximately 3x10°8, which confirms the validity of the assumption
stated in equation (7).

RESULTS AND DISCUSSION

fwo monolithic Ti-15-3 matrix specimens and five unidirectional [0°]y composite specimens
ware vibration tested, as discussed in the previous section, before and after being
axposed to one of the three heat treatments shown in Table 1. Changes in modal stiffness
and damping were calculated from those measurements. Test data for representative test
specimens are given in Figures 3-8 beiaw. The effects of the three heat treatments on

vibration properties are compared in Figures 9 and 10, and those results are tabulated in
fables 2 and 3.

4| i . A typical impact force applied to composite specimen #52 with
the instrumented hammer had a duration of approximately 50 microseconds, and is shown in
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(a) Time history. (b) Frequency spectrum.

Figure 3. Time history and frequency spectrum of a typical impact force applied to
as-received unidirectional composite specimen no. 52 with the instrumented hammer.

he impact force was recorded for approximately 8 milliseconds. The first millisecond of
ne typical record is plotted in the figure, to show details of the lower amplitude
nitiple impacts that sometimes occurred within 1 millisecond of the initial pulse. The
corresponding frequency spectrum, obtained from the force history using an FFT algorithm,
shows that the impact force has significant frequency components up to approximately 35
‘Hz. The resulting measured acceleration response for specimen #52 is shown in Figure 4.
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(b) Frequency spectrum.
Figure 4. Time history and frequency spectrum of a typical acceleration response of
as-received unidirectional composite specimen no. 52 after being subjected to the

impact force shown in figure 3.
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Acceleration a(t),

(a) Time history.

Figure 5 shows the corresponding frequency response functions calculated for specimen
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§52. The dashed 19ne is calculated from the farce and acceleration reasuremgnts in
Figures 3 and &, which wers taken before the specimen was exposed o heat treatment. The
so1id line was messured in a similar manner after subjecting the composits specimen Lo
hest traatment F1. The upward shift in resonant frequencies aftar keat trestment iz tne
result of an increase in stiffrness of the material. In the Migure, the 26 kH: mode in-
creases in frequency by approximately 3 percent. Using equation [3), this correspencs to
2 6.1 percent increass in bending stiffness of the compasite.
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Figure 5. Effect of heat trestment #1 on frequency response of composite specimen 52.
Dashed line is calculated from data in figures 3 and 4.
Frequency and damping measurements wers taken for the 26 kHz mode.

In addition to tha increase in stiffress, neat treatment decreases the bandwidth ef the
frequency response peaksz, az shown in Figure 5. Frequency response Eandwidth is &
nessure of the structural damping (Themson, 1972). This suggests, therefore, that the
demping in the material is signi ficantly reduced by heat treatment. The signal abtained
by bandpass-filtering the acceleration data for the 76 kHz bending mode of specimen ¥52
s shown in Figure 6. To isolate the 25 kHz rode, sii frequencies belmw 23 kHz and above
i0 kMz were eliminated in the Tiltering process.
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Figure 6. Effect of 23-30 kkz bapdpass filtaring on
acceleration response Wistory from figure 4.

The filtered signal decays by a logarithmic decrement, and the damping coefficient iz
determined from the averaged slope oF the data, as shown in Figure 7. The effects of Lhe
threse heat treatments on dampirg properties are shown in Table 3.
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Figure 7. Logarithmic decrement cecay rate measured Trom filtered signal in figure 6.
pamping coefficient is determined from the slope of the leasl-iguares curve=rit line.
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Matriz Froperiies. The effect of heat treatment on the frequency response function tar
sonolithic matrix specimen #M1 i3 shown in Figure B. The dashed line is caloulated from
ceasyrements takgn in the initial, as-received condition, and the salid line is calenlat-
od from messurements saken after subjecting the composite specimen to neat treatment #l.
{he shift in frequency response indicates that an increase in stiffress due to hest
{restment alse accurs in the monalithic matrix material.
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Figurs 8, Effect of heat treatment na. 1 on frejuency response of menolithic Ti-15-3
matriz specimen M1, Freguency and demping measuremants are for the 14 kHzr moce.

Ihe heat trestment resulted in an average 3.3 percent increase in frequency for the
natrix specimens, as indicated in Figure 9 snd Table 2. Using the frequency-stiffness
relationship in equation (1), this corresponds le & 7.7 parcent increase in the flexural
codulus of the titantum, This is slightly greater than the 5.1 percent increasa in

- Ffress measured for the composite after the ssre heat trestment.
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Figure 9, Effect of heat trestments on resonant frequencies of Ti=15-1 patrix
specimens {14 WMz =ode) snd on unidirectional $iC/Ti-15-3 compesites [26 wHE mode).

Table 2, Frequency Changes due to Heat Treatment

specimen® Tritial w, w after w after w after percent
{khz} HT #1 HT 42 HT 43 change
Ml 14.52 15.13 - - +4.2
M2 14.52 15.01 - - +1.4 |
52 25.74 26.35 - - +2.4
53 25.74 26.23 - - +1.%
50 25.99 | - 26.72 = +2.8
51 25.23 = 25.96 = +2.8
54 25.74 - - 26,22 +1.0

341 and M2 are menolithic matric spacimens; 50-54 are [0°], composites
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In comparison, the data from (Gabb et al., 1991) in Table 1 indicate a small decrease in
tensile modulus after heat treatment #1. This is surprising, since the microstructural
changes that resulted from both of the other heat treatments caused substantial increases
in modulus, as measured in the tensile tests. The measurement uncertainty for the data
reported in (Gabb et al., 1991) is approximately 3.5 GPa (£0.5 Msi), so a modulus change
of the magnitude reported for heat treatment #1 in Table 1 should be considered negligi-
bly small.

The damping coefficient for the 14 kHz vibration mode of the monolithic Ti-15-3 matrix
specimens was measured, using the bandpass filtering technique discussed earlier.
Measurements were taken before and after the matrix specimens were exposed to heat
treatment #1. The results, shown in Figure 10 and in Table 3, indicate that heat
treatment caused an average 40 percent decrease in damping for the matrix specimens.
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Figure 10. Effect of heat treatments on damping coefficients of Ti-15-3 matrix
specimens (14 kHz mode) and on unidirectional SiC/Ti-15-3 composites (26 kHz mode).

Table 3. Damping Changes due to Heat Treatment

Specimen Initial g after § after E after percent
Damping,Eb HT #1 HT #2 HT #3 change
M1 1.90 1.32 - - -31
M2 1.90 0.99 - - -48
52 2.06 1.89 - - -8.1
53 1.58 1.49 - - -5.6
50 2.86 - 2.27 - -20.9
51 - = 1.53 - -
54 1.44 - 2 1.38 bl

bmultiply damping values by 1078

Composite Properties. Assuming that heat treatment affects only the matrix properties,
the composite stiffness should be less sensitive than the monolithic matrix to heat
treatment because the composite is only 66 percent matrix, and because most of the
stiffness for the [0°]g composite is provided by the fibers.

Using the results discussed above for the monolithic matrix material, it can be assumed
that heat treatment #1 causes the in-situ matrix in the composite to increase in modulus
by 7.7 percent. With a fiber modulus of 430 GPa (62 Msi) and a modulus for the as-
received matrix of 87 GPa (12.6 Msi) given in Table 1, a modulus change of two percent is
expected for the composite, using a rule-of-mixtures calculation (Jones, 1975) based on a
34 percent fiber volume fraction for the composite.
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lest measurements, shown in Figure 9 and Table 2, indicate that the composite specimens
increased in frequency by an average of 2 percent (a 4 percent increase in flexural
modulus, using equation (3)) due to heat treatment. This is approximately twice the
expected stiffness increase, based on the analysis above. Assuming that fiber stiffness
is unaffected by heat treatment, this result suggests that:

1. The in-situ matrix reacts differently to the thermal load than does
the monolithic matrix; and/or

2. Heat treatment increases the interfacial bond strength between fiber
and matrix, transferring load more effectively to the fibers.

fxamination of SEM photographs of the fiber/matrix interface region has indicated that
the size of the reaction zone at the interface does not change noticeably due to these
heat treatments. Fiber push-out tests are currently being conducted to determine if the
interfacial bond strength was affected by heat treatment. Indeed, recent work

(Yang et al., 1991) has shown that a 500°C / 50 hour heat treatment increased the as-
received interfacial bond strength by 32 percent for SiC/Ti-15-3 composites.

comparison of the results shown in Figure 9 for heat treatment #1 with those for heat
treatments #2 and #3 suggest that the increase in stiffness depends on the temperature
and duration of heat treatment. Heat treatment #2 was 24 hours longer than heat
treatment #1 (see Table 1), and therefore resulted in an additional stiffness increase,
as shown in Figure 9. Heat treatment #3 had the same duration as #1, but a Tower
temperature, and therefore resulted in a correspondingly smaller increase in stiffness.

Heat treatment #1 reduced the damping of the composite by only 7 percent, compared to an
average decrease of forty percent for the matrix alone, as shown in Figure 10. This is
because damping in the composite can be caused by several different dissipative mecha-
nisms including frictional sliding between fiber and matrix, hysteretic damping in the
fibers, and by hysteresis in the matrix. Damping in the monolithic matrix specimens can
only be caused by the latter of these.

If matrix hysteresis is the primary source of damping in the composite, the damping
sensitivity of the unidirectional composite to heat treatment should vary in proportion
{o the matrix content in the composite. Based on the 40 percent decrease in damping for
the monolithic matrix specimens, we would therefore expect heat treatment #1 to cause a
26 percent decrease (0.66 x 40) in damping for the unidirectional composite. In fact,
the damping in the composites decreases by only 7 percent due to heat treatment #1. This
suggests that matrix hysteresis does not contribute significantly to flexural damping in
the unidirectional composites, and that the damping properties of the fiber itself and
the frictional sliding between fiber and matrix may.be the primary sources of damping in
unidirectional SiC/Ti-15-3 composites. -

CONCLUSIONS

Analysis of instrumented vibration tests indicate that heat treatment of SiC/Ti-15-3
changes the matrix microstructure, which stiffens the composite and reduces its damping
capacity. Damping coefficients decreased between 4 to 20 percent in the unidirectional
composites due to heat treatment, and resonant frequencies increased 2-3 percent. The
mechanical properties of the monolithic matrix material are more sensitive to heat
treatment than are those of the composite. The extent of the measured changes in proper-
ties is believed to depend on heat treatment temperature and exposure time. Test results
indicate that matrix hysteresis is not the primary source of flexural damping in the
unidirectional composites. Test results provide supporting evidence that heat treatment
can increase fiber/matrix interfacial bond strength.
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Or. Michael Pereira, of the Structures Division at the Lewis Ressarch Center, conteibuted
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