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Evaluation of Thermomechanical Damage
in Silicon Carbide/Titanium Composites

J. E. Grady* and B. A. Lercht
NASA Lewis Research Center, Cleveland, Ohio 44135

Composite specimens of Ti-15V-3A1-3Cr-3Sn matrix reinforced with continuous SCS-6 silicon carbide fibers
were tested under a variety of thermal and mechanical loadings. A combined experimental/finite element
approach was used to estimate the effective in situ modulus of the matrix material and to evaluate changes in
modulus due to the applied loads. Several fiber orientations were tested. The results indicate that the effect of
thermal loads on composite stiffness varies with fiber orientation. Applications of this method to test specimens
damaged by uniaxial tension, thermal cycling, and isothermal fatigue loadings are used to illustrate that, by
monitoring overall structural behavior, changes in stiffness caused by thermomechanical loading can be detected.

Introduction

HE mechanical behavior of composite materials depends

on the properties of the fiber and matrix constituents.
Because of inhomogeneities due to the addition of the fibers
and due to thermal loadings that occur during the fabrication
process, the in situ matrix properties of the SiC/Ti-15-3 com-
posite can vary significantly from those of the monolithic ma-
trix.! Matrix stiffness properties, as well as the integrity of the
fiber/matrix bond, will also change as the composite material
deforms under applied mechanical and thermal loads.

In tHis paper an indirect measurement of the effective in situ
matrix modulus is obtained using the results of experimental
tests together with finite element analysis of the composite test
specimens. The term ‘‘effective matrix modulus™ is used to
account for changes in the measured stiffness of the compos-
ite. These changes could be due to a variety of damage modes.
In this article, however, all damage will be incorporated into
and accounted for by changes in the matrix modulus. The
resonant frequencies of the individual specimens are measured
by vibration testing. Based on the measured frequencies, the
effective modulus of the test specimens is determined by finite
element analysis. This indirect measurement technique is ap-
plied to each individual test specimen in its original, as-fabri-
cated condition, as well as after a heat treatment, and thermal
or mechanical loads are applied. The results therefore show
how the effective matrix modulus changes with the different
applied loads. ’

Experimental Procedure
Material Fabrication

The composite was fabricated in a proprietary process in
which alternating layers of SiC (SCS-6) fibers and foils of
Ti-15V-3Cr-38n-3A1 (Ti-15-3) were consolidated. Eight rows
of fibers were used, yielding a total composite thickness of
approximately 0.08 in. The nominal fiber volume fraction was
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34% . Additional microstructural details of the material can be
found in Refs. 2 and 3. Several fiber orientations were used in
this study, consisting of [90]s, [ +30],s, [+ 45155, [0/90],, and
[90/0],,. The [0/90} had O-deg plies on the outer surfaces,
whereas the [90/0] had 90-deg plies on the outer surfaces. Test
specimens, as shown in Fig." la, of nominal dimension
6x<0.5x0.08 in. and containing a reduced gauge section were
cut from the finished panels. The specimens were heat treated
for 24 h at 1292°F in vacuum in an attempt to stabilize the
o-B-Ti structure.?

Vibration Testing

Test specimens were cantilevered in mechanical grips that
clamped 2 in. along one end of the specimen, as shown in Fig.
2. A lightweight (142-mg) accelerometer was attached to the
midspan of the specimen by use of a thin layer of MIL-A-
46050C cyanoacrylate adhesive. Free vibration response of the
cantilevered specimen was recorded digitally on a spectrum
analyzer and simultaneously displayed on an oscilloscope, as
shown in Fig. 3. Figures 3 and 4 show representative measure-
ments of the vibration response for a typical specimen. Figure
3 shows, as displayed on the oscilloscope, the acceleration
response in the time domain to a transient load applied at the
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Fig.1 Test specimen geometry: a) test specimen; b) finite element
model.
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free énd of the specimen. The corresponding frequency re- £

sponse is shown in Fig. 4. The frequency data were processed
using a Hanning window for improved frequency resolution
and were obtaifiéd by rms averaging for the results of 10 sepa-
rate tests for each specimen. Resonant frequencies were then
identified by digitally locating the peaks in the frequency re-
sponse signal. Measurements taken in this manner proved to
be both extremely sensitive to material changes (e.g., cracking
and debonding) caused by the applied loads and repeatable to
within a +=0.2% measurement error.

Analysis
Material Properties
Stiffness coefficients for the 8-ply composite test specimens
were calculated from the fiber and matrix properties given in
Table 1 as follows. For a single unidirectional ply with fibers
oriented in the one direction, the elastic constants given by
simple rule-of-mixtures calculations are*

Ell = VfEf + VmEm
Vip = Vfo + Vi Vm
Ep=[Vy/Ef+ Vp/Ey| ™!
Gia=[Vy/Gy+ Vin/ G| ™!
p=Vipr+ Vinom ey
where the subscripts f and m refer to fiber and matrix; E, G,
v, and p are the Young’s modulus, shear modulus, Poisson’s
ratio, and mass density, respectively; and Vs the volume
fraction of the respective constituent. Assuming a state of

plane stress in the 1-2 plane, the unidirectional ply stress-strain
relations are given by

(23] €1
o ¢ =10 & @
Jg €g

where the subscripts 1 and 2 denote normal in-plane stresses
and strains, and 6 denotes in-plane shear. In terms of the
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Fig. 4 Amplitude spectrum for specimen 25 after heat treatment.

Table 1 Fiber and matrix elastic properties

Fiber Matrix
E, Msi 62 9-15
G, Msi 26 E/2(1+)
v 0.19 0.32
0, Ib/in.3 0.108 0.172
o, X1076/°F 2.7 4.7
engineering constants,
[Q1=181"
where
S =1/Ey Sip= —vp/Ey
Sp=1/Ep Si3=83=0
Ses = 1/Gn3 3

Stress and strain transformation equations are used to calcu-
late [Q] in Eq. (2) for unidirectional ply oriented at an arbi-
trary angle 6 to the 1 direction, and laminated plate theory? is
then used to calculate membrane and bending stiffness coeffi-
cients for the 8-ply composite with arbitrarily oriented plies.
These coefficients are then used as the elastic anisotropic con-
stants in the finite element analysis.

The simplifying assumptions inherent in Eqs. (1) are that the
fiber/matrix bond is strong and the deformation is elastic. The
latter assumption may be adequate in this case since the mod-
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Table 2 Specimen 25 [ +30]; frequenc& data

As-received condition

Vibration a b.c Percent
mode ©m @e error

1 - — 181.9 _

2 1 131 1 136 0.4

3 3 190 3 188 0.1

4 6 212 6 274 1.0

S 10 270 10 410 1.4

6 15 300 ~15.585 1.9

2Subscript m, measured value (Hz).
bSubscript ¢, calculated value (Hz).
°E, =10.3 Msi

ulus calculations are being used to predict composite stiffness
for small-amplitude vibrations. The actual strength of the
fiber/matrix bond is unknown.

Finite Element Analysis

A finite element modal analysis was performed for each test
specimen using MSC/NASTRAN.® Two-dimensional, iso-
parametric shell elements with orthotropic membrane and
bending stiffness were used to miodel the composites. Mode
shapes and resonant frequenciés were calculated by solving the
assembled system of equations,

[[K1-NIMY] (g} =0 @
for its eigenvectors and eigenvalues, where
K = structural stiffness matrix
M = mass matrix
\; = eigenvalue (v?)
¢; = eigenvector (mode shape)

A representative finite element mesh used to analyze the
cantilevered tensile specimen with a reduced gauge section is
shown in Fig. 1b.

Results and Discussion
Numerical Convergence

A preliminary study was performed to determine the num-
ber of finite elements required for a converged modal solution.
The results shown in Figs. 5a and 5b are the natural frequen-
cies measured and calculatéd for a [ + 30],, specimen of dimen-
sion 6 X 1 X0.075 in. These figures indicate that the calculated
bending frequencies are sensitive to the number of elements in
the longitudinal directioh. A converged solution is obtained
with 30 longitudinal tlements, and these results are given in
Table 2. Bending stiffness is underestimated with coarser
meshes because reduced integration is used to calculate the
element stiffness.® Thus, 30 longitudinal elements were used in
subsequent calculations.

Vibration Analysis

Vibration tests were performed several times for a few se-
lected specimens to determine the measurement repeatability.
The measured values for natural frequencies were found to
vary a maximum of 0.2% from one test to another. Shifts in
frequency due to applied thermal and mechanical loads were
usually on the order of 2-3%; hence, this degree of measure-
ment accuracy was considered acceptable.

The placement of the accelerometer on the specimen, as
shown in Fig. 2; was chosen so as to detect the flexural (bend-
ing) motion of the spemmen rather than the torsional (twisting)
motion. Therefore, in the results presented here the frequen-
cies are all associated with bending modes. The lowest fre-
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Fig. 5 Finite element mesh convergence: test specimen 25, [+30];
matrix moduahas: 10.3 Msi.

quency range scanned for the specimen used in Fig. 5 was
1-1.2 kHz; thus, no data were taken for the 180-Hz bending
mode. The dashed lines are the measured resonant frequencies
for each of the modes. The calculated frequencies were deter-
mined by varying the matrix modulus from 9 to 15 Msi until
the frequencies calculated in the finite element analysis were
within 1-2% of the measured values. The matrix modulus
giving the best agteement with the measured values for this
specimen was 10:3 Msi. The results in Figs. 5a and 5b and
Table 2 iridicate that the frequencies calculated for the first six
bending modes correspond well with the measured values.
This procedure was used to determine the effective matrix
modulus for each test specimen in the following manner: The
matrix modulus used to calculate the finite element stiffness
coefficients was systematically varied until the calculated reso-
nant frequencies matched the measured values. This process
was repeated three times: to match the measured frequencies
of each specimen in its original (as-fabricated) condition; after
heat treating, and after a mechanical or thermal load was
applied. The effect of each type of loading on the test specimen
can therefore be quantified by the change induced in the ma-
trix modulus. An advantage inherent in this combined experi-
mental/finite element approach is that small variations in di-
mensions between test specimens (e.g., width and thickness
variability) are accounted for by minor adjustments in the
corresponding dimensions of the finite element model shown
in Fig. 1. Therefore, the calculated modulus for one test spec-
imen can be compared directly with that for any other, since
the effects of specimen geometry are effectively eliminated.

Heat Treating

In Fig. 6 the effectlve matrix modulus is presented graphi-
cally for each of the ply orientations tested. The average ma-
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trix modulus, both before and after heat treating for 24 h at
1292°F in vacuum, is 10.7 Msi. This is somewhat lower than
the normal modulus of 12.5 Msi determined from a tensile test
for monolithic Ti-15-3 (Ref. 3). The two methods may yield
different values. This is currently under investigation. Further-
more, a perfect bond between fiber and matrix has been as-
sumed in the stiffness calculations given in Egs. (1). Any im-
perfections in the fiber/matrix bond will lower the composite

12

) l | 3
———y— g ——]
10 o —
* 8

z 8- —
x
)
=
-
= o -
L
>
=

§i— ]
. ®  AS-RECEIVED

O AFTER HEAT TREATMENT
— —  AVERAGE VALUE
2 (10.7 Ms1) —
0 l l | |
[£30]  [#451  [0/901  ([90/01  [90]

PLY ORIENTATION

Fig. 6 Calculated matrix modulus before and after 24 h/1292°F heat
treatment.
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stiffness and therefore appear as a lower matrix modulus in
this model. Similarly, fabrication-induced residual stresses can
lead to cracking in the matrix or fiber/matrix interphase re-
gion. Both types of damage will lower the effective matrix
modulus in these calculations. Nevertheless, the modulus val-
ues given here can be used effectively to compare the relative
damage states of the different test specimens. The data in Fig.
6 are given in Tables 3-7. Each data point in Fig. 6 represents
the results for a single test specimen. However, a series of
specimens of each type (i.e., fiber orientation and geometry)
was tested. The data shown in each of the figures are represen-
tative of the results for the entire series of test specimens. The
number of specimens of each type is shown in Table 8.

If A6 is the difference in ply orientation for neighboring plies
of the composite, i.e.,

Af

0; —8iys

where the subscript / refers to the ply number, the data in Fig.
6 indicate that heat treatment effectively increased the com-
posite stiffness when Af@=60 deg or less (i.e., [+30] or [90]
fiber orientations) and decreased composite stiffness when
A8=90deg (i.e., [£45], [0/90], and [90/0] fiber orientations).
These limited data suggest that the response of the composite
to heat treatment is dependent on the residual stress state and
on the lateral constraining effect that the plies impose on one
another.

Tensile tests on monolithic Ti-15-33 indicate that, although
tensile strength and failure strain are affected by the heat
treatment, the elastic modulus is not significantly changed
from its original value of approximately 12.5 Msi. Therefore,
the changes in effective matrix modulus of the composite
caused by heat treating are most likely due to changes in the

Table3 Specimen 24 [ 30]2; frequency data

As-received condition

After heat treatment?

After tensile loading®

Vibration c Percent q Percent . Percent
mode ©m g error “m e error “m “e error
1 —_— 183.7 - —_—— 188.7 _ ——— 182.7 -
2 1 146 1 144 0.15 1179 1176 0.25 1138 1138 0.02
3 —_—— 3 215 _ —— 3 304 _ —— 3199 -
4 6 308 6 325 0.27 6 471 6 498 0.42 6 199 6 292 1.5
5 10 393 10 460 0.64 10 968 10 748 2.0 10 713 10 405 2.9
6 15 435 15 743 2.0 16 260 16 239 0.13 15 705 15 651 0.3
1292°F for 24 h. Y144 ksi (1.5% strain). °E,, =10.5 Msi. 9E, =11.6 Msi. °E,, =10.3 Msi.

Subscripts m and ¢ as defined in Table 2 footnote.

Table 4 Specimen Al [+45]2 frequency data

As-received condition After heat treatment? After fatigue loading®
Vibration c Percent 4 Percent . Percent
mode @m We error “m ©c error Wm @e error
1 . 129.3 - . 127.4 R _ 126.1 _
2 958.3 958.6 0.03 945.5 945.1 0.04 934.5 935.0 0.05
3 2754 2807 1.9 2722 2768 1.7 2691 2739 1.8
4 5448 5479 0.57 5270 5403 2.5 5280 5346 1.3
21292°F for 24 h. 195 LCF cycles at 800°F. €E, =11.4 Msi. dE,,, =11.0 Msi. ¢E,, =10.7 Msi.

Subscripts m and c¢ as defined in Table 2 footnote.

Table5 Specimen C1 [90/0] 2 frequency data

As-received condition

After heat treatment?

After thermal cycling®

Vibration c Percent 4 Percent R Percent
mode Wm “e error “m @e error “m We error
1 140.0 140.0 0.0 138.0 137.5 0.4 137.5 137.5 0.0
2 1015 1024 0.86 999.0 1006 0.7 1031 1006 2.4
3 2906 2980 2.5 2875 2928 1.8 2969 2928 1.4
4 5659 5798 2.5 5583 5697 2.0 5808 5697 1.9
21292°F for 24 h. ©2000 cycles: 200-1000°F. °E,, =10.7 Msi. dEm =10.1 Msi. ¢E,, =10.1 Msi.

Subscripts m and ¢ as defined in Table 2 footnote.



996 J. E. GRADY AND B. A. LERCH AIAA JOURNAL

Table 6 Specimen B7 [0/90]»; frequency data Table 7 Specimen 38 [90]3 frequency data
As-received condition After heat treatment? As-received condition After heat treatment?
b Percent c Percent Vibration b Percent c Percent
Vibration “m We error “m @e error mode ©m We error @m @e error
1 151.3 151.4 0.07 150.3 151.1 0.6 1 180.5 180.6 0.1 182.0 182.1 0.04
2 1102 1107 0.48 1093 1105 1.1 2 —_— 1319 - - 1330 N
3 3161 3222 1.9 3125 3216 2.9 3 3740 3832 2.4 3800 3863 1.6
4 6130 6269 2.3 6081 6257 2.9 4 7210 7479 3.7 7328 7539 2.9
21292°F for 24 h. YE,, =9.2 Msi. °E, =9.1 Msi. 21292°F for 24 h. YE, =11.3 Msi. °E, =11.5 Msi.
Subscripts m and c as defined in Table 2 footnote. Subscripts m and ¢ as defined in Table 2 footnote.
Table 8 Test specimen geometry B
Test specimen Fiber Specimen  Gauge  Gauge  Thickness, Weight, No. of
designation orientation length length  width in. g specimens
Al [ 45125 5.980 1.5 0.317 0.076 13.012 10
B7 [0/90] 25 5.984 1.5 0.329 0.077 13.374 9
Cl [90/0] 25 5.990 1.5 0.329 0.077 13.440 3
24 [ 30125 5.877 (a) 0.999 0.075 30.105 2
25 [+ 30]2s 5.872 (%) 0.746 0.075 22.283 2
38 [90]8 5.510 1.0 0.328 0.083 13.765 3
2Rectangular specimen.
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Fig. 7 Change in calculated matrix modulus for [+ 30] specimen due l
to heat treatment and tensile load.
integrity of the fiber/matrix bond that could occur during
thermal loading of the composite. The integrity of this bond
could be affected by the residual stress state within the individ-
ual plies and would therefore vary as a function of the ply
stacking sequence. A detailed analysis of the residual stress Fig. 8 Scanning electron microscope photographs of damaged area
state is in progress and will be reported subsequently. of [£30] specimen loaded in tension to 1.5% strain.
Tensile Load cracks was concentrated in the area highlighted in Fig. 8. Ex-
A 144-ksi tensile load was applied to a [ = 30] specimen after amination of the damaged area using a scanning electron mi-
it was heat treated. The test was performed in strain control croscope (SEM) reve:aled the failure details shown in Fig. 8. As
and at a constant strain rate of 10~*s~!. The maximum strain indicated in these micrographs, the outer matrix layer exhibits
level reached was 1.5%, which is very close to the failure strain cracking. The cracking occured on both sides of the specimen
for this fiber orientation. An additional vibration test was in the area indicated by the dashed square. A high magnifica-
performed on the specimen after the tensile load was removed. tion of these cracks indicated that the fibers within the crack
Effective matrix modulus values were backcalculated, based (i-e., the first fiber row) remained intact. Whether these cracks
on the data given in Table 3, and are shown in Fig. 7. The propgga}ed through the thickness of the specimen is unknown
matrix modulus was 11.6 Msi after heat treating but dropped at this time.
to 10.3 Msi after the tensile load was applied, suggesting that i
some damage to the composite was caused by the tensile load. Fatigue Load
Microfocus X-ray analysis was performed on the damaged After heat treatment, a [ +45] specimen was fatigue tested at

specimen. This analysis indicated that damage in the form of a frequency of 0.1 Hz for 195 tension-tension cycles at 800°F. -
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Fig. 9 Change in calculated matrix modulus for [ +45] specimen due
to heat treatment and fatigue load.

The applied mean stress o, was 17.3 ksi, and the stress range.

Ao was 32.9 ksi. The stress ratio omin/ 0max Was therefore 0.05.
For these loading conditions 195 cycles is approximately 1% of
the expected low cycle fatigue life of the composite.” The test
data are given in Table 4, and the calculated modulus (10.7
Msi) is compared to the as-received (11.4 Msi) and heat-treated
(11.0 Msi) values in Fig. 9. The results indicate that some
degradation was caused by the fatigue loading. No metallo-
graphic inspection of the damaged specimen has yet been per-
formed; thus, no supporting data are available to identify the

type and location of the damage. However, no visible cracking

was observed on the outer surfaces of the specimen.

Thermal Cycling

Cyclic thermal loading may cause cracking at or near the
fiber/matrix interface region due to the mismatch in thermal
expansion coefficient between fiber and matrix. To evaluate
this effect, the [90/0] specimen was exposed to 2000 thermal
cycles from 200 to 1000°F by cycling the specimen into and out
of a furnace at a rate of 0.17 cycles/min. The test results are
tabulated in Table 5 and are shown graphically in Fig. 10. They
indicate that the thermal cycling had a negligible effect on the
composite stiffness. The difference between as-received and
heat-treated properties indicate that some damage may have
been introduced during heat treatment, but the material was
not significantly further damaged by the cyclic thermal load.

Further evidence to this effect was obtained by tensile testing
several [0/90] specimens to failure. A typical specimen that
had not been exposed to the thermal cycling had measured
values of 22 Msi, 146 ksi, and 1.04% for the modulus, E|;,
ultimate tensile strength, and failure strain, respectively,
whereas an otherwise identical specimen had corresponding
values of 21 Msi, 137 ksi, and 0.98% after being exposed to the
cyclic thermal load. It should be pointed out that the thermal
cycling conditions used in this study are fairly benign. The
thermal cycling induces a few isolated matrix cracks, as well as
some fiber/matrix debonding.® The current results indicate
that neither the vibration analysis nor the tensile tests were
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Fig. 10 Change in calculated matrix modulus for [90/0] specimen
due to heat treatment and thermal cycling.

sufficient for detecting the limited amount of damage that
occurred during thermal cycling.

Summary of Results

A combined experimental/analytical technique that uses the.
results of vibration testing together with finite element analysis
was demonstrated and used to evaluate the degradation of
mechanical properties of SiC/Ti-15-3 composites. The effects
of heat treatment on specimens of varying ply orientation were
analyzed, and representative results were presented that illus-
trate the effects of monotonic tensile loading, fatigue loading,
and thermal cycling on composite stiffness.

The results for the five different ply orientations considered
indicated that the effective in situ modulus of the matrix mate-
rial in the as-received condition was an average of 15% lower
than the monolithic value. In addition, the effect of heat treat-
ment on the composite stiffness varied with the ply stacking
sequence.
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