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ABSTRACT, Often, disks rotating at high speeds are
fabricated fmm high-strength, filament-wound composites.
The carbon and glass fiber bundles. or tows that makeup
a filament, are often similar in different disk designs, and
steady-state stress anaiyses are usually reported.
Typically, Iittte information is repotied about the dynamic
deformation and vibrations of the disk, which are
important for understanding instabilities at high rotational
speeds.

First, experimental and FEM modal analyses are
performed for a non-rotatingdisk to verify the FEM model.
The disk is made from composite rings which are press-fit
or urethane bonded onto a hub. Then, the FEPvImodel is
used to analyze the effect of prestressing and stress
stiffening due to rotation at various speeds.

1. INTRODUCTION

Rotors are quite often made of multiple layers which are
press fit to induce compressive hoop stress to somewhat
offset the tensiie hoop stress due to spinning. The
analysis involving isotropic materials for different layers
are simple and available ifl classical text txmks on
strength of materials [1]. However, application of isotropic
materials are limited due to the fact that hoop stress is
much greater than the radial stress resulting in inefficient
or bulky ciesi~n.

A solution to such ?foblems of stresses of differem
magnitude in different directions is the use of composite

materials. Use of camposite materials due to their
anisotmpic (in this case orthotropic) properties have been
prevalent fix years. Analysis of such composite materials
have also been integrated into finite element codes such
as ANSYS {2]. However. comparison of theory and
experiment lacks in general.

2. FINITE ELEMENT ANALYSIS

In general it is not recommended to perform modal
analysk (which is linear analysis) of a structure which has
contact elements. Contact elemen~ were needed to
simulate me appropriate prestress due to
intetierences/gaps. By nonlinear static analysis using
contact eIements, prestress was generated. Since the
tidal analysis is linear, whereas contact elements are
nonlinear, after computing prestress contact elements
were “frozen”: nodes were coupled instead of connected
by contact elements. Also, in order to obsewe the effect
of prestress, modal analysis was performed ignoring the
gaps~interence. Subspace method was used (along with
eigenvalue shift) to compute first few nonrigid body
natural frequency and mode shapes.

3. RESULTS

The press-fit imtor was tested with an impact hammer
under fre&ree boundary condition (supported on
sponge), using a PCB accelerometer, Bruei & Kjaer dual
channel FFT analyzer. and STAR MODAL software.
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SYLRAMICm continuous fiber ceramic-matrix composites (Nicalonw fiber/SiNC matrix)
were fabricated by Dow Corning Corporation with the polymer-impregnation and pyrolysis (PIP)
process. The composite microstructure and its uniformity, and the completeness of infiltration
during processing were studied as a function of number of PIP cycles. Two nondestructive
evaluation (NDE) methods, i.e., infrared thermal imaging and air-coupled ultrasound (UT), were
used to investigate flat composite panels of two thicknesses and various sizes. The thermal
imaging method provided two-dimensional (2D) images of through-thickness thermal diffhsivity
distributions, and the air-coupled UT method provided 2D images of through-thickness ultrasonic
transmission of the panel components. Results from both types of NDEs were compared at
various PIP cycles during fabrication of the composites. A delaminated region was clearly detected
and its progressive repair was monitored during processing. The NDE data were also correlated to
results obtained from destructive characterkation.

INTRODUCTION

SYLRMvlICm continuous fiber ceramic-matrix composites (Nicalonw fiber/SiNC matrix)
used in this study were fabricated by a polymer-impregnation and pyrolysis (PIP) process
developed by Dow Coming Corporation. During PIP processing, the composite microstructure
and its uniformity must be controlled to obtain a desired final density or open porosity. Typically,
15 PIP processing cycles are required to reduce the open porosity to the desired level (e.g., +%).

In this study, two nondestructive evaluation (NDE) methods, i.e., infked (IR.) thermal
imaging and air-coupled ultrasound (UT), were used to investigate flat composite panels of two
thicknesses and various sizes after several PIP cycles. The thermal imaging method provided two-
dimensional (2D) images of through-thickness thermal diffusivity distributions, and the air-coupled
UT method provided 2D images of through-thickness ultrasonic transmission of the panel
components. A delaminated region was clearly detected and its progressive repair during
processing was monitored. Results from the two NDEs were correlated and compared with results
from destructive characterization.

THERMAL DIFFUSMTY MEASUREMENT SYSTEM

The experimental apparatus for measuring through-thickness thermal diffusivity is
illustrated in Fig. 1. The apparatus includes an IR camera that consists of a focal-plane array of
256 x 256 InSb detectors, a 200 Mhz Pentium-based PC equipped with a digital frame grabber, a
flash lamp system for the thermal impulse, a function generator to operate the camera, and a dual-
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timing-trigger circuit for the camera and external trigger control. An analog video system is used to
monitor the experiments. Processing time to measure a typical diffusivity image with 256 x 256
pixels rangesfrom 8 to 20 rein, depending on the number of frames taken.

The thermal diffusivity is calculated on the basis of the theory of Parker et al. (1961),
which assumes that the front surface of the sample is heated instantaneously. The rate of heat
conduction through the sample, which is related to the thermal diffusivity of the material, is
determined by measuring the speed of temperature rise at the back surface. Figure 2 shows
theoretically predicted back-surface temperature T as a fimction of time t and specimen thickness L,
where TMis the maximum back-surface temperature and a is the thermal diffusivity. One method
to determine the thermal diffusivity is the “half-rise-time” (tln) method. When the back-surface
temperature rise has reached half of its maximum, i.e., T/TM = 0.5, we have a = 1.37L2/n2t
The accuracy of the thermal diffusivity measurement determined by this method has been calibrat’~d
with a NIST standard graphite specimen (Stuckey et al., 1997).
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Fig 1. Schematic diagram of experimental thermal imaging apparatus.
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Fig. 3. Schematic diagramof air-coupled ultrasonic system.

AIR-COUPLED ULTRASOMC IMAGING SYSTEM

The experimental setup of the air-coupled ultrasonic system (Pillai et al., 1997) consists of
a traditional xyz positioning system with two matched ti-coupled transducers in a coaxial
transmission geometry, as shown in Fig. 3. The yoke assembly on which the transducers are
mounted is comected to xy scan stepper motors that are controlled by the host computer. The
sample is mounted on an adjustable support so that the focal point of the transducers is within the
thickness of the sample. A C-scan image of the sample is then built up with a nominal 0.08-cm
step size in both x and y directions. Tone bursts of acoustic energy at 0.4 MHz are incident on the
sample from the transmitter side. These ultrasonic waves propagate through the sample and
emerge to be detected by the receiving transducer. The detected signal is preamplifier by a low-
noise pre-amp attached directly to the receiving transducer and is then fed to a tuned amplifier and
to an electronic gate. The digital value of the peak in the gate (PIG) is displayed and stored as a
color-coded image. The resulting image consists of a large number of pixels, the colors of which
depend on the transmitted amplitude. Image color thus depends on the physical property of the
medium. A acoustic waves propagate through the medium, they are scattered by defects in the
medium. Areas with defects (such as pores and delarninations) appear as different colors on the
image, because the amplitudes of the through-transmitted waves (PIG values) differ in these
regions.

sYLRAMIcm coMPoslTE SAMPLES

Two sets of SYLW4MICm composite samples were characterized by the NDE methods.
The first set included eight 8-ply 51-mm x 51-mm (2-in. x 2-in.) coupons processed with 1, 3, 5,
7, 9, 11, 13, and 15 PIP cycles, respectively. The coupons were used to determine their thermal
diffusivity and UT transmission properties. The second set contained an 8-ply and a 16-ply panel,

~ each of which measured 203-mm x 203-mm (8-in. x 8-in.). After the f~st PIP processing cycle,
the panels were cut into smaller pieces that measured 102-mm x 203-mm (4-in. x 8-in.), 102-mm x
102-mm (4-in. x 4-in.), 51-mm x 102-mm (2-in. x 4-in.), 51-rnm x 51-mm (2-in. x 2-in.), 25-mm
x 5 l-mm (l-in. x 2-in.), and 6-mm x 5 l-mm (0.25-in. x 2-in.). NDE tests were conducted on
these panels afier 1, 5, 10, and 15 PIP cycles.

NDE RESULTS

Thermal diffusivity and UT transmission data obtained from the set of 5 l-mm x 5 l-mm
coupons are plotted in Figs. 4a and b as a function of sample density. From these figures, it is
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Fig. 4. (a) Thermal diffusivity and (b) UT transmission
composite density. -

(b)

as a function of SYLRAMICm

Fig. 5. Thermal diffusivity images of 8-ply SYLl&4.MICm composite panel obtained after (a) 1,
(b) 5, and (c) 10 PIP cycles.

evident that both thermal diffbsivity and UT transmission are approximately linear functions of
density (Sun et al., 1997).

Figures 5a-c and 6a show the thermal diffusivity images of the 8-ply panel after 1, 5, 10,
and 15 PII?cycles, respectively. The images clearly show several regions of damage in the panel.
The damage was in a form of delamination that occurred after the f~st and before the fifth PIP
cycle. The damaged regions were progressively repaired after the fifth PIP cycle, as shown in
Figs. 5b and c and 6a. On the other hand, the 16-ply panel was not damaged, and its dif!isivity
images after various PIP cycles were uniform. Figure 6b shows the thermal diffusivity image of
the 16-ply panel after 15 PIP cycles. The white (or high diffisivity) bands near some edges are
due to reduced thickness at these edges.

Similar results were obtained from the air-coupled ultrasonic tests. Figures 7a and b show
the UT transmission images of the 8- and 16-ply panels, respectively, after 15 PIP cycles. The
smaller pieces (<3 cm) were not imaged because of excessive edge scattering effect of the acoustic
waves. Figures 6 and 7 show good correlation between thermal diffhsivity and air-coupled UT
data.
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Fig. 6. Thermal diffisivity images of (a) 8-ply and (b) 16-ply SYLRAMICW composite panels
after 15 PIP cycles.

o 2.5

(a)

Fig. 7. Air-coupled UT transmission images
composite panels after 15 PIP cycles.

(b)
of (a) 8-ply and (b) 16-ply SYLRAMICm

An additional study to examine the edge effect was conducted on the 8-ply panel, because
the edge effect is of interest for both composite processing and thermal imaging. The 102-mm x
203-mrn (4-in. x 8-in.) sample shown in Figs. 5-7 was cut into two 51-mm x 203-rnm (2-in. x 8-
in.) pieces. The upper portion was further tested with thermal imaging, whereas the lower portion
was tested by a destructive method. Two thermal diffhsivity images of the upper 51-mm x 203-
mm piece that were obtained with front and back surface facing the IR camera are shown Figs. 8a
and b. Because of the diffusive nature of the thermal imaging, a feature near the surface that faces
the camera will not be greatly difiised and thus give a better resolution in the image. When judged
by the amount of diffusion in these images, it is evident that the delaminated (black) regions at the
left edge andat the right center are near the front and back surfaces, respectively. Typical thermal
diffusivity profiles from this sample are plotted in Figs. 9a-c, with the x-y coordinates illustrated in
Fig. 8a. Of particular interest is the comparison of the diffusivity profiles near the cut edge, which
were obtained before and after the edge was cut. An edge effect which causes spurious results on
the order of 2-3% is evident in the measured diffusivity; however, this effect must be studied
further.

The lower 5 l-mm x 203-mrn (2-in. x 8-in.) sample was further sectioned into 25-mm x
25-mm (l-in. x l-in.) coupons; their bulk densities were measured, as shown in Fig. 10. An
attempt was made to estimate the bulk density of these coupons from the thermal diffusivity “image
shown in Fig. 6a and the correlation between the density and thermal diffusivity shown in Fig. 4a.
The estimated densi~ is also plotted in Fig. 10. Although the trends between the measured and
estimated densities are the same, the estimated values exaggerate the variation. However, this
problem is expected because the correlation was obtained from uniform composite materials
whereas the measured density variation in the sample was due to dehrnination.

-’7= m.: --.=?= - .-. . , ,, . --- . . ,,--=.= .- - -,—. — —.--— —



(a)

(b)

Fig. 8. Thermal diffhsivity images of a 5 l-mm x 203-mm 8-ply SYLRAMICW composite
sample with (a) front and (b) back surface facing the IR camera.
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Fig. 9. Typical thermal W3i.sivity profiles in (a) x direction, (b) y direction, and (c) y direction
with details near cut edge at y = O.
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Fig. 10. Measured and estimated bulk density of 5 l-mm x 203-mm 8-ply SYLRAMICm
composite sample.

CONCLUSIONS

It was found that NDE by thermal diffusivity and air-coupled ultrasonic imaging methods
can be used to characterize SYLRAMICm composites during processing. Both thermal diffusivity
and UT transmission are approximately linear fimctions of the composite density (or porosity). A
delaminated region was clearly detected by both of the NDE methods and its progressive repair
during processing was monitored. The correlation between the results of thermal and UT imaging
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WilS good. The correlation between NDE data and results obtained from destructive
characterization was also good.
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