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ABSTRACT : In this work, changes in the mechanical properties of carbon-carbon com-
posites during processing are studied using nondestructive characterization techniques.
Ultrasonics and radiography are used to measure the local stiffnesses in carbon-carbon
panels after each stage in the processing cycle. The degree of material inhomogeneity (as
measured by the standard deviation in the local moduli) was monitored throughout the fab-
rication process. The nondestructively measured stiffnesses were compared with direct
mechanical measurements to assess the viability of the technique.

INTRODUCTION

N THE NEXT decade, there will be a concerted effort to develop hypersonic

aircraft for commercial applications. It is anticipated that the design of these
vehicles will place new demands on material performance at elevated tempera-
tures. Temperatures in excess of 3200°F will be experienced at hypersonic
speeds in certain critical areas of the structure, such as the tip of the nose and the
wing leading edges. Carbon-carbon composites are one of the few structural ma-
terials available which retain a significant fraction of their specific stiffness and
strength at elevated temperatures. Consequently, there is a great deal of interest
in carbon-carbon composites as structural materials for hypersonic applications.
While this material offers much promise for the future, many problems remain to
be solved before it can be effectively utilized.

One of the most important considerations in carbon-carbon development is the
effect of processing on the microstructure of the final product. Carbon-carbon
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composites are fabricated in a complicated, multistep process. Initially, a com-
posite panel (called the mold panel in this study) is fabricated using conventional
processing techniques. The matrix of this precursor composite is a phenolic resin
and graphite fibers are used as reinforcement. The precursor composite is then
exposed to elevated temperature (1500°F or higher) to convert the resin to pure
carbon. After this carbonization step, the material has a very high porosity and
poor mechanical properties. To reduce the porosity and improve material proper-
ties, the panel is reinfiltrated with resin and returned to elevated temperature for
conversion of the new resin into carbon. As this process is somewhat inefficient
in filling the sample pores, it must be repeated several times, usually up to four,
until a part with reasonable microstructural uniformity is obtained. An alter-
native to liquid resin infiltration and carbonization is the direct deposition of car-
bon by means of chemical vapor infiltration; however, this process also usually
requires two or more repetitions and may involve interim machining and heat
treatments for graphictization. Clearly, the properties of the final composite are
heavily dependent on the efficiency of the pore filling process.

In this research effort, we examine the use of quantitative, nondestructive test-
ing techniques to track changes in the properties of carbon-carbon composites
during processing. Here, we use a combined radiography/ultrasonic velocity ap-
proach to characterize the behavior of the composite on a local basis. As wave
speed is a function of both moduli and density, both nondestructive evaluation
techniques are needed for accurate moduli reconstruction in a porous media such
as carbon-carbon. In order to demonstrate the validity of the approach, we com-
pare our results with direct mechanical property measurements as well as photo-
micrographs of the specimen microstructure taken at various stages of process-
ing.

BACKGROUND

A variety of ultrasonic test techniques have been developed for quantitative
characterization of the mechanical properties of composite media. Much of the
early work in this area involved sectioning of the composite to generate the re-
quired waves for elastic moduli reconstruction [1]. However, the value of using
nondestructive, oblique incidence ultrasonic techniques for this determination
was also recognized [2]. More recently, a plethora of approaches have emerged
based on bulk wave slowness surface reconstruction [3], point source-point sen-
sor techniques [4], surface wave analysis [5], critical angle measurements [6],
and plate wave propagation—the so-called leaky-Lamb wave method [ 7]. The key
requirement for any viable NDE application of any of these approaches is the
capability for rapid, local property determination so large scale parts can be
scanned in a timely fashion.

While many of these approaches have been developed for conventional lami-
nated composites, relatively little work in this area has been done on carbon-
carbon materials. The one major exception to this observation is the work of
Hosten and Tittman [8], who examined the effect of processing on the elastic
moduli of woven carbon-carbon composite samples. Even though these research-
ers examined only a limited number of moduli in the orthotropic composite, the
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authors clearly demonstrate the viability of modulus reconstruction technique to
study processing induced changes in the composite.

THEORY

The governing equations for wave propagation in anisotropic media are rela-
tively straightforward. Assuming plane wave propagation of the form

u; = Aoajei(kl,»x,»—wt) (1)
the equations of motion reduce to the following eigenvalue problem

A=Da=0 2

where

A= Cijklmjml/Q

identity matrix

density

= [/v = slowness vector

wave normal direction cosines

wave number

phase velocity

direction cosines of particle displacements
elastic-stiffness tensor

<
R € 'S 0w
Il

D)

For material property characterization, we are particularly interested in veloc-
ity. In any given direction (), velocity will be a function of the moduli and
density. If a sufficient number of independent velocities can be measured, there
will in principle be sufficient equations to determine each of the elastic moduli.
For an orthotropic media, nine moduli are sought.

A variety of approaches have been utilized to obtain the measurements needed
for modulus reconstruction. Mignogna et al. [9] use an oversampling approach
with 27 measurements to reconstruct the nine desired moduli. Hosten et al. [10]
and Kline et al. [11] use a direct approach (with no redundancy) with the mini-
mum nine measurements. This approach takes optimal advantage of the material
symmetry to reduce the complexity of the problem. First, the through thickness
transit time is determined to yield Cs; directly. Next, with the transducer axis
oriented in the zero degree direction, the Christoffel equation assumes a rela-
tively simple form with contributions only from the known Cs; term and three
unknown C,;, C,; and Css. These three terms are obtained from measurements
of the transit time for one quasilongitudinal wave (5° angle of incidence) and two
quasitransverse waves (15° and 20° angles of incidence). Rotating the transducer
90°, and repeating exactly the same procedure isolates three additional moduli
Ci3, Cy; and Cy,. The remaining two moduli are obtained with the transducers
oriented at 45° with respect to the symmetry axes. The resulting Christoffel equa-
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tion includes all nine constants (the seven previously determined and the remain-
ing unknowns C,, and Cse); hence any errors in the first measurements will be
reflected in the determination of C,, and Cse.

Also it should be pointed out that, in anisotropic media, the phase and group
velocities do not coincide. Since group (not phase) velocity is the quantity being
measured, we modify the problem so that group velocity is properly treated.
Group and phase velocities are related via the equation:

§ = Cing Loy 3
9 = Qv ( )
where |S| = v,...,. This relationship is a little more complicated algebraically

than simply solving the Christoffel equation directly, but otherwise readily tract-
able mathematically using standard, nonlinear equation solving algorithms. A
more detailed discussion of alternative strategies to modulus reconstruction in or-
thotropic media may be found in Reference [12].

EXPERIMENTAL PROCEDURE

Test Sample Fabrication

To illustrate the capability of our quantitative nondestructive evaluation tech-
niques, we recently studied a series of C-C test panels to investigate the effects of
processing on material properties. The processing of these samples was stopped
at different stages in the manufacture in order to examine the effectiveness of the
reinfiltration process. The carbon fiber prepreg (phenolic resin and carbon
fibers) was cut into square sheets for assembly into an eight-layer, cross-ply com-
posite plate. The prepreg was a woven 8-harness satin fabric of 3K T-300 fiber
tows with a warp of 24 tows per inch and a fill of 23 tows per inch. To ensure a
tight fit between each of the laminae, the prepreg sheets were positioned so that
the warp side of each of the laminae was facing up and the fill side down; thus,
the laminae fit more closely together producing a higher fiber volume.

The laminae was vacuum bagged and molded in a press using a stepped in-
cremental heating ramp to 325°F over a four and one-half hour time period. The
total pressure of consolidation during mold/cure was 45 psi (15 psi bag + 30 psi
press).

Once the mold/cure process was accomplished, the two plates were cut into
smaller panels. With the first step completed in the manufacturing process one
panel was marked as mold/cure and kept as the first in the series of seven panels
representing the processing steps under investigation. The remaining seven
panels went into the first pyrolyzation which heated the C-C panels to 1600°F to
complete the carbonization of the phenolic resin. At the end of the first pyrolyza-
tion a second panel was retained and designated (P,) for zero densifications. The
remaining six panels went onto the first densification; this involved immersing
the panels in liquid resin, heating to 176°F under a vacuum until the air was
boiled out, and then pressurizing the liquid and panels to 180 psi for one hour.
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Once the panels were cooled down they were wiped down to remove excess resin
and cured to 325°F before being pyrolyzed again.

It was after the second pyrolyzation that the third panel was retained and desig-
nated (P,) for one densification. The remaining panels continued through the
densification/pyrolyzation process yielding the (P, Ps, P,, and Ps) panels for the
remaining tests. The sample panels were then coated with an encapsulator to
keep water from penetrating the pores of the material during the immersion
testing.

Ultrasonic Testing

The experimental setup for ultrasonic property determination is illustrated in
Figure 1. Here, a through transmission arrangement was used to minimize signal
loss in the porous carbon-carbon samples. Also, as stated previously, samples
were treated with a very thin polymer coating to prevent moisture uptake by the
sample. A matched pair of 1 MHz center frequency, resonant transducers were
used to perform the ultrasonic inspection. In order to enhance the accuracy of the
time delay measurements, a pulse phase locked loop system was used. This
allowed us to make extremely accurate measurements of the changes in the ar-
rival times of the appropriate acoustic signals. Since this procedure yields
relative, not absolute, it was necessary to establish an accurate set of reference
measurements at the initial starting point. This was done using a cross-
correlation technique to compare the transit time between sensors both with and
without the sample inserted between them. In this way, we were able to scan the
parts rapidly for each inspection angle without sacrificing accuracy. As described
in the previous section, nine separate scans were required for the reconstruction
of the nine orthotropic moduli.

Density Measurements

Radiographic test methods were used for local density determination in the
composite samples. For this measurement, radiographs of the complete parts
were made along with an X-ray image of an aluminum calibration bar (stepped
in increments of 0.05 inch). Then, we converted the photographic x-ray images
to digital form. This was done using a digitizing camera. By comparing the C-C
calibration block to the Al sample, the absorption coefficient for C-C was then
directly established. This permitted the local density measurements needed for
modulus reconstruction.

Mechanical Property Measurements

In order to verify the accuracy of the ultrasonic test procedure, mechanical
property measurements were conducted on samples cut from the test panels. Test
coupons were cut at 0°, 45° and 90° with respect to the warp/fill directions of
the fiber reinforcement. Samples were instrumental with strain gages prior to
testing. The ends of the samples were then potted in resin. When sample testing
was complete, the test coupons were subjected to compressive loading. In this
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Figure 1. Experimental geometry.

way it was possible to experimentally determine 7 of the 9 orthotropic moduli.
The limited sample thickness prevented direct determination of the remaining
two moduli.

RESULTS AND DISCUSSION

Ultrasonic test techniques were used to determine the nine pertinent moduli for
the orthotropic samples. Results were then compared with mechanical test results
for coupon cut from the plates. Average porosity was also determined for each
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sample plate. Results are presented in Figure 2. As expected, the average porosity
was found to increase dramatically with the first pyrolization and then slowly
decrease with successive densifications. Changes in pore size with processing
were studied previously at NASA/Langley Research Center [13]. Figure 3 shows
that the successive densifications of the manufacturing process preferentially fill
the 0.3- to 10-micrometer-sized pores and that large pores do not fill well.

To examine this further, representative photo micrographs were obtained for
each of the sample densifications. Representative micrographs are presented in
Figure 4. Several major microstructural defects are found in the micrographs:
matrix porosity (principally seen at fiber crossing points), fiber-matrix debond-
ing and matrix microcracking which both occur as a result of matrix shrinkage
during pyrolysis. As seen in the photo micrographs, large scale porosity is only
reduced slightly by successive reinfiltrations. By the final step, the small scale
porosity and matrix microcracking are reduced substantially from that of the P,
state, but not eliminated. Furthermore, fiber matrix debonding which was virtu-
ally complete throughout the specimen in the P, state, is also improved by the Ps
densification, but also not completely eliminated.

For the ultrasonic method to be meaningful, the mechanical test values,
although obtained from multiple test coupons spread out over the surface of the
six sample panels, should be representative of the values obtained by the ultra-
sonic wave velocity analysis. The data shown in Figure 5 exhibit the relationship
between the compressive test and ultrasonic stiffness values for selected moduli.
The upper and lower ultrasonic stiffness values are shown on the graphs so that
the entire range of stiffness values obtained over the sample panel’s surface may

35

Y [ —O— Average Porosity J

30

20

R/ N
R T
g

Percentage of Porosity

10

T T T T U
Cured o r1 r2 P3 r4 rs

Densification Increments

Figure 2. Effect of processing history on C-C composite panel porosity.
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Figure 3. Effect of processing history on coated C-C composite pore site distribution (after
Maahs [9)).

be represented in the comparison* It should be noted that the ultrasonic values
for each panel represent 121 individual measurements [11 X 11 grid size, deter-
mined by panel size and sensitive area of transducer (.375")].

Three important observations may be made from these data. The first is that for
each of the seven stiffness coefficients investigated, the mechanical test values
were within the high-low spread of ultrasonic test values. This clearly implies
that the ultrasonic stiffness values were reliable predictions of the material
stiffness. The one exception was the P, panel in which the mechanical test values
were either at the low end or out of range of the ultrasonic stiffness values. This
anomaly in the accuracy of the ultrasonic method may best be explained by the
high void-porosity value found in the P, panel.

Secondly, there is a very large degree of data scatter within a sample. This is
best illustrated in Figure 6 where the standard deviation for several modulus
measurements is presented as a function of processing history. The degree of
material inhomogeneity is particularly pronounced in the P, sample, but
observed in all samples. This result is expected due to the large amount of poros-

*Typically, the ultrasonic values were more or less uniformly distributed about the midpoint between the high and
low values. It should be noted that differences between the average ultrasonic values and the mechanical measure-
ments are to be expected since the mechanical test samples were cut from a small section at the entire panel.
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Figure 4a. Void-porosity (top) and microcracking (bottom) found in the mold/cure sample

panel. Note, no microcracking at this processing step. Average porosity + 7.64%.
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Figure 4b. Void-porosity (top) and microcracking (bottom) found in the P, panel. Average
porosity + 15.43%.
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Figure 4c. Void-porosity (top) and microcracking (bottom) found in the P, panel. Average
porosity = 7.53%.
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Figure 5a. Ultrasonic and compressive test values of the C,; stiffness coefficient.
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Figure 5b. Ultrasonic and compressive test values of the C,, stiffness coefficient.
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Figure 5d. Ultrasonic and compressive test values of the Cj; stiffness coefficient.

ity present in the samples. However, it should be noted that the degree of inhomo-
geneity present in the sample (as measured by the standard deviation in the local
moduli) decreases with increased processing beyond the P, state. In fact, the
degree of inhomogeneity, observed after five processing cycles, is comparable to
that of the initial composite.

The third observation is the effect of the manufacturing processing (densifica-
tion) on the individual stiffness components. As observed in the mechanical test
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Figure 6. Standard deviation of ultrasonic stiffness values through the seven manufacturing
steps.
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results, the ultrasonic stiffness values generally decreased with the first pyrolyza-
tion and then increased with each successive densification. This is again a result
of the manufacturing process.

Clearly, considerable damage, hence material property degradation, is intro-
duced into the sample driving the initial processing stage (P,), of particular
interest is the observation that this effect is most prominent for the matrix-
dominated properties. For example, the normal stiffness in two fiber directions
C,, and C,, are only reduced to about 20% from their initial (phenolic compos-
ite) value, while the through-thickness normal stiffness is reduced to 25% of its
initial value. Thus, even though the fibers are almost completely debonded from
the matrix, there is only a marginal reduction in the normal stiffness (in-plane)
as the matrix carries very little of the load. For moduli which depend heavily on
the transfer of load between fiber and matrix, the reduction is significantly more
pronounced. One modulus C;, was actually found to be stiffer after the initial
processing stage. This is a Poisson-type term in the plane of material reinforce-
ment. This modulus was found to decrease with increasing densification. We also
find that the normal and shear stiffness were all higher than the values for the
original composite. This effect is probably due to the increased stiffness of the
matrix. The two remaining moduli C;; and C,; never returned to their original
values. Also, the behavior of these moduli seemed to be asymptotic with process-
ing. Hence, we doubt that further processing will markedly influence the overall
composite stiffness. Finally it should be noted that these results apply to
stiffnesses, not strength. The large scale defect structure introduced by process-
ing means that extensive strength reduction is to be expected of the final
structure.

CONCLUSIONS

Quantitative nondestructive test techniques have been used to study the effects
of processing on the mechanical behavior of carbon-carbon composites.

Most of the elastic moduli (stiffnesses) were found to decrease after the first
pyrolization and increase thereafter. In many cases the stiffness values in the final
state were higher than they were in the precursor composite. Poisson type terms
(Ci2, Cy3, Cy;3) behaved in an opposite fashion. The degree of material inhomo-
geneity was found to decrease with each processing stage.

Results were compared with direct mechanical property measurements, good
agreement was observed.

A photomicrographic study of changes in material microstructure was also
completed. While overall sample porosity decreased with processing, small scale
pores were found to fill preferentially. Also, matrix microcracks were not found
to fill efficiently in the impregnation/pyrolization process.

From these observations, we conclude that the increase in stiffness with pro-
cessing is attributable to the increased stiffness of the carbon matrix over its poly-
mer precursor. We also believe that part quality would be considerably increased
if a more uniform pore size distribution could be achieved in the initial pyroliza-
tion.
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