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Abstract

A study directed at determining the stress-wave propagation behavior in
distended CVD carbon felt heat shield material is described and the results
presented, The primary objective was to experimentally investigate the shock
response of the porous carbon felt and provide information defining the wmaterial's
dynamic mechanical equation-of-state. The results from the shock experiments
included Hugoniot and release adiabat data, attenuated wave profile measurements,
and spallation data. The equation-of-state parameters necessary for shock
attenuation calculations were provided by the Hugoniot and release data, making
possible a critical comparison between the experimentally measured and
calculated shock attenuation response., The calculated response was in good
agreement with the attenuation data, both in wave shape and amplitude, Static
confined compression experiments were conducted, in conjunction with ultrasonic
measurements at load, to provide sound speed data during unloading. These data
showed a marked variation in release velocity as a function of compaction state.
The static samples were also evaluated for internal damage resulting from
compression. The material damage was found to be minimal and localized to

material surrounding the pores.
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I. INTRODUCTION

Sandia designed reentry vehicles have made use of chemical vepor deposited
(CVD) carbon felt heatshields. CVD felt heatshields have been successfully flight
tested and the material is & candidate for advanced reentry epplications, In view
of the general interest in carbon felt, a material evaluation program has been
conducted to characterize certain physical and mechanicel properties of the
specific felt used in these heatshields. Both dynamic structural tests and under-
ground experiments in Nevada are included in this program. Analysis of these
experiments, as well as advanced systems design, is dependent on proper
characterization of the CVD carbon felt's stress wave propagation behavior. The
primary purpose of the study reported here was to experimentally investigate the
shock response of the porous felt and provide information defining the material's
dynamic mechanical equatlion-of-state. The current carbon felt experimental
results have also been compared with data on other similar carbon materials, to
provide a more comprehensive view of porous carbon shock behavior.

The CVD felt investigated was designated flight material because the test
specimens were taken from a candidate heatshield, rather than from flat plates.
Even though there are only slight differences in the manufacturing techniques
used to produce flat plates and conical shapes of carbon felt, parts produced
by the two different manufacturing techniques have shown marked differences in
their static mechanical properties. The heatshield material used in this study
was processed by means of a low pressure isothermal method, which resulted in a
carbon matrix substantially different from the felts that have been previously

investigated.



The experimental portion of the study provided all of the equation-of-state
information required for numerical shock attenuation calculations in the distended
CVD felt., The dynamic measurements included Hugoniot and release adiabat data,
attenvated stress profiles after propagation through various thicknesses of :
material, and spallation informetion. The material parameters necessary to make
shock attenuation calculations in the porous carbon felt were completely defined
by the Hugoniot and release adiabat data, thus making possible a critical
comparison between predicted and measured attenuation responses, The calculated
responses were in good agreement with the attenuvation experiments, both in pulse
amplitude and wave shape, over the propagation distances investigated (2.0 to
6,4 mm)., Significant attenuation and spreading of the stress pulse was observed
in these experiments.

Static confined compression experiments were conducted, in addition to the
shock experiments, to obtain complete one-~dimensional strain loading and unloading
response Tor comparison with the dynamic results., Ultrasonic velocity measure-
ments were made during the tests to evaluate the variation in sound speed during
the loading and unloading cycles, Both the ultrasonic data and the sound speeds
calculated from the static stress-strain curves showed a marked variation in the
initial velocity of an unloading wave as a function of the compaction state, The
release wave speeds determined statically were in general agreement with the
shock data, The post test static compression specimens were also evaluated for
internal material damage using ultrasonic and scanning electron microscope
techniques.

The spallation results showed that the flight gquality CVD felt had a higher
resistance to spallation than almost all carbon materials previously studied. ,

The increased spall resistance, in conjunction with the highly attenuative ‘



behavior of the CVD felt, makes it a very desirable heatshield material from a

shock response standpoint.
IT. MATERTAL DESCRIPI'ION AND CHARACTERIZATION

The carbon felt specimens used in this study were taken from a conical
heatshield (designation STC-6) produced by & chemical vapor deposition (CVD)
process, The material fabrication process started with a needled rayon felt
formed into a conical shape. The rayon felt was then carbonized to produce a
carbon felt with an approximate density of 0.1 g/cm3. The carbon felt was then
densified with CVD pyrolytic carbon., The CVD process depends upon the thermal
decomposition of hydrocarbon gases and the formation of pyrolytic carbon on the
surfaces of the carbon felt fibers. The densification was carried out at a
temperature of 1100°C and a pressure of 10-30 torr until the desired final density
was achieved., The cone was subsequently heat treated at 2750°C for 2 hours as a
final graphitization eycle. A complete description of the fabrication process
can be found in Ref., 1.

Proper characterization of the CVD carbon felt was necessary if meaningful
correlations between the shock response of this material and other porous carbon
systems were to be made. The structural form of the carbon present in the CVD
felt was one important characteristic that was investigated. Carbon can exist
in a wide range of crystallographic forms, with a corresponding wide variation
in material properties. This is illustrated by a comparison of diamond, one of
the hardest materials known, to graphite, one of the softest. This wide range of
possible polymorphic forms and physical properties made it imperative to evaluate
the crystalline state of the carbon present in the CVD felt, The crystalline form
of carbon in the CVD felt was determined from x-ray diffraction measurements., The

doo2 interplanar spacing was found to be 3.362@, as compared to 3.35& for hexagonal



single crystal graphite.e’3 The apparent crystallite sizes were calculated from
line broadening and found to be 300& (Lc) in the ¢ crystallographic direction
and 2593 (La) in the ab plane.2 These crystallographic parameters indicated that
the CVD carbon felt was highly graphitic.

The porosity present in the CVD felt was another important material charac-
teristic that was evaluated., The type and uniformity of the pores in the carbon
felt were examined both optically and with a scanning electron microscope (SEM).
The pores were uniformly distributed, with the bulk of the distention resulting
from roughly equidimensional voids ranging in size from 20 to 250 microns. The
type of porosity present in the CVD felt is shown in the typical photomicrographs
from the SEM work in Figure l.lL The pores in the photomicrograph are the dark
areas outlined with white borders. The white borders are edge effects caused
by electron scattering at the edge of the pores. The dark spots and lines
in Pigure 1 represent the carbonized felt, with the grey region being the CVD
pyrolytic carbon. The photomicrographs also indicated that the total distention
consisted of both open and closed pores,

The density of the solid material in the CVD carbon felt was also investi-
gated. Knowledge of the average solid material density of the felt was necessary
in modeling the shock compaction behavior of the porous material, However, the
closed porosity in the CVD felt made a direct pycnometry measurement of the solid
material density questionable., Hellum pycnometer measurements were nevertheless
made on a number of test specimens and yielded an average solid material density
of 1.98 g/cm3.hr This density value was taken as a lower bound on the solid
material because of the closed porosity. Pycnometry measurements were also made
on the same samples after they had been statically compressed to 5.0 kbars. It was
anticipated that the loading would create some internal cracking and open a portion

of the closed pores to the helium. The results on the compressed samples gave an



average density of 2.02 g/cm3. Post compression SEM work, however, revealed a
degree of residual closed porosity which still influenced the density measurement.

The second approach used to determine the solid density made use of the known
volume fractionsu of carbonized felt and pyrolytic carbon in the material and
considered them as & simple mixture., Based on a 7% fiber volume, the calculated
solid material density was 2.17 g/cms. This value was not influenced by the
closed porosity and was used as the solid constituent density in the modeling
calculations.,

The average density of the CVD carbon felt specimens used in this study was
1.73 g/cmB. The samples contained on the average 20% total porosity, with the
closed porosity being approximately 7%, based on a solid material density of

2.17 g/cms.

ITI. EXPERIMENTAL TECHNIQUES

Shock Compaction and Release Experiments

The shock response of the CVD carbon felt was studied under conditions of
uniaxial strain shock loading. Stress pulses were produced either by using a
gas gun to impact a flat plate into the specimen, or by explosive loading. Various
experimental configurations and instrumentation were used to obtain the Hugoniot
and release adiabat data, attenuated stress wave profiles, and spallation data.
The data analysis employed the Rankine-Hugoniot5 Jump equations, which assume
steady wave behavior and thermodynamic equilibrium behind the shock front. The
applicability of these equations to describe the shock propagation behavior of
the CVD felt was investigated,

The shock loading and release characteristics below 30 kbars were obtained
from three different types of plate~impact experiments performed with a gas gun.

The first was a buffer plate experiment, designed to provide a stress



(gx)-particle velocity (up) Hugoniot point. In this experiment, a CVD carbon

felt sample impacted an elastic buffer plate, with the resulting stress pulse
propagating through the buffer plate and interacting with an X-cut quartz gauge7
mounted on the rear surface of the plate. The measured quantities included impact
velocity and the time resolved current output of the quartz gauge as measured by
the voltage across a 50-ohm termination resistor. Three different buffer plate
materials with known shock wave properties were used in the experiments: fused
silica,8 L340 R, 5k steel,9 and tungsten carbide.lo Elastic impedance-match
calculations were made at the buffer-quartz interface to determine the (gx, up)
state in the buffer prior to the stress wave interaction with the quartz. The
boundary conditions of stress and particle velocity continuity across the felt~
buffer plate interface at impact were then used to calculate the (gx, up) state
for the CVD felt.

The second type of experiment, which furnished both Hugoniot and release
adiabat data, made use of shock-reverberation techniques.ll Two experimental
configurations, shown schematically in Figures 2 and 3, were employed. One
consisted of a thin quartz gauge as the reverberation plate (Figure 2) and the
other a thin L340 Rc 54 steel reverberation disk, in conjunction with a displace-
ment interferom.eter.12 Figure 2a depicts the experimental configuration for the
quartz crystal assembly and 3a the assembly for the interferometer system,
Figures 2b and 3b illustrate the shock response of each material component in
the stress-particle velocity plane. A carbon felt sample was mounted on a
projectile nose and impacted into a reverberation plate to generate the stress
pulse. The thicknesses of the carbon sample and reverberation plate were such

that the wave could reverberate a number of times 1n the plate without being

influenced by side or rear rarefaction waves. The initial shock state established .

on impact is point (1) in Pigures 2b and 3b and states on the carbon release




adiasbat are designated as points (3) and (5). The stress levels at points (1),
(3) and (5) were measured directly when a quartz gauge reverberation plate was
used (Figure 2b). Free surface velocity data were recorded when the steel
reverberation plate was employed (Figure 3b, points (2), (4) and (6)). Elastic
impedance calculations were used, in conjunction with the steel free surface
velocity data, to determine the stress-particle velocity states in the carbon.
Because of the relative mechanical impedances of the materials, it was difficult
to obtain more than one or two points on & single carbon release adiabat per
experiment.

The buffer-plate and reverberating wave experiments provided shock compaction
and release adiabat data directly, but did not provide sufficient information to
define the path followed by the felt in loading to an equilibrium state. However,
the loading path can be deduced from the structure of a transmitted stress pulse,
Consequently the third basic type of plate impact experiment performed on the
CVD felt was a transmitted-wave experiment so that the structure of transmitted
stress pulses could be observed. A double quartz gauge technique, similar to
that described by Halpin, et. al.,13 was used to measure the stress input into
the carbon sample and the resulting transmitted wave profile. The experimental
assembly is shown in Figure L. A L4340 Rc 5L steel plate with a quartz crystal
mounted on the rear surface was the impactor in this configuration. The steel
made it possible to achieve impact over the entire area of the large diameter
carbon sample, which was necessary to eliminate edge rarefactions. The target
was the CVD felt sample backed by another quartz gauge. Data on the impact stress
and the transmitted wave shape were thus obtained from a single experiment. The
impact time and tilt were obtained from flush-pin record36 and were used, in
conjunction with the target gauge, to determine the stress pulse transit time

through the sample. The transit time measurement made it possible to calculate



an average compaction wave velocity through the sample. The impact state
parameters, (gx, up), measured by the projectile gauge were then directly compared
with the calculated impact conditions arrived at by use of the Hugoniot equations
and the compaction wave speed. General agreement was found between the measured
and calculated compaction state parameters for the carbon felt.

The dynamic compaction behavior of the carbons above 30 kbars was character-
ized by the use of standard explosive techniques.5 A carbon specimen and a
specimen of copper, which has a well-documented equation of state,uL were placed
on & standard-material driver plate that was in direct contact with various
explosive assemblies. Figure 5 is a schematic of the test assembly. A quartz
gauge was mounted on the rear surface of the carbon specimen and quartz shorting
pins were placed on the driver plate and on the standard copper specimen. Shock
transit times through the carbon and standard specimens were thus obtained and
average shock velocities were calculated. The quartz gauge also provided data
on the shock profile transmitted through the carbon. In all the explosive
experiments a single wave was recorded by the quartz., The Hugoniot data were

5

determined using the impedance-matching techniques described by Rice, et. al.

Attenuation Measurements

Attenuated-wave profile measurements were made on the porous CVD carbon, to
obtain an independent set of experimental data for direct comparison with
calculated attenuation response. These data were obtained from gas-gun experiments
in which thin impactors were used to generate the input stress pulses., The impact
velocity was held constant and only the target thickness was varied. The data
consisted of measured attenuated stress-time profiles as a function of propagation

distance through the carbon felt.
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Figure 6 shows the attenuation experiment configuration. The projectile
consisted of a thin fused silica impactor plate, nominally 1.7 mm thick, backed
by a very low-density carbon foam with known dynamic mechanical proPerties.l5
The impact stresses were below the elastic 1limit of the impactor material, thus
simplifying calculation of the stress-wave shape introduced into the samples,

Alsc, the relatively high elastic-wave speed of the fused silica permitted the
generation of reasonably short-duration stress pulses without recourse to
excessively thin impactors.

The target design for the attenuation shots was essentially the same as for
the transmitted-wave experiments. Carbon sample thicknesses ranging from 2.0 to
6.4 mm were used to give the desired variation in propagation distance. Impact
velocity and tilt were measured as previously described. The attenuated stress
pulses were recorded with manganin back surface gauges because of the need for
long recording times, as well as & desire for & back surface gauge that closely
matched the mechanical impedance of the carbon. A commercially available four-
terminal manganin wire (.076 mm diameter) in C-7 epoxy transducer was used.l6’l7’18
In the course of the investigation calibration experiments were conducted to
define the change in resistance of the gauges as a function of applied stress.
This calibration data made it possible to convert the manganin voltage-time
records to stress-time records in the C-7 epoxy. The results of the attenuation
experiments were then plotted in the stress-time plane, with impact being the
zero-time reference common to all data. These data clearly showed the degree of
attenuation as a function of propagation distance through the CVD felt. The

profiles were alsco compared with the calculated material response by using the

previously generated carbon equation-of-state parameters and a porous material

. model.
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Confined Static Compression and Release

Static laterally constrained compression experiments were also conducted in
this investigation to obtain static one-dimensional strain data for comparison
with the dynamic results. The static experiments provided complete loading and
unloading curves, in addition to qualitative information on fracturing in the
porous carbons during compression, Ultrasonic velocity measurements made during
the load cycle were also used to determine sound velocities in tﬁe material
during unloading. The experimental configuration used to simulate the one-
dimensional strain condition, shown in Figure 7, is similar to a previously used
technique.19 The carbon sample was placed in the cylinder and the two load rams
were inserted as shown. Next the assembly was placed between the platens of the
test machine (Material Test System Model 810), and the displacement-measuring
transducer installed. The specimen was then loaded and unloaded at a rate of
.05 cm/min., with piston load and displacement being monitored. Maximum lcad
was 5.1 kbars. At specific points during the load~release cycle transit time
measurements of an ultrasonic pulse were made through the load rams and sample.
A pulse transmission technique, employing 1 MHz barium titanate transducers, was
used for these measurements.eo The transit time through the sample was determined
by subtracting the propagation time through the rams from the total measured pulse
transit time. The propagation time through the rams was measured on a previous
calibration run in which no sample was used. Also, the calibration run provided
load~displacement data for the rams alone, which was used to correct the sample
traces for the elastic deformation of the loading rams,

The confined compression experiment was designed to approximate a static

one-dimensional strain condition with the principal strain in the axial direction.

Two factors in this type of experiment make it difficult to achieve a uniform
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one-dimensional strain state in the sample. They are (1) radial expansion of
the confining cylinder and (2) frictional effects along the walls of the confining
cylinder. The first allows lateral deformation of the sample, which compromises
the one-dimensionality of the strain., However, the maximum radiael strain at the
inner diameter of the confining cylinder was only about 0.2 percent, based on
elasticity calculations at maximum load. Compared to the axial strain of the
porous CVD felt (up to 20 percent at maximum load), radial cylinder expansion was
considered a second-order effect. The second compromising factor, frictional
effects, was also evaluated., If frictional forces against the constraining
cylinder become large enough, appreciable stress and strain gradients can be
produced in the sample., The lateral frictional forces were measured during the
compression tests and found to be minimal. The worst condition occurred at
meximum load, where the frictional load wes 2.2% of the axial load, Based on
these observations it was concluded that the static confined compression
experiment produced essentially & one~dimensional strein state in the CVD felt,
Ultrasonic velocity measurements were also made on most of the specimens used

in the shock experiments. These measurements were made using the pulse trans-
mission technique. PZT crystals were used for the longitudinal wave speeds and

AC cut quartz crystals for the shear-wave measurements.

Spallation Experiments

A series of experiments was conducted to characterize the spallation
resistance of the CVD carbon felt. The gas gun was used to launch a carbon
felt impactor against a felt target, as shown in Figure 8., The target was
a tapered plug mounted in an aluminum target plate. The carbon felt was potted
in the target ring with a very viscous epoxy to minimize penetration into pores.

Mold release was put on the aluminum plate so that the target plug could easily

13



be separated from the plate upon impact. As illustrated in Figure 8, both the

CVD felt impactor and target had free rear surfaces. Wave reflections from these
surfaces caused the production of rarefaction waves which interacted in the target
to produce a tensile pulse., The target plugs were recovered in a soft recovery
system (the stripper cone is shown in Figure 8) that prevented secondary impacts
and allowed for slow deceleration of the specimen. The impact velocity of the
projectile was measured and damage, if any, was observed by sectioning the target
plug. Two different target thicknesses were investigated (nominally 7.62 mm and
3.81 mm), with the impactor in each experiment having a thickness equal to one

half the target thickness.
Iv. EXPERIMENTAL RESULTS AND ANALYSIS

Shock Compression and Release Behavior

The impact experiments provided a variety of informetion on the shock
compaction and release behavior of the CVD carbon felt. Records from typical
buffer-plate and reverberating-wave experiments are shown in Figure 9. The
results of a transmitted-wave experiment using the double quartz gauge technique
are given in Figure 10. It can be seen from both Figures 9 and 10 that there
were no measurable initial transient overshoots in stress at the impact surface
and stress equilibrium was achieved very rapidly. These data indicate apparent
rate insensitive response for the CVD carbon felt, The transmitted-wave profile
in Figure 10b shows a very low amplitude ramp wave preceding the main compaction
wave. This type of response was observed on all of the low stress transmitted
wave experiments, The shape and amplitude of the ramp precursor were interpreted
as indicating a very low-strength, non-linear compressional yield region in the
felt prior to major void compaction. However, when the compaction wave amplitude

was 10 kbar or larger, the precursor was completely overdriven. The average

1k



precursor breakaway velocity of 2.47 mm/usec was difficult to determine because
of the ramp wave shape., This value compares favorably with the average ultra-
sonically measured longitudinal wave speed of 2.67 mm/usec. The aversge
half-amplitude precursor velocity was 1.73 mm/usec. Similar yield behavior
was &lso observed in the static, laterally confined compression tests.

The results of the shock compaction experiments are given in Table I along
with the initial sample conditions and the type of experiment used to generate
the data., The applicability of the Hugoniot relations te describe the wave
propagation behavior in the carbon felt was evaluated from the transmitted wave
data listed in Table I. A direct comparison was mede between The shock wave
velocity (U), measured in each transmitted wave experiment, and the calculated
shock speed. The calculated value of U was evaluated by using the impact state
conditions and the Hugoniot equations. The good agreement between the measured
and calculated shock velocity date attests to the applicability of the jump
conditions.

All of the Hugoniot data are plotted in Figure 11. Also shown in Figure 11
is the Hugoniot for solid graphiteEl centered at an initial dencity of 2.17 g/cm3.
The fair agreement between the high stress data (above 10 kbar) and the solid
graphite response indicates that the fully compacted felt can be modeled using
the graphite Hugoniot. The data scatter in the stress-specific volume plane
was attributed primarily to sample variations in initial density (densities
ranged from 1.69 to 1.80 g/cm3).

The lower stress Hugoniot data are plotted on an expanded scale in Figure 12
to show more clearly the partially compacted region. A calculated partial
compaction curve using the P-¢ representation22 is also shown in Pigure 12. This
curve represents the compaction data reasonably well. The parameters used to

describe the CVD felt and solid graphite in the model are listed in Table II.
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It can be seen from Figure 12 that the CVD felt compacts to & no-void condition
at a relatively low stress level. Compaction behavior of this type is more
characteristic of porous graphites (ATJ and IASL), than previously studied

carbon-carbon composites.gl’es’gu

An important point to remember is that the
P-a model defines the distended material response as linearly elastic prior to
yielding., As previously established by the transmitted-wave profiles and static
data, the observed yield region was not linear but very rounded, causing
spreading of the precursor wave. Because of this spreading, the half-amplitude
precursor wave speed was used in the model, rather than the breakawsy velocity.

The release adiabat data determined from the shock reverberation experiments
are also shown in Figure 12. The data associated with a single experiment are
shown connected by a straight line. As previously mentioned, only one or two
points on a single release path were measured per experiment., In view of the
limited data, release paths were assumed to be straight lines connecting the
shock and release states. An average release wave velocity was calculated from
the slope of these lines by applying the Jump conditions between the Hugoniot
states and release states. The velocities are denoted ﬁR' The release adiabat
data are listed in Table I.

Characterizing the unloading response of the CVD felt as strictly linear
was obviously an oversimplification based on the static confined compression and
release data. However, two important features of the release wave response were
evident from the release adiabat data. First, the release states were considerably
offset from the Hugoniot, which resulted in fast release wave speeds relative to
compaction wave velocities. Secondly, the linear unloading paths became steeper

as the Hugoniot stress was increased. Both of these factors work to increase

the degree of stress wave attenuation in the carbon felt.
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Attenuation Datsa

The attenuated stress wave profile measurements provided information on the
wave amplitude, shape, and shock transit time through the samples. The fused
silica impactor produced an input stress pulse that was an initial step at impect
to the maximum stress level, followed by & ringing down in stress resulting from
wave reverberations in the thin impactor. The time associated with each step in
the ring down process was approximately 0.56 usec. Records from the four
attenuation shots are shown in Figure 13 and the experimental conditions for
these shots are summarized in Table IIT. Figure 13 shows some spreading of the
compaction wave as a function of propagation distance. The release segments of
the attenuated wave profiles from the 2.0 mm thick targets have a somewhat
stair-step appearance, reflecting the discrete unloading steps associated with
the impactor ring down, The discrete steps were completely smoothed out,
however, after propagation through 4.0 mm of the CVD felt,

The experimental voltage-time records were digitized and converted to stress-
time data in the manganin gauge. Zero time represents impact. The reduced
attenuated wave data are plotted together in Figure 1L to illustrate the change
in wave shape and amplitude with propagation distance. Also shown in Figure 1k
are the predicted attenuated wave profiles, calculated using the WONDY IV wave

propagation codc-:-25

and the experimental impact conditions. The equation-of-state
parameters (Table IT) determined from the shock compaction and release data were
used in the code to model the CVD felt. The good overall agreement between the
calculated and measured attenuated wave shapes verifies that the porous material
equation~of-state and model adequately represent the CVD felt mechanical

wave=-propagation behavior. Anocther check on the correlation calculations was

provided by comparing the calculated impact stress with the impact stress
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measured on three identical, independent experiments. The measured impact stress

was from 15 to 16 kbar, which correlated well with the 15.5 kbar calculated

by the code.

Static Confined Compression Results

The static, laterally confined compression tests provided data on both the
loading and release characteristics of the CVD carbon felt and information on
internal material damage resulting from compression. The static, one dimensional
strain response was determined from the load-~deflection curves and ultrasonic
measurements. The extent of material damage resulting from static compression
was qualitatively investigated by ultrasonic and SEM techniques.

Representative static stress-specific volume plots for the CVD carbon are
shown in Figure 15. The low stress, shock compaction data and the solid graphite
Hugoniot are included in Figure 15a for comparison. Fair quantitative agreement
was obtained between the static and dynamic data in the partially compacted
region. The offset between the static compaction curve and solid graphite
Hugoniot at 5.0 kbar was attributed to experimental scatter and was not
considered significant. The general agreement between the shock and statie
results was felt to indicate a lack of rate sensitivity in the felt. Also
correlation between the two types of data illustrates that the static technique
may be used to estimate the shock compaction response for rate insensitive
porous carbon materials.

The primary purpose for conducting the static experiments was to obtain
complete unloading paths for the carbon felt. These paths could not be determined
in the shock experiments for reasons previously discussed. The static unloading
response of the carbon felt is shown in Figures 15, Figure 15a shows a single

load~release curve and 15b and ¢ show multiple loading and unloading cycles.
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The unloading paths were initially steep and reasonably linear until unloading
stresses of about 0.5 kbar was reached, After this the unloading became

quite nonlinear and showed & high degree of void recovery when the static
compression was removed, Residual strains in the material after unloading were
on the order of L to 5% while maximum compressional strains of 18 to 19% were
experienced during the tests. All the compression samples were intact after
testing, with no external evidence of material damage. It was concluded from
these results that the low stress void recovery exhibited by the carbon felt
was the product of a large non-linear elastic strain component associated with
the static compaction.

The measured static unloading paths provided quantitative information on
the release behavior of the CVD felt, in addition to qualitative information on
void recovery. The quantitative information consisted of sound speed data
agsociated with the different static release paths. These wave velocities were

calculated from the stress-specific volume date using the relation:

1/2
C. - 1%
1-2 1 vy, TV

where Cl_2 is the velocity associated with the release wave increment 1-2,
Release wave velocities, determined from the initial 0.1 kbar stress increment of
the unloading paths, were calculated to investigate the variation in initial
release wave speed with compaction state. Also these initisl release wave

speeds were measured ultrasonically during the static test, thus providing

an independent set of data to compare with the calculated velocities., The

results of the ultrasonic measurements and static calculations are shown in

Figure 16, The two sets of initial release wave speed data are in good agreement,
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indicating that the confined compression test does provide an accurate represen-
tation of the distended carbon's initial unloading behavior.

A second comparison of release velocity data was made and is included in
Figure 16, This comparison was between the average C,_, release wave velocities
determined from the shock reverberation experiments and the corresponding
velocities calculated from the static stress-strain data., The same magnitude
stress increment that was measured in the shock release experiment was used in
the corresponding calculation with the static data. Agreement between the
average wave speed data was felt to further verify the applicability of the
static test technique to determine the porous carbon felt response. The data
in Figure 16 clearly show the variation in release wave speed as a function of
compaction state. The different magnitudes of the initial and average velocities
for a given compaction stress are a result of the curvature Iin the unloading path.

Qualitative information on internal material damage due to compression
loading was obtained through ultrasonic and SEM work. The ultrasonic measurements
consisted of longitudinal velocities measured before and after the static tests.

A decrease in the post-test ultrasonic velocities was observed, which was
attributed to internal fractures in the carbon felt created by the load cycle,

The velocities continued to decrease as the number of loading cycles increased
although the same maximum load was reached in all the tests. The numerical results
of the ultrasonic measurements are summarized in Table IV,

The SEM invegtigation of the static test samples provided more explicit
information on the internal material dlamage.LL The post-test pore structure was
qualitatively the same as the pre-test material, with evidence of only localized
internal damage. The damage was confined to the material surrounding the pores
and did not extend into the solid bulk material. Usually the fracturing was

limited to only one or two of the fiber-pyrocarbon cylinders that surrounded
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the pore, with the remainder of the material appearing to retain its original
integrity. Figures 17 and 18 contain photomicrographs that illustrate the type
of demage that was observed., The b and c portions of each figure are enlargements
of the central region of the a photomicrograph. The samples in Figure 17 and 18
experienced a single load cycle to 5.1 kbars and were then unloaded, Figure 1l7c
shows one of the pyrocarbon shells that fractured during loading. It appears
that the carbon failed in shear as the pore was closed, but then returned to
basically its original position upon load removal. The other pyrocarbon
surrounding the pore appears to have deformed in a completely elastic manner,
Figure 18 illustrates damage to the pyrocarbon of a more drastic nature. The
pore structure in this region was of & finer nature, producing more unsupported
felt fiber-pyrocarbon cylinders. However, the fracturing evidenced in Figure 18
was still on & local scale with only a small percentage of the material damaged.
Based on the SEM work, it was concluded that only minimel internal material

damage resulted from effectively total pore closure.

Spallation Results

The objective of the spallation experiments was to measure the impact
velocities that produced incipient and complete spall in the CVD felt targets.
Symmetric impact conditions with a target-to-impactor thickness ratio of two
were used so that the current data would be directly comparable with spall data
on other distended carbons. The experimental spall data generated on the felt
are summarized in Table V. The experimental details and the observed degree of
fracture upon sectioning the targets are included in Table V. Incipient spall
was defined as the formation of cracks in the midplane of the target that were
observable under low power magnification (0-20X). The impact velocities necessary

to create incipient spall were .08 mm/usec and .11 mm/usec for the 3.8 mm and
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1.9 mm thick impactors, respectively. Velocities of ,10 mm/usec and .12 mm/usec
were required to create complete separation or spallation in the thick and thin
CVD felt targets, The spall data are plotted in Figure 19, with impact velocity
plotted as a function of impactor thickness.

The impact stress amplitudes generated in the spall experiments were
calculated using the Hugoniot data. For the incipient spallation condition,
impact stresses of approximately 0.8 and 1.0 kbar were generated in the 7.6 mm
and 3.8 mm thick targets, respectively. It should be emphasized, however, that
these values are not necessarily the amplitudes of the tensile pulses that were
present in the targets, because of pulse dispersion and attenuation in the very
low stress region, Further discussion of these points will be covered in the
discussion section, where a comparison is made with these data and earlier results

on porous carbons,
IV. Discussion

A general comparison was made of the current results on the flight quality
CVD felt with similar data on other carbon-carbon materials of engineering
interest. This comparison made a more comprehensive evaluation of the distended
carbon felt's shock behavior possible. The stress wave attenuation and
spallation characteristics were two important areas of material response that
were considered.

Stress wave attenuation in the CVD carbon felt was considerably more
pronounced than that observed in previously studied porous carbon-carbon materials
of approximately the same densityugl The two main factors that produced the
enhanced attenuation in the flight quality felt were: (1) the high compressi-
bility, which resulted in slow compaction wave velocities and; (2) the steep

initial unloading paths, which produced very fast relief waves. The
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compressibility of the CVD felt in the partially compacted region was & factor
of 5 to 10 larger than similar porous carbons that have been studied. The
measured release wave speeds in the current felt were also faster than those
previously cobserved. Consequently, rarefaction wave catch up and attenuation
for a given shock pulse occurred much quicker in the CVD felt than in the other
distended carbons.

The CVD carbon felt spallation data are directly compared in Figure 20 with
the previous spall results on other distended carbons. The earlier spall dats
used in the comparison are summarized in Table VI. As shown by Figure 20, the
impact veloeity necessary to create spall damage in the flight quality CVD felt
was substantially higher than that required for most of the other porous
carbon-carbon materials., One must remember, however, that the parameter of
interest for comparison purposes is the dynamic tensile strength of the various
materials, Unfortunately this cannot be measured directly, but must be inferred
from wave propagation calculations which are based on a constitutive model., The
calculated spall strengths for all the carbons in Figure 20 except the flight
quality CVD felt and the ST-17300 material were in the 0.3 to 1.0 kbar range,
based on the assumption of linear elastic response. It was clear from the shock
compaction data that this type of analysis does not apply to the CVD felt and its
applicability to some of the other materials was questionable. If one ignores
the complex response illustrated by this investigation and assumes an elastic
response, the calculated CVD felt incipient spall strengths would be 1.8 and
2.5 kbars for the 3.8 and 1.9 mm thick impactors, respectively. These values of
spall strength for the CVD felt were approximately the same as those reported for
the ST-17300 porous carbon.26 Based on the present comparison of spall data, the
spall resistance of the flight quality carbon felt appeared to be equal to or

better than the other porous carbon materials investigated.
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The spall data plotted in Figure 20 also indicate that for spallation to
occur, the impact velocity must increase as the impactor and pulse width become
thinner, Time dependent spallation behavior has been observed in other materials,
principally metals, The effect of rate dependent spall behavior would be an
increase in spall strength for shorter applied stress pulses. Thus, for pulses
of shorter duration than those used in this investigation (about 2.0 psec), a

higher impact velocity would be expected.

V. CONCLUSIONS

The shock response of flight quality CVD carbon felt has been experimentally
characterized from the shock compaction, release, and spallation data. The
equation~of-state parameters for modeling the shock response of the CVD felt
were derived from the experimental results. These material parameters, when
applied to the P-¢ model, were found to adequately predict attenuation response,
It has been shown that the computational assumption of linear release paths used
in the model was not physically realistic for the felt in the low stress region
(velow 1.0 kbar) because it did not allow for the significant void recovery
observed in the material. However, the effect of this discrepancy was minimal
for the calculations made in this investigation and is only expected to be
important for stress wave calculations below 1.0 kbar.

The static one=-dimensional strain results agreed in general with the shock
data, indicating the applicability of the static technique to estimate the shock
compaction and release response of rate-insensitive porous carbon materials,
This technique made possible the measurement of portions of unloading paths that
could not be determined in the shock experiments,

The qualitative material damage results from the ultrasonics and SEM work

showed some internal material damage due to static compaction to 5.1 kbar,

2k
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However, the damage was on & localized scale adjacent to the pores and was not
spread throughout the bulk solid material, The internal material damage
resulting from effectively total void closure in the CVD felt was minimel and
probably contributed to the observed high spall resistance.

A comparison of the experimental results with date for similar materials
showed that the flight quality felt was & better shock mitigator and had higher
spall resistance than the previously studied carbon-carbon materials. The
enhanced attenuation resulted from the unique shock compaction and release
behavior of the carbon felt, which was similar to that observed for pressed

graphites (ATJ and LASL).23’ELL
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Table I. Summary of Hugoniot and Release Adiabat
Data for Flight Quality CVD Carbon Felt
Initial Conditions Hugoniot States Release Adiabat States
* *% =+
0 vy, Type of Imp. Vel. Ox U v a u i}
(g/8m3) (mm/usec) | Experiment | (mm/psec) | (kbar) (mml/lﬁsec) (mn/usec) (em3/g) | (kbar) | {(mm/usec) (mm/ﬁsec)
1.3 2.t 1 - .3 .010 1.73 .575 - ———- S
1.76 ——- 2(a) .078 1.2 .070 .85 .525 .88] .o60" 1.54
7 .056f
1.75 —— 2(a) L15k4 2.2 .139 .8k 480 1.52 .123 2.20
1.3h’ .119
1.71 —— 2(v) .150 2.4 L145 .90 JA9s 1.82 .130 1.82
1.72 2.6h 1 L15k4 2.6 .149 .96 Lok S ——— ———
1.72 2.68 1 .215 3.5 .208 .93 k56 p— ——- ———-
1.00t
1.72 —— 2(a) .310 5.6 .273 1.16 L8 3.27 .237 2.88
1.72 2.76 1 27k 6.0 .260 1.32 468 —— ———— —--
1.3t
1.80 —— 2(v) 276 6.7 261 1.h1 Jish 4.50 234 3.60
3.50 220!
1.76 2.79 3(b) .3k 9.k .323 1.64 457 —— —— ——
1.7k 2.80 3(b) .390 10.4 .367 1.62 RN ———- —— I
1.70 2.6k4 1 372 10.5 .350 1.75 el S —— ———
1.657
1.71 2.64 1 .L2g 12.1 o1 1.75 JLsp ———— N ——
1.79%
1.72 2.70 3(a) .580 1.3 465 1.78 430 - — ———
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TABLE I

(continued)

Initial Conditions Hugonlot States Release Adiabat States
=+
v ¥ Type of ** | fmp. Vel. Tx 9) v a u R
(g72m3) (mm/&sec) Experiment | (mm/usec) | (kbar) (mm%ﬁsec) {mn/usec) (em3/g) | (xbar) | (mnfusec) } (mm/usec)
1.69 2.53 3(a) .588 15.0 468 1.88 b6 ———— - TR
1.79 2.67 3(a) .587 16.0 458 1.95 et S S s
1.76 2.70 3(c) L6h6 29.5 618 2.71 k38 -——- ———- e
1.70 2.46 L(a) ———— 514 1,013 2.98 .388 ———— -——-- ———
1.74 2.66 Lv) ——— 81.5 1.227 3.81 .389 —— - ————
1.79 2.59 4(c) -—-- 1ks5. 1.735 4 .66 350 ———— -——- ————
1.7h 2.7k k(a) ———— 162. 1.856 5.00 .361 ---- -—-- ———-

*
Ultrasonically measured longitudinal velocity.

**Type of experiment:
1. transmitted wave profile using a double-quartz gauge technique.
2, shock reverberation technique using (a) thin quartz crystal reverberation plate; (b) thin
L34OR,54 steel reverberation plate with s displacement interferometer.
3. sample impacting a buffer plate of (a) fused silica; (b) L3UOR:54 steel; (c) tungsten carbide.
L. explosive loading using a copper driver plate and (a) Barstol; {t) T™T; (c) Comp. B, and (&)
PBX 940k,

+Average release wave speed calculated from the linear release adiabat slope.

++Average precursor data from all the transmitted wave experiments; average Tyr Py and U (U at half
amplitude of precursor ramp).

Measured compaction wave velocity at half amplitude.




Teble II. Parameters Used to Model the
Flight Quality CVD Carbon Felt
in WONDY IV Calculations

Parameter Solid Material Distended CVD Felt
' 3
, 0 (8/ca™) 2.17 1.73
21
Co(mm/ﬂsec) 3.90 -
S 2.20 -
r 27 .25 ;
o
3
PS(Kbar) - 5.0
Pe(kbar) - .3
Ce(mm/usec) - 1.73

* A quadratic P~ relations was used,.
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Tgble III. Summary of Experimental Parameters from Attenuation
Experiments on Flight Quality CVD Carbon Felt

%
1 Specimen Description Impactor Description
1
-
| Target Initial * Impactor Impact Impact
; Thickness Density vy, Type of Impactor Thickness¥** | Velocity Tilt 3 Stresst
i (mm) (g/cm3) (mm/usec) | Transducer Material (mm) (mm/usec) § (Rad, x 107) (kpar)
f T
i H
| 2.05 1.80 - Manganin Fused Silica 1.68 .5847 1.0 16.

2.10 1.66 - Manganin Fused Silica 1.68 .5854 1.1 i5.

4.09 1.79 2.56 Manganin Fused Silica 1.70 .5860 .8 16.

6.41 1.66 2.54 Manganin Fused Silica 1.69 .5842 .9 g 15.0
t

: H

% Ultrasonically measured longitudinal velocity

1
*% Each impactor plate was backed with a 5.0 mm thick disk of carbon foam. 2

+ Measured impact stress from separate experiments where a CVD felt sample impacted a
plate at .580 to .588 mm/usec.

fused silica buffer
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Table IV. Summary of Static Compression Test Results on
Flight Quality CVD Carbon Felt
Sample Density Number of Pre-Comg. Post-Comp. Max, Permanent
Number 3 Load Cycles™ Test V Test V Strain Strain
(g/en) L L (%) (%)
(mm/usec) | (mm/usec) 0
7 1.71 1 2.53 1.79 18.8 4.3
8 1.73 3 2.52 1.60 7.7 5.5
9 1.72 3 2.66 1.71 18.6 ol
10 1.71 3 2.61 1.7k 17.2 5.0

*1oad released at intermediate points and then reloaded.
Maximum load was 5.1 kbars obtained on last cycle.

*Ultrasonically determined longitudinal wave speed before static test.
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Table V. Spallation Data for Flight Quality CVD Carbon Felt

Impactor* Target
Imp. Vel Thickness | Density | Thickness | Density Fracture level

| (m/usec) (mm) (g/cm3) () (g/cm3)

§ ,050 3.86 1.72 7.68 1.63 No Damage

? .063 3.89 1.72 7.70 1.71 No Damage
.072 3.86 1.80 7.67 1.80 No Damage
.076 3.86 1.78 7.71 1.78 No Damage
.086 3.89 P 1.76 7.70 1.77 Micro-cracks linked up (10 to 20X)
.093 3.86 © 1,70 7.70 1.72 Micro-cracks linked up (1 to 10X)
.103 3.86 1.76 7.70 1.72 Complete Spall
.087 1.98 1.72 3.86 1.75 No Damage
.095 1.98 s+ 1.77 3.89 ‘ 1.77 ’ No Damage
.103 1.98 1.82 3.87 | 1.83 | No Damage
114 1.91 1.69 3.86 ; 1.68 ; Micro~cracks, not linked up (1-10X)
.117 1.98 1.65 3.87 % 1.66 Micro-cracks, not linked up (10-20X)
121 1.98 1.67 3.89 E 1.67 | Complete Spall

i {

* All the data were generated using symmetric impacts, with free rear surfaces on
the impactor and target.
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Table VI,

Spallation Data for Porous Carbons and Graphites

Density | longitudinal Imp“t"fl ) Tmpact ()
3 Velocity Thickness Velocity Fracture
Material (g/em”) (mm/ isec ) {(mm) {mm/usec) Ievel Source
ATJ-S 1.80 2.60 81 .055~ Microcracks at 100X Ref. 28
1.60 Ok~ Microcracks at 100X
3.18 ,035-.041 to macrocracks at 1X
1ASL 1.76 2.20 1.27 .0Lk0~.050 Microcracks at 50-200X Ref. 2L
2.03 .026~.0h0 Microcrack at 0-200X
to microcracks at 1-10X
sr-17200(3) 1.76 3.66 1.27 .0k1-.053 | Microcracks at 50-200K Ref. 26
2,5k .023-.030 to mecrocrack at 1-10X
ST‘17300(3) 1.84 2.26 1.27 .155-.195 Microcracks at 50-200X Ref. 26
2.5k .085-.11h to macrocracks at 1-10X
S‘I‘-WOOL(3) 1.5 1.h7 2.54 .052-.062 Microcracks at 50-200X Ref. 26
to macrocracks at 1-10X
CP-CVD-U 1.76 2,70 4,70 . 040~ . 0k6 No visible cracks on the Ref. 21
CF-CVD-G 1.71 2.10 4.78 .055-,061 sample circumference to
BKG-1 1.40 3.3k k.57 .020~.030 partial geparstion
BKC-3 1.34 3.58 4,57 .015-.027 (macrocracks)
BKC-h 1.4k0 3.40 4,70 .035-.038
C/S"O 1.65 3.50 2.54 021,027 No visible cracks on the Ref. 29
sample circumference to
complete separation
(1)

Target to thickness ratio was 2:1.

(2)A11 the data were generated using symmetric impacts.

(3)Impac’cors were backed by ,06L g/ o3 rigid polyurethane foam.
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CALCULATED ATTENUATED WAVE PROFILES FOR
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DIRECTION OF STATIC LOAD

a) 0.3 KX 17{b) 1.0 KX {If{c) 3.0 KX

FIGURE 17. SEM PHOTOMICROGRAPHS OF CVD CARBON FELT MATERIAL
DAMAGE RESULTING FROM STATIC COMPRESSION TO 5.1 kbars
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DIRECTION OF STATIC LOAD

18} 0.3 KX 18(b) 1.0 KX 18(c) 3.0 KX

FIGURE 18. SEM PHOTOMICROGRAPHS OF CVD CARBON FELT MATERIAL
DAMAGE RESULTING FROM STATIC COMPRESSION TO 5.1 kbars
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