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SHOCK RESPONSE OF DISTEKDED CVD CARBON FELT 

L. M. Lee 

Sandia Laboratories, Albuquerque, New Mexico 87II5 

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 material'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 vapor deposited 

(CVD) carbon felt heatshields. CVD felt heatshields have been successfully flight 

tested and the material is a candidate for advanced reentry applications. In view 

of the general interest in carbon felt, a material evaluation program has been 

conducted to characterize certain physical and mechanical 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 equation-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 isotheiroal method, which resulted in a 

carbon matrix substantially different from the felts that have been previously 

investigated. 
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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, 

attenuated stress profiles after propagation through various thicknesses of 

material, and spallation information. 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 attenuation experiments, both in pulse 

amplitude and wave shape, over the propagation distances investigated (2.0 to 

o.k- 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 for 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 quality 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 

k 



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

shock response standpoint. 

II, MATERIAL DESCRIPTION AND CHARACTERIZATION 

The carbon felt specimens used in this study were taken from a conical 

heatshield (designation STC-6) produced by a 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/cm . 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 IO-3O torr until the desired final density 

was achieved. The cone was subsequently heat treated at 2750°C for 2 hours as a 

final graphitization cycle. 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 

d p^ interplanar spacing was found to be 3.362A, as compared to 3.35A for hexagonal 
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single crystal graphite. '-" The apparent crystallite sizes were calculated from 

line broadening and found to be 3OOA (L ) in the c crystallographic direction 

o , 2 

and 259A (L^) in the ab plane. 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 1. 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 Figure 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. Helium pycnometer measurements were nevertheless 

made on a number of test specimens and yielded an average solid material density 

of 1.98 g/cm-2. 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 
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average density of 2.02 g/cm . Post compression SEM work, however, revealed a 

degree of residual closed porosity which still influenced the density measurement. 

The second approach used to deteimine the solid density made use of the known 

volume fractions of carbonized felt and pyrolytic carbon in the material and 

considered them as a simple mixture. Based on a 7^ fiber volume, the calculated 

solid material density was 2.17 g/cm . 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/cm . The samples contained on the average 20^ total porosity, with the 

closed porosity being approximately ']%, based on a solid material density of 

2.17 g/cm^. 

III. 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. 

5 
The data analysis employed the Rankine-Hugoniot 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 

6 from three different types of plate-impact experiments perfoimed with a gas gun. 

The first was a buffer plate experiment, designed to provide a stress 
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(cr )-particle velocity (u ) Hugoniot point. In this experiment, a CVD carbon 
X jp 

fe l t sample impacted an e l a s t i c buffer p l a t e , with the resul t ing s t ress pulse 

propagating through the buffer pla te and in te rac t ing with an X-cut quartz gauge' 

mounted on the rear surface of the p l a t e . The measured quant i t ies included impact 

veloci ty and the time resolved current output of the quartz gauge as measured by 

the voltage across a 50-ohm termination r e s i s t o r . Three different buffer pla te 

materials with known shock wave propert ies were used in the experiments: fused 

s i l i c a , U3U0 R 5̂+ s t e e l , and tungsten carbide. E las t ic impedance-match 

calculat ions were made at the buffer-quartz interface to determine the (cr , u ) 

s t a te in the buffer p r io r to the s t ress wave in terac t ion with the quartz. The 

boundary conditions of s t ress and pa r t i c l e veloci ty continuity across the f e l t -

buffer pla te interface at impact were then used to calculate the (a , u ) s t a te 

for the CVD f e l t . 

The second type of experiment, which furnished both Hugoniot and release 
11 

adiabat data, made use of shock-reverberation techniques. 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 U3^0 R 5^ steel reverberation disk, in conjunction with a displace-
12 ment Interferometer. 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 in the plate without being 

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

on impact is point (l) in Figures 2b and 3b and states on the carbon release 



adiabat are designated as points (3) and (5 ) . The s t ress levels at points ( l ) , 

(3) and (5) were measured d i r ec t ly when a quartz gauge reverberation plate was 

used (Figure 2b). Free surface veloci ty data were recorded when the s tee l 

reverberation pla te was employed (Figure 3b, points (2) , (k) and (6) ) , Elas t ic 

impedance calculat ions were used, in conjunction with the s t ee l free surface 

veloci ty data, t o determine the s t r e s s -pa r t i c l e veloci ty s ta tes in the carbon. 

Because of the re la t ive mechanical impedances of the mater ia ls , i t was d i f f i cu l t 

t o obtain more than one or two points on a single carbon release adiabat per 

expe riment. 

The buffer-plate and reverberating wave experiments provided shock ccsnpaction 

and release adiabat data d i r ec t ly , but did not provide sufficient information to 

define the path followed by the f e l t in loading to an equilibrium s t a t e . However, 

the loading path can be deduced from the s t ructure of a transmitted s t ress pulse. 

Consequently the th i rd basic type of p la te impact experiment performed on the 

CVD fe l t was a transmitted-wave experiment so that the s tructure of transmitted 

s t ress pulses could be observed. A double quartz gauge technique, similar to 

13 that described by Halpin, e t . a l . , -̂  was used to measure the s t ress input into 

the carbon sample and the resul t ing transmitted wave p ro f i l e . The experimental 

assembly i s shown in Figure k. A kShO R 5^ s tee l plate with a quartz crys ta l 

mounted on the rear surface was the impactor in t h i s configuration. The s t ee l 

made i t possible to achieve impact over the ent i re area of the large diameter 

carbon sample, which was necessary to eliminate edge rarefact ions. The target 

was the CVD fe l t sample backed by another quartz gauge. Data on the impact s t ress 

and the transmitted wave shape were thus obtained from a single experiment. The 

impact time and t i l t were obtained from flush-pin records and were used, in 

conjunction with the ta rget gauge, t o determine the s t ress pulse t r a n s i t time 

through the sample. The t r a n s i t time measurement made i t possible to calculate 
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an average compaction wave veloci ty through the sample. The impact s ta te 

parameters, (cr , u ), measured by the p ro jec t i l e gauge were then d i r ec t ly compared X p 

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 s ta te parameters for the carbon f e l t . 

The dynamic compaction behavior of the carbons above 30 kbars was character-
5 

Ized by the use of standard explosive techniques. A carbon specimen and a 

specimen of copper, which has a well-documented equation of s t a t e , were placed 

on a standard-material dr iver p la te tha t was in d i rec t contact with various 

explosive assemblies. Figure 5 i s a schematic of the t e s t assembly. A quartz 

gauge was mounted on the rear surface of the carbon specimen and quartz shorting 

pins were placed on the driver p la te and on the standard copper specimen. Shock 

t r a n s i t times through the carbon and standard specimens were thus obtained and 

average shock ve loc i t ies were calculated. The quartz gauge also provided data 

on the shock prof i le transmitted through the carbon. In a l l 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, e t . a l . 

Attenuation Measurements 

Attenuated-wave prof i le measurements were made on the porous CVD carbon, to 

obtain an independent set of experimental data for d i rect comparison with 

calculated at tenuation response. These data were obtained from gas-gun experiment 

in which th in impactors were used to generate the input s t ress pulses . The impact 

veloci ty was held constant and only the ta rget thickness was varied. The data 

consisted of measured attenuated stress-t ime prof i les as a function of propagation 

distance through the carbon f e l t . 
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Figure 6 shows the at tenuation experiment configuration. The pro jec t i le 

consisted of a th in fused s i l i c a impactor p l a t e , nominally I .7 mm thick, backed 

by a very lew-density carbon fcmm with known dynamic mechanical proper t ies . 

The impact s t resses were below the e l a s t i c l imit of the impactor material , thus 

simplifying calculat ion of the stress-wave shape introduced into the samples. 

Also, the r e l a t i ve ly high elastic-wave speed of the fused s i l i c a pennitted the 

generation of reasonably short-duration s t ress pulses without recourse to 

excessively th in impactors. 

The ta rge t design for the at tenuation shots was essen t ia l ly the same as for 

the transmitted-wave experiments. Carbon sample thicknesses ranging from 2.0 to 

6.ij. mm were used to give the desired var ia t ion in propagation distance. Impact 

veloci ty and t i l t were measured as previously described. The attenuated s t ress 

pulses were recorded with manganln back surface gauges because of the need for 

long recording times, as well as a desire for a back surface gauge that closely 

matched the mechanical impedance of the carbon. A commercially available four-

terminal manganln wire (.O76 mm diameter) in C-7 epoxy transducer was used. ' 

In the course of the invest igat ion ca l ibra t ion experiments were conducted to 

define the change in resistance of the gauges as a function of applied s t r e s s . 

This ca l ibra t ion data made i t possible to convert the manganln voltage-time 

records to stress-t ime records in the C-7 epoxy. The resul ts of the attenuation 

experiments were then plot ted in the stress-t ime plane, with impact being the 

zero-time reference common to a l l data . These data c lear ly showed the degree of 

at tenuation as a function of propagation distance through the CVD f e l t . The 

prof i les were also compared with the calculated material response by using the 

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

model. 



Confined Static Compression and Release 

Static laterally constrained ccmpression 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 the material 

during unloading. The experimental configuration used to simulate the one-

dimensional strain condition, shown in Figure 7, is similar to a previously used 

19 technique. 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/mln., with piston load and displacement being monitored. Maximum load 

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 

20 used for these measurements. 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 (l) 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 radial 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 

maximum load, where the frictional load was 2.2'̂  of the axial load. Based on 

these observations it was concluded that the static confined compression 

experiment produced essentially a one-dimensional strain 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 
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be separa ted from the p l a t e upon impact . As i l l u s t r a t e d i n Figure 8, bo th the 

CVD f e l t impactor and t a r g e t had f ree rear s u r f a c e s . Wave reflections from these 

sur faces caused the p roduc t ion of r a r e f a c t i o n waves which i n t e r a c t e d i n the t a r g e t 

t o produce a t e n s i l e p u l s e . The t a r g e t p lugs were recovered i n a so f t recovery 

system ( the s t r i p p e r cone i s shown i n Figure 8) t h a t prevented secondary impacts 

and allowed for slow d e c e l e r a t i o n of the specimen. The impact v e l o c i t y of the 

p r o j e c t i l e was measured and damage, i f any, was observed by s e c t i o n i n g the t a r g e t 

p l u g . Two d i f f e r e n t t a r g e t t h i c k n e s s e s were i n v e s t i g a t e d (nominally 7.62 mm and 

3.81 mm), w i th the impactor in each experiment having a t h i cknes s equal t o one 

h a l f the t a r g e t t h i c k n e s s . 

IV. EXPERIMENTAL RESULTS AND ANALYSIS 

Shock Compression and Release Behavior 

The impact experiments provided a v a r i e t y of informat ion on the shock 

compaction and r e l e a s e behav io r of the CVD carbon f e l t . Records from t y p i c a l 

b u f f e r - p l a t e and reverbera t ing-wave experiments are shown i n Figure 9- The 

r e s u l t s of a t ransmit ted-wave experiment us ing the double quar tz gauge technique 

are given in Figure 10. I t can be seen from both Figures 9 and 10 t h a t t h e r e 

were no measurable i n i t i a l t r a n s i e n t overshoots i n s t r e s s a t the impact sur face 

and s t r e s s equ i l i b r ium was achieved ve ry r a p i d l y . These da t a i n d i c a t e apparent 

r a t e i n s e n s i t i v e response for the CVD carbon f e l t . The t ransmit ted-wave p r o f i l e 

i n Figure 10b shows a ve ry low ampli tude ramp wave preceding the main compaction 

wave. This type of response was observed on a l l of the low s t r e s s t r a n s m i t t e d 

wave exper iments . The shape and ampli tude of the ramp p r e c u r s o r were i n t e r p r e t e d 

as i n d i c a t i n g a very l ow-s t r eng th , n o n - l i n e a r compressional y i e l d region i n the 

f e l t p r i o r t o major void compaction. However, when the compaction wave amplitude 

was 10 kbar or l a r g e r , t he p r e c u r s o r was complete ly ove rd r iven . The average 
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precursor breakaway ve loc i ty of 2.U7 mm/usee was d i f f i cu l t t o deteraiine because 

of the ramp wave shape. This value compares favorably with the average u l t r a -

sonlcal ly measured longitudinal wave speed of 2.67 mm/usee. The average 

half-amplitude precursor ve loc i ty was I .73 ram/usee. Similar yield behavior 

was also observed in the s t a t i c , l a t e r a l l y confined compression t e s t s . 

The resu l t s of the shock compaction experiments are given in Table I along 

with the i n i t i a l sample conditions and the type of experiment used to generate 

the data . The app l i cab i l i t y of the Hugoniot re la t ions to describe the wave 

propagation behavior in the carbon fe l t was evaluated from the transmitted wave 

data l i s t ed in Table I . A di rec t comparison was made between the shock wave 

veloci ty (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 veloci ty data a t t e s t s to the appl icab i l i ty of the jump 

conditions, 

All of the Hugoniot data are plot ted in Figure 11. Also shown in Figure 11 

is the Hugoniot for solid graphite centered at an i n i t i a l density of 2.I7 g/cm" 

The fa i r agreement between the high s t ress data (above 10 kbar) and the solid 

graphite response indicates tha t the fu l ly compacted f e l t can be modeled using 

the graphite Hugoniot. The data sca t t e r in the s t ress -spec i f ic volume plane 

was a t t r ibu ted primari ly t o sample var iat ions in i n i t i a l density (densit ies 

ranged from 1.69 to 1.80 g/cm ). 

The lower s t ress Hugoniot data are plot ted on an expanded scale in Figure 12 

to show more c lear ly the p a r t i a l l y compacted region. A calculated p a r t i a l 

22 compaction curve using the P-a representation i s also shown in Figure 12. This 

curve represents the compaetion data reasonably wel l . The parameters used to 

describe the CVD fe l t and solid graphite in the model are l i s t ed in Table I I . 



I t can be seen from Figure 12 that the CVD fe l t compacts to a no-void condition 

at a r e l a t i ve ly low s t ress l eve l . Compaction behavior of t h i s type is more 

charac te r i s t i c of porous graphites (ATJ and lASL), than previously studied 
21 23 2k carbon-carbon composites. ' -̂ ' An important point t o remember is tha t the 

P-a model defines the distended mater ia l response as l i n e a r l y e l a s t i c pr ior to 

yielding. As previously established by the transmitted-wave prof i les and s t a t i c 

data, the observed yield region was not l i nea r but very rounded, causing 

spreading of the precursor wave. Because of t h i s spreading, the half-amplitude 

precursor wave speed was used in the model, ra ther than the breakaway ve loc i ty . 

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 s t ra ight l i n e . 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 s t ra ight l ines connecting the 

shock and release s t a t e s . An average release wave veloci ty was calculated from 

the slope of these l ines by applying the jump conditions between the Hugoniot 

s ta tes and release s t a t e s . The ve loc i t i e s are denoted U . The release adiabat 
K 

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. 



Attenuation Data 

The attenuated s t ress wave prof i le measurements provided information on the 

wave amplitude, shape, and shock t r a n s i t time through the samples. The fused 

s i l i c a Impactor produced an input s t ress pulse tha t was an i n i t i a l step at impact 

to the maximum s t r e s s l eve l , followed by a ringing down in s t ress resul t ing from 

wave reverberations in the th in impactor. The time associated with each step in 

the ring down process was approximately O.56 usee. Records from the four 

at tenuation shots are shown in Figure I3 and the experimental conditions for 

these shots are summarized in Table I I I . Figure I3 shows some spreading of the 

compaction wave as a function of propagation distance. The release segments of 

the attenuated wave prof i les from the 2,0 mm thick targets have a somewhat 

s t a i r - s t e p appearance, re f lec t ing the discrete unloading steps associated with 

the impactor r ing down. The discre te steps were completely smoothed out, 

however, a f te r propagation through ii-.0 ram of the CVD f e l t . 

The experimental voltage-time records were digi t ized and converted to s t ress 

time data in the manganln gauge. Zero time represents impact. The reduced 

attenuated wave data are plot ted together in Figure Ik to i l l u s t r a t e the change 

in wa-ve shape and amplitude with propagation distance. Also shown in Figure 11̂  

are the predicted attenuated wave p ro f i l e s , calculated using the WONDY IV wave 
25 

propagation code and the experimental impact conditions. The equation-of-state 

parameters (Table I I ) determined from the shock compaction and release data were 

used in the code to model the CVD f e l t . The good overall agreement between the 

calculated and measured attenuated wave shapes ver i f ies that the porous material 

equation-of-state and model adequately represent the CVD fe l t mechanical 

wave-propagation behavior. Another check on the correla t ion calculations was 

provided by comparing the calculated impact s t ress with the impact s t ress 



measured on three identical, independent experiments. The measured impact stress 

was from 15 to l6 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-defleetion curves and ultrasonic 

measurements. The extent of material damage resulting frcm 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 static 

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 c show multiple loading and unloading cycles. 
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The unloading paths were i n i t i a l l y steep and reasonably l inea r u n t i l unloading 

s t resses of about 0.5 kbar was reached. After th i s the unloading became 

quite nonlinear and showed a high degree of void recovery when the s t a t i c 

compression was removed. Residual s t ra ins in the material a f ter unloading were 

on the order of k to 3% while maximum compressional s t ra ins of 18 to 19^ were 

experienced during the t e s t s . All the compression samples were intact af ter 

t e s t i n g , with no exteriaal evidence of mater ial damage. I t was concluded from 

these resu l t s tha t the low s t ress void recovery exhibited by the carbon fe l t 

was the product of a large non-linear e l a s t i c s t ra in component associated with 

the s t a t i c compaction. 

The measured s t a t i c unloading paths provided quanti tat ive infoinmation on 

the release behavior of the CVD f e l t , in addition to qual i ta t ive information on 

void recovery. The quant i ta t ive information consisted of sound speed data 

associated with the different s t a t i c release paths . These wave veloci t ies were 

calculated from the s t ress -spec i f ic volume data using the relation: 

1-2 % - V 3 _ j 

where ^ is the veloci ty associated with the release wave increment 1-2. 

Release wave ve loc i t i e s , determined from the i n i t i a l 0.1 kbar s t ress Increment of 

the unloading paths, were calculated to investigate the variat ion in i n i t i a l 

release wave speed with compaction s t a t e . Also these i n i t i a l release wave 

speeds were measured u l t rason ica l ly during the s t a t i c t e s t , thus providing 

an independent set of data to compare with the calculated ve loc i t i e s . The 

resu l t s of the u l t rasonic measurements and s t a t i c calculations are shown in 

Figure 16. The two sets of i n i t i a l release wave speed data are in good agreement. 



indicating tha t the confined compression t e s t does provide an accurate represen

t a t i on of the distended carbon's i n i t i a l unloading behavior. 

A second coniparlson of release veloci ty data was made and is Included in 

Figure 16. This comparison was between the average 0^_^ release wave ve loc i t i es 

determined from the shock reverberation experiments and the corresponding 

ve loc i t ies calculated from the s t a t i c s t r e s s - s t r a i n data . The same magnitude 

s t ress increment tha t was measured in the shock release experiment was used in 

the corresponding calculat ion with the s t a t i c data . Agreement between the 

average wave speed data was f e l t t o further verify the app l icab i l i ty of the 

s t a t i c t e s t technique to determine the porous carbon f e l t response. The data 

in Figure 16 c lear ly show the var ia t ion in release wave speed as a function of 

compaction s t a t e . The different magnitudes of the i n i t i a l and average ve loc i t ies 

for a given compaction s t r e s s are a resu l t of the curvature in the unloading path. 

Qualitative information on in te rna l mater ial damage due t o compression 

loading was obtained through ul t rasonic and SEM work. The ul t rasonic measurements 

consisted of longitudinal ve loc i t i es measured before and af ter the s t a t i c t e s t s . 

A decrease in the pos t - t e s t u l t rasonic ve loc i t ies was observed, which was 

a t t r ibuted to in te rna l fractures in the carbon f e l t created by the load cycle. 

The ve loc i t i es continued t o decrease as the number of loading cycles increased 

although the same maximum load was reached in a l l the t e s t s . The numerical resu l t s 

of the u l t rasonic measurements are summarized in Table IV. 

The SEM invest igat ion of the s t a t i c t e s t samples provided more exp l i c i t 

information on the in te rna l material damage. The pos t - t e s t pore stznicture was 

qua l i t a t ive ly the same as the p re - t e s t mater ia l , with evidence of only localized 

in ternal damage. The damage was confined t o the mater ia l surrounding the pores 

and did not extend into the solid bulk mater ia l . 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 re ta in i t s or iginal 

i n t eg r i t y . Figures I7 and 18 contain photomicrographs that i l l u s t r a t e the type 

of damage tha t was observed. The b and c portions of each figure are enlargements 

of the centra l region of the a photomicrograph. The samples in Figure I7 and 18 

experienced a single load cycle t o 5.1 kbars and were then unloaded. Figure 17c 

shows one of the pyrocarbon shel ls that fractured during loading. I t appears 

tha t the carbon fa i led in shear as the pore was closed, but then returned to 

bas ica l ly i t s or ig inal posi t ion upon load removal. The other pyrocarbon 

surrounding the pore appears t o have deformed in a completely e l a s t i c manner. 

Figure 18 i l l u s t r a t e s damage t o the pyrocarbon of a more dras t ic nature. The 

pore s t ructure in t h i s region was of a f iner nature, producing more unsupported 

fe l t fiber-pyrocarbon cyl inders , However, the fracturing evidenced in Figure 18 

was s t i l l on a loca l scale with only a small percentage of the material damaged. 

Based on the SIM work, i t was concluded that only minimal internal material 

damage resulted from effect ively t o t a l pore closure. 

Spallation Results 

The objective of the spa l la t ion experiments was to measure the Impact 

ve loc i t i es tha t produced incipient and ccmplete spal l in the CVD fe l t t a r g e t s . 

Symmetric impact conditions with a target-to-impactor thickness r a t i o of two 

were used so that the current data would be d i r ec t ly comparable with spal l data 

on other distended carbons. The experimental spal l data generated on the fe l t 

are summarized in Table V. The experimental de ta i l s and the observed degree of 

fracture upon sectioning the ta rge t s are included in Table V. Incipient spal l 

was defined as the formation of cracks in the midplane of the target that were 

observable under low power magnification (0-20X). The impact ve loci t ies necessary 

to create incipient spa l l were .08 mm/usec and .11 mm/usee for the 3.8 mm and 
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1.9 mm thick impactors, respect ively . Velocit ies of .10 ram/usee and .12 mm/usee 

were required to create complete separation or spa l la t ion in the th ick and th in 

CVD fe l t t a r g e t s . The spa l l data are plot ted in Figure 19, with impact veloci ty 

plot ted as a function of impactor th ickness . 

The impact s t ress amplitudes generated in the spa l l experiments were 

calculated using the Hugoniot data . For the incipient spa l la t ion condition, 

impact s t resses of approximately 0.8 and 1.0 kbar were generated in the 7.6 mm 

and 3.8 mm th ick t a r g e t s , respectively. I t should be emphasized, however, tha t 

these values are not necessar i ly the amplitudes of the t ens i l e pulses that were 

present in the t a r g e t s , because of pulse dispersion and at tenuation in the very 

low s t ress region. Further discussion of these points w i l l be covered in the 

discussion sect ion, where a comparison is made with these data and e a r l i e r resu l t s 

on porous carbons. 

IV. Discussion 

A general comparison was made of the current results on the f l ight qual i ty 

CVD fe l t with s imilar data on other carbon-carbon mater ials of engineering 

i n t e r e s t . This comparison made a more comprehensive evaluation of the distended 

carbon f e l t ' s shock behavior poss ib le . The s t ress wave at tenuation and 

spal la t ion charac te r i s t i c s were two important areas of material response that 

were considered. 

Stress wave at tenuat ion in the CVD carbon f e l t was considerably more 

pronounced than tha t observed in previously studied porous carbon-carbon materials 

21 of approximately the same densi ty . The two main factors tha t produced the 

enhanced at tenuat ion in the f l igh t qual i ty f e l t were: ( l ) the high compressi

b i l i t y , which resulted In slow compaction wave ve loc i t i es and; (2) the steep 

i n i t i a l unloading paths , which produced very fast r e l i e f waves. The 



compressibil i ty of the CVD fe l t in the p a r t i a l l y compacted region was a factor 

of 5 to 10 la rger than similar porous carbons that have been studied. The 

measured release wave speeds in the current f e l t were also fas ter than those 

previously observed. Consequently, rarefact ion wave catch up and attenuation 

for a given shock pulse occurred much quicker in the CVD fe l t than in the other 

distended carbons. 

The CVD carbon f e l t spa l la t ion data are d i r ec t ly compared in Figure 20 with 

the previous spa l l r e su l t s on other distended carbons. The ea r l i e r spal l data 

used in the comparison are summarized in Table VI. As shown by Figure 20, the 

impact ve loci ty necessary to create spa l l damage in the f l ight qual i ty CVD fe l t 

was subs tan t ia l ly higher than that inquired for most of the other porous 

carbon-carbon mater ia l s . One must remember, however, tha t the parameter of 

i n t e r e s t for comparison purposes is the dynamic t ens i l e strength of the various 

mater ia l s . Unfortunately t h i s cannot be measured d i rec t ly , but must be inferred 

from wave propagation calculat ions which are based on a const i tut ive model. The 

calculated spa l l strengths for a l l the carbons in Figure 20 except the f l ight 

qual i ty CVD f e l t and the ST-I73OO material were in the 0.3 to 1.0 kbar range, 

based on the assumption of l inear e l a s t i c response. I t was clear from the shock 

compaction data tha t t h i s type of analysis does not apply to the CVD fe l t and i t s 

app l i cab i l i t y to some of the other materials was questionable. If one ignores 

the complex response i l l u s t r a t e d by t h i s invest igat ion and assumes an e l a s t i c 

response, the calculated CVD fe l t incipient spa l l strengths would be 1.8 and 

2.5 kbars for the 3.8 and 1.9 ram thick impactors, respectively. These values of 

spa l l s trength for the CVD fe l t were approximately the same as those reported for 
26 the ST-17300 porous carbon. Based on the present comparison of spal l data, the 

spa l l resis tance of the f l ight qual i ty carbon f e l t appeared to be equal to or 

b e t t e r than the other porous carbon materials invest igated. 
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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 usee), 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-a 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 

(below 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. 
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However, the damage was on a 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 minimal and 

probably contributed to the obsejrved high spall resistance. 

A comparison of the experimental results with data for similar materials 

showed that the flight quality felt was a better shock mitigator and had higher 

spall resistance than the previously studied carbon-carbon materials. The 

enhanced attenuation resulted from the unique shock ccmpaction and release 

behavior of the carbon felt, which was similar to that observed for pressed 

graphites (ATJ and lASL).^^'^'^ 
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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 

(g/cm3) (mm/|asec) 
aype of ^ 
Experiment 

liiip. Ve l . 
(nm/iisec ) ( k b a r ) (inm/(isec) (mm/|asec) (cm3/g) 

a 
(kba r ) 

u 
(mm/josec) 

n 
(mm/Jisec) 

1.T3 

1.76 

1.75 

1.71 

1.72 

1,72 

1.72 

1.72 

1.80 

2 .67 

2 .64 

2 .68 

2 .76 

1.76 

1.71* 

1.70 

1.71 

1.72 

2 .79 

2 .80 

2 .64 

2.6h 

2 . 7 0 

1 

2 ( a ) 

2 ( a ) 

2 ( b ) 

1 

1 

2 ( a ) 

1 

2 ( b ) 

3(b) 

3 (b ) 

1 

1 

3 ( a ) 

.078 

.154 

.150 

.154 

.215 

.310 

.274 

.276 

.344 

.390 

• 372 

.428 

.580 

.3 

1.2 

2 . 2 

2 . 4 

2 . 6 

3 .5 

5 .6 

6 .0 

6 .7 

9 .4 

10 ,4 

10 .5 

1 2 . 1 

l 4 . 3 

.010 

.070 

.139 

.145 

.149 

.208 

.273 

.260 

.261 

.323 

.367 

.350 

.401 

.465 

1.73 

.85 

.84 

.90 

• 9 3 . 
1.00+ 

1.16 

1.32 
I .31+ 

i . 4 i 

1.64 

1.62 

1 .75 , 
1.65+ 

1.75 
1.79+ 

1.78 

.575 

.525 

.480 

.495 

.494 

.456 

.448 

.454 

.457 

.445 

.471 

.452 

.430 

.77 

1.52) 

I.34J 
1.82 ' 

3.27 

4.50 
3.50 

.060' ' 

.056I 

.123 

.119 

.130 

.237 

.2341 

.220.\ 

1.54 

2 .20 

1.82 



TABLE I 

(continued) 

(g/cm3) 

1.69 

1.79 

1.76 

1.70 

1.74 

1.79 

1.74 

I n i t i a l 

(mm/iasec) 

2 . 5 3 

2 .67 

2 .70 

2 .46 

2 .66 

2 .59 

2 .74 

Condi t ions 

lype of ** 
Experiment 

3(a) 

3(a) 

3 ( c ) 

4(a) 

4 ( b ) 

4 ( c ) 

4 ( d ) 

Iniip. V e l . 
(mm/(asec) 

.588 

.587 

.646 

( k b a r ) 

15 .0 

16 .0 

29 .5 

51.4 

81 .5 

145 . 

162. 

Hugoniot 

(nim/[isec) 

.468 

.458 

.618 

1.013 

1.227 

1.735 

1.856 

S t a t e s 

U 
(mm/ijsec) 

1.88 

1.95 

2 . 7 1 

2 .98 

3 .81 

4 .66 

5.00 

V 
(cm3/g) 

.446 

.427 

.438 

.388 

.389 

1 -350 

: .361 

Release Adiabat S t a t e s 

(kba r ) 
u 

(mm/ijsec) , (mm/|j.sec) 

i 

Ultrasonically measured longitudinal velocity, 

lype 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 

434OR254 steel reverberation plate with a displacement interferometer. 
3. sample impacting a buffer plate of (a) fused silica; (b) 4340Rc54 steel; (c) tungsten carbide. 
4. explosive loading using a copper driver plate and (a) Barstol; (b) TNT; (c) Comp. B, and (&) 

EBX 9404. 

Average release wave speed calculated from the linear release adiabat slope. 
•H-
Average precursor data from all the transmitted wave experiments; average <r , p and 0 (u at half 
amplitude of precursor ramp). -̂  ° 

Tlfeasured compaction wave velocity at half amplitude. 



Table I I . Parameters Used to Model the 

F l i g h t Qual i ty CVD Carbon F e l t 

in WONDY IV Ca lcu la t ions 

Parameter Sol id Ma te r i a l Distended CVD Felt i 

I O^ig/cm^) 2.17 1.73 
21 

C (mm/Mec) 3.90 
0 

S 2.20 

r 2^ .25 

o 

P (kbar) ~ 5.0^^ 
P (kbar) - .3 

e 
C (rom/usec) - 1.73 

* A quadratic P-a relations was used. 



Table III. Summary of ExperimeHtal Parameters from Attenuation 
Experiments on Flight Quality GVD Carbon Felt 

Specimen Description 

Target 
Thickness 

(mm) 

2.05 

2.10 

4.09 

6.41 
• 

Initial 
Density 
(g/cm^) 

1.80 

1.66 

1.79 

1.66 

Vl* 
(mm/usec) 

2.56 

2.54 

Type of 
Transducer 

Manganin 

Manganin 

Manganin 

Manganin 

Impactor Description 

Impactor 
Material 

Fused Silica 

Fused Silica 

Fused Silica 

Fused Silica 

Impactor 
Thickness** 

(mm) 

1.68 

1.68 

1.70 

1.69 

Impact 
Velocity 
(mm/usec) 

.5847 

.5854 

.5860 

.5842 

Tilt 
(Rad. X 10^) 

1.0 

1.1 

.8 

.9 

Impact 
Stresst 
(kbar) 

16. 

15. 

16. 1 

15.0 \ 
] 

* Ultrasonically measured longitudinal velocity 
15 

** Each impactor plate was backed with a 5.0 mm thick disk of carbon foatn. 

f Measured impact stress from separate experiments where a CVD felt sample Impacted a fused silica buffer 
plate at .580 to .588 mm/usec. 



Table IV. Summary of Static Compression Test Results on 
Flight Quality (M) Carbon Felt 

Sample 
Number 

7 

8 

9 

10 

Dens i ty \ 

(g/cm3) 

1.71 

1.73 

1.72 

1.71 

Number of 
Load Cycles"'' 

1 

3 

3 

i 3 

Pre-GOTO. 
Tes t V, 

h 
(mm/usee) 

2 .53 

2.52 

2.66 

2 .61 

Post-Conip. 
Test V^ 

L 
(mm/usee) 

1.79 

1.60 

1 1.71 

1.7i+ 

Max. 
S t r a i n 

{%) 

18.8 

17.7 

18.6 

17.2 

Pennanent 
S t r a i n • 

ii) 1 

1̂ .3 i 

5.5 ; 

li.U ' 

5.0 1 

"̂ Load released at inteimediate points and then reloaded. 
Maximum load was 5.1 kbars obtained on last cycle. 

^Ultrasonically deteimined longitudinal wave speed before static test. 



Table V. Spallation Data for Flight Quality CVD Carbon Fel t 

^ » . . .—.. , - . . ,1—~» — - — . „ _ . „ . . . . . 

I m p a c t o r * 
_. .._ . _.. 

Imp. Ve1 
(mm/usec) 

.050 

.063 

.072 

.076 

.086 

i .093 

.103 

.087 

.095 

.103 

.114 

.117 

. 1 2 1 

T h i c k n e s s 
(mm) 

3 . 8 6 

3 . 8 9 

3 . 8 6 

3 .86 

3 . 8 9 

3 .86 

3 . 8 6 

i 1.98 

; 1.98 

1.98 

1.91 

' 1.98 

1.98 

D e n s i t y 
(g/cm3) 

1.72 

1.72 

1.80 

1.78 

1.76 

1.70 

1.76 

1.72 

1.77 
I 

1.82 

1.69 

1.65 

1.67 

T a r g e t 

T h i c k n e s s 
(mm) 

7 . 6 8 

7 . 7 0 

7 .67 

7 . 7 1 

7 .70 

7 . 7 0 

7 . 7 0 

3 . 8 6 

3 . 8 9 

3 .87 

3 , 8 6 

3 .87 

3 . 8 9 

D e n s i t y 
(g/cm3) 

1.63 

1.71 

1.80 

1,78 

1.77 

1.72 

1.72 

1.75 

1.77 

1 1.83 

I 1.68 

1.66 

1.67 

F r a c t u r e L e v e l 

No Damage 

No Damage 

No Damage 

No Damage 

M i c r o - c r a c k s l i n k e d up (10 t o 20X) 

M i c r o - c r a c k s l i n k e d up (1 t o lOX) 

Comple te S p a l l 

No Damage 

No Damage 

No Damage 

M i c r o - c r a c k s , n o t l i n k e d up (1- lOX) 

M i c r o - c r a c k s , n o t l i n k e d up (10-20X) 

Complete S p a l l 

i 

* All the data were generated using symmetric impacts, with free rear surfaces on 
the impactor and ta rge t . 



Table VI. Spallation Data for Porous Carbons and Graphites 

M a t e r i a l 

ATJ-S 

L&SL 

ST-17100'3) 

S T - 1 7 3 0 0 ' 3 ' 

ST-W00L^3) 

CF-CVB-U 
CF-CVD-G 
BKC-1 
BKC-3 
BKC-l*. 

c/s-o 

Dens i ty 

(g/om3) 

1.80 

1.76 

1.76 

1.8it 

1.5 

1.76 
1 .71 
1.1*0 
1.3lf 
1.1*0 

1.65 

Long i tud ina l 
"Veloci ty 
(nm/usec) 

2 . 6 0 

2 . 2 0 

3.66 

2 .26 

1.1^7 

2 .70 
2 . 1 0 
3.31* 
3.58 
3.1*0 

3.50 

IJngjactor 

Thic lmess^^^ 
(HSB) 

. 81 
1 .60 
3.18 

1.27 
2 . 0 3 

1.27 
2.51* 

1 .27 
2.51* 

2.51* 

l*-.70 
l*.78 
l*.57 
^ .57 
1*.70 

2.51* 

linpact 

V e l o c i t y ^ ' ' ' 
( am/usec) 

.055-

.01*1*-

. 0 3 5 - . 01*1 

.01*0-. 050 

. 0 2 6 - . 01*0 

.01*1-.053 

. 023 - .030 

.155- .195 

.085- .11 '* 

.052- .062 

.01*0-. 01*6 

.055- .061 

.020- .030 

.015- .027 

.035- .038 

.021- .027 

F r a c t u r e 
Level 

Microcracks a t lOOX 
Microcraoks a t lOOX 
t o macrocracks a t IX 

Microcracks a t 50-200X 
Microcrack a t 0-200X 
t o mic rocracks a t 1-lOX 

Microcracks a t 50-200X 
t o macrocrack a t 1-lOX 

Microcracks a t 50-200X 
t o macrocracks a t 1-lOX 

Microcracks a t 50-200X 
t o macrocracks a t 1-lOX 

Ho v i s i b l e c racks on t h e 
sample c i rcumference t o 
p a r t i a l s e p a r a t i o n 
(macrocracks) 

No v i s i b l e c racks on t h e 
sample c i rcumference t o 
complete s e p a r a t i o n 

Source 

Eef. 28 

Kef. 21* 

Eef. 26 

Ref. 26 

Ref. 26 

Ref. 21 

Itef. 29 

Target to thickness ratio was 2:1. 

All the data were generated using sjmmetric impacts. 

Ini)actors were backed by .061* g/cm^ rigid polyurethane foam. 
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FIGURE L SEM RECORDS SHOWING THE TYPE 
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FIGURE 2, SCHEMATIC DIAGRAM OF A RELEASE 
EXPERIMENT USING A QUARTZ 
SHOCK REVERBERATION TECHNIQUE 
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FIGURE 3. SCHEMATIC DIAGRAM OF A RELEASE 
EXPERIMENT USING A STEEL 
REVERBERATION PLATE AND 
DISPLACEMENT INTERFEROMETER 
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FIGURE L SCHEMATIC DIAGRAM OF A TRANSMITTED 
WAVE EXPERIMENT 
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FIGURE 5, SCHEMATIC OF AN EXPLOSIVE EXPERIMENT USED 
TO GENERATE HIGH STRESS HUGONIOT DATA 
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^ P O T T I N G 

FIGURE 6. CONFIGURATION USED FOR THE 
ATTENUATION EXPERIMENTS 



BARIUM TITANATE 
ULTRASONIC 
TRANSDUCER AND LEAD 

CONFINING 
CYLINDER 
(4340R52I 

LOAD RAMS 
(4340 R 521 

c 

RUBBER PAD 

PLEXIGLAS 
SUPPORT 

DISPLACEMENT 
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FIGURE 7. TEST CONFIGURATION FOR STATIC LATERALLY 
CONSTRAINED COMPRESSION EXPERIMENTS 
WITH ULTRASONIC VELOCITY MEASUREMENTS 
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FIGURE S. CONFIGURATION USED FOR THE SPALLATION EXPERIMENTS 
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FIGURE 9, QUARTZ GAUGE RECORDS FROM 
(a) 4340 STEEL BUFFER PLATE, AND 
(b) REVERBERATING WAVE EXPERIMENTS 
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PRECURSOR' 
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FIGURE 10. QUARTZ RECORDS FROM A DOUBLE GAUGE 
TRANSMITTED WAVE EXPERIMENT, PROJECTILE 
GAUGE IS 10(a) AND THE TARGET GAUGE IS 
10(b). NOTE THE SLIGHT RAMP PRIOR TO THE 
COMPACTION WAVE IN 10(b). THE SPIKE IN 
10(a) AND 10(b) IS A FIDUCIAL MARKER. 
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FIGURE 12. CVD CARBON FELT HUGONIOT AND RELEASE ADIABAT DATA 
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FIGURE 13. ATTENUATED WAVE PROFILE MEASUREMENTS FOR 
CVD CARBON FELT USING MANGANIN TRANSDUCERS 
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FIGURE 17. SEM PHOTOMICROGRAPHS OF CVD CARBON FELT AAATERIAL 
DAMAGE RESULTING FROM STATIC COMPRESSION TO 5.1 kbars 
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FIGURE 18. SEM PHOTOMICROGRAPHS OF CVD CARBON FELT MATERIAL 
DAMAGE RESULTING FROM STATIC COMPRESSION TO 5.1 kbars 
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