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ABSTRACT 

Previous investigations of the mechanical response of porous 

materials to dynamic loading have been extended to include the shock 

wave response of a brittle metal. The complex response of berylliums 

of 85-90% porosity in two initial conditions has been examined in a 

theoretical and experimental program to be described. The study has 

resulted in the development of constitutive relations placed in hydro-

cod'js which are capable of accurately predicting wat?e propagation in 

the beryiliums. A comprehensive set of static (0 to 4 Gpa) and dynamic 

(0 to 35 Gpa) experiments was performed to measure the behavior of these 

brittle, porous materials to imposed loads. The results of the experi

ments guided a modeling effort which added several new features to 
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previous models, including deviatoric stresses, porosity-deoendent 

relaxation time of pore closure, elastic-plastic reopening of pores, 

and improved compaction functions. 

FOREWORD 

The effectiveness of porous materials in attenuating stress pulses 

and in reducing the thermomechanicai stresses arising from rapid energy 

deposition has been the subject of numerous studies during the past 

decade. Because of the large number of manufacturing parameters (comp

osition, porosity, pore size, heat treatment, etc.) available to the 

developers of porous materials, extensive tailoring of properties to 

meat widely varying requirements is practical and the materials manu

factured and the studies to date now number in the dozens. 

The present study involves two porous berylliums of different initial 

heat treatments and slightly different porosities. A theoretical model 

was developed and a series of measurements were made to describe the complex 

equation of state surfaces peculiar to porous materials. Hydrocode pre

dictions, using this model, gave adequate comparison between theory and 

measurement. 
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EQUATION OF STATE SURFACE 

Thermodynamic equilibrium properties of non-porous materials may 

be described by unique relationships between the thermodynamic variables 

pressure;, temperature, entropy, energy, volume, etc. This unique re

lationship between the thermodynamic variables is often represented by 

a three-dimensional surface showing the allowed thermodynamic equilib

rium "states" of the material in terms of any three of the thermodynamic 

quantities. Figure 1 shows a schematic representation of the pressure, 

teeiperature, and volume relationship for a typical material, including 

phase changes. Each point on this non-porous equation of state surface 

represents a unique state-point, i.e., the pressure at a particular voluae 

and temperature is independent of the "path" (or past history) used to 

arrive at that volume and temperature. 

No such unique relationship exists for porous materials. The complex 

ncr.-equilibrium thermodynamic states that can be reached by a porous 

material are not described by a single equation of state, but rather by 

a mathematical model that depends on the thermodynamic path by which 

the material arrived at its current state. The porous "addition" to the 

surface shown in Figure 1 represents only an initial crushing surface. 

Unloading and subsequent reloading of the porous material occurs on another 

path which penetrates below the initial crushing surface. This is shown 

as an intermediate crush surface on the figure. Such intermediate crush 

surfaces are examples of he c the pressure in a a porous material depends 
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not only on the volume and temperature, but also on the past history 

of the material. 

DYNAMIC BEHAVIOR 

The initial compaction surface (and the intermediate unloading-

reloading surfaces) shown in Figure 1 is valid only for static or 

quasi-static loadings and unloadings. If the loading is rapid (as in 

a shock wave front for instance) then inertial and viscous resistance 

to the rapid collapse of the pores will come into play to make the 

dynamic compaction path lie above the quasi-static path. In both impact 

tests and energy deposition tests the initial stresses produce pcre 

collapse rates that are very high. These high pore collapse rates lead 

to temporary overstresses. 

Several models have been proposed [ J to describe rate de

pendent pore collapse. Most of these assume that a dynamic overpressure 

(dependent on the rate of pore collapse) exists for some characteristic 

time, T, (dependent on material properties) with an exponential relaxa

tion to the static crushing surface. Each of the models used can be 

calibrated, with varying degrees of success, to agree with the rise times 

and wave velocities from plate impact experiments. 

THE POROUS CONSTITUTIVE MODEL 
3 

The model we have used to describe the porous beryllium [ ] is based 

on Holt et al's P-a-T model [ J which is in turn a rate-dependent modifi

cation of Herrman's model.[ ] The new features in the present model 
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are: the inclusion of deviatoric stresses, the use of a porosity-dependent 

relaxation time for pore closure, an allowance for partial reopening of 

the pores on unloading, and the use of improved static compaction 

functions. 

Two relations are used in the formulation of the constitutive 

model. The first relation is an equation which relates the pressure (P), 

volume (V), and energy (E) of a porous material to the equation of state 

(EOS) of the corresponding fully compacted solid. The porosity parameter 

a is defined by the relation: 

P(V,E) = i p s (V/a, E g ) , (la) 

which can be rewritten in an alternate but equivalent form, 

a = V/V = P /Pra (lb) 

where the subscript s refers to the solid material. 

The second relation used in formulating the model is an equation 

which describes the elastic and plastic portion of paths for a during 

a time-dependent deformation process. Along the plastic path, we use 

the rate-dependent pore-closure relation of Holt et al., 

a = g(P) - X da/dt. (2) 

The parameter T is a time constant describing the rate of plastic flow 

of material into pores, which reduces a to a final average equilibrium 
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va.lu'e given by the static compaction function g(P). 

To determine g(P), we eliminate V in Eq. 1 by using hydrostatic 
P-V data for both solid and porous berylLium. The resulting data, P 
and g(P), can be accurately represented by the following expression: 

g(P) = a a + (a Q - aj exP(aP + bP 2 + cP 3). (3) 

where a is the initial porosity and a is introduced to account for 
some residual porosity tha: appears to persist under extremely higlL 
pressures.! ' ] The constants a, o, and c are obtained by fitting 
the data by a least-squares method. 

A modification of the elastic viscoplastlc rate dependent behavior 
described by Holts spherical pore model is used to describe the rate 
dependence of the compaction. A porosity dependent T (of equation 2) 
of the form 

T = T a. (a - a )/[a(a-a )] (4) 
o o o <» <*> 

can be calibrated to fit the calculated wave profiles for as-sprayed 
beryllium. 

To obtain an equation for os along an elastic path, the porous and 
solid EOS's are expressed in incremental form. That ii, û -ing A to denote 
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the difference in P (and in P ) at two successive time steps we have 
s 

AP = K(Ap/p), : (5a) 

AP = K (Ap /p ) , (5b) 
s s a s 

where K and K are the bulk moduli of the porous and solid materials, 

respectively. After lengthy algebraic manipulation, we obtain an ex

pression for the rate of change of a with P along the elastic path; 

i.e., 

da/dP = a(K /K - a)/(aP - K ) (6) 
s s 

12 where Mackenzie's [ ] expressions for K and G are rewritten 

1/K = (ajK.H + (1/KQ) (1 - t) , (7a) 

where 

G = (1/Gs)t + (l/Go)(l - t) , (7b) 

t = (a - a)/(a - a ) , o o a> ' 

and the subscript 0 refers to the initial porous state. 

Yield Stress 

To complete the formulation, the deviatoric stress s must be 

specified. Then, the axial stress O. (along direction 1) in a 1-D 



strain deformation is given by 

ax = -P + s 1 , (8) 

where 
s, = 4 G ln(V/V ), if |s.| < 4 Y , (9a) 
1 3 o 'I' 3 

2 = + -x Y otherwise (+ for loading and (9b) 
- for unloading). 

The shear modulus G in Eq. 9a is calculated from Eq. 7b. V Bay 
2 be calculated from -r- Y = 0 + P if experimental data are available for 

P and 0 1. The data can be fitted by a functional form such as 

Y = Max [Y o, Y x + Y 2 £ + Y 3 £*] , (10) 

where E = ln(V/V ) and small elastic strain is neglected. o 

DESCRIPTION OF THE POROUS BERYLLIUMS 

Two porous beryllium materials were studied, both plasma-sprayed 
by Union Carbide Corporation from powders supplied by Kawecki Berylco 
Industries, Inc. The materials were prepared in accordance with Katnan 
Science Corporation specifications for Models 67 and 68 beryllium. 

The plasma spraying process involves the ejection of metallic 
powder using a jet of inert gas (argon) from a nozzle. The stream of 
powder passes through an electric arc and is melted to form a stream 
of molten droplets. These droplets land on a rotating aluminum mandrel 



(or turntable). The nozzle moves radially in and out across the mandrel 

face during the spraying process so that the drcplets form a spiral 

pattern in and out across the mandrel, building up a plate, layer upon 

layer. 

Two grades of beryllium powder were used to manufacture thj plates, 

P-1 and P-10. Specimens made fro*] P-10 powder were tested in the "as-

sprayed" condition while specimens from P-1 powlcr were sintered for 

2 hours at 1175"C, producing a less porous and stronger material. Table 

I summarizes the chemistry of the two powders used and 3 densities of 

the resulting plasma sprayed materials, 

TABLE I 

P-10 P-1 
(-325 mesh, not sinter ed) (-325 mesh, sintered) 

BeO 
(wt%) (wt%) 

Chemistry: BeO 0.66 0.72 
Fe 0.075 0.035 
Al 0.024 0.006 
C O.C29 0.026 
Kg 0.026 0.002 
Si 0.010 0.008 

Density: , 3 
gm/cm 1.587 1.647 

Porosity: 14.2% 11.05. 
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EXPERIMENTAL DATA 

To perform meaningful calculations, a computational model must 

first be. fitted to accurate and reasonably complete experimental data. 

In the present study, impact and static pressure-volume data provided 

paths for mechanical loading and unloading and rate-dependency of yield

ing as v.ll as providing a check on the calculational ability of the model 

to predict shock wave attenuation. Ultrasonic measurements were used 

to provide elastic moduli at standard temperature and pressure. Micro

scopic examination of compressed specimens yielded insight into deformation 

and mechanisms of the pore collapse process. Effective Gruneisen and 

expanded volume states were measured using an electron-beam machine 

to provide nearly constant-volun.e thermal heating in short deposition 

times. 

A large amount of experimental data was generated on the two 

berylliums during this program. A brief synopsis of the data follows. 

Static Compression Data 

2 13 Throughout the study, quasi-static deformation data[ ' ] served to guide 

the modeling effort. Considerable detail is contained in the data con

cerning : 

. compression under hydrostatic and one-dimensional conditions 

release behavior of the compressed materials 

residual porosity at high pressures (> 4GPa) 

elastic yield in compression and release. 
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Thr rrjatively IDW cos', of this data, vii;-:n compared to shock wave data, 

makes the static technique an attractive alternative for characterizing 

porous materials. The static data, when combined with a raodost number 

of shock wave tests to determine deviatoric and time-dependent behavior, 

has proven adequate for modeling several materials of interest. 

Two types of experiments were performed: loading and unloading 

under conditions of uniaxial strain and under conditions of hydrostatic 

pressure. In uniaxial strain loading, an axial stress was applied to 

a cylindrical sample with the condition that the radial strain ren^in 

constant. This was achieved by control of the lateral confining pressure 

and resulted in a loading path similar, except for tice-dependent flow, 

to that of plane shock-loading. In the hydrostatic testing an axial 

stress was applied to a medium surrounding a cylindrical sample. The 

plastic flow of the surrounding medium (fluid at low pressure and tin 

at high pressure) insured that the loading was almost hydrostatic in 

nature. 

Details of the uniaxial strain loading data are shown in Figure 

2. The inidial slope of the unsintered curve is seen to be much 

lower than in the sintered material, showing that the u^sintered material 

is more compressible initially. This may be the result of some of all 

of the following effects: 

the sintering process, which produces more spherical and 
hence stronger pores 

. the existence of numerous microcracks in the unsintered material 
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the decreased porosity and thus greater strength in the 
sintered beryllium and 

the effect of residual stresses in the unsintered material, 
lowering the applied shear stress necessary to cause yielding. 

Also shown in Figure 2 are Hugoniot points taken over the same 

stress range as the laboratory uniaxial data. Within experimental 

error, for the unsintered beryllium, the points are coincident with 

the path that defines the stress-volume curve. In contrast, the shock 

wave data for the sintered beryllium lie consistently above the static 

data, most probably indicating increased strain rate behavior for that 

material. 

Siiodk Nave Tests 

Shock wave generation and propagation under conditions of uniaxial 

straii. were measured [ ' ] using gas gun-launched impactors and a variety of 

experimental configurations. Data obtained included: 

. Hugoniots to ~3.2 GPa (32 kbars) 

Release adiabats from shocked states 

Shock wave profiles for attenuated and unattenuated waves 

Compressional and release velocities over a range of stresses 
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A separate series of explosive tests [ ] extended the range of Hugoniot 

measurements to over 33 GPa (330 kbars). 

Most data were used directly in developing the material models, 

although independent check data (primarily attenuated wave profiles) 

were used to determine the accuracy of the model's predictive capability. 

This section summarizes the data obtained and experimental techniques 

used. 

Hugoniot d ita and unattenuated wavs profiles were obtained primarily 

with the three measurement techniques shown in Figure 3. A 90 mm 

diamoter gas gun was used to launch four porous beryllium specimens 

into four materials of different impedances mounted on quartz stress 

gages (Figure 3a), or reversing the procedure, to launch four luaterials 

of different impedances into beryllium specimens mounted on quartz 

gages (Figure 3b). 

The "direct impact" technique (a) provided Hugoniot data in the form 

of stress-particle velocity points calculated by knowledge of the Hugoniots 

of the four impactor materials plus the known characteristics of '•bo 

quartz stress gages and buffers. This multiple, gage technique is particular 

efficient in reducing ambiguities among data points in that all specimens 

are impacted at the same impact velocity and at the same impact tilt. 

Cross correlation between data points is thus . acilitated and results in 

relatively accurate data. 
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Although quartz stress gage measurement techniques have advantages 

in simplicity av.6 reasonably well-known gage characteristics, the (usually) 

large change in shock impedance at the gage-specimen interface reflects 

a portion of the shock wave and may considerably complicate analysis. 

An ideal measurement technique would require in-situ measurement of the 

passage of the Shockwave without disturbance of the wave itself. At 

present, "in-material" piezoresistive stress gages meet this requirement 

most closely. 

Figure 4 shows Hugoniot data obtained to 4.5 Gpa (45 kbars). The 

relatively low compaction wave and high initial release wave velocities 

account for the very rapid attenuation rates customarily found in porous 

materials. 

For aost of the wave profiles used for model development and 
* 

for checks on predictive capability, carbon-Kapton in-material stress 

gages were used in the configuration shown in Figure 3c. Since 

the gage is quite thin (0.1 mm), it usually comes into pressure equi

librium with the specimen material within a few hundred nanoseconds by 

a series of shock reverberations across the gage, even though the shock 

impedances of the gage and test specimens may be very different. Thus 

if a suitable calibration has been performed on the gage, one obtains 

a direct measure of the stress in the test specimen. It should be noted, 

however, that the impedance difference does indeed affect the profile 

shape somewhat, and accurate work requires the ability to calculate 

profiles using equations of state of the gage and of the material under 

test. 

Dulont trademark 
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Using in-material gages placed between successive layers of the 

specimen, we studied the evolution of waves as they progressed through 

the material. Elastic and plastic compressive and release waves were 

measured, and by using careful timing techniques, wave speeds were ob

tained. 

COMPARISON OF PREDICTIONS WITH DATA 

Experimental wave profiles for comparison were obtained at two 

stress levels, approximately 0.6 and 1.7 GPa. Profiles were obtained 

by impacting a PMMA plate onto either sintered or as-sprayed porous 

beryllium having carbon-Kapton piezoresistive gages embedded at as many 

as six different depths within the material. Thus a single experiment 

took data on wave profiles at several different levels. The gages were 

located as deep as 1.9 cm from the impact surface and some measurement 

times extended up to 4 j.is. The resulting 21 wave proliles— both un-

attenuated and attenuated—represent large variations in the physical 

parameters and enabled us to extensively test the model. 

Measured and computed wave profiles are compared in Figure 5 for 

the sintered material and in Figure 6 for the as-sprayed material. Agree

ment between the experimental wave profiles and those predicted from the 

present model is good both quantitatively and qualitatively. 
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For sintered porous beryllium (Figure 5) an elastic precursor about 0.4 

GPa high, which corresponds to the "shoulder" in the hydrostat in Figure 

2 precedes the main plastic wave. At the foot of the precursor1 the velocity 

is close to the longitudinal sound speed, but it becomes slower at higher 

stresses. The value 0.62 cm/us at P = 0.2 GPa chosen for the calculation 

of the first arrival times agrees reasonably well with the velocity of 

the precuror at this level. 

A faster-rising shock front, the lack of an elastic precursor, and 

a higher predicted attenuation rate are chief distinguishing features of 

compressive profiles in as-sprayed porous berylliura. Other tests at 1.7 

GPa (17 kbars) showed similar behavior. 

We also note from Figures 5 and 6 that the arrival times of the 

shocks (and their precursors in the case of sintered specimens) agree 

satisfactorily. The relaxation time x = 0.04 ps matches the observed 

risetimes of the shocks in the case of the sintered specimens, while the 

porosity-dependent X from Equation 4 adequately describes the risetices 

of the shocks in the as-sprayed specimens. In the latter case, it is 

noteworthy that x changes from 0.060 ps at the foot of the shocks to 

0.015 ys jt 1.7 GPa. If, instead of Eq. 4, a constant value (0.015 us) 

had been used for x, the foot of the shocks would be traveling too fast, 

resulting in much longer risetimes than those in the observed profiles. 



-17-

The largest deviation occurs in the calculation of the peak stresses, 

with the experimental data lying 10% or less below computer predictions. 

Either experi ' • . uncertainties or approximations in the model or a comb

ination of tlu '•-. . could account for these relatively small differences. 

bUMMARY 

We have shown that significant differences exist between the porous 

as-sprayed and the sintered beryllium materials examined in this study. 

We have demonstrated that the wave propagation pioperties of both of 

the material tested can be described by the porous material model developed. 

Both the compressive characteristics (first-wave arrival time, risetime 

oi shock, and peak stress) and the release characteristics (arrival time 

of release wave and general attenuated shape) of shocks hav^ been re

produced satisfactorily for different stresses and pulse durations as well 

as for different thicknesses of the porous specimens. Slight deviations 

between the experimental and computed wave profiles lie mostly within the 

combined errors of the model and the experimental data. 
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FIGURE CAPTION'S 

Fig. 1. Schematic representation of the P-V-T relationships for 
"typical" solid and porous materials 

Fig. 2. Comparison of quasi-static uniaxial stress-strain data on 
two porous beryllium with corresponding Hugoniot data. 

Fig. 3. Schematic of the measurement techniques used to obtair. Hugoniot 
data and the stress-time profiles of transmitted waves. 
a) Hugoniot points from four specimens launched into four 
quartz gages wii;'' buffer plates of various shock impedances. 
b) Four compressive wave profiles at different material thick
nesses, c) Attenuating wave profiles measure v.;ith in-material 
piezoresistive gages. 

Fig. 4. a) Hugoniot points and their analytical representations, b) Com
paction wave speeds vs. Up obtained from Hugoniots and initial 
release wave velocities calculated using equations 3 and 7. 

Fig. 5. Full and attenuated wave profiles for a low-stress test in 
sintered porous beryllium. Theoretical predictions are shown 
by solid lines. Velocity of the 0.124 cm thick PMMA impactor 
was 0.0262 cm/us. 

Fig. 6. Wave profiles for as-sprayed porous beryllium at a similar 
impact velocity. PUMA impactor thickness was 0.1245 cm and impact 
velocity was 0.025S cm/ys. 
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