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1.0 INTRODUCTION

The effects of the space environment on materials and structures in low-earth orbit are
of concern to spacecraft designers. The presence of radiation, charged particles, atomic
oxygen, micrometeorites, and space debris represents potential sources of material
degradation and damage. The issue of collisions from micrometeorites and space debris
is particularly important to predictions of spacecraft survivability in that particles,
traveling at hypervelocities in the range of 3 to 15 km/s, represent a serious threat to

spacecraft integrity.

Hypervelocity collisions are characterized by the phenomena of shock waves in solids.
These phenomena have been the subject of numerous investigations and theoretical
studies. Most notable has been the extensive study of shock phenomena by Los Alamos
National Laboratory which has been a leader in this field for more than 30 years. The
data for the study were obtained by Los Alamos as well as other researchers at the Air
Force Weapons Laboratory (now the Phillips Laboratory) and at Sandia National
Laboratory.

Attempts have been made by individual researchers to relate the observations to theory.
Based on the literature on diverse materials, shock data seem to be independent and
unrelated. Thus, any attempt to establish a universal equation of state from the data has
failed and the equations developed, to date, contain material parameters which lead to a

family of equations with different constants.

The quest for a universal equation of state, while elusive, has value in predicting shock
behavior. If a universal equation existed, predictions of shock behavior in hypervelocity
regions for untested materials and the extrapolation of the results beyond current
experimental capabilities would be possible. Also, extensive and expensive experiments
would be needed only to corroborate the predictions rather than establish the
phenomena for a specific spacecraft material. Therefore, this study was undertaken with

the hope that a single equation could be established which describes the phenomena of
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shock wave propagation in homogeneous solids. The report presents the results of an
effort which appear to be successful in establishing a single equation relating the shock
pressure to particle velocity. However, future work is required.to address the

temperature dependence of this equation of state.
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2.0 REVIEW OF SHOCK THEORY

A collision of a hypervelocity projectile with a target produces shock waves in the target
material. The relationship between the pressure induced by the shock, the volume and
energy is called the Hugoniot (Ref. 1). The most common expression for the Hugoniot

is the so-called Mie-Gruneisen compression equation of state:
P-Py (Vi) = [(T(V)/VIN(E - Ex(Vy))] (1)

where P, V,, and E, are pressure, volume, and energy, respectively, along the Hugoniot

and (V) is the Gruneisen constant for the material (Ref. 2).

Assuming that the shock wave propagates as a plane wave, the Hugoniot can be
expressed in measurable terms of mass, momentum, and energy as in the following

conservation equations:

pU;, = p(U;-U)) Conservation of Mass 2)
P-P, = p,UU, Conservation of Momentum 3)
PU, = 1/2p,UU;
+ pU(E - E;)  Conservation of Energy 4)
where
p = density
U, = shock velocity
U, = particle velocity
P = pressure
E = energy
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and subscript, o, refers to the initial state (undisturbed).
Substituting Equations 1, 2, and 3 into Equation 4 yields
Eq-E, = 1/2(Py-P)(V, - Vi) (5

The experimental determination of the Hugoniot requires measuring any two of the

following three quantities: U,, U,, or P (see Eqgs. 2 and 3).

There are several other important relationships which define various aspects of the shock
phenomena. For example, most materials exhibit a linear relationship between the shock

velocity and the particle velocity, although the reason for this behavior is not understood.
U, = C+sU, (6)

where C = bulk sound velocity = shock velocity at zero pressure. The bulk sound
velocity can be determined from a U, - U, plot where C is the intercept. The bulk sound

velocity in solids is given by Reference 3.
Ct = G -@4/3)C? -(7)
where

C. = longitudinal speed of sound

C, = shear speed of sound

Because the shear velocity in liquids is zero, C = C,. However, for solids the shear
velocity is significant and Equation 7 applies. Extrapolations to U, for U, = 0
correspond closely to the bulk sound velocity. If the shock velocity is linearly related to
the particle velocity, then the following equation is obtained which is convenient for

representing shock data.




PL-TR--92-1060
P/(po CY) = (U,/O)1 - sU,/C) 8)

In the past, many workers in shock .esting have associated the slope, s, with the
Griineisen constant, T, which is used in Equation 1. The works of Slater (Ref. 4) and
Dugdale and MacDonald (Ref. 5) lead to equations for I' in terms of the slope, s. The
prediction in Reference 4 is s = (I'/2) + 1/2 and the prediction in Reference Sis s =
(r/2) + 1/3. Alder (Ref. 6) hints that there must be a limit to the compression because
the shape of the pressure compressed volume curves approaches infinity at a finite

volume. He predicts that volume is given by

(V/Vo)max = (S - l/S) (9)

Thus if s = 4/3, then (V/V, ) = 1/4and 1 - (V/V )a = 0.75. Likewise if s = 3/2,
then (V/V)ma = 1/3 and the 1 - (V/V,)... = 2/3. If the solid behaves like an ideal gas
at very high shock pressures, Alder (Ref. 6) suggests that (AV/V,),_., should be 0.75 or
therefore, s = 4/3.
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3.0 LAW OF CORRESPONDING STATES

The thermodynamics of hypervelocity collisions are governed by conventional
thermodynamic variables P, T, and V. If the phenomena are similar in different
materials, one might expect a single equation of state to describe shock. However,
Equation 1 suggests that the Hugoniot is controlled by the value of the Griineisen
constant, I', which varies from metal to metal. Both Slater and Dugdale developed
equations which relate the Griineisen constant to the slope of the U; versus U, curve.
The slope can also be determined from ultrasonic measurements. In this study the slope
will later be shown to be universal. A comparison of the slope values obtained from
ultrasonic measurements, from theory by Slater and Dugdale, and this study are
presented in Table 1. If the slope is universal, then the Griineisen constant would be the
same for all three metals based on shock measurements and either Slater’s or Dugdale's
equations. A constant slope implies a common thermodynamic framework to describe
shock. One framework used frequently to relate the equation of state of different gases is
called the Law of Corresponding States. About 10 years ago Prieto (Refs. 7-11)
attempted to work out a detailed thermodynamic framework to describe shock that is
based upon the Law of Corresponding States. The work of Prieto is reviewed briefly

below.

The Law of Corresponding States broadly states that fluids behave alike when in
corresponding states; i.e., when n thermodynamic variables bear a constant ratio to n
critical values of those same thermodynamic variables. Consider as an example, the Van
der Waal's equation of state for a gas. The p, v, T relation for a given gas can be
represented in terms of reduced variables p,, v,, and T,, which are ratios of p, v, and T to
Po Vo and T, respectively, where the subscript ¢ refers to a critical value of the variable
for a particular gas. However, any gas can be represented by the reduced form of the
Van der Waal's equation of state as .- ag as p,, v, and T, are known for that gas. The

Van der Waal's equation becomes
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Table 1. Comparison of the shock velocity versus particle velocity for three metals.

Material Source
Sound Slater Dugdale Universal Slope
Al 1.54 1.38 1.55 1.35
Cu 1.64 1.33 1.50 1.35
Au 1.85 1.85 2.02 1.35

All gases are said to behave 1dentically when in their corresponding states determined by
the critical values, p., etc. While corresponding states may not seem to be precise,
nevertheless, this principal has had wide use in the fields of equilibrium and
transformation properties of pure substances (Refs. 12-14). The principle of
corresponding states has been used, for example, to describe incompressible flow
behavior (Ref. 15). For dynamic siinilarity, the Reynolds number is frequently used. It
can be shown that the Reynolds number is the ratio of the fluid velocity to the shear
velocity, thus R = Inertia/viscous drag is a constant for two dynamically similar
situations. More recently, Prieto (Ref. 7) has applied corresponding states to shock

thermodynamics.

The development of a universal equation of state to describe shock has been the subject
of extensive research in the last 40 years. Prieto has attempted to develop an equation
which relates the shock thermodynamic variables (P, V, and E) to experimental
parameters, i.e., particle velocity, shock, compressibility, and density. In so doing he
takes advantage of an assumed linear relation between shock velocity and particle
velocity. Prieto’s development of the equation of state in Reference 8 is summarized

below. He defines compression as Z, given by
Z=1-p/p, =4V V, (11)

where p is density and V is volume.




“
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From Equation 2 it also follows that Z = U,/U,. Combining Equations 2, 3, and 4 with
11 gives:

P = p C*Z(1 - sZ)*? (12)

Using the principle of corresponding states from Reference 7, Prieto in Reference 8

defines critical ratios

Q, = KgQ (13)
where
Q = Ps Z’ p: C) S

Using the numerals 1 and 2 to refer to materials and substituting them into Equation 12

leads to
$Z, = 5,2, = v, (14)

and

P/l(p,Ci)/51) = Po/1(p:C)/S5) = p, (13)

and rewriting Equation 12 becomes

P =V, (1 - Vr)vz (16)

Thus, Prieto succeeded in expressing pressure and volume in terms of reduced variables.
His proof of the validity of Equation 16 lies in its ability to predict experimental values.
Prieto made a few comparisons for a few metals which have nearly the same values of s

and he obtained a very close fit to that data (Ref. 7).
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Prieto also developed an expression for the temperature dependence of shock (Ref. 8) in

terms of reduced variables. He defined
T, =asT 17)

where

T

. reduced temperature

a the coefficient of linear expansion

s = the slope of the U U, curve

T = the temperature

In Reference 8, Prieto defines a reduced Griineisen constant, I', so that Equation 1 can

be expressed in reduced variables:

Pu-p=(T) (e -€) (18)
where
(r), =1/v, (19)

It is interesting to note that the reduced Griineisen constant accounts for the volume

dependency of I (Alder) in Reference 6, i.e., as V decreases (compression), v, increases.
Alsc (T), is related to other thermodynamic variables, i.e., heat capacity at constant

volume, ¢,, and the compressibility, , with ¢, and x defined in terms of reduced

variables. Prieto in Reference 8 defined

t = [s/(2)C%c, (20)

and




PL-TR--92-1060
(%), = PC’ /s 1)

Applying the reduced variables approach discussed above, Prieto in Reference 8
extended this idea to points along the Hugoniot by using the expression for entropy and
the Rankine-Hugoniot equation for conservation of energy. The following differential

equation was obtained:

(dT/dv,) - (T),T, = [(v)/c,lll-v]? (22)

This can be integrated along the Hugoniot to obtain the desired equation for

temperature
T = To e(D), + 1/c, (Yie-(D)")(1-Y)>dY (23)

where the initial conditions, v, and p,, are zero at T, in reference to any other state
along the Hugoniot. Prieto in Reference 8 solved the integral for the adiabatic case and

obtained
Tra = Tri exp [(r)r A\ vri] (24)
This equation is similar to the equation developed by Walsh and Christian (Ref. 1):

T.(V) = T; exp(r) (V;-V) (25)

The degree to which these equations predict shock behavior is discussed below in terms
of the available shock data. Since few temperature data are available, only pressure and

volume data will be examined in evaluating the validity of these equations.

10
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4.0 EVALUATION OF SHOCK DATA

There is a significant volume of shock data available for evaluating the theory (Refs. 7-
11). Recently, it has become possible to produce particle velocities exceeding 10 km/s
and, for example, some experiments using an electric gun have achieved particle
velocities exceeding 15 km/s. However, most of the available data lie at velocities below
5 km/s. In addition, experimental techniques have improved with the use of laser
interferometers and streak cameras to measure velocities. Instrumentation of pressure

transducers has also improved.

Shock data are available fo = wide variety of materials in the range of 0.01 to 10 km/s.
The data, for the most part, hav< been generated by flyer plate tests in which the plate
velocity is measured and the shock velocity is determined through momentum transfer to
the target. In a few cases, the pressure is measured during shock by means of
transducers while other properties are usually derived from the physics of shock (Eqgs. 2
to 4). Selected data from the above reference data banks were electronically scanned
into a computer and entered into a computer-based spread sheet program. In most cases
the units were converted to a standard set adapted for convenience from older data (Ref.
3). That is, Megabars (Mb), centimeters per second (cm/s), and grams per centimeter

cubed (g/cm®) were used rather than SI units.

The data for shock were manipulated in a special way; viz. the pressure was normalized
by dividing by the bulk modulus of sound, Bg =p ,C? and the particle velocity was
normalized by dividing by the bulk sound velocity, C. The results are presented in
Figure 1 for eight different metals. The results show that the selections for this
normalization of pressure and velocity, while not obvious selections, correct the data to
form a master curve. If either normalization step is omitted, the data do not follow a
master curve. In retrospect, it is easy to see the validity of the normalization when one
considers Prieto’s use of corresponding states as a means of describing the shock process.
Equation 8 shows that at low ratios of Up/C, <0.1, with s in the range of 1, the second

term in the product on the right hand side is ~1.1.

11
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Figure 1. Master curve of normalized pressure for hypervelocity
collisions as a function of normalized particle velocity
for eight metals.

This means that the normalized pressure approximately equals the normalized particle
velocity. Thereft - 2, the relationship P/(p,C?) to (U,/C) should be linear with a slope
near 1. This appe.ars to be the case as can be seen in Figure 1 for U,/C < 0.1.
However, as U,/C approaches 0.1, the curve begins to rise as the second term gradually
increases above 1. In essence, Equation 8 is a quadratic in U,/C in which the second

term dominates at values of U,/C > 0.1.

What makes Figure 1 remarkable is that eight different metals fit on one curve.
Examination of Equation 8 shows that s is a parameter of the material; i.e., the slopes
vary from one material to another. However the agreement shown in Figure 1 suggests
that materials have the same slope, s, as obtained fror:: the U, versus Up plots. In fact, a

12
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careful review of the literature on shock and the data indicate that materials have slope
values which range from 1 to 4. Perhaps the correlation shown in Figure 1 is fortuitous;
i.e., the eight metals used in the correiation just happen to have the same slope, s. To
test this, other materials were checked against Figure 1. Ceramic materials such as
quartz, corundum, and LiF were compared and each of these ceramics fits the curve
presented in Figure 2. By comparing Figure 2 to the master plot, Figure 1, it can be
seen that the two graphs superimpose on one another. In addition, three other metals
were evaluated by normalizing the pressure and particle velocity and are plotted in
Figure 3. This plot also superimposes on Figure 1. Polymers, epoxy, polysulfone, Mylar,
Lucite, and Plexiglas were compared to the master curve. The data from polymer
materials compare directly with the master plot as can be seen by comparing Figure 4 to
Figure 1. Shock data obtained on iron powders ranging in densities from 4.7 g/cm? to
the theoretical density of 7.8 g/cm® were also compared to the master curve in Figure 1.
These comparisons included correction for both the density and sound velocity changes
in iron as a result of the initial powder compaction as can be seen in Figure 5. Finally,
shock data obtained on water were normalized. In this case, the bulk sound velocity is
the same as the longitudinal sound velocity since the shear sound velocity in water is
zero. The graph depicting the behavior of water, shown in Figure 6, also superimposes
on top of the master curve. In short, all materials evaluated so far exhibit the same
normalized pressure response to a collision by a particle traveling at a normalized

velocity.

In a statistical fit of Equation 8, the value of s was left unassigned in the analysis using a
least square routine in the spread sheet program. In the statistical analyses of the data,
whether combined with other data or evaluated separately, the slopes, s, were found to
be nearly identical, with s ranging from 1.12 to 1.16. When all the data are used, the
regression coefficient is r = 0.9998 which suggests a high degree of correlation.
However, the regression equation specified a slope in log-log space = 1.15. The master
plot, corrected through Equation 8, is presented in Figure 7 for some of the same

selected metals used in Figure 1. In Figure 8, the data and the correction are plotted

13
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collisions for other metals.
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together for comparison purposes. It is easy to see that at values of U,/C < 0.1, the
curves merge. At values U,/C > 0.1 the two curves in Figure 8 diverge. It is interesting
to note that the corrected graph, which is linear with a slope near 1, agrees with the

predictions of Equation 8.

If the correlation of the data shown in Figure 1 or Figure 7 can be verified theoretically
and/or by comparisons to all available data, then the figures could be used to interpolate
and perhaps to extrapolate the normalized shock pressure-normalized shock particle
velocity data to other regimes where data are absent or to other materials for which C is
known. Since the slope of the U, versus U, curve is known and that the intercept is the
bulk sound velocity, C, a prediction of the shock characteristics can be made without the
need for further tests. In other words, Equation 8 combined with Equations 1 through 4

would specify the shock Hugoniot for all homogeneous materials.

19




PL-TR--92-1060
5.0 DISCUSSION

5.1 RUNEISEN CONSTANT

One of the inconsistencies in the reported values of slopes, of the U,, U, curve, is that
they are not as constant as Figure 7 shows and the reported values are generally >1.16.
In addition, since the slope, s, is related to the Griineisen constant, whether the
Dugdale-MacDonald (Ref. S) or the Slater (Ref. 4) equation is used, a universal slope
means :hat the Griineisen constant would be predicted to be the same for all materials
uscd in the correlation of Figure 7. Another problem is that the slope, according to
Alder (Ref. 6) (see Eq. 9), would be either 1.33 or 1.5 for maximum compressions of 1/3
and 1/4, respectively. The linear regression analysis showed that s was less than either
of these values and equal to 1.16. This implies chat the maximum compression V/V, is

1/6. This is much smaller than predicted for an ideal gas such as argon.

The question of the differences in the slopes of the U; versus U, lines for many
materials may be partially explained by the uncertainties and limits in the data. In
comparing combined data for the U, versus U, lines for several materials, it is apparent
that the slopes are all similar which is not obvious when the slope comparisons are made
separately. A comparison of the slopes of several materials is presented in Figure 9.
While not perfect because of scatter and an unexplained behavior at very low particle
velocities, the slopes of all of the materials presented in Figure 9 bear a striking
similarity at high values of U,. When data at low values are used or weighted, the
difference in the slopes for different materials can be explained. Even more remarkable,
when the data for water are plotted on the curve for solids the slope for water compares
very closely to that of solids. In fact, the water data also fit the master curves, Figures 1
and 7, for a series of different metals. While comparisons for other fluids were not
attempted, several have slopes near 1.35. The results for the materials examined in this
study seem to point to a single slope for all plots of shock velocity versus particle velocity

when shock occurs at U, > (.1 of the bulk sound velocity.
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Figure 9. Shock velocity versus particle velocity
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A comparison of the shock velocity to the particle velocity could be made by normalizing
the shock velacity by C, the bulk sound velocity. This was done in Figure 10 where the
data tend to pass through the intercept at 1 because the shock velocity at zero particle
velocity is approximately equal to the bulk sound velocity (Eq. 6). While the scatter is

large when this comparison is made, the trend of the data suggests a common slope.
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Figure 10. Normalized shock velocity versus normalized particle
velocity for several materials.

A comparison of shock velocity data for aluminum and water at high particle velocities
shows that the value of the slopes are quite similar (Fig. 11). The theoretical limit for
compression given by Alder is 1/3 which corresponds to a slope of 1.33. A line with this
slope is drawn on Figure 11 to permit comparison to the data. The agreement is

remarkable.
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Figure 11. Shock velocity versus particle velocity for aluminum and water.

The statistical evaluation of the selected data, Figure 7, revealed a much smaller value
for s than that obtained with the graphical method, Figures 9 through 11. However, this
may be an artifact of plotting the normalized pressure versus the normalized particle
velocity on a log-log graph. A linear graph was constructed using Equation 8 for
hypothetical values of s ranging from 0 to 10. The results are presented in Figure 12.

As can be seen, the graphical values correlate with the data independently of the value
of s. Moreover, it seems hardly possible to distinguish the effect of the slope 1.16 from -
1.35. The predictions lie on top of each other only below U, < 1. Looking at the
statistics of the comparison little can be said for choosing between the two. However,
Equation 8 plotted should have a slope of 1.0. In using the linear regression and
allowing s to vary, the slope of the line for s = 1.16 is 1.16. Thus, the so-called best fit is
not the best equation. If s is set equal to 1.35, the slope is 0.9998. Thus, from the above
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discussion of Figures 9 through 11 and the slope of Equation 8 presented in Figures 7
and 12, the value of s = 1.335 is supported rather than 1.16.

The behavior of the reduced pressure as a function of the volume can be obtained from

Equation 12 which can be rewritten as
P/(p,C?) = Z (1-5Z)* = p, (26)

This equation can be plotted as a function Z which is presented in Figure 13. The
curves approach infinite pressure as the maximum compression is reached. Thus the

slope determines the maximum compression.

Grover, et al, Reference 16, made an extensive study of the bulk modulus of alkali
metals using isothermal static data and shock da‘a. Starting with Equation 26, and
remembering that p C? equals the isothermal bulk modulus, and that the adiabatic bulk
modulus, B, = -V(dP/dV),, the following equation can be derived for shock

compression:

Bs = (1 - Z)(l - SZ) (27)
(By), (1 - sZy

where
B, = Adiabatic Bulk Modulus
s = Slope of the U; versus U, line
(Br), = Isothermal Bulk Modulus at STP
Z = Compression = AV/V,

If s is a universal constant, as this study shows, then the ratio of B,/B is dependent only
on the compression, Z, for all materials. This is shown in Figure 14 for four materials.
The important point is that from Grover's work the isothermal bulk modulus changes

with Z in an almost identical way as the adiabatic bulk modulus shown in Figure 14. The
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dependence upon compression suggests that the interatomic forces that are responsible
for resisting isothermal compression do not change much during adiabatic compression
during a shock wave, except perhaps for temperature effects caused by the adiabatic
heating. More importantly, if the isothermal bulk moduli have the same dependence
upon the compression, Z, it is reasonable to expect that the adiabatic bulk moduli [to]
have a similar behavior. If the values of s were as different as reported in the literature
from independent statistical analyses, then one would expect a much larger variati- . in

the dependence on Z than reported by Grover.

As can be seen from an examination of Table 1, the values of the slopes obtained by
Slater and Dugdale using static values of the Griineisen Constant compare with the
universal slope derived from the U, versus U line for various materials shown in Figure
9. The calculated values of the Griineisen constants depend upon which equation is used.
However, regardless of the source, either Slater or Dugdale predict a single value of the

Griineisen constant if all materials have the same slope.

The Griineisen constant may also be temperature dependent (Ref. 9). Consequently,
during a shock event, one would expect the volume and the temperature will change,
which may explain why only the Griineisen constants obtained only from shock tests do
not agree with those obtained from either theory or from isothermal tests. After all, the
adiabatic bulk modulus does not equal the isothermal bulk modulus. Since Equation 1
uses the Griineisen constant to predict the Hugoniots of homogeneous materials, the
evaluation of shock data presented above strongly suggests that shock experiments yield

a single value for the Griineisen constant for all materials.
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5.2 ; ATION OF STATE

In reviewing the work of Prieto (Refs. 7-11) presented in Section 3.0, the results
presented in this paper are not new or surprising. Prieto developed a set of equations
which are essentially the same as the variables in this study. Table 2 compares the
variables used in this study, normalized by c and Prieto’s reduced variables based upon

the principle of corresponding states.

[able 2. Comparison of variables.

Variable Present work V Prieto
Pressure P/C? P/(CY/s
Shock Velocity U,/C U,/C
Particle Velocity U,/C U,/(C/s)
Compression Limit (s-1)/s 1/Z
Energy E/(C/s)? E/(C/s)?

From Table 2, one concludes that the reduced variables approach used by Prieto and this
work are fundamentally the same. One major difference is in the normalization of the
pressure. In normalizing the pressure, Prieto (Ref. 8) calculates a reduced pressure
based upon Equations 15 through 18 which contain a variable slope for the U, versus U,
lines for different materials. However, this work suggests that the slope, s, is a constant,
1.35, for all materials and not a material parameter as was previously thought. A
comparison of the experimental value of the reduced pressures using Equation 15 to
Prieto’s calculated value of the reduced pressure using Equation 12 shows the differences
between the two methods. The results of this comparison are shown in Figure 15. It is
worthwhile to point out that the universal slope, 1.35, shows an almost perfect
correlation to the equation whereas the values used by Prieto consistently overestimate

the reduced pressure.
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6.0 CONCLUSIONS

The development of a universal equation of state for all materials would appear to be a
step closer than previously thought. The data seem to support a universal slope for the

. U; versus U, line which becomes even more significant at particle velocities near the
speed of sound. The existence of a universal slope means that the material during shock
can be represented by corresponding states. Thus, conventional thermodynamic variables

such as pressure, volume, energy, etc., can be expressed as reduced or normalized

variables as developed by Prieto (Ref. 9).

The correlations presented above establish a single equation for reduced pressure in
terms of reduced particle velocity (Eq. 8) and a single slope for the U, versus U, line
(Eq. 6) which is valid for all homogeneous classes of materials. It follows then that one
could use these equations to predict the thermodynamic behavior of materials during

shock even in the absence of shock data.

Finally, these results suggest that the force-distance behavior during compression is
fundamentally the same for all materials, and the behavior of materials during shock
appears to be largely a result of forcing the atoms, molecules, or ions together. Indeed,
the literature implies that a single equation can be used to describe the force-distance
behavior of ionic solids. The force-distance equations for metals, polymers, and covalent
solids with less known force-distance potentials remain to be more fully explored.
However, the shock compression described above suggests that all materials behave
similarly. If the nature of the repelling forces is fundamental, one would expect materials
to exhibit a response similar to the compression described above. The implication is that
the change in the bulk modulus for all materials is the same for equivalent compression.
Thus, the use of hydrodynamic codes to describe the shock propagation in all solid
materials is supported by the results of the present work. In fact, except for the problem
of the shear component of the sound velocity, the correlation of water with solids would
seem to support the notion that the behavior of a solid under shock compression is

fundamentally similar to that of a liquid.
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7.0 FUTURE WORK

These conclusions need to be examined further. However, assuming that the universal
slope concept is correct, the next point is how to apply the results to failure of
homogeneous and nonhomogeneous materials during shock. Even if this analysis
predicts adequately the response of materials to shock, it says little about damage
mechanisms. The creation of dislocations, cracks, and voids in the microstructure of
metals after shock is well known and appears to occur as a result of tension waves

caused by reflections at the free surfaces, at interfaces, and at discontinuities in metals.

The use of the shock physics to predict spall is still elusive. If the damage is the result
of relaxation phenomena, most of what is known can be used to predict the metal
response once the stress/strain conditions are defined. However, the tools for making
these kinds of predictions in the next generation of spacecraft materials are missing.
Both polymer-based fiber-reinforced composites as well as particulate-hardened metal-
matrix composites are much more complex than most materials studied to date. The

presence of matrix-fiber or matrix-particle interfaces may disperse the shock waves as a

stone dropped in a still lily pond initiates ripples which reflect off the lily pads. The
interfaces between the matrix and the particles would act as shock wave reflection sites
and would produce tension waves reflecting back from each interface. For example, the
presence of microvoids in Al 6061, after sending a shock wave into a specimen,
demonstrates the effect of metal-precipitate interfaces. In this experiment microvoids
appeared at the precipitate interfaces. These observations for Al 6061 suggest that the
damage caused by shock waves in nonhomogeneous materials, such as composites, may
produce considerable separation at interfaces between the matrix and the second phase
material. Thus, it is recommended that further tests are needed to define shock wave

propagation behavior in nonhomogeneous materials. There is a special need to verify

whether the behavior obeys the reduced variable correlation shown for other materials
(Figs. 1-7) and whether the slope of the U, versus U, developed for homogeneous
materials (Fig. 9) applies to nonhomogeneous materials. Finally, there is a need to
characterize the damage that results from shock wave propagation in composites,
especially with reference to the effect of particulates or fibers.
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