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Energy Deposition Phenomena in Partially Transparent Solids

J. A. Nemes* and P. W. Randles*
U.S. Naval Research Laboratory, Washington, D.C.

The response of partially transparent materials subjected to rapid near-surface energy deposition is characterized
by various phenomena including thermal degradation, polymer pyrolysis, and dynamic stress effects resulting in
spallation failure. This paper addresses the role of each of these phenomena in the assessment of material degradation
due to near-surface energy deposition. Analytical expressions are developed to determine the effect that energy
intensity and pulse duration have on each of these phenomena for broad material categories. Approximate solutions

are used to determine the dominant phénomena.

Infroduction

HE response of materials subjected to radiant energy is a

problem that has received considerable attention since the
early 1960’s. Determination of the resulting temperature distri-
bution and the dynamic response of materials to pulsed radiant
energy have both been of interest. Solutions to these problems
can be used to determine conditions under which material
degradation will occur. This degradation can result from either
thermal or mechanical effects. Ultimately, the response is deter-
mined by the material properties, energy intensity, pulse dura-
tion, and spatial deposition profile. The response of materials
to a uniform deposition profile was recently addressed by
Nemes and Chang.! In the following, the response of partially
transparent materials subjected to electromagnetic radiation,
which is uniform at the exposed surface, will be considered.
Materials that are partially transparent absorb energy near the
front surface, resulting in a distribution that is nonuniform
with depth. Since the primary interest here is in understanding
the material response at the front surface of the material and
consideration is given to the case where the depth of energy
absorption is small in comparison to the material thickness, a
half-space geometry is used in both the thermal and dynamic
response solutions.

Following a discussion of the phenomena leading to material
degradation, the general equations governing each of the phe-
nomena are developed. Solutions are then obtained for the
specific spatial and témporal distribution appropriate for a par-
tially transparent material subjected to a pulsed energy source.
The solutions are then used to identify regimes based on energy
intensity and pulse duration in which each of the degradation
phenomena is dominant. An example is given to illustrate how
the regimes are defined.

Degradation Phenomenology

The degradation phenomena of partially transparent materi-
als subjected to rapid energy deposition can be separated into
those that are primarily thermal in nature and those in which
mechanical effects dominate. The purely thermal pheriomena
include material degradation associated with elevated tempera-
ture and material removal or ablation. Ablation occurs under
conditions in which sufficient energy is deposited to reach melt
or sublimation. Because these thermal phenomena are domi-
nant for materials subjected to continuous wave (cw) lasers,
they have received considerable attention over the last twerity
years. The authors and their colleagues at the Naval Research
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Laboratory®*™ are among those who have studied the response
of structural materials to the cw laser. )

The understanding of phenomena caused by mechanical
effects is not nearly as clear as those caused by thermal effects.
Observation of mass particles being ejected when materials are
subjected to short-pulse radiation has led to many different
material models, with varying degrees of sophistication, to ac-
count for the presence of this discrete mass removal. Although
these .models have been somewhat successful in predicting
overall material response, they are usually developed for a par-
ticular intensity and pulse duration. Thus, their applicability
over a wide range of deposition parameters is questionable
without a full understanding of the mechanics which leads to
this observed phenomenon. Two separate mechanical effects
that can lead to discrete mass removal are discussed.

_ The first of these mechanisms is postulated primadrily for
polymeric materials or composite materials with polymeric
constituents. The mechanism, which was defined by Nienberg
and Rubin,® is a result of heating due to direct energy deposi-
tion or through thermal conduction. Upon reaching sufficient
temperatures, pyrolysis reactions take place, resulting in
gaseous products in addition to a solid char residue. These
pyrolysis gases, initially contained in existing voids, will be
under increasing thermodynamic pressure, with either increas-
ing temperature or increasing volume of gas. However, since
the material is not impermeable, gas flow takes place within the
material toward the free surface. If the rate of pressure increase
exceeds the pressure relief from diffusion, large stresses develop
within the material leading to possible fracture and resulting
discrete mass removal. )

The second mechanism that can lead to discrete particle re-
moval is front-face spallation, which is a dynamic fracture that
occurs under superposition of a relief or rarefraction wave
from the free surface with the highly energized compressive
stress state. There are several means by which rapid energy
sources can produce waves in materials but this treatment is
limited to waves produced by.the rapid deposition of energy at
the near surface, but over a finite thickness. It is important at
this point to note that this discussion is aimed at front-face
spallation. As is well known, the compressive waves generated
by rapid energy deposition will traverse the thickness of the
material and, upon encountering either a material of lower
impedance or a free surface, be reflected as a tensile wave. This
condition can lead to spallation of the rear surface, which also
leads to failure or degradation of the structure. Since, however,
rear-face spallation can be addressed outside the frame work of
energy deposition phenomena, it will not be considered further.

The various phenomena discussed are shown schematically
in Fig. 1. An understanding of the role that each of these
phenomena has on material degradation can be gained by con-
sideration of the one-dimensional heat conduction, pressure
diffusion, and stress-wave equations. Such a one-dimensional
treatment is equivalent to considering the energy flux to be
uniform over the surface dimensions.
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Fig. 1 Schematic of energy deposition effects.

Thermal Degradation

The response of material subjected to low-intensity continu-
ous energy deposition or pulsed sources of long duration can
be described in terms of thermal effects alone. Temperature
distributions in the body can be obtained by considering the
nonhomogeneous heat conduction equation, which follows:

oT 6[ oT

p ky 5;]+PQ(XJ) +pH (D

where

T = temperature ¢ = heat capacity

t = time k.. = thermal conductivity
X = spatial variable Q = energy deposition
p = density H = heat of reaction

In general, the material property terms p, ¢, and k, are func-
tions of temperature. The heat of reaction term represents the
heat that is absorbed during phase changes, including pyroly-
sis. Solutions to Eq. (1) for various boundary and initial condi-
tions and for different forms of Q(x,f) have been considered in
studying material response to electromagnetic radiation. Refer-
ence 7 considers the problem of a half-space subjected to a step
increase in temperature applied to the boundary, whereas Ref.
8 considers different forms for the volume energy deposition.
The problem of a slab is treated in Refs. 9 and 10. A two-
dimensional solution for a step increase in temperature at the
surface is given in Ref. 11.

For materials that are partially transparent to radiation, the
spatial variation of the volume energy deposition is assumed to
be

O(x.1) = Qo(t)e ™™ (2

where Q, is the surface energy deposition, and « is the inverse
characteristic length.

The energy deposited per unit area is found by integrating
Eq. (2) spatially and temporally. The characteristic length is
considered to be constant during the energy deposition, but
may be in fact a function of temperature or material state.
Consideration of such a variable deposition introduces severe
nonlinearities and is ignored in this development. Reference 12
considers température-varying deposition for continuous irra-
diation on a slab. For the partially transparent materials under
consideration, the inverse characteristic length is such that the
layer of substantial energy absorption can be taken to be finite.
This is in contrast to opaque materials, such as metals, where
o is such that the energy is considered to be deposited essen-
tially at the surface, resulting in material response phenomena
which are somewhat different than those presently being con-
sidered. '
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Pyrolysis-Induced Mass Removal

Many polymers, especially those that are of structural inter-
est, including epoxies, phenolics, and polyimides, undergo py-
rolysis reactions upon heating. Although the details of the
chemical reactions that occur during pyrolysis are beyond the
scope of this paper, the products of that reaction are of interest
in the subsequent development. Simply, pyrolysis of these poly-
mers yields both gaseous products and a solid char residue.
Under conditions in which energy is deposited over an appre-
ciable depth or where conduction has brought about increased
temperature in depth, the pyrolysis reactions are thought to
occur at voids within the material as well as at the surface. If
the pyrolysis rate exceeds the rate in which the gases can be
either stored or relieved through diffusion, then the resulting
gas pressures can lead to material blowoff at the front surface.

The rate at which pyrolysis occurs is a function of both the
reaction kinetics and the degree to which the reaction has pro-
gressed. The reaction rate can then be described by the follow-
ing equation: '

oA

— = — kA" 3
5 = K (3

where k is the rate constant, n is the reaction order, and 1is a
nondimensional density that denotes the mass fraction of un-
pyrolyzed material defined as

A=(p—p)po—p.) 4

The subscripts o, ¢ denote initial and fully charred densities,
respectively. The rate constant can be defined by an Arrhenius
equation given by

k = Ae ~%alRT (5

where A is the pre-exponential constant, E, is the activation
energy, and R is the gas constant.

Considering the conservation of mass for a fixed volume
gives a relation between the average solid density p, the gas
density in the pores p,, and the net gas flow through the vol-
ume. The rate of change of solid density is (dp /0¢). The rate of
change of gas density is (/01)(p£), and (8/0x)(p,v,) is the gas
flux through the volume. The balance expression yields the
following:

dp 0 0
- E = E(pgﬁ) + a(pgvg) (6)
where p, is the gas density, v, is the gas velocity, and ¢ is the
void volume fraction.

The density of the gas can be related to the pressure and
temperature by assuming local equilibrium and using the equa-
tion of state for an ideal gas given by '

p, = P/RT (7

In addition, the flow of gas through the porous material can be
related to the pressure gradient by Darcy’s law given as

oP
ve = =Kz ®)

where K is the permeability, and p is the absolute viscosity.
Using Eqs. (7) and (8), Eq. (6) can be written as

dp ol P P lée o[ P KopP
T iy iy L e T
ot oY RT| | RT |or ox| RT u ox v
The following additional relationship between void volume
and density change will be assumed.

Po—p

[

8=80+

(1 —2) (10)
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Fig. 2 Generation of stress waves from instantaneous energy deposition. Stress vs position is shown at successive instants of time.

It should be noted that Eq. (9) can be interpreted as a nonlin-
ear diffusion equation for the pressure.

Front-Face Spallation

When energy deposition takes place at extremely rapid rates,
dynamic effects in the material become significant. Stress waves
generated in partially transparent material may lead to de-
gradation or to complete separation of material in a type of
failure termed spallation. When energy is deposited over some
finite depth, stress waves are generated from the rapid heating
of the material. The case of instantaneous deposition has been
addressed by Morland,!> Hegemier and Morland,'* and
Hegemier and Tzung.'® Since the material is inertially confined,
compressive stresses are generated within the material. Figure
2 illustrates the development of stress waves for the case of
instantaneous deposition. So-called traveling waves, having an
amplitude of one-half of the initial amplitude, are propagated
in each direction, with those traveling to the left being reflected
as tensile waves when they encounter the front face. Superposi-
tion of these waves shown in Fig. 2c leads to tensile stresses
that, if of sufficient magnitude, can result in spallation. Only
with finite spatial deposition will tensile stresses be produced.

The governing equations for the propagation of stress waves
in the material are simplified to the one-dimensional momen-
tum and energy balance expressions

0%u oo
Pz = an

0 02 oh
% _ 01 Oh L ot (12)

P ar ’ Ox0t = Ox
where
u = particle displacement
¢ = normal stress
¢ = internal energy density
h = heat flux

The individual terms of Eq. (12) correspond to the internal
energy rate, strain energy rate, heat flux, and volumetric energy
deposition rate, respectively. Equation (1), which is the heat
conduction equation, is also an energy balance expression. It,
however, neglects the strain energy and is written in terms of
temperature instead of internal emergy. Equations (11) and
(12) are used in conjunction with the boundary condition

o(0,t) =0 (13)

and an appropriate constitutive equation that is usually taken
as an equation-of-state relationship.

Calculations

In this section, several solutions are presented to define the
regimes in which each of the phenomena of interest (i.e., thet-
mal degradation and material removal due to pyrolysis and
stress-wave effects) are significant for the case in which the
volumetric energy deposition in Egs. (1) and (12) is given by

O(x,0) = Qoe " [H(1) — H(t — 1)} (14)
where H(?) is the Heaviside step function, and ¢, is the pulse
length. Using the governing equations that have been presented
in the preceding sections, expressions can be developed to de-
termine material response through the use of some simplifying
assumptions. Although the assumptions made would be overly
restrictive for determination of accurate solutions to these
problems for real materials, they do permit insight into an
extremely complicated problem so that regimes for the various
phenomena can be obtained and interactions between phe-
nomena can be better understood.

Thermal Solution

A general solution to Eq. (1) can be obtained only through
the use of numerical techniques, such as the finite-difference
method. If however, it is desired to obtain an analytical solu-
tion to determine a threshold of thermal degradation, some
simplifying assumptions can be made such that a closed-form
solution is possible. First, since the solution is for onset of
thermal damage, there will be no pyrolysis or sublimation so
that the heat of reaction term in Eq. (1) can be neglected.
Second, since the temperature changes will not be extreme, the
variation of the material thermal properties with temperature
will be negligible. With these assumptions, a solution to Eq. (1)
can be obtained in conjunction with the initial and boundary
conditions ‘

aT
T(e0) =0, —~(0.) =0, T (x)=0 (15

A Green’s function method can be used, as done by Bechtel,®
to obtain a solution in the form

T(x,t) = F(x,t) — F(x,t — 1) (16)
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where
F(x,0) = (Qo/ca®)H(0){ — e =T + Le P [e* Terfe(Y + X)

+ e "X Cerfe(Y — X)] + (2/3/7) Ye =% — 2X Yerfe(X)}
a7

where X = %(x/ﬁ), Y =, /xt, and x =k, /pc is the thermal
diffusivity.

In the limit where #, approaches zero, with the total energy
flux E = Qqt, constant, the initial temperature distribution
reduces to

T(x,0) = (E/pc)H()e = (18)

as expected for instantaneous deposition.

Pyrolysis-Induced Degradation

The nonlinear nature of Eq. (9) and the coupling with the
thermal solution makes an analytical solution extremely
difficult. Thus, numerical techniques would be required to ob-
tain a complete pressure history over the region. Equation (9)
does, however, prove useful in determining a lower-bound
solution of pyrolysis-induced degradation, that is, determ-
ination of the minimum energy to generate pyrolysis gases at
rates sufficient to develop the internal pressures which lead to
“blowoff.”

Because the permeability is strongly dependent on porosity,
permeabilities of unpyrolyzed material may be several orders
of magnitude less than that of a fully charred material. Thus,
determination of a lower-bound solution can be accomplished
by allowing no gas flow out of the material. This reduces the
mass conservation expression to a balance between the rate of
decrease in solid mass and the rate of accumulation of gas in
the voids.

0
= = 5AP8) (19)

Using this equation in conjunction with Eq. (7) leads to the
following development:

P “op
rTE= —L 0 4 =Po—p (20)
From Eq. (4)
P o0 2 a1
YR Po— Po 2 )

Using Eqgs. (3) and (5), this expression can be rewritten as

% _

ot '—Ae_Ea/RT(pO_pc)l—n(p _pc)" (22)

Integrating Eq. (22) yields

p=p.+ (po—pc)[l —(1—-mA j e‘E"/RTdt’]li,, (23)

0

Using this result with Eq. (20) yields the following expression
for pressure

RT '
P ==—(po~ pc){1 - [1 ~(1- n)ALe —Ea/RT dt] T l,,} (24)
For the case where n = 1, the result reduces to

P="p, —Pc){l —exp[—A j te“E"’RTdt':I} (29)
0

Equation (24) or (25) can be solved numerically for the time-
varying pressure within the voids corresponding to a given
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temperature history 7T(x,?) at each position x. This pressure in
turn can be used to approximate resulting tensile stresses in the
material for determining conditions which lead to pyrolysis-
induced degradation.

o = Pe (26)

Stress Waves

The governing equations for stress-wave generation caused
by energy deposition over a finite depth were given as Eqs.
(11-13). By considering small strains only, the strain energy
rate on the right side of Eq. (12) can be neglected. Equation
(12) can be further simplified by assuming negligible heat con-
duction effects over the times of interest. This assumption can
be examined by comparing the change in temperature distribu-
tion over times comparable to wave travel times. This will be
done for a specific material in a later section. Thus, the energy
balance reduces to

o
== 27
= =0 27)

The solution of the problem posed by Egs. (11), (13), and
(27) requires specification of a constitutive relation. The fol-
lowing linear equation of state will be considered

ou
0=Eo$—rpf (28)

where E, is the confined elastic modulus, and T is the
Gruneisen ratio.

In general, both E, and I" are functions of temperature.
However, Hegemier and Tzung!® showed that, whereas the
wave form was affected by the variation of properties in the
absorption layer, maximum tensile stresses were essentially
independent of the distribution and depended only on the aver-
age value of T at x =0 and the ratio of wave speeds U(o0)/
U(0). Thus, Eq. (11) will provide a useful approximation for
determining spallation thresholds. In accordance with Eq. (27),
¢ is found by integrating Eq. (14), giving

¢ = Qo€ UH () — (1 — t)H (2 — 1)) (29)

Then substituting Eq. (29) into Eq. (28), taking the spatial
derivative, and then substituting the result into Eq. (11) yields
the following:

%u  0%u o
s =Uj FNe: + al'Qoe "™ [tH(t) — (t — to)H(t — t3)] (30)

where U, = ./ E,y/p is the wave velocity. Using the solution to

Eqg. (30) in conjunction with Eq. (28), an expression for stresses
as a function of time and position is given by

o(x,1) = (T pQofalp){sinh[a(Upt — X)]JH(Uyt — x)
— sinh[a(Up(r — #o) — x)IH(Uy(t — t,) — x)
— e~ sinh(aUst)H(2) +e ~* sinh[aUy(t — to)]H(t — 10)}
(31

Using this expression, the effect of pulse length on maximum-
developed tensile stress can be determined. Figure 3 shows the
normalized tensile stress as a function of pulse length for differ-
ent values of the material parameter alU,. The term o, is
equal to I'pQyt,, which is the magnitude of the maximum com-
pressive stress. Note that the maximum normalized stress, |o|/
Omax = 0.5, which is indicated in Fig. 2 for instantaneous
deposition.

Degradation Regimes

The results of the previous sections can be used to determine
the onset of the degradation mechanisms that have been dis-
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cussed thus far. In particular, it is of interest to determine the
combination of energy intensity and pulse duration that leads
to each phenomena. Intensity is expressed in terms of the sur-
face energy deposition by the following:

I = p(Qo/®) (32)

By considering limiting forms of the equations for tempera-
ture distribution, internal pressure, and dynamic stress, expres-
sions can be developed to define these regimes.

The onset of thermal degradation is defined by a threshold
temperature Tp,. This temperature is usually taken as one in
which significant reduction in strength would be expected or
where residual degradation owing to pyrolysis would occur.
Similarly, material sublimation is identified with conditions
leading to an internal energy density which reaches the subli-
mation threshold ¢,. Maximum temperature or internal energy
occurs at the boundary x = 0 at the end of the pulse duration
t = 1,. From Eqgs. (16) and (17) this temperature is

T(0.t5) = F(0,15) = (Qo/ca*sc)le Teerfe(Xo) + (2/5/m) Yo—1]

(33)
where
Yo=Y, =, =0/Ktg
In terms of intensity, Eq. (33) can be rewritten as
k.. T(0,¢
0Ky (0’ 0) (34)

I =
eYlerfe(Yo) + (2//m) Yo — 1

where k, = pck has been used. By setting 7(0,z,) equal to T,
Eq. (34) can be used to determine the intensity that produces
thermal degradation for a given pulse length. If Y, < 1, as in
the case of very short pulses, Eq. (34) can be approximated by

(xkxT(OyIO) . pCT(07tO)

1
Y3 aly

I

(35)

which is a constant absorbed-energy curve, It, = constant.

Material blowoff because of pyrolysis is bounded by consid-
ering no gas flow, so that the internal pressure is given by Egs.
(24) or (25). Gas flow reduces the internal pressure and subse-
quently the tensile stress on the solid material. With no gas
flow, the maximum pressure occurs at the surface where the
temperature, given by Eq. (16), is also a maximum. Resulting
tensile stresses can then be compared using Eq. (26) and com-
pared with a maximum tensile stress to determine conditions
leading to pyrolysis-induced blowoff.

J. THERMOPHYSICS

1.0 T T L T
0.00001

et
=)
T
-
L

=t ()

g
(o]
T
1

1.00

o
IS
T
L

10.0 .

NORMALIZED TEMPERATURE
o
IS
T

1 1 L
1.0 2.0 3.0 4.0 5.0
axX

=
S

o
()

Fig. 4 Temperature distribution at various pulse lengths.

Table 1 Material parameters

a=100cm™! R =0.693]/g
po = 1.25 g/cm? p, =0.180 g/cm?

x = 0.001 cm?/s E, =135x10*J/g
k.= 0.00235 W/cm C . =10MPa
A=135x%x10"0s"! r =020

n=1 U, =2x10°cm/s
6o = 0.05 T, =350C

& =600001J/g

The onset of front-face spallation is determined from the
maximum tensile stress predicted by Eq. (31). Stresses are a
maximum along the characteristic, x = Uy(¢ — ¢,). The corre-
sponding stress is

Ole= vt - 100 = (TPQo/20Ug)(1 — e ~*¥o0)(1 — e =) (36)

Since an elastic material is considered in this solution, no dis-
persion or dissipation takes place, leading to maximum stresses
as x —» oo, Using this as a bounding estimate, the maximum
tensile stress o, is given by

Giens = (TpoQo/20Ug)(1 — e ~=V%) (37)

Setting this maximum stress equal to a spallation stress o, and
rewriting Eq. (37) in terms of intensity, gives the following
relation for the intensity required to cause spallation for a
given pulse length.

I =[2Uy0,/T(1 — ¢ ~2Vol0)] (38)
If aUyty < 1, as for the case of very short pulses, then
I =20,/Tat, (39)

which is another constant absorbed-energy curve. If aUyt, > 1
as for very long pulses, but which are abruptly shut off, then

1220,U,T (40)

Example

To illustrate the use of the preceding equations, a specific
example is presented. The material parameters considered are
shown in Table 1. Although the parameters are primarily used
for the example, they are representative of those found for a
porous epoxy. Using these parameters, several important
points made during the development can be illustrated.

First, using Eqs. (16) and (17), the temperature distribution
at ¢t = ¢, is computed for several different pulse lengths and is
shown in Fig. 4. As can be seen in the figure, the temperature
distribution at times +=1.0x10"° and 7=1.0s are not
tremendously different. The effects of heat conduction there-
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fore are important only for long pulse duration. In addition,
since wave travel times are <1.0 s, the neglection of heat flux
in the energy balance expression, Eq. (12), is certainly justified.

Secondly, the parameter al, for the example material is
2.0 x 10°s~". From Fig. 3, the importance of considering the
pulse to be finite rather than instantaneous becomes apparent
for pulse durations greater than 10~ s for this value of al,. At
these longer pulse lengths, normalized tensile stresses become
significantly less than the instantaneous value of 0.5.

Finally, using the expressions developed in the previous sec-
tion and the parameters from Table 1, bounds for thermal
degradation, sublimation threshold, pyrolysis-induced blowoff,
and front-face spallation are plotted on a material response
diagram, as shown in Fig. 5. The diagram is developed in terms
of absorbed intensity vs pulse length. The dashed line in the
figure, defined as gas diffusion, represents only an indication of
the effect that retention of the gas flow term in Eq. (6) would
have on the pyrolysis blowoff region. The bounds developed
for each of the phenomena then define regimes in intensity
pulse-length space, where phenomena would be expected to
dominate. The regimes are also indicated in Fig. 5.

Concerning the regimes themselves, it should be noted first
that the region above the sublimation line has not been consid-
ered in the scope of this paper, but obviously would be one in
which a combination of phenomena could be expected. Mul-
tiple phenomena could also be expected in the region defined as
Spall/Blowoff. In this region it may be possible to determine
dominant phenomena by considering the location and se-
quence of events which would be expected to occur. For in-
stance, spallation does not occur until after the pulse is shut off.
Thus, if sufficient gas pressure is developed before the end of
the pulse, blowoff would occur. Conversely, spallation would
occur if the time to develop sufficient gas pressure exceeds the
pulse length plus wave transit time. Additional insight can be
gained by examining the two phenomena spatially, that is, the
depth to which blowoff would occur in comparison to the po-
tential spall plane. Examination of Eq. (36) shows that the
depth of spall decreases with increasing intensity. However, at
sufficient intensities the material will exhibit multiple spalla-
tion, a topic that has not been addressed in this paper. Thus,
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regions of multiple phenomena are extremely complex and will
certainly require further study.

Conclusions

This paper has examined the role of front-face spallation,
pyrolysis blowoff, and thermal effects in the degradation of
material subjected to pulsed energy sources. The governing
equations for each of these phenomena have been presented.
Expressions have been developed to determine both tempera-
ture and stress distributions in a half-space subjected to energy
deposition of a finite pulse duration. Using these expressions, a
material-response diagram has been developed, which shows
the dominant phenomena as a function of absorbed intensity
and pulse duration. Using the results obtained in this paper,
several conclusions can be reached.

1) Thermal diffusion and stress-wave effects are well sepa-
rated in relation to pulse duration and therefore have negligible
interaction on a macroscopic scale. Interaction of effects on a
local scale in heterogeneous material has yet to be investigated.

2) Materials subjected to very short pulsed radiation may
exhibit stress wave, pyrolysis blowoff, and thermal effects. For
intermediate pulse lengths, pyrolysis blowoff and thermal
effects may be present, with only thermal effects being apparent
for long pulse durations.

3) Front-face spallation may occur without significant ther-
mal degradation or pyrolysis for short pulse duration and high
intensities.

Although the conclusions reached are important for the in-
sight gained to understanding the problem of material response
to rapid energy sources, the need for further work in this area
is apparent. Several topics for future study would include:

1) Investigation of synergistic effects between phenomena,
especially in the regions of pulse duration—intensity space
where front-face spallation and pyrolysis blowoff overlap.

2) Bvaluation of material nonlinearities and attenuating
mechanisms in stress-wave generation and evaluation of tem-
perature-dependent properties and phase changes in thermal
distribution.

3) Understanding of the characteristic length and consider-
ation of nonlinear characteristic lengths.

4) The effects of material heterogeneity.
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