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Structural Response of Materials Due to In-Depth Heating

J. A. Nemes* and C. I. Changf
Naval Research Laboratory, Washington, D.C.

The effect of uniform through-thickness energy deposition on the thermal-mechanical response of several
structural materials is evaluated. Expressions used for determining temperature distributions under moderate
deposition rates are presented. Temperature histories of aluminum, titanium, and graphite-epoxy panels subject
to electron beam irradiation are compared with analytical results to assess the validity of the methods used.
Dynamic material response under extreme deposition rates are developed for instantaneous and finite pulse

- deposition. Expressions for determmmg the regime of dominant thermal or dynamic response are given as a

function of total energy and energy deposition rate.

Introduction

IRECTED energy weapons considered under the Strate-

gic Defense Initiative include chemical lasers, excimer
lasers, x-ray lasers, particle beam weapons, and kinetic energy
weapons.! These weapons can be divided into those that de-
posit energy primarily at the target surface and those that de-
posit energy through the thickness of the material. The latter
group is the focus of this paper. Both these categories can be
further subdivided based on their rate of deposition. Although
all these weapons would obviously deposit energy in a rela-
tively short time, the terms ““slow deposition” and “rapid depo-
sition” are used to distinguish among effects. With rapid
deposition, dynamic effects dominate the response whereas, in
slow deposition, dynamic effects can be considered negligible.
The difference in the means of energy deposition obviously
affects the thermal and mechanical response of structural mate-
rials, which in turn strongly influences the type of failure that
would be induced in a potential target.

Under rapid energy deposition rates, tremendous compres-
sive stresses are initially induced in the material. However, in
order to maintain the stress-free conditions at the boundary,
release waves propagate into the material, resulting in corre-
spondingly large tensile stresses. Although the stress distribu-

tions due to in-depth and surface deposition differ, the types of *

failure induced do not differ significantly. In metals, if the
tensile stresses generated are sufficiently large, spallation fail-
ure, in which the material is “blown apart,” occurs. In
composite materials, the tendency would be for severe delami-
nation to occur since the interlaminar strength, in general,
would be the weakest part of the composite.

In the absence of dynamic effects, materials subjected to slow
energy deposition are characterized by a dominant thermal
response. Although this is applicable both when energy is de-
posited on the surface and when it is deposited through thick-
ness, there are distinctions to be noted. In the case of surface
deposition, heat is concentrated over a very thin layer, with
little conduction through the thickness taking place during the
short time period of interest. As such, the temperature of this
layer is increased rapidly until the melting point of metals or
the sublimation point of polymers is reached. Further input of
energy results in the phase change and removal of the material.
This mechanism then enables energy to be transferred to a
greater depth within the material, thus providing an alternate
to the conduction mechanism for transferring heat. With this
type of material response to energy deposition at slow rates,
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structural failure therefore occurs primarily through material
removal. The thermal-mechanical response of simple metal
structures subject to surface heating has been studied in Ref. 2.
References 3 and 4 discuss the effect of surface heating on
composite materials. Numerous other references on the topic
can also be found.

In contrast to the failure process due to surface energy depo-
sition is that which occurs when structures are subjected to
in-depth heating at slow rates. Since there is essentially uniform
heating through the thickness of the material, structural failure
is usually induced before the melting or sublimation tempera-
ture is reached. Failure is instead caused by degradation of
mechanical properties with increasing temperatutes. The re-
duction in a material’s ultimate strength will lead to loss of
load-carrying ability of tensile members or burst in pressure
vessels. Similarly, reduction of modulus with increasing tem-
perature will result in buckling of structures subject to
compression.

Slow Energy Deposition
As stated previously, the predominant effect of energy depo-
sition at slow rates is increase in material temperature. We,
therefore, consider initially the governing heat conduction
equation in its most general form The equation in a Cartesian
coordinate system is®
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where p is the material density, ¢ the specific heat, T the tem-
perature, ¢ the time, 4 the additional heat source term, and
K., K,, K, the conductivities in the x, y, z directions. It should
be noted that, in general, p, ¢, and K are functions of tempera-
ture.

Boundary conditions are usually specified in terms of heat
flux along a boundary surface such that '
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Initial conditions are defined in terms of initial temperature,
usually constant,

T(x,y,z) =Ty=const @ t = 3)
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Boundary conditions normally specified include those to ac-
count for convective and radiation losses. Considering losses
from the z face, f3(x, y, r) takes the following form:

S5y, ) =T — T)) + 0e(T* — T) 4

where £ is the convection coefficient, 7, the recovery tempera-
ture, o the Stefan-Boltzmann constant, ¢ the emissivity, and Tj,
the ambient temperature.

In order to define A4 in Eq. (1) for the specific case in which
in-depth heating is due to particle beam irradiation, some addi-
tional relations must be introduced. The passage of fast-mov-
ing charged particles through a material produces a number of
physical reactions. It is of primary interest, however, that the
charged particles lose energy principally by inelastic collisions
with atoms in the target material.%’ The average energy loss
per unit path length is called the stopping power S, which is
defined as

dE
S = -—l/pa—); (5)

The units of S are expressed in terms of MeV cm?/g. If we then
consider the number of charged particles passing per unit area,
per unit time as the current density j, we can define the energy
per unit mass given up by a pulse of charged particles as fol-
lows:

AE, = ji,S (6)

where 7, is the pulse length. Then assuming that the tempera-
ture variation between pulses can be neglected, 4, over the
irradiated area for a uniform pulse, can be computed simply as

A =AE,fp Q)

where f'is the pulse rate. The above formulas are based on the
assumption that the charged particles have passed through the
material. This assumption is obviously valid for thin foils. De-
termination of its limit of applicability is based on the range r,
of the charged particle.” The range represents the average path
length traveled by a particle as it slows down from an initial
energy E; to final energy E. Reference 8 tabulates stopping
powers and ranges for a number of materials. Table 1 shows
both the stopping power and the range for three materials
subject to electron beams at two energy levels. As can be seen
from the table, the primary difference between the two energy
levels is in the range of the particle, with little variation in the
stopping power. Thus, for material thicknesses less than this
range, the heat per unit mass is essentially constant.

As the simplest case, we consider a beam of charged particles
directed along the z axis. If the distribution of particles is con-
stant in the x—y plane and the losses from convection and
radiation are negligible, then Eq. (1) is simply reduced to a
volume subject to a constant heat source resulting in a linearly
increasing temperature. A more realistic case, however, is a
beam distribution constant in time but with a spatial variation
in the x—y plane. If we consider this to be a Gaussian distribu-
tion, we can consider Eqs. (1) and (2) in an axisymmetric form
as shown:

oT 0 oT 0 oT
peo = l/ra |:Kr <r E):l +2 (Kz E) + A, ) (8)

oT oT
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Consideration of temperature-dependent properties K,, K,
p, and ¢ requires that Egs. (8) and (9) be solved numerically.

Note that in Eq. (8), the gradient in the z direction is due to the
surface losses.
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Table 1 Comparison of stopping power and particle range
at two energy levels

Stopping powers

MeV-cm?/g Range, cm
Material 20 MeV 40 MeV 20 MeV 40 MeV
Aluminum 1.707 1.770 3913 6.628
Titanium 1.584 1.648 2.326 3.742
Graphite 1.816 1.877 6.229 11.16

Description of Experiment

Samples of aluminum, titanium, and graphite-epoxy were
subjected to electron beam irradiation at the Naval Research
Laboratory linear accelerator (Linac). The purpose of the ex-
periments was to verify that the theory presented in the previ-
ous section sufficiently describes the thermal response of the
material for the purpose of performing structural evaluation.
The specimens used were 7.62 cm x 7.62 cm X 0.635 cm, with
the beam directed through the thickness. All specimens were
instrumented with thermocouples using a number of different
configurations. Specimens were tested at both the 20-MeV and
40-MeV level. The length of exposure varied with each test.
Film dosimetry was used to determine the spatial distribution
of particles. This normalized distribution is shown in Fig. 1.
The beam consisted of 360 pulses/s, with each pulse being
300 mA with duration of 1.5 us. Specific alloys tested were
6061-T6 aluminum and 6AL-4V titanium. The graphite-epoxy
tested was AS4/3501-6 and was composed of 0° and + 685°
layers. Using laminate notation, the lay-up is expressed as
[0/ & (681)/03/ & (681)s],.

Experimental Results

The thermal response of the specimens was recorded by sam-
pling the thermocouples at 10 Hz per channel. Temperature
time histories were produced for each of the materials tested.
Due to the high conductivity, heat is conducted away from the
center rapidly in the aluminum sample, thus requiring a large
number of pulses to reach the melting temperature. In contrast,
titanium, with a much lower diffusivity, reached melting tem-
perature in a shorter number of pulses. Post-test examination
of metal specimens showed evidence of melting, although a
much smaller area was involved in the case of titanium. The
testing of graphite-epoxy specimens, witnessed through TV
monitors, showed that pyrolysis of the epoxy resin began al-
most instantaneously upon heating. Specimens that were sub-
ject to irradiation for long times (100 s) showed damage over
the entire specimen, including delamination of the corner of the
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Fig. 1 Particle distribution at 40 MeV.
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specimen. This appearance of delamination seems to be associ-
ated with hot-gas buildup within the specimen.

Experiments conducted at 20 MeV and 40 MeV showed little
variation in the resulting temperature field, as would be ex-
pected from the small difference in stopping powers at the two
energy levels for a given material.

Analytical Results

The correlation of theory with experimental results requires
that Egs. (8) and (9) be solved. Since the temperature range of
the response is wide, the variation of the thermophysical prop-
erties K and ¢ must be considered. Numerical techniques are
therefore required for solution of the problem.

A finite-difference axisymmetric computer code has been de-
veloped to determine solutions to Eqgs. (8) and (9). The differ-
ence expressions are developed by considering the energy
balance of a differential element subject to a volumetric heat
source. Conditions at the boundary consider losses from con-
vection and radiation. Temperature-varying properties are also
considered. The time increment used in solving the expressions
must be small enough to maintain stability. Stability require-
ments for finite-difference expressions are given in a number of
texts on numerical techniques, such as Ref. 9.

Thermophysical properties for the metals were obtained
from Ref. 10. Properties for the graphite-epoxy material are,
however, not as well defined over the temperature range of
interest. Heat capacity for the composite material can be ex-
pressed from the properties of the constituents

C, = V,Cs+ VCh (10)

where C,, C,, C,, are the heat capacity of the composite, fiber,
and matrix material, respectively, and V,and V,, represent the
volume fraction of the constituents. Although Eq. (10) gives a
theoretical expression for heat capacity of the composite, the
problem remains, since the temperature variation of heat ca-
pacity for the graphite fiber and epoxy are also not well
defined. The heat capacity used in the numerical analysis is
shown in Fig. 2. The spike in the curve from 400 to 480°C
represents the heat absorbed in the pyrolysis of the epoxy.

The conductivity for graphite-epoxy must also consider the
anisotropy of the material in addition to the heterogeneity.
Although expressions for conductivity based on volume frac-
tion similar to Eq. (10) are possible, more data are available on
conductivity of the composite. Individual lamina conductivities
are taken along the fiber, through thickness, and across trans-
verse directions. To perform the numerical analysis, it is neces-
sary to transform the in-plane conductivities into. global
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Fig. 2 Temperature-dependent heat capaéity for graphite-epoxy.
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coordinates as follows:

K, cos? 0 sin? 6 —2sinf cos 8] (K,
Ky }t=| sin?0 cos? § 2sinfcosf <K,
K, r sinfcosf —sinfcosfd cos’O—sin?0 {0

(11

where K; is the conductivity corresponding to the 0° direction,
and K in the in-plane transverse direction. Kr-and K, are con-
ductivities in the lamina coordinates. Therefore, from Eq. (11),

K, =Y (cos®6;K,+sin’ 6, K,)/n
i=1
Kr= 3 (sin?#6; K, + cos® (-)iK,)/n

i=1

K;r=Y, (sin@cosBKf—sin(?cosBK,)/n (12)

i=1

where summation is for # layers. Since the laminate being con-
sidered has + 6 and —0 layers, the cross-conductivity term
K; - reduces to zero. In order to reduce the problem to two
dimensions to simplify the calculations, it is necessary to define
a single radial conductivity independent of 6. As such, the
following approximation is used: the radial conductivity X, is
the average of K, -and K. The resulting radial conductivity is
shown in Fig. 3. In the thickness direction, the conductivity K
is equal to the through-thickness lamina value.

Numerical analysis was performed for all three materials at
both energy levels. Comparisons were made between the ana-
lytical results and the corresponding thermocouples. Figure 4
shows the comparison for individual points on the specimen. In
general, the correlation was very good for the metals. Some
discrepancy was found for the graphite-epoxy. Based on the
lack of definite material properties and assumptions required
to perform an axisymmetric analysis, such discrepancy was to
be expected.

From the figures it can be seen that the theory presented
earlier adequately described the thermal response of material
to particle-beam irradiation. Using these temperature time his-
tories, it would then be possible to determine mechanical
response of simple structures. Consideration of stress redistri-
bution due to temperature-varying mechanical properties
along with stresses induced by restraint of thermal expansion
could be found utilizing finite-element or other numerical tech-
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Fig.3 Temperature-dependent radial thermal conductivity for graphite-
€poxy.
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Fig.4 Comparison of analytical to experimental resuls for a) aluminum,
b} titanium, and c) graphite-epoxy.

niques. In addition, after selection of appropriate failure crite-
ria and consideration of the material’s temperature-dependent
strengths, it would be possible to determine integrity of struc-
tures subject to particle beam irradiation.

Rapid Energy Deposition

In this section, the response of material subjected to in-depth
energy deposition at extremely high rates will be discussed. At
high deposition rates, stresses and dynamic effects in the mate-
ria] are significant in comparison with the low deposition rates
previously discussed. It is therefore necessary to develop rela-
tions to express the time-varying nature of these stresses so that
the material response can be studied. If the tensile stresses
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Fig. 5 Spallation failure of titanium specimen.

Fig. 6 paatlon fiureof aluminum specimen.

generated in the material are sufficiently large, the material
may fail by spallation, which actually splits the material apart.
Spallation failures of titanium and aluminum specimens are
shown in Figs. 5 and 6. As seen in the figures, the material has
failed with symmetry about the centerline. This is characteristic
of uniform in-depth energy deposition. Spallation failures gen-
erated from surface or nonuniform energy deposition may ex-
hibit spall planes at locations other than the centerline or may
have separate spall planes near the front and back surfaces.

Development

In order to develop analytical expressions for stresses as a
function of time, there are a number of assumptions used to
simplify the problem, which is shown schematically in Fig. 7.
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We consider a plate of thickness £, subjected to incident energy
directed along the x axis. The energy distribution is uniform in
thickness over a finite area of the y—z plane. At the time periods
of interest, which for thin specimens is of the order of several
hundred nanoseconds to several microseconds, the heat con-
duction away from the area subjected to the incident energy is
negligible. In addition, we also assume that the diameter of the
energy zone is several times larger than the thickness of the
specimen. As such, the interaction of relief waves in the y—z
plane will not strongly alter the one-dimensional stress waves
in the x direction. With these assumptions, we are able to
consider one-dimensional expressions for determination of
stresses.

In the development to follow, an approximate equation of
state relating stresses to strains and internal energy will be
used. This relation, in general, is nonlinear over the stress range
that will be considered. Again, however, in the interest of de-
veloping relatively simplified governing equations, we consider
the stress to be expressed in a linear form as follows:

0
agEogj‘—c—l"pe (13)

where E, is the confined modulus of the material, « the x-direc-
tion displacement, I" the Griineisen ratio, p the deformed den-
sity of the material, and ¢ the internal energy. The Griineisen
ratio is further defined as

k
== (14)
pc,

where a is the coefficient of thermal expansion, ¢, the material
heat capacity at constant volume, and k the bulk modulus.

As a bounding case, we consider the situation in which en-
ergy is deposited instantaneously into a material. This instanta-
neous energy deposition causes heating of the material which,
under the inertially restrained conditions we have assumed,
results in uniform compression stresses through the thickness
of the material. This uniform compression, which is taken as
the initial stress condition, can be computed directly from Eq.
(13) with du/0x = 0. For times ¢ = 0, we have the stress-free
conditions at the boundary, which are written as

6(%&,t>=a<%,t>=0 (15)

INCIDENT
ENERGY

Fig. 7 Schematic representation
of a thin plate subjected to rapid
energy deposition.
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In addition to these conditions, we are also able to take
advantage of symmetry about the centerline, which yields the

" condition

u(0,1)=0 (16)

Therefore, for ¢ = 0, release waves propagate from each sur-
face to maintain the conditions in Eq. (15). As these waves
propagate toward the centerline, the material ahead of the
waves remains in the initial compressive state, with that behind
the wave transformed to a stress-free state. As these waves
reach the centerline, their superposition results in tensile
stresses of a magnitude equal to the initial compressive stresses.
If these stresses are greater than the spallation strength of the
material, spallation failure occurs. At stress levels below that,
the material undergoes alternating tensile and compressive
states until damping mechanisms reduce the stress levels to
zero, and the problem is therefore reduced to a heat conduction
problem as previously discussed. It should be stated that since
we arc primarily interested in maximum tensile stresses, which
occur during the first cycle, the damping mechanisms are not
required in the development.

As can be seen, the computation of maximum tensile stress
under the assumption of instantaneous in-depth energy depesi-
tion is relatively straightforward. We are, however, interested
in the case in which the energy is deposited over a finite period
of time. In particular, we want to define material response as a
function of energy deposition rate.

In order to develop these relations, it is first necessary to
define the one-dimensional momentum balance and energy bal-

Qi) A

il
%

\j

t t
Fig. 8 Rectangular pulse energy deposition.

L 3/2 h/Ug

-h/2 0 h/2 X

Fig. 9 Stress in different zones of a plate subject to in-depth energy

(fleposition over finite time (7) tension, (c) compression, and (0) stress-
ree.
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ance expressions, which are given below:

o*u do X
—_——— 17
Poz ™ ox (17)

Oe 0%u oq
—=1 — 4+ 1/p—= t 18
Y /p066x6t+ /p5x+Q() (18)

in which the term p, is the initial density of the material. In the
remaining discussion, the deformed density p will be taken as
equal to the initial density po. The first term on the right side of
Eq. (18) represents the strain energy rate, and the second repre-
sents the heat conduction rate. In view of assumptions previ-
ously identified, both of these terms are small in comparison
with the energy deposited in the material. Thus, Eq. (18) can be
written simply as

d

€
5 =20 (19)

O(1) represents the energy deposition as a function of time. For
example, if we consider a rectangular pulse, the energy deposi-
tion will be as shown in Fig. 8. This can be represented by the
function

Q1) = €/ to[H(1) — H(t — 19)] (20
where H( ) is the Heaviside step function
H(x —xy) =1forx 2 x,
H(x —xg) =0 forx < x,
Using the equation of state (13), the momentum balance
(17) can be given in the form
o%u %u de
— =Ey——Tpy— 21
Po o 032 Po ox (21)
Since we are considering uniform energy deposition, de/0x is

equal to zero, and Eq. (21) reduces to the simple wave equation

02 %ox?

(22)

where the wave velocity Uy = / Ey/po.
We therefore seek solutions in the form

u(x, 1) = —f(t—-(x—_‘l_f—/ﬁ>+f<t+g—j%h—/2)> (2>3)

Considering the boundary conditions in Egs. (15) and (16)
and energy deposition defined by Eq. (20), the solution is

ol &
x=0
Tepep
t
T ) T ¥ T4>

to h/2Ug/ tg+h/2Ug h/Ug 3h

) 2Ug
-FQOEO -

Fig. 10 Stress at plate centerline for 7, < k/2U,.
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found to be defined by

UgI"poto

_ Y
S = 2Eote

[£2H(t) — (t — 1) *H(t — 1,)] (24)

With this expression for f(¢), displacements, strains, and
stresses can be determined. The expression for stresses that will
be used subsequently is given below:

700 = Fioeo {[’ + &= h/z)] H [z + w}

0 U() Uo

i (x —h/)2) (x —4/2)
- _t —t0+T:]Hl:t—t0+T:I
N rt & +h/2)] " [z G +h/2)]

L Uy Us
— _[ _to_w:lf[[t _IO_MJ}

L. UO UO
—Tpo 2tH() — (= 1 H(E — 1) 25)

For comparison, the expression for stresses when the total
energy ¢, is deposited instantaneously is given as

o(x, ) = Tpeto {H[, . w]
Us

+H|:t +%/2—)]—H(t)} (26)

0

A plot of the characteristics of the wave equation is shown in
Fig. 9. The plot indicates the stress state in the plate for differ-
ent regions in space-time. Expressions (25) and (26) are valid
from 7 =0 up until release waves are reflected.

Since we are interested in determining the conditions under
which spallation occurs, and it has been shown that spallation
will develop along the centerline x = 0, expression (25) is spe-
cialized for x =0 and given as follows:

Olo= —Tpo 2UH®) — (1 — t)H(t = 1]
]

€ h h
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h h
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Fig. 11 Stress at plate centerline at critical time as a function of pulse
length.
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This expression can be used to determine stresses at the cen-
terline of the material for a given value of ¢. Figure 10 shows
the stress variation with time for cases in which ¢, < h/2U,. As
can be seen from the plot, the maximum tension and compres-
sion stresses are ['pye, and —Ipge,, respectively. These are
exactly the same stresses that were obtained during the consid-
eration of instantaneous energy deposition. Thus, we can con-
sider a material with energy deposited in a time ¢, < #/2U, to
have the same response as if the energy was deposited instanta-
neously.

Under conditions in which the duration of the pulse is long,
the maximum stress and the critical time for spallation to occur
will be at ¢ = 3k/2U,,. Therefore, using expression (26), maxi-
mum tensile stresses as a function of pulse duration can be
found. The results of this are shown in Fig. 11.

Examples

To illustrate the use of the expressions derived in the previ-
ous sub-section, we will consider the response of an aluminum
specimen of thickness 0.5 cm subjected to two different energy
deposition rates. The parameters used in this example are as
follows:

po=2.7 g/cm>
I'=21
E, = 68,900 MPa

Uy=+/Ey/po=0.51 c;m/us
oy = 520 MPa

For the first case, we consider the energy deposited by the
electron beam at NRL’s Linac facility. The characteristics of
this beam, which were given previously, are such that approxi-
mately 1J/g is deposited for each pulse of duration 1.5 us.
Considering this energy to be deposited instantaneously
through the material, maximum compressive and tensile
stresses are computed from Eq. (26) and found to be

Tpeeo = 5.67 MPa

However, as stated previously, the assumption of instanta-
neous energy deposition is valid for pulse lengths up to dura-
tion h/2U, which, for the case under consideration, is
approximately 0.5 us. Therefore, using expression (27), maxi-
mum tensile stress is computed to be 1.89 MPa. Thus, from this
example it is obvious that spallation would not occur and that
the assumption that the response of the material could be accu-
rately described by its thermal effects alone was correct. As a
second example, we consider a case in which 120 J/g are de-
posited in a pulse of 2.0 us. If the incorrect assumption is made
that the energy is deposited instantaneously, the resulting max-
imum tensile stress is approximately 689 MPa, which would
lead one to believe that spallation failure, using the simplified
criteria we have defined, is likely. However, if we consider the
actual pulse duration as required by the established criteria,
maximum tensile stresses would be 172 MPa, which is well
below the spallation value.

The previous examples illustrate the effect that actual pulse
duration has on computation of dynamic stresses. It is also
seen that for anything other than disturbances of the shortest
duration, relief waves propagating from the free surfaces will
strongly diminish maximum stresses encountered in the mate-
rial and a static situation is quickly reached.

Summary

The expressions and examples given here for determining the
response of materials subjected to rapid in-depth heating have
been intentionally simplified in order to obtain first-order esti-
mates for assessing the importance of dynamic effects. Given
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Fig. 12 Response diagram in terms of deposition rate and total energy.

the total energy deposited and deposition rates, maximum ten-
sile stresses expected at a critical time and location (¢ = 34/2U,,
and x =0) can be computed and compared to a theoretical
spallation strength. At strésses well below this value, it can be
expected that dynamic effects will be insignificant.

Further work performed in this area should be directed to-
ward assessing the effect that the initial assumptions made in
the derivation would have on overall results. In particular, the
assumption of linear constitutive relations should be studied.
Also, if cases in which the surface area subjected to energy
deposition is not large in comparison to material thickness are
to be considered, the approach should be extended to two or
three dimensions. Finally, it should also be pointed out that the
analogous problem, for material subjected to surface energy
deposition, should also be studied. The problem of energy ab-
sorption in a thin layer of an elastic half-space has been ad-
dressed in Ref. 11.

Conclusion

In this paper we have categorized thé various directed energy
weapons postulated under the Strategic Defense Initiative by
the means in which they transfer energy to their target. Basic
distinction is made between those in which energy is deposited
on the surface and those that deposit energy through the thick-
ness. Each of these categories is then subdivided by rate of
energy deposition into categories denoted by slow and rapid.

Study of materials subjected to in-depth energy deposition
indicated that for slow deposition, the material could be char-
acterized by thermal response alone. Under these conditions,
structural failure would be induced by a reduction in strength
or stiffness of the material. It has been shown that thermal
response of metals and. composites can be found using
numerical techniques in solving the nonhomogeneous heat
conduction equation with temperature-dependent properties.
Experiments that subjected aluminum, titanium, and graphite-
epoxy specimens to electron-beam irradiation were used to ver-
ify the numerical results.

Material response due to rapid in-depth energy deposition is
characterized by generation of extremely large stresses through
the thickness of the material and possible failure by spallation.
Calculation of the stress magnitudes was presented and shown
to be straightforward if the energy is considered to be deposited
instantaneously.
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Since the response of materials is considerably different for

the slow and rapid deposition cases, it is desirable to develop
criteria that would indicate the dominant response. Simplified
expressions based on total energy deposition along with depo-
sition rate to determine stresses as a function of time and posi-
tion through the plate have been developed. Using these
expressions for a critical time and position, maximum tensile
stresses are computed to determine if spallation would occur. If
the stresses are significantly below the spallation strength,
stresses will quickly dampen out, indicating that the material
response can be characterized by thermal effects alone. With
the information presented here, it is possible to develop a “re:
sponse diagram” indicating the different mechanisms as a func-
tion of total energy and energy deposition rate. Such a dlagram
is shown in Fig. 12. The shaded area indicates regions in which
spallation occurs. This region is then further divided, based on
energy level, indicating whether the spalled material is a solid,
liquid, or vapor. The unshaded area indicates regions where
thermal response dominates. This area is also divided accord-
ing to whether the material is vaporized, has melted, or remains
as a solid but with reduced mechanical properties. Also, it can
be seen from the figure that to induce spallation, point A repre-
sents the most efficient use of energy since it indicates the low-
est total energy at the lowest deposition rate. For an aluminum
plate of thickness 0.5 cm, which we have considered, this corre-
sponds to 90 J/g with a pulse length of 1.0 us. Point B repre-
sents the cutoﬂ for determination of spallation in terms of
deposition rate. That is, at all ‘energy levels greater than
36.u/T po, or 270 J/g for our example the minimum deposition
rate required for spallation is 2Uy6 /AT pg, or 180 J/g us.

Although the “response diagram” presented here is based on
the simplified expressions developed in this paper and is thus
limited by the same assumptions, it does provide a visual
means to determine material response characteristics due to
varying rates of in-depth energy deposition.
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