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[Abstract] Thermal shock wave and spall effect of LY - 12 aluminum exposed ro a highcurrenr and low —
energy electron beam are scudied. The mechanism of entergy depasition of electrons in the target is very com-
plicated. Many researchers used the Monte = Carlo method to calculate the energy deposition, bur & semi ~
empirical method is used in this paper. The melting process should be adequately taken into account for the
atudies of the material dynamic response in the intermediate energy deposition range. The equation — of -
srare {EQS) model used is a three = phase EOS which provides o more detailed and thermodynamically com-
plete descriprion of metals in the melting region. We also use the srrain - rate ~dependent constitutive model
which is more effective than the simple von — Mises elastic - plastic model in studying the spall fracture and
the attenuation of the propaganng stress waves. The heat —conduction effect is also considerd. The calculat-

ed results are in good agreement with the experimental results.

1 Introduoction

It is useful, in the fields of radiation hardening, nuclear electricity generating plants and

{aser weapons, to study the effects of rapid energy deposition in a variety of high - speed
phenomena. Such phenomena include: the deposition of x —ray energy from the detonation of
nuclear explosives. the deposition of electrons from electron — beam machines, the deposition
of intense laser beam energy, exploding wire phenomena and the explosive compression of
magnetic flux. All of these phenomena may be characterized by high energy densities and
take place over times of the order of a few nanoseconds to a few hundred nanoseconds. Al-
though the mechanisms of energy deposition of thse phenomena are varied, the deposited en-
ergy all causes a shock wave in the target. The tensile stress may appear near the rear free
surface due to the reflection of the shock waves. If it is strong enough, the tensile stress may
lead the spallation of the farget. The melting process is important for the study of material
dynamic response in the intermediate energy deposition range. Application of the simple Mie
- Griineisen EOS model to the intermediate range may be questionable and deserves careful
scrutiny. A more complicated three - phase EOS, the so —called GRAY EOS, has been de-
veloped by RaycePfor the treatment of metals in the intermediate range. It offers the advan-
tage of explicit treatment of the melting transition with some degree of sophistication. The

strain rate is very high in high speed phenomena and, the strain rate may be up to 10’s”'in
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the energy deposition of intense laser beam!®,

The constitutive equation of a simple van Mises type elastic — plastic model should ke re-
placed with a more sophisticated strain rate dependent model to describe plastic flows. In
this paper, a strain rate dependent model™is used to study the attenuation of the propagat-
ing stress waves and the spall effect. The spall model used is the cumulative damage criterion

developed by Tuler and Butcher™,

2 Theoretical model

The material exposed to a short pulse of electron beam will attempt to thermally expand
under the rapid indepth heating. As the heated region expands in response to the thermal ;
pressure, a portion of the hot material as the form of liquid will be blown off from the front
of the sample. The phenomena of the melting, vaporization as well as the plasma generation
on the surface of the target material in the incident particles — materials interaction are differ-
ent from that in the mechanical loading. Although dynamic loading conditions are different,
shock wave phenomena produced by dynamic loadings are commonly the same in both cases.
This strong shock wave may lead the spallation due to the wave reflection from the rear free
surface of the targets. To madel the thermal shock wave and spall damage one must consider
the interaction of incident electrons with materials, the surface melting, the propagationg of
stress waves as well as the fracture in solids. One dimensional elastic — plastic hydrodynamic

equations in uniaxial strain configurations are expressed as in the following
1R

Continuity=V=‘-5;E (1)
Momentum;% é%=0 27
aE # T
Energy:i-f-a E=Eg+VK Fe2 (3>
Constitutive mode1=a=P+ir=P+ip:(s—iep} .4 J
3 3 2 A
EOS. P=(EXE,V), T=0(E,V) (5)

where R and r are, respectively, Eulerian and Lagranian coordinates, ¢ time, and the eleven :
variables, that is, g the initial mass density, V specific volume, o total siress (taken posi-
tive in compression), &, plastic strain, E specific energy, E, deposited specific energy rate,
P pressure and T temperature which bath are the function of E and V, ¢ shear stress, u
shear modulus, X thermal conductivity., The particle velocity % and total strain & are, re-

spectively, defined as;

w=2, e=In{p/pe) (6

where p=V "' is the mass density. The artificial viscosity ¢ is given as.
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AL L A\ w\E M
a16r|a|+az(? (E), ’}<O
g = (7
0 X0
b é} —
where a; and a, are viscosity coefficient. ¢ is the velocity of sound, At and Ar, are. respee-
tively . time and space increment in the calculation.
The cumulative damage criterion is based on the consideration of a function Fand defined

asIZ-aJ :

Flo,0) = r‘(au — e, for 6 < g (8)

where o, is a constant tensile stress at which the cumulative damage calculation is initiated, 3
is a coefficient, and At respesents the width of the tensile pulse at the stress level g,°~¢. The
cumulative damage criterion states that spall will take place in the material at the points
where the function F equals or exceeds a critical f. For incipient spall, the maximum value

of the function F equals f.

3 Energy Deposition

When an electron beam radiates on a target, any or all of the following collision process-
es may take place — not to mention nuclear reactions and other strong interactions —and in
their course bring about energy diminution and deflection of the incident particles’motion
(1) inelastic eollisions with atomic electrons, (2) inelastic collisions with nuclei, (3) elastic
collisions with atomic electrons. (4) elastic collisions with nuclei,

Inelastic collisions are the primary mechanism by which beta particles (incident
electrons) lose the energy in matter. Usually inelastic collisions with atomic electrons result
in excitation or {reeing of the atomic electrons. The energy losses caused by this collision
processes are called ionizable losses, Inelastic collisions with nuclei, on the other hand, re-
sult in deflections of the incident beta particles. During the deflection. a quantum of electro-
magnetic radiation (bremsstrahlung) may be emitted. The kinetic energy of the beta particle
is reduced by an amount equal to the bremsstrahlung energy. The energy losses caused by
this collision processes are called radiative losses. Ionizable losses dominate at low beta ener-
gy and radiative losses dominate at high beta energy.

In elastic eollisions with electrons and nuclei. the incident beta particle is deflected but it
does not radiate energy. During an elastic collision with a nucleus. the beta particle only los-
es enough energy to conserve momentum between the colliding particles. For an elastic beta
—electron collision, energy and momentum are conserved and generally not enough energy is
transferred to excite the struck electron.

The type of interaction which oceurs during each collision is a matter of chance. The

probability of each type of encounter can be obtained from scattering theory. So many inves-
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tigators used the Monte — Carlo method to study the interaction of an electron beam with
matter. ln this paper, to avoid the complicated numerical calculation we present a simple
model for the energy deposihion of pulsed electron beams in materials.

Suppose that an eleciron beam which has N,(¢) electrons per unit area and per unit time
impinges normally on a target. The incident electron beam is multienergetic and consis of m
kinds of energy. & is the fraction of the energy E;;. The penetration depth in the incident di-
rection is defined as the effective mean range R,;. For the low —energy electron beam and low
atomic number Z target. the following empirical expression for the effective mean range R,j
(in g/em?)as a function of kinetic energy E,;(in Mev) was proposed by Rudiel®,

R, =G, onc=—caLan {9)

The penetration depth in the incident direction of eleirons away from the incident surface

(em), where kinetic energy is E;, is defined as remanet effective mean range R,(in g/em?);

R,=G,E 5% (10)

where G,, G; and G, are material consiants, for aluminum alloy G,=¢@. 5493, G,=1. 216,G,
=0, 11.

From (8) and (10), the kinetic energy E; away from the surface r is expressed. as fol-

lows.
0. Ry — vz
j — BXp [?35[(;3 - (Gg - 4G31n uTlpr) ]] (11)

Subba™ gave an empirical expression for the transmission in the incident direction of the
electrons from many theoretical and experimental data as in the following.

T = l—I—exp(— nng)
11 +explrlor — 7Ry /Ry ]

where n=09, 2Z7"*+16Z7%%,n,=0. 63(Z/A)+0. 27, A is atomic weight (in g/mole).

When the dynamie coupling of energy deposition and the propagating stress wave is con-

(12)

sidered, the deposited specific energy rate En(in Mev/g. s) may be calculated from Eqns(11)
and (12) through.
u d{T.,E,
E[.\ = ZsﬂjNﬂ("’) a( f] (13)

=1
Which will play an important role in the study of the beam induced stess wave propagation,

as issued in the Section 2 and section 6. The readers who are assumed not familiar with the

approximate expressions used for the deposited energy from an electron heam are referred to

Refts),

4 Constitutive Model

When the propagation and attenuation of thin stress pluses are of great concern, the
constitutive model is important. As is generally known, the simple elastic plastic consitutive

model cannot account for increases in the flow stress due to strain hardening and strain rate
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effects. or changes in the nature of strain hardening or reverse loading from a prestrained
state (Bauschinger effect). It has been apparent for some time that many metals exhibit to
some degree dynamic response features which the simple elastic plastic model does not ac-
count for. Moreover, experimental evidence indicates that some of the more complex effects
not exhibited by the simple elastic plastic model may have significient influence on the calcu-
lation of thin pulse propagation and damage thresholds in metals,

In this paper, the constitutive model proposed by Read™is used. In the constitutive
model. the total strain ¢ is decomposed into elastic and plastic compeonents. The elastic com-
ponent is obtained from Hook's law, and the plastic stain is obtained from the theory of dis-
location dynamics in which the plastic strain rate is related to the mobile dislocation density
and the average dislocation velocity. The model describes a spectrum of mechanical response
ranging from quasistatic behavior. through the thermally activated intermediate strain rate
region, and upto the high strain rate region, where phonon viscosity and sonic relativistic ef-
fects control the plastic flow process. Upon reverse loading from a prestrained state, the
constitutive model exhibits a rate dependent Bauschinger effect.

When we do not distinguish hetween dislocation types(slip and twinning deformation) in
the one dimensional configurations considered herein, the plastic strain rate component &, in

the direction of uniaxial serain is given as;
i = —g-w_v., (14)

where & is Burgers vector, N.is density of the mobile dislocations, Vpis mean velocity of the
mobile dislocations.

The applied shear stress r may be decomposed inte a thermal component r which de-
pends on the temperature T and the plastic strain rate £,, an athermal component r, which
depends on the plastic strain and reflects strain hardening and the Bauschinger effect, and a
viscous drag stress component 75 which is rate dependent and reflects the influence of viscous
drag. Thus the applied shear stress ris given as:

rT=1r+ 14+ s (15)
For most metals in which thermal activation does not play an important role at a given tem-
perature, the thermal component rr may be neglected. This means that the thermal degrada-
tion is neglected. When this is the case, the glide velocity «, is equal to the mean velocity of

the mobile dislocations. From the relativity theory®™we have;

Vo= +1—Vy/Cly (16>

where C, is the elastic shear wave velocity, ¢ is a nonlinear funetion of 75
¢ = oty + &) (17
where &) and o, denote constants evaluated from experimental data. From (14) to (17), we

have:
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) Fl N, by
€, = - —/——— (18
3 /
1+ ¢*/C:
¢=a1(ful'd)+az(r*r,¢)z (19)

When strain hardening and the Bauschinger effect are considered. the athermal r, is given

as5:

Ta == aty[1l + Aex + | — €, |?]¥*[1 ~ c'exp(— 8V |e,. — &, ])] (20
where 7, is the initial yield stress. A,2 and & are constants determined from experimental da-
ta. « has the value of 1 or —1. and ¢’ has the value of 1 or 0, depending on where there is
initial loading. reverse loading or subsequent loading, Furthermore. ¢, denotes the maxi-
mum value of ¢, obtained during the previous phase. Finally. ¢, represents the accumulated ~
generalized plastic strain. ¢

The mobile dislocation density N, depends most strongly on the plastic strain e, .
N + (Npy — N + Meldexp(— A,¢,), for initial loading
- JLN',M + (N3 — N’ exp(— A, &), for reverse loading

where N,, denotes the initial mobile dislocation density . N.. is the asymptotic value of N,

(Z1)

for continued initial loading . M represents a dislocation multiplication coefficient. 4, and A4,
are annihilation coefficients , N is the asymptotic value of N, during continued reverse

loading, €, is defined as:

€, = € — &g, (22)
where €, is the value of ¢, at the end of the initial loading process and N, is the value of ¥,
at g, .,

An inspection of equation (18) reveals that it is of the general form:

g, = gle,, 1) (23)
where the function g depends in a nonlinear manner on hoth €, and r. So the shear stress can
be obtained from (4) and {(23). however, at the very onset of melting, it is assumed to be
zero,

5 Three — Phase EOQS

The -simple Mie — Griineisen{M -G ) equation of state is employed to describe the ther-
modynamic states of the solid and liquid phase. and a join to some sort of gas - law equation
is forced for expanded volume states at high temperatures. This procedure proves adequate
in many cases of interest. But for simple M - G EOS, no distinction is normally made be-
tween the solid and liquid states, nor are the details of the melting transition considered.

In this paper. the deposited energy is in the state that causes the surface material melt-
ing. Therefore, the internediate region(i. e, for pressures and temperatures near the melting

transition) is important. For solids heated to high temperatures. i.e. . above the onset of
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melting, an accurate thermodynamic description is more complicated. In particular, the exis-
tense of multiple phases must be treated as well as the effects of the melting {and boiling)
transition. The GRAY EOS is adequate to describe the intermediate region.

In the GRAY EQOS, the solid - liquid region is described by scaling law equation of state
for metals developed by Grovert™ who assumed that: (1)entropy of melting is a constant and
independent of the material or the pressure ;(2) the temparature dependence of the specific
beat in the liquid is a universal curve and scaled on the melting temperature; (3) the melting
temperature T, is taken as a function of volume by integrating a modified Lindemann law.
The effect of the nondegeneracy of the conduction electrons at nonzero temperature is added
in a free —electron approximation. The scaling —law EOS also includes a Grijneisen descrip-
tion of the solid.

The specific thermal energy Er(T,V) and the thermal pressure Pr(T.V) are described
by a scaling —law EDOS as follows;
solid, i.e. T<T.(V)—8T (V)

Eq(T,V)=3R'T + %G’Ti = ER(T, V) (24
VPT(T.W=3n<V)RIT+—;—r.G'T==VP+(T.V) (25)
melt, i,e, T (VY—8T(VIST<T . (V)+8T(V)
Er(T,V) = (T V) 4 o[T — 00T (V1A — o) (26
VP(T VY=VPHT, V) + AV T (VI (A —a') @7
liquid, i.e. TuV)+ITVISTT V)
Er(T,V) = ExCT\V) + TV {As’ -shi+= m]} (28)
VPT VY=VPLT, VI+ AT, (V){ %[ ]} (29)
hot liquid, i.e. T=T(V)
o r L (3R _
Er(T\V) = E5(T,V) + T (V) [As +32 [[ zw} 1]} (30)
LA
VP-T(T,V)=VP;(T,V)+A<V)T,,(V>{As'+%[(37f,] —1]}—%.1(12)1&’1" (31)

In these expressions, Ef (T, V) and P3(T,V) are the specific thermal energy and thermal
pressure at a temperature and specific volume T and V="', described by a Griineisen —type
EQS, or to the extrapolation of the Griineisen solid EOS to bigh temperature, §T(V) is tem-

perature change on melting at constant volume, R'=R/A,R is the gas constant, G’ is the

" electronic energy coefficient, ¥,(V) is the volume - dependent Griineisen gamma for the sol-

id, Ye is the electronic gamma, v is a progress variable describing melting, A(V') is the slope
of the melting line, As' is the entropy of melting, ' is a parameter describing the rate of de-
crease of the specific beat in the liquid, T¢{V) is the temperature at which the hot liquid be-

gins to behave thermally like an ideal gas. At a particular specific volume, melting is as-
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sumed to start at a temperature T, {VIY—3T(V) for the solids, and to be complete at a tem-
perature T (VI4+8T (V) for the liquids.

In GRAY EOS, it is assumed that the liquid —vapor region may be described by a hard -
sphere model perturbed by a van der Waals attraction. The EOS is developed by Yéng and
Alder™, Their van der Waals model used an analytical representation of the classical hard -
sphere EOS with a van der Waals attractive term added. The two parameters in the theory
can be evaluated from the cohesive energy and the density of the liquid near the melting
point. The pressure and specific energy P{T,V).and E(T,V) are described by the following
equations

RTUAY4+Y —YY &
VT&—Y)’ — (32)

E(T,V)=4RT—F (33
where ay = a,/A?, ay is the Young - Alder — van der Waals coefficient. The variable ¥ is a
scaled density, Y=V ,/V, V,=0. 45V, where V. is the specific volume of the liquid near the
melting point.

The complete EOS is developed by analytically joining the Grover scaling law and the
Young — Alder models at a volume in the range 1. 3 to 1. 5 times normal volume. This is ac-
complished by adding correction terms to the Young — Alder EOS employed on the low —den-
sity side of the join volume. These correstion terms make the EOS continuous at the jein vol-
ume by slightly modifying the Young — Alder EOS in that vincity. They become insignificant
at volumes welll away from the join volume, leaving the Young — Alder EOS unaffected. All
of this is done in a thermodynamically consistent manner.

The eguation of state is laid cut in P=8(E,V) and T=0{E,V) forms for use in nu-
metrical hydzodynamics calculation. For a detailed desg:ription of the GRAY EOS, the reader

is referred to the criginal literaturel),

6 Results

In this section we present the calculated results of energy deposition, specific energy by
the end of electron beam radiating, attenuation of stress wave peak value, thermal shock
wave shape, position - time plot and spall effects. We also compare some calculated results
with the experimental results. As metioned above, the term of the deposited energy in (3) is
calculated from Section 3, the constitutive model and EOS are, respectively, calculated from
Section 4 and 5.

The composition of LY - 12 aluminum is very similar to 2024 aluminum. Therefore, the
parameters of 2024 aluminum for three — phase GRAY EQOSM are selected as those of the tar-
get. Whereas the parameters of the strain rate dependent constitutive model™) and the cumu-

lative damage criterion™ of 6061 —T6 aluminum are selected as those of the target LY-—12 a-
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luminum., respectively. The thermal conductivity is 1. 2(W/cm. K) for the solid LY - 12 alu-
minum. However, for the liquid region the thermal conductivity is selected to be 0. 8(W/cm.
K) from the referencel.

The experiments were carried out with 1MV electron beam machinel''], The diode volt-
age is 0, 67 MV and current intensity is 16KA and the cathode - to —anote gap in the field e-
mission tube is 12mm. The vacuum is 6. 7 X 107°Pa. This mode of operation produced a
beam with a relatively constant energy distribution (the mean energy of the electrons is 0.
267Mev) , which is multienergetic and Fig. 1 illustrates its energy spectrum, yet with a flu-
ence 32cal /em?, the resulting beam is a stable pulse of electrons having a full width at half -
maxium of 25ns.

Although the measured dicde emission current is not accurate, it is very similar to sinu-
sodial shape from the measurements. The current I(¢) incident on the target is assumed to
have the same time dependence and current intensity as the diode emission current. There-
fore, we have I(¢)=1I,sin(w), where [,=18K A is the peak current intensity, w=2x/75ns ™!
and the pulse duration is 37. 5Sns.

The target samples (i.e. , the anode) are 30mm —di-
am disks of LY - 12 aluminum. The beam spots are 10mm
in diameter. The rear surface is closely struck on a quartz
crystal to measure the normal velocity histories of the sur-
face.

The disks with five different thickness, 1. 2, 1,5, 2.

0, 2. 8 and 4. Omm are used in order to ohserve the ampli-

tude of stress ware in different shot and to compare them

E./Mev

with theoretical predictions. Figl Energy of an electron beam spectrum
when 2 moncenergetic electron beam with 1 Mev en-

ergy impinges normally on aluminum target. the specific energy @ (Mev/g * em?) deposited

on per unit area is illustrated in Fig. 2. To check the simple model of energy deposition {13).

we also compared the caleulated results of the energy deposition with the experimental data

given in Refl®). As seen in Fig. 2, the magnitudes of the calculated energy deposition agree

approximatelly with the measured values.

In Fig. 3, the specific energy by the end of electron beam radiating is illustrated, It can
be seen that the deposited energy just exceeds the energy necessary to melt the target surface
materials. So the material, especially the heated surface region, is in the intemediate region
(i.e. , for pressures and temperatures near the melting transition).

In Fig. 4. the attenuation of stress wave peak value is illustrated. The attenuation of
stress wave peak value is very strong near the incident surface. It can be seen that the calcu-
lated values are hasically consitent with the experimental values. In Fig. 5 the thermal shock

wave shape shows that the shock wave becomes wider and wider as the propagating stress
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wave deepens into the solid region. This phenomenon is natural.

We also give the position —time plot in Fig. 6. Region I and I in this plot represent the
hot liquid region and liquid . respectively, They are blown off as a result of the thermal pres-
sure . Region ¥ and IV represent the melt and solid region, respectively. As a result of the
heat — conduction effect and the propagating of the thermal shock wave, the melt region will
vanish. The phenomenon may also regarded as the resolidfication of the melting region. In
the experiment, we have obvicusly observed the "blown off” materitals and the resclidified
materials, Their thickness is basically cosnistent with the theoretical values. From the posi-

tion — time plot. we may see that the incident surface regions are very complicated.

)

o™

[ 3]

19}
—— This paper

o Rudiel 19752

E/crg » (gr™!
2
—T

€/ Mev = (g - am®) !
-

| Il L 1 100 J. N I L
n a1 0.2 0.3 n.4 0 0,25 0 FG 075
P .gE-ctm ° 4/mm
Fig 2 Energy deposition for 1. 0 m, electron beam in Fig 3 Specific energy by the end of electron beam radi-
the aluminum target ating
~—— “Theoretical value 3)_ t=0,22 ps
1l
e Experimental value = {
é /
Df o \S -
= ook
S
3
1 —
l —
r
L. 1 - 1 ) 1 0 = L .
0 . ] 0.2 g3 0.4 .l 0.2 0.3 0.4
h/cm Afcm
Fig 4 Atrenuation af stress wave peak value Fig 5 Thermal shoke wave shape

Table 1 gives the calculated and experimental results of spall effects near the rear free
surface of the target samples. The spalls become thicker and thicker as the target thickness
increases by degrees. This is due to the fact that the shock wave is very narrow and the ten-
sile stress is much greater than the fauilure intensity o, when the target is thin. Therefore,

the cumulative damage time A¢ s vety short and so short that the spall becomes thin. Where-
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as the target is thick the shock wave width increases and the tensile stress is just a little
greater than the failure intensity o, and, therefore, the cumulative damage time Af is very
long and so long that the spall becomes thick. However, the spall effect can't take place as
the target thickness increases to a certain degree. This is due to the fact that the tensile
stress causes the function F of the cumulative damage criterion less than the critical f under
these circumstances. The calculated and experimental results all show that spall takes place

only once.

7 Conclusions

In this paper, we propose a semii

- empirical formula for studying the 2.0l
L Shock wave
energy deposition of an electron — S
beam in the target. The results of a 2 1.5 \ //"
.
theoretical study of the dynamic re- ¢ A
. £ s
sponse of LY - 12 aluminum exposed ol e
to a high - [luence low - energy 7
pulsed electron beam are presented osk N
and compared with some experimen- ]
tal "results. The consistancy of the - 1 I L
0 0.25 .50 0. 75

calculated results with the experi- Position /mm
mental results shows the importance

of EOS. Because of the existence of gy poution—time plot¢ T ~hot hquid, 1 —liquid. ¥ —melt, ¥ —

multiple phases. the state, especially sdlid)

near the incident surface, is very

complicated. When fluences become higher and hence higher strain rates and plasma may
come into existance, in thiscase, the multiphase EQS and the strain rate dependent constitu-

tive mode become more important.

Moreover. there are microvoids Table 1 Spall thickness 5 of LY — 12 aluminum targets

in the materials and the microvoids Target thickness(mm) 1.2 1.5 2. 0 2.8 4.0
. . . & theore. {mm) D.34 0.35 0.39 0.43 0
will change because of void diffu- 2 exper. (mm) 041 0.41 0,42 0. 46 0. 4B

sion, void - nucleation and void

growth. The temperature, strain, strain - rate, incident particles (electron beam, laser
beam,x —ray)all effect the change of microvoids. Some constitutive models for a solid with
microvoids as a means for modeling deformation at high strain rates coupled with material

damage have been proposed by krajeinovic0?1, Perzynal'’l, ad Nemes et al® and zhou et
altl,
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