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Recent advances in studies of shock-induced chemistry in reactive solids have led to the 
recognition of a new class of energetic materials which are unique in their response to shock 
waves. Experimental work has shown that chemical energy can be released on a ti~e. scale 
shorter than shock-transit times in laboratory samples. However, for many compos1tlons, the 
reaction products remain in the condensed state upon release from high pressure, and no 
sudden expansion takes place. Nevertheless, if such a reaction is sufficiently rapid, it can be 
modeled as a type of detonation, termed "heat detonation" in the present paper. It is shown 
that unlike an explosive detonation, an unsupported heat detonation will decay to zero unless 
certain conditions are met. An example of such a reaction is Fe2 0 3 + 2Al + shock-Al 2 0 3 

+ 2Fe (the standard thermite reaction). A shock-wave equation of state is determined from a 
mixture theory for reacted and unreacted porous thermite. The calculated shock temperatures 
are compared to experimentally measured shock temperatures, demonstrating that a shock
induced reaction takes place. Interpretation of the measured temperature history in the context 
of the thermochemical model implies that the principal rate-controlling kinetic mechanism is 
dynamic mixing at the shock front. Despite the similarity in thermochemical modeling of heat 
detonations to explosive detonations, the two processes are qualitatively very different in 
reaction mechanism as well as in the form the energy takes upon release, with explosives 
producing mostly work and heat detonations producing mostly heat. 

I. INTRODUCTION 

There has been a resurgence of interest in shock-induced 
chemical reactions in solids, culminating in the recent recog
nition of a new class of energetic materials, in which thermo
chemical energy is controlled by high pressure shock com
pression. 1 Much of the recent work has been concerned with 
chemical synthesis, 2-4 building on the earlier work which 
was dominated by the Soviets.S-7 Shock-induced chemical 
reactions in solids have been studied experimentally by post
shock analysis, as well as by time-resolved measurements, 
leading to a number of theoretical efforts to explain the 
mechanisms by which such rapid reactions can take place. 

The present paper is devoted to the development of a 
description of such reactions based on fundamental thermo
chemical and shock wave principles. Unlike the other theo
retical developments to date, the present model ignores the 
kinetic aspects of the reactions entirely, and assumes only 
that the reaction proceeds rapidly enough that an equilibri
um state can be defined behind the shock wave. The purpose 
of this effort is to provide a conceptual framework to which 
the more advanced models can be related, and the subject is 
approached in much the same manner as the earliest at
tempts to describe explosive detonations without regard for 
chemical mechanisms. Shock temperature data are also pre
sented to the extent that they provide experimental support 
for the model. 

II. BACKGROUND 

The growing interest in the problem of shock initiation 
of chemical reactions in solids is reflected in the large num
ber of experimental and theoretical papers published since 

the 1983 bibliography of Graham et al. 8 An example is the 
recent work concerned with materials that exhibit exother
mic reactions under shock, forming intermetallic com
pounds. These reactions have been studied extensively by 
examining samples recovered from explosive-loading ex
periments.9-10 These recovery experiments were instrumen
tal in demonstrating that the shock environment is unique in 
its ability to rapidly mix and activate the components, there
by initiating a fast reaction. 

Strongly exothermic reactions, such as intermetallics, 
thermites, and other pyrotechnic mixtures, are currently of 
particular interest. The earliest work in the U.S. on such 
materials was a series of exploratory experiments in which 
the estimated internal energy increase due to a shock was 
compared to the statically measured autoignition energy for 
a number of heat powders. 11 These experiments were not 
designed to provide evidence for chemical reactions at or 
behind the shock front; time-resolved experiments have been 
required to make that observation. Sheffield and Schwarz 12 

observed possible evidence that reactions can take place on a 
microsecond time scale by measuring wave profiles in 
shocked titanium subhydride/potassium perchlorate mix
tures. They proposed that the reaction front moves through 
the reactive material at the same velocity as the shock, and 
pointed out the similarities to initiation of high explosives. 
Kovalenko and Ivanov 13 performed Hugoniot measure
ments as well as recovery experiments on lead nitrate/alu
minum mixtures, finding that the reactions that led to the 
products they observed in postshock analysis were apparent 
in the Hugoniot data. Their work provided further evidence 
that shock-induced chemical reactions can take place at a 
rate commensurate with that of shock wave propagation. 
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Batsanov et al. 14 compared Hugoniot measurements on stoi
chiometric mixtures of tin and sulfur to those on tin sulfide 
in an attempt to determine the extent of reaction as a func
tion of shock pressure. However, because the uncertainties 
in the measured Hugoniots are large relative to their differ
ence in pressure at a given specific volume, their determina
tion of the quantity of reacted material was effectively only 
an estimate. 

To provide a more sensitive time-resolved method for 
observing shock-induced chemical reactions, shock-tem
perature measurements have also been applied. Boslough 
and Graham 15 used time-resolved radiation pyrometry to 
show that shock-induced reactions in nickel/aluminum 
mixtures take place on a submicrosecond time scale. Hornig 
et al. 16 applied a similar technique to an aluminum/ferric 
oxide ( thermite) mixture, and concluded that ignition oc
curred in less than 100 ns. These temperature measurements 
provided more support for the view that the reactions occur 
immediately behind the shock front, but both studies were 
complicated by thermal radiation from the heterogeneously 
heated powders. This potential problem was overcome by 
making use offine-grained powders for rapid thermal equili
bration, and by comparing tim~-resolved shock tempera
tures in nickel/aluminum mixtures to those in inert pure 
nickel under similar conditions. 17 The measured tempera
tures were consistent with prompt shock-induced reaction of 
at least 45% of the reactants in the mixture. 

Experimental observations of shock-induced chemical 
reactions have encouraged attempts to model the process. 
Maiden and Nutt 18 developed a heterogeneous model for 
calculating shock initiation thresholds by assuming that the 
reaction is ignited when the surface temperature of a pore 
meets a hot-spot ignition criterion. They assumed that the 
initiation process is very similar to that for high explosives, 
and adapted an explosive initiation theory to determine criti
cality conditions. By contrast, Enikolpyan et a/.19 believe 
that observed explosive-like reactions in powder mixtures 
under low strain-rate pressure-shear loading is due to unique 
chemical processes having nothing to do with thermal acti
vation. They based their argument on the observation of ex
tremely rapid reactions for both strongly and weakly exo
thermic systems, independent of starting temperature. 
Instead, they proposed that the reactions are initiated 
through mechanisms of mechanical "disintegration" and 
mixing of the substituents by a shock wave. 

Rorie and Kipp 20 formulated two mathematical mod
els, one homogeneous and one heterogeneous, within the 
context of the "catastrophic" shock approach ofGraham. 21 

The models assume that the shock generates a nonequilibri
um mixture by high-speed relative mass motion, plastic flow, 
fracture, and mass mixing through processes such as Helm
holtz instabilities and microjetting. Taylor et al. 22 extended 
this model by considering chemical reactivity that proceeds 
at various rates due to a heterogeneous temperature field. 

Graham 1 has now pointed out that shock-induced reac
tions in nonexplosive energetic solids are fundamentally dif
ferent from either high explosive detonations or pyrotechnic 
reactions. Controlling features appear to be: shock-induced 
mixing, shock activation, configuration change and heat-

ing.4 The distinctive nature of this process allows recogni
tion of such reactive solids as a new class of energetic materi
als. 

Ill. SHOCK THERMODYNAMICS 

When an inert, homogeneous substance is compressed 
by a steady, one-dimensional shock wave to another state in 
thermodynamic equilibrium, the specific internal energy in
crease across the shock is 

(1) 

where Eis the specific internal energy, Pis the pressure and 
Vis the specific volume. The variables subscripted by 0 and 
H refer to the initial state and the state behind the shock 
front, respectively. This equation is often referred to as the 
Rankine--Hugoniot equation, and comes directly from the 
conservation of mass, momentum, and energy across the 
shock front. 23 In general, it is the normal stress in the direc
tion of shock propagation that is used in Eq. ( 1) rather than 
the pressure. However, for a stress much greater than the 
yield strength of the solid, the difference between stress and 
pressure is small and can be ignored. The range ofHugoniot 
elastic limits for various aluminum alloys is 0.02 to 0. 7 
GPa. 24 This range is well within the peak shock stresses un
der discussion, so for simplicity we will assume that the 
strength of thermite is negligible. By ignoring strength, the 
details of the calculated shock compression at low stresses 
are inaccurate, but the conclusions of the paper are not af
fected. 

In addition to Eq . .( 1) the specific internal energy of any 
material in thermodynamic equilibrium can be written as a 
function of P and V, as the equation of state E(P,V). By 
combining the equation of state with the Rankine--Hugoniot 
equation, E can be eliminated and P can be written as a func
tion of V. This P-Vrelationship is the material-dependent 
shock wave equation of state, and is called the Hugoniot. It 
should be emphasized that the Hugoniot is not a thermody
namic path followed by the material, but is a locus of end 
states achieved by shock waves of varying intensity. 

The shock process is rapid and adiabatic, but in general 
it is irreversible and therefore not isentropic. The irreversibi
lity comes from dissipative mechanisms within the shock 
front which convert mechanical (and sometimes chemical) 
energy to heat. Thus, for a given material, the principal Hu
goniot curve will lie above the isentrope centered on the 
same initial state in the P, Vplane. The difference in pressure 
at a given specific volume is due entirely to the greater ther
mal energy, and can be related by using the Mie-Griineisen 
approximation, 

(2) 

where the subscript S refers to states on the isentrope, and r 
is the Griineisen parameter: 

y(V) = v(ap) =aVKrlCv, (3) 
aE v 

where a is the volume coefficient of thermal expansion, Kr is 
the isothermal bulk modulus, and Cv is the specific heat at 
constant volume. Use of the Mie-Griineisen approximation 
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[Eq. (2) ], requires the assumption that the Grtineisen pa
rameter is a function only of volume, and bas no pressure 
dependence. 

The energy along the isentrope is determined simply by 
integrating the differential expression for the first law of 
thermodynamics, holding entropy constant: 

Es - E 0 = -f.v Ps dV. (4) 
V., 

Combining Eqs. (1), (2), and ( 4) allows the Hugoniot pres
sure to be written as a function of V, iftheisentropeP 5 ( V) is 
known, 

PH(V) = u:. Ps dV + [ ;]Ps )/ 

([ ;] - ! ( V0 - V)). 

where it has been assumed that P0 = 0. 

(5) 

For a reactive material, P 8 ( V) can be determined simi
larly. If a material undergoes a chemical reaction during the 
shock process, the energy of the Hugoniot state is different 
by an amount equal to the heat of reaction Q and Eq. ( 1) 
becomes 

(6) 

where V0 refers to the initial specific volume of the reactant. 
The thermal energy between the Hugoniot and isentrope of 
the product is related to the thermal pressure by Eq. (2), 
where r is now that of the product. If the specific volume of 
the product at standard conditions is ~ < V0 , the energy 
along the principal isentrope of the product is 

Es - E0 = -f.v Ps dV. 
Yo 

(7) 

The integral of P s from V0 to V~ is zero because it corre
sponds to the isentropic compression of the product from a 
porous zero-strength solid with specific volume equal to V0 • 

In the general case, the initial state has some specific volume 
V00 =/-V0 ,correspondingtotheinitialporosityp = (1 - V0 I 
V 00 ). In this case V0 is replaced by V 00 in Eq. ( 6). Thus, the 
general Hugoniot pressure of a porous, reactive material is 

PH(V)=(-Q-J~P 5 dV-[;]Ps)/ 

( ! ( V oo - V) - ;), (8) 

where Q = 0 and ~ = V0 for nonreacting material. By in
serting known material properties into Eq. ( 8), the theoreti
cal pressure-volume Hugoniot of an unreacted material 
(reactant Hugoniot) can be compared to that of the same 
material if it reacts during the shock process (product Hu
goniot). 

IV. THERMITE EQUATION OF STATE 

The thermite reaction, 

Fe20 3 + 2Al-Al 20 3 + 2Fe, (9) 

is an example of a reaction for which the heat is large in 
comparison to the heat generated by a shock wave for shocks 

TABLE I. Tbermite reactant parameters. 

Parameter Aluminum Hematite Mixture 

Mass fraction 0.253 0.747 1.000 
(m,> 
Initial density 2.700 5.274 4.249 
(p0 , g/cm 3

) 

Initial specific 0.3704 0.1896 0.2353 
volume ( V0 , cm3 /g) 
Initial volume 0.398 0.602 1.000 
fraction ( v,) 
Zero pressure bulk 76.4 202.7 122 
modulus (Kos, 0Pa) 
Pressure derivative 5.32 4.53 6.65 
of Kos (K~s> 
Zero pressure 2.35 1.99 2.08 
Griineisen parameter 

<ro> 

of 10 GPa or less. The heat of reaction per unit mass of 
reactant in Eq. (9) is - 0.95 kcal/gm ( - 3.97X 106 

J/kg).25 

The reactant Hugoniot of the unreacted left-hand side of 
Eq. (9) was determined using Eq. (5) and the parameters 
listed in Table I, which have been taken from published data 
for aluminum and hematite. To calculate the isentropic pres
sure and its volume integral, the Bridgman quadratic equa
tion26 was used; 

~ =l-(PslKos)+½O+KosHP 5 /K 0s>2. (10) 

where Kos is the zero-pressure isentropic bulk modulus, and 
Kos is its first pressure derivative. For aluminum, these con
stants were determined from ultrasonic data by Anderson. 26 

For hematite, the ultrasonic data of Lieberman and 
Schreiber27 were used. It should be noted that Eq. ( 10) is 
valid only for strains less than a few percent. For the present 
study, in which pressures are less than about 10 GPa, the 
Bridgman equation provides a reasonable approximation. 
For higher shock pressures (and larger strains) a higher
order finite strain theory is necessary. For substances con
sisting of more that one component, however, the higher
order finite strain calculations introduce complications into 
the mixture theory, so the quadratic equation is used for 
simplicity. 

For a multicomponent system with a uniform stress dis
tribution, Eq. ( 10) is summed over all components i: 

(11) 

where m; and V; are the mass fraction and specific volume of 
the ith component, respectively. For a two-component sys
tem such as thermite, the composite bulk modulus (assum
ing zero porosity) is 

Kos= [(vi/Kost)+ (V2/K052 )]-
1, ( 12) 

where the initial volume fraction of component i has been 
written as V;, Equation ( 12) is the Reuss average, and as
sumes that the stress is constant throughout the aggregate. 28 
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Similarly, the bulk modulus derivative for the two compo
nent system is 

KE,s =K~[v 1(1 +Kasi )/K~s1 

( 13) 

where Kos; and KE,s; are the bulk modulus and its pressure 
derivative at zero pressure, respectively. Substituting the 
bulk moduli and derivatives from Table I gives Kos= 122 
GPa and Kos = 6.65 for the thermite reactant. A composite 
Griineisen parameter can also be determined from the com
ponent values. Duvall and Taylor29 showed that there is no 
simple way of calculating r analogous to Eqs. ( 12) or ( 13). 
A simple mass-fraction-weighted average, while inaccurate, 
is a reasonable approximation for present purposes. Substi
tuting the appropriate values into Eq. ( 8), the isentrope and 
a family ofHugoniots for various initial porosities were cal
culated for the thermite reactant. These curves are plotted in 
the pressure-volume plane in Fig. 1. For an initial porosity 
of 50%, the thermal pressure is so great that the final state 
densities are below standard density ( V > V0 ) • Such "anom
alous Hugoniots" are discussed in detail by Zel'dovich and 
Raizer. 30 

In the same manner, we can calculate the Hugoniot for 
which the end state is the right-hand side ofEq. (9), (the 
thermite product). It is impractical to use the principal isen
trope (centered at standard conditions) as the reference 
curve in Eq. (8), because the Hugoniot for the thermite 
product lies in the melt region of stability of both compo
nents, and Eq. (2) is only appropriate where there are no 
phase boundaries between the reference isentrope and the 
Hugoniot. It is therefore necessary to construct a reference 
isentrope centered above the melting point of both compo
nents. Since Al2 0 3 has the higher melting point (2312 K), 
we center the isentrope on the liquid side of that tempera
ture. The densities of liquid alumina 31 and liquid iron32 at 
2312 K and one atmosphere are well known from experi
ment and are included in Table II. The elastic and anhar
monic constants, unfortunately, are not well known for the 
liquid phases. For liquid iron the values were taken from the 
shock wave data of Brown and McQueen, 33 and for alumina 
it was necessary to use the values measured ultrasonically for 
the solid phase (Anderson 26

; see Table II). Fortunately, for 
small strains, the Hugoniots are most sensitive to Q and V0, 
both of which are well known. 

Since a reference curve other than the principal isen
trope is used; the appropriate value of Q is the difference 
between the heat of reaction of thermite at standard condi
tions and the enthalpy required to heat the reacted mixture 
from standard conditions to the state at whtch the reference 
isentrope is centered, namely the liquid side of the Al2 0 3 

melting temperature at 2312 K. According to published en
thalpy tables, 34 the enthalpy difference between iron at stan
dard conditions and liquid iron at 2312 K is !iH ~if= 23.01 
kcal/g mole. Similarly, for liquid Al2 0 3 , wm2 = 59.74 
kcal/g mole. For the thermite products, wm2 = 105.76 
kcal/ g mole. Subtracting this from the thermite heat of reac
tion gives the excess enthalpy due to the reaction, which, in 
consistent units, is - 1.9 X 106 J/kg. The reference isen-

8 

1 5:2 8 

w 
a: 
:::, 
VJ 

lfi 4 

8: 
Reactant 
isentrope 

40 Porosity (%) 60 

0---------- ....... -----.-----a------1 
0.222 0.228 0.230 0.234 

SPECIFIC VOWME (cm3/g) 
0.238 

FIG. 1. Calculated thermite reactant isentrope and family ofthermite reac
tant Hugoniots for various initial porosities centered on standard condi
tions. 

trope and a family of porous Hugoniots for the thermite 
products are plotted in Fig. 2. 

V. HEAT DETONATION MODEL 

The calculated Hugoniots depicted in Figs. 1 and 2 are 
representations of the end states that are achieved by shock
ing thermite without and with the chemical reaction taking 
place, respectively. In this sense they are two extreme end 
states. The reactant Hugoniot is that for which the reaction 
is not initiated, or proceeds at a rate much slower than rates 
associated with the shock wave. The product Hugoniot cor
responds to final states that have undergone 100% reaction. 
These states can only be reached if the reaction is fast com
pared to shock wave transit times (i.e., the sample size is 
large compared to the dimension associated with the shock 
front). Methods of calculating intermediate states are not 
addressed in this paper. 

TABLE II. Thermite product parameters. 

Parameter Iron Alumina Mixture 

Mass fraction 0.523 0.477 1.000 
(m;) 

Reference density 6.59 2.96 4.154 
(Po, g/cm') 
Reference specific 0.152 0.338 0.241 
volume ( V0 , cm3/g) 
Reference volume 0.330 0.670 1.000 
fraction ( v; ) 

Zero pressure bulk 136 252 197 
modulus (Kos, 0Pa) 
Pressure derivative 5.0 3.97 5.2 
of Kos (K~s> 
Zero pressure 2.1 1.32 1.7 
Griineisen parameter 
<ro) 
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FIG. 2. Calculated thermite product isentrope centered on the liquid side of 
the alumina melting point and family of thermite product Hugoniots for 
various initial porosities centered on state with initial internal energy equal 
to standard .conditions plus heat of thermite reaction. 

If the reaction rate is finite but rapid enough to go to 
completion, the initial shock will achieve a state on the reac
tant Hugoniot. At some later time, the final state must lie on 
the product Hugoniot. The case of a steady wave (in which 
the profile does not change with time) is illustrated in Fig. 3 
for 50% porous thermite. The initial shock takes the materi
al to the state on the reactant Hugoniot. It can be shown 
(see, e.g., Courant and Friedrichs 35

) that a steady wave can 
only reach states intersected by the Rayleigh line, so the final 
state is that on the product Hugoniot. 

When a shock-induced exothermic reaction is achieved 
in this way it is a "strong" or "overdriven detonation" in the 
terminology of Fickett and Davis. 36 The following argument 
shows that for nonexplosive energetic solids, a reaction 
shock will decay unless it is supported. If the reacted materi
al is unsupported from the rear, rarefactions will follow the 
detonation wave. From the Rankine-Hugoniot equations23 

the velocity of the reaction ( or detonation) wave is 

(14) 

The sound velocity in a medium (with respect to the materi
al into which it is propagating) is 

(15) 

so, if the particle velocity of the shocked material is u, the 
rarefactions will catch up with and decay the detonation 
wave if the inequality 

c>U-u (16) 

is true. One can use the Rankine-Hugoniot equations to 
write u in terms of V and P n, 

(17) 

together with Eq. ( 14) to get the right-hand side of inequali
ty ( 16) 

(18) 

10--------------------

/_.- Product Hugoniot. 50,i, porous 

8 

I,.,,--Reactant Hugoniot, 60% porous 

V 

····· ... / Rayleigh line 

o-+----'--.1..--.....,...------.----~----' 
0.2 0.3 0.4 0.6 

SPECIFIC VOWME (cm3 /gl 

FIG. 3. Relationship between 50% porous thermite reactant and product 
Hugoniots to Rayleigh line in P-V plane. 

Equation ( 6) can be generalized for a porous solid, differen
tiated, and combined with the differential form of the first 
law of thermodynamics to get 

TdS =!(Vi)() - V)dP + ½PdV (19) 

along the Hugoniot. The total differential of S(P, V) can be 
written as 

(20) 

using Eq. ( 3), the thermodynamic identity r = V( ap I 
aE) v• Equating Eqs. ( 19) and (20), and using Eq. ( 15) 
gives the sound speed in terms of the slope of the Hugoniot: 

([ r ] dP I (rPn))
112 

c = V - 1 - 2V( Voo - V) dV n + 2V • 
(21) 

When the slope of the Hugoniot is steeper than that of the 
Rayleigh line, we have 

dPI Pn -- >-~ (22) 
dV H Voo- v· 

Substituting inequality (22) into Eq. (21) gives 

C > V ✓ p I ( V 00 - V). ( 23) 

Comparing this inequality to Eq. ( 18) demonstrates that 
inequality ( 16) is true, therefore an unsupported strong de
tonation decays. 

Inspection of Fig. 3 shows that a situation analogous to a 
Chapman-Jouguet detonation (see Ref. 36) in a high explo
sive is unattainable in a shock-induced reaction ( heat deton
ation), when the zero-pressure density of the reaction prod
ucts is greater than the initial density of the solid reactants. 
In a high explosive, the reaction products contain gas, and 
the zero-pressure density will always be less than the initial 
density of the explosive. Thus, an unsupported strong deton
ation will decay until the Rayleigh line becomes tangent to 
the Hugoniot of the reaction products at some non-zero 
pressure, at which time a steady, Chapman-Jouguet detona-
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tion ensues if kinetically permitted. An unsupported reac
tion shock such as described by Fig. 3 will eventually decay 
to zero. 

In the case of a reactive solid for which the initial density 
is greater than the final density of the product, another possi
bility arises. In this situation, a Rayleigh line can be found 
that has a point tangent to the reacted Hugoniot, analogous 
to the Chapman-Jouguet point. It is theoretically possible 
that a sustained, steady heat detonation could exist corre
sponding to this solution of the shock equations. However, 
most models and observations indicate that energetic solids 
are more sensitive at lower densities (higher porosities), and 
it is not clear whether any mixture exists that would be suffi
ciently sensitive to undergo a shock-induced reaction while 
still satisfying the density restrictions required for a sus
tained reaction. In the absence of vapor-phase products, an 
unsupported heat detonation is possible only if a dense sam
ple could be made in which shock-induced substituent mix
ing is sufficient for rapid chemical reaction, The possibility 
of a sustained detonation controlled by volatile impurities in 
energetic solids also exists, and is discussed elsewhere. 37 

The present discussion has been limited to heat detona
tions in exothermically reacting powder mixtures, but a very 
similar model was proposed in 1965 by Kuznetsov, 38 which 
described a detonation caused by a material undergoing a 
first-order phase transformation. The conclusions of that 
study were that: ( 1) no detonation is possible if the initial 
state is in equilibrium ( i.e., the initial phase must be metasta
ble under the initial conditions), (2) the condition that the 
transformation be exothermic is neither sufficient nor neces
sary to allow a detonation, and ( 3 ) the detonation is allowed 
only if the specific volume increases under an isobaric and 
isenthalpic transformation. Such a detonation was invoked 
by Barkalov, Gol'danskii and co-workers39 to explain the 
rapid polymerization of acrylamide under shock. The Kuz
netsov38 model was applied to a single-component phase 
transformation, but none of its assumptions preclude its ap
plication to mixtures of reactive powders. Thus, Kuznet
sov's conclusions also apply to thermite. 

It is important to make the fundamental distinction be
tween shock-initiated reactions and gasless combustion 
(e.g., Merzhanov 40

). The process of gasless combustion re
lies on the thermal and mass transport .properties of the 
reacting material; consequently the velocity of the reaction 
front is much slower than that of a heat detonation, which 

TABLE III. Work and heat efficiencies. 

High Shocked 
explosive pyrotechnic 
(RDX) (2AI/NH.N0 3 ) 

Work 
efficiency 98% 75% 
Heat 
efficiency 2% 25% 
Postshock 
temperature (K} 374 1694 

• See the text. 

SO% porous 
thennite ( 10 0Pa) 

(2AI/Fe 20 3 ) 

-29%" 

129%" 

4600 

relies on processes proceeding at the rate of the shock wave. 
This difference is reflected quantitatively as the rate of chem
ical energy conversion. For example, a gasless combustion 
wave in 50% porous thermite travels at a velocity of about 1 
cm/s into material with density 2.15 g/cm3, liberating 8.5 
kJ/cm 3 of chemical energy in the process, for a net power 
conversion of about 8.5 kW /cm. 2 A heat detonation, travell
ing at 1 km/s, operates at a power level of 0.85 GW /cm, 
which is 5 orders of magnitude higher. The gasless combus
tion and heat detonation processes are further distinguished 
by the temperatures achieved. In the former, pressures are 
low and adiabatic temperatures are limited by vaporization 
of the substituents. In the latter, the high pressures increase 
the vaporization temperature, so the adiabatic temperature 
can reach higher values. For applications in which a large 
amount of thermal energy is required as quickly as possible, 
shock-induced heat detonations are clearly more useful than 
either gasless combustion or high explosive detonation. 

The thermal nature of heat detonations can further be 
demonstrated by comparison to explosive detonations. Fick
ett and Davis36 discuss the concept of "useful work" of Ja
cobs41 which describes the net amount of work per unit mass 
that can ideally be obtained from a detonating high explo
sive: 

(24) 

The work efficiency is - W IQ, where Q is the heat of reac
tion. VF refers to the final specific volume of the release isen
trope of the reaction products. To perform the calculations 
for porous thermite, we can approximate the release isen
trope with the calculated Hugoniot for the reaction prod
ucts. 

Similarly, we can define "useful heat" to be 
H = - ( Q + W), which is the amount of heat that can 
ideally be derived from the detonation. The heating effi
ciency of the detonation is then - H IQ. Table III compares 
these values for 50% porous thermite shocked to 10 0Pa to 
those tabulated by Fickett and Davis36 for two explosives. 
The fact that useful work for thermite is negative signifies 
that the heat detonation actually requires that the surround
ings do a net amount of work on the system, while the heat
ing efficiency greater than 100% means that, in addition to 
the conversion of chemical energy to heat, some work is also 
converted to heat. 

While calculations ofHugoniots in the pressure-volume 
plane are useful for energy comparisons, the pressure-parti
cle velocity plane is more useful for making comparisons to 
most experimental shock wave data. Eq. (17) was used to 
transform the reacted and unreacted 50% porous thermite 
Hugoniots to this plane. Inspection of Fig. 4 demonstrates 
that, at a given particle velocity, the pressure on the reacted 
Hugoniot is about 10% higher (and at a given shock pres
sure, the unreacted Hugoniot has a 5% greater particle ve
locity) . Experimental attempts to measure the reaction 
threshold by a series ofHugoniot measurements are destined 
to be frustrated by large uncertainties (which are typical for 
porous solids) that are as big as the ditference between the 
Hugoniots. It is fQr this reason that, according to Batsanov et 
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FIG. 4. Calculated Hugoniots for initially 50% porous thermite reactant 
and product in P-uP plane 

al., 14 their determination of the fraction of shock-reacted tin 
sulfide by this experimental strategy "has the character of an 
estimate." 

Another experimental approach would be to measure 
time-resolved stress with in situ stress gauges or the particle 
velocity with laser velocity interferometry (VISAR). The 
latter technique was chosen by Sheffield and Schwarz, 12 who 
observed small (:::: 10%) increases in particle velocity in ti
tanium subhydride/potassium perchlorate mixtures I to 2 
µs after being shocked. However, the growth they observed 
in particle velocity is extremely small compared to that ob
served in shocked explosives (e.g., Setchell42

) and experi
ments of this type should not be expected to yield accurate 
data on heat detonation reactions. 

VI. SHOCK TEMPERATURES 

A. Temperature calculations 

Despite the small differences between reactant and 
product Hugoniots, the difference in internal energy is ex
tremely large. The > 100% heating efficiency implies that, 
for large heats of reaction, the temperature on the product 
Hugoniot will be much higher than on the reactant Hugon
iot. The shock temperature can be calculated by writing 
down the total differential 

TdS= c" dT+ (aP) rdv ar v 
(25) 

and integrating along an isentrope (dS = 0) with the defini
tion of the specific heat at constant volume ( C v) and the 
definition of the Griineisen parameter [ Eq. ( 3) ] to get the 
temperature as a function of specific volume along an isen
trope centered on a reference state with temperature Trer and 
volume Vrer: 

(26) 

Substituting Eq. ( 25) into the differential expression for the 
first law of thermodynamics, integrating along an isochore 

Products. shock -

4000 ·- Products. post-shock 

g 
w 3000 a: 

~ a: 
~ 2000 ::? 
~ Reactants. shock ~, 

,.__ - -
1000 

0 
0 2 4 6 8 10 

HUGONIOT PRESSURE (GPa) 

FIG. 5. Calculated shock temperatures for 50% porous thermite reactant 
and product, and calculated postshock temperatures for product. 

(dV = 0) between the isentrope and Hugoniot, and using 
the Mie--Griineisen approximation (Eq. 2) yields 

iTH V 
CvdT=-(PH -P 5 ). 

Ts r 
(27) 

By assuming that Cv and y/Vare both constant, the equa
tion for shock temperature reduces to the relatively simple 
form: 

TH = -
1
- ~ (PH - P s) + Tref exp(kc vref - V)]. 

Cv Yo Vo 
(28) 

Shock temperatures calculated in this manner are plotted in 
Fig. 5 as a function of shock pressure for 50% porous ther
mite with reacted and unreacted final states. 

The residual (postshock) temperature can also be cal
culated by making use ofEq. ( 26), if the release of pressure is 
an ,isentropic process. Making no further assumptions, the 
postshock temperature can be calculated using the equation: 

TF=THexp[~(V-VF>] (29) 

along with Eq. (28), where VF is the final specific volume of 
the product after release to zero ( or atmospheric) pressure. 
The calculated postshock temperatures are also plotted in 
Fig. 5, as a function of shock pressure, and listed in Table III 
for a 10 0Pa shock. 

B. Temperature measurements 

Figure 5 shows that, for shock pressures up to 10 0Pa, 
the shock temperature of 50% porous thermite is at least 
3000 K hotter if it reacts than if it does not react. Thus, the 
experimental measurement of shock temperatures is an ex
tremely sensitive probe of the chemical state of shocked po
rous thermite. We have carried out two planar impact ex
periments on porous thermite to measure shock 
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temperatures using a four-channel radiation pyrometer. 43 

The pyrometer measures time-resolved absolute intensity 
(spectral radiance) of light radiated from the impact inter
face between a thermite pellet and a transparent lithium flu
oride window (Fig. 6). A two-parameter least-squares fit to 
the spectral radiances determines a time-resolved tempera
ture and effective emissivity of the interface. 

The sample pellets used in the impact experiments were 
approximately stoichiometric mixtures of aluminum and he
matite, hot pressed to a porosity of about 50% by Mound 
Facility, Miamisburg, Ohio (see Table IV for exact porosity 
values). The aluminum was CERAC A-1183, with a mean 
particle size of..;; 1 µm, and the hematite was Phizer R-1599 
with a mean size of ..;;0.3 µm. The pellets were mounted on 
aluminum projectiles and fired from Sandia's 25 m long, 
compressed-gas gun44 at velocities of 1.183 and 1.292 km/s 
for experiments 2279 and 2274, respectively. Shock pres
sures (Table IV) were determined by the impedance match
ing technique 23 using the known shock properties oflithium 
fluoride45 and the calculated properties of porous thermite. 

The measured shock temperatures for the two experi
ments are plotted in Fig. 6. Both measurements exhibit simi
lar features: a sudden increase at the time of impact, followed 
by a gradual decay over a period on the microsecond time 
scale, and another large increase after several microseconds. 
The initial increase in temperature is ubiquitously observed 
when porous solids are shocked, and is apparently due to the 
collapse of pores and generation oflocal temperature hetero
geneities. The brightness temperature measurements ofMa
tytsin and Popov46 provide strong evidence that the brief 
high temperatures they observed upon the emergence of a 
shock wave from a powder onto the boundary with a trans
parent window are due to hot spots that form when surface 
layers of particles are deformed more than the inner layers. 
Their measurements also demonstrate that the observed 
high temperatures are not caused by residual gas filling the 
pores of the solid. Since radiation pyrometry measurements 
are sensitive only to the highest temperatures in the field of 
view, it is the hot spot temperatures that are measured imme
diately after impact. For a fine-grained pellet such as we 
used, thermal conduction within the sample allows the tern-

EDGE MASK WINDOW 

POWDER 
SAMPLE 

TO PYROMETER 

FIG. 6. Target configuration of shock temperature experiments. 

TABLE IV. Experiments. 

Sample Sample Sample Impact Shock 
Experiment porosity density thickness velocity pressure• 

number (%) (g/cm 3
} (mm) (km/s) (GPa) 

2274 48 2.22 4.33 1.292 4.4-4.7 
2279 49 2.20 4.37 1.183 3.9-4.1 

"Shock pressures from impedance match to calculated Hugoniots; lower 
pressure is for unreacted state ( thennite reactant}; higher pressure is 
for fully reacted state ( thennite product}. 

perature field to become uniform within a few hundred nan
oseconds. The temperature upon thermal equilibrium is the 
"mean-bulk shock temperature." For an unreacted mixture 
of aluminum and hematite shocked to 5 GPa, this should be 
about equal to the 1000 K calculated in the previous section 
and plotted in Fig. 5. It is clear from Fig. 7 that the actual 
shock temperature is significantly higher, indicating that a 
shock-induced reaction has taken place. The measured tem
peratures are well below the 4000 K calculated for fully 
reacted shocked thermite, however, suggesting that only a 
partial reaction has taken place. 

Since the shock temperature oflithium fluoride is much 
lower than that of the thermite, there is a temperature dis
continuity at the interface, and heat is both conducted and 
radiated away from the shocked thermite. This results in a 
gradual cooling of the interface (relative to the timescale of 
the experiment). A rigorous treatment of the temperature 
evolution of an interface after the arrival of a shock wave is 
beyond the scope of the present paper, but is discussed in 
some detail by Grover and Urtiew. 47 This cooling is evident 
in the 2274 data, but ends after about 1 µs in experiment 
2279. The constant temperature suggests that the reaction is 
continuing at a nonzero rate in experiment 2279, offsetting 
the cooling effects of heat transport. 

After 2.5 to 3 µs, there is another sharp increase in tern-

4000-.-------------------, 

3600 2274 

g 
w 
a: 

~ 3000 ~., 
~ 
~ t 

2600 

\ 
reflected shocks 

2000 
0 1 2 3 4 

TIME AFTER IMPACT (microseconds) 

FIG. 7. Measured time-resolved temperatures for shocked SO% porous 
thennite. 
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perature for both experiments, caused by the arrival of the 
shock that reflected from the rear surface of the pellet, which 
was in contact with the aluminum projectile. When the re
flected shock arrives at the lithium fluoride interface, it is 
again reflected. The second reflection is a rarefaction, since 
the shock impedance of the compressed thermite product is 
higher than that of the lithium fluoride. The pressure of this 
third (second observed) state is no higher than the directly 
impedance-matched state between lithium fluoride and alu
minum at the impact velocity, which is 10.6 and 9.2 GPa for 
experiments 2274 and 2279, respectively. 

The temperature of this second-observed state can be 
estimated by approximating the second Hugoniot by an isen
trope and using Eq. (26) with the first Hugoniot state as the 
reference. This is a reasonable approximation, since the vol
ume change due to the second shock is relatively small. 
When the pressure releases to the third ( second observed) 
state, Eq. (26) is also used. Combining the two steps is 
equivalent to a single isentropic step. Since the Hugoniot 
must be steeper than the reference isentrope, the volume 
change ( ~ V) associated with a pressure increase of 6 GPa 
can be used as an upper bound. From Eq. ( 26), the tempera
ture increase from a reflected shock should be 

(30) 

Substituting in the approximate shock temperature of 3000 
K and the volume change, - 0.008 cm3 /g, as estimated 
above, the expected temperature increase upon arrival of the 
reflected shock is about 170 K. While the temperature in
crease exhibited in experiment 2279 is close to the expected 
value, that of experiment 2274 is about four times greater, 
suggesting that the reflected shock releases additional chem
ical energy. 

A number of inferences about the reaction mechanism 
can be drawn from the temperature history. The following 
hypothesis is consistent with the observations thus far. Since 
the reaction does not go to completion after the first shock, 
there must be a kinetic inhibition to continued reaction. If 
the rate of the reaction is controlled by the mixing due to 
differential flow of the heterogeneous solid at the shock front 
as suggested by Graham, 1 then incomplete mixing will lead 
to a partial reaction. Once the front has passed, the kinetics 
are limited by diffusion, and the rate slows down until, at 
best, it offsets the flow of heat out of the sample. Upon arriv
al of the reflected shock, the large increase in temperature of 
experiment 2274 implies a sudden increase in reaction rate. 
Since the partially reacted first shock state is a hot, hetero
geneous mixture of reactants and products, with fluid inclu
sions, it is reasonable that the passage of another shock 
would cause another stage of turbulent, dynamic mixing, 
resulting in another stage of reaction at the second shock 
front. Thus, the temperature measurements are consistent 
with reaction kinetics that are controlled by dynamic mixing 
at the shock front. 

VI.SUMMARY 

To better understand shock-induced chemical reactions 
in porous solids, we have used equilibrium thermodynamics 

along with conservation equations across the shock front to 
develop a simple thermochemical model. A number of as
sumptions were made to simplify the equation of state calcu
lations, none of which alter the conclusions that: ( 1) a solu
tion to the equations exists for a shock-induced reaction with 
condensed products that is fundamentally different from a 
combustion wave, ( 2) for a steady wave to exist, the reaction 
is fully analogous to a detonation in the P-V plane, ( 3) for an 
initial density below a threshold value, an unsustained reac
tion shock will decay to zero and ( 4) such a reaction shock 
generates heat rather than work upon expansion, so it can be 
called a heat detonation. The thermochemical model ignores 
the details of the reaction mechanism, and assumes only that 
the kinetics are fast enough that the final state is uniform and 
in equilibrium. Nevertheless, further insight can be gained 
by treating experimental measurements and kinetic model
ing within the context of this model. 

Since the shock wave equations of state of the reactants 
are so similar to those of the products of these energetic sol
ids, most shock wave experimental probes are insensitive to 
the reaction. One exception is the measurement of shock 
temperature, which has demonstrated that thermite under
goes a partial reaction when shocked to pressures above 4 
GPa. Measured temperatures are in the range 2700-3400 K, 
compared to calculated temperatures of about 1000 Kon the 
reactant and 4000 K on the product Hugoniots. Since, for 
porous solids, the temperature field is heterogeneous imme
diately behind the shock front, the shock temperature is 
poorly defined until thermal equilibrium is attained. For the 
fine grained powders that we used, the thermal equilibration 
time is about 100 ns, which gives an upper bound to the time 
it takes for the reaction to take place. The fact that the tem
perature becomes uniform and relatively constant after this 
time interval implies that a quasiequilibrium, uniform state 
has been reached behind the shock front, and that our as
sumptions for the thermochemical model are valid. 
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