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Abstract 

A methodology to assess the detonability of heterogeneous powder mixtures that react 

exothermically without significant gas production is presented. First, a thermodynamic analysis 

was performed to demonstrate that many compositions of this class are unable to support 

detonation wave propagation, as the volumetric expansion of the product is too small to support a 

shock front in the reactants since the product density is larger than the reactant density. Certain 

mixtures of nickel and aluminium, manganese and sulfur, zinc and sulfur, and zinc and tellurium 

were found to satisfy the thermodynamic requirements for detonation when initial reactant 

densities are sufficiently large (i.e., porosity sufficiently low). In those mixtures, self-sustained 

detonation would be possible only if the reaction time, which depends on the reaction rate, is less 

than the characteristic time for the shocked material to expand laterally, which depends on the 

charge diameter and sound speed in the shock-compressed reactants. This condition ensures that 

the volumetric expansion due to the reaction occurs mainly in the direction of shock propagation. 

Therefore, a quasi-one-dimensional model of the reaction zone was developed to account for the 

competition between the energy release rate and momentum and energy losses due to lateral 

expansion. Using this model with an empirically derived, state-independent relation for the 

reaction rate, the smallest charge radius in which a self-sustained, supersonic reactive compression 

wave could be observed in micrometric powder mixtures of Mn+S confined in steel was predicted 

to be on the order of tens of meters. 

Keywords: Gasless Detonation, Charge Diameter, CJ, ZND, Khariton, 

Volumetric Expansion 

Background 

Despite several attempts to experimentally observe detonation in mixtures of 

reactive powders whose products contain little or no gas at the equilibrium state 

[1-7], no unambiguous evidence has yet been obtained that such detonations are 
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possible. In mechanically activated mixtures of Al-Teflon and Mg-Teflon whose 

products contain a relatively small amount of gas in comparison to conventional 

explosives, Dolgoborodov et al. [8-11] have observed quasi-steady fronts 

propagating at velocities up to approximately 1300 m/s (i.e., supersonic with 

respect to the initial sound velocity in the porous reactants) when the mixture was 

subjected to a shock wave produced by a high explosive charge of approximately 

10 g. The authors of these studies have interpreted the fast, quasi-steady 

propagation as a type of detonation. On the other hand, the peak pressures they 

measured at the bottom of columns at least 100 mm long were on the order of 

only hundreds of MPa, and the patterns of imprint on witness plates placed at the 

end of the columns suggested that the reaction propagation took place via jetting 

of gaseous and liquid reaction intermediates caused by rapid pressure buildup, i.e., 

convective burning. Thus, the coupling between a leading shock wave and the 

release of reaction energy via chemical reaction that is required for detonations 

did not appear to have been realized. Similar fast convective deflagrations have 

been observed in mixtures of nanometric powders of aluminum and metal oxide 

or teflon, which propagated at velocities on the order of 1000 m/s and yielded 

pressure fronts on the order of 15-20 MPa [12-16]. Gur’ev et al. [3] reported self-

sustained waves traveling at velocities near 2.2 km/s in mixtures of zinc and sulfur 

that were initiated with charges of high explosive, however, attempts by Jetté et 

al. [7] to reproduce this result using even larger diameter charges produced only 

decaying shock waves and no evidence of coupling between the shock and 

reaction. 

In order to achieve a gasless detonation, if possible at all, mixtures that may lend 

themselves to supporting detonation propagation in charge dimensions that can be 

practically tested must be identified. Therefore, proper mixture selection criteria 

must be specified, and experimental effort should be focused on those mixtures 

that fulfill these criteria. In this work, two such criteria will be considered: the 

volumetric expansion of the products and the rate of conversion of reactants to 

products. 

The first criterion that must be considered is the thermodynamic one. A mixture 

can support detonation propagation if its reaction products expand sufficiently to 

support a shock in the reactants. This expansion could occur as a result of the 

products having a less dense phase or crystal structure than the reactants and/or 
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due to thermal expansion resulting from the chemical heat release [17]. In high 

explosives, the products are less dense than the shock-compressed reactants due to 

the large heat release of the reaction and the composition of the products, 

consisting of numerous low molecular weight compounds instead of the larger 

molecular weight reactants, so that this condition can usually be satisfied. In the 

case of gasless products, thermal expansion of the product due to energy release 

may be sufficient for detonation propagation only if the conversion from reactants 

to products does not result in significant volumetric contraction at ambient 

temperature. Thus, the composition and density of the products resulting from 

reactions in the shocked reactants must be calculated to determine whether the 

thermal expansion of the products yields a density less than that of the reactants. 

Chapman and Jouguet’s criterion for determining the detonation velocity and 

thermodynamic state of the products of an explosive provides a necessary (but not 

sufficient) condition that must be satisfied in order for a detonation wave to be 

obtained in a given reactive material. They treated detonation waves as a 

transition between two equilibrium states using the steady one-dimensional 

conservation laws for mass, momentum, and energy [18]. By including the effect 

of the chemical heat release in the internal energy via the heats of formation of the 

various products and reactants and by neglecting heat conduction, viscosity, and 

stiffness effects, they obtained Rankine-Hugoniot (RH) relations for a “reactive 

shock.” The three RH equations can be combined with an equation of state 

relating internal energy to pressure and volume to yield a single equation 

describing the detonation Hugoniot, or the locus of all possible end states in the 

products for the given initial state in the reactants.1 

The final equilibrium state can theoretically fall anywhere along the detonation 

Hugoniot, depending upon the detonation velocity. Chapman and Jouguet noted 

that unsupported detonations have a unique velocity and that their equilibrium 

product state corresponds to the point reached from the initial state via a straight 

line that is tangent to the detonation Hugoniot in the pressure-volume plane. 

                                                
1 Note that for a non-reactive shock wave the initial state lies on the Hugoniot 

curve, while for a shock accompanied by exothermic energy release and 

volumetric expansion, as in explosives, the detonation Hugoniot generally lies 

above the initial state on the P-v plane. 
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Jouguet showed that at the tangency point (also called the Chapman-Jouguet (CJ) 

point) the material velocity of the products relative to the shock is equal to the 

sound speed in the products. Physically, the sonic condition is equivalent to 

requiring that no disturbance originating in the products can travel upstream 

toward the shock wave. Thus, a self-sustained detonation is independent of the 

rear boundary conditions, hence the unique solution. 

According to the CJ theory therefore, if the detonation Hugoniot is convex and 

lies above the initial unshocked state on the pressure-specific volume plane, the 

tangency condition can be met at the CJ point, which provides a steady detonation 

solution to the governing equations of mass, momentum and energy conservation. 

The possibility of detonations in energetic (or metastable) materials whose 

reaction products (or final phase) are gasless in the equilibrium state has been 

investigated using the CJ theory, or methods that are essentially equivalent to it. 

Kuznetsov [19], Boslough [20], Yu and Meyers [21], Bennett and Horie [22], 

Merzhanov et al. [23], Dobler et al. [24], Torunov and Trofimov [25-26] and 

Gur’ev et al. [4] have proposed similar methods of estimating the detonation 

Hugoniot for such mixtures and their methods can be used to show that CJ 

detonations could be achieved in certain mixtures if the initial porosity of the 

powder mixture is not too large. Some of these authors conducted preliminary 

investigations into the ability of such detonations to be realized in experiments 

using gasless reactive systems but did not observe self-sustained waves. 

The second criterion that needs to be considered was first formulated by Khariton 

[27]: the slower the exothermic chemical transformation, the larger the sample 

must be in order to detonate. Indeed, when the charge diameter is small and/or the 

reaction rate is slow, lateral rarefactions can penetrate deep into the reaction zone 

before reactions are complete, which results in quenching of the reactions and 

failure of the detonation to propagate. Therefore, the assumptions of the CJ theory 

that the flow is one-dimensional and that chemical equilibrium is reached when 

the product material velocity becomes sonic only apply if the charge is infinite in 

diameter or when reaction rate is infinitely fast (or when reaction zone is infinitely 

thin). 

To account for the competition between the rate of the exothermic chemical 

transformation (a volume effect) and the rate of lateral momentum loss (a 

surface/edge effect, which is dependent on charge size), the reaction zone 
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structure of the detonation must be resolved. Zeldovich, von Neumann, and 

Doering [28-29] developed a theory that describes the states between the shock 

and the sonic plane of a detonation. In this theory, referred to as the ZND theory, 

the three conservation equations are complemented with a reaction rate equation. 

The shock is assumed inert (i.e., reactions begin downstream of the shock, not in 

the shock) and at every point downstream of the shock thermodynamic 

equilibrium is assumed to be achieved for pressure, density, material velocity and 

internal energy, even though chemical equilibrium is not achieved. 

To account for losses within the reaction zone, source terms are added to the 

conservation equations of the ZND model. The lateral losses in finite-sized 

charges can be modeled with a source term in the mass conservation equation 

expressed either in terms of the radial gradient of the radial velocity [30] or in 

terms of a cross-sectional area change. Detonations with a mass loss term have a 

velocity less than the one-dimensional CJ detonation and have a curved shock 

front. In addition, reactions do not reach equilibrium as they encounter the sonic 

plane. When the charge diameter becomes small enough, the momentum losses 

may cause a sufficiently large shock velocity deficit that results in the detonation 

no longer being able to propagate. Therefore, the ZND model with a mass loss 

term makes it possible to quantify Khariton’s criterion. 

Hence, detonations may be observable in the laboratory in gasless mixtures of 

reactive powders only if the product volumetric expansion is sufficient and the 

charge is large compared to the reaction zone length. This study examined some 

common reactive mixtures to determine if their detonation Hugoniot satisfies the 

requirements of the CJ theory. Then a simple ZND model including lateral 

expansion losses was developed to calculate the reaction zone structure for the 

mixtures that satisfy the CJ requirement in order to consider the competing roles 

of reaction rate and charge size. 

Method 

Thermodynamic Equilibrium Considerations / CJ Theory 

The first criterion considered is whether the tangency solution of the CJ theory 

can be obtained. This requires that the detonation Hugoniot lie above the initial 
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state in the P-v plane and be convex.2 Ideally, the detonation Hugoniot should be 

obtained from detailed thermodynamic equilibrium calculations that use a realistic 

equation of state and take into account the dependence of heat capacities on 

pressure (and temperature), as well as correct predictions of the existing phases at 

any given pressure, temperature, and concentration. However, for the purpose of 

this work, two simple approaches were used to estimate whether the detonation 

Hugoniot is above the initial state. 

The first approach is based on the fact that if the detonation Hugoniot lies above 

the initial state on a P-v plane, then at atmospheric pressure a point on this 

Hugoniot should have a greater specific volume (i.e., lower density) than the 

initial state in the reactants. In other words, if the product density resulting from 

constant pressure combustion is less than reactant density, then it may be possible 

to find a shock velocity that satisfies the CJ condition in this mixture. The 

chemical composition of the products and the adiabatic flame temperature for 

constant pressure combustion was calculated for different mixture compositions 

using the thermodynamic equilibrium code THERMO [31]. The product density 

at the adiabatic flame temperature was estimated using the linear coefficient of 

thermal expansion (CTE) of the product at that temperature (note that for the 

calculations, all materials were assumed to be isotropic, so that the volumetric 

expansion coefficient was taken as three times the linear expansion coefficient). 

Most solid products of interest presented in the results section have linear CTE’s 

in the range 7-12 x 10-6 K-1 at room temperature, but in order to account for the 

temperature dependence of the thermal expansion coefficient [32] and for possible 

solid-liquid phase changes, higher values in the range 11-23 x 10-6 K-1 were used 

                                                
2 Another thermodynamic requirement comes from the ZND theory: the reactant 

Hugoniot and the detonation Hugoniot must not intersect at a pressure lower than 

that at the CJ, or tangency, point. This requirement may not be met when the 

reactant Hugoniot is very steep in the P-v plane, or when either of the reactant or 

detonation Hugoniot contains discontinuities that result from phase changes at 

certain pressures and temperatures. For the mixtures of interest in this study, 

phase changes along the Hugoniots were neglected and the reactant Hugoniots 

were generally less steep than the estimated detonation Hugoniot, so that this 

ZND requirement did not need to be considered further. 
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(see Fig. 2). Furthermore, the use of a larger CTE may reduce the chances that 

some mixture compositions are rejected prematurely. For NiAl + 0.52 Ni 

products, the CTE value for NiAl (16 x 10-6 K-1) was used since it is greater than 

the ambient temperature value for Ni (13 x 10-6 K-1), similarly for the 

NiAl + 0.54 Al products, where the CTE value for Al at ambient conditions 

(23 x 10-6 K-1) was used for the mixture since it is higher than the value for NiAl. 

The second approach consisted of estimating the actual detonation Hugoniot using 

the method of Bennett and Horie [22] and comparing its relative position to that of 

the initial state on the P-v plane. The detonation Hugoniot in this method was 

estimated by starting with the Hugoniot of the product material and then shifted it 

vertically on a P-v diagram to account for the increase in thermal energy caused 

by the chemical reactions. The internal energy change from the initial state to a 

final state on the detonation Hugoniot was expressed via two equivalent 

thermodynamic paths (see Fig. 1) 

 ( ) ( ) ( )proprproopro eeeeeeee −+−+−=−  (1) 

The path on the left hand side is the actual reactive shock transition from the 

initial state (subscript o), which follows the Rankine-Hugoniot relation 

 ( )vvPee oo −=−
2

 (2) 

The other path consists of a conversion from reactant to product at atmospheric 

pressure and temperature (eopr-eo is the heat of reaction at atmospheric pressure, or 

the heat that is extracted from the reaction to keep the products at atmospheric 

temperature), followed by a shock in the product material (epr-eopr) and a constant 

volume heating of the shocked product material (e-epr). The last step effectively 

accounts for the addition of the chemical heat release. The shock in the product 

material relating its initial atmospheric condition (subscripts opr) to its shocked 

state (subscripts pr, noting that vpr=v) follows the Rankine-Hugoniot relation 

 ( )vv
P

ee opr
pr

oprpr −=−
2

 (3) 

And finally, the constant volume compression can be calculated with 

 ( )pr
prv

pr PP
dP
deee −⎟

⎠

⎞
⎜
⎝

⎛
=−

,
 (4) 
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With the known shock Hugoniot of the product material (relating Ppr to v), the 

initial densities in the reactant (vo) and in the product material at atmospheric 

conditions (vopr), the heat of reaction at atmospheric pressure (eopr-eo), and the 

derivative ( ) prvdPde , , the detonation Hugoniot for can be obtained in the P-v 

plane. 

The method of Bennett and Horie requires shock Hugoniot data for the product 

material, which was not always available. For the compounds whose Hugoniot 

data did not exist, a substitute material with similar density and sound speed was 

used instead. Density and Young’s modulus were obtained for NiAl and titanium-

silicon compounds from [33] and [34], respectively. Note that sound speed was 

obtained using density and Young’s modulus, assuming a Poisson ratio in the 

range 0.2-0.3 (e.g., see [35]). The Hugoniot of ZnS was used instead of that of 

MnS, similarly for NiO, TiB2, and Fe2SiO4 that were used as substitutes for NiAl, 

TiSi, and Ti5Si3, respectively. The method of Bennett and Horie also requires the 

enthalpy of formation of the products. For titanium and silicon mixtures, the 

enthalpies of formation were obtained from [36]. The enthalpy of formation of 

ZnS and MnS was obtained from [37], that of NiAl and Ni3Al from [38-39], and 

that of TiC and TiB2 from [40]. The value of the derivative ( ) ( )prprv vdPde Γ=,  

was approximated as ( ) ( )proopr vv Γ=Γ , with 120 −=Γ S , where S is the slope of 

the linear shock Hugoniot of the product material in the shock velocity – material 

velocity (U-u) plane. 

Reaction Zone Model using ZND Theory 

Governing Equations 

The modeling approach used was similar to that of [30, 41]. The quasi-one-

dimensional governing conservation equations were derived for a control volume 

attached to the steady reaction zone, with the space coordinate, x, being zero at the 

shock and increasing downstream of it. Hydrodynamic conditions (i.e., no 

stiffness effects) were assumed since the pressures of interest (> 10 GPa) were 
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typically greater than the elastic limits of the materials.3 The governing equations 

were therefore 

 
dx
dA

A
u

dx
ud ρρ

−=  

 0=+
dx
dP

dx
duuρ  (5) 

 0=+
dx
dvP

dx
de  

The resulting continuity equation contains a mass loss term that represents the 

lateral expansion losses averaged over the entire charge diameter. The boundary 

condition at x=0 is the von Neumann (vN) state immediately downstream of the 

inert shock, which is obtained using the Rankine-Hugoniot equations for the given 

shock velocity in the reactants. The other boundary condition is that derivatives of 

the velocity and thermodynamic variables must be finite (i.e., flow variables must 

be continuous) at the sonic plane where u=c, c being the local frozen sound speed, 

i.e., the speed of a sound wave across which no chemical reactions occur. This 

boundary condition is known as the generalized CJ criterion. 

Equation of State 

Often, reaction zones of explosives are modeled using the polytropic equation of 

state 

 QPve λ
γ

−
−

=
1

 (6) 

where the value of γ is often approximated as 3 and has the same value for 

products and reactants. In the case of gasless reactants and products, the 

polytropic equation of state cannot match both the detonation and reactant 

                                                
3 The longitudinal stress in solids under uniaxial strain compression (i.e., one-

dimensional compression) is approximately equal to the sum of hydrostatic 

pressure and 2/3 of the yield stress [42-43]. If the yield stress (on the order of 

0.5 GPa or less for most metals) is much less than the pressure, then its effect on 

the longitudinal stress can be neglected. 
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Hugoniots using a single value of γ. Instead of using different values of γ for the 

reactants and products, a Mie-Gruneisen equation of state was used 

 ( ) QvPP
dP
devee ref

refv
ref λ−−⎟

⎠

⎞
⎜
⎝

⎛
+= )()(

,
 (7) 

with ( ) refvdPde , =constant. The reference curve was assumed to be a Hugoniot 

curve whose initial density (ρo) is that of the reactants and whose shock velocity ─ 

material velocity (U-u) relationship is linear ( SuCU o += ). The values for Co 

and S were first calculated as the average of the values corresponding to the 

Hugoniots of the reactant and product material4. The Hugoniot of the reactant 

mixture was obtained by combining the Hugoniot of each component [44] 

according to the method recommended by [45]. The value of the derivative 

( ) ( )refrefv vdPde Γ=,  was approximated as ( ) ( )refooref vv Γ=Γ , with 120 −=Γ S . 

The value of Q was then adjusted until this equation of state could match the 

reactant Hugoniot (for λ=0) and the detonation Hugoniot calculated using the 

method of Bennett and Horie (for λ=1), particularly near the vN state and near the 

sonic plane (tangency point), since these are the states between which the 

integration of the governing equations is carried out using this equation of state. 

All other intermediate states occurring in the reaction zone should be well 

described by the equation of state if it can properly describe the states 

corresponding to the boundary conditions. The reactant Hugoniot and detonation 

Hugoniot of Mn+S are compared to the corresponding Hugoniots calculated with 

the equation of state (EOS) from eq. 7, with the values shown in Table 1. 

Note that the detonation Hugoniot is essentially the product material Hugoniot 

shifted upward on the P-v plane. If we were attempting to match both the 

Hugoniot of the product material and the detonation Hugoniot using the equation 

of state from eq. 7, the initial density, Co, S, and vo/Γo to be used would be those 

of the product material. In this case, for Q=0, the calculated detonation Hugoniot 

would match the Hugoniot of the product material, and as Q is increased the 

detonation Hugoniot should be shifted upward on the P-v plane. The value of Q to 

be used in the equation of state (eq. 7) to match the detonation Hugoniot would be 

                                                
4 The Hugoniot of the product material was obtained as described in the previous 

section. 
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very close to the amount of heat released in forming this product, i.e. Q ≈ eopr-eo. 

However, since the equation of state (eq. 7) is used to match the reactant Hugoniot 

when λ=0 rather than the Hugoniot of the product material in the ZND model, the 

value of Q required in the equation of state may be slightly more or less than the 

amount of heat evolved in forming the product, depending on the relative 

positions of the reactant Hugoniot and Hugoniot of the product material on the P-

v plane. Finally, the model was used on non-porous mixtures only, so that 

compaction effects did not need to be incorporated into the equation of state. 

In the solution of the governing equations, it is convenient to make use of the 

frozen sound speed which can be obtained from the equation of state by making 

use of the following thermodynamic relation 

 
( )

( )
λ

λ

,

,
2

v

P

P
e

v
eP

v
c

∂
∂

∂
∂+

=⎟
⎠

⎞
⎜
⎝

⎛  (8) 

Combining the conservation equations, the equation of state, and the definition of 

sound speed, the following equation can be derived 

 
( )
22

2

cu
dx
duvQ

dx
dA

A
uc

dx
du ov

o

−

−
=

Γ λ

 (9) 

The numerator of this expression must vanish when u=c in order to satisfy the 

generalized CJ criterion. This is the boundary condition used at the sonic plane. 

The other boundary condition for the reaction zone was the vN state, computed by 

applying the Rankine-Hugoniot relations in the inert reactants for the assumed 

detonation velocity, D. The differential equations describing the reaction zone 

were then solved using a fourth-order Runge-Kutta scheme by inserting a reaction 

rate law (for dλ/dx) and an area divergence expression (dA/dx) into the du/dx 

equation, coupled with the continuity and momentum equations. The governing 

equations were solved by iteration using various values of the charge radius 

(which is accounted for in the dA/dx expression, to be derived below) until the 

numerator of the du/dx equation became zero at the same position as the 

denominator. 
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Area Divergence 

The area divergence source term in the continuity equation is often modeled in 

terms of the shock wave curvature following the pioneering work of Wood and 

Kirkwood [30]. The reaction zone solution obtained can then be related to the 

charge diameter using empirical relations between wave curvature and charge 

diameter [41, 46-48]. Since detonation has not been observed in gasless reactive 

powder mixtures, the dependence of wave curvature on charge diameter cannot be 

obtained empirically. Therefore, a model for the area divergence source term must 

be constructed which does not depend on prior knowledge about the diameter 

effect on the detonation front curvature. 

Another method that has been proposed is based on the assumption that the area 

divergence within the reaction zone is the same as that immediately after the sonic 

plane [49-50]. Since the flow downstream of the sonic plane is supersonic relative 

to the steady detonation, the expanding flow can be described by a Prandtl-Meyer 

expansion. This approach is not easy to implement if the reaction products are not 

described by a polytropic equation of state. Furthermore, this approach is not 

strictly correct since the Prandtl-Meyer solution applies to planar flows, not 

cylindrical flows, and since the flow is considered to be supersonic when in fact 

the flow in the reaction zone is subsonic (one of the consequences of this 

assumption is that the extent of the lateral expansion is underestimated since 

pressure at the sonic plane is less than inside the reaction zone). 

Alternatively, Fujiwara and Tsuge [51] assumed that the deflection of the 

confinement material surrounding the reaction zone of an explosive could be 

described by the Newton hypersonic flow model (explosive was confined in air in 

their study). This model led to a relation between pressure and confinement flow 

deflection at the edge of the charge. In this approach, the area change or wall 

deflection could vary with the pressure in the reaction zone. Applying the Newton 

hypersonic flow model to solid confinement materials, which can have a sound 

speed comparable to the detonation velocity, is inappropriate and thus was not 

used here. 

Finally, Dabora [52] treated the initial confinement motion as a one-dimensional 

shock tube (Riemann) problem in the radial direction. This approach is based on 

the fact that due to the high pressure in the unreacted material immediately 

downstream of the shock, the confinement interface is driven to move outward in 
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the radial direction. This is analogous to a one-dimensional shock tube problem. 

The initial radial velocity of each material is zero, the initial pressure of the 

confinement is atmospheric, and the initial pressure of the explosive is given by 

the vN state; mechanical equilibrium is achieved via a shock wave in the 

confinement and an expansion wave in the unreacted explosive material resulting 

in motion of the interface. In unconfined cases, the surface of the explosive is 

treated as a free surface, where pressure is always constant (and near zero), the 

free surface velocity in this case is obtained as that corresponding to expansion of 

the explosive to zero pressure. This approach, where a two-dimensional, steady 

flow is treated as a one-dimensional unsteady flow occurring in a planar “slice” 

passing through the flowfield, is strictly only valid under the assumptions of 

hypersonic small disturbance theory (i.e., high Mach numbers and small 

deflection angles [53]) and cannot formally be applied in the subsonic flow of the 

reaction zone. However, this approach may predict the interface deflection angle 

well enough regardless, since Dabora showed that his predictions of 

confinement/explosive interface motion agreed well with his experimental results. 

Similar good agreement with this model for experiments with yielding 

confinement was obtained by Murray and Lee [54-55]. This approach was 

therefore adopted in the current work to estimate the interface deflection angle. 

Since the expansion isentrope of the unreacted explosive was not known, and 

since for condensed materials the Hugoniot curve and isentrope are very close, the 

isentrope for the reactants was assumed to be identical to the principal Hugoniot 

of the reactants. Furthremore, if one assumes that the radial velocity of the 

explosive-confinement interface, ω, is constant in the reaction zone, then dA/dx is 

also constant within the reaction zone. The resulting area divergence is 

 
DRdx

dA
A o

ω21
=  (10) 

where Ro is the charge radius and ω is the radial velocity of the confinement 

interface obtained from the solution of the Riemann problem. 

Reaction rate 

A reasonable model for the reaction rate should be constructed from knowledge of 

the reaction mechanism. Reaction rate models used for high explosives are 

typically one of the following types 
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 ( ) RT
E

m aa
dt
d −

−= e1
τ

λ
λ  (11) 

(see for instance [30, 41, 46, 56-62]) 

 ( ) nm Pa
dt
d

τ
λ

λ
−= 1  (12) 

(see for instance [41, 47, 48, 63-70]) where a is a frequency factor, τ is a 

characteristic reaction time, Ea is the activation energy, R is the ideal gas constant, 

T is temperature, P is pressure, and m and n are exponents. Models of the first 

type assume that reactions occur as a result of molecular collisions and are 

strongly temperature sensitive. Models of the second type are based on the fact 

that reactions in high explosives occur as a result of the deflagrative growth of hot 

spots initiated by the shock at locations of density discontinuities. The number of 

hot spots is often dependent on shock strength (i.e., shock pressure) and 

deflagration velocities in high explosives are strongly pressure dependent, hence 

the power law pressure dependence of the type Pn in the reaction rate. The 

constants in the reaction rate models are obtained either as a fit of experimental 

detonation data, or in rare cases via studies of the kinetics of explosive 

decomposition reactions. 

Despite extensive study of detonation in conventional explosives, the fact that 

different forms of the reaction rate, using a wide variety of empirically derived 

parameters, have been used with mixed success in modeling detonation clearly 

suggests that, for the present study of heterogeneous mixtures that produce little 

or no gaseous products, the appropriate form of the reaction rate will be a 

significant unknown. Indeed, since no detonation has ever been observed in this 

class of heterogeneous mixture, and since very little rate data has been obtained 

under conditions of high pressure and temperature resulting from shock loading, it 

becomes even more difficult to generate an empirical fit for the heterogeneous 

mixtures under study here. The experimental results of Jetté et al. [71] have 

shown that the delays between shock arrival and onset of bulk temperature 

increase due to reactions in shocked samples of reactive powders scaled with 

burning velocities measured at room conditions. Their findings have also led them 

to suggest that the initiation mechanism was analogous to that in high explosives; 

namely that the shock wave ignites hot spots at locations of density discontinuities 

and reactions grow outward via deflagrating fronts. Since bulk temperatures were 
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found to increase many milliseconds after the shock passage5, and since the time 

at which bulk temperature began to increase was not very dependent on shock 

pressure, Jetté et al. concluded that the reaction rate should not be strongly 

pressure dependent under shock loading conditions. 

Furthermore, it is known that burning velocities do not increase with pressure in 

gasless reactive powder mixtures. Indeed, the burning velocities in many gasless 

compositions, such as metal+carbon, metal+boron, Zr+Si, Al+Cr2O3, and 

Al+Fe2O3+Al2O3, are independent of ambient pressure [72-75]. In Ti+2B and 

2Ta+C, burning velocity is independent of ambient pressure for pressures above 

approximately 30 atm [76-77]. Similarly, in mixtures of Al, Mg, and Ti with 

Fe2O3, as well as mixtures of Zr+BaO2, Mg+MoO3, Zn+PbO2, Zr+V2O5, 

Al+NH4ClO4, and 6Mg+2B2O3+C, burning velocity is either constant at ambient 

pressure greater than a few 10’s of atm or decreasing slightly with an increasing 

pressure [78-81]. These compositions are in the same class of thermites and self-

propagating high-temperature synthesis (SHS) systems as the compositions 

evaluated in this paper for their detonability, and thus are expected to behave in a 

qualitatively similar fashion. 

Based on the above considerations, shock-initiated reactions in gasless reactive 

powder mixtures appear to take place as follows: 1) a small fraction of the 

material is ignited by the shock through distributed hot spots and 2) reaction 

spreads via burning fronts whose propagation speed is independent (or mostly 

independent) of pressure. Therefore, a reaction rate model proposed by Hill et al. 

[82] for high explosives, based on the idea that the reaction rate was dominated by 

the growth of burning hot spots, should be suitable for modeling gasless reactive 

powder mixtures. The model of Hill et al. has the form 

 ( ) 3232 1 λλ
λ

−= bSadt
d  (13) 

where λ is the reaction progress variable, or the product mass fraction, Sb is the 

burning velocity of the reactive material (in mm/s), and a is a rate parameter 

(units of mm-1). This model can be applied to describe the behavior of reactive 

                                                
5 Note that pressure equilibrated to ambient conditions in a few tens of 

microseconds in their experiments, well before the time at which bulk temperature 

increases were observed. 
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gasless powders, in which a and Sb can be treated as constants (i.e., they are not 

functions of the shock pressure nor of the local thermodynamic state of the 

material). Using this simplification, the rate equation can be integrated from the 

start to the end of the reaction, yielding, 

 
( )

53.5
1

1

0 3232 ≈≈
−

= ∫
−

+
λλ

λ
τ

dSa b  (14) 

where τ is the combustion time. If we assume that τ is approximately the same as 

the delay time for the appearance of bulk exothermicity measured in [71] using 

thermocouples and photomultipliers, then the combustion time is related to the 

burning velocity. The delay time data presented in [71] can be related to the room 

condition burning velocity via this simple expression 

 
bS
Δ

=τ  (15) 

which means that the time required for reactions to reach completion (in seconds) 

is Δ/Sb (for Sb expressed in mm/s, they obtained Δ = 4 mm) Combining the last 

two equations gives 

 
4
5

≈a  (16) 

An eventual improvement to the model would be to account for the possible slight 

temperature (and pressure) dependence of burning velocity. In particular, the 

burning velocity in shocked samples could be different from that in the starting 

mixture (i.e., the materials in which the burning fronts are propagating have been 

brought to a higher temperature and density by the shock and they have been 

mechanically deformed and mixed), but this is accounted for in the correlation to 

Jetté et al.’s data. Another factor that the correlation accounts for is the average 

spacing between the hot spots ignited by the shock wave. With those empirical 

parameters, the current model essentially assumes that the shock produces ignition 

centers with an average spacing of Δ = 4 mm, from which reaction propagates at a 

fixed burning velocity. 

Results – Thermodynamic Considerations 

A summary of the estimated product density resulting from constant pressure 

combustion compared to the respective reactant density for many gasless mixtures 
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of interest is shown in Fig. 3. The presented mixtures were chosen for their high 

exothermicity, low production of gas, and because experimental measurements of 

their shock initiation properties have been reported in the literature. On the bottom 

axis, the predominant product composition and the adiabatic flame temperature 

predicted by the thermodynamic equilibrium program are shown, along with the 

magnitude6 of the enthalpy of formation of the product for comparison purposes. 

The linear coefficient of thermal expansion (CTE) used is also shown in the 

figure. The density for the reactants and products were calculated assuming that 

no gases (i.e., no porosity) were present. Gases were absent in the products for 

most mixtures, except the Mn+S mixture (4.65 wt% gas) and Zn+S mixture 

(31 wt% gas, consisting mainly of gaseous Zn and gaseous S). 

The data from Fig. 3 clearly shows that at room temperature, the solid product 

density is greater than that of the reactants for all compositions considered, except 

for ZnTe (this particular characteristic of ZnTe was first pointed out in [4]). If the 

product is brought to the flame temperature, however, the product density 

estimated using the assumed values for the coefficients of thermal expansion is 

less than that of the reactants for a few mixtures: 3Ni+Al, Mn+S, Zn+S, and 

Zn+Te. Those are therefore the mixtures with the greatest potential for detonation. 

The other mixtures would likely not allow the CJ criterion to be satisfied. 

The detonability of mixtures like those in Fig. 3 can also be assessed 

thermodynamically by comparing the relative locations of the initial state and the 

detonation Hugoniot computed using the method of Bennett and Horie on the P-v 

plane. Figure 4 presents results for the highly exothermic Ti+2B and Mn+S 

mixtures, as well as those of the titanium-silicon mixtures, which have large 

product densities and a low heat release, and two nickel-aluminum mixtures 

having a different product-to-reactant density ratio. The calculated specific 

volume of the products resulting from a constant pressure combustion (that was 

shown in Fig. 3) is also shown in the plots of Fig. 4. Finally, the shock Hugoniots 

of the product material having room pressure and temperature as their initial state 

are also shown for reference. 

                                                
6 By convention, enthalpy of formation for an exothermic process is negative, but 

since all mixtures considered in this work are exothermic, absolute values are 

presented. 
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Discussion – Thermodynamic Considerations 

The results shown in Figure 3 illustrate that considering product density alone or 

adiabatic flame temperature (or heat release) alone is not sufficient, the two must 

be taken into account simultaneously (that is, the height of the dark black column 

as well as the “stretching” or “thermal expansion” of that column via the heat 

release, as represented by the light gray column). For instance, Ti+2B, Ti+C, and 

5Ti+3Si have large adiabatic flame temperatures (the absolute value of the 

enthalpies of formation of the first two are very high), but their product density is 

so much greater than the reactant density, as illustrated by the very short black 

column in those cases, that the amount of thermal expansion undergone by the 

product cannot compensate for it. On the other hand, the products of 3Ni+Al and 

Ti+Ni have relatively low density at room temperature (i.e. long black columns) 

but the adiabatic flame temperature of these mixtures is low and leads to only a 

slight decrease in product density (difference between gray and black columns is 

small). On the other hand the Zn+S mixture which has a relatively low enthalpy of 

formation and a low adiabatic flame temperature appears to be good a candidate 

nevertheless due to its low product density. The mixtures most likely to detonate 

however should be Mn+S and Zn+Te, since ZnTe is the only one whose products 

are less dense than its reactants at room temperature and since Mn+S has a 

promising combination of high exothermicity and low product density. 

The detonation Hugoniots in Fig. 4 are similar to the Hugoniots of the product 

materials, but shifted upward due to the effect of heat release. The magnitude of 

the shift is usually greater in mixtures that have a greater adiabatic flame 

temperature for constant pressure combustion and/or whose products have a large 

magnitude of enthalpy of formation. Hence, the location and slope of the 

Hugoniot of the product material as well as the exothermicity of the reaction must 

be considered simultaneously since both have an influence on the location of the 

detonation Hugoniot. 

In Fig. 4b and Fig. 4f, corresponding to mixtures of Mn+S and 1.52 Ni+Al, 

respectively, the product density at room conditions calculated for a constant 

pressure combustion process is to the left of the detonation Hugoniot curve while 

it lies to the right for the other mixtures of Fig. 4. The lack of agreement between 

the predicted product states obtained via the two different methods can be 

explained by the numerous assumptions made in obtaining both the product 
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density from constant pressure combustion and the detonation Hugoniot. Since 

neither method is more rigorous than the other, it is advisable to consider both 

approaches in order to assess the detonability of a mixture. 

The CJ tangency criterion cannot be satisfied for the Ni+Al, 1.52Ni+Al, Ti+2B, 

Ti+Si, and 5Ti+3Si mixtures, since the detonation Hugoniot lies to the left the 

initial state in the reactants in Fig. 4. These conclusions are in accordance with 

those made based on the constant pressure combustion predictions shown in Fig. 3 

and Fig. 4. Also in accordance with the results of Fig. 3 is the fact that for the 

Mn+S mixture, the CJ criterion can be satisfied (see Fig. 4b). For this mixture, a 

tangent to the detonation Hugoniot passing through the non-porous reactant initial 

state (giving a detonation velocity of 5.90 km/s), a CJ point (at 30 GPa), and a vN 

point (at 50 GPa) can be obtained, as shown in Fig. 4b. The predicted vN and CJ 

pressures for this mixture are also well above the minimum pressure necessary for 

its initiation [71, 83], which means that based on a CJ analysis, self-sustained 

detonations in this mixture are possible. 

In order to account for the effect of initial porosity, the detonation Hugoniot for 

the Mn+S case was also calculated for reactants of different densities. The results 

of this calculation show that large variations in initial density do not cause very 

large changes in the location of the detonation Hugoniot (Fig. 5). However, it is 

clear that for lower initial densities, a straight line tangent to the detonation 

Hugoniot passing through the initial state would be less steep, resulting in lower 

shock velocity and lower pressures.7 Therefore, from purely thermodynamic 

considerations (i.e., neglecting the details of how reactions are initiated and how 

fast they proceed to equilibrium), detonations are more likely to be realized using 

non-porous samples. In spite of this, the slow reaction rates in reactive powder 

mixtures, either porous or non-porous, may lead to very long reaction zones, and 

therefore detonations may be observable only in very large charges. 

Results – Reaction Zone Model 

Based on the above results deriving from thermodynamic considerations, mixtures 

with the greatest potential to detonate were non-porous Mn+S, Zn+S, Zn+Te, and 

                                                
7 Recall that for reactive shocks, the initial state does not lie on the detonation 

Hugoniot. 
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3Ni+Al. Little experimental work has been performed on Zn+Te, particularly 

when it comes to shock initiation. Hence, the data necessary to model the reaction 

zone of a hypothetical detonation in Zn+Te is lacking. The 3Ni+Al mixture is 

only barely detonable according to Fig. 3, even with its large CTE of 23x10-6 K-1. 

Finally, due to its greater heat release, the Mn+S mixture should have greater 

potential than Zn+S (if we neglect the production of gases in the reaction), since 

both have similar products. Therefore the Mn+S mixture was used to demonstrate 

the applicability of the ZND-based reaction zone model to predict the reaction 

zone length and the dependence of detonation velocity on charge diameter. The 

burning velocity used for non-porous Mn+S was 4 mm/s [84-85]. 

The predicted dependence of the detonation velocity with charge diameter for 

non-porous Mn+S is presented in Fig. 6 for two different confinement types. At a 

charge radius on the order of 1000 m, the detonation propagates at half the 

maximum (i.e., CJ) value in unconfined casing and approximately 60% of the 

maximum value when confined in steel. The lower limit for the detonation 

propagation velocity was set at the sound speed in the unshocked reactants, since 

at this speed there is no longer significant compression of the material by the 

wave front, i.e., the compression wave is no longer a shock. For a sound speed 

approximately equal to Co in Table 1, supersonic detonation velocities do not exist 

for shock velocities below 44% of the CJ value, as shown in Fig. 6. According to 

the model, a detonation propagating at 44% of the maximum velocity could be 

achieved in a steel-confined charge with a 30 m radius or an unconfined charge 

with a 140 m radius. 

Discussion – Reaction Zone Model 

The trend of Fig. 6 is monotonic so that there appears to be no point where the 

slope of the curve becomes infinite, which would correspond to a minimum, or 

critical, charge radius. This lack of a turning point is typically obtained when 

reaction zones are modeled with reaction rates that do not depend strongly on the 

thermodynamic state. It was shown by [64-66] that reaction rate models with a 

power law pressure dependence of the type Pn produce a critical turning point in 

the detonation velocity – charger diameter curve (i.e., a critical charge diameter) 

only for a value of n greater than or equal to two. For smaller values of n, there is 

no critical turning point, hence no critical diameter. It may also be pointed out that 
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Sharpe [62] obtained similar results with exponential reaction rate models of the 

type eE/RT: for high activation energy, E, a critical turning point existed, while for 

low activation energy, no turning point existed. When the reaction rate is strongly 

sensitive to the thermodynamic state, it is very sensitive to the effect of lateral 

expansions, which means that reactions can be quenched. This implies that a small 

decrease in diameter can lead to a sudden drop in reaction rate and an immediate 

failure of the detonation. On the other hand, when the reaction rate is weakly 

dependent on the thermodynamic state, a decrease in charge diameter leads to a 

small decrease of the reaction rate. In this case, reactions do not quench but less 

energy is available to support the shock so that the detonation velocity decreases. 

Due to the negligible pressure dependence of the burning velocity of gasless 

reactive powder mixtures, it should be expected that their behavior would 

resemble that of explosives whose pressure dependence is on the order of n < 1. 

Explosives of this type also typically contain separate fuels and oxidizers, such as 

those based on ammonium nitrate (AN) or ammonium perchlorate (AP) mixed 

with a fuel and/or aluminum powder. Much of what is understood about AN- and 

AP-based explosives may be applicable to gasless reactive powder mixtures (see, 

for example [46, 48, 67- 69, 86]). Due to the fact that mixing of the components is 

required for reactions to take place in these explosives, reaction zones are larger 

than in molecular explosives. These explosives also typically have significantly 

curved fronts. 

Since reaction time was assumed to be independent of the thermodynamic state in 

our model, the burning time is constant (given by eq. 15) and reaction zone length 

should depend linearly on the velocity of the flow immediately downstream of the 

shock (thus the reaction zone length should be approximately equal to the reaction 

time multiplied by the vN flow velocity at the beginning of the reaction zone). 

From the shock velocities and shock Hugoniots calculated using the values in 

Table 1, the material velocities range from 2.70 to 3.40 km/s in Mn+S as shock 

velocities range from 50% to 85% of the CJ velocity. For a burning time given by 

eq. 15 as 1 s for Mn+S, reaction zone lengths should be on the order of 2700-

3400 m in Mn+S. This is indeed similar to the model predictions of 1900-3100 m 

for both steel confined and for unconfined, for the same range of shock velocities. 

Moreover, for systems with a constant burning time, Khariton’s principle could be 

approximately quantified as follows: burning time < charge radius / sound speed. 
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This definition states that the burning time should be less than the time it takes for 

the leading lateral expansion wave to reach the central axis of the charge. If a 

sound speed on the order of 3 km/s in shocked Mn+S is assumed, the minimum 

charge radius should be on the order of 3000 m. This is on the same order as the 

reaction zone length, and according to Fig. 6, it is the radius for which a 

detonation propagating at approximately 60-70% of DCJ would be observed. 

Therefore, a simple criterion from Khariton’s principle can be used to give an 

order of magnitude estimate of the minimum charge radius for explosives whose 

burning time is independent of the thermodynamic state. 

Since the ZND reaction zone model depends only on the burning time, every 

order of magnitude increase in burning velocity leads to a decrease in reaction 

zone length of the same order (and a decrease in the charge diameter of the same 

order for a given detonation velocity). Therefore, a self-sustained detonation may 

be produced in a charge with a diameter of less than 1 m in Mn+S if the burning 

velocity of this mixture can be increased to approximately 400 mm/s. It is known 

that burning velocity in reactive powder mixtures can be increased, in some cases, 

by up to an order of magnitude via mechanical activation using a ball-milling 

machine. For instance, the burning velocity of 50% TMD Ni+Al powder is on the 

order of 23 mm/s8, whereas for the same powder if it is first mechanically 

processed in a ball-mill, the burning velocity increases to 44 mm/s [71], and this 

burning velocity can be further increased to 205 mm/s when the ball-milled 

powder is densified to nearly 100% TMD [85]. It is also known that burning rates 

can be increased via other types of nanoscale mixing approaches [88]. However, 

there appears to be a limit to the increase in burning velocity that can be achieved 

via a reduction in the mixing scales. Weihs et al. [89] showed that reaction 

occurring on the interface between the two components results in a greater 

fraction of the mixture being effectively inert product as the scale of the mixing is 

reduced. Not only does this intermixing layer represent a barrier to mass diffusion, 

it decreases the reactive mass, and thus the adiabatic flame temperature. 

Therefore, burning velocity decreased when the size of the intermixing layer 

                                                
8 Note that Hardt and Holsinger [84] obtained values in the range 35-51 mm/s in 

Ni+Al mixtures made of powders of similar size or slightly smaller size, but pre-

heated to 425-500K. 
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became similar to that of the non-reacted materials. It is therefore unlikely that 

burning velocity increases by two orders of magnitude or more could be achieved 

via pre-mixing alone. 

Finally, the product mass fraction at the sonic plane predicted by the reaction zone 

model for Mn+S is displayed in Fig. 7. As expected, when the detonation velocity 

is lower (as when the charge diameter is smaller), the reaction is less complete at 

the sonic plane than when the detonation is greater. However, this dependence is 

not very strong, and the product mass fraction at the sonic plane is very close to 

one in all cases. Therefore the detonation velocity deficit obtained in small-

diameter charges results more from momentum losses than to incomplete 

reactions. In addition, the extent of the reaction did not depend markedly on the 

confinement material. This is likely due in large part to the fact that the reaction 

rate law had no dependence on the thermodynamic state. Therefore, the charge 

radius had an effect on the flow, but not on the reaction rate. The extent of 

reactions that took place before the sonic plane is therefore essentially dependent 

only on how fast the flow reached sonic velocity. 

Conclusion 

A comprehensive, yet simple, methodology to assess the detonability of 

heterogeneous powder mixtures that react exothermically without significant gas 

production was presented. The two conditions that must be considered in the 

assessment of gasless detonation in reactive powder mixtures were considered: 1) 

the expansion of the products relative to the reactant density, and 2) the length of 

the reaction zone relative to the size of the detonating charge (or the reaction time 

relative to the pressure relaxation time resulting from the finite charge 

dimensions). The first condition is necessary for a shock wave to be supported by 

the reactions taking place in the reaction zone, while the second condition is 

necessary to ensure that the energy released by the reactions is used to support the 

shock instead of accelerating the reacted products in the transverse direction. 

Two simple methods were proposed to show that many highly exothermic and/or 

fast reacting mixtures do not produce sufficient product volumetric expansion to 

detonate. The mixtures that were found to satisfy the product volumetric 

expansion requirement typically possessed one or more of the following features: 

high reaction temperature, products with large volumetric thermal expansion 
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coefficient, and/or products with a low density at room pressure and temperature. 

Certain mixtures of nickel and aluminum, manganese and sulfur, zinc and sulfur, 

and zinc and tellurium appeared to permit detonation when initial reactant density 

is sufficiently large (i.e., porosity sufficiently low) to ensure that the products’ 

expansion can support a shock in the reactants. 

A quasi one-dimensional model of the ZND reaction zone was developed to 

account for the competition between energy release rate and momentum and 

energy losses due to lateral expansion. Using this model with an empirically 

derived relation for the reaction rate, the relationship between the speed of a self-

sustained supersonic reactive compression and the charge radius was estimated for 

micrometric powder mixtures of Mn+S. The results were qualitatively similar to 

those for commercial blasting explosives whose reaction rate is not strongly 

dependent on the thermodynamic state, in that the shock velocity – charge radius 

was monotonic and contained no critical turning point. The calculated reaction 

zones were very long so that unless burning velocities at least two orders of 

magnitude greater than in micrometric powders could be achieved, detonations 

may not be observable in charge diameters less than one meter in such gasless 

mixtures. 

In closing, it is important to point out that this study focused on the conditions 

required for the propagation of a steady, self-sustained detonation without regard 

to the initiation process. It is not sufficient for the conditions for steady 

propagation to be fulfilled for a detonation to be established. The unsteady 

initiation process may require conditions that were not considered in this article. 

For instance, although burning reactions can be initiated with relatively weak 

shock waves and a suitable charge diameter could be constructed, very strong 

initiating shocks of long duration in addition to much greater charge diameters 

may be required to ensure that a steady detonation is able to develop. 

References 

[1] Jiang, J., Goroshin, S., Lee, J.H.S., Shock Wave Induced Chemical Reaction in Mn+S Mixture, 

10th APS Topical Conf. on Shock Compression of Condensed Matter, 655-658 (1997) 

[2] Lee, J.H.S., Goroshin, S., Yoshinaka, A., Romano, M., Jiang, J., Hooton, I., Zhang, F., 

Attempts to Initiate Detonations in Metal-Sulphur Mixtures, 11th APS Topical Conf. on Shock 

Compression of Condensed Matter, 775-778 (1999) 



25 

[3] Gur’ev, D.L., Gordopolov, Yu. A., Batsanov, S.S., Merzhanov, A.G., Fortov, V.E., Solid-State 

Detonation in the Zinc-Sulfur System, Appl. Phys. Lett. 88, 024102 (2006) 

[4] Gur’ev, D.L., Gordopolov, Yu. A., Batsanov, S.S., Solid-State Synthesis of ZnTe in Shock 

Waves, Combust. Explos. Shock Waves 42, 116-123 (2006b) 

[5] Lee, J.J., Zhang, F., Shock-Induced Reactions in Cylindrical Charges of Titanium-Silicon 

Powder Mixtures, 15th APS Topical Conf. on Shock Compression of Condensed Matter, 1045-

1048 (2007) 

[6] Lee, J.J., Initiation of Reactive Waves in Metallic Powder Mixtures Using a High-Explosive 

Booster, 16th APS Topical Conf. on Shock Compression of Condensed Matter, 173-176. (2009) 

[7] Jetté, F.X., Goroshin, S., Higgins, A.J., Lee, J.J., Experimental Investigation of Gasless 

Detonation in Metal-Sulfur Compositions, Combust. Explos. Shock Waves 45, 211-217 (2009) 

[8] Dolgoborodov, A. Yu., Makhov, M.N., Kolbanev, I.V., Streletskii, A.N., Fortov, V.E., 

Detonation in an Aluminum-Teflon Mixture, JETP letters 81, 311-314 (2005) 

[9] Dolgoborodov, A. Yu., Makhov, M.N., Kolbanev, I.V., Streletskii, A.N., Fortov, V.E., 

Detonation in Metal-Teflon Mechanoactivated Composites, 13th Symp. (Int.) on Detonation, 137-

144 (2006) 

[10] Dolgoborodov, A. Yu., Streletskii, A.N., Makhov, M.N., Kolbanev, I.V., Fortov, V.E., 

Explosive Compositions Based on the Mechanoactivated Metal-Oxidizer Mixtures, Russ. J. Phys. 

Chem. B: Focus on Physics 1, 606-611 (2007) 

[11] Dolgoborodov, A. Yu., Streletskii, A.N., Kolbanev, I.V., Makhov, M.N., Explosive 

Compositions on the Basis of Mechanoactivated Nanocomposites of Metals and Solid Oxidizers, 

14th Symp. (Int.) on Detonation, 816-822 (2010) 

[12] Bockmon, B.S., Pantoya, M.L., Son, S.F., Asay, B.W., Burn Rate Measuremenst of 

Nanocomposite Thermites, 41st Aerospace Sciences Meeting and Exhibit of the AIAA (2003) 

[13] Asay, B.W., Son, S.F., Busse, J.R., Oschwald, D.M., Ignition Characteristics of Metastable 

Intermolecular Composites, Propellants, Explos., Pyrotech. 29, 216-219 (2004) 

[14] Son, S.F., Asay, B.W., Foley, T.J., Yetter, R.A., Wu, M.H., Risha, G.A., Combustion of 

Nanoscale Al/MoO3 Thermite in Microchannels, J. Propul. Power 23, 715-721 (2007) 

[15] Sanders, V.E., Asay, B.W., Foley, T.J., Tappan, B.C., Pacheco, A.N., Son, S.F., Reaction 

Propagation of Four Nanoscale Energetic Composites (Al/MoO3, Al/WO3, Al/CuO, and Bi2O3), J. 

Propul. Power 23, 707-714 (2007) 

[16] Watson, K.W., Pantoya, M.L., Levitas, V.I., Fast Reactions with Nano- and Micrometer 

Aluminum: A Study on Oxidation Versus Fluorination, Combust. Flame 155, 619-634 (2008) 

[17] Fickett, W., Davis, W.C., Detonation: Theory and Experiment, Dover (1979), section 4A4 

[18] Fickett, W., Davis, W.C., Detonation: Theory and Experiment, Dover (1979), section 2A 

[19] Kuznetsov, N.M., Detonation and Gas-Dynamic Discontinuities in Phase Transitions of 

Metastable Substances, Sov. Phys. JETP 22, 1047 (1966) 

[20] Boslough, M.B., A Thermochemical Model for Shock-Induced Reactions (Heat Detonations) 

in Solids, J. Chem. Phys. 92, 1839-1848 (1990) 

[21] Yu, L.H., Meyers, M.A., Shock Synthesis and Synthesis-Assisted Shock Consolidation of 

Silicides, J. Mater. Sci. 26, 601-611 (1991) 



26 

[22] Bennett, L.S., Horie, Y., Shock-Induced Inorganic Reactions and Condensed Phase 

Detonations, Shock Waves 4, 127-136 (1994) 

[23] Merzhanov, A.G., Gordopolov, Yu. A., Trofimov, V.S., On the Possibility of Gasless 

Detonation in Condensed Systems, Shock Waves 6, 157-159 (1996) 

[24] Dobler, E.A., Gryadunov, A.N., Shteinberg, A.S., On the Possible Gas Detonation Explosion 

of BaO2/Zr Powder Mixture, 10th APS Topical Conf. on Shock Compression of Condensed Matter, 

635-638 (1997) 

[25] Torunov, S.I., Trofimov, V.S., Detonation Hugoniots of Powdered Ti-C, Ti-B, Fe2O3-Al 

Mixtures with Gasifying Additives, Chem. Phys. Rep. 17, 2167-2177 (1999) 

[26] Torunov, S.I., Trofimov, V.S., Calculation of an Equilibrium Temperature in the Ideal 

Detonation Wave in the Zinc-Sulfur SHS System, Int. J. SHS 10, 13-21 (2001) 

[27] Khariton, Yu. B., Collection: Problems of the Theory of Explosives (in Russian). Izd-vo AN 

SSSR, Moscow (1947) 

[28] Kirkwood, J.G., Wood, W.W., Structure of a Steady-State Plane Detonation Wave with Finite 

Reaction Rate, J. Chem. Phys. 22,1915-1919 (1954) 

[29] Fickett, W., Davis, W.C., Detonation: Theory and Experiment, Dover (1979), section 2C 

[30] Wood, W.W., Kirkwood, J.G., Diameter Effect in Condensed Explosives. The Relation 

between Velocity and Radius of Curvature of the Detonation Wave, J. Chem. Phys. 22, 1920 

(1954) 

[31] Merzhanov, A.G., Theory and Practice of SHS: Worldwide State of the Art and the Newest 

Results, Int. J. SHS 2, 133-156 (1993) 

[32] Touloukian, S., Kirby, R.K., Taylor, R.E., Desai, P.D., (eds.), Thermophysical Properties of 

Matter, Vols. 12-13 (Thermal Expansion), Plenum, NY, Washington (1975) 

[33] Rusovic, N., Warlimont, H., Young's Modulus of β2-Ni-Al Alloys, Phys. Status Solidi A 53, 

283-288 (1979) 

[34] Maex, K., Van Rossum, M., ed., Properties of Metal Silicides, Institution of Engineering and 

Technology (1995) 

[35] Meyers, M.A., Dynamic Behavior of Materials, Wiley-Interscience (1994), section 2.4 

[36] Byun, C.S., Bopark, S., Kim, D.K., Lee, W., Hyun, C.Y., Reucroft, P.J., Formation 

Mechanism of Titanium Silicide by Mechanical Alloying, J. Mater. Sci. 36, 363-369 (2001) 

[37] Robie, R.A., Hemingway, B.S., Thermodynamic Properties of Minerals and Related 

Substances at 298.15 K and 1 Bar (105 Pascals) Pressure and at Higher Temperatures, U.S. Geol. 

Surv. Bull. 2131 (1995) 

[38] Hu, R., Nash, P., The Enthalpy of Formation of NiAl, J. Mater. Sci. 40, 1067-1069 (2005) 

[39] Wang, Y., Liu, Z.K., Chen, L.Q., Thermodynamic Properties of Al, Ni, NiAl, and Ni3Al from 

First Principles Calculations, Acta Mater. 52, 2265-2671 (2004) 

[40] Purdue School of Aeronautics and Astronautics, Heats of formation and chemical 

compositions database,  

http://cobweb.ecn.purdue.edu/~propulsi/propulsion/comb/propellants.html 

[41] Chan, S.K., A Theory to Predict the Velocity-Diameter Relation of Explosives, 7th Symp. 

(Int.) on Detonation, 589-601 (1981) 



27 

[42] Meyers, M.A., Dynamic Behavior of Materials, Wiley-Interscience (1994), chapter 7 

[43] Zukas, J.A., Introduction to Hydrocodes, Elsevier, 2004, chapter 3 

[44] Marsh, S.P., LANL Shock Hugoniot Data, Univ. of California Press, Berkeley, California 

(1980) 

[45] Petel, O.E., Jetté, F.X., Comparison of Methods for Calculating the Shock Hugoniot of 

Mixtures, Shock Waves 20, 73-83 (2009) 

[46] Chan, S.K., Lownds, C.M., Theoretical Prediction of the Velocity-Diameter Relation of 

Bubble-Sensitized Liquid Explosives, Propellants, Explos., Pyrotech. 8, 184-192 (1983) 

[47] Kirby, I.J., Leiper, G.A., A Small Divergent Detonation Theory for Intermolecular 

Explosives, 8th Symp. (Int.) on Detonation, 176-186 (1985) 

[48] Esen, S., Souers, P.C., Vitello, P., Prediction of the Non-Ideal Detonation Performance of 

Commercial Explosives Using the DeNE and JWL++ Codes, Int. J Numer. Meth. Eng. 64, 1889-

1914 (2005) 

[49] Hill, R., Pack, D.C., An Investigation, by the Method of Characteristics, of the Laterial 

Expansion of the Gases Behind a Detonating Slab of Explosive, P. Roy. Soc. Lond. A Mat. 191, 

524-541 (1947) 

[50] Jones, H., A theory of the Dependence of the Rate of Detonation of Solid Explosives on the 

diameter of the Charge, P. Roy. Soc. Lond. A Mat. 189, 415-426 (1947) 

[51] Fujiwara, T., Tsuge, S.I., Quasi-one Dimensional Analysis of Gaseous Free Detonations, J. 

Phys. Soc. Japan, 33, 237-241 (1972) 

[52] Dabora, E.K., Nicholls, J.A., Morrison, R.B., The Influence of a Compressible Boundary on 

the Propagation of Gaseous Detonations, 10th Symp. (Int.) on Combustion, 817-830 (1965) 

[53] Hayes, W.D., Probstein, R.F., Hypersonic Inviscid Flow, Dover (2004) – originally Academic 

Press, New York (1966) 

[54] Murray, S.B., Lee, J.H.S., The Influence of Yielding Confinement on Large-Scale Ethylene-

Air Detonations, In Prog. Astronaut. Aeronaut. 94, AIAA, 80-103 (1984) 

[55] Murray, S.B., Lee, J.H.S., The Influence of Physical Boundaries on Gaseous Detonation 

Waves, In Prog. Astronaut. Aeronaut. 106, AIAA, 329-355 (1986) 

[56] Evans, M.W., Detonation Sensitivity and Failure Diameter in Homogeneous Condensed 

Materials, J. Chem. Phys. 36, 193-200 (1962) 

[57] Wecken, F., Non-Ideal Detonation with Constant Lateral Expansion, 4th Symp. (Int.) on 

Detonation, pp. 107-116 (1965) 

[58] Erpenbeck, J.J., Steady Quasi-One-Dimensional Detonation in Idealized Systems, Phys. 

Fluids 12, 967-982 (1969) 

[59] Chaiken, R.F., Edwards, J.C., Detonation and Critical Diameter of Heterogeneous Explosives, 

Acta Astronaut. 3, 795-810 (1976) 

[60] Huerta, M.A., Steady Detonation Waves with Losses, Phys. Fluids 28, 2735-2743 (1985) 

[61] Klein, R., Kroh, J.C., Shepherd, J.E., Curved Quasi-Steady Detonations: Asymptotic Analysis 

and Detailed Chemical Kinetics, GALCIT report FM 95-04 (1995) 

[62] Sharpe, G.J., The Structure of Planar and Curved Detonation Waves with Reversible 

Reactions, Phys. Fluids 12, 3007-3020 (2000) 



28 

[631] Lee, E.L., Tarver, C.M., Phenomenological Model of Shock Initiation in Heterogeneous 

Explosives, Phys. Fluids 23, 2362-2372 (1980) 

[64] Cowperthwaite, M., An Exact Solution for Axial Flow in Cylindrically Symmetric, Steady-

State Detonation in Polytropic Explosive with an Arbitrary Rate of Decomposition, Phys. Fluids 6, 

1357-1378 (1994) 

[65] Aslam, T.D., Bdzil, J.B., Hill, L.G., Extensions to DSD Theory: Analysis of PBX 9502 Rate 

Stick Data, 11th Symp. (Int.) on Detonation, 21-29 (1998) 

[66] Bdzil, J.B., Aslam, T.D. Short, M., DSD Front Models: Non-Ideal Explosive Detonation in 

ANFO, 12th Symp. (Int.) on Detonation, 409-417 (2002) 

[67] Cooper, J., Leiper, G.A., Neilson, G.W., Molecular and Microscopic Structural Effects in the 

Detonation of Fluid Explosives, 12th Symp. (Int.) on Detonation, 733-742 (2002) 

[68] Kirby, I.J., Chan, S.K., Analysis of VOD-Diameter Data Using an Analytical Two-

Dimensional Non-Ideal Detonation Model, 14th APS Topical Conf. on Shock Compression of 

Condensed Matter, 453-456 (2005) 

[69] Esen, S., A Non-Ideal Detonation Model for Evaluating the Performance of Explosives in 

Rock Blasting, Rock Mech. Rock Eng. 41, 467-497 (2008) 

[70] Yoo, S., Stewart, S.D., Lambert, D.E., Lieber, M.A., Szuck, M.J., Modeling Solid State 

Detonation and Reactive Materials, 14th Symp. (Int.) on Detonation, 211-218 (2010) 

[71] Jetté, F.X., Higgins, A.J., Goroshin, S., Frost, D.L., Charron-Tousignant, Y., Radulescu, M.I., 

Lee, J.J., In-Situ Measurements of the Onset of Bulk Exothermicity in Shock Initiation of Reactive 

Powder Mixtures, J. Appl. Phys. 109, 084905-1 to 084905-17 (2011) 

[72] Borovinskaya, I.P., Merzhanov, A.G., Noviko, N.P., Filonenko, A.K., Gasless Combustion of 

Mixtures of Powdered Transition Metals with Boron, Combust. Explos. Shock Waves 10, 2-10 

(1974) 

[73] Munir, Z.A., Anselmi-Tamburini, U., Self-Propagating Exothermic Reactions: The Synthesis 

of High-Temperature Materials by Combustion, Mater. Sci. Rep. 3, 277-365 (1989) 

[74] Belyaev, A.F., Komkova, L.D., Dependence of Burning Velocity of Thermites on Pressure, 

Zh. Fiz. Khim. 34, 1903 (1950) 

[75] Maksimov, E.I., Merzhanov, A.G., Shkiro, V.M., Gasless Compositions as a Simple Model 

for the Combustion of Nonvolatile Condensed Systems, Combust. Explos. Shock Waves 1, 15-18 

(1965) 

[76] Shkiro, V.M., Nersisyan, G.A., Borovinskaya, I.P., Principles of Combustion of Tantalum-

Carbon Mixtures, Combust. Explos. Shock Waves 14, 455-460 (1977) 

[77] Vershinnikov, V.I., Filonenko, A.K., Pressure Dependence of Rate of Gas-Free Combustion, 

Combust. Explos. Shock Waves 14, 588-592, (1978) 

[78] Weiser, V., Roth, E., Raab, A., del Mar Juez-Lorenzo, M., Kelzenberg, S., Eisenreich, N., 

Thermite Type Reactions of Different Metals with Iron-Oxide and the Influence of Pressure, 

Propellants, Explos., Pyrotech. 35, 240-247 (2010) 

[79] Ivanov, G.V., Surkov, V.G., Viktorenko, A.M., Reshetov, A.A., Ivanov, V.G., Anomalous 

Dependence of the Combustion Rate of Thermite Mixtures on the Pressure, Combust. Explos. 

Shock Waves 15, 266-268 (1977) 



29 

[80] Romodanova, L.D., Pokhil, P.K., Action of Silica on the Burning Rates of Ammonium 

Perchlorate Compositions, Combust. Explos. Shock Waves 6, 258-261 (1970) 

[81] Wang, L.L., Munir, Z.A., Maximov, Y.M., Thermite Reactions: Their Utilization in the 

Synthesis and Processing of Materials, J. Mater. Sci. 28, 3693-3708 (1993) 

[82] Hill, L.G., Zimmermann, B., Nichols III, A.L., On the Burn Topology of Hot-Spot-Initiated 

Reactions, 16th APS Topical Conf. on Shock Compression of Condensed Matter, 432-435 (2009) 

[83] Jetté, F.X., Goroshin, S., Frost, D.L., Higgins, A.J., Comparison of Critical Shock and 

Thermal Initiating Conditions for Various Reactive Powder Mixtures, submitted to Propellants, 

Explosives, Pyrotechnics (2011) 

[84] Goroshin, S., Mizera, A., Frost, D.L. Lee, J.H.S., Metal-Sulfur Combustion, 26th Symp. (Int.) 

on Combustion, 1883-1889 (1996) 

[85] Radulescu, M.I., Charron-Tousignant, Y., private communication (2010) 

[86] Leiper, G.A., Numerical Modeling of Detonation Performance, Philos. T Phys. Sci. Eng. 339, 

419-429 (1992) 

[87] Hardt, A.P., Holsinger, R.W., Propagation of Gasless Reactions in Solids – II. Experimental 

Study of Exothermic Intermetallic Reaction Rates, Combust. Flame 21, 91-97 (1973) 

[88] Rogachev, A.S., Mukasyan, A.S., Combustion of Heterogeneous Nanostructural Systems 

(Review), Combustion, Explosion, and Shock Waves, vol. 46, no. 3, pp. 243-266 (2010) [66] 

Sharpe, G.J., Braithwaite, M., Steady-Non-Ideal Detonations in Cylindrical Sticks of Explosives, 

J. Eng. Math. 53, 39-58 (2005) 

[89] Weihs, T.P., Gavens, A.J., Reiss, M.E., Van Heerden, D., Draffin, A., Stanfield, D., Self-

Propagating Exothermic Reactions in Nanoscale Multilayer Materials, in Chemistry and Physics of 

Nanostructures and Related Non-Equilibrium Materials (E. Ma, B. Fultz, R. Shull, J. Morral, and 

P. Nash editors), The Minerals, Metals & Materials Society, 75-86 (1997)



30 

Table 1: Parameters used in ZND reaction zone model of Mn+S 

Detonation Velocity, DCJ (km/s) 5.90 
Initial Density, ρo (g/cc) 3.80 

Co (km/s) 2.59 
S 1.47 

vo/Γo (cc/g) 0.136 
Q (kJ/g) 1.80 
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Fig. 1 Graphical illustration of the calculation method of Bennett and Horie [22] 

Fig. 2 Hugoniot curves obtained via eq. (7), along with reactant Hugoniot curve obtained using the 

method recommended by Petel and Jetté [45] and detonation Hugoniot curve obtained using the 

method of Bennett and Horie [22] for Mn-S detonation. The Rayleigh line for the detonation 

process is also shown (DCJ = 5.90 km/s) 

Fig. 3 Comparison of predicted product and reactant material densities for a constant pressure 

combustion process 

Fig. 4 Comparison of predicted location of detonation Hugoniot to initial state on pressure-volume 

plane 

Fig. 5 Initial states and predicted detonation Hugoniots for Mn+S mixtures at various starting 

densities (given in legend) 

Fig. 6 Predicted detonation velocity─charge diameter relations for Mn+S in steel confinement and 

in no confinement. The sonic limit at which point a shock no longer exists is marked with a full 

circle  

Fig. 7 Predicted detonation velocity vs product mass fraction at sonic plane for Mn+S in steel 

confinement and in no confinement 


