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Abstract—The growth of particles behind the detonation wave front in condensed explosives is consid-
ered based on the physical estimates and experimental results obtained in recent years. The focus is on
the large difference in particle size due to the presence or absence of hydrogen in the explosive.
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INTRODUCTION
The detonation of most explosives leads to the release of excess carbon. This phenomenon was for a

long time considered an acceptable drawback of explosive technologies and did not attract particular
attention. Some exception was considerations of the contribution of carbon to the energy release. The rel-
atively slow process of carbon condensation was assumed to exhibit the non-ideality effects observed in
substances with a significantly negative oxygen balance [1, 2]. These works suggested unlimited particle
clustering, resulting in a prolonged energy release.

The discovery of the detonation synthesis of diamond has rekindled interest in the release of free car-
bon in an explosion. The synthesis of diamond from the carbon of an explosive was first discovered at
RFNC-VNIITF (Snezhinsk) by Volkov, Danilenko, and Elin in 1963 [3]. This striking result did not
become widely known for a number of reasons outlined in [4].

In 1982, detonation synthesis was discovered again at the Institute of Hydrodynamics of the Siberian
Branch of the USSR Academy of Sciences by Staver, Lyamkin, and Petrov. Preliminary results (in a some-
what roundabout presentation) are reported in [5, 6]. In subsequent years, a significant amount of
research was conducted at the Institute of Hydrodynamics and a number of other organizations. Pilot
industrial production was reported already in the 1988 publication [7]. Ultradispersed diamond formed
from the carbon of explosives was so different from both natural and artificial diamonds obtained by other
methods that it could claim to be a new carbon modification [6].

After the appearance of key publications [7, 8], the carbon material collected after explosions was stud-
ied in many laboratories around the world. The results were in sharp contrast to the picture of unlimited
growth described in [1]: the typical particle size was several nanometers.

Estimates of the growth kinetics showed that Brownian coagulation should lead to much larger sizes
(tens of nanometers). Naturally, the idea arose that the particle growth is limited due to the exit from the
conditionally liquid state with increasing particle size [9–11].

However, the explosion products of the hydrogen-free explosive benzotrifuroxan (BTF) have been
found to contain particles of hundreds of nanometers in size [12] obviously not subject to size limitations.
For such particles, Brownian coagulation turned out to be too slow. Mal’kov [13] pointed out the impor-
tance of microturbulence (or shear f lows) that occur in detonations products due to material heterogeneity
and are capable of dramatically accelerating coagulation: a particle size of 200 nm can be achieved in a
time of about 3 μs.

Later, data on real-time particle growth dynamics were obtained by small-angle synchrotron X-ray
scattering [14–18]. This allows growth model predictions to be compared with experiment. Such a com-
parison is made in this paper. The processes influencing the formation and growth of particles are dis-
cussed.
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BROWNIAN COAGULATION
The release of free carbon during detonation occurs mainly in the chemical reaction zone. Carbon is

released in the form of atoms or small clusters which combine into nanometer-sized, and possibly larger,
particles. Experiments, within their resolution, have confirmed the formation of particles of a few nano-
meters in size within fractions of a microsecond. Further growth can last for microseconds until expansion
of the material begins to have an effect. It is natural to assume that in the case of extreme and rapid super-
saturation, the main growth mechanism is coagulation [1, 9, 10]. Recently, more sophisticated theories
have been developed, e.g., [19], which consider the fragmentation of particles and their ripening by
exchanging fragments, but in view of the uncertainties involved, such models seem overcomplicated. In
this and the following sections, we discuss simplified approaches that can be used to conduct a compari-
son between theory and experiment within the available accuracy.

The coagulation process is described by the Smoluchowski equations [20]:

(1)

Here  is time,  is the concentration of particles containing  monomers (for brevity, we will speak of
particles of mass , considering the mass of the monomer, in our case, a carbon atom, to be the unit
mass), and  is the coagulation kernel describing the rate of coagulation of particles of masses  in
a unit volume. The first term on the right side of Eq. (1) describes the formation of particles of mass 
from clusters of smaller masses, and the second term describes the elimination of these particles upon
contact with any others.

Summing all Eqs. (1), we obtain the rate of change of the total concentration :

(2)

The evolution of the distribution  depends significantly on the type of coagulation kernel. In the sim-
plest case where  = K = const under the initial conditions  and  = 0, the analytical
solution of Eqs. (1) is known [20, 21]. In particular, the equation for  is greatly simplified:

(3)

From (3) we have

(4)

where  is the initial concentration of monomers.
For Brownian coagulation, the condition  = const is quite a reasonable approximation. In the

case of viscous particle motion,

(5)

where  and  are the diffusion coefficients of particles of species  and ,  and  are their radii,  is
Boltzmann’s constant,  is the temperature, and  is the viscosity of the medium. The kernel  takes
a minimum value when :

The dependence of (5) on the ratio  normalized to the minimum value is shown in Fig. 1 (curve B).
This f lat minimum can be taken in the first approximation as an estimate of . Then Eq. (4) leads to

(6)
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Fig. 1. Brownian coagulation kernel vs. relative particle mass.
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A convenient variable for estimating the growth rate is the average number of monomers in a particle
. In the same approximation, we obtain

(7)

As can be seen, for the case of a constant kernel, the value of  increases linearly with time.
Since with a marked difference between the particles, the coagulation kernel  increases, the total

concentration  according to (2) decreases faster and the estimate (7) will be somewhat underestimated.
Numerical calculations [22, 23] have shown that over time a self-similar distribution develops and the
average mass increases as

i.e., it differs from (7) in the coefficient  close to unity (1.08 according to [22] and 1.064 according to
[23]). The dashed line  in Fig. 1 shows the effective level of K for Brownian coagulation. Taking this
weak effect into account in approximate estimates seems unnecessary.

Thus, Brownian coagulation is described by the equation

(8)

where the characteristic Brownian time is  =  = . Here  is the volume fraction of
the condensed phase and  is the concentration of carbon atoms in the particles.

Under conditions corresponding to the Chapman–Jouguet state for dense explosives (  GPa,  K),
the following values for the viscosity of detonation products  were proposed: 0.01 g/(cm s) [1];  g/(cm s)
(for the gas phase [24]);  g/(cm s) [25, 26]. We use as some average the value  g/(cm s), which
slightly exceeds the viscosity of water under normal conditions.

The concentration of free carbon atoms under the same conditions was estimated at  cm–3 for
HMX [1] and at  cm–3 for TATB [26]. In experimental studies [27, 28], the yield of solid carbon
was approximately  cm–3 for HMX,  cm–3 for BTF, and  cm–3 for TNT. The latter
value is in good agreement with measurements [29]. For comparison of the sizes of particles obtained
during detonation of BTF and TNT/RDX mixtures (commonly used to synthesize nanodiamonds),
we use the average value  cm–3. Almost all released carbon is in the form of small particles; at this
concentration, their volume fraction is .
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Then at a temperature  K, the time  s. It should be noted that this estimate may
contain an error of a factor of 2 to 3 due to the uncertainty of the values of the viscosity and concentration .

As noted in [30], for  of the order of several percent, a noticeable acceleration of coagulation should
be expected, since the gaps between particles become approximately equal to the diameters of the parti-
cles. On the other hand, there may be a slowdown of Brownian growth by the gas medium. Gas molecules
that adhere to the surface of carbon particles are capable of slowing down the coagulation process. These
effects compensate each other at least partially. Therefore, we will accept the above estimate.

According to (8), at  s already after 2 μs, it should be expected that the average number of
atoms in a particle  will reach , which corresponds to a diameter of more than 20 nm. Meanwhile,
under typical synthesis conditions, the particles recovered after the explosion are much smaller. The char-
acteristic size of ultrafine detonation diamonds is usually 4–7 nm [7, 8]. A particle with a diameter of
5.5 nm contains about 15000 carbon atoms, which is almost two orders of magnitude smaller than the
expected quantity.

In [9, 10] this discrepancy is explained by the slowdown of coagulation with increasing particle size.
At temperatures below the melting point of a massive sample, small particles still behave like liquid drops
and coagulate upon contact, but after reaching a larger size, they are transformed into a solid state. Nat-
urally, this transition is not abrupt, and the coagulation of large particles may continue due to f luctua-
tions, although at a lower probability. The growth of compact particles can also continue due to the adhe-
sion of small particles to large ones, but over time the particle size distribution freezes. Similar consider-
ations are developed in [11].

Contact of large solid particles may lead to a continuation of aggregation, in which particles stick
together without mixing, largely retaining their shape and individuality. At this stage, sparse (fractal)
aggregates are formed that can be observed in recovered explosion products [9, 10, 31]. The picture
described above was qualitatively confirmed by molecular dynamics simulation in a primitive two-dimen-
sional formulation [32, 33]. Later, the results of detailed three-dimensional calculations were published
[26], which also demonstrated the transition from coagulation to aggregation. From the above data, it
can be concluded that for typical conditions behind the detonation front, large particles are those con-
taining much more than 1000 atoms (diameter greater than 2 nm). In [34], protrusions on the surface
of large particles are demonstrated that can be interpreted as the result of adhesion and partial spreading
of small clusters.

COAGULATION IN TURBULENT AND SHEAR FLOW

Abnormally large diamond particles 100–1000 nm in size were found [12] in the detonation products
of BTF. The size of coherent scattering regions was about 30 nm, much larger than in the synthesis using
conventional explosives, e.g., mixtures of TNT and RDX. Presumably, the increased size was due to the
high temperature developed during the explosion of BTF, so that particle coagulation occurred in the liq-
uid phase of carbon under stability conditions.

However, as the above estimates show, particles hundreds of nanometers in size do not have time to
form due to diffusion. Whereas for particles a few nanometers in size, Brownian coagulation seemed too
rapid, in the case of BTF, its rate is obviously insufficient.

An explanation for such rapid growth was proposed in [13]. During detonation of solid explosives, their
heterogeneous structure should be expected to lead to the occurrence of microscopic f lows on scales of
the order of the explosive grain size (microturbulence). These f lows can significantly accelerate the
mutual approach of particles. The possibility of accelerating coagulation due to shear f low is also men-
tioned in [13]. For both of these variants, the coagulation kernel can be written as follows [20, 35, 36]:

(9)

The similarity in the structure of the kernels reflects the contribution of the convective transport of parti-
cles; in this case, the factor  is determined by the type of process. Based on formula (9), the rate of coag-
ulation is proportional to the masses of the particles. Therefore, the increase in the average mass with time
is exponential rather than linear as in the case of Brownian coagulation.
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Analytical solutions are known for the coagulation equations for a simplified kernel of the form
 [37–39]. In this case, Eq. (2) leads to the following dynamics of the total concentration:

(10)

It can be seen that  decreases exponentially, and the average mass of particles defined as 
increases exponentially with time:

(11)
However, expression (11) somewhat underestimates the actual rate of particle growth. The particle mass
distribution function has the following form [37, 38]:

(12)

For large values of , the second exponent on the right side is simplified to .
This factor truncates the power-law decay at the mass . It is evident from (12) that the
main contribution to the total concentration  is due to small particles, whereas the total mass is deter-
mined by large particles at the right edge of the distribution. Therefore, the best idea of the characteristic
particle mass is afforded by the median mass (for in which half of the total mass is made up of smaller par-
ticles, and the other half of larger ones). Keeping the notation  for this median mass, we have

(13)
Next, we estimate the characteristic time of particle growth. These times for (11) and (13) differ by a

factor of two, so that the difference between them is insignificant for our order-of-magnitude estimates.
In Brownian coagulation, there is no sharp increase in the distribution function in the region of small
sizes, the average and median masses are close and it is much less needed to distinguish between them.

Note that the kernel (9) can be represented as

The function  depends only on the ratio . This dependence is shown in Fig. 2 (curve ). The
value of  is always greater than 1 and reaches a maximum of 4 at . Therefore, the particle growth
is faster for the real kernel (9) than for the simplified kernel according to formula (13). As follows from the
numerical solution obtained in [40], the coefficient 2 in (13) should be replaced by 6.41 (acceleration by a
factor of ). The dashed line  in Fig. 2 indicates the effective average value of  (3.2 of the mini-
mum value achieved when the difference between particles is large). Therefore, the particle growth in the
shear or turbulent regime is described by the equation

(14)

where  is the characteristic growth time.
In particular, if there is developed turbulence behind the detonation front, we can use the result of

[35, 36]:

(15)

Here  is the rate of turbulent energy dissipation,  is the kinematic viscosity of the medium, and 
is the coefficient  for the turbulent regime. According to [13], at a viscosity of  cm2/s, an explosive
grain size  μm, and a relative velocity of adjacent volumes of the medium  m/s ( ),
particles of size 200 nm ( ) can form in about 3 μs.

However, there are reasons to doubt the estimates of [13]. If we adopt the data proposed in that paper,
the small-scale Reynolds number is . This value does not seem sufficient for the rapid
formation of a well-developed turbulence spectrum. According to the analysis in [41], the minimum
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Fig. 2. Function  vs. relative particle mass in shear coagulation.
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required Reynolds number should be not less than . Clearly, the parameters adopted in [13]
may vary, but even if the Reynolds number reaches the required level, the occurrence of turbulence is not
instantaneous but requires a time interval at least severalfold longer than the interaction time of neighbor-
ing microvolumes  μs.

For shear f low, Smoluchowski [20] obtained the expression

(16)

where  is the coefficient  for the shear regime and  is the velocity gradient in the transverse direction,

e.g.,  for f low in the  direction.

As can be seen from (15) and (16), the rates of the processes differ mainly in the characteristic frequen-
cies included in the coefficients : for , this is the inverse Kolmogorov time  1/s, and for

, the inverse shear time . When using  1/s, the turbulent coagulation rate exceeds the
shear rate by a factor of ; i.e., the influence of shear is insignificant.

However, this estimate is grossly underestimated. It is known that in solid explosives, the post-shock
chemical reaction begins at numerous hot spots where the shock heating far exceeds the average level.
From these hot spots, combustion waves propagate, and when they merge, the reaction is completed. The
reaction time can be estimated as , where  is the distance between hot spots and  is the com-
bustion wave velocity relative to the material. Due to the chaotic arrangement of hot spots, the f low is also
accompanied by shears, with the characteristic velocity gradient  being of the order of . BTF,
which is mainly discussed in this section, is known as a sensitive explosive with fast reaction. We are not
aware of direct dynamic measurements of the reaction time of BTF, but our data on the duration of elec-
trical conductivity peaks behind the detonation front [42] gave a range of 30–40 ns. These results are
upper bounds, so that the actual reaction time is most likely shorter. Setting the BTF reaction time equal
to 20 ns, we obtain a gradient  1/s, which is similar to the estimate based on the assumption of
well-developed microturbulence. At the same time, the shear mechanism seems more physically plausi-
ble. However, since the kinetics of turbulent and shear coagulation are formally close, both mechanisms
can act together.

In the shear regime, the characteristic growth time is
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The decay time of shear f lows is of the order of  μs at  μm and  cm2/s. This
time is much longer than the time of expansion of detonation products (μs). Below, the viscous decay will
be neglected.

COMBINED EFFECT OF DIFFUSION AND SHEAR. INFLUENCE OF EXPANSION

The characteristic times  and  estimated above differ by five orders of magnitude. Therefore, the
Brownian and shear coagulation kinetics are sharply different. Under our conditions, the first mechanism
leads to rapid initial growth of mass: , but for long times, this linear growth turns out to be insuf-
ficient. The second mechanism provides exponential growth, which, in contrast, will be too slow at the
beginning of the process due to the relatively long time . It is natural to consider the combined action of
both mechanisms.

It has been shown [43] that for the combined action of diffusion and shear, the coagulation kernel is
somewhat larger than the sum of the corresponding kernels, but this difference (less than 30%) is negligi-
ble at our level of accuracy. The summation of the kernels gives exact asymptotics in the extreme cases of
dominance of one of the mechanisms. The particle growth is determined by the effective values of the
Brownian kernel  (see Fig. 1) and the function  (see Fig. 2) which are close to their extrema. This
allows us in a qualitative consideration to sum the right sides of Eqs. (8) and (14). Therefore, it is reason-
able to write the growth kinetics as

(17)

The rates of mass growth due to the Brownian and shear mechanisms become equal at ,
which is achieved in time slightly shorter than , i.e., in about 0.1 μs. The Brownian mechanism is
dominant before this time, and the shear mechanism dominates after this time.

An explosion always leads to a rapid expansion of the medium, which should slow down coagulation.
To take this effect into account, Eqs. (1) should be corrected:

(18)

Here  is the specific volume of the considered element of the medium. If, at some time, coagulation
is turned off, the last term in (18) will provide the particle concentration reduction rate necessary to main-
tain the number of particles.

We express  in the form
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In the new variables , the equations take the form
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Suppose that expansion does not affect the coagulation kernel. It is easy to see that in this case, the evo-
lution of  reproduces the evolution of  in the absence of expansion, with the difference that the
physical time  is replaced by the scaled time  defined by the formula

With this correction, all growth rate estimates, including (17), are retained.
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The growth will be limited by the function . It is common to use cylindrical charges, and in the
roughest approximation, the expansion occurs in directions transverse to the axis. For the estimation, we
use the expansion law in the form

(21)

where the characteristic time of hydrodynamic expansion  is of the order of the ratio of the charge radius
 to the speed of sound . Then

(22)

The time  is always less than , and in the limit, it reaches the value of , which is typically a few micro-
seconds. For example, for unlimited Brownian coagulation and  μs, the value of  can increase to
several millions. The diameter of such particles is  nm. This again indicates the need (under typical
synthesis conditions) to limit the growth at much smaller sizes. For the high-temperature synthesis from
BTF, exponential growth by the shear mechanism starts before the particles reach such sizes.

The introduction of the factor  describes the slowdown of coagulation due to a reduction in par-
ticle concentrations. In addition, expansion may affect the coagulation kernel. For the shear mechanism,
the effect of expansion on the gradient should primarily be taken into account: . This fol-
lows from the commonly used dependences of pulsation velocities and scales on the density : the velocity
is proportional to , and the scale changes as  [44].

In addition, expansion distorts the velocity distribution around each particle. Uniform shear is super-
imposed by radial spreading with the local velocity

The ratio of this velocity to the characteristic shear velocity for the above conditions is

i.e., it can be neglected.
For the Brownian mechanism, the spreading can be more significant. However, Brownian growth is

either overlapped with exponential shear (in the case of BTF) or is frozen upon reaching nanometer sizes
(for conventional explosives) within fractions of a microsecond. when there is no significant expansion.
Therefore, there is no need to consider corrections for spreading. For the same reason, the changes in the
quantities  and  included in  can be neglected.

Thus, from Eq. (17) we move to the following growth model:

(23)

Here  is the volume fraction of carbon at the beginning of the process and  is the average initial
velocity gradient in detonation products. The expansion of detonation products slowing down the growth
is taken into account by the factor  on left side of (23). The times  and  are considered constant.
As before, we assume that for cylindrical charges, the expansion occurs mainly in the radial direction and
relation (21) holds.

CALCULATION RESULTS
Since 2000, new synchrotron radiation diagnostics for explosive processes has been developed based

on a high-quality X-ray source with extremely low divergence and high pulse repetition rate. In particular,
small-angle X-ray scattering (SAXS) enables the first real-time observations of the carbon condensation
process [14].
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Fig. 3. Comparison of the calculated dynamics of particle sizes in BTF with experiment (the points are the data of [15, 16]).
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The intensity of the scattered radiation is proportional to the square of the difference of the densities
of particles and their gaseous environment. Since, before the start of expansion, this difference is relatively
small, the scattered signal is initially suppressed [45]. Early measurements underestimated this low-con-
trast effect, which created the impression of carbon condensation lasting for several microseconds.
According to later data, the condensation time decreased to 1–2 μs [15], with particles of size about 2 nm
being detected almost instantaneously (within the resolution of the technique). According to the results
of American researchers [17, 18, 34], the time of formation of particles is fractions of a microsecond. This
is consistent with the recent Russian data [46] taking into account the formation of sparse aggregates.

Papers [15, 16] containing dynamic SAXS data during detonation of the BTF provide a unique oppor-
tunity to compare the growth model (23) with experiment. These papers present the time dependence of
particle size for 4 μs during detonation of a cylindrical charge with a diameter of 2 cm. The particle size
increases from the initial 2 to 70 nm (Fig. 3). The interpretation of SAXS data is quite difficult, and the
results [15, 16] should be considered approximate. However, the difference between the data for BTF and
for explosives such as 50/50 TNT/RDX and TATB is quite clearly observed, and the final particle sizes are
in good agreement with the microscopic measurements in condensed explosion products.

The comparison was carried out by selecting the characteristic times , , and . For the parallel
operation of two processes [Fig. 3, curve 2 corresponding to kinetics (23)], acceptable agreement with
experiment can be obtained for  μs,  μs, and  μs. The results of calculation
with one of the mechanisms turned off are shown for comparison. Linear purely Brownian growth (curve
3,  μs,  μs) is obviously insufficient starting from 1 μs. The shear mechanism (line 4,

 μs,  μs) provides exponential growth slow at the beginning and too fast at the end of the
process. Note that as in [13], for this mechanism at  μs, there is agreement with experiment, but for
any , it is possible at only one point.

According to gas-dynamic calculations [47], relation (21) with time  μs holds quite well on the
axis of a 20 mm diameter charge. The density decay on the axis is the slowest, and on average, the char-
acteristic time of expansion  μs seems quite realistic. The time  also matches expectations. The
velocity gradient  is essentially the inverse time of chemical reaction, and  at a volume fraction of car-
bon  should be several times less than , i.e., about 20 ns. This seems to be a reasonable estimate
for a sensitive substances such as BTF.

The time  is taken to be approximately 15-fold longer than predicted by the above estimates
(  μs). This discrepancy can be explained by the heterogeneity of the examined object. The
synchrotron radiation scattering signal depends on the difference in density between the medium and par-
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Fig. 4. Effect of accelerating the Brownian stage of growth.
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ticles. During detonation, material expansion begins from the charge surface, where the density contrast
is the highest. The outer regions, where the formation of relatively small particles can be expected, will be
excessively represented in the scattered radiation, creating the impression of slow particle growth at the
initial stage.

To roughly account for this effect, it is natural to abandon the exact reproduction of the initial stage of
growth. Figure 4 shows the calculation results for  μs and  μs, almost the same as in
Fig. 3, but for significantly shorter  μs. The calculation gives an approximately two-fold
increase in size during the first microsecond, which presumably compensates for the initial underestima-
tion of experimental data. Further, the same good agreement as in Fig. 3 is observed.

The value of  selected for the calculation shown in Fig. 4 is already markedly closer to the expected
value. The remaining twofold difference can be explained by the approximate nature of the estimate.
Thus, the proposed growth model gives reasonable agreement with experiment. For the specified values
of  and , the mass  at which the shear mechanism becomes dominant is about 25000, and the time
to reach this mass is close to 0.1 s.

In [18], the detonation of the explosive DNTF (C6N8O8) was studied using the dynamic SAXS
method. This explosive also does not contain hydrogen and has a high calculated detonation temperature
(  K). Experiment [18] provides an opportunity for independent verification of the model (23). In
particular, it is reported that the transition of the carbon component from the liquid to the solid phase
takes about 0.2 μs. The particle size at the moment of the transition is estimated to be 9 nm at a tempera-
ture of  K. Considering that the diameter of the charges in this work was approximately three times
smaller than in [15, 16] (6.35 and 20 mm, respectively), we can set the time  μs. Calculation by
(23) with this time of expansion and the same times  μs and  μs as in Fig. 4 gave a
characteristic size  nm at  μs, which should be considered an unexpectedly good agreement.
The calculated size at  μs (maximum observation time in [18]) was about 12.6 nm, slightly larger
than the average size of ≈10 nm determined microscopically in material recovered after explosion. Never-
theless, the agreement here is also good.

PARTICLE GROWTH IN HYDROGEN-CONTAINING EXPLOSIVES

BTF, which does not contain hydrogen, is a bit of an anomaly. Much smaller particles are formed
during the detonation of conventional hydrogen-containing explosives. Particle sizes of the order of sev-
eral nanometers can be obtained by introducing the probability of particle merging upon contact. Such a
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straightforward approach does not seem reasonable, which can be seen even from the extremely small size
of this probability (e.g., in [48], it is estimated at ).

In practice, the probability of merging should at least depend on the particle sizes. A more reasonable
model assumes a size limitation on the growth of compact particles [9, 10], in which small particles merge
seamlessly like liquid drops even at a temperature lower than the standard (macroscopic) melting tem-
perature. However, as the particle size increases, the particles gradually approach the solid state, which
limits their growth. Without this limitation, one would expect approximately the same dynamics of sizes
as in BTF, since velocity f luctuations and the characteristic scales of inhomogeneities cannot differ sig-
nificantly. At the same time, the possibility of combining into fractal aggregates in which particles come
into contact, mostly remaining individual. Aggregation in recovered explosion products was observed
based on SAXS curves [9, 10] and microscopically [31]. In dynamic SAXS profiles, the aggregation effect
is shown in [46]. For the above reasons, in conventional explosives it is sufficient to consider the Brownian
stage of coagulation, which takes fractions of a microsecond.

It is important that loose aggregates with a fractal dimension  close to 2 occupy a much larger vol-
ume than the particles themselves. Therefore, very soon they begin to interfere with each other’s growth
due to the formation of a continuous network of carbon particles, a kind of aerogel. Note that carbon gel
is formed even in a relatively rarefied medium such as the combustion products of acetylene at atmo-
spheric pressure [49]. It has been shown [9, 10] that at a carbon volume fraction of  and particle
radius , a typical aggregate has a size of the order of  and consists of  particles. Such
aggregates have been repeatedly found in the carbon residue recovered after explosion [31, 50].

Interestingly, almost the same aggregate size can be obtained from gas-dynamic considerations. Let us
consider an aggregate of size  which is in a f low field with velocity gradient  (it is irrelevant whether the
flow field arises from the general expansion or from hot-spot combustion). An individual particle of size

 is subjected to the Stokes force of the order of , and the entire aggregate to the Stokes force
 ≈ . This force should break the bonding of this aggregate with the neighboring

one. Neglecting the bonding strength, bonding rupture is prevented by the external pressure that presses
one of the peripheral particles against a similar particle of the neighboring aggregate:

At  GPa,  g/(cm s), and  ns, we obtain . The size will be slightly larger
if the characteristic velocity gradient in the reaction zone is taken as  (it is approximately an order of mag-
nitude smaller, and the size will increase by a factor of 2–2.5). Such a gradient can be expected on the axis
of a cylindrical charge, but on the periphery, it is much larger, so that on average the value 
is quite likely.

In these calculations, it was assumed that the contact strength was small compared to the detonation
pressure. Indeed, although small aggregates are quite stable, they can still be broken down into individual
granules by standard laboratory techniques [51]. In addition, it was assumed that viscous friction acted on
all particles constituting the aggregate. This is justified since the f low is constrained: the gas is forced to
filter through the carbon aerogel network. An isolated aggregate has lower hydrodynamic resistance since
mainly its outside is subjected to the f low, and the resistance is proportional to its size [52], and not to the
number of particles. This regime is possible in the case of significant expansion of detonation products,
where small initial aggregates can merge into larger ones.

In the case of aerogel formation, the subsequent growth of particles occurs mainly due to the expansion
of the medium, leading to rupture of the gel in the weakest places. This can lead to new contacts between
aggregates, resulting in particle enlargement, though with low probability. This mechanism seems more
natural than the exchange of fragments proposed in [19]. Paradoxically, gas-dynamic expansion slowing
down unlimited coagulation promotes limited coagulation. This is apparently responsible for the
extremely slow growth of compact particles [46] over several microseconds. The late growth effect is also
observed in practice: in detonation synthesis using charges weighing tens and even hundreds of kilograms,
the particle size reliably increases [53]. In this connection, we can mention the hypothesis put forward by
Anisichkin that solid-phase growth is due to the resonance of optical and acoustic vibrations during par-
ticle collisions [54], as well as the less specific ideas [30] about the gradual enlargement of the particles in
a fractal aggregate.
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Table 1

T, K
Reference

BTF RDX

4590 3220 [56]
4059 2587 [57]
5600 4074 [58]
4917 3488 [59]
5693 3818 [55]
5570 4140 [60]
4200 3700 [61]
During the detonation of BTF, the aerogel stage is not reached, since initially (during the first 1–2 μs)
compact particles reaching tens of nanometers are formed. Later, as the temperature decreases, these par-
ticles lose the ability to merge as liquid drops and begin to form more or less porous but not fractal con-
glomerates – lumps hundreds of nanometers in size. Such structures are observed microscopically. How-
ever, at this stage, gas-dynamic expansion, leading to an increase in the distance between particles and
preventing gel formation, is already noticeable. This justifies the long coagulation approximation used in
calculations where no distinction was made between the stages of compact particles and lumps.

NATURE OF THE PARTICLE SIZE DIFFERENCE

The formation of abnormally large particles during the detonation of BTF was associated with elevated
temperature, i.e., with growth predominantly in the liquid phase, or with the absence of hydrogen and/or
hydrogen-containing groups that presumably occupy the surface of particles and slowing their growth.

We first discuss the temperature factor. Historically, BTF was assumed to have an unusually high det-
onation temperature. In some calculations, it reached  K [55], against  K in dense RDX.
Other papers reported somewhat lower values. Table 1 shows the calculated temperatures in the Chap-
man–Jouguet state for BTF with a density of 1.859 g/cm3 and RDX with a density of 1.8 g/cm3.

Obviously, temperature is a quantity which is the least reliably determined by calculation. Experimen-
tal measurements of the detonation temperature of solid explosives are generally few in number. In par-
ticular, data for BTF are given only in [62]. Although the measured temperature of  K was higher
than the temperature obtained by the same authors in RDX (  K), but this difference is significantly
smaller than expected from most calculations.

The concept of high-temperature liquid-phase coagulation suggests the validity of most early estimates
of temperature during the detonation of BTF. Perhaps the data of [61, 62] should be revised upward. Note
that the temperature decrease over time in BTF [62] was significantly slower than in RDX and HMX [63],
which speaks in favor of the temperature factor.

It is known that the surface of ultradispersed detonation diamonds is covered with various groups of
foreign atoms, and almost each surface carbon atom is bonded to a heteroatom. Hydrogen atoms are the
most numerous among these surface contaminants [50]. It is reasonable to expect that such contaminants
occur already during the formation of particles and that in conventional hydrogen-containing explosives,
the OH, H2O, and similar groups can interfere with coagulation. Accordingly, in BTF, this hindrance is
less significant. The data [15, 16] show that the initial rate of particle growth in BTF is much higher than
in the 50/50 TNT/RDX composition. At the same time, the parameters of the medium do not differ sig-
nificantly (except for the absence of hydrogen in BTF and the temperature difference discussed above),
so that the Brownian stage of coagulation should formally proceed in a similar way.

Thus, the absence of hydrogen-containing contaminants should be recognized as one of the reasons
for the anomaly of BTF. However, the main factor seems to be the high detonation temperature. The
important role of temperature is confirmed by the morphology of large clots (see the micrographs of
recovered products in [42]); ideal balls obtained by detonation of DNTF are especially characteristic [18].
Finally, we note the work [64], in which marked increase in particle size by increasing the synthesis tem-
perature was achieved.

≈5700 ≈3800

≈4100
≈3740
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It is also necessary to take into account important details of the particle collision process noted in
molecular dynamics simulations [32, 33]: the presence of a quasi-liquid layer on the particle surface, the
exothermicity of cluster coagulation and the pressure waves generated by the coagulation, whose ampli-
tude reaches 30 GPa, i.e., has the same order as the detonation pressure. All these phenomena can signifi-
cantly expand the coagulation region and, under favorable conditions in BTF detonation, lead to the for-
mation of abnormally large particles.

CONCLUSIONS
The calculation of the growth curve presented in Fig. 4 gave reasonable agreement with experiment,

and the constants used agree with a priori estimates with acceptable accuracy. The roughness of the model
corresponds to the level of accuracy of the experimental data and their interpretation. As already men-
tioned above, an important factor is the dynamics of the density contrast between the gas and particles.
The final particle sizes are determined fairly accurately (and confirmed by microscopic measurements of
condensed products), whereas at the initial stages, the closeness of the gas and particle densities can intro-
duce strong distortions, creating the impression of slow growth. This effect probably manifests itself as a
noticeable slowdown in the growth of particles and clusters with increasing size of the charge [46]. Careful
modeling of the expansion, combined with small-angle scattering calculations, will make it possible to
clarify the dynamics of sizes and provide a more detailed understanding of particle growth.

The kinetics of carbon coagulation during detonation was first discussed in detail in the paper by Shaw
and Johnson [1]. In paying tribute to this important work, it should be noted that with the accumulation
of new data, the approach of these authors looks too simplified. In particular, the explanation of the non-
ideality effects in the detonation of carbon-rich explosives such as TNT and TATB by the unlimited dif-
fusion growth of carbon particles should at least be clarified in light of available information. Due to the
low detonation temperature and the presence of hydrogen-containing groups, the typical particle size in
these explosives is a few nanometers, and the particle growth is stopped at an early stage by the formation
of fractal gel. Further release of surface energy is possible only due to the destruction of the gel during
expansion of the medium. It is this complex kinetics that may be responsible for the nonideality of the det-
onation of TNT and TATB (which manifests itself, in particular, in the significant scatter of experimental
data for these explosive). In contrast, practically unhindered growth limited only by gas-dynamic expan-
sion is observed in BTF, which is one of the most striking examples of an ideal explosive.
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