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A two-dimensional formulation of the molecular dynamics method is used to model the
coagulation of carbon particles at the high temperatures and densities corresponding
to conditions behind a detonation front. When small particles interact, they coalesce
in the manner of liquid drops. Particles greater than 3 nm in size adhere in faces
while retaining their form. Surface atoms, however, are capable of migrating among
coupled particles, thereby facilitating their bonding. Calculations reveal the existence
of strong compression and rarefaction waves with amplitudes of up to 30 GPa in the

interacting particles.

When condensed high explosives (HE) with a
negative oxygen balance detonate, carbon is released
in the form of ultradispersed particles. Interest in
this phenomenon intensified when it was found that
a diamond phase develops many cases [1, 2]. The first
experiments’ in 1963-1965 were reported by Volkov
et al. [3].

The size of the particles obtained by detonation
synthesis (~3 nm) is almost independent of the size
of the HE charge (i.e., of the time over which coagu-
lation is possible) [1, 4]. This is because temperatures
roughly 1000 K below the melting curve of carbon
(Fig. 1) are reached during the explosion of typi-
cal HE. Thus, as the characteristic size at which the
crystalline properties of the particles begin to pre-
dominate is reached, complete coalescence of clus-
ters 1s replaced by adhesion followed by formation
of rarefied aggregates. Recent experiments using HE
with a higher temperature in the detonation wave
have shown that the resulting particle size is much
greater [5]. In this case, the detonation parameters
corresponded to the liquid state of carbon. The coag-
ulation of the liquid particles leads to the formation
of coarse particles [5, 6].

The coagulation process under conditions that
correspond to a stable solid phase is of undoubted in-
terest and warrants detailed analysis. A calculation
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Fig. 1. Phase diagram of carbon. The parameters in deto-
nation waves are plotted: points o, B, and @ refer to TNT,
TNT/RDX (40/60) mixture, and benzotrifuroxane [6].

of cluster growth has been made [7] employing a cut-
off of particle coagulation after they reach a certain
size. This results in a rather narrow size distribu-
tion of the particles after termination of the reaction.
For certain values of the parameters, characteristic
cluster sizes similar to those observed in experiments
are obtained. The physical significance of this cutoff
is understandable on a qualitative level. In particu-
lar, it reflects the reduction in the effective melting
point for fine particles [8]. It is clear that in reality a
transition region should be introduced, rather than
a critical size.
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A more rigorous approach in place of the pos-
tulated critical particle size requires that the coagu-
lation dynamics be examined on a microscopic level.
The molecular dynamics method has been used to
study the interaction of clusters [9-11]. This paper
is an extension of the approach proposed in [11]. Here
we present calculations which make it possible to fol-
low the change in the adhesion mechanism for clus-
ters as their size increases. Considerable mechanical
stresses with alternating signs are identified. This ef-
fect may have a substantial effect on the phase tran-
sitions of carbon, but have not been modeled up to
now. Calculations are performed of coagulation in
the presence of gaseous detonation products.

COMPUTATIONAL TECHNIQUE

The calculations were done by the molecular dy-
namics method. In this paper a standard Lennard-
Jones interparticle interaction potential

oy =1e(()"- (%))

is used for the carbon atoms with the interaction
radius r limited to a distance of 2.5b. Here ¢ is the
binding energy and b is the characteristic length. The
computational results for a given potential are self-
similar in the parameters € and b. By specifying the
numerical values of these parameters, one can de-
scribe the behavior of particular materials.

The interaction between the gas and carbon par-
ticles, as well as that of the gas molecules among
themselves, was described by the repulsive potential

o\ 12
U= 45.’j (bi)
r
For the parameters of the interaction between the
gas and atomic carbon, we have used the usual cor-
relations b3 = (b + b22)/2 and €12 = \/€€33 [12].

An isolated system was modeled, i.e., the num-
ber of particles, volume, and total energy were con-
served through the calculations.

The equations of motion of the particles were
integrated using a Verlet algorithm in velocity form.
The following dimensionless parameters were used in
the calculations: temperature and energy in units of
g, time in units of 7 = \/mb? /e, and velocity in units
of \/e/m, where m is the mass of a carbon atom.
The time step was limited so that the fastest parti-
cle should not move by more than 0.005 of the char-
acteristic size (b) over a time At. This prevents the
unphysical entry of particles into the region where
the potential energy rises abruptly and ensures bet-
ter conservation of the total energy during the cal-

culation, i.e., makes it more accurate. The average
step size At in the calculations was roughly 0.0057.
The total energy was conserved to within 0.5% in
the course of the calculations. In all the simulations
we used a square region with periodic boundary con-
ditions.

In this paper we examine four different variants
of the initial conditions. For quasi-melting simula-
tions, ¢he initial configuration was a motionless, soli-
tary cluster at the center of a cell. For the condensa-
tion calculations a chaotic mixture of carbon atoms
and gas molecules was used. In modeling the interac-
tion between a cluster and the gas, a motionless clus-
ter was placed at the center of a cell and surrounded
by gas molecules with random positions and veloci-
ties. In the stress wave calculations two clusters with
zero initial velocities were separated by the interac-
tion distance for the interatomic forces.

The temperature T was calculated from the av-
erage kinetic energy of the atoms. In the case of a
cluster interacting with a surrounding gas, the mo-
tion of the center of mass of the cluster and its rota-
tion as a whole were taken into account:

T = ﬁ E(V,‘ — Vern— I X (I‘i - I'c.m))2 )

where v; and r; are the velocity and coordinates of
the ith atom; ren and v, are the coordinates and
velocity of the center of mass of the cluster, £ is the
angular rotation velocity, and k is the Boltzmann
constant.

The following parameters were used: m = 1.90 -
1022 g and b = 1.54 A (corresponding to the bond
length of carbon atoms in diamond). The energy
€ = 2 eV was chosen as compromise between the
binding energy (6¢/2 = 6 eV in our model and
7.4 eV in diamond) and the melting point (5000
K for carbon and 0.39¢ =~ 8000 K for a two-
dimensional Lennard-Jones crystal {13]). The time
scale was T = 3.83 - 10~ 14 sec and the velocity scale
was 4.02 - 10° cm/sec. The average time step was
At = 1.9-10716 sec. For the gas molecules we take
bos = 2.7b and €32 = 0.01 eV.

The Lennard-Jones potential does not yield the
crysty! structure of carbon, since it gives a dense
packing with an excess number of bonds. The dis-
crepancy among the binding energies and the melt-
ing points mentioned above is one consequence of the
crudity of this model. It is clear that with this poten-
tial, three-dimensional calculations will not be more
accurate. On the other hand, in the two-dimensional
case the volume of calculations will be much smaller
for the same characteristic linear dimensions (that is,
larger particles can be modeled). As in many other
molecular dynamics problems, the two-dimensional
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model is a natural first step. Of course, it only
provides a qualitative description, but, nevertheless,
does reflect many properties of the real system.

More complicated potentials capable of describ-
ing the crystalline states of diamond and graphite
are known [14, 15]. For these potentials, however,
the properties of the intermediate states and poten-
tial barriers between the major phases are not known
with sufficient reliability. Therefore, these models
cannot be applied to nonequilibrium dynamics prob-
lems in which rapid transitions between different
states occur. For example, a model of Cgg forma-
tion [15] required special fitting of the potential and
additional measures to stimulate the formation of
a cluster. A realistic potential would, for example,
yield a phase transition, but thus far that seems to
be a rather distant prospect.

There is a rigorous approach based on quantum
mechanical calculations [16]. In this case, however,
the volume of calculations is very large, so at present
it is possible only to model the behavior of systems
with a small number of atoms.

In principle, classical molecular dynamics is a
qualitative approach because of the artificial char-
acter of the potential. The results given below, how-
ever, are insensitive to the imperfection of the model.
Of course, this means that the purpose of this paper
1s to model the basic qualitative effects.

QUASI-MELTING

It has been shown [11] that the coagulation of
small carbon particles is a highly exothermic process
accompanied by a substantial temperature rise. The
estimates in [11] gave a temperature rise of AT [K]
~4000 - N=1/3, For a cluster with a characteristic
number of atoms N = 1000, this temperature rise is
400 K. Figure 2a-f illustrates the interaction of two
small clusters. In this case, the temperature rises by
roughly 0.1 =~ 2000 K. This temperature increase
(the dashed arrow in Fig. 1) can cause the state of
the cluster to move into the liquid region of the p-T
phase equilibrium diagram for carbon.

In small particles the fraction of surface atoms
is quite large (~N~1/3 in the three-dimensional and
~N~1/2 in the two-dimensional case). For our cal-
culations, this fraction is 0.1-0.2. The surface atoms
have 1.5-2 times fewer neighbors than the internal
atoms (34 instead of 6 in two-dimensions), so that
their binding energies are lower. Our calculations
were for the prepared thermalized, isolated clusters
with zero total momentum and angular momentum
and with a specified average temperature. A his-
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Fig. 2. The interaction of two relatively small particles (7
and 19 atoms): time after onset of the interaction t = 0
(a), 0.5 (b), 1.1 (c), 1.5 (d), 2.0 (e), and 2.9 psec (f) [11].
Modeling the interaction of a small particle (19 atoms) and
a large particle (a wall), t = 1.5 (g), 6.1 (h), and 7.7 psec (i).

togram of the distribution of the average potential
energy of each atom in the field of the others over
the distance to the center of the cluster was ob-
tained. Figure 3 shows the typical shape of this his-
togram. These calculations were averaged over 2000
time steps.

A large fraction of surface atoms results in a
drop in the average binding energy per atom and
in a decrease in the melting point of the cluster. A
decrease in the melting temperature by hundreds of
degrees has been observed experimentally in a num-
ber of substances [8] and demonstrated in numerical
calculations [12, 17], as well.

For a state of thermodynamic equilibrium
within a cluster, the kinetic energy of all the atoms
is the same on the average. The potential barriers
for atoms in the surface layer are lower than for the
internal atoms. This makes possible the migration of
surface atoms at temperatures too low for complete
melting of the cluster. It may be said that they are in
a quasi-molten state. These atoms form roughly one
outer layer. The fraction of these atoms is higher
for clusters with unfilled outer shells. As the tem-
perature rises, layer-by-layer melting of clusters can
occur.

The variation in the relative amount of un-
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Fig. 3. Dependence of the average potential energy on dis-
tance from the center of a cluster of 61 atoms: kT = 0.2¢;
1) the melting limit; 2) the maximum cluster radius.
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Fig. 4. The fraction of atoms in the unmelted portion of a
cluster as a function of its size (kT = 0.2¢).

melted material with the number of atoms in the
cluster is shown in Fig. 4. Small particles (7 atoms)
are completely melted.

When large clusters interact, because of fluc-
tuations surface atoms can migrate along the com-
mon surface of the particles and form a unified, more
compact structure. The probability of these fluctu-
ations is on the order of exp (—2¢/kT) =~ 51075
at T =~ 4000 K. Our calculations support that this
process is very slow for large clusters and they sim-
ply become attached to facets, while retaining shape.
When a large number of individual clusters of this
sor} aggregate, they form fractal structures. The ex-
istence of such structures in detonation products has
been confirmed experimentally by small angle x-ray
scattering [7].

For a plane model, clusters containing 20 parti-
cles are almost half melted. In the three-dimensional
case, this corresponds to clusters with N ~ 100
atoms, which are heated by roughly 1000 K for an
initial temperature Top = 4000 K. Then the entire
cluster is in a molten state.

It has been shown [7] that when carbon is re-
leased, the large particles grow mainly through the
influx of small particles to their surface. Thus, there
is interest in interactions between particles, one of
which is quite large. Figure 2g—i illustrates the inter-
action of a small (19 atoms) particle with a large par-
ticle + nich is modeled as a wall containing three lay-
ers, of which the rightmost layer is fixed. The small
particle spreads out over the surface of the large one.
Here the average temperature increases by more than
1000 K.

We have also done a series of calculations of
the interaction of two clusters of different sizes with
kTy = 0.2¢. It turns out that the smallest clusters
with 7 atoms, which melt completely, always merge
with the others and that the time for this process is
independent of the size of the large cluster.

THE EFFECT OF HEAT EXCHANGE

Heat exchange with the surrounding gas plays
an important role as the particles interact. We have
examined the condensation of clusters from an initial
mixtuie of carbon atoms and other (gaseous) deto-
nation products. The initial concentration of carbon
was n; = 0.083/b%, of the gas ny = 0.225/b?, and
Ty = 0.le ~ 2-10% K. These concentrations and
temperature correspond to the parameters of a det-
onation wave. The successive stages of the process
are shown in Fig. 5. The condensation of carbon is
almost complete by 8 - 10~12 sec (2107). A substan-
tial amount of energy, representing the contribution
of condensation to the overall exothermicity of the
reaction, is released.

We now estimate the temperature rise in the
detonation products owing to the coagulation of car-
bon. Let the carbon be initially in the form of atoms
with a concentration ny. An energy AE = 3en; is re-
leased through complete coagulation. After thermal
equilibrium is reached, the energy is uniformly dis-
tributed between the carbon and gaseous detonation
prod._ts, whose initial concentration is ng. Since the
gas is mainly a mixture of diatomic and triatomic
molecules with vibrational excitation at the charac-
teristic pressure and temperature, the specific heat
can be assumed to be roughly 5k per molecule. In
this case, the temperature rise for constant volume
is

~ nj - 3e _ _6'_ 1
AT ~ (Bni+5n2)k k14 5n3/3n;

In this case, we have AT = 3.2-103 K for ny/n; =
0.27. In reality, no additional temperature jumps of
this magnitude are observed. This shows that the
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Fig. 5. Condensation of clusters from an initial gaseous mixture: time after onset of the interaction t = 0 (a), 1.7 (b), 3.7

(c), and 8.0 psec (d).

condensation of carbon occurs at the same time as
the main chemical reaction, as a part of that reac-
tion. '

We have also studied the fluctuations in the
cluster temperature owing to heat exchange with
the surrounding gas. One cluster with k7 =~ 0.2¢
was placed in the center of a cell filled with gas
molecules at the same temperature. The average con-
centrations of the carbon and gas in the cell were
the same as in the previous case. Fluctuations in the
cluster temperature were studied over an interval of
7.7 - 10712 gec (2007). The cluster remained coher-
ent throughout the calculation, according to visual
monitoring.

Figure 6 shows a typical plot of the fraction of
time spent by the cluster within each temperature
interval. The distribution seems close to Gaussian.
Thus, we can determine the root mean square tem-
perature deviation (67).

The root mean square temperature deviation
decreases with increasing particle number in the clus-
ter as (6T) ~ 1/v/N. The temperature fluctuations
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Fig. 6. The fraction of time during which a cluster of 61
atoms is at various temperatures: 1) average cluster temper-
ature; 2) melting point for a two-dimensional model; 3) melt-
ing point of diamond at a pressure of ~30 GPa.

for a typical cluster size are shown by horizontal lines
in Fig. 1. The parameter (§T) is of the same order
of magnitude as the temperature rise owing to the
exothermicity of coagulation. Thus, this energy in-
teraction with the surrounding gas must be taken
into account. In the three-dimensional case the tem-
perature rise owing to the exothermicity falls off with
the number of particles ~N ~1/3 and the temperature
fluctyztions, ~N~1/2. Thus, thermal fluctuations in
the state of three-dimensional clusters should, on the
whole, be significant only for the smallest particles.

STRESS WAVES DURING
COAGULATION

When two initially motionless clusters interact,
at first a significant portion of their energy of attrac-
tion goes into the kinetic energy of their approach.
Then the particles collide and are compressed. The
collision velocity [11] u ~ 5 - N=1/® km/sec is much
greater than the thermal velocity of the Brownian
motion, v ~ 3 - N=1/2 km/sec. The pressure ampli-
tude in the resulting compression wave is p ~ 3-10°
Pa [11].

In modeling the interaction of two particles, we
comp:ted the longitudinal stress o, averaged over
the cross section and the pressure inside each cluster
P = (0zz + 0yy)/2. The longitudinal stress 0., was
calculated by drawing a control surface through the
center of each cluster perpendicular to the line join-
ing their centers. The stress was calculated using the
formula

Orr — ZAPz/SAt,

where ) Ap; = Zﬁ,,’ fiin At + 3 mivin, is the
total momentum flux through a given surface. Here
fi; is the force with which atoms 7 and j interact, n,
is the unit vector in the z direction, S is the trans-
verse cross section, 3’ is a sum over pairs of atoms
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Fig. 7. Stress 0z2 (a and b) and pressure p (c and d) in
the central region of the particles. Plots of the stresses and
pressures in the left- and right-hand particles are shown in
(a) and (c) and of the average over both particles in (b)
and (d).

lying on different sides of the control surface, and
3" is a sum over atoms which crossed the surface in
the last time step. For the pressure calculations the
control surface was specified in the form of a circle
whose center laid at the center of mass of the clus-
ter and whose radius equaled the average distance of
the atoms from the center. The results were averaged
over 500-700 steps, which corresponds to 2—3 atomic
vibrational periods.

Figure 7 shows the averaged stresses during col-
lisions of two identical clusters containing 91 atoms
each with an initial temperature kTy = 0.205¢. The
clusters were initially at rest separated by the dis-
tance over which the interatomic forces act. Evi-
dently, the clusters are initially attracted layer-by-
layer and this leads to the appearance of a primary
‘rarefaction wave. After the collision there is a com-
pression wave which is then reflected from the back
surface as a rarefaction wave. The amplitudes of both
the compression and rarefaction waves are as high as
30 GPa. The pressure plots include a positive con-
stant component, the Laplace pressure. (Since 05,
was ayeraged over the entire cross section of the clus-
ter, it includes both the enhanced pressure in the
central region and the tension in the surface film,
which compensate one another on the average.) Ten-
sion and shear stresses also develop as a result of
lateral expansion.

Therefore, the interacting particles are sub-
jected to sign-changing loads with amplitudes of tens
of gigapascals. The change in the state of a cluster
owing to compression waves is indicated by the verti-

cal lines on the p—T diagram (Fig. 1). This effect may
explain the need for a large pressure reserve for a sig-
nificant yield of diamond [18], lest the release wave
bring the system into the region of the phase diagram
for cz.bon (Fig. 1) where the diamond phase can un-
dergo a transition to graphite. Another explanation
may be a shift in the phase equilibrium diagram for
small carbon particles [19]. In reality, both processes
appear to be important.

CONCLUSIONS

When small clusters interact, a significant
amount of energy is released, so that the particles are
rapidly heated. The calculations yielded a tempera-
ture rise consistent with the theoretical estimate of
[11]. In addition, atoms lying near the surface have
a lower potential energy, so that we can speak of
quasi-melting of the surface. Both effects act in one
direction and lead to the possibility of coagulation
of suiiiciently fine particles at temperatures well be-
low the melting point. For our clusters, exothermic-
ity and quasi-melting effects are of the same order of
magnitude.

The fluctuations in the cluster temperature ow-
ing to the interaction with the surrounding gas ob-
tained in these calculations are of the same order of
magnitude as the temperature rise owing to exother-
micity. The signs of these fluctuations, however, can
be arbitrary. In addition, the fluctuations fall off
more rapidly with particle size, so their contribution
to the coagulation process appears to be small.

When clusters collide, mechanical stress waves
of variable sign develop with amplitudes of up to 30
GPa and may affect the phase transitions of carbon.

We have simulated the condensation of clusters
from an initial gas mixture. It occurs mainly within a
time ;a the order of a few picoseconds. The presence
of a gas does not inhibit condensation. Substantial
energy releases and temperature rises are observed
and these reflect a contribution owing to the con-
densation of carbon to the overall exothermicity of
the reaction.

These calculations have shown that the temper-
ature and pressure can deviate substantially from
their average values during the interaction of car-
bon clusters (Fig. 1). This provides a qualitative ex-
planation of the major features of diamond particle
formation right in detonation wave fronts.

This work was partially supported by Livermore
Laboratory (Grant No. B 232589).
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