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Abstract

The dissolution of trinitrotoluene (TNT) in a low-melting nitramine, diethanolnitramine dinitrate (DINA), was
studied, and a phase-state diagram for the TNT/DINA system was built. The enthalpy of TNT dissolution in
DINA within the temperature range 55—75 °C was measured. The yields of condensed carbon (CC), detonation
nanodiamonds (DNDs) and DND content in CC versus the composition of TNT/DINA cast melts upon detonation
in a blasting chamber were experimentally studied. The yield of CC was found to linearly decline with decreasing
TNT content in the composition, with the content of diamond phase in CC going through the maximum. The
highest yield of DNDs was achieved when the TNT content in the mixture was close to the eutectic (~40 mass %).
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INTRODUCTION

The synthesis of detonation nanodiamonds
(DND) is studied most thoroughly for trinitrotol-
uene—hexogen melts. In was reported in [1] that
DND synthesis was carried out for the first time
as long ago as in 1963. Pure trinitrotoluene and its
mixtures with hexogen in the ratios of 50 : 50, 40
: 60, 30 : 70 were studied using the charges in the
form of discs, balls, cylinders. The major regu-
larities of the synthesis were studied, and a qual-
itative model of the phenomena determining
DND synthesis was built up in [2]. The versions
from pure trinitrotoluene (TNT, trotyl) to its mix-
ture with hexogen up to the ratio of 30 : 70 were

studied with a step of 10 %. It was discovered
that the highest DND yield is provided by melts
with the mass ratio of components 50 : 50. In ad-
dition, the mixtures of toluene with octogen in
the ratios of 70 : 30 and 30 : 70 were tested. The
effect of trotyl content in the charges with differ-
ent content of explosive substances (ES) was
studied in detail in [3]. Both pure trotyl and its
mixtures with hexogen, octogen and tetranitro-
pentaerythriol (TEN) were investigated. It was
established that the maximal yield is achieved
with trotyl content ~60 % for mixtures with hex-
ogen and octogen, and at 65—70 % for mixtures
with TEN. A number of works dealt with the
studies of the synthesis from TNT—hexogen melts
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in the region of the highest DND yield [4—6]. For
instance, TNT-hexogen 50 : 50 system was stud-
ied in [4], while a 65 : 35 system was studied in
[5]. The effect of the mass of water shell at the
charge surface on DND yield from the TNT /hex-
ogen mixture (55.5 : 44.5) was described in [6].

The yield of DND from pure TNT is rather
small, so it is urgent to search for other, more
powerful explosive substances (ES) allowing an
increase in the amount of resulting diamonds
when added to trotyl. For instance, in [7] the
melts of TNT with triaminotrinitrobenzene
(TATB) (50 50), with nitroguanidine (NQ)
(50 : 50), and with hexogen (40 : 60) were studied.
Cast and pressed charges of pentolite (TNT—-TEN,
50 : 50) were used to determine the yield of DND
from the explosion in various gas media [8]. Poly-
cyclic explosive nitramines VSNMKh
(2,4,6,8-tetranitro-1H,5H-2,4.6,8-tetraazabicyc-
lo[3,3,0]Joctane) and Avrora (4,8,10,12-tetrani-
tro-2,6-dioxa-4,8,10,12-tetraazaisowurtzitan) as
additives to trotyl were studied by the authors of
[9]. These substances are close in powder to octo-
gen but they carry smaller oxygen balance, so
they allow a slight increase in the yield of DND in
comparison with hexogen and octogen in the case
of the optimal content in mixture 60—70 %. Even
lower oxygen balance is characteristic of benzotri-
furoxan (BTF), which is anhydrous ES close in
power to hexogen and octogen. A melt of TNT—
BTF (60 : 40) was studied in [10]. The use of BTF
as an additive to trotyl also allows an increase in
the yield of DND in comparison with octogen.

At present, one of the most powerful ES is
hexanitrohexaazaisowurtzitane (CL-20), exceed-
ing both hexogen and octogen in the density and
rate of detonation. Its use as an additive to trotyl
allows one to increase the density of the charge,
and therefore the detonation pressure. In this
connection, one may expect a substantial increase
in DND yield from the detonation of these com-
positions. This assumption was confirmed in [11],
where the results of the detonation synthesis of
DND from pressed and cast TNT—CL-20 charges
at a ratio of 60 : 40 and 70 : 30 using the
e-modification of CL-20 were described. The aver-
age yield of DND in comparison with similar TNT-
hexogen melts increased from 9 to 9.9—10.4 %.

A number of works dealt with the search for
an alternative to TNT as the source of free car-
bon for the formation of DND. In [12], the syn-
thesis of DND through the detonation of aromat-
ic compounds was studied: TATB, HNAB
(2,2°,4,4’,6,6’-hexanitroazabenzene), z-TACOT

(tetranitrodibenzotetrazapentalene) and its mix-
tures with octogen (HMX). It was demonstrated
that the yield of DND from the detonation of the
considered individual ES is noticeably lower in
comparison with TNT—-octogen melts, and the
most efficient composition for the synthesis is a
mixture of z-TACOT/HMZX (70 : 30), which pro-
vides a noticeable increase in the yield of DND.
The mixtures of other compounds with octogen
give substantially lower yield in comparison with
TNT—-octogen melts.

The authors of [13] studied the detonation of
DNP (2.4-dinitro-2.4-diazapentane) and its melts
with hexogen to reveal differences in the synthesis
of DND from aromatic and non-aromatic ES. It was
demonstrated that the yield of condensed carbon
(CC), DND content in CC and the yield of DND are
substantially lower than in the case of TNT.

The source of carbon for the formation of
DND during detonation may be not only ES but
also organic substances with the negative oxygen
balance. For instance, the formation of DND un-
der the conditions of detonation of heterogeneous
mixture compositions composed of octogen and a
liquid organic additive was studied in [14]. Or-
ganic liquids of saturated, unsaturated and aro-
matic series were used. It was shown that for a
number of organic substances the content of DND
in CC approaches the corresponding value for
TNT-hexogen melts.

Practically all the investigated ES for detona-
tion synthesis are heterogeneous mixtures. The
average size of sensitizer particles in them is 150—
500 mm. For these essentially nonuniform mix-
tures, the products of decomposition of the mol-
ecules of separate components do not have enough
time to get mixed in the zone of chemical reac-
tions to the Chapman-Jouguet point. Estimation
of the thickness of the layer in which the diffu-
sion mixing of the products of this decomposition
occurs gives a value of ~0.6 mm [2]. A small thick-
ness of the effective diffusion layer in comparison
with the usual grain size of a mixed ES allows us
to assume that only insignificant mixing occurs
during chemical reaction during the decomposi-
tion of trotyl/hexogen mixture. The formation of
products occurs independently in different micro
volumes characterized by different chemical
compositions, temperature and perhaps pressure
[15]. The effect of octogen dispersity in melts with
trotyl on DND yield was studied in [15]. The av-
erage size of octogen particles varied within the
range 350 to 6 mm. It was shown that a decrease
in octogen particle size leads to an increase in



694 N. V. KOZYREYV et al.

TABLE 1

Physicochemical properties of compounds [19, 20]

ES Prnax? g/cm? T ,°C AH"‘L), kJ/mol D, m/s (p, = 1.60)
TNT (C,H,N,O) 1.64 80.8 21.9 6900
DINA (C,HN,O,) 1.67 52.5 23.6 7730

477877478

Note. p___is the maximal density, T, is melting temperature, AH ? is the standard enthalpy

of melting, D is detonation velocity.

DND yield from 7.0 to 9.5 %, other conditions be-
ing equal. The content of DND in CC (C,,...) in-
creases from 50 to 70 %.

Similar results were obtained also in [9] for the
melts of trotyl with Avrora. It was demonstrated
that an increase in the homogeneity of mixed
heterogeneous ES due to a decrease in the size of
structural non-uniformities promotes a noticeable
increase in the yield of DND. A limiting case is
mixing an ES (as a source of carbon) and another
ES (as a sensitizing agent) on the molecular level in
the form of an ideal solid solution. The only exam-
ple of DND synthesis from a homogeneous mixture
is presented in [10], where the results of experi-
ments for a TNT-TEN (90 : 10) alloy are described.
According to the data described in [16], the solubil-
ity of TEN in TNT is 13 %, and in this case, not a
suspension is formed (as in the case of the melts of
TNT with other ES) but a true solution.

In view of the lack of information on the syn-
thesis of DND from homogeneous mixtures, ad-
ditional studies in this direction are necessary.
The homogeneity of compositions may be pro-
vided using the mixtures of heterogeneous ES
forming liquid eutectic mixtures. It is known that
the crystallization of eutectics involves the simul-
taneous growth of both phases in the liquids of
constant composition. Two phases of the eutectics
are released in turn, with alternating supersatu-
ration of the liquid with one or another compo-
nent. In this process, very fine structures of crys-
tal particles are often formed, distinguished by
tight packing of the products of solidification of
liquid eutectics [17, 18].

In this connection, in the present work, we
studied the properties of the melts of trotyl with
di(2-nitroxyethyl)-nitramine (DINA). The choice
of the latter compounds is due to its low melting
point and high mutual solubility of the compo-
nents. Some physicochemical characteristics of
TNT and DINA including their detonation rates
are presented in Table 1. One can see that DINA
is a more powerful ES, and this factor is impor-
tant in the detonation synthesis of nanodiamonds.

DND

The goal of the work was to study the synthe-
sis of DND in homogeneous mixtures of two ES —
TNT/DINA.

EXPERIMENTAL

Determination of solubility and phase state
of the TNT/DINA system

The diagram of state of the binary system
TNT/DINA was studied using the method of fu-
sibility, the curves of differential thermal analy-
sis (DTA) were recorded with STA DTG-60 Shi-
madzu thermoanalyzer (Japan) with the heating
rate of 5 °C/min. The modes of melt heating for
plotting the fusibility diagram were chosen ex-
perimentally taking into account the crystalliza-
tion of the excess component and eutectics itself.

The dissolution of TNT in DINA was studied
by means of refractometry, which is based on the
dissolution of the components under study in lig-
uid media, followed by the measurement of re-
fractive index for the solutions of the given concen-
tration at a given temperature. The saturation con-
centration is determined from the calibration curve.
Solubility is determined using a thermostated cell
equipped with a magnetic mixer, with control
through an optical microscope with the help of the
digital refractometer Mettler Toledo RM40 (Swit-
zerland) with a built-in thermostat.

Sample density was determined by means of
pycnometry using auto-pycnometer Mikro-Mate
1320 (USA).

Experiments on detonation synthesis

The synthesis of DND was carried out using
cylindrical charges 38 mm in diameter, 100 g in
mass, which were manufactured by layer-by-
layer pouring into the casting form (5—8 layers).
For casting, we used both the melts of pure com-
ponents and TNT/DINA mixtures with TNT con-
tent 10—80 %, step 10 %. The features of the be-
haviour of different melts during casting are to
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TABLE 2

Results of experiments on the synthesis of DND from TNT—
DINA melts (p, is charge density)

ES Irur Py 8/em’ B, % Boxp % Conpy %
TNT 1.0 1.586 18.91+0.38 2.49+0.36 13.2
TD-80 0.8 1.581 13.70+0.40 2.53+0.32 185
TD-70 0.7 1.579 12.86+0.40 4.03+0.31 314
TD-60 0.6 1.557 10.77+0.25 3.94*0.20 36.6
TD-50 0.5 1.585 9.05+0.60 3.12+0.33 345
TD-40 04 1.604 8.30+0.12 4.03+0.15 485
TD-30 0.3 1.624 7.05%0.17 2.82+0.42 40.0
TD-20 0.2 1.627 6.12+0.50 2.61+0.20 426
TD-10 0.1 1.613 3.97+0.20 1.70+0.19 429
DINA 0.0 1.620 3.00%=0.08 0.75+0.25 25.0

be stressed. In the case of high trotyl content
(above 60 %), a decrease in melt temperature
to 64—66 °C causes the release of this compo-
nent, viscosity increases sharply, and the solu-
tion grows turbid. Because of this, charge
casting was carried out at somewhat higher
temperature. For mixtures with trotyl content
10—40 %, even at 50 °C the melt remains trans-
parent and has low viscosity, so casting was
carried out at this temperature. The density of
charges was controlled using the hydrostatic
method. The charges were blown up in the
blast chamber 0.175 m? in volume, in the at-
mosphere of nitrogen with the pressure of 0.8
MPa. The charge was initiated using an inter-
mediate detonator (booster, a tablet of pressed
hexogen 20 mm in diameter, with mass of 8 g)
and an electric detonator ED-8. The condensed
products of the explosion were collected and

T, °C
80 4

704 IS
60
50

404

sieved through a sieve with mesh size 0.315 mm.
The products were analyzed using chemical
methods to determine humidity, total carbon
content, diamond content and non-combustible
admixtures. According to the results of analyses,
the yields of condensed carbon (B_.) and diamond
(Bpyp) Were calculated in per cent of the mass of
ES, and the fraction of the diamond phase in CC
(Coyp) Was calculated as the ratio of diamond
mass to the mass of condensed carbon: C . =
100B,,,/BCC, %. The obtained values were cor-
rected taking into account the yields of CC and
DND from the intermediate detonator. Each ex-
perimental point is an average of 2—8 parallel ex-
periments. The results of experiments are pre-
sented in Table 2.

RESULTS AND DISCUSSION

The fusibility diagram of TNT/DINA system is
shown in Fig. 1. It is typical for systems with unlim-
ited solubility in the liquid state and the absence of
any solubility in the solid state, with the temperature
of eutectics melting 38 °C (~64 % DINA).

The left part of the liquidus curve character-
izes the dependence of TNT solubility in DINA.
One can see (see Fig. 1) that within temperature
range 55—75 °C TNT solubility in DINA increases
monotonously from 42 to 62 %, at the initial re-
gion (55—65 °C) the solubility is 42—47 % and sub-
stantially increases with temperature rise to
75 °C reaching 62 %.

The enthalpy of TNT dissolution in DINA
(AH,) was determined using Shreder—Le-Chat-
elier equation [21, 22]:

30 T T T T T T T
0 10 20 30 40 50 60 70

TNT %
Fig. 1. Fusibility diagram for TNT/DINA system.

80 90 100
DINA
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9rNT

Fig. 2. Dependences of the yields of CC (1) and DND (2) on
trotyl content in TNT—-DINA melts (horizontal marks show
mean-square deviations).

CAH (11
R \T 17 )

where N _ is the molar concentration of TNT in
the saturated solution at a temperature of T;
T ™" is the melting temperature of pure TNT; R
is the universal gas constant.

The enthalpy of TNT dissolution in DINA de-
termined from equation (1) is equal to 29.9 kJ/
mol. The obtained results are in agreement with
the data reported in [23], where the composition
of the eutectic mixture was determined: TNT/
DINA = 37 : 63 %.

The enthalpy of TNT dissolution in DINA is
substantially higher than the enthalpy of trotyl
melting (by 8 kJ/mol), which is the evidence of
the interaction between the components in this
mixture. The dissolution of TNT in DINA is ac-
companied by heat absorption and by some in-
crease in volume [24], the density of the system is
somewhat lower than the additive value (the cal-
culated additive density is 1.627 g/cm?®; experi-
mental density is 1.620 g/cm?®).

Analysis of the phase diagram of the two-com-
ponent system TNT/DINA (see Fig. 1), as well as
the data reported in [23], show the possibility to
manufacture charges with substantially more ho-
mogeneous internal structure than that of the
changes with fine powerful ES.

The dependences of the yields of CC and DND
on the composition of TNT-DINA melts are
shown in Fig. 2. The dependence of CC yield on

In(N, )=

t

A
404

104

T T T T 1

0 0.2 0.4 0.6 0.8 1.0

9Nt
Fig. 3. Dependence of the fraction of DND in CC on trotyl

content in TNT-DINA.

mixture composition is well described by a linear
function (correlation coefficient is 0.977):

BCC = a + by yr

where g, . is the mass fraction of TNT in the
mixture. The coefficients determined by means of
the least squares are equal to: a = 2.50, b = 14.94.

The dependence of DND yield on the composi-
tion of TNT-DINA melts has an extremal point.
With an increase in TNT content in the mixture
to ~40 % the yield of DND reaches a maximum;
with a further increase to ~70 % the yield re-
mains practically unchanged at first, and then it
decreases and becomes comparable with the yield
from pure trotyl.

The dependence of the fraction (C) of DND in
CC on the composition of studied melts is shown in
Fig. 3. It has a maximum, too. The largest C  is
observed within TNT concentration range 10—
40 %. At a higher TNT content and for pure DINA
the fraction of DND in CC is noticeably lower.

The results obtained on the yield of DND and
its fraction in CC show that from the viewpoint of
the synthesis of the nanodiamond carbon phase the
most efficient melt is TNT-DINA melt with com-
ponents ratio close to the eutectics (40/60). It is
characterized by the most homogeneous distribu-
tion of the components (at the molecular level).

It should be noted that the yield of DND from
TNT-DINA melts is much lower than from the
melts of trotyl with hexogen and octogen, in
which it may exceed 9 % [3, 15]. This is connected
with a substantially lower power of DINA in com-
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TABLE 3

Calculated and experimental explosive characteristics of trotyl melts with some ES

697

ES OB, %  p, g/cm? P, kbar T, K Conps %
TNT-DINA (40 : 60) —45.6 1.604 224 3603 48.5
TNT-TEN (40 : 60) =35.7 1.676 249 3750 65.0
TNT—-hexogen (40 : 60) —42.6 1.697 261 3695 67.1
TNT-octogen (40 : 60) —42.6 1.744 276 3663 67.2

Note. OB is oxygen balance of ES; P, T are pressure and temperature in

Chapman-Jouguet point, respectively.

parison with the mentioned ES. Calculated detonation
parameters and experimental data on DND content in
CC for the mixtures of trotyl with somewhat more
powerful ES — sensitizers are presented in Table 3
(TNT content is 40 % in all mixtures). Calculations
were carried out using the Bekker—Kistyansky—Wil-
son equation of state [25] assuming the formation of
diamond in products. For diamond, the Cowen equa-
tion of state proposed in [26] was used.

The presented data (see Table 3) show that detona-
tion parameters, first of all, detonation pressure, have a
determinative effect on the formation of the diamond
phase in detonation products. The content of DND in
CC increases with an increase in pressure reaching the
maximal value at 250—260 kbar and remains practi-
cally at this level with further increase in pressure.

CONCLUSION

The processes of TNT dissolution in DINA and
the synthesis of DND from this mixture are in-
vestigated. The temperature dependence of TNT
solubility in DINA within temperature range 55—
75 °C and the heat of dissolution are determined.
The heat of dissolution is higher by 8 kJ/mol
than the heat of trotyl melting, which is the evi-
dence of interaction between the components.

The dependences of the yield of CC and DND
on mixture composition were determined. It was
revealed that the maximal DND yield is observed
in the case of mixtures close to eutectics.

DND content in CC increases with an increase
in pressure reaching the maximal value at 260
kbar and remains practically unchanged with
further pressure rise.
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