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The article is aimed at studying features and conditions of initiation, reaction, and final phase formation in the energetic
condensed metal-teflon systems under shock wave loading. Thermodynamic calculations were carried out using the TERMO
program. 16 different mixtures were made on the basis of the calculations. The adiabatic combustion temperatures, the
composition and quantity of condensed products and the volume of gaseous products were calculated. To increase the
combustion temperature, teflon powder was used as one of the components. The calculations showed that the compositions
provided a sufficiently wide range of adiabatic combustion temperatures from 1190°C for Cu-Al-C F, composition to 3280°C
for Hf-B-C F,. The compositions based on Ni-Al, Cu-Al and Nb-Al with teflon differed in predominance of liquid phase in
the products at relatively low combustion temperatures (1740°C, 1190°C and 1410°C, respectively). Shock-wave loading of the
samples was carried out in a multi-cell matrix by throwing a flyer. The acceleration of the flyer was carried out by detonation
of the explosive. The detonation was initiated by an electric detonator located in the center along the assembly axis. Thus, the
design of the recovery fixture provided the same loading conditions in all the cells. Ni-Al, Ni-Al-C F,, Ti-B-C F , Hf-B-C F,
systems reacted most completely. Thus, the systems based on metals (titanium and hafnium) with additives of boron and
teflon are the most promising ones to be used as a reaction material from the viewpoint of the achieved synthesis temperature,
initiation by shock-wave action and the reaction completeness.
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1. Introduction

Development of new energetic condensed systems (reactive
materials) based on the mixtures of metals and their oxides
with inorganic and polymer oxidizing compounds is one
of the actual directions of applied investigation. These
investigations, as a rule, are purely experimental [1, 2].
They are characterized by the complexity of studying fast-
acting physico-chemical processes directly in the process of
explosive loading, which is characterized by high velocities
of deformation, pressures and temperatures. Peculiarities of
solid-phase synthesis in aluminum-sulfur and aluminum-
fluoroplast mixtures in cylinder ampoules under explosive
loading have been studied in experiments and numerically.
It was found that pressure is increased sharply at the bottom
of the ampoule when shock wave is reflected from the
bottom ampoule lid as a compressive wave which is followed
by chemical transformation rate growth. High rate of heat
release during reaction in a lower ampoule part resulted
in gas phase formation which leads to a further pressure
increase and becomes the reason of ampoules destruction
[2-4]. Detonation in an aluminum-fluoroplastic-4
(Teflon) mixture was studied experimentally in [5, 6]. To
increase reactivity, the initial mixture is pretreated in a
mechanochemical activator. The action of a shock wave on
a sample initiates the steady detonation regime, in which the
initial and final substances are in the condensed state. The

results prove that it is possible in principle to reach the steady
detonation regime in reactive condensed mixtures forming
final reaction products in the solid state. Up-to-date energetic
materials of high efficiency must form the basis for future
technologies in industry and military engineering [7, 8].

This work is aimed at studying features and conditions of
initiation, reaction, and final phase formation in the energetic
condensed metal-teflon systems under shock wave loading.
In order to initiate combustion in powder mixtures, it is
necessary to supply a thermal impulse to the substance local
volume on the sample surface and reach the melting point of
one of the components. The initiating thermal impulse must
be rather powerful to warm-up the green mixture layer of the
thickness comparable to the width of Michelson zone. For
most SHS compositions this width makes 0.3-1 mm [9]. At
impact inelastic compression adiabatic warming-up occurs
since the heat can’t leave the compressed body fast. As a rule,
rather high pressures are required for synthesis realization;
in other cases the initiation takes place in local volumes [1].
Besides at explosive initiation of the exothermic reaction, it
can occur in high-speed and fast mode [2, 6].

2. Methods

Approximate thermodynamic calculations were carried
out using the TERMO program [10]. 16 different mixtures
were made according to the calculations. The adiabatic
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combustion temperatures, the composition and quantity
of the condensed products and the volume of gaseous ones
were calculated. To increase the combustion temperature,
Teflon powder was used as a component. Its application also
increases the strength of pressed powder items and its high
cold plasticity makes the process of item production with
relatively uniform density by the volume easier.

For the preparation of mixtures of metals with Teflon, the
following components were used: Teflon powder F-4NTD-2
(d<5 um), W-PV with the average particle size d<6 pm,
Al-ASD-1 with d<10 um, Ti-PTM with d<40 pm,
Hf-GF-N with d <5 um, Ta-TPM with d <10 um, Ni-PNE-1
with d<71 um, Cu-PMS-V with d=45-100 um, Nb-NB1
d<50 um and amorphous black boron V99-A. In a sample
No. 7 nanopowders (Alex) of aluminum with d=50-70 nm
and nickel with d=70-80 nm were used. Mixtures in
a predetermined ratio were prepared in the mixer type
“Turbula” with steel balls for 1 hour with the mass ratio of the
mixture to the mass of the balls 1:10. The mixture No. 8 was
prepared using an AGO-2 mechanical activator in a hexane
medium under the motion acceleration of balls of 60 g for
5 min. The ratio of the mass of the mixture to the mass of
balls was 1:20. The volume of the drum was 150 cm’.

A method with a flat multi-cell recovery fixture was used
to initiate the reactive material combustion by shock wave
(Fig. 1) [11]. The experimental scheme used differs from
the commonly used loading schemes by a plane shock wave
[12]. In the present paper, the loading was carried out by a
sliding shock wave. Blind holes (cells) of 10 mm in diameter
were made in the steel matrix equidistant from the center to
place initial prepressed billets. The diameter and thickness
of the matrix were 100 and 15 mm, respectively. Shock-wave
loading was carried out by throwing a steel flyer (4 mm) on
the matrix and sample surface by the charge of an explosive
(hexogen). The velosity of the flyer was about 1 km/s. The
velosity calculation was carried out similarly to calculations
for explosive welding [13]. The movement of the flyer is similar
to the flying plates during explosive welding. The detonation
was initiated by an electric detonator located in the center
by the assembly axis. The flyers didn’t collapse during the
experiment. Thus, the design of the fixture provided the same
loading conditions in all the cells.

After the explosive detonation the products were removed
from the matrix cells and subjected to X-ray phase analysis

explozive

marrix

Fig. 1. Scheme of shock-wave processing of mixtures by throwing a
flyer.

using DRON-3M diffractometer (Cu, radiation) with the
angle step of 0.02° and exposure time of 1 s. X-ray phase
analysis was carried out using the program «Crystallographica
Search-Match». The quantitative analysis was carried out by
the method of reference intensity ratio (RIR).

3. Results and discussion

The mixture compositions and characteristics, calculated
and actual phase composition of the products are shown in
Table 1.

The calculations showed that the compositions provided a
sufficiently wide range of adiabatic combustion temperatures
from 1190°C for Cu-Al-CF, composition to 3280°C for
Hf-B-C,F, (lines 13 and 14 of Table 1). The compositions
based on Ni-Al, Cu-Al and Nb-Al with Teflon differed in
predominance of liquid phase in the products at relatively
low combustion temperatures (1740°C, 1190°C and 1410°C,
respectively). Most of the compositions are characterized by
the predominance of the solid component in the products.

The results of the X-ray analysis of the products are shown
in Table 2.

Table 2 proves that the chemical reaction was initiated in
most of the compositions subjected to shock wave processing
by throwing a steel flyer. Only Ni-Al (No. 6) sample without
teflon was completely preserved as a compact product. In all
the other cells, most of the products were scattered. In some
cells (samples 4, 7, 14, 16) it was impossible to collect the
material for subsequent X-ray phase analysis because of its
entire scattering.

It should be noted that, on the whole, the results of X-ray
phaseanalysis correlate with the data on theinitial composition
of the samples. But in this case, the actually obtained
percentage of phases in products is slightly different from the
calculated ones. This is due to a number of assumptions in
the program Thermo, which considers the reaction process as
adiabatic. Calculation of equilibrium characteristics is based
on minimizing of the system thermodynamic potential which
expression accounts for the contributions of thermodynamic
potentials for all the components present in the system,
providing their concentrations. Algorithm for minimizing
of the thermodynamic potential is based on the method of
gradient descent [14]. Systems based on tungsten (No. 1,
No. 2, No. 3 of Table 2) have shown themselves difficult to
initiate under shock-wave loading. The X-ray phase analysis
has recorded considerable (54 -85%) the tungsten rest with
a small amount (5-8%) of W,C. The metal-additive (Al
Hf) actively reacted with the fluorine from teflon with the
formation of fluorides of AIF, and HfF,. The interaction traces
with teflon (carbides, fluorides) isn’t revealed in products
from mixtures based of nickel, copper and niobium (No. 12,
No. 13, No. 15, Table 2)

The most complete reaction (withouta residue of the initial
metal) was observed in compositions No. 6 (Ni-Al), No. 8
(Ni-Al-C F, MA), No. 10 (Ti-B-C F,), No. 11 (Hf-B-C F,)
(Table 2). Compositions No. 6 and No. 8 have a relatively
low adiabatic combustion temperature: 1640°C and 1740°C,
respectively. The main product in the compositions based on
nickel and aluminum was NiAl, the introduction of the teflon
component resulted in the appearance of AlF, in addition
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Table 1. Initial compositions, their density (p), relative density (the ratio of actual density to theoretical) p _,, calculated condensed products,
adiabatic combustion temperature (T, °C), specific volume of gaseous products (V,, liter/g) and mass ratio of molten solid products
[M(L)/M(S)].

. Condensed products, calculation .
3 > > o
N Mixture p, g/cm P (mole/weight %) * Vg, liter/g | M(L)/M(S) T ,°C
W-AI-C F Al(L) 0.36/4.9; W_.C(S) 0.4/76;
1 75_15_1204 491 0.69 W(s) 0.0125/14 0.52 0.06 1370
W-Ti-C_F TiC(S) 0.044/13; W, C(S); 0.36/67.7;
2 75-15-10° 565 0-67 Ti(L) 0.26/6; W/(S) 0.02/9.4 0.35 0.07 2240
W-Hf-C_F HfC(S) 0.17/16;
3 75-15-10" 6.64 0.7 W,C(S) 0.23/44; W(S) 0.18/17 0.17 0 2090
W-Ta-C_F Ta,C(S) 0.003/0.6;
4 75-15-10" 8.25 0.77 W,C(S) 0.4/75; W(S) 0.02/19.5 0.21 0 2730
Ni—Al-C F NiAl(L) 0.848/72.7; C(S) 0.2/2.4;
5 61.7—28.31140 3.04 0.67 Ni(L) 0.2/11.9 0.35 35.2 1740
Ni-Al NiAl(L) 0.42/42;
6 68.5-31.5 3.84 0.75 NiAI(S) 0.58/58 0 1.38 1640
Ni-Al-C F NiAl(L) 0.848/72.7; C(S) 0.2/2.4;
7| 61.7-28.3-10 nano 2.94 0.65 Ni(L) 0.2/11.9 0.35 352 1740
Ni—Al-C F NiAl(L) 0.848/72.7; C(S) 0.2/2.;
8 |e17-283-10MA | >V 0.75 Ni(L) 0.2/11.9 0-35 35:2 1740
Hf-Al-C F Al(L) 0.24/3.3; HfC(S) 0.4/38;
9 75_15_1204 5.23 0.83 HE(S) 0.44/39 0.84 0.04 2030
Ti-B-C F TiB, (L) 0.34/24; TiB(S) 0.3/18;
10 70-20-10 2.29 0.66 TiB,(S) 0.42/29; TiC(S) 0.2/12 0-6 0.4 2920
Hf-B-CF HfB. (L) 0.25/28; HfC(S) 0.4/42;
11 25 15 30" 3.19 0.53 - AL 0.18/18 0.65 1.1 3280
Ni-B-C F B,C(S) 0.08/4.4; NiB(S) 0.48/33;
12 80-10-10' 3.87 0.69 'C(S) 0.12/1.5; Ni(L) 0.88/52 0.24 1.3 1600
13 C;‘O‘ _‘zlo‘ﬁz(f 4 3.09 0.69 Al(L) 0.62/16.7; Cu(L) 0.94/60 0.24 L100% 1190
Ti-Cu-C_F TiC(S) 0.2/12; Cu(L) 0.47/30;
14 60-30-10 332 071 Ti(S) 0.49/23.4; Ti(L) 0.42/20.4 0.23 1.4 1670
Nb-AI-CF Nb,AI(S) 0.005/0.8;
15 50-40-10 344 0.69 NbAL,(L) 0.86/79; NbC(S) 0.2/11 0.28 6.7 1410
Ni-Ti-C F . .
16 2 4 3.47 0.74 Ni(L) 0.51/30; Ti(S) 0.91/44 0.22 0.7 1644
60-30-10
*L — liquid; S — solid
Table 2. Results of X-ray phase analysis of products.
N Initial mixture (contents, weight %) X-ray phase analysis (contents, weight %)
1 W(75)-Al(15)-C F,(10) Al (17); W (54); W, C (8); AIF, (21)
2 W(75)-Ti(15)-C F,(10) W (85); Ti (15);
3 W(75)-Hf(15)-C F,(10) W (71); W,C (5); HfF, (24)
4 W(75)-Ta(15)-C,F (10) Product scattering
5 Ni(61.7)-Al1(28.3)-C F,(10) NiAl (8); Al (44); Ni (48)
6 Ni(68.5)-Al(31.5) NiAl (89); NizAl3 (11)
7 Ni(61.7)-Al1(28.3)-C,F (10) nano Product scattering
8 Ni(61.7)-Al(28.3)-C F (10) MA NiAl (74); AIE, (9); Ni AL (17)
9 Hf(75)-Al(15)-C F,(10) Hf; HFC *
10 Ti(70)-B(20)-C_F,(10) TiC; TiB, *
11 HI(75)-B(15)-C F,(10) HfB, (100)
12 Ni(80)-B(10)-C,F (10) Ni (95); Ni_B (5)
13 Cu(60)-Al(30)-C,F,(10) Al (41); Cu (43); CuAl, (9) Cu,Al, (7)
14 Ti(60)-Cu(30)-C,F (10) Product scattering
15 Nb(50)-Al(40)-C,F (10) Nb (12); Al (85); NbAl3 (3)
16 Ni(60)-Ti(30)-C,F (10) Product scattering

*Due to the presence of unidentified peaks, the quantitative calculation could not be carried out
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to NiAl and Ni AL. It is important to note that two systems
No. 10 (Ti-B-C,F,) and No. 11 (Hf-B-C/F,) are the most
advantageous from the viewpoint of energy release; their
adiabatic combustion temperatures are 2920°C and 3280°C,
respectively.

Therefore, the systems based on metals (titanium and
hafnium) with additives of boron and teflon are the most
promising ones to be used as reaction materials in special
equipment from the viewpoint of the achieved synthesis
temperature, initiation by shock-wave action and reaction
completeness.
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