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Abstract:

This paper describes the optimal modes of initiation of self-propagating high-

temperature synthesis with the help of an electron beam on the example of a Ti—Al-C powder
mixture. A pulsed electron beam with a particle energy of tens of kiloelectronvolts and a duration
of hundreds of microseconds is used. Morphology, structure, and elemental composition of formed
products in the form of TizAlC, and TiC are studied.
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INTRODUCTION

Ignition and subsequent combustion of multicom-
ponent condensed systems is a complex multistep pro-
cess, which has various physical and chemical stages
caused by the existence of zones in various aggregate
states, as well as the possibility of chain, sequential,
or parallel reactions, unequally significant in different
zones [1-3]. It was shown in [3-6] that, in one and
the same multicomponent condensed system with the
course of competing processes under the same condi-
tions, there could be several stationary combustion wave
modes, whose implementation is uniquely determined
by the ignition conditions.
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The processes of self-propagating high-temperature
synthesis (SHS) in M,,+1—A—X,, ternary systems, initi-
ated by various heat sources (electric spiral, laser, etc.)
are described in sufficient detail in [7, 8].

Considerable scientific and practical interest is
given to the ignition of ternary systems by a high-power
electron beam and the development of the experimen-
tal technique with the stabilization of optimal parame-
ters of the beam for SHS. Accelerators with high-power
beams of charged particles are accessible today [9-14]
and used to conduct multiple experiments associated
with modifying the properties of various materials.

In this paper, the “SOLO” electron-beam de-
vice [12] is used to carry out experiments with stim-
ulation of ternary exothermic mixtures by a high-power
pulse electron beam in vacuum.

METHODS AND MATERIALS

The experiments are carried out using commercial
powders, whose properties are described in Table 1 (D is
the fraction size, p is the molar mass, T, is the melting
point, ¢ is the latent heat of melting, and K is the num-
ber of moles of components calculated for obtaining the
compound TizAlC,, all of which are taken from [15]).
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Table 1. Characteristics of the powders used

Element Powder type D, fim
Ti PTS n 150
Al ASD-4 10-50
C PM15 0.3-0.5

Fig. 1. Experimental diagram for the irradiation of
Ti-Al-C system: (1) Ti-Al-C powder mixture pel-
let: (2) graphite crucible; (3) aperture.

Figure 1 shows the experimental diagram for the
synthesis of the SHS products using an electron beam.
A Ti-Al-C powder mixture pellet (15 mm in diameter,
10 mm in thickness, 5 g in mass, and with 40% of poros-
ity) are placed in a graphite crucible 20 mm in height
with a blind hole 15 mm in diameter and covered by a
copper diaphragm with a «5-mm hole for the passage
of an electron beam into the crucible. The crucible is
placed in a vacuum chamber with an electronic source
with a plasma cathode.

An electron beam is used with the energy
EO = 15 keV, pulse duration T= 200 ps, repetition
rate of 1 Hz, and practically uniform distribution of the
density flux along the cross section of the beam, whose
dimensions on the pellet with an area of 0.2 cm2 are
determined by the input diaphragm (see Fig. 1). The
energy density measured by the calorimeter at the en-
trance to the crucible is « 40 J/cm2 with the heat flux
in the spot on the pellet is equal to «2 <105 W /cm 2.

The weight of the samples before and after treat-
ment is measured on an LV-210-A analytical scale.

The structure and elemental composition of the
treated samples are studied on a FEI Quanta 600 elec-
tron microscope. The phase composition of the mate-
rials obtained is determined on a DRON-2 diffractome-
ter with Co Ka radiation in the Bragg-Brentano focus
mode.

P, g/mol Tm, °G Q, kJd/mol K
48 1668 15.5 3
27 660 10.8 1.1
12 4500 — 1.8

EXPERIMENTAL RESULTS
AND DISCUSSION

Gas- and hydrodynamic processes and chemical
transformations occurring at the stage of ignition can
be understood if there is a clear idea of the space-time
pattern of the interaction of the high-power electron flux
with the Ti-Al-C porous heterogeneous system charac-
terized by varying dispersiveness of the components.

The energy is pumped by an electron beam through
the electron subsystem of an irradiated body, and the
energy exchange with the phonon subsystem occurs
through a characteristic time equal to the relaxation
period: Tei « 1 = 10-10 s [16-18]. For electrons with
the energy EO % 300 keV, the main mechanism of elec-
tron absorption is the Coulomb scattering. At the same
time, two-thirds of the beam energy goes to the excita-
tion of bound electrons and the rest to ionization.

If the inflow rate of the energy (in W/cm 2) is com-
parable or larger with respect to the heat sink rate, the
metal melts and subsequently evaporates due to the
thermal conductivity in a solid in the energy release
zone. The depth of the energy release zone is deter-
mined by the mean free path R of the electron of the
given energy in a particular substance (Ti, Al, C, and
gas). The dimensions of the energy release zone can be
estimated by using the Kanaya-Okayama equation [19]

R = 2.76 =10-2pEI'67/Z0'8%p [pm], (1)

where p [g/cm3] is the density of the irradiated sub-
stance, and Z is the atomic number. Table 2 illustrates
the values of Z along with the values of the thermal dif-
fusivity of the irradiated materials a*, of the binding en-
ergy of the elements e [16], and of the threshold flux den-
sities qc, for which the materials fracture (evaporation
and removal in a liquid phase) [18, 20]. The study of
the dynamics of the interaction of high-current electron
beam with transparent low-density aerogel by optical
methods showed that the size of the bulk energy release
zone corresponds to the free path of electrons of a given
energy in a particular substance and remains unchanged
with constant parameters of the electron beam [14].
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Table 2. Thermophysical parameters of the mixture elements

Element z e, eV/atom p, g/cm3
C 6 7.36 35
Al 13 3.34 2.7
Ti 22 4.86 4.5

The sizes of the Al and Ti fractions (see Table 1)
are larger than the free paths R of the electrons with
the energy EO = 15 keV (see Table 2) by more than
an order of magnitude, and the diameters of soot (car-
bon) particles are an order of magnitude smaller than
the free path RC. The initial surface of the Ti-Al-C
pellet, on which the beam falls, has the Ti, Al, and
C elements distributed mosaically thereon, and the ir-
radiated heterogeneous body is a mixture of particles
with varying dispersity and orientation. Assuming that
the pellet pores containing CO, H2, 02 and N2 [21]
are the same in size with the carbon fraction, we can
calculate the effective thermal diffusivity of the mix-
ture (a « 0.5aTi+ 0.31aC+ 0.19aAi) with a given poros-
ity of 40% [22] and determine the size of the thermal
effect zone (Lh) in condensed matter under the action
of the electron beam with given parameters. The layer
of the heated heterogeneous substance (thermal effect
zones) increases for the radiation time Tin accordance
with the equation

Lh= y/ar 2)

[17, 18, 20]. If the energy of the electron beam equals
to tens of kiloelectronvolts and the density created by
the electron beam is g0 % 104 W /cm 2, the processes of
evaporation and fracture of the surface of the processed
material become essentially important [18, 20, 23].
The total thermal balance of the thermal effect
zone in this case can be estimated in the expression

Qe+ Qr = Qs + Qf + Qv, ©)
where Qe is the energy introduced by the electron beam,
Qr is the thermal effect of exothermic reactions, Qs is
the heat flux caused by the thermal conductivity mech-
anism, and Qf and Qv are the heats of melting and
evaporation, respectively.

If, during the irradiation time, the layer of the ma-
terial Ln obtains the energy comparable to the specific
heat of evaporation, the evaporation process becomes
governing [23]:

qgecr ~ AHpLn. (4)

This condition for the electron beam with a critical heat
flux (specific density) qcr « g0« 2 105W /cm 2 is satis-
fied. In the absorbing layer of the Ti-Al-C pellet, there
is the phase transition of a condensed substance into a

R, fim qc, W/cm?2 AH, kJ/kg a, m2/s
35 — 59 1.22 «K T3
2.8 2- 105 10.8 8.42- KI'5
1.4 — 9.8 8.30- KI'6

Fig. 2. Current oscillograms of the “SOLO” device
[10]: (1) discharge current Id; (2) electron beam cur-
rent 1g; the abscissa axis is 50 ps/div, and the ordi-
nate axis is relative units per division.

gaseous one, and the heat conduction mechanism de-
termines the temperature distribution in the condensed
phase only behind the moving boundary of evapora-
tion [18, 20]. If Qs ™ Qr in the layer, there is no
stable combustion of the mixture and no combustion
wave. The temperature profile of the combustion wave
becomes observable only in the region where Qs < Qr.

In this experiment, the effect of a single electron
pulse (Fig. 2) on the pellet of the ternary mixture ends
with a bright flash (optical radiation is recorded with a
high-speed camera) and a pressure jump in the acceler-
ator chamber.

The melting process followed by evaporation is trig-
gered by the leading edge of the pulse radiation. The
trailing edge of the pulse «10 ps (see Fig. 2), in turn,
triggers the high-rate solidification process.

The cylindrical pellet turns into a thick-walled shell
after being treated with an electron beam, which is il-
lustrated in Fig. 3. Explosion-like phase transitions in
the exothermic porous system under the action of a
high-power electron beam lead to the removal of the
substance from the sample, reaching 60% of the initial
mass, to the formation of regions with different surface
topographies, and to an increase in the volume of the
condensed object by approximately 2.5 times.
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Fig. 3. General view (a) and structure (b) of the Ti-Al-C samples after treatment by a high-power

electron beam.

Fig. 4. Frontal view of the bottom part of the treated
pellet.

To study the structure and elemental composition
of the formed substance, the sample is cut approxi-
mately along the boundary between the top foamed part
(gel) and bottom part [SHS product (dashed curve in
Fig. 3b)].

The top part of the sample is significantly differ-
ent from the bottom one (Fig. 4), which looks like a
standard SHS product. There is a through hole with an
incorrect shape, which is a canal formed by the shock-
wave effect of the electron beam. The effect of the beam
lead to dagger penetration, almost complete removal
from the top part of the aluminum sample, and partial
removal of titanium and carbon. The removal of the
substance matter from the sample volume is associated
with high-rate evaporation and formation of CN, C2Nz,

Fig. 5. Diffractograms of the SHS products: igni-
tion of the mixture by electromagnetic radiation in
an argon medium at a pressure of 5 atm (curve a)
and ignition of the mixture by a high-power electron
beam in vacuum (curve b).

C4N2, CO, and CO2 gases. The density of the formed
product in the top part of the sample (see Fig. 3b) is
noticeably smaller than in the bottom one (see Fig. 4).
The specific energy released during the time of the
radiation pulse in the energy release zone (« Rc), ex-
ceeds the binding energy of atoms in the elements by
several orders of magnitude (see Table 2) [16, 24], so
the energy input of the chemical reactions in this zone
is insignificant. The ignition of the SHS process itself
in the strongly nonequilibrium Ti-Al-C system occurs
outside the thermal effect zone (Lh « 0.5 mm) (see the
bottom part in Fig. 3 and cylinder walls in Fig. 4).
The power in the spot on the pellet produced by
the high-power electron beam and equal to g0 « 2 x
105 W /cm 2 exceeds the standard one [2, 25] g = (1-2) =
102 W /cm 2 by three orders of magnitude and indicates
that the ignition occurs in the region of the right branch
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Fig. 6. Structure of the peripheral region (SHS process zones) of the Ti-Al-C sample after treatment
with an electron beam: (b, ¢) morphological features of TiC crystals at different zooms; (d): 26.64%

CK, 3.84% AIK, and 69.52% TiK.

of the curve illustrating the igniting pulse versus the
density of the heat flux [24], when the temperature at
the boundary of the phase transition reaches a value
close to a boiling point of the material Tb [18, 20, 25].
The duration of the ignition delay determined by the
video recording is «0.1 s, the duration of the bright
flash (SHS process) is equal to «4 s, and the duration
of the glow of the cooling SHS product is 10-12 s.

With high-speed energy supply to the irradiated
target, compression and rarefaction waves are formed
therein. The appearance of a rarefaction wave can also
lead to the release of substance from the irradiated tar-
get in a direction opposite to the direction of the elec-
tron beam [13, 14, 26].

The diffractograms of the SHS products illustrated
in Fig. 5 with the use of various ignition methods show
different ratios of Ti3AIC2 and TiC. According to the
data of the quantitative x-ray phase analysis, the sam-
ple a contains «75% of Ti3AIC2 and 25% of TiC and
the sample b treated by the electron beam contains 18%
of Ti3AIC2 and 82% of TiC. Such a difference in the
phase ratio can be explained by the conditions for the
SHS initiation of in these samples.

The composition of the substance in the top part of
the sample treated with the electron beam (see Fig. 5)
does not show the x-ray amorphous fraction of the prod-
uct in the form of amorphous Ti and ultrafine phases
of other compounds [27], which are present in the so-
lidification of the melt with a temperature gradient of
106 K/cm and velocities of the interface boundaries of
the order of 1 m/s [28].

In the case of irradiation by a high-power electron
beam, the TiC phase predominates due to the intense
evaporation of the low-melting component of Al. When
the thermal energy of atoms of the irradiated mate-
rial, obtained from the high-power electronic beam, de-
creases to a value comparable to the energy of interact-
ing particles in the exothermic reaction, the SHS pro-
cess begins in the target. Spatially, it is realized outside
the thermal effect zone, and titanium carbide identified
in this zone is not a product of SHS. In the temporary
scale radiation, the TiC synthesis occurs after the end
of the pulse (a few milliseconds). Nanolaminates are
the products of the SHS process and formed at the pe-
riphery of the sample, where part of aluminum is still
retained, not evaporated, and not removed in the lig-
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uid phase under the action of the high-power electron
beam.

With high-rate solidification of the metallocarbon
melt, the resulting structure of titanium carbide with
TizAlCs inclusions is a low-density gel-like product.
The microstructures shown in Figs. 6a—6¢ characterize
the morphological features of the cylindrical surface of
the shell (see Fig. 4). The data of the energy disper-
sion analysis (Fig. 6d) show that, in this region, there
is almost no aluminum, and the structural elements are
mainly represented by titanium carbide in the form of
hollow hemispheres (Figs. 6b and 6¢).

The complete picture of the processes occurring in
exothermic ternary porous mixtures under the action of
high-power electron beams is far from clear and needs
further research.

CONCLUSIONS

Under the action of the high-power electron beam,
the Ti—Al-C sample radically changes its shape and
content—the pellet turns into an inverted shell with a
bulging bottom.

Under the action of the electron beams with a
power density of more than 102 W/cm?, there is a
change in the elemental composition due to removal of
low-melting components from the mixture.

The use of high-power electron beams is effective
for obtaining spatially heterogeneous structures, differ-
ent by porosity and phase composition in depth.
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