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Abstract

Macrokinetic characteristics of the combustion process in Cr—B and Cr—Ti—B reaction mixtures after
preliminary mechanical activation were investigated. It has been established that mechanical activation
exerts a substantial effect on the composition and structure of the initial mixtures and therefore on
temperature and rate of combustion of mechanically activated mixtures. It has been demonstrated that the
interaction between the reagents at the combustion temperature occurs according to the solid-phase
mechanism. The mechanisms of phase formation in the combustion wave have been studied with the help
of a stopped-front method. With the increase in the concentration of oxygen in the mixture due to mechanical
activation, the role of gas transport of boron to the surface of the metal increases thus the reaction
diffusion becomes the limiting stage of the interaction between metal and boron. It has been established
using X-ray structural analysis that the products of combustion of Cr—Ti—B mixture contain ternary
compounds such as Cr,Ti,B and Ti,CrB, unknown earlier.
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INTRODUCTION sults in a simultaneous increase in the absolute

value of heat generation and rate of heat gen-

Transition metal borides are of especial in-  o1ation in the reaction of combustion, exert-

terest due to a unique combination of mechan-
ical, thermal, electrophysical and magnetic
properties. They are used in chemical indus-
try, in the manufacture of abrasives, protec-
tive coatings, wear resistant materials and for
obtaining constructional ceramics [1].

In our work, ceramic materials based on
chromium and titanium borides are made em-
ploying the method of self-propagating high-
temperature synthesis (SPHTS) [1-9] from pre-
liminary mechanically activated mixture. The
use of mechanical activation (MA) allows one  MATERIALS AND METHODS
to carry out the SPHTS process in low-exo-
thermic systems such as Mo—B, Cr—B [10-13]. For the studies we have chosen a stoichio-
The mechanical activation of the mixture re- metric mixture of powders PH-1C chromium

ing a positive effect on the thermodynamics and
kinetics of the process.

The purpose of the present work consists
in obtaining new ceramic materials in Cr—B and
Ti—Cr—B systems from preliminary activated
mixture in the combustion mode, as well as in
studying the structurization in the combustion
wave of and the composition of compact syn-
thesis products.
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TABLE 1

Sample composition for initial powders

Samples Content, mass %

Cr Ti B
1 70.6 - 29.4
2 30.0 60.2 9.8
3 40.0 51.6 84

powder and B-99A boron powder in the mass
ratio Cr: B = 70.6 : 29.4 on the basis of the for-
mation of compound CrB,. The ratio of com-
ponents Ti and B for Ti—B—Cr mixtures was
constants amounting to 6.14. For the prepara-
tion of mixtures we used PTS titanium pow-
der. The composition of samples under investi-
gation is presented in Table 1.

The synthesis of compact samples was car-
ried out to the technology of power SPHTS
compacting. The mechanical activation of mix-
tures was performed within in AIR-0.015 plan-
etary type mill at the following technological
parameters: the operating drum volume being
of 250 cm?, centripetal acceleration at the axis
of the drum amounting to 250 m/s?, the ratio
between the mass of balls and the mass of
mixture for Cr—B mixture amounting to 20 : 1,
for Ti—Cr—B mixture being equal to 10 : 1.

The preliminary pressing of initial briquettes
from the mixture was carried out in cylindrical
press moulds 78 mm in diameter. The pressure
value for pressing was matched so that the rel-
ative density of the reaction briquettes amount-
ed to 55—60 %. For obtaining compact products,
the synthesis was carried out within a reaction
press mould using DA-1532B hydraulic press
with the maximal pressing force amounting to
1600 kN. Right after the completion of the pro-
cess of combustion, hot synthesis products were
loaded with a pressure of 6.86 MPa, optimizing
in this case the pressing delay time of and the
time of exposure under pressure.

The thermal effect of the reaction of boride
formation was determined on a BKS-4 quick-
response combustion calorimeter. The maximum
error of the measurement amounted to 0.15 %
within the range of measured heat values of
5 [{102—-10%) J.

The influence of the initial warming tem-
perature T, upon the temperature of combus-

tion T, was studied employing a micro-thermo-
couple method with the use of tungsten-rhe-
nium thermocouples with the diameter of wire
amounting to 0.1 mm. The rate of combustion
U, was determined according to video filming.
In this case we used pressed briquettes with
the cylindrical shape of 10 mm in diameter and
relative density amounting to 58—60 %.

The content of oxygen in the initial and ac-
tivated mixtures was measured with the help
of a reductive melting technique in the flow
of an inert gas (helium), from the amount of
CO,, formed employing the method of infrared
absorption with the use of TC-600 oxygen and
nitrogen analyzer (LECO Corp., USA).

In order to study the sequence of reactions
within the wave of combustion we carried out
the quenching of the combustion front with the
use of a massive copper block. The reaction mix-
ture of the compositions under investigation
structures was pressed into a wedge-shaped cut-
out in the massive copper block which provided
fast heat dissipation from a sample whereby the
combustion reaction stopped.

The microstructure of samples was investi-
gated using the method of scanning electron
microscope employing a Jeol JSM-6480 LV elec-
tron microscope with the system of local XRD
spectral microanalysis. The XRD phase analy-
sis of synthesized products was performed
employing DRON-3 X-ray diffractometer, na-
nometres carried out(spent) on installation, CuK,
radiation, the wavelength A = 154178 nm, the
registration range 26 = 10—120°, with the incre-
ment of 0.1°, the exposition at the registration
point being of 6 s.
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Fig. 1. Specific heat generation value (@) depending on the
duration of mechanical activation (¢): 1 — Cr—29.4 % B,
2 — Ti—40 % Cr—84 % B.
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RESULTS AND DISCUSSION

Effect of mechanical activation on the structure
of initial material and the parameters
of combustion

The experimental dependence of heat gen-
eration in the course of chemical reaction on
the MA duration time is presented in Fig. 1. It is
seen that the process of interaction is accom-
panied by a low heat generation. The SPHTS
reaction was not possible to perform in non-
activated Cr—B mixture under the conditions
of the calorimeter at T; = 311 K. Owing to in-
complete transformation, the measured quan-
tity of heat generated under combustion ap-
peared to be less than the expected value. Ac-
cording to XRD data, the products of Cr—B
mixture combustion contain intermediate reac-
tion products such as lower borides CrB and
Cr;B, with a lower value of the heat of for-
mation. A similar picture is observed for three-
component Ti—Cr—B mixtures. Besides lower
chromium borides there are titanium boride TiB
and unreacted titanium and chromium.

Thus, the absolute values of the reaction
thermal effects appeared to be lower. Never-
theless, it is possible to trace changing in ther-
mal effect depending on the duration of MA.
So, with the increase in MA duration time, the
amount of generated heat grows. To all appear-
ance, it could be connected with the growth
of the conversion level in the combustion reac-
tion owing to the accumulation of macro- and
microdefects within the initial powders, which
results in the growth of the internal energy
of the system, as well as the reduction of the
heterogeneity scale. The increase in the ther-
mal effect for Cr—29.4 % B mixture occurs up

TABLE 2

to 21 min of MA duration, whereas for Ti—
40 9% Cr—8.4 % B mixture this phenomenon oc-
curs up to 18 min of MA. The further activa-
tion results in the reduction of the heat gener-
ation, which could be connected with the be-
ginning of mechanochemical reactions of chro-
mium boride formation in the process of MA.
Thus, in order to obtain the greatest heat gen-
eration value, the optimum MA duration time
should amount to 21 min for Cr—29.4 9% B mix-
ture, amounting to 18 min for Ti—40% Cr—8.4
% B mixture.

With machining, the energy density of par-
ticles is summarized from the energy of sub-
grain boundaries formed from mosaic blocks,
new surfaces formed as the result of the de-
struction of particles, and the energy of elas-
tic deformation. In turn, the energy of elastic
deformation in a crystal is determined by the
energy of dislocations and the energy of va-
cancies. Each dislocation, having a certain stock
of energy and playing the role its accumulator
in a crystal, represents an ultimate sublocal
distortion of the crystal lattice. The introduc-
tion of dislocations into a crystal results in the
increase of its energy, whereas with the in-
crease in number of homogeneously distribut-
ed dislocations, the average value of the ener-
gy absorbed within the operation volume is
observed to increase [11—14].

The optimum condition of the structure of
reagents before the beginning of SPHTS
corresponds to the certain dislocation structure
of metal and the certain reaction surface of
mixture. In order to estimate MA influence upon
the structural state of initial reagents we have
performed the analysis of processing time
influence upon the structure of chromium

Coherent scattering areas (CSA) size and the level of Cr lattice microdeformation for different duration of mechanical

activation (MA)

MA duration, min CSA size, nm

Microdeformation level, %

Cr-2949%B Ti-40%Cr—84 % B Cr-204% B Ti—40 % Cr-84 % B
1 1309 - 014 -
12 731 417 018 0.150
15 516 408 019 0211
18 256 315 023 0267
21 16.0=2 25.9+3 0.27+0.01 0.3430.05
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Fig. 2. Morphology of Cr—29.4 9% B mixture after
mechanical activation during 1 (a), 21 (b) and 40 min (c).

powder. From the broadening of XRD lines we
calculated the size of coherent scattering areas
(CSA). The physical broadening was determined
using a technique presented in [17, 18]. The results
of the investigation are presented in Table 2.

It is seen that the increase in the MA time
results in a decrease in the CSA size, and in an
increase in the size of microdeformation (MCD),
which confirms the assumption that the ener-
gy stored increases. It should be noted that size
of CSA in Cr—29.4 9% B mixture is an order of
magnitude decreased, whereas the MCD size

is approximately twice decreased. From the data
presented in Fig. 2 one can see that the mix-
ture originally consists of chromium particles
of 5—40 um in size and boron particles about
0.1 pm in size. With the increase in the duration
of MA an intense grinding of chromium oc-
curs. The maximal size of particles does not ex-
ceed 5 pm. Owing to the uniform stirring and
boron redistribution over the surface, the size
scatter of chromium particles decreases to a con-
siderable extent. This results in the growth of
the reaction surface and the reduction of kinet-
ic hindering in the SPHTS reaction process.

In the course of MA the specific surface of
the mixture increases due to grinding the par-
ticles of powders, owing to the formation of
cracks, as well as the accumulation of micro-
structural and surface defects. For the MA pro-
cedure with the duration longer than 21 min
for Cr—B and 18 min for Ti—Cr—B, borides ap-
pear in the mixture, whose structure is not
amenable to any quantitative interpretation via
the method of local micro X-ray spectral anal-
ysis due to a small size of particles and low
atomic number of boron.

The changes occurring in the structure of a
mixture after MA procedure exert a consider-
able effect on the character of combustion wave
propagation, its rate U, and temperature T.. Fig-
ure 3 demonstrates a video image of the com-
bustion process for activated Cr + 2B mixture.
The wave of combustion is seen to propagate
top-down along the axis of the sample. In the
case under consideration the centre of combus-
tion (picture 2), in a similar manner to a “spin”,
moves in the plane perpendicular with respect
to the direction of the combustion wave propa-
gation (picture 3). After the centre passes all the
plane of the sample (picture 4) the combustion
goes to the following layer (picture 5). The phe-
nomenon presented in the pictures is periodical-
ly repeated in regular time intervals every 0.16 s.
This fact indicates that the combustion of an
activated sample represents a non-steady-state
process being near the stability limit.

The investigation of the macrostructure of
burnt samples has demonstrated the presence
of stratification in the products obtained from
Cr—B mixture activated during 21 min. A peri-
odical character of transverse cracks repeats
the movement of the combustion front line.
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Fig. 3. Frame-by-frame video filming of the wave of combustion for Cr + 2B mixture after mechanical activation within
21 min. T, = 293 K, picture frequency being equal to 25 frames/s. Design. see text.
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Fig. 4. Rate of combustion U, (a) and the temperatures of
combustion T, (b) depending on the initial temperature (T )
for mixtures such as Cr—294 9% B (1, 2), Ti—-30 % Cr—B
(3, 4) and Ti—40 % Cr—B (5, 6): 1, 2 — mixtures
mechanically activated during 1 and 21 min, respectively;
3, 5 — non-activated mixtures; 4, 6 — activated mixtures.

On the contrary, the structure of a burnt
sample made of low-activated Cr—B mixture

ter of combustion front propagation.

The results of qualitative and quantitative
XRD analysis of the structure of the samples
synthesized according to the technology of
SPHTS compacting have demonstrated, that
in the case of highly activated Cr—294 9% B
mixture of combustion the fraction of higher
chromium borides in the products increases with
the increase in T\, whereas the amount of boride
phases decreases. It is connected with the fact

reaction diffusion, the stage CrB - Cr;B, runs
almost up to the completion because of a great
value energy saved. However, the subsequent
stage (Cry;B, — CrB,) has not time to be com-
pleted. The product of SPHTS compacting is
two-phase and consists of CrB, and Cr;B, with
a small amount of fine pores.

in the systems such as Ti—30 % Cr—9.8 % B and
Ti—40 % Cr—84 % B indicate that the basis
of ceramic materials (=75 %) is composed of
phases unknown earlier with proposed formu-
las Cr,TigB and Ti,CrB,, the fraction of TiB
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amounting to about 15 9%, whereas the fraction
of TiCr, is approximately equal to 10 %.

Figure 4, a demonstrates the results of mea-
suring U, as a function of the initial tempera-
ture T,. One succeeds in realizing the SPHTS
process in mechanically activated mixtures al-
ready at Ty = 300 K, whereas for a low-acti-
vated (ty;, = 1 min) mixture Cr—29.4 9% B the
process could be realized only at T, =525 K,
and for non-activated Ti—30 % Cr—9.8 % B and
Ti—40 % Cr—8.4 % B mixtures the corresponding
temperature values are equal to 523 and 653 K,
respectively. For all the compositions one can
observe linear dependence of the combustion
rate on the initial temperature. With the MA
treatment of Cr—B mixture the formation of
chromium boride occurs with a much higher
rate depending on the initial temperature in a
greater extent as compared to Ti—Cr—B sys-
tem. It is interesting to note that for all the com-
positions after MA procedure the centres of
combustion at T; > 530—540 K are formed all
over the volume of a sample (the combustion
proceeds in a thermal explosion mode), where-
as their movement is of heterogeneous char-
acter. The rate of combustion in this case could
not be determined.

From Fig. 4, a one can see that for activated
Cr—B and Ti—Cr—B mixtures the rate of com-
bustion at the same initial temperature is higher
than for non-activated ones. So, the rate of com-
bustion for Cr—29.8 % B mixture at T, = 525 K
amounts to 1.8 mm/s in the case mixture acti-
vated during 1 min, and 8.7 mm/s for the mix-
ture with ty;, = 21 min. According to the data
calorimetric analysis, the quantity of heat gen-
erated in the course combustion at Ty = 311 K
for these samples amounts to 0.3 and 1.4 kJ/g,
respectively. Thus, the MA procedure exerts a
considerable effect on the process of combus-
tion. This effect is in a good agreement with
the conclusions made by authors of [12—17]
concerning the positive influence of MA upon
the kinetics and mechanism of the combustion
of various SPHTS systems.

The distinctive feature of Cr—B and Ti—Cr—B
systems under investigation in contrast to oth-
ers (studied earlier) systems consists in the fact
that within a certain range of initial warming
temperature values, the value of T, depends
slightly on T,. This phenomenon is exhibited

both for a high-activated and for low-activat-
ed Cr—B mixture (see Fig. 4, b). In the case of
Ti—Cr—B system this effect is observed only for
activated mixtures.

It is experimentally established, that for a
low-activated Cr—B mixture T .= 1800—1900 K,
which is close to the value of adiabatic tem-
perature (1900—2200 K), calculated according
to ISMAN-THERMO software package [9]. For
a highly activated Cr—B mixture (ty;, = 21 min)
despite of a considerable growth of the com-
bustion rate, the value of T, is lower in a con-
siderable extent amounting to 1500 K.

It should be noted that the dependences for
activated and non-activated Ti—Cr—B mixtures
presented in Fig. 4 exhibit qualitatively differ-
ent features. For mechanically activated mix-
tures within the range of temperature values
from a room temperature up to 450 K, the in-
crease of the initial temperature almost either
does not affect the combustion temperature (for
the mixture 30 % Cr—9.8 % B) or influences in-
significantly (for Ti—40 % Cr—=8.4 % B). Such a
character of curves one usually connects with
the processes those proceed with the absorp-
tion of heat. As the values of the initial tem-
perature approached to 530—540 K the rate of
combustion for activated mixtures exhibits an
abrupt increase, which results in scattering of
the material analyzed owing to the evolution
of a significant amount of gases adsorbed un-
der MA and the loss of the contact between a
sample and a thermocouple. In this connection,
it was not possible to measure the temperature
of combustion at T, > 530—540 K for Ti—Cr—B
activated. For non-activated Ti—Cr—B mixtures,
a linear dependence between the temperature
of combustion and the temperature of mix-
ture warming is observed.

Studying the structurization mechanism
for SPHTS products

In order to reveal the mechanism of com-
bustion and structurization of the products in
Ti—Cr—B system we performed quenching the
samples in a copper wedge. Figure 5 demon-
strates the microstructure of the quenched
combustion front. Near the line 1—-1 there is a
quenched zone of combustion, above this line
there are end products of combustion formed
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Fig. 5. Quenched combustion front for a sample
of mechanically activated Ti—30 % Cr—B mixture.

as a result of completing the reaction, and be-
low there are the warming zone and the initial
reaction mixture located.

In the detailed analysis of phase composi-
tion within the zone of combustion and behind
the front of combustion in the region of prod-
ucts formed, the following facts have been es-
tablished. In the zone of combustion one can
distinguish areas with different colour, which
is caused by a different chemical composition.
Light areas (Fig. 6, a, point 3a) are enriched with
chromium, grey areas (points 2a, 4a) are en-
riched with titanium. At the separate sites of
dark colour (point la) there are unreacted ini-
tial components containing oxygen. Behind the
front of combustion, one can also distinguish
the areas different both in colour, and in shape.
In a similar manner to the above-stated, light
areas (point 3a) are enriched with chromium,
whereas light grey and dark grey areas are
enriched with titanium. Morphological features
of these areas such as needle-like or round
shape allow us to make an assumption concern-
ing their phase structure. To all appearance,
the areas with a characteristic needle-like shape
are corresponding to titanium and chromium
borides, whereas round irregular-shaped areas
are corresponding to initial components or solid
solution on the base of metals.

In the mixtures with chromium concentra-
tion amounting to 30 and 40 %, immediately
behind the front of combustion at the bound-
ary with the area of the products formed there
are light sites enriched with chromium observed.

Fig. 6. Stopped combustion front (the area lower than line
1-1) for Ti—Cr—B mixtures: a, b — magn. 5000% and 1500x,
respectively. Elemental composition in points:

Points Content, mass %
B O Ti Cr

la 16.16 20.58 57.58 5.68
2a 1542 abs. 72.62 11.45
3a abs. 22.02 65.20 12.42
4a 11.57 abs. 82.72 5.55
1b abs. abs. 99.50 0.50
2b 17.89 abs. 80.64 1.37
3b 56.00 3.66 10.12 29.26
4b 48.15 3.05 15.15 21.63

The interaction between the reagents begins
from the surface of particles (see Fig. 6, b). So,
for example, point 1b corresponds to titanium,
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whereas point 2b corresponds to completed in-
teraction between titanium, chromium and bo-
ron. Light needle-like formations correspond to
titanium or chromium borides. However, one
should indicate the complexity of an exact de-
termination of the phase formation sequence
in connection with their variety and similar el-
emental composition of intermediate phases.

The analysis for oxygen of Cr—B mixture
has demonstrated that the initial chromium
powder contains 0.4 % of oxygen, whereas in
the initial boron there is the concentration of
oxygen amounting to 3.7 %. From the recalcu-
lation for a preset composition of the mixture,
it is seen that chromium contributes 0.28 %, and
boron contributes 1.09 % of oxygen. The total
content of oxygen in the mixture amounts to
1.37 %. For the mixture after the MA duration
amounting to 1 min the total content of oxy-
gen increases almost twice and reaches 2.6 %,
whereas after 21 min of MA procedure the ox-
ygen content is equal to 3.3 %. This excess oxy-
gen makes the concentration of boron and chro-
mium oxides to increase. To consider the total
oxygen being factorized into the reagents of
the mixture after 21 min, the content of oxy-
gen in chromium should amount to 0.66 %, be-
ing 2.64 % in boron, which corresponds to
3.83 % of B,O5 in the mixture. Thus, the basic
carrier of oxygen in the mixture is the boron:
80 % of total oxygen falls on boron and only
20 9% of that falls on chromium. Such a distri-
bution indicates that the contribution of chro-
mium oxide in the mechanism and kinetics of
the combustion process takes place, but it is
not rate-determining. At the same time there
is no oxide phases among the products of com-
bustion observed.

By the analogy with the Mo—B system [10],
within the zone of warming in the mixtures
with the concentration chromium 30 and 40 %
and in Cr—29.4 % B mixture there are follow-
ing reactions to proceed:

ByOs(s) + B - 3/2By0,(8) — @
Me + 2B - MeB, + @

The solid-phase interaction of chromium
with boron within the zone of warming is im-
probable because of a rather low diffusion
mobility of atoms at the given temperature
values. At the same time, on the surface of
reagents at the temperature values ranging

within 1100—1250 K there proceeds a revers-

ible gas-transport reaction to result in forming

of volatile boron suboxide:

B,0;+ B - 3/2B,0, (8)

This reaction in the wave of combustion is pre-

ceded by melting boron oxide B,O5at 723 K [9].

Gaseous suboxide is chemisorbed onto the sur-

face of chromium and titanium particles with

the formation of the most thermodynamically

favourable boride phases according to the fol-

lowing reactions

3B,04(g) + 2Ti - 2B,04(1) + TiB, + Ti + @
~ 2B,04() + TiB + Ti

B,0,(g) + Cr - B,O4(1) + Cr,B, + Cr + @

Thus, the saturation of the particles of a
metal-reagent by boron occurs in the direction
from the surface to the centre. In the after-burn-
ing zone of Ti—Cr—B mixtures, the products
formed interact among themselves with the for-
mation of ternary boride compounds, as well as
solid solutions and compounds in Ti—Cr system:
- CrTi,B,

- Cr/Ti,B

Concurrently to these reactions, within the
warming zone ahead of the front of combus-
tion there is endothermic reaction

B,O4(1) + B — 3/2B,0,(g) — Q

occurring.

We have performed thermogravimetric anal-
ysis for boron and chromium powders within
the temperature range of 300—1273 K, as well
as for mixtures activated during 1 and 21 min.
It has been established that chromium within
the specified temperature range does not un-
dergo any significant phase transformations ac-
companied with thermal effects and mass change.
In the powder of boron there is an endothermic
transformation proceeding with the energy of
2.0 kJ /g, within the temperature range of 1020—
1250 K. Mixtures after MA also exhibit endot-
hermic peaks within the temperature range of
1020—-1230 K (ty;p = 1 min) with the thermal ab-
sorption of 0.18 kJ/g. For the mixtures exposed
to MA during 21 min, the endothermic trans-
formation is shifted towards lower temperature
values (900—1020 K). The heat absorption in this
case has amounted to 0.9 kJ/g.

TiB + Cr,B,

CONCLUSION

1. It is established that the MA exerts a con-
siderable influence upon the composition and
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structure of initial mixtures and, as a conse-
quence, upon the temperature and combustion
rate of mechanically activated mixtures in the
process of SPHTS. The investigation of mac-
rokinetic characteristics for combustion process-
es in preliminary mechanically activated Cr—B
and Cr—Ti—B reaction mixtures has demonstrat-
ed that the interaction between reagents oc-
curs according a solid-phase mechanism at the
combustion temperature. With the increase in
the content of oxygen in the mixture after the
MA, the role of the gas-transport carrying of
boron towards the surface of metal increases,
and the reaction diffusion becomes a rate-de-
termining stage of the interaction between the
metal and boron.

2. With the help of a stopped-front meth-
od, we have established the mechanisms of
phase formation in the combustion wave.

3. According to the results of the investiga-
tions, the samples of 125 mm in diameter with
the following structure have been synthesized:
Cr-294 % B, Ti—30 % Cr—9.8% B, Ti—40 %
Cr—84 9% B. The formation of ternary com-
pounds such as Cr,TiyB and Ti,CrB, unknown
earlier has been established.
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