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Reactions of aluminum dodecaboride synthesis from oxygen free indugtrialy available boron compounds by
interaction of condensed and gaseous duminum with boron nitride and carbide were the subject of
thermodynamic analysis in this work. It was shown, that both reactions are thermodynamically advantageous at
low temperatures rather than at high and the probability of their occurrence rises significantly for gaseous
aluminum in comparison with condensed aluminum. Calculated values of Gibbs free energy and equilibrium
constants and the andysis of contributions into them clearly demonstrate the advantages of reaction with boron
nitride. The probability of polyphase product composition imposes minimum temperature restrictions on the
synthesis; it should be carried out at temperatures above 1000 °C. Hypothetical mechanisms of reactions between
aluminum and boron containing compounds differ by the place of interaction — any place on the surface of each
layer of BN and only open surface of B4,C — and by the transport of reaction participants in the reaction zone.
From the results of analysis, we suggest indicative synthesis conditions: vacuum thermal synthesis to provide

oxygen free environment and temperature above 1000 °C to avoid aluminum diboride formation.
Keywords: thermodynamic analysis, Gibb's energy, equilibriums constant, enthalpy, entropy, aluminum
dodecaboride, aluminum, boron nitride, boron carbide, auminum diboride.
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I ntr oduction

Boron compounds in which it forms icosahedral
structural units By, attract significant interest because
uniqueproperties provided by such spatial atomic
orientation. It is believed that this icosahedral boron
configuration is the reason for high hardness values of
these compounds and materials based on them and
determines their belonging to superhard materials. Ther
main uses are impact resistant and armor materials [1],
abrasve systems [2, 3], ceramic fillings in metal matrix
composites [4] etc. Because °B isotope has large thermal
neutron absorption cross-section, such high-boron
materials are indispensable in  nuclear energy
applications. In particular, boron carbide B,C is widely
used in nuclear reactors control rods [5-7]. Until now
several such substances have been obtained; these
include orthorhombic boron (y-boron) and various
chemical compounds, such as boron carbide B,C (B1.C3),
boron suboxideBsO, silicon hexaboride BgSi(Si-Bio),
silicon tetraboride B,S (anaogous to B4C), aluminum
dodecaboride AlB;,and others.
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Aluminum dodecaboride is a typical representative
of boron icosahedral compounds and has all the
properties mentioned. But of an increased interest are its
specifics. It has hardness comparable to boron carbide
[8], but materias based on it are expected to have better
gtability under dynamic loading, which is a known
disadvantage of B,C as impact resistant materia[9].
AlB1, boron content, about 83 % by mass, is one of the
highest among boron compounds (boron carbide has
theoretical boron content of 78 % by mass, but it is
difficult to achieve because of residual equilibrium
carbon) which is an important characterigtic for nuclear
applications. Solubility of AlIB,in aluminum melt (see
phase diagram in [10]) determines special prospects for
its use in aluminum matrix composites as it alows to
control the size and particle distribution of the ceramic
phase in metal matrix.

The main obstacle for wide application of AlB,is an
absence of a productive and technologically and
economically rational method of production. Synthesis
from elements can be realized by heating a mixture of
powders in an evacuated sealed container or by addition
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of boron into aluminum met [11]. These methods are
neither simple nor productive and can be considered as
laboratory technol ogies only. Besides, expensiveness and
scarcity of elemental boron further reduces their
atractiveness.  Synthesis  from oxygen containing
compounds such as boron containing minerals and boron
anhydride [11], is very attractive from economic point of
view —such raw materials are accessible on industria
scale and are relatively cheap. Side products constitute
the main problem here, especially aluminum oxide
Al,Os, the formation of which is thermodynamically
favorable in any reaction with oxygen participation.
Separation of the main product from the subproductsisis
a complicated technological process which requires a lot
of physical, chemical and mechanica operations with
thorough physical and chemical control. Apparently, the
only rational way of aluminum dodecaboride synthesisis
from oxygen free boron compounds in oxygen free
environment. There are methods of synthesis from
borofluorides of akaline metals MeBF, (Me-akaline
metal) and boron halogenides (e.g., BF3, BCls3) that have
some prospects of industrial application, but they are
restricted by the raw materials expensiveness and
increased environmental threats. We think that boron
nitride BN and boron carbide B4C, oxygen free boron
compounds of industriad mass production, are the most
atractive for productive synthesis of auminum
dodecaboride.

Boron nitride and carbide are difficult to use as raw
materials in a synthesis methods because of their
remarkabl e thermodynamic stability. Studies of reactions
between boron carbide and auminum [12, 13]
demonstrate their dow nature, small conversion rates,
and polyphase products even at 1000-1500 °C. In the case
of boron nitride, the phase composition may be simpler,
but other drawbacks will probably be the same.

The mentioned works are important because of their
experimental results that show serious obstacles for the
application of B4,C for aluminum borides synthesis. But
each of them lacks a deep thermodynamic analysis of
possible interaction conditions, which may be a key for
successful search of the ways to increase the rates of
interaction as well as conversion rate.

Evident necessity to understand thermodynamic
conditions of reactions perspective for the synthesis of
aluminum dodecaboride from accessible oxygen free
boron compounds determines the goal of this work: to
carry out a thermodynamic analysis of reactions between
boron nitride BN and boron carbide B,C with aluminum
and assess the prospects of these interactions as key
processes of productive aluminum dodecaboride AlB;,
synthesisroute.

I. Methods

Thermodynamic analysis was carried out for the
reactions between boron nitride and carbide and
elemental auminum with the formation of aluminum
dodecaboride and the product of complete interaction of
auminum with aoms of other chemical eements
composing the boron compounds:
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12BN + 13Al(cd, g)® AIB, + 12AIN, (1)

3B,C+5Al(cd, g) ® AIB,, +Al,C,. (2
Each interaction was considered in two realizations —
with condensed (cd) and gaseous (g) auminum.

Gibbs' free energy temperature dependences for the
reactions (1) and (2) were calculated from the relation
between the main isobaric thermodynamic potentials:

DG(T) =DH(T)- TDS(T), 3)

whereDH (T) and DS(T) are temperature dependences of
the enthapy and entropy of the respective reactions.
These were calculated as sate functions at each
temperature
o ° [e] °
DH(T) =4 nDH'(R.T)- A nDH(R.T),
| | (4

)

whereD,H (P, T)1aD,H (R,T)are  enthalpies  of
formation at temperature T of the products and reactants
respectively; S (P,T), S(R,T)are absolute entropies
of the reactions species at T; n; is a stoichiometric
quotient at i-th reaction participant. Enthalpies of
formation at specific temperatures were calculated as the
sum of standard enthapies of formation and enthalpy
increase from standard temperature to the temperature of
interest

D,H'(T)=D,H (298 15K)+(H (T)- H (298,15 K))'(G)

Values and temperature dependences of the
thermodynamics functions required are present in
original publications as well as reference sources, such as
handbooks or databases. Data from the latter represent
dtatistical assessment and generalization of the results of
original publications, thus they were used whenever
possible. Values of standard enthapy, enthalpy and
entropy of substances for BN, Al, AINandAl,C; a
required temperatures were accepted from the
hanbook[ 14];the source of AlB;,thermodynamic data is
[15].

The order of magnitude for the reactions
equilibrium constants was calculated from the relation
between equilibrium constant and Gibbs' free energy:

an:ﬂ
RT

where Risthe universal gas constant.

DSM =& nS'(R.1)- A nS'(R.T),

(7)

1. Results and discussion

Calculated temperature dependences of Gibbs free
energy of interactions of born nitride and boron carbide
with auminum in the condensed and gaseous dtate
according to the reactions (1)and(2) demonstrate (fig. 1)
that both processes are thermodynamically advantageous
in the overall analyzed temperature range. Absolute
value of Gibbs' free energy or the reaction potential, are
the largest a low temperatures and decrease with
temperature increase, which is common in exothermic
processes.

Such character of temperature dependence is
determined by the decrease of entropy during the



O. Vasiliev, V. Muratov, T. Duda

—1000
—2000
—3000
—4000
—5000
—6000
—7000
—8000

-mol/kJ

1

T

AG

—9000 -
0 500

1000

1500 2000 2500

T/K

T

—200
—400
—600
—800
—1000
—1200
—1400
—1600

T

T

-mol/kJ

Al
T

AG

T

T

—1800 '
0 500

1000

1500 2000 2500

T/K

b

Fig. 1. Gibbs' free energy temperature dependences of reactions of boron nitride (a) and boron carbide (b) with
aluminum in condensed (1) and gaseous (2) steate.

reaction. Both reactions are exothermic (AH < 0), and at
low temperatures their heat determines the sign and
absolute value of reactions DG . But as a result of
formation of product with high degree of atomic
organization in the crystal lattice represented by the B,
pseudomolecules reactions proceed with entropy
decrease. When temperature increases, the role of
entropic condtituent of the Gibbs free energy of
reaction(- TDS) becomes more significant, this is
reflected by the absolute values of the reactions
potentials. Thus, low temperatures favor the formation of
aluminum dodecaboride by the reactions (1)and(2).

On the other hand, phase diagram Al-B suggests the
existence of two compounds: aluminum diboride
AlByand aluminum dodecaboride AlB;,. There are a
reliable data that at temperature around 970 °C these
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borides transform between each other[10,11]:

AIB, 2AIB;, + L, (8)

wherelL is a liquid of variable composition containing
aluminum and boron.There is a principa agreement on
the proceeding of reaction (8)upon temperature increase
— an incongruent melting of the diboride takes place in
such a case. The reaction upon cooling is more
ambiguous. Mirkovicet al. [10] experimentally
demonstrated that even at very low cooling rates of about
2 K/min no traces of AIB,in the interaction products
were found; consequently, transformation (8) in the
leftward direction does not occur. However, aluminum
diboride will form wupon cooling in equilibrium
conditions. Therefore, any method of single phase
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Table 1

Calculated thermodynamic properties of interactions of BN andB,C with condensed and gaseous aluminum at
temperatures of largest technological interest (per moleAlByy)

Resctant 1 Resctant 2 TIK DG/kJ DH /kJ DS*K/kJ InK
1300 -30185 -3499.3 -0.36 279

Al(cd) 1500 -2944 1 -3504.1 -0.37 236

BN 1700 -2869.5 -3504.0 -0.37 203
1300 -5135.1 -7531.8 -1.84 475

Al(g) 1500 -4768.1 -7508.1 -1.826 382

1700 -4404.5 -7479.6 -1.808 312

1300 -211.0 -325.7 -0.09 20

Al(cd) 1500 -193.7 -320.2 -0.08 16

B.C 1700 -177.3 -312.8 -0.08 13
1300 -1025.0 -1876.6 -0.66 9%

Al(9) 1500 -895.2 -1860.2 -0.64 72

1700 -767.7 -1841.8 -0.63 54

aluminum dodecaboride synthesis must take into account
the probability of AlB,impurities formation and provide
the synthesistemperature over 1000 °C.

The state of aggregation of aluminum in a reacting
mixture, as can be seen from fig. 1, criticaly influences
the DG value of chemical reaction. For both reactions
interaction is thermodynamically probable with both
condensed and gaseous aluminum, but equilibrium
congtant K, which isrelated to the Gibbs' energy by (7),
is much more informative here and has greater
significance. According to tab. 1, interaction with
gaseous aluminum leads to a drastic rise in equilibrium
congtant. In real reactions with solid participants, where
kinetic factors (eg. diffusion) have considerable
influence, high values of equilibrium constant do not
guarantee full reaction completion. Therefore, the noted
difference of equilibrium constantfor condensed and
gaseous aluminum may be a key to obtaining the product
that does not contain reactants or contains them in
acceptable amounts. It is important, that absolute values
of Gibbs free energy and equilibrium constant of
interaction with Al(g) even at high temperatures are
higher than the values for Al(cd) a low temperatures.
Hence any variation of conditions that leads to
interaction with gaseous aluminum is desirable despite
possible relative reduction of the potentia and
equilibrium constant of reaction. From the kinetic point
of view, individual auminum atoms have higher
mobility and penetrability into open pores of a solid
reactant, providing the front of reaction on all the open
surface of material, not only on the interface of two
condensed phases. Thus, both thermodynamic and
kinetic considerations indicate significant advantages of
using gaseous aluminum in reactions (1) and (2).

It is obvious from fig. 1 and tab. 1 that the increase
of synthesis temperature leads to the process suppression
and lower the equilibrium constant and is undesirable.
On the other hand, the only practical way to obtain
gaseous aluminum is its evaporation, intensity of which
increases with temperature. Thus, temperature during the
synthesis of AIBy,by the reactions (1) and (2) should be
controlled in such a way as to provide the balance
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between maximum value of the equilibrium constant and
satisfactory aluminum evaporation.

Qualitatively, in the context of generd
thermodynamic patterns of reactions, interactions of
aluminum with boron nitride and carbide are similar.
Significant differences are revealed when analyzing
absolute values of Gibbs energy and equilibrium
constant. Being negative for both reactions, absolute
values of DG at the temperatures of interest deviate by a
factor of 3 to 5 with larger values for the interaction with
BN, making it much more attractive for the synthesis
redization. The same applies to the equilibrium
constant—upon interaction of boron carbide with
aluminum probability of finding reactants in the final
product is much higher than for boron nitride. Even in
case of interaction with gaseous aluminum we can
expect, that the results will be somewhat similar to [12],
where the interaction of condensed aluminum (melt) with
boron carbide was conducted during 160 hours to
provide equilibrium conditions, but the products are
highly polyphase. Remarkable difference in equilibrium
constants suggests that for theAl(g)-BN system such
phenomenawon’t occur to such adegree.

Detailed analysis of the contributions forming the
Gibbs free energy of the reactions (1) and (2) alows
deeper undergtanding of their occurrence as well as
prediction of the expected results Because in both
reaction entropy decreases, exothermic heat of reaction,
that is enthalpic contribution, determines negative values
of the reaction potentials. Some important specifics of
these reactions are revealed upon comparison of the
formation enthalpies of possible products. In the case of

reaction(1) D,H (AIB,,, cr, 298.15K) = - 244.76 k¥mol

and D,H’(AIN, cr, 298.15 K) = - 319.00 kJmol, which,

recalculated for one mole of atoms, is -18.3 and 159.5
kJmolrespectively. Heat effect for one mole of atoms
from the aluminum nitride formation is more than eight
times higher than heat effect from auminum
dodecaboride. Additionaly, there are amost two times
more atoms binding into aluminum nitride. Formation of
AIN, a sub product, determines the value of
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reaction’sDG and, therefore, its proceeding in
general.Boron  carbide formation enthalpy is
D,H (Al,C,, cr, 298.15K) = - 206.9kImol or 29.6 kJ

per mole of atoms and its contribution into the heat of
reaction is comparable to that of auminum
dodecaboride.

Contribution of the sub productsinto general heats of
the reaction determines, in our opinion, key differences
between the reactions(l)and(2). To discuss these
differences, let us consider the processes that may take
part a molecular level during the reactions and
accompanying phenomena, or hypothetical mechanisms
of reactions.

We suggest, that the interaction between gaseous
aluminum and boron nitride begins with the transport of
metal atoms to the place of interaction. For hexagonal
boron nitride such place may be any point on the surface
of every layer, because at high temperatures individual
aluminum atoms are capable of intercalation into the
interlayer gaps of BN. Further several processes may
take place forming of chemica bonds between
aluminum and nitrogen atoms, which leads to breaking of
bonds between the latter and neighboring boron aoms;
interaction of aluminum atoms with released boron or,
more probably, agglomeration of boron into twelve atom
icosahedra; in case of icosahedra formation, ther
interaction with aluminum atoms.

All the processes mentioned are exothermic, and
temperature of the system will rise. Approximate
calculation with assumptions that the heat capacity of
reacting mixture at the synthesis temperatures is close to
the Dulong-Petit limit of 24.9 JK per mole of atoms and
reaction mixture is isolated shows that local temperature
of the mixture during the reaction between BN and Al (g)
may rise by about 8000 K for a short time. This should
provide an effective transport of the reaction participants.
Beside that, in case of a high rate of reaction (1) in the
conditions of real synthesis, when masses of reactants are
large, the process may be explosive and demands special
control measures. One of such measures may be a
restriction of gaseous aluminum introduction into the
reaction zone for which the most apparent way is to
control evaporation. Short time local temperature
increase in case of reaction between boron nitride and
solid aluminum could reach about 4000 K, but the
release of heat here is significantly distributed in time
because of the kinetic obstacles for such interaction.

In the case of B,C expectations are somewhat
different. Boron carbide structure does not alow an
active incorporation of gaseous aluminum atoms into the
bulk of material and interaction can occur on the surface
only. Probably, the first thing that will happen is an
interaction between aluminum and chain carbon atoms
that connect boron icosahedra (the structure of B4C see,
for example, [9]) to form aluminum carbide. Additional
aluminum atoms will fill in the space freed from carbon.
These bulk products will have low mobility by
themselves, but also will damp aluminum diffusion and
facilitate the dissipation of heat released by exothermic
processes. Heat effects of thisreaction are also modest in
comparison with boron nitride. Even without the hest
dissipation short time local temperature increase in the
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case of condensed aluminum may be around 1000 K and
resulting temperature is comparable to the temperature of
hot pressing of B,C, which occurs through a diffusive
mechanism at elevated pressures. In the case of gaseous
aluminum temperature increase may reach 2000 K, but it
is improbable because of the kinetic obstacles for the
reaction propagation.

The possibility of forming ternary compounds in the
case of reaction (2) deserves specia attention. Thereisa
series of aluminum carboborides with icosahedral boron
configuration in theAl-B-C system. Forming of such
ternary compounds is typicaly thermodynamically
advantageous because of entropy constituent, even in
case of existence of binary compound with similar
formation enthalpy. In the context of suggested
mechanism, it means that incomplete substitution of
carbon atoms by aluminum may occur and there will be
neither favorable thermodynamic factors, nor transport
possibilities to reach the desirable product — aluminum
dodecaboride. Therefore, no matter what is the state of
aggregation of the reacting aluminum, the real products
of reaction will probably be aluminum carboborides and
carbide, similarly to what is shown in[12].

All the stated considerations demonstrate, that the
best prospects for the realization of rational auminum
dodecaboride synthesis from industrially accessible
oxygen free boron compounds has reaction(1), that is the
interaction of boron nitride and aluminum, particularly in
the case of gaseous aluminum. The reaction should be
done in vacuum to provide oxygen free environment and
at temperatures exceeding 1000 °C to avoid the formation
of aluminum diboride.

Conclusions

The results of thermodynamic analysis demonstrate
that at least one of the considered reactions of aluminum
dodecaboride synthesis from oxygen free compounds has
significant prospects of practical realization. Reaction of
boron nitride with auminum, especialy when the latter
is in gaseous state, has significant thermodynamic
probability and remarkably high values of equilibrium
constant, which alows expecting high interaction
intensity and product purity from reactants.The hegats of
the processes that occur upon such interaction are large
enough to provide effective transport of reactants inside
the reaction environment. Contrastingly, interaction
between boron carbide and aluminum, athough being
thermodynamically probable, does not have significant
thermodynamic drives and can be seriously dampened by
kinetic factors.

Possible AIB;, synthesis method based on the
reactions (1) and (2) has to take into account the
technological restrictions imposed, first of all, by phase
composition of initial substances and possible interaction
products. In particular, the synthesis should be carried
out in oxygen free environment, eg. vacuum, and a
temperatures over 1000 °C. Such conditions will allow
avoiding alumina Al,O; and auminum diboride AlB,
formationand increase aluminum evaporation.

Considering the results of this work, further efforts
to develop a rationa aluminum dodecaboride synthesis
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method should be directed at the search of possibilities to
effectively obtain gaseous aluminum and control itsinput
into the reaction environment, development of specific
temperature modes of synthesis and, most importantly,
the search of possibilities forproduct mixtures separation.

From the point of view of thermodynamic anaysis,
an undoubtable interest is specifics of the processes,
described in hypothetical mechanisms of reactions (1)
and (2) suggested in this work. Beside verification of the
mechanisms, results of such analysis may be of use for
fine tuning of synthesis' technological parametersand in
the search of ways to eiminate the kinetic obstacles for
the reactions redization. However, such analysis
demands the knowledge of thermodynamic state of
reacting system and its microscopic subsystems during
the process and application of nonegquilibrium

thermodynamics approaches.
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B poGori 3xiiicHeHnii aHami3 TepMOAMHAMIKM Iepeliry peakiii CHHTe3y noiekabopuIy alloMiHilo i3
OE3KHCHEBUX IPOMICIIOBO JIOCTYITHUX PEarcHTiB, B3aEMOIEI0 AIIOMIHIIO B KOH/IEHCOBAaHOMY Ta Ta30HoIiOHOMY
cTaHi i3 HITpUIOM Ta KapOigzoM Gopy. [Tokas3aHo, mo 0OMABI peakilii € TepPMOANHAMIYHO BUTIAHIMH 32 HU3BKHX
TemIieparyp B OUIbLIIN Mipi, aHiX 3a BUCOKHX, 1 IMOBIpHICTb X mepebiry cyrTeBo 3pocTa€e IpU BUKOPHCTaHHI
AIIOMIHIIO Y ra30M01iOHOMY CTaHi y IOPiBHSHHI 3 KOH/ICHCOBAaHUM ajfoMiHieM. Po3paxoBaHi 3Ha4eHHS Ta aHai3
BHECKIB, sKi popMyroTh BennunHy eHeprii [i60ca Ta KOHCTaHT piBHOBAaru OJHO3HAYHO JIEMOHCTPYIOTH IEpEeBaru
peakuii adroMiHif0 3 HiTpuaoM Oopy. OOMEXeHHs, IO HaKIaJaloThCsS MOMJIMBHM TONI(a3HUM CKIIaIOM
MIPOAYKTY 32 PaXyHOK YTBOPEHHs TUOOpHAY aJlIOMiHIIO 3a TemriepaTyp Hipkde 970°C, BUMaraoTh 3aCTOCYBaHHS
Temreparypu cuHtely moHany 1000 °c. 3anporoHoBaHi TiOTETUYHI MeEXaHi3MH B3aEMOJIl aTOMIHIIO 3
OOpPOBMICHMMH CIIOJYKaMH 3a JIBOMa PEaKisMH BiJIpi3HIIOTHCS MicLieM B3aeMojiii — Oyib-ska TOYKa MMOBEPXHI
KOXKHOro mapy npu Buxkopucranti BN abo Tinbku Binkpura nosepxus it B4C — Ta xapakrepoM TpaHCcHIoOpTy
YYaCHHUKIB peakiii B peakuilHiil 30Hi. 3 pe3y/ibTaTiB aHaNi3y 3alIpPONOHOBAHI OPi€HTOBHI TEXHOJIOTI4YHI YMOBH
CHHTE3Y. BaKyyMHHH TE€PMIYHUHA CHUHTE3 11 3a0e3ledeHHs Oe3KUCHEBOrO Cepe/loBUILA Ta TEMIIepaTypa MOHaJ
1000 °C, m1s yHuKHEHHs yTBOpEeHHs uGOpHILy amoMinito AlB,.

KirouoBi ciioBa: TepmoanHaMiuHMii aHami3, eHepris [100ca, KoHCTaHTa piBHOBarw, €HTAJIBIIS, EHTPOIIis,
JI0/1eKkabopu L ATIOMIHII0, aTIOMiHIH, HiTpux 60py, kKapOin Gopy, AMGOpH AJTFOMIHIO.

364


mailto:vasalexandr@gmail.com
mailto:o.vasiliev@kznh.kpi.ua

