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ABSTRACT. A thermodynamic analysis of the reaction for obtaining boron, carbide and boron nitride upon the
basis of KBF4 and B2O3 at self-propagating high-temperature synthesis was conducted.  It is suggested that most
acceptable results are expected at magnesium-thermal reduction of KBF4. © 2010 Bull. Georg. Natl. Acad. Sci.
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The issues related to development of techniques
for obtaining boron and refractory compounds upon its
basis are of high importance for modern technology [1].

In the present work the problem is posed of
establishing the thermodynamic probability of obtaining
elementary boron, refractory compounds – B4C and BN
on the basis of potassium tetrafluoboron (KBF4) and
boron oxide (B2O3) at self-propagating high-temperature
synthesis (SHS) with previous metal-thermal reduction.
To this end, the method of trinomial equation was
applied:

Δ 
TG = A+BTlgT+CT (1)

of temperature variation of Gibbs free energy (Δ 
TG )

developed in [2], the concrete scheme of carrying out
calculations is similar to the one presented in [3].

All data necessary for thermodynamic analysis [4-
6] are presented in Table 1, which also comprises the
values of high-temperature heat capacity of some
components defined through [7, 8] and those missing
for calculations.

Upon the basis of the analysis of original data in

the systems concerned within corresponding tempera-
ture ranges, the following reactions are expected to take
place:

- Synthesis of carbide and boron nitride at direct
interaction of boron with carbon and nitrogen

1. B+ ¼C = ¼B4C
2. B+ ½ N2 = BN
- Metal-thermal reduction of potassium tetrafluo-

boron with magnesium and aluminum
3. KBF4+1½ Mg =B+KF+ 1½ MgF2
4. KBF4 + Al =B + KF + AlF3
-  Synthesis of B4C and BN upon the basis of KBF4

at SHS process preceded by metal-thermal reduction
5. KBF4+1½ Mg + ¼C = ¼B4C + KF + 1½ MgF2
6. KBF4+ Al + ¼C = ¼B4C +KF + AlF3
7. KBF4 +1½ Mg + ½ N2 = BN+ KF+1½ MgF2
8. KBF4+ Al + ½ N2 = BN+ KF+ AlF3
-  Metal-thermal reduction of boron oxide by magne-

sium and aluminum
9. ½ B2O3+ 1½ Mg = B+ 1½ MgO
10. ½ B2O3+ Al = B+ ½ Al2O3
- Synthesis of carbide and boron nitride upon the

basis of B2O3 at SHS with previous metal-thermal
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reduction
11.  ½ B2O3+ 1½ Mg + ¼C = ¼B4C+1½ MgO
12.  ½ B2O3+ Al + ¼C =  ¼B4C+ ½ Al2O3
13.  ½ B2O3+ 1½ Mg + ½ N2 = BN+1½ MgO
14.  ½ B2O3+ Al + ½ N2 = BN+ ½ Al2O3
For a comparative assessment of the obtained results

all the reactions are composed counting upon one mole
of boron. Considering the aforementioned situation for
reactions 1-14 within corresponding temperature ranges,
equations of temperature dependence of Gibbs free
energy were formed; the numerical values of coefficients
of these equations are presented in Table 2.

Table 2

Coefficients of the equation of temperature dependence of Gibbs free energy of the reactions expected
during reduction of boron from potassium tetra fluoboron (KBF4) and boron oxide as well as of the synthesis

of carbide and boron nitride by a direct method and SHS (1 kal =4.184j)

Coefficients of the equation 

Δ 
TG = A+BTlgT+CT 

Temperature 
 range 
К 

 
 

Reaction 
-А В С  

1 2 3 4 5 
1 

В(S)+  ¼С(S)= ¼ В4С(S) 
4050 

(±700) 
0.45 -1.74 

(±0.1) 
298-1700 

2 
В(S)+ ½ Ν2 (g)= ВΝ(S) 

60890 
(±430) 

-3.55 32.24 
(±0.07) 

298-1700 

3 
KBF4(S)′+1½Mg(S)=B(S)+ KF(S) +1½MgF2(S) 

 
 

 
88160 
(±400) 

 
4.42 

 
-5.78 

(±0.40) 

 
298-337 

KBF4(S)′+1½Mg(S)=B(S)+ KF(S) +1½MgF2(S) 
 

94790 
(±450) 

7.13 -0.21 
(±0.39) 

337-556 

KBF4(S)″ +1½Mg(S)=B(S)+ KF(S) +1½MgF2(S) 
 

90180 
(±450) 

12.9 -25.71 
(±0.6) 

556-843 

KBF4(L) +1½Mg(S)=B(S)+ KF(S) +1½MgF2(S) 
 

94340 
(±480) 

13.34 -20.85 
(±0.6) 

843-923 

KBF4(L) +1½Mg(L)=B(S)+ KF(S) +1½MgF2(S) 
 

95780 
(±750) 

12.78 -19.67 
(±0.93) 

923-1040 

KBF4(L) +1½Mg(L)=B(S)+ KF(S) +1½MgF2(S) 
 

98130 
(±800) 

7.28 -0.87 
(±1.06) 

1040-1131 

KBF4(L) +1½Mg(L)=B(S)+ KF(S) +1½MgF2(S) 
 

93100 
(±860) 

3.6 5.96 
(±1.1) 

1131-1368 

KBF4(L) +1½Mg(g)=B(S)+ KF(L) +1½MgF2(S) 
 

150160 
(±1060) 

-12.91 99.29 
(±1.53) 

1368-1536 

KBF4(L) +1½Mg(g)=B(S)+ KF(L) +1½MgF2(L) 
 

132240 
(±1200) 

-20.0 110.08 
(±1.66) 

1536-1700 

4 
KBF4(S)′+ Al (S)= B(S)+ KF(S) + AlF3(α) 

 

 
45740 
(±500) 

 
3.05 

 
-4.83 

(±0.46) 

 
298-337 

KBF4(S)′+ Al (S)= B(S)+ KF(S) + AlF3(α) 
 

52370 
(±550) 

3.76 0.74 
(±0.55) 

337-556 

KBF4(S)″ + Al (S)= B(S)+ KF(S) + AlF3(α) 
 

46760 
(±600) 

11.53 -24.76 
(±0.81) 

556-727 

KBF4(S)″ + Al (S)= B(S)+ KF(S) + AlF3(β) 
 

46550 
(±600) 

11.32 -24.45 
(±0.81) 

727-843 

KBF4(L) + Al (S)= B(S)+ KF(S) + AlF3(β) 
 

51710 
(±650) 

11.76 -18.59 
(±0.86) 

843-934 

KBF4(L) + Al (L)= B(S)+ KF(S) + AlF3(β) 53930 
(±670) 

14.56 -25.23 
(±0.9) 

934-1040 

KBF4(L) + Al (L)= B(S)+ KF(S) + AlF3(β) 
 

56280 
(±730) 

9.06 -6.43 
(±1.05) 

1040-1131 

KBF4(L) + Al (L)= B(S)+ KF(L) + AlF3(β) 
 

51250 
(±780) 

5.37 0.4 
(±1.1) 

1131-1552 
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Table 2 continue

1 2 3 4 5 
5 

KBF4(S)′+1½Mg(S)+ ¼C(S)= ¼ В4С(S)+ KF(S) +½MgF2(S) 
 

 
92210 
(±600) 

 
4.87 

 
-7.52 

(±0.40) 

 
298-337 

KBF4(S)′+1½Mg(S) +  ¼C(S)= ¼ В4С(S)+ KF(S) + ½MgF2(S) 
 

98840 
(±650) 

7.58 -1.98 
(±0.42) 

337-556 

KBF4(S)″ +1½Mg(S)+ ¼ C(S)= ¼ В4С(S)+ KF(S) + ½MgF2(S) 
 

93230 
(±680) 

13.35 -27.45 
(±0.60) 

556-843 

KBF4(L) +1½Mg(S)+ ¼ C(S)=  ¼ В4С(S)+ KF(S) + ½MgF2(S) 
 

98390 
(±720) 

13.79 -22.59 
(±0.63) 

843-923 

KBF4(L) +1½Mg(S)+ ¼ C(S)= ¼ В4С(S)+ KF(S) + ½MgF2(S) 
 

99830 
(±750) 

13.23 -21.41 
(±0.65) 

923-1040 

KBF4(L) +1½Mg(L)+ ¼ C(S)= ¼ В4С(S)+ KF(S) + ½MgF2(S) 
 

101880 
(±780) 

7.73 -2.61 
(±0.74) 

1040-1131 

KBF4(L) +1½Mg(L)+ ¼C(S)= ¼ В4С(S)+ KF(L) + ½MgF2(S) 
 

97150 
(±800) 

4.04 4.22 
(±0.76) 

1131-1368 

KBF4(L) +1½Mg(g)+ ¼C(S)= ¼ В4С(S)+ KF(L) + ½MgF2(S) 
 

154210 
(±940) 

-12.46 97.55 
(±1.05) 

1368-1536 

KBF4(L) +1½Mg(g)+ ¼C(S)= ¼ В4С(S)+ KF(L) + ½MgF2(S) 136290 
(±1040) 

-19.51 108.34 
(±1.14) 

1536-1700 

6 
KBF4(S)+ Al (S)+ ¼ C(S) = ¼ В4С(S)+ KF(S) + AlF3(α) 

 
50060 
(±560) 

 
3.50 

 
-6.57 

(±0.34) 

 
298-337 

KBF4(S)′+ Al (S)+ ¼ C(S) = ¼ В4С(S)+ KF(S) + AlF3(α) 
 

56420 
(±600) 

6.21 1.00 
(±0.4) 

337-556 

KBF4(S)″ + Al (S)+ ¼ C(S) = ¼ В4С(S)+ KF(S) + AlF3(α) 
 

50810 
(±630) 

11.98 -26.5 
(±0.54) 

556-727 

KBF4(S)″ + Al (S)+ ¼ C(S) = ¼ В4С(S)+ KF(S) + AlF3(β) 
 

50500 
(±630) 

11.77 -26.19 
(±0.56) 

727-843 

KBF4(L) + Al (S)+ ¼ C(S) = ¼ В4С(S)+ KF(S) + AlF3(β) 
 

55760 
(±670) 

12.21 -21.33 
(±0.61) 

843-934 

KBF4(L) + Al (L)+ ¼ C(S) = ¼ В4С(S)+ KF(S) + AlF3(β) 
 

57980 
(±680) 

15.01 -26.97 
(±0.63) 

934-1040 

KBF4(L) + Al (L)+ ¼ C(S) = ¼ В4С(S)+ KF(S) + AlF3(β) 60330 
(±720) 

9.51 -8.17 
(±0.73) 

1040-1131 

KBF4(L) + Al (L)+ ¼ C(S) = ¼ В4С(S)+ KF(S) + AlF3(β) 55300 
(±750) 

5.82 1.35 
(±0.76) 

1131-1552 

7     
KBF4(S)′  +1½ Mg(S)  + ½ N2(g) = BN(S) + KF(S) +1½ MgF2(S) 149500 

(±530) 
-0.87 26.46 

(±0.30) 
297-337 

KBF4(S)′  +1½ Mg(S)  + ½ N2(g) = BN(S) + KF(S) +1½ MgF2(S) 156040 
(±560) 

3.58 32.03 
(±0.31) 

337-556 

KBF4(S)″  +1½ Mg(S)  + ½ N2(g) = BN(S) + KF(S) +1½ MgF2(S) 
 

150430 
(±570) 

9.35 6.52 
(±0.42) 

556-843 

KBF4(L)  +1½ Mg(S)  + ½ N2(g) = BN(S) + KF(S) +1½ MgF2(S) 155590 
(±630) 

9.79 11.39 
(±0.49) 

843-923 

KBF4(L)  +1½ Mg(L)  + ½ N2(g) = BN(S) + KF(S) +1½ MgF2(S) 157030 
(±640) 

9.23 12.57 
(±0.48) 

923-1040 

KBF4(L)  +1½ Mg(L)  + ½ N2(g) = BN(S) + KF(S) +1½ MgF2(S) 159020 
(±690) 

3.73 31.37 
(±0.54) 

1040-1131 

KBF4(L)  +1½ Mg(L)  + ½ N2(g) = BN(S) + KF(S) +1½ MgF2(S) 153990 
(±720) 

0.04 38.20 
(±0.57) 

1131-1368 

8     
KBF4(S)′  + Al(S)   + ½ N2(g)  = BN(S) + KF(S) + AlF3(α) 105630 

(±480) 
-0.50 27.41 

(±0.26) 
298-337 

KBF4(S)′  + Al(S)   + ½ N2(g)  = BN(S) + KF(S) + AlF3(α) 113260 
(±510) 

2.21 32.98 
(±0.29) 

337-556 

KBF4(S)″  + Al(S)   + ½ N2(g)  = BN(S) + KF(S) + AlF3(α) 107650 
(±540) 

7.98 7.48 
(±0.42) 

556-727 

KBF4(S)″  + Al(S)   + ½ N2(g)  = BN(S) + KF(S) + AlF3(β) 107440 
(±540) 

7.77 7.79 
(±0.48) 

727-843 
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Table 2 continue

1 2 3 4 5 
KBF4(L)  + Al(S)   + ½ N2(g)  = BN(S) + KF(S) + AlF3(β) 112500 

(±580) 
8.21 12.65 

(±0.45) 
843-934 

KBF4(L)  + Al(L)   + ½ N2(g)  = BN(S) + KF(S) + AlF3(β) 114820 
(±590) 

11.01 7.01 
(±0.46) 

934-1040 

KBF4(L)  + Al(L)   + ½ N2(g)  = BN(S) + KF(S) + AlF3(β) 117170 
(±630) 

5.51 25.81 
(±0.54) 

1040-1131 

KBF4(L)  + Al(L)   + ½ N2(g)  = BN(S) + KF(S) + AlF3(β) 112140 
(±660) 

1.82 32.64 
(±0.57) 

1131-1552 

9     
½ B2О3(S)+ 1½ Mg(S) = B(S)+ 1½ MgО(S) 64830 

(±130) 
-6.99 28.8 

(±0.57) 
298-723 

½ B2О3(L)+ 1½ Mg(S) = B(S)+ 1½ MgО(S) 65240 
(±140) 

4.02 -4.1 
(±0.5) 

723-923 

½ B2О3(L)+ 1½ Mg(L) = B(S)+ 1½ MgО(S) 76530 
(±180) 

5.91 -5.11 
(±0.38) 

923-1368 

½ B2О3(L)+ 1½ Mg(g) = B(S)+ 1½ MgО(S) 120300 
(±180) 

-5.74 70.0 
(±0.27) 

1368-1800 

10     
½ B2О3(S)+ Al(S) = B(S)+  ½ Al2О3(S) 49070 

(±150) 
-5.44 23.28 

(±0.3) 
298-723 

½ B2О3(L)+ Al(S) = B(S)+  ½ Al2О3(S) 49480 
(±170) 

5.27 -7.62 
(±0.23) 

723-934 

½ B2О3(L)+ Al(L) = B(S)+  ½ Al2О3(S) 54420 
(±180) 

2.93 5.51 
(±0.26) 

934-1800 

11     
½ B2О3(S) + ½ Mg(S)  + ¼ С(S)  = ¼ B4C+1½ MgО(S) 68880 

(±480) 
-6.24 27.66 

(±0.62) 
298-723 

½ B2О3(L) + ½ Mg(S)  + ¼ С(S)  = ¼ B4C+1½ MgО(S) 69290 
(±490) 

4.25 -3.84 
(±0.54) 

723-923 

½ B2О3(L) + ½ Mg(L)  + ¼ С(S)  = 1/4 B4C+1½ MgО(S) 71580 
(±530) 

6.36 -6.85 
(±0.43) 

923-1368 

½ B2О3(L) + ½  Mg(g)  + ¼ С(S)  = 1/4 B4C+1½ MgО(S) 124350 
(±530) 

-5.29 68.25 
(±0.32) 

1368-1700 

12     
½ B2О3(S)+ Al(S) +  ¼ С(S) =  ¼ B4C(S)+ ½ Al2О3(S) 
 

53120 
(±500) 

-4.99 21.14 
(±0.35) 

298-723 

½ B2О3(L)+ Al(S) + ¼ С(S) = ¼ B4C(S)+  ½ Al2О3(S) 
 

53530 
(±520) 

5.72 -9.36 
(±0.27) 

723-934 

½ B2О3(L)+ Al(L) + ¼ С(S) = ¼ B4C(S)+  ½ Al2О3(S) 58470 
(±530) 

3.38 3.77 
(±0.18) 

934-1700 

13     
½ B2О3(S) + ½ Mg(S)  + ½ N2(g) = BN(S) +1½ MgО(S) 
 

125720 
(±230) 

-10.54 61.04 
(±0.4) 

298-723 

½ B2О3(L) + ½ Mg(S)  + ½ N2(g) = BN(S) +1½ MgО(S) 
 

126130 
(±240) 

0.47 30.14 
(±0.35) 

723-923 

½ B2О3(L) + ½ Mg(L)  + ½ N2(g) = BN(S) +1½ MgО(S) 
 

128420 
(±260) 

2.30 27.13 
(±0.28) 

923-1368 

½ B2О3(L) + ½ Mg(g)  + ½ N2(g) = BN(S) +1½ MgО(S) 181190 
(±260) 

-9.29 102.23 
(±0.2) 

1368-1700 

14     
½ B2О3(S) + Al (S) + ½ N2(g)  = BN(S) + ½ Al2О3(S) 
 

109960 
(±240) 

-9.29 55.52 
(±0.22) 

298-723 

½ B2О3(L) + Al (S) + ½ N2(g)  = BN(S) + ½ Al2О3(S) 
 

110370 
(±250) 

1.72 24.62 
(±0.17) 

723-934 

½ B2О3(L) + Al (L) + ½ N2(g)  = BN(S) + ½ Al2О3(S) 
 

115310 
(±260) 

-0.62 37.75 
(±0.11) 

934-1700 
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Upon the basis of Table 2 data, a diagram of
dependence of Gibbs free energy (Δ 

TG ) versus the
temperature for the reactions 1-14 was constructed. Fig.
1 presents Δ 

TG  for the reactions (3-8), proceeding on
the basis of potassium tetra fluoboron KBF4 and for
comparison - Δ 

TG  reactions of a direct synthesis of
B4C and BN from the elements (curves 1, 2), while in
Fig.2 -  Δ 

TG  for the reactions (9-14) proceeding on the
basis of boron oxide - B2O3, as well as similarly – to the
previous case - Δ 

TG  of the reactions 1 and 2.
From the cited diagrams (Fig. 1, 2) there follows that

in the considered temperature range, the probability of a
direct synthesis of B4C, according to reaction 1 is too
low; on the other hand, the probability of nitration of
boron at rather moderate temperatures  - within 1000K is
not excluded. The data in Fig. 1 confirm that metal-thermal
reduction of KBF4 by magnesium (curve 3 - Fig. 1) is
energy-wise more profitable than aluminothermics (curve
4 - Fig.1). Analogously, the SHS process with the
preceding thermomagnesium reduction (curves 5, 7 -

Fig.1) as compared to aluminothermics (curves 6-8 – Fig.
1), provides more acceptable energy-wise results.

A similar result is provided while using B2O3 as raw
material (Fig. 2); however, the curves Δ 

TG  are moved to
less energy-negative values, therefore, the probability
of obtaining the desired product - B, B4C and BN, upon
the basis of B2O3 is energy-wise lower than while using
KBF4. Besides, an additional barrier is the difficulty with
separation of the obtained product. While using KBF4,
such product as KF, MgF2 and AlF3, due to volatility, is
easily removable from the reaction zone, while in the
case of  B2O3 removal of such product as MgO and
Al2O3 is a rather complicated problem.

An analysis of the data in Fig. 1 and 2 allows to
conclude that in the sphere of melting of original materials
KBF4 (843 K), B2O3 (723 K), magnesium (923 K) and
aluminum (934 K) favorable kinetic conditions will be
provided for implementing the aforementioned reactions,
which will have to attain high rates within the temperature
range 1100-1300 K.

Fig. 1. Dependence of Δ 
TG  reactions 1-8 on temperature Fig. 2. Dependence of Δ 

TG  reactions 1,2,9-14 on temperature
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fizikuri qimia

boris, boris karbidisa da nitridis miRebis procesis
Termodinamikuri albaToba TviTgavrcelebadi
maRaltemperaturuli sinTezis dros

g. TavaZe*, a. nadiraZe**, q. ukleba**

* akademiis wevri, f.TavaZis metalurgiisa da masalaTmcodneobis instituti, Tbilisi
** f. TavaZis metalurgiisa da masalaTmcodneobis instituti, Tbilisi

TviTgavrcelebadi maRaltemperaturuli sinTezis (Tms) dros kaliumis tetraborftoratisa
da boris oqsidis bazaze boris, misi karbidisa da nitridis miRebisas SesaZlebel reaqciaTa
ganxorcielebis albaTobis dadgenisaTvis Sedgenil iqna gamosakvlev reaqciaTa (sul 14 reaqcia)

gibsis Tavisufali energiis (Δ 
TG ) temperaturuli cvalebadobis gantolebebi. miRebuli gan-

tolebebis analizis safuZvelze SeiZleba davadginoT, rom Tms winmswrebi magniTermiiT
energetikulad ufro xelsayrelia vidre alumoTermia. boris nitridi SesaZlebelia miviRoT
agreTve boris pirdapiri azotirebiTac. kinetikuri kanonzomierebidan gamomdinare sawyis masalad
kaliumis tetraborftoratis gamoyeneba uzrunvelyofs sufTa individualuri produqtebis
miRebas.
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