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Abstract  

Differential thermal analysis and X-ray phase analysis were used to investigate the 
preparation conditions and composition of products of the borothermal reduction of 
oxides of 3d transition metals (titanium, vanadium, chromium, manganese, iron, cobalt, 
nickel, copper and zinc) at 50-1350 °C. The intermediate stages of the borothermal 
reduction were investigated. Identification of the products obtained at different stages 
of the interaction between oxides and boron is given. 

1. Introduct ion  

The  b o r o t h e r m a l  reduc t ion  of  ox ides  by  e l ementa l  b o r o n  is one  of  the  
m a i n  m e t h o d s  for  ob ta in ing  bor ides  of  t rans i t ion  meta ls .  In these  p r o c e s s e s ,  
in addi t ion  to  the  ma in  p roduc t ,  b o r o n  ox ide  is fo rmed .  However ,  op in ions  
differ  as  to  the  c o m p o s i t i o n  of  the  ox ide  [1, 2]: s o m e  au thor s  s ta te  tha t  
B202 is fo rmed ,  o t he r s  B203. Besides ,  the  different  s t ages  of  t he se  p r o c e s s e s  
a re  no t  a t  all clear .  The  p r e s e n t  inves t iga t ion  is a imed  at  ob ta in ing  m o r e  
c o m p l e t e  i n fo rma t ion  a b o u t  these  react ions .  

2. E x p e r i m e n t a l  deta i l s  

The  e x p e r i m e n t s  were  c o n d u c t e d  on  p r e s s e d  m i x t u r e s  of  powder - l ike  
ox ides  and  a m o r p h o u s  boron .  Pyroli t ic  a m o r p h o u s  b o r o n  with  a pur i ty  of  
99 .6% and  p o w d e r s  o f  ox ides  (TiO2, V205, Cr203, MnO2, CO30a, NiO, CuO, 
ZnO) with  a pu r i ty  of  no less  than  99 .5% and  a d ispers i ty  of  5 - 2 0  /zm were  
u s e d  to  ob ta in  m e t a l  d ibor ides  and  b o r o n  subox ide  (B60).  

Af ter  mix ing  and  c o m p a c t i n g  unde r  a p r e s s u r e  of  100 MPa, the  m i x t u r e s  
w e r e  pu t  into quar tz  a m p u l e s  and  hea t ed  in an  a t m o s p h e r e  of  a rgon  with  
a pur i ty  o f  9 9 . 9 9 9 %  u n d e r  a p r e s s u r e  of  0.1 MPa. The  chemica l  in t e rac t ion  
in the  m i x t u r e s  w a s  s tudied  by  differential  t h e r m a l  analys is  (DTA) and X- 
ray  p h a s e  analys is  (XPA). DTA curves  we re  ob t a ined  in the  t e m p e r a t u r e  
r a n g e  2 5 - 1 3 5 0  °C, the  ra te  of  hea t ing  be ing  10 °C m i n - 1 .  XPA was  c o n d u c t e d  
wi th  Cu K a  and  Fe  K a  irradiat ion.  The decod ing  of  d i f f r ac tog rams  was  done  
wi th  the  he lp  of  s t anda rd  t ab les  of  in te rp lane  d i s t ances  [3]. 
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3. R e s u l t s  and d i s c u s s i o n  

3.1. Titanium(IV) oxide 
The thermogram obtained by heating a mixture of TiO2 and amorphous 

boron is shown in Fig. 1 (curve 1). As a result of the interaction of TiO2 
with boron (mole ratio 1:14) the DTA curve shows three exothermic effects, 
starting at 684, 796 and 1250 °C respectively. The XPA data enable us to 
state that the oxide TiaO5 and titanium borate (TiBOs) are the products of 
the chemical reaction accompanying the first exothermic effect. The samples 
are a light blue colour, which also indicates the presence of TisO5 since this 
has the same colour. On the basis of these data the reaction can be presented 
in the form 

4Ti02 + B ) TiBOa + Ti805 (1) 

The samples quenched after the second exothermic effect contain neither 
borate nor Ti305. Instead they exhibit titanium diboride (TiB2) and boron 
oxide (B203). The presence of the latter is confirmed by the reflexes on X- 
ray patterns of boric acid (HsBOa) formed at the stage of preparation of 
the samples under XPA in a moist atmosphere. Thus the second exothermic 
effect can be caused by two reactions: 

TiBOa + 3B ~ TiB2 + B20a (2) 

3TiaO5 + 28B ) 9TiB2 + 5B2Oa (3) 

The samples quenched after the third exothermic effect contain TiB 2 and 
B60. Consequently, this effect is caused by the reaction 

B2Oa + 16B ) 3B60 (4) 
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Fig. 1. DTA results  for react ion of amorphous  boron  with 3d transi t ion metal  oxides: 1, TiO2; 
2, V205; 3, Cr203. 
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This is also confirmed by the initial temperature  of the effect (1250 °C). It 
is at this temperature  (to an accuracy of 5 °C) that earlier [4] the formation 
of a suboxide in the above-mentioned substances was recorded. 

On the basis of the above results it is possible to present  the total 
reaction of reduction of TiO2 by amorphous boron in the form 

TiO2 + 14B ) TiB2 + 2B60 (5) 

3.2. Vanadium(V) oxide 
Figure 1 (curve 2) shows the thermogram obtained by heating V205 

with boron (mole ratio 1:34). The DTA curve has two exothermic effects 
which, according to XPA, can be interpreted as originating from the reactions 

3V205 + 4B ) 3V203 + 2B203 (6) 

V203 + 22B , 2VB2 + 3B~O (7) 

The total reaction of the process can be presented in the form 

V20~ + 34B ) 2VB2 ÷ 5B60 (8) 

3.3. Chromium(III) oxide 
The thermogram obtained by heating a mixture of Cr203 and amorphous 

boron is shown in Fig. 1 (curve 3). The interaction of Cr203 with boron 
(mole ratio 1:22) results in five effects on the DTA curve, four effects being 
exothermic and the fifth one endothermic. It was not  possible to establish 
unambiguously the nature of the first exothermic effect at 717 °C. By XPA 
of samples, in addition to the starting substances, a small quantity of orthoboric 
acid was found. The appearance of the latter is probably connected with a 
partial oxidation of  amorphous boron by oxygen contained in Cr2Oa, which 
leads to an exothermic effect as in the case of the borothermal  reduction 
of MnO2 (see below). 

In the sample quenched after the endothermic effect (1020 °C) boron 
oxide (B2Oa) and the boride CrsB3 were found. Since the temperature  of 
melting (softening) of B2Oa is much lower than the starting temperature  of  
the reaction, the B203 formed should be in a molten state and should evaporate 
partially, absorbing heat. Therefore this effect is endothermic and the chemical 
reaction causing it can be written as 

5Cr203 + 16B ) 2CrsBa + 5B20a (9) 

The second exothermic effect is produced by the reaction 

CrsBs + 2B ) 5CrB (10) 

The third exothermic effect is caused by the reaction 

C r B + B  ) CrB2 (11) 
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Finally, the last effect is produced by reaction (4). Thus the total reaction 
has the form 

Cr203 + 22B ) 2CrB2 + 3B~O (12) 

3.4. Manganese(IV) oxide 
The thermogram obtained by heating a mixture of Mn02 and amorphous 

boron is shown in Fig. 2 (curve 1). The interaction of MnO2 with boron 
(mole ratio 1:14) results in seven exothermic effects on the DTA curve. 
Diffractograms of  the starting mixture before and after the first effect (80 
°C) hardly differ. At the same time this effect is not observed on the DTA 
curves of either boron or MnO2 alone. Consequently, it is caused by the 
joint  presence  of the components .  It was noted that preliminary annealing 
of MnO2 results in a decrease in the effect, while heating the mixture in an 
oxygen atmosphere  leads to an increase. This last fact proves that heating 
the mixture of  boron and MnO2 to 80 °C leads to oxidation of one of  the 
components .  The results of  spectral X-ray analysis of mixtures heated to 
100 °C in an oxygen atmosphere  show that in such samples the B--O bond 
is clearly manifest, while there is practically no such bond in samples which 
were not  subjected to thermal treatment.  The data obtained show that the 
first exothermic effect with a starting temperature  of 80 °C is caused by the 
oxidation of elemental boron. This result is unexpected  since it is well known 
that elemental boron starts to oxidize at above 300 °C [5]. Obviously, the 
oxygen absorbed by MnO2 (a compound with a deficient structure, which is 
a good adsorbent  of  gases) favours the oxidation of boron. 

The second exothermic effect accompanies the reaction of formation of 
Mn304. The volume of gas evolved in the reaction corresponds to 98.8% of 
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Fig. 2. DTA results  for react ion of amorphous  boron with 3d transi t ion metal  oxides: 1, MnO2; 
2, Fe203; 3, Co304. 
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the theoretical value calculated for B202. Consequently, the second exothermic 
effect is due to the reaction 

3MnO2 + 2B ~ MnaO4 + B202 (13) 

The third exothermic effect resulted in the appearance of MnO and the borate 
Mn~(BOa)2 in the reaction mixture. In the process of interaction of boron 
with the lowest oxides and Mn~(BO3)2 practically no gas is evolved. Therefore 
the reaction which caused the appearance of the third exothermic effect can 
be written as 

3Mna04 + 2B ) Mna(BO3)e + 6MnO (14) 

The products  of the fourth reaction (MnB, Mna(BO3)2) can be obtained by 
the interaction of boron with both MnO and Mna(BOa)e. The results of DTA 
for these substances with boron show that the interaction of MnO with boron 
starts at 670 °C and of  Mna(BO3)2 at 970 °C. In the first case MnB and 
Mna(BO3)e are the products  of the reaction and in the second case Mn2B 
and B203. Therefore the reactions producing the fourth and fifth exothermic 
effects can be presented in the form 

6MnO + 5B ) MnB + Mna(BOa)2 (15) 

2Mna(BOs)2 + 7B ~ 3Mn2B + 4B203 (16) 

The sixth exothermic effect is caused by the interaction of Mn2B with boron: 

Mn2B + B  , 2MnB (17) 

The last exothermic effect is connected  with reaction (4). If we consider 
the total process,  we can write the summary equation as 

MnO2 + 8B ~ MnB + B60 +½B202 (18) 

3.5. Iron(Ill) oxide 
Figure 2 (curve 2) shows the thermogram obtained by heating a mixture 

of a-Fe2Oa with amorphous  boron. The interaction of a-Fe20a with boron 
(mole ratio 1:22) results in three thermal effects on the DTA curve. On the 
basis of  the XPA data the thermal effects observed are caused by the reactions 

I. Fe203+2B ~ 2Fe+B208  (19) 

II. Fe + B ) FeB (20) 

III. B2Oa + 16B ~ 3B~O 

The total reaction for this process  has the form 

Fe2Oa + 20B ~ 2FeB + 3B60 (21) 

3.6. Cobalt(II-III) oxide 
The thermogram obtained by heating a mixture of CoaO4 and boron is 

given in Fig. 2 (curve 3). The interaction Of Co304 with amorphous boron 
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(mole  rat io 1:30) resul ts  in th ree  exo the rmic  effects  on  the DTA curve.  On 
the basis of  the XPA data  the  thermal  effects  obse rved  are  caused  by the 
reac t ions  

I. 3CoaO4 + 8B , 9Co + 4B203 (22)  

II. Co + B , CoB (23)  

III. B2Oa + 16B ~ 3BeO 

The  total  r eac t ion  has  the form: 

Co304 + 27B , 3CoB + 4BeO (24)  

3.7. Nickel(I1) oxide 
Figure  3 (curve 1) p resen t s  the  t h e r m o g r a m  obta ined  by  hea t ing  a mix ture  

of  NiO with a m o r p h o u s  boron .  There  are fou r  exo the rmic  effects  on the 
DTA curve  resul t ing f rom the in te rac t ion  o f  NiO with b o r o n  (mole  rat io 1:8). 
The fol lowing reac t ions  p r o d u c e d  t h e  the rmal  effects  obse rved  (on the  basis 
of  the  XPA data):  

I. N i O + B  ) N i + B 2 O a + n ( 2 N i O . B 2 0 3 )  (25)  

II. 4 N i +  3B , Ni4Ba (26) 

III. Ni4Ba + B * 4NiB (27) 

Ni + B ) NiB (28) 

IV. B2Oa + 16B ) 3BeO 
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Fig. 3. DTA results  for react ion of amorphous  boron  with 3d transi t ion metal  oxides: 1, NiO; 
2, CuO; 3, ZnO. 
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If  we  cons ide r  the  whole  p roces s ,  we  can  wri te  the  equa t ion  of  the  to ta l  
r eac t ion  as  

NiO + 7B ) NiB + B60 + n (2NiO.  B203) (29)  

whe re  n < 1. 

3.8. Copper(II) oxide 
The t h e r m o g r a m  ob ta ined  by hea t ing  a mix tu re  of  CuO and  b o r o n  is 

p r e s e n t e d  in Fig. 3 (curve  2). The  in te rac t ion  of  CuO with a m o r p h o u s  b o r o n  
(mole  rat io  1:8) resu l t s  in th ree  t h e r m a l  ef fec ts  on the DTA curve.  One of  
t h e m  is e n d o t h e r m i c  and  the  o the r  two are  exo the rmic .  The  fol lowing r eac t ions  
p r o d u c e d  the  t he rm a l  effects  o b s e r v e d  (on the  bas i s  o f  the  XPA data) :  

I. 3CuO + 2B , 3Cu + B203 (30)  

II. Melt ing of  the  eutec t ic  m i x t u r e  con ta in ing  solid so lu t ions  of  b o r o n  in 
c o p p e r  and  of c o p p e r  in boron .  

III. B2Oa + 16B ) 3B60 

The  to ta l  r eac t ion  has  the  f o r m  

CuO + 6B ) Cu + B~O (31)  

3.9. Zinc(II) oxide 
Conce rn ing  the  b o r o t h e r m a l  r educ t ion  o f  ZnO, it is well  known  tha t  it 

p r o c e e d s  wi th  the  fo rma t ion  of  meta l l ic  zinc and  B60 [6]. It  was  in te res t ing  
to  fol low the  s t ep -by - s t ep  d e v e l o p m e n t  of  this  p rocess .  The  t h e r m o g r a m  
ob t a ined  by  hea t ing  a m i x t u r e  of  ZnO and  a m o r p h o u s  b o r o n  (mole  ra t io  
1:8) is shown  in Fig. 3 (curve  3). As in the  case  of  c h r o m i u m  and  m a n g a n e s e  
oxides ,  the re  are no no t i ceab le  c h a n g e s  in the  p h a s e  c o m p o s i t i o n  of  the  
nf ixture  a f te r  the first effect.  I t  is poss ib l e  tha t  he re  the  t he rma l  effect  is 
a lso caused  by  a par t ia l  b o r o n  oxidat ion.  The  s e c o n d  e x o t h e r m i c  effect  is 
p r o d u c e d  by  the  r eac t ion  of  f o r m a t i o n  of  B203 and meta l l ic  zinc. The  la t te r  
boi ls  at  907  °C. This  p r o c e s s  is a c c o m p a n i e d  by  a b s o r p t i o n  of  heat ,  which  
is o b s e r v e d  on the  t h e r m o g r a m  in the  f o r m  of  an e n d o t h e r m i c  effect.  Finally, 
the  las t  effect  is due to the  in te rac t ion  o f  b o r o n  with  B203 in a c c o r d a n c e  
with reac t ion  (4). The  tota l  r eac t ion  o f  the  p r o c e s s  can  be  p r e s e n t e d  in the  
f o r m  

ZnO + 6B ) Zn + BaG (32)  

4. C o n c l u s i o n s  

As a ni le,  the  r eac t ions  u n d e r  cons ide ra t ion  p r o c e e d  via  sequent ia l  s t ages  
o f  the  r educ t ion  of  m e t a l  ox ides  f r o m  the  h ighes t  to  the  lowes t  and  then  
via  the  f o r m a t i o n  of  m i x e d  m e t a l - b o r o n - o x y g e n  phases .  Bor ides  a re  f o r m e d  
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in the last stages.  As byproduc ts ,  a m o r p h o u s  B2Oa occur s  at  low tempera tu res  
and  crystalline B60 at high t empera tu res .  

The total  react ions  of  the bo ro the rma l  reduc t ion  of  oxides  of  3d transit ion 
metals  can be descr ibed  in the fo rm of  a single chemical  equat ion:  

M e x O ~ + ( m x + 6 y ) B  ) xMeBm + y B 6 0  (33) 

If  the oxide-forming metals  have d shells with an increasing n u m b e r  of  
unpa i red  e lec t rons  (Ti-Cr) ,  the  reduc t ion  of  their  oxides  p roceeds  until 
diborides  are fo rmed  ( m =  2). With a dec rease  in the n u m b e r  of  unpaired  
d e lec t rons  (Mn-Ni)  the  fo rmat ion  of  bor ides  is h indered  and the reduct ion  
react ions  p r oceed  until m o n o b o r i d e s  appea r  ( m =  1). Finally, in the case of  
c o p p e r  and  zinc oxides,  whose  d e lec t rons  are all paired, bor ides  are no t  
synthes ized at  all and  the reduc t ion  p r o c e e d s  until the metals  themselves  
are obta ined ( r e=O) .  

The p roces s  of  the  reduc t ion  o f  MnO2 is an excep t ion  to the general  
rule. In this process ,  in addit ion to  MnB and  B60, the oxide B202 is formed.  
Ano the r  excep t ion  to  the  genera l  rule is the p roce s s  of  the reduc t ion  of  NiO, 
where,  in addit ion to NiB and B60, the  bora te  Ni2B205 is formed.  The latter 
does  no t  interact  with bo ron  in the range  of  t empera tu re s  under  considerat ion.  
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