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A study of the electrophysical properties of samples prepared by phase transformation of 
stoichiometric InSb into InSb-Sb-ln203 cermet compact has been performed (InSb, 
In203-semiconductors, antimony-metallic conductivity). Samples were prepared by 
isothermal partial oxidation at 200-500 ~ for 1-50 h. Bulk and thin-film samples annealed at 
400 ~ for 1-50 h possess relatively constant electrical resistance over the wide temperature 
interval measured: 4-400 K. The conversion degree, [3, and molar ratio, f = In203/2Sb were 
calculated from the isothermal thermogravimetry data according to the reaction equation 
21nSb + 3/202 = In203 + 2Sb at temperatures T< 400 ~ when no ascertainable amount of 
antimony is escaping from the system. The I~-value increases with temperature, T, and time 
of oxidation annealing, t. However, instead of being constant, i.e. f =  0.5, fincreases for 
T > 400 ~ and t > 1 h. The X-ray powder diffraction, thermogravimetry, differential 
thermogravimetry and differential thermal analysis measurements and studies revealed that 
metallic antimony escapes partially from the InSb-Sb-ln203 system obtained at T _ 400 ~ 
As a result, the mutual volume ratio of individual InSb, Sb and In203 components is changed, 
and so also is the overall character of the electrical resistivity of the samples. Due to the 
partial escape of Sb~ from the system at T _> 400~ the following reaction is appropriate: 
21nSb + 3/202 = In203 4- (2 - z) Sbl" -- In203 4- Sb/ f+  zSb, where z is the volatilized portion 
of Sb and f is the molar ratio of the reaction products, i.e. f =  In203/(2 - z)Sb = 1/(2 - z). 
The SEM observations revealed a growing grain size with temperature and time of 
annealing, lowering the grain-boundary density and thus also the resistivity of the samples. 
The properties of the obtained ternary compact may be influenced significantly, if instead of 
stoichiometric InSb, the initial In Sb with a variable In/Sb ratio is used. 

1. In t roduct ion 
The semiconducting properties of InSb are very well 
known E1 3]. Under certain circumstances (mainly 
applied pressure and temperature), the compound 
InSb may also become superconducting [4-6]. How- 
ever, to our knowledge, the conversion of stoichiomet- 
ric InSb into cermet compact acquiring special electri- 
cal resistivity characteristics has not yet been reported. 

Generally, each cermet system consists of two 
main components, i.e. ceramics and metal [7]. The 
particular properties of cermets are utilized preferably 
in two areas of practical applications: first, as refrac- 
tories possessing outstanding high-temperature 
strength and significant hardness, and second, as resis- 
tors having a low value of temperature coefficient of 

electrical resistance [8]. 
This paper reports a study of a phase transforma- 

tion of stoichiometric polycrystalline semiconducting 
InSb and InSb(La) into cermet InSb Sb In203 com- 
pact. The electrophysical characteristics of this com- 
pact and the synthesis and thermodynamic conditions 
of the transformation and conversion were investig- 
ated. The conversion of initial InSb and InSb(La) was 
performed by partial oxidation at elevated temper- 
atures. It is demonstrated that the produced cermet 
compact exhibits rather unusual resistance behaviour 
and a small variation in electrical resistivity over 
a wide temperature range between 4 and 400 K. The 
initial InSb and InSb(La) were prepared by the rapid 
quenching method. 
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2. Experimental procedure 
2.1. Preparation of the initial polycrystalline 

InSb and InSb(La) 
The rapidquenching method was described in 
detail elsewhere [9]. Both types of material were pro- 
duced in the form of short tapes 30 40mm long, 
3-6 mm wide and 50 gm thick. It was demonstrated 
previously [10], that the temperature dependence of 
the magnetoresistance coefficient AR/Ro = f ( T )  of 
stoichiometric polycrystalline InSb is lowered in the 
temperature interval 20-100~ when l mass% 
La2Oa is added to this compound, Fig. 1. Both, InSb 
and InSb (La) were therefore used as starting materials 
for our present studies. 

2.2. InSb, InSb(La) samples and their 
processing 

Because both the starting materials are very brittle, 
their manipulation was rather difficult. They were 
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Figure 1 Magnetoresistance of InSb. (1) polycrystalline InSb(La), 
(2) polycrystalline InSb, both prepared by rapid quenching, 
(3) monocrystalline InSb. 

therefore crushed in an agate mortar to a fine powder 
and pressed into compact pellets, 12 mm diameter and 
1 mm thick. These pellets were then subjected to an- 
nealing in flowing oxygen under conditions close to 
those used previously for the preparation of HTc 
superconductors [11]. In the present case a temper- 
ature interval from 200-500 ~ was used for annealing 
(melting point of InSb is 525 ~ The annealing time 
was 1 50 h. One InSb(La) sample was annealed for 
50 h at 400~ also in the original tape (uncrushed) 
form. A list of prepared pellet samples and their 
processing conditions is given in Table I. 

2.3. Characterization of the samples 
The electrical resistance of all the prepared samples 
was measured by the usual four-point d.c. method in 
the temperature range 4-400 K. Phase composition 
was examined by X-ray powder diffraction (XRPD) 
analysis with CuK~ radiation. From these results, the 
conversion degree, 13 (mass ratio of converted InSb or 
InSb(La) portion to the initial one), was evaluated and 
the magnitude of, f (the molar ratio of In203/2Sb) 
was calculated. 

Because the oxidation of the semiconducting InSb 
was expected to be a process connected with weight 
changes and thermal effects, the thermogravimetric 
(TG) and differential thermogravimetric (DTG) 
measurements and differential thermal analysis (DTA) 
studies were performed on a Derivatograph analyser 
in air and flowing oxygen. The TG measurements 
were accomplished under isothermal conditions or 
with a dynamic temperature increase from room tem- 
perature to 1000 ~ 

The surface and fracture microstructures of samples 
were examined by scanning electron microscopy 
(SEN). 

3. Results and discussion 
3.1. R(T) characteristics 
The data summarized in Table I demonstrate some 
properties of heterogeneous cermet compacts ob- 
tained by partial oxidation of the initial bulk InSb and 
InSb(La) samples in flowing oxygen at temperatures 

T A B L E  I The studied samples and their processing conditions. Conversion degree, [3, is the mass ratio of converted to initial InSb, f i s  the 
molar  ratio InzO3/2Sb, z is the volatilized portion of Sb, fmr is the relative mass  change of the oxidized system (5) 

Sample Material Annealing conditions Thermal  parameters 
annealed 

Temp. (~ Time (h) Medium [3 f z f , r  

1. InSb(La) - - - 1 
2. InSb - - - 1 
3. InSb(La) 200 50 0 2 0 1 
4. InSb(La) 250 50 Oz 0.132 0.500 - 1.002 
5. InSb(La) 275 50 Oz 0.186 0.500 - 1.019 
6. InSb(La) 300 50 02  0.282 0.500 - 1.029 
7. InSb(La) 400 1 02  0.359 0.500 1.036 
8. InSb(La) 400 10 02  0.741 0.645 0.450 0.989 
9. InSb(La) 400 25 Oz 0.781 0.705 0.582 0.962 

10. InSb(La) 400 50 02 0.836 0.950 0.947 0.881 
11. InSb 400 50 Oz 0.801 0.850 0.824 0.912 
12. InSb(La) 500 50 Oz 0.990 2.360 t.576 0.699 

2629 



40 000 

30 000 

60 000 ~ . . . .  

50 000 I !  

I 0 000 �9 

0 100 200 300 400 
(a) T(K) 

0.20 

0.15 

I 
0.101 

0.05 

Q Q • • I • t O O • g Q • •  g 4 i 

O 4 

O 
1 O 

UO ~OOQDIj~ j o t  

~Dimo O 

(c) 

0 L 
0 

r I 

100 2170 ' 

T(K) 
ado 46o 

0.12 

0.10 

0.08 

0.06 

0.04 

0.02 

a O 
U I ~ 4 g ~ Q  

O D 4 0  Q U Q 4 

g Q J Q O ~OQQUQ6QO~NDDQ~O~QQg 

0 I I I - -  I I I t I 

100 200 300 400 
(e) T(K) 

under 400 ~ when no element is escaping from the 
system according to the reaction 

2InSb + 3/202 = In203 + 2Sb (1) 

Products of the oxidizing process are the semicon- 
ducting In203 and metallic antimony, the rest being 
the unconverted InSb or InSb(La). 

The temperature dependence of electrical resistance, 
R(T), for samples 3, 5, 6, 10 and 12 of Table I, 
all annealed for 50 h, is illustrated in Fig. 2 for the 
temperature range 4 400 K. It was found that the 
La203 addition influences the R(T) dependence only 
slightly. An important discovery was the existence of 
relatively constant electrical resistance over a rather 
wide temperature range from 4 400 K. This state was 
achieved after isothermal heating at 400 ~ The R(T) 
dependence for samples annealed at 400 ~ for 50 h, 
Fig. 2, and 1 h, Fig. 3, showed a similar character, 
exhibiting a rather uniform resistivity. The samples 
annealed at lower (200, 275, 300 ~ or higher (500 ~ 
temperatures exhibited a semiconductive character, 
Fig. 2. 
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Figure2 Temperature dependence of resistance for bulk samples 
(a) 3, (b) 5, (c) 6, (d) 10 and (e) 12, partially oxidized during 50 h at 
(3) 200 ~ (5) 275 ~ (6) 300 ~ (10) 400 ~ (12) 500 ~ 

The control R(T) measurement of the InSb(La) 
sample annealed at 400~ for 50 h in its original 
uncrushed tape form (obtained directly by rapid 
quenching) revealed similar R(T) characteristics to 
sample 10 of Fig. 2. 

As Figs 2 and 3 show, the optimum annealing tem- 
perature giving almost constant R(T) dependence of 
the mentioned bulk samples lies somewhere in the 
vicinity of 400 ~ It was therefore decided to process 
a thin layer of initial stoichiometric InSb material in 
a similar way. A thin film 1 gm thick was prepared on 
single-crystalline MgO substrate by evaporation of 
polycrystalline InSb. Such a sample was then partially 
oxidized at 400~ for 50 h. The R(T) dependence 
measured in the temperature range from 4.2 K (boiling 
liquid helium) to 300 K (room temperature) for this 
film is plotted in Fig. 4. 

3.2. Resul ts of  XRPD ana lys is  and SEM 
obse rva t i ons  

It was established that the R(T) dependences of par- 
tially oxidized bulk samples of InSb and InSb(La) 
depend on annealing conditions (time, temperature, 
atmosphere) and thus, on the phase composition of 
the ternary InSb-Sb-In203 system and the conver- 
sion degree, 13, according to Reaction 1. Some selected 
physical and crystallographic properties of the 
individual components InSb, In, Sb, In203, Sb203, 
Sb20~, related to the synthesis and oxidation of the 
InSb system are collected in Table II. 
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The selected angular intervals of the XRPD pat- 
terns (0 = 11~ ~ of unreacted InSb(La) (sample 
1 of Table II) and samples annealed in an oxygen 
atmosphere for 50 h at 250 ~ (4), 300 ~ (6), 400 ~ 
(10), and 500 ~ (12) are shown in Fig. 5. The XRPD 
patterns of samples annealed at 400 ~ in oxygen for 
1 h (7), 10 h (8), 25 h (9) and 50 h (10) are plotted in 
Fig. 6. 

The XRPD data were used for evaluation of the 
13 quotients of Reaction 1 and the f values for each 
oxidized InSb sample. The calculated 13 values are 
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Figure 3 Temperature dependence of electrical resistance for bulk 
sample 7 of Table I partially oxidized at 400 ~ for 1 h. 
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Figure 4 Temperature dependence of electrical resistance of a thin 
film 1 pm thick partially oxidized at 400 ~ for 50 h. 

summarized in Table I. According to this table, ~ in- 
creases with increasing temperature and annealing time. 

The f value, 0.5, should remain independent of re- 
action time and temperature, as long as Reaction 1 is 
the only reaction in the high-temperature process. 
However, a change in fbecomes evident (i.e. f >  0.5), 
when the annealing process occurs in an oxygen atmo- 
sphere at temperatures higher than 400~ or when 
the reaction time exceeds some threshold value (sam- 
ples 8 12, Table I). Thus metallic antimony is escap- 
ing partially from the system either in an elemental 
form (Sb) or in an oxidized form (Sb203 or Sb20~) or 
by evaporation in both forms. Therefore, because of 
this, only integral X-ray intensities of the InaO3 and 
InSb phases can be used for evaluation of the conver- 
sion degree, 13. Additional information concerning the 
oxidation process of InSb could be derived from the 
thermogravimetric measurements. 

The development of microstructure in the 
InSb-Sb-In203 compact throughout the isothermal 
annealing at 400~ is well recognized from the 're- 
cords taken on the samples after 1 and 50 h annealing 
by SEM. A gradual grain growth with increasing 
annealing time was recognized. Apparently, the 
gradually lowered extent of grain boundaries with 
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Figure5 XRPD patterns for selected interval of 0 = 11~176 
(1) initial material, bulk samples annealed 50 h; (4) 250 ~ (6) 300 ~ 
(10) 400 ~ (12) 500 ~ (0) InSb, (11) Sb, (A) In20 3. 

TABLE II Some selected physical and crystallographic properties of InSb, In, Sb, In203, Sb203 and Sb20 4 

InSb In Sb In20 3 Sb20 3 Sb20 

Electrical properties Semiconductor Metal Metal Semiconductor Insulator Insulator 
Habit (appearance) Dark Silver-like Silver-like Light-yellow White-grey White-grey 

metallic white metal white metal powder powder powder 
Melting point (~ 525 156.4 630.5 850, volatizes 656 930, decomposes 
Boiling point (~ - 2000 1380 1550, sublimes 
Symmetry Cubic Tetragonal Rhombohedral Cubic Cubic Cubic 
Type of structure Sphalerite •-Mn - Bixbyite Sbl[ISbVO4 
Space group F43m 14/mmm R3m 1213 Fd3m Fd3m 
Unit cell: a (nm) 0.64841 0.32520 0.45065 1.01t 8 1.1152 1.0280 

b(nm) 0.64841 0.32520 0.45065 1.0118 1.1152 1.0280 
c (nm) 0.64841 0.49470 0.45065 1.011 8 1.1152 1.0281 
o, 3, (deg) 90,90,90 90,90,90 57.1;57.1;57.1 90,90,90 90,90,90 90,90,90 

Unit cell volume (nm 3) 0.272 62 0.051965 0.060 401 1.035 82 1,386 94 1.086 37 
Theoretical density, Dx (kgm -3) 5763 7337 6693 7117 5583 7519 
Number of formula units, Z, 4 2 2 16 16 16 
in the unit cell 

2631 



t 
t -  

< 

.# 
e -  

e "  
m 

7 
J 

1~ 13 15 17 

8 

10 
A 

9 

11 13 15 17 11 13 15 17 11 13 15 17 

0 (deg)  

Figure 6 XRPD patterns for 0 = 11~ ~ Bulk samples annealed 
at 400 ~ (7) 1 h, (8) 10 h, (9) 25 h, (10) 50 h. (0)  InSb, ( . )  Sb, 
(A) In203. 

annealing time, as well as the presence of metallic 
antimony, are both responsible for the lower resist- 
ance of these samples. 

3.3. T h e r m o c h e m i c a l  studies 
Reaction 1 is a heterogeneous-type process, in which 
solid-state disintegration of InSb and oxidation of 
indium by gaseous oxygen take place. Reaction 1 is 
one of several other possible parallel reaction paths, 
which has the lowest energy barrier and the fastest 
path and a dominating contribution to the overall 
process at temperatures under 400 ~ However, the 
reaction rate constant, Kr, is dependent on the anneal- 
ing temperature, T, according to the relation 

kT RT (~- )  Kr - exp ] e x p  (2) 

where k is the Boltzmann constant, h is the Planck 
constant, and AH*, AS* are the enthalpy and entropy 
of activation, respectively. 

At temperatures equal to or higher than 400~ 
other oxidation reactions may take place, e.g. 

2InSb + 301 = In203 + Sb203 (3) 

or [12] 

2InSb + 7/202 = In203 + Sb204 (4) 

owing to the shift of the reaction-rate constant value 
in favour of Reactions 3 and 4. A reaction connected 
with formation of metallic Sb and partial escape of 
Sb]" from the system can be also considered: 

2InSb + 3/202 = In203 + (2 - z)Sb + zSb]" 

= In203 + S b / f +  zSb (5) 

where z is the volatilized portion of Sb and f is 
the molar ratio of the reaction products i.e. 
f = In203/(2 - z)Sb = 1/(2 - z). Obviously, accord- 
ing to the temperature level and reaction time, all five 
phases i.e. InSb, Sb, In203, S b 2 0 3  and Sb204, can 
constitute the reaction product. At the same time, 
oxidation conversion of InSb into ternary, quarter- 
nary or quinternary phase assemblages increases the 
phase-boundary interface, thus imposing new limita- 
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Figure 7 Thermochemical data for the I n S b - S b - I n 2 0 3  system 
synthesized according to Reaction 1 : (a) TG data, annealing in air, 
9 ~ min -  t; (b) T G  data, annealing in oxygen, 5 ~ min - 1; (c) DTA 
data, annealing in oxygen, 5 ~ min-1.  

tions upon the overall reaction rate. It is well known, 
that the rate-determining processes are: material 
transport to the interface, reactions at the interface 
boundary, transport of reaction products away from 
the interface, and absorption or liberation of the reac- 
tion heat. Any of these processes may determine the 
overall reaction rate in our case. 

The calculated relative mass increase for Reaction 
1 is 10.1%, for Reaction 3 is 20.3%, and for Reaction 
4 is 23.7%. Fig. 7, shows the mass increase in the 
system InSb O2(N2) (flowing air) under dynamic 
heating conditions (9~ -1) from room temper- 
ature to 1000 ~ The TG  curve shows no significant 
angular bending in the mass increase as a function of 
temperature, nor a delayed course which would indi- 
cate a new reaction step. This would mean, that all 
oxidation conversion processes of indium and anti- 
mony into In203, S b 2 0 3  and Sb/O~ may generally 
overlap. The mass increase of the heated system begins 
at around 400~ The oxidation process becomes 
more intense at temperatures above the melting point 
of InSb (525 ~ as well as above the melting points of 
antimony (630.5 ~ and Sb203 (656 ~ The melting 
point of Sb204 at 930 ~ is connected with a loss of 
oxygen. The total mass increase of the whole system 
by heating in air up to 1000~ was found as 
18.3 mass %, which is less than the expected increase 
according to Equation 4, i.e. 23.7%. This confirms 
a partial escape of antimony from the system, as was 
indicated by the XRPD analysis. 

The dynamic heating of InSb in flowing oxygen at 
the rate of 5 ~ min-1, Fig. 7, indicates that a mass 
increase has already occurred at temperatures above 
250~ The further mass increase has a similar 
character to the heating curve for InSb from TG 
measurements in air. The total mass increase of the 
oxidized system was found to be 19 mass %. Thus, the 
partial escape of antimony from the system also takes 
place in the oxygen atmosphere. 

The only significant endothermic effect on the DTA 
trace of Fig. 7c, performed with a 5 ~ min-  1 heating 
rate in an oxygen atmosphere belongs to the melting 
process of InSb at 525 ~ In the remaining part of the 
DTA record, a broad compensation of exothermic 
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(oxidation) and endothermic (melting, evaporation) 
effects, exists. 

The isothermal TG measurement of the I n - S b - O  
system was limited to such an ambient atmosphere 
and range of temperatures, at which the only domi- 
nant process was the partial oxidation (Reaction 1) 
with a sufficiently high reaction rate. Reactions 3 and 
4 actually represent consecutive reaction steps which 
also include that expressed by Reaction 1. All these 
reactions, together with an eventual additional escape 
of antimony from the system, make interpretation of 
the obtained experimental results rather confusing. 

Fig. 8 represents the dependence of the conversion 
degree, 13, on the annealing time, t. A long induction 
period (IP) may be noticeable (IP > 100 min). The 
relative mass change of the oxidized system (5), fmr, is 
given as: 

fmr = E2( 1 - ~)MInsb 4- [3Mln2O3 

+ (2 - z) ~Msb]/2MInsb 

= 1 + 0.101413 -- 0.257313z (6) 

where Mx represents the corresponding molecular 
weight of the constituent x (In Sb, In2Oa or Sb). 

As a probable mechanism for Reaction 1, Fig. 9 
indicates a nucleation-growth process. In Fig. 9, the 
ratio t/to.5 represents the normalized reaction time, 
to.5 is the half-time of the reaction, when 50% of InSb 
is converted into reaction product. The real nuclea- 
t ion-growth mechanism is described by a combined 
J o h n s o n - M e h l - A v r a m i - J e r o f y e j e v - K o l g o m o r o v  
(JMAJK), equation [13] 

- I n ( I - [ 3 )  = c t  m (7)  

where [3 is the conversion degree, and c is the total rate 
constant of Reaction 1. The value of exponent m 
depends on the dimensionality (one-, two- or three- 
dimensional process) and also on the rate-controlling 
processes (chemical reaction, diffusion). It can also 
acquire non-integer values. 

The [3 =f(t/to.5) analysis shows that the reaction 
mechanism is of a nucleation-growth type and its 
m value lies between 2 and 3. Curves for m = 2 and 3 of 
Fig. 9 represent the model curves for two- and three- 
dimensional processes. It indicates that the dimen- 
sionality of the nucleation-growth process lies be- 
tween two-dimensional and three-dimensional 
geometry and, that both oxidation and diffusion pro- 
cesses probably take part in particle growth. The re- 
laxation of the nucleation process can be expressed 
through a multiplication of the - ln(1 - [3) term in 
Equation 5 by a modulating term. 

4. Conclusion 
Phase transformation of stoichiometric semiconduct- 
ing InSb and InSb(La) into InSb-Sb- 'In203 cermet 
compact (InSb, In203-semiconductors, antimony- 
metallic conductivity), having a relatively constant 
electrical resistance over a wide temperature interval, 
was achieved. Electrophysical properties and thermo- 
chemical processes were studied and measured for 
samples prepared mainly in the bulk form. The pro- 
cessing of the studied samples was performed in an 
oxidizing atmosphere at elevated temperatures 
(200-500 ~ for 1-50 h. 

It was established that the resistance of the samples 
and its temperature dependence, R(T) ,  in the 4-400 K 
temperature range, is strongly influenced by annealing 
conditions (temperature, time and surrounding atmo- 
sphere) and thus also the degree of conversion, [3. 
A relatively constant electrical resistance value was 
found over the whole measuring interval (4-400 K) 
for samples annealed at 400 ~ Similar behaviour was 
also found in the case of thin 1 gm thick InSb film 
processed under the same annealing and oxidizing 
conditions as bulk samples. 

From the XRPD patterns and observations, the 
conversion degree, [3 (mass ratio of converted to un- 
converted portion of InSb), and the f value (molar 
ratio of In203 to 2Sb in the reaction 2InSb + 
3/2 02 = In203 + 2Sb), were calculated. [3 was found 
to increase with increasing temperature and time of 
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annealing. However, instead of being independent of 
reaction temperature and time, the expected f =  0.5 
value increases for oxidizing temperatures higher than 
400 ~ and for oxidizing annealing times longer than 
1 h. This was due to the partial escape of metallic 
antimony from the InSb-Sb-In203 system either 
in an elementary form as Sb, or in an oxidized form 
as S b 2 0  3 o r  S b 2 0 4 ,  o r  in both forms. Additional 
information concerning the oxidation processes in 
InSb or InSb(La) during oxidizing annealing was 
therefore required, and was derived from thermo- 
gravimetric measurements. The SEM observations 
showed an increasing grain size of converted cermet 
compact with temperature and time of oxidizing 
annealing, thus lowering the density of grain bound- 
aries and accordingly (together with developing 
portion of metallic antimony component) also the 
electrical resistance. 

The TG and DTG measurements and DTA studies 
revealed that the nucleation and growth of the reac- 
tion products, i.e. In203 and antimony in the 
InSb-Sb In203 compact, leads to a conduction 
process, in which metallic nuclei with a positive temp- 
erature coefficient of electrical resistance are separated 
by semiconducting In203 and InSb matrices with 
negative temperature coefficients of resistance. The 
metallic particles embedded in a semiconductive 
matrix form percolative paths, in which the tunnelling 
process is almost temperature independent, because 
the semiconductive character of In203 and InSb 
may reduce the metallic conductive character of anti- 
mony and its positive temperature coefficient to al- 
most zero. 

It was supposed that an addition of 1 mass % 
La203 to the initial stoichiometric InSb would lower 
the thermal coefficient of electrical resistance but it 
was found that its influence upon the electrophysieal 
properties of the studied samples was rather low or 

even negligible. On the other hand, it is believed that 
the transformation reactions, as well as the properties 
of the prepared new material, might be influenced 
significantly if, instead of stoichiometric InSb as an 
initial material, In-Sb with variable In/Sb ratio, was 
used. 
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