
Determination of Refractive Index and 
Absorption Coefficient of Iron-Oxide-Bearing Slags 

MASAHIRO SUSA, FUTAO LI, and KAZUHIRO NAGATA 

The refractive index and absorption coefficient of amorphous Fe203-SiO2-CaO-A1203 slags have 
been determined at room temperature as functions of the basicity of [mass pct CaO]/[mass pct 
SiO2] and the Fe203 concentration. The refractive index has been measured by an ellipsometer 
at 546 nm, and the absorption coefficient has been determined from transmittance measured by 
a spectrophotometer in the wavelength range of 350 to 1000 nm. The refractive index increases 
with increasing basicity of [CaO]/[SiO2] and the Fe203 concentration. On the other hand, with 
decreasing basicity of [CaO]/[SiO2], the absorption coefficient is increased in the near-infrared 
region, and the absorption edge by the charge transfer band is shifted to a shorter wavelength. 
With increasing Fe203 concentration, the absorption coefficient is increased in the measured 
wavelength range, and the absorption edge by the charge transfer band is shifted to a longer 
wavelength. These dependences of refractive index and absorption coefficient on the basicity 
and the Fe203 concentration are discussed. 

I. INTRODUCTION 

THE effective use of energy is more important in newer 
iron- and steelmaking processes, such as smelting re- 
duction. For this purpose, the analysis of heat-transfer 
processes in slags is a key subject, In the analysis, the 
heat transfer by radiation should not be negligible, be- 
cause radiation conduction can be the predominant mode 
of heat transfer at high temperatures where the metal- 
lurgical operations are carried out. 

If a slag phase is optically thick and if a temperature 
gradient is small, the radiation heat flux, qr,  in the slag 
phase can be calculated by the equation 

qr = - 16n2 o ' T 3 V T / 3  c~ [ 1] 

Here, n and a are the refractive index and optical ab- 
sorption coefficient of slag, respectively, cr the Stefan- 
Boltzmarm constant, and T absolute temperature. In order 
to conduct precise calculations, it is necessary to have 
reliable data of the refractive index and absorption coef- 
ficient of slags, especially with high iron-oxide content. 

Refractive index has been reported for many trans- 
parent silicate glasses, m Iwamoto e t  a l .  I2,31 have also 
measured the refractive index of binary and ternary 
transparent silicate glasses at room temperature, with re- 
spect to basicity. They have shown that the ionic re- 
fraction of oxygen calculated from refractive index can 
be used as a basicity of silicate glasses and proposed the 
concept of refraction basicity which is defined by the 
ratio of ionic refraction of oxygen in silicate glass to that 
in silica glass. However, there are no previous reports 
of measurements of refractive index for opaque slags 
containing iron oxide. 

On the contrary, absorption coefficients have been 
measured for silicates containing iron oxide in the wave- 
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length range of visible to near-infrared rays at room tem- 
perature and/or high temperaturesJ 4-s~ These silicate 
samples contained iron oxide of below 1 mass pct, be- 
cause most of these studies were carried out in relation 
to the ligand field theory. On the other hand, the ab- 
sorption coefficients of slags with high iron-oxide con- 
tent have been measured at room temperature by Fine 
e t  a l .  I91 They used two samples which contained 7.1 and 
14.2 mass pct FeO. But the dependences of absorption 
coefficient on iron-oxide concentration and basicity were 
not systematically determined. 

Meanwhile, Ito and Goto tsl have experimentally de- 
termined the dependences of absorption coefficient of slags 
with Fe203 of below 1 mol pct on basicity and Fe203 
concentration and discussed the mechanism for optical 
absorption of the slags in detail. They have pointed out 
that the optical absorption of the slags in the wavelength 
range of visible to near-infrared rays is predominantly 
assigned to the ligand field of Fe 2+ and the transition of 
electron from 02.  to Fe 3+ , i . e . ,  the charge transfer band. 
But no physicochemical explanation has been given for 
the dependences of absorption coefficient on basieity and 
Fe203 concentration. 

On the other hand, the interaction of light with ions 
in slags causes the decrease in the velocity of the trans- 
mitted radiation and its change in direction, which re- 
suits in refraction of light, and refractive index expresses 
the magnitude of the interaction. Therefore, the deter- 
mination of refractive index as functions of basicity and 
Fe203 concentration helps the understanding of the ab- 
sorption characteristics. 

In the present study, we have determined the optical 
properties of the refractive index and absorption coef- 
ficient of amorphous Fe203-SiO2-CaO-A1203 slags in wide 
basicity and iron-oxide concentration ranges and dis- 
cussed the dependences of the optical properties on ba- 
sicity and iron-oxide concentration in the viewpoint of 
ionic refraction of oxygen and electron donation activity 
of oxygen. 
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I I .  EXPERIMENTAL 

A. Measurement 

Refractive index, n, was measured with an ellipso- 
meter at the wavelength of 546 nm at room temperature 
in air. The angle of  incidence was 70 deg. The error in 
measuring the angles of polarizer and analyzer was within 
+-0.1 deg, resulting in the error of about +-0.6 pct for 
refractive index. 

On the contrary, the absorption coefficient, a ,  was de- 
termined from transmittance, r, by Lambert 's  law, 

a = - l n  r /d  [2] 

where d is the thickness of  samples. Transmittance was 
measured with a spectrophotometer in the wavelength 
range of 350 to 1000 nm at room temperature in air. 

In the calculation of absorption coefficient, reflection 
at a sample surface and multiple reflection in a sample 
were neglected. As a result, the error in the absorption 
coefficient was estimated to be below 5 pet at the wave- 
length of 546 nm. This estimation was carried out by the 
comparison of a determined by Eq. [2] with a '  by 
Eq. [3] in which reflection was taken into account. 

r = (1 - R) 2 exp ( - a '  d) / [1  - R 2 exp ( - 2 a '  d)] [3] 

Here a '  is the absorption coefficient in which reflection 
is taken into account, and R, reflectance, can be cal- 
culated from Fresnel 's law for perpendicular incidence 
of light, i.e., Eq. [4]. 

R = [(1 - n) 2 + k2]/[(1 + n) 2 + k 2] [4] 

Here, k, the extinction coefficient, is an imaginary part 
of the complex refractive index and related to a by the 
equation 

k = ah/4"n" [5] 

where h is the wavelength of light. Because k is smaller 
by a factor of  about 10 -4 than n, R is predominantly 
determined by n and thus converges on a constant value 
in the calculation of Eqs. [4] and [5]. 

B. Sample Preparation 

Fe203-SiO2-CaO-A1203 slags were employed as sam- 
ples. The concentration of Fe203 was varied from 1 to 
30 mass pct and the basicity defined by [mass pct CaO] /  
[mass pct SiO2] from 0.5 to 1.5. 

Reagent grade Fe203, SiO2, and A1203 were dried in 
alumina crucibles in air at temperatures of 400,900,  and 
900 K, respectively. CaO was made by thermally de- 
composing CaCO3 in reagent grade at 1300 K. 

These reagents were weighed and mixed with desired 
compositions in a mullite mortar. The mixtures were 
melted in alumina crucibles at temperatures between 1600 
and 1800 K in air using an induction furnace with graph- 
ite as a heating element. After being degassed, they were 
quenched on a water-cooled copper plate in air. 

Broad profiles by X-ray diffraction showed that all of 
the synthesized slags were amorphous. X-ray photo- 
electron spectroscopy (XPS) suggested that Fe 3+ ions were 

predominant in the slags. Furthermore, M6ssbauer spec- 
troscopy revealed that the ratios of the number of Fe 2+ 
ions to that of  total Fe ions were 20 to 30 pct. 

For the measurements by an ellipsometer, optically flat 
surfaces of greater than 10 x 10 mm in area were re- 
quired. One side of the synthesized slag was mechani- 
cally polished in optical flat. Figure 1 shows scanning 
electron microscope (SEM) view of slag surfaces pol- 
ished with the different diameter of abrasives. The sam- 
ples were 30 mass pct Fe203-46SiO2-24CaO slags. The 
surface of the sample which was polished with abrasive 
of 1 /xm in diameter seems to be the same as the surface 
of the as-quenched sample. 

Figure 2 shows the relation between refractive index, 
n, of 30 mass pct Fe203-46SiO2-24CaO and the diame- 
ter, d, of abrasives. The refractive index tends to in- 
crease with decreasing the diameter of abrasives. This is 
due to the reduction of diffused reflection of light at sample 
surfaces. The refractive index of the sample polished with 
abrasive of 1 /xm in diameter is in good agreement with 
that of the as-quenched sample. Moreover, the refractive 
index of the as-quenched sample is very close to that 
estimated from specific refractions of the component ox- 
ides. tl~ This means that diffused reflection can be almost 
eliminated by polishing sample surface with abrasive of 
1 /xm in diameter. On the basis of the above results, 
samples for ellipsometry were finally polished with 
abrasive of 1 /zm in diameter. 

On the contrary, for the measurements by a spectro- 
photometer, 1-mm-thick pieces were cut from synthe- 
sized slags, and both sides of the pieces were mechanically 
polished in order to eliminate the energy loss of light by 
diffused reflection at sample surfaces. Figure 3 shows 
the relation between absorption coefficient, a ,  of  3 mass 
pct Fe203-38.8SiO2-38.8CaO-19.4A1203 and the diam- 
eter, d, of abrasives. The value of a for d/ lxm = 1 is 
smaller by a factor of about 20 pct than that for d/Ixm = 
5.6 due to eliminating diffused reflection. It was decided 
that samples for transmittance measurements were fi- 
nally polished with abrasive of 1 p~m in diameter. The 
thicknesses of  polished samples were 200 to 350 p,m, 
and the ununiformity for the thickness of  a sample was 
about +5 p~m. 

I I I .  R E S U L T S  

A. Refractive Index 

Figure 4 shows refractive index of 10 mass pct Fe203- 
SiO2-CaO-18A1203 slags at 546 nm as a function of the 
basicity of [CaO]/[SiO2]. Square and circular marks of  
the plots mean refractive indices measured for as-quenched 
and polished samples, respectively, and the difference 
between the refractive indices is below 2 pct. On the 
contrary, open and full circles express refractive indices 
measured for different polished samples, from which the 
magnitude of the reproducibility of the measurements can 
be seen, and the scattering error is around +-1 pct. 

The refractive index increases from 1.62 to 1.7 with 
increasing the basicity of [CaO]/[SiO2] from 0.5 to 1.5. 
This tendency agrees with those for Na20-SiO2, K20- 
SIO2, CaO-SiO2, SrO-SiO2, and BaO-SiO2 reported by 
Iwamoto et al.I2] 
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Fig. 1 SEM views of slag surfaces polished with the different diameter, d, of abrasives. 
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Figure 5 shows refractive index of F%O3-SiO2-CaO- 
AI203 slags at 546 nm as a function of the Fe203 con- 
centration. The samples were synthesized by adding 1 
to 20 mass pet Fe203 to master slags of 40 mass pet 
SiO2-40CaO-20A1203. The refractive index increases from 
1.62 to 1.72 with increasing the F%O3 concentration. 

B. Absorpt ion Coefficient 

Figure 6 shows the absorption coefficient of 10 mass 
pct Fe203-36SiO2-36CaO-18A1203 slags. Two samples 
with the same composition were used in order to confirm 
the reproducibility. It has shown that the scattering error 
is around -_+ 15 pet over the measurement range. 

Figure 7 shows absorption coefficients of 10 mass pct 
Fe=O3-SiO2-CaO-18A1203 slags as a function of wave- 
length. The basicity of [CaO]/[SiO2] is varied from 0.5 
to 1.5. It is not significant to discuss the difference of 
absolute values of absorption coefficients, since these 
absorption coefficients are 5000 - 20,000 m l and al- 
most equal within the scattering error of +-15 pct, irre- 
spective of the basicity. 

However, the following dependence on basicity has 
been suggested. The absorption coefficient in near-infrared 
regions increases with decreasing basicity. The steep in- 
crease of the absorption coefficient in 500 to 600 nm 
occurs in shorter wavelength in lower basicity. This ab- 
sorption is assigned to the absorption by the transition 
of electron from 02- to Fe 3+, i .e. ,  the charge transfer 
band.t81 The shift of this absorption edge has already been 
reported, tsl but the reason has not been clarified yet. 

Figure 8 shows the absorption coefficients of Fe203- 
SiO2-CaO-A1203 slags as a function of wavelength. The 
samples were synthesized by adding 1 to 10 mass pet 
Fe203 to master slags of 40 mass pet SiO2-40CaO- 
20A1203. As expected, the average absorption coeffi- 
cient monotonously increases from 500 to 10,000 m- '  
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Fig. 5 - -  Refractive index, n, at 546 nm of F%Os-SiO2-CaO-AIzO3 slags 
as a function of  the Fe203 concentration, C~2o ~. The slags are syn- 
thesized by adding 1 to 20 mass  pet F%O3 to master slags of  40 mass  
pet SiO_,-40CaO-20A1203. 
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Fig. 6 - - A b s o r p t i o n  coef f ic ient ,  a ,  o f  10 mass pct Fe203-36SiO2- 
36CAO- 18A1203 slag as a function of wavelength. The basicity is de- 
fined by [CaO]/[SiO2], 

with increasing the F e 2 0 3  concentration�9 This tendency 
is consistent with the result reported by Ito and Goto. Is~ 
Furthermore, the absorption edge by the charge transfer 
band shifts to longer wavelength in higher F e 2 0 3  c o n -  

centration. The shift of this absorption edge has also been 
reported, ISj but no physicochemical explanation has been 
given for the phenomenon. 

On the contrary, the absorption coefficient of slags 
containing FeO have been reported by Fine et al. 191 It has 
been shown that FeO-bearing slags have larger absorp- 
tion coefficients in near-infrared region than F e 2 0 3 - b e a r i n g  
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slags have. The light in the region is absorbed by the 
ligand field of Fe 2+, i .e.,  T2g ~ Eg. [81 Since the slags 
with Fe203 were employed in the present work, the num- 
ber of  Fe 2§ is smaller than that of the FeO-bearing slags. 
As a result, the absorption coefficients in the near-infrared 
region of the Fe203-bearing slags are smaller than those 
of the FeO-bearing slags. 

IV. DISCUSSION 

A.  Dependence  o f  Refractive Index on Basicity 

When light propagates in a substance, for example, in 
a slag, light interacts with ions. Refractive index is re- 
lated to the magnitude of the interaction. As shown in 
Figure 4, since refractive index of slags increases with 
increasing basicity, it is considered that the interaction 
is stronger in higher basicity. 

On the contrary, it is known that some oxygen atoms 
in slags are in the states of nonbridging oxygen ions and 
free oxygen ions which more strongly interact with light 
than bridging oxygen atoms. It is also known that with 
increasing basicity, the number of the two sorts of ox- 
ygen ions increases and the electron donation activity of 
oxygen is higher. 

The increase of the number of both types of oxygen 
ions is accordingly considered to enhance the interaction 
between light and the oxygen ions, resulting in the in- 
crease of refractive index of the slags. 

Ionic refraction of oxygen, R o can be used as a mea- 
sure of the magnitude of the interaction between light 
and oxygen or the electron donation activity of oxygen. 
In order to confirm the above consideration, the ionic 
refraction of oxygen in each slag has been calculated by 
subtracting the ionic refractions of the respective cations 
from the molar refraction of slag, R, calculated by the 
Lorentz-Lorenz equation, i .e. ,  Eq. [6], 

[(n 2 - 1)/(n 2 + 2 ) ] M / p  = R [6] 
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Fig. 7 - - A b s o r p t i o n  coefficient, a ,  of  10 mass  pct Fe203-SiO~-CaO- 
18A1203 slags as a function of wavelength. The basicity of  [CaO]/  
[SiO:] is used as a parameter. 

where n, M, and O are the refractive index, the average 
molecular mass, and the density of slag, respectively. 
The density is calculated on the basis of additivity. The 
densities for Fe20 3, SiO2, CaO, and A1203 have been 
reported by Winchell and Winchell. t' u The ionic refrac- 
tions reported by Kordes 1'21 are used for Si 4+, Ca 2+, and 
A13+ and the ionic refraction by Fajans and Joos I'3t 
for Fe 3+ . 

In the calculation of Ro, it is assumed that the ionic 
refractions of cations are constant, irrespective of slag 
composition, and that Fe ions in each slag are in the state 
of Fe 3+. The neglect of Fe z+ may give some error to the 
absolute values of Ro but has no influence on the 
relationship between Ro and the basicity of [CaO]/[SiO~]. 

Figure 9 shows the relation between the ionic refrac- 
tion of oxygen, Ro, and the basicity of [CaO]/[SiO2]. 
The ionic refraction of oxygen increases with increasing 
basicity. It has been confirmed that the increase of re- 
fractive index with increasing basicity results from the 
enhancement of the interaction between light and oxygen 
ions in the slags. 

Iwamoto et al. t21 have reported that Ro is available as 
a basicity in binary oxide glasses. In order to consider 
if Ro can be a basicity also in iron-oxide-bearing slags 
in complex compositions, an examination has been car- 
fled to determine the relation between the ionic refrac- 
tion of oxygen and the theoretical optical basicity which 
indicates basicity of the whole system. 

Figure 10 shows the relation between the ionic re- 
fraction of oxygen, Ro and the theoretical optical basic- 
ity, A,h. The theoretical optical basicity has been calculated 
by the equation L'4~ 

A,h = Xrc,+ITFr + Xsi'+/'~si q- Xca2+/~/Ca q- XAI3+/~/A] 
[7] 

Here, XF~+ and so on are the equivalent fractions of the 
respective cations, and YF~ and so on are the basicity- 
moderating parameters of the cations. The basicity- 
moderating parameters reported by Nakamura et al. E'sl 
are employed. Iron is assumed to be in the state of Fe 3+. 

There is a relationship between Ro and A,h. It is con- 
sequently considered that the ionic refraction of oxygen 
can also be available as a basicity in slags containing 
iron oxide. 

B. Dependence  o f  Refractive Index on 
Iron-Oxide Concentration 

It was shown that refractive index increases with in- 
creasing the concentration of Fe203 in Figure 5. In order 
to consider this behavior, the ionic refraction of oxygen 
has been calculated from the data in Figure 5. 

Figure 11 shows the relation between the ionic re- 
fraction of oxygen, Ro, and the concentration of FezO3, 
CFe2o3. The value of Ro increases with increasing 
CFe2o3. By taking account of the fact that Ro is available 
as a basicity of slags, the behavior can be explained as 
follows. Since Fe203 acts rather as a basic oxide in the 
slags, the number of nonbridging oxygen ions and free 
oxygen ions are increased by the addition of Fe203. As 
a result, the interaction between light and oxygen ions 
in the slags becomes stronger, which results in the in- 
crease of refractive index of the slags. 
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C. Dependence of Absorption Coefficient on Basicity 

The decrease of basicity of slags results in the increase 
of absorption coefficient in the near-infrared region and 
the shift of the absorption edge by the charge transfer 
band to shorter wavelength, as shown in Figure 7. 

The optical absorption in the near-infrared region is 
caused by the ligand field of Fe =+. Since iron has a 
tendency to exist preferentially in the state of Fe 2+ in 
slags with lower basicity, the concentration of Fe 2+ rel- 
atively increases in lower basicity. As a result, the ab- 
sorption by the ligand field of Fe z+ is enhanced. This is 

10nxm%v %-si0 2-co0-18At2% 
Ca0/Si0 2 change 

v__. 4.~ 
O 
E 

tD '  

' 2  

02 4.2 

4.0 , , , , | , , , , I , 
0.6 0.65 0.7 

Ath 

Fig. 10 - -Re la t i on  between the ionic refraction of oxygen,  Ro, and 
the theoretical optical basicity, A,h. 

O 

E 

I O 

O n~ 

5 0 -  

4.5 

4.0 

M a s t e r  slag: 

40 m0ss~, S i02-  40Ca0-20At203 

X/nm:  546 

j 1 I I 
10 20 

Fig. l l - - R e l a t i o n  between the ionic refraction of oxygen, Ro, and 
the Fe_,O3 concentration, Cre2o3- 

considered to be a reason for the increase of absorption 
coefficient in the near-infrared region with decreasing 
basicity. 

On the contrary, slags with lower basicity have less 
ionic refraction of oxygen, as shown in Figure 9. This 
means that 0 2- in slags with lower basicity has smaller 
electron-donation activity. Since 0 2- with smaller 
electron-donation activity releases electron less easily, 
the energy necessary for the transition of electron from 
0 2- to Fe 3§ i.e., the charge transfer, becomes larger. 
For this reason, the absorption edge by the charge trans- 
fer band is considered to shift to shorter wavelength in 
the slags with lower basicity. 
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D. Dependence of Absorption Coefficient on 
Iron-Oxide Concentration 

In higher Fe203 concentration, the absorption edge by 
the charge transfer band shifts to longer wavelength, as 
shown in Figure 8. This behavior can be explained on 
the basis of the electron-donation activity of oxygen, too. 
Figure 11 has shown that slags with higher Fe203 con- 
centration possess larger ionic refraction of oxygen, i.e., 
larger electron-donation activity of oxygen. Therefore, 
it is considered that the energy necessary for the charge 
transfer becomes smaller with increasing Fe203 concen- 
tration, resulting in the shift of the absorption edge to 
longer wavelength. 

20A1203 was monotonously increased from 500 to 
10,000 m -l in the measured wavelength range and the 
absorption edge by charge transfer was shifted to longer 
wavelength. These dependences of refractive index and 
absorption coefficient on basicity and Fe203 concentra- 
tion were discussed on the basis of the ionic refraction 
of oxygen and the electron-donation activity of oxygen. 
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V. CONCLUSIONS 

The refractive index and absorption coefficient of 
amorphous Fe203-SiO2-CaO-A1203 slags were deter- 
mined at room temperature as functions of the basicity 
of [CaO]/[SiO2] and the Fe203 concentration. The re- 
fractive index was measured by an ellipsometer at 
546 nm, and the absorption coefficient was determined 
from transmittance measured by a spectrophotometer in 
the wavelength range of 350 to 1000 nm. The refractive 
index in 10 mass pct Fe203-SiO2-CaO-18A1203 slags in- 
creased from 1.62 to 1.7 with increasing the basicity of 
[CaO]/[SiO2] from 0.5 to 1.5. The refractive index of 
master slags of 40 mass pct SiO2-40CaO-20A1203 was 
increased from 1.62 to 1.72 by the addition of Fe203 
from 1 to 2 mass pct. 

On the contrary, the absorption coefficients of 
10 mass pct Fe203-SiO2-CaO-18A1203 slags were 5000 
to 20,000 m -l in the measured wavelength range and 
increased in the near-infrared region with decreasing the 
basicity of [CaO]/[SiO2]. The absorption edge by charge 
transfer band was shifted to shorter wavelength by the 
decrease of the basicity. With increasing Fe203 concen- 
tration from 1 to 10 mass pct, the average absorption 
coefficient of master slags of 40 mass pct SiO2-40CaO- 
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