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ABSTRACT Based on observed 7 vs T relationships for silicate melts and CaF,—based slag
melts, the R_. is raised to discriminate between long slag and short slag by quoting the
mathematical concept of curvature radius . The R_,, values of the smallest curvature radius of
n vs T plot implicate the apparent activation energy E, , hemispherical softening point
temperature T, and viscosity 7, at the character temperature T, . Using CaF, and SiO, as
reference standard of short slag and long slag respectively, the classification of slags has been
made. Calculation of R, for flux or slag is of significance in ESR , protective casting and
welding.
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IN iron and steel making practices, data on melting and softening points of slag are
insufficient to describe the solidifying character of molten slag and to evaluate its
behaviour as liquid from the metallurgical standpoint. An essential slag characterisic is its
fluidity or solidifying behaviour, which is governed by the relatonship of viscosity and
temperature . The viscosity variation curves are patterned differently for various slags. The
so —called short slag means its viscosity change occurs im a mnarrow interval of
temperatures than the long slag does . And the concept of long or short slag is usually
limited during the metallurgical practice because of having no proper numerical evaluation
as slag basic capability.

The method to account for the solidifying characteristic of molten slag was given by

reference [1]. The temperature dependence of viscosity of molten slag was expressed by an
Arrhenius — type equation as

n=nexp(E,/KBT) (D

where the apparent activiation energy E, increases with the sharp decrease of
temperature. If the Inxy is not linear with 1/T experimentally for some slag melts, the
Iny vs 1/T plots are considered as two linked straight —line segments . The angle of « be-
tween two segments can be used to discriminate the solidifying characteristic of molten
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slags. The smaller the broken line angle , the shorter the slag . However, this method is
inadequate in the fact that the broken angle cannot uniquely be determined by choosing
cross point of straight —line segments. In many cases, the curvature of Inyp vs 1/T is
likely to close to a straight—line with a narrow span of temperature. It is very difficult
to compare the changes of a of long slag and short one.

In this work, the R,  is raised to discriminate long slag and short slag by quoting
the mathematical concept of curvature radius, which can be uniquely determined by
measuring the softening point of slag and the change of viscosity with temperature for mol-
ten slags.

1 MATHEMATICAL TREATMENT

For all metallurgical slags, dependences of viscosity on temperature have the same trend
as shown in Fig.1.

At very high temperature, slag may
be liquidus with very low viscosity and
the curve of viscosity changing with
temperature shows plateau . When the
temperature drops to the softening in-
terval, the viscosity increases greatly and
the curve shows steep. So there must be a
point where exists the smallest curvature
radius R,,, and the R value can
present essentially  the  solidifying
charactristic of molten slag.

The departure from equation (1) can
be represented by

min

Viscosity n /Pa * s

TO Tr T/ .C

Inn=a+b/(T-T,) 2) Fig. 1 The dependence of 7 on T

where a and b are constants and T, is hemispherical softening point temperature measured
experimentally. Equation (2) is known to cover a wide variety of slag melts over a larger
span of temperature and hence a larger span of viscosity ?. To take derivation of 5 with
respect to T, thus:

dn/dT= —2.303bn(T— T,)* 3
and
d’n/dT?=2.303by[2+2.303b(T— THI(T— T,)’ (4)
The curvature is given by the expression
k=y"/(1+y")" ©)

where y'=dn/dT, and y''=d’/dT>
Put R=1/k, the R value is generally called the curvature radus. Introducing equations
3) to (5), follows the expression for the cruvature radius of n vs T plots.
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_ (T=T)[1+5.302b%*/(T— T,)I** 6
©2.30347[2+2.303b/(T— T,)] ©)

From equation (6) , the smallest curvature radius R,, can be calculated by using
the relationship of n and T of molten slags. Using the R, of CaF, and SiO, as
reference standards of short and long slags respectively, the solidifying characteristic or soft-
ening interval for some typical slags or fluxes can be compared numerically.

2 EXPERIMENTAL

The apparatus used for measurement of
hemispherical softening point temperature is

a GX-—1 type high—temperature physical //

propterty meter. The shape change of test //
slag block of with tempterature is visual- / mm 12H
ized by means of continuous photography, // m
and the determination of hemispherical T, T, T
softening point temperature T, is shown in T,<T,<T,
Fig. 2.

To measure accurarily, the heating
rate of sample must be strickly controlled.

Rotation method © used for measuring the viscosity of molten slag is carried out in
CM -1 type Vviscosity meter, which is equipped with micro—computer to
control temperaure and deals with data . The carbon resistance heating furnace is used,
with the temperature control accuracy of £1.5C (1600 T )and constant temperature band
not less than S5cm (3 C ). To avoide the reactions between the measuring parts and
molten slags, the materials of the immersed body (usually a cylinder ) and crucible liner
are molybdenum (or any other appropriate material).

In testing the immersed body rotates in the melts while the crucible remains stationary.
The coefficient of viscosity is calculated by

n=K-+ G/n Q)

[_ = r'-_ﬂ
| : i

Fig. 2 Hemispherical softening point temperature T

Where n — coefficient of viscosity; G —twist angle of torsion fibre; n —revolution speed of
immersed body; and k —apparatus constant which is derived from calibration curves using
liquids of known viscosity .

3 RESULTS AND DISCUSSION

The three types of slag or flux were choosed for measurement of hemisphere point
temperature and viscosity. Their chemical composition is shown in table 1.
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Table 1 Composition of slags or fluxes (%)

Slag type No SiO, AL O, Ca0 MgO CaF, MnO TiO, FeO

Electroslag 1 13.10 9.59 17.44  13.62 47.08 0.02 0.04 0.01
remelting 2 15.50 8.96 15.56  12.37 48.98 0.28 0.20

3 12.90 5.27 1994 11.70 46.55 0.05 0.06

4 1.98 7.63 2699 1532 46.69 0.02 0.04
Continuous 5 39.92 14.73 16.40 8.66 4.43 0.45 0.73
casting 6 41.10 10.81 15.41 2.92 16.06 0.70

7 4088 14.96 18.14 10.23 4.45 0.45

8  41.89 20.93 12.42 3.06 4.57 0.60
Submerged 9* 7.82 27.57 442 46.63 1.99 0.26
-arc welding  10* 17.86 21.04 9.20 14.25 24.69 5.39 0.54

* The Na,O+XK,O contents in samples 9 and 10 are 2.2 % and 2.0%, respectively.

For all slags studied in this work, the Inn 100.0
is very linear with 1/(T—T,) from T, to 1550 C,
which is shown in Fig. 3. The hemisphere point
temperature T, is a likely modified coefficient of 10.0
Arrhenius —type ( see equation (1))of viscosity of
molten slag. Solidifying character parameters of
slags or fluxes in table 1 are shown in table 2 .
The 7, was calculated by use of equation (2)
with substituting characteristic temperature Ty at
which the viscosity begins to increase sharply.
The data of CaF, and SiO, are extrapolated from
the results of Mills and Bacdris ™ ? and present
the extreme condition of solidifying behaviour for
all metallurgical slags. 00t 5 llo 1L5 20

Sample No.l to No. 4 slags are usually ap- I(T—Ty), x 10° K™
plied to ESR .process, the R, values of them
are from 10 to 20. These slag systems are favour- Fig. 3 Temperature dependence of viscosity of
able for good surface of ESR ingot. According to slag or flux
results in reference [6], long slags remain fluid or mushy in a wide temperature range
and are likely to give thin slag skins on the ingot surface. On the contrary, short slags
rapidly become viscous on cooling and likely to give thick slag skins which cause poor in-
got surface. Therefore, the R value can be used as a reference point for judging physi-
cal property of selective slag systems

For continous casting process, the R_, value of slags used is large by comparison
with ESR slag, seeing samples No.5 to No. 10 listed in table 2. A larger span of
solidifying temperature implicates the formation of glassy slag films on the surface of cast-
ing slab or billet and favous the improvement of surface quality of product .

Applications of the R, ;  to welding process still exist problems, because the
requirement of physical and chemical properties for flux is dependent on welding method

¢S

Viscosity n /Pa

0.1
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Table 2 Temperament dependence of viscosity of slag or flux

No Experimental formula R,. L,—T,/C e Pa-s

1 Ign=—2.021+191.86/(T —1 149) (n=10, r=0.91) 19.85 66 7.69

2 lgn=—1.187+30.26/(T —1 115) (n=10, r=0.96) 7.68 17 392

3 Ign=—1.456+53.74/(T —1 120) (n=5, r=0.98) 10.01 26 4.08

4 lgn=—1.776 + 151.3/(T —1 223) (n=11, r=0.90) 18.94 57 7.56

5 lgn=—0.393+117.27/(T —1 206) (n=3, r=0.998) 33.83 72 17.21

6 lgn=—0.115+120.85/(T —1 115) (n=5, r=0.986) 41.72 83 21.93

7 lgn=—0.727+323.9/(T — 1 167) (n=4, r=0.995) 57.97 151 26.18

8 lgn=0.108+409.5/(T —1 210) (n=3, r=0.968) 114.78 249 56.57

9 lgn=—1.293+83.7/(T —1 306) (n=6, r=0.867) 15.22 39 7.13

10 lgn=—1.338+66.3/(T —1 100) (n=14, r=0.967) 12.43 32 5.42
CaF, lgn=—-1.82+7.096/(T -1 360) 1.79 4 0.899
Si0, lgn=1.95+1369/(T —1470) ~ 1045 ~ 1500 ~ 7289

or welding process. The flux must be fluid enough to flow and thus cover the molten
welding pool, but it also be viscous enough so that it does not run off the molten metal
and prevent the weld pool oxidization. Generally, the flux with short slag property is
adapted for vertical —fall welding operation. Therefore, the properties mentioned above for
weld flux are more important than the solidifying behaviour of flux melts.

Many empircal correlations have been made between viscosity and composition
in this work, an attempt has been made to determine the R, value resposible for
composition of slag. For the CaF, —Al, O, —Ca0-S10, —MgO system this can be written
as

(8]

R, =66.34—1.09B—1.16Cc, (8)
where C; is the percent of CaF,, and B the basic capability expressed as

B={(Cepot CMgO)/(CAl:O, + Cs;oz)]

where Cc,o. Cypor Caro, and Cs are the percents of CaO, MgO, ALO, and SiO,,
respectively. This calculation of R, is applicable to the range of B from 0.7 to 4 and
CaF, content from 5% to 45%.

4 CONCLUSIONS

The long or short slag can be discrimined by R,,, which is the smallest curvation ra-
dius of n vs T plot at character temperature T, . Using the R, value of CaF, and
Si0, as reference standard of short slag and long slag respectively, the solidifying character
for some typical slags and fluxes used for ESR process, continuous casting process and
welding operation can be compared numerically. This new concept expressing the
temperature depenence of viscosity of slag has been applied to select slag system of large
scale ESR process.

(To be continued on page 34)
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