
Thermochimica AC@ 34 (1979) 221-231 221 

@ Elsevier Scientific Publishing Company, Amsterdam - Printed in The Netherlands 

DIFFUSION OF MANGANESE IN LIQUID IRON SATURATED WITH 
CARBON IN THE SYSTEM FeC,,,- BLAST FURNACE TYPE SLAG 

RYSZARD BENESCH, MAREK JAWORSKI, ROMAN KOPEC and ANDRZEJ SIMON 

_-lkadcmia Gorrlicro-HuIrlicze~, Alela Xzckiewicza 30. -30-059 h’racow (Poland) 

(Received 26 Januav 1979) 

ABSTRACT 

Diffusion constants of manganese in liquid iron saturated with carbon at temperatures 
1673-1723 K for the system FeC,,r -blast furnace slag were evaluated_ The linear depen- 
dence of the manganese concentration m the surface l,lyer at a metal-lag Interface upon 
the time at constant temperature was found experimentally. The following dependence 
of the diffusion constant upon temperature was determined 

INTRODUCTION 

Determination of the velocity of metallurgical processes requires mvesti- 
gations into the kinetics of reactions, particularly the identification of a con- 
trolling step. For metal-lag systems, such a step IS frequently diffusion of 
an element or a compound either in the slag or the metal. 

Investigations into the kinetics and diffusion of manganese in liquid iron 
have gradually become active in recent years and have been used for develop- 
mg a mathematical model of the blast furnace process [l-6]. Interpretation 
of the results is quite difficult as both phases, independently from reagents, 
may contain other components. For that reason, investigations are carried 
out for simple systems such as Fe-FeMn, FeC-FeCMn, FeC,,,-three- or 
four-component slag [7-141. Authors of quoted papers have found values 
for the diffusion coefficients of manganese in liquid iron using several differ- 
ent methods. Results can hardly be compared as it seems they are dependent 
not only upon the physical-chemical state of the system but also the 
methodology of mvestigaticns and the apparatus used. 

One should take into account that, in investigations into the transfer of 
manganese from CaO-SiOI-A1203-MgO-Mn0 slag to Fe&, alloy carried 
out in a graphite crucible, the possibility of additional reactions with the car- 
bon of the crucible as reductor cannot be eliminated -4s the authors decided 
to consider only the carbon from the alloy, it necessitated the introduction 
of isolating materials which did not take part in reaction. 

The aim of the present work was an attempt to evaluate for the reaction 

(MnO) + [CL = [Mn] + {CO} (1) 
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the diffusion constants of manganese in metal DNInm [m*s-‘1 and the activa- 
tion energy of diffusion of manganese in metal EDMn,m (J mole-‘) at 1673 
and 1723 K. 

EXPERJMENTAL METHOD 

Experiments were carried out in the graphite crucible shown in Fig. 1. 
Metal and slag were separated horn the crucible walls by means of molyb- 
denum foil and a tube of fused A1203, respectively. 

Fe& alloy was obtained by saturation of hydrogen-reduced Fe (99.7%) 
produced by Byk-Malhncrod with 99.5% C electrode graphite powder. 
Analysis of the carbon content of the metal were in good agreement with the 
values given by Elliott [ 151 (Table 1). 

Five-component, blast furnace-type slag was obtained by melting, at tem- 
peratures not higher than 1773 K, the following components: CaO, SiOp, 
A1203, MgO, MnO,; all of them were of high purity, pro analysis quality. 

The same slag was used in all the runs and its mean chemical composition, 
determmed on the basis of data from a blast furnace producing ferromanga- 
nese, was as follows: CaO 35.48%; SiOZ 37.20%; A1203 6.84%; MgO 4.50%; 
MnO 15.34%; CaO/SiOZ 0.97. 

Measurements were carried out in a vertical tube, resistance-heated Tam- 
man’s furnace; the diameter of the graphite tube was 5.0 X 10m2 m and the 
height of the constant temperature zone was 7.0 X 10m2 m. A two positional 
system of regulation with thermal feed-back coupling (two thermocouples 
Pt-Rh 10, Pt-Rh 18) ensured an accuracy of temperature measurements 
within +- 5 degrees. 

The crucible containing the alloy and slag placed above the metal was put 
mto an airbght furnace into which N2 was blown downward through A1203 

Fig 1. Graphite crucible. 1, Graphite; 2, molybdenum foil; 3, slag; 4, tube of fused 
A1209; 5, alloy Fe&; 6, thermocouple socket. 
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TABLE 1 

Comparison of the carbon contents of the metal determmed by Elliott 1151 with those 
obtamed in the present study 

Temperature 

WI 
CSat (96) 

Elliott [ 153 Present study 

1673 4.896 4.80 
1723 5.023 4 94 

pipes. The masses of metal and slag were 11.0 X lo-’ kg and 15.0 X lo-* kg, 
respectively. Measurements were carried out at temperatures of 1673 and 
1723 K, the diffusion times being 3, 4, 5,6,7 and 9 h. At least three runs were 
made for each time and temperature. After completing an experiment, the 
crucible was taken out of the furnace and cooled in a water bath. Samples 
of metal were cut into layers 3 X 10B3 m high, parallel to the slag-metal 
interface, by means of an electroerosion machine. Each layer was then 
analysed for manganese and silicon contents. 

Results 

Chemical analyses for the manganese contents in each layer of metal 
(listed in Table 4) were made assuming that the mean manganese content 
equalled that at the center of a layer. Samples were cut into six layers; the 
metal-bottom of crucible interface was considered as distance 3c = 0 and the 
metal-slag interface as distance 1c = I= 1.8 X lo-* m. Layers are identified 
in Table 2. 

In Tables 3 and 4, the concentration of manganese in weight percent is 
gwen as well as the molar concentration of manganese at a distance 1c = 
c” Mnpl mole for each particular layer. Values of C&,,,,., were calculated from 
the relation 

e W*/4)&, Wnl 
Mnqm = 54.938 x 100 x 1O-3 

TABLE 2 

Identification of sample layers 

Layer no. x (ml 

6 0.150 x 1o-2 
5 0 450 x 10-2 
4 0.750 x 10-2 
3 1.050 x 10-2 
2 1.350 x 10-2 
1 1.650 x 10” 
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TABLE 3 

Contents of manganese and diffusion coeeficients of manganese in particular layers of 
metaI and reachon times at temperature 1673 K 

Time No. Mn C&Mn,m x lo4 DAin m x 10’ D;strn x 10’ Dmd 8Iw.m 
(h) of (w-t %) (mole) ‘-1 (m’s ) ‘-1 

(m’s ) (m’ s-l) 
layer 

1 2.13 
2 1.90 
3 l-i2 
4 1.15 
5 1 37 

6 1 35 
1 2.85 
2 2.57 
3 237 
4 2.11 
5 2.14 
6 2 09 

6.2694 4.259 3836 (3.621 
5.5925 3.857 + 0.387)x 1O-8 
5 0626 4.159 
4.2679 3.46-i 
-I 0325 3.578 
3.9736 3 70'7 

8.3887 3.395 3.405 (3.421 
7.5645 3134 f 0.387)x 10-S 
69759 3.494 
6 2106 3 111 
62989 3.651 
61517 3.657 

1 3.57 10.5079 2 822 2.636 (3 121 
2 3.24 9.5366 3.639 I 0.387) x lo-’ 
3 3.05 89774 3.139 
1 2.54 8.3593 3.036 
5 2.56 7 5351 2.641 
6 2.53 7.4468 2 730 

1 437 13.8627 3 758 3.101 (3.421 
2. 106 119502 3.033 f 0.387) x 1O-8 
3 3.73 10.9788 2.849 
4 3.57 10.5079 2.96-I 
5 3.44 10.1253 2.956 
6 3.41 10.0370 3 046 

5.13 15.0996 3.970 3.720 (3.131 
485 14.2755 3 308 i 0.387) x 1O-8 
4.71 138634 4.016 
452 13.3042 3.749 
4.46 13.1276 3.937 
4.26 12.5389 3 341 

1 6.66 19.6030 5.879 3.624 (3.421 
2 6.36 18.7200 3.351 -?: 0.387) x 10-8 
3 6.08 178959 3 233 
4 5.99 17.6310 3 583 
5 5 81 17.1012 3.303 
6 5.78 17.0129 3.393 

where d is the diameter of sample (= 1.0 X lo-* m), h 1s the height of the 
layer (h = 0.3 X lo-* m) P,.,., is the density of the FeMnCsat ahoy at a given 
temperature (kg rnm3) and 54.938 is the atomic mass of Mn. 

As density data for the FeMnC,., alloy are not available in the literature, 
the data from Lucas’ papers j17,18] for the density of the FeC,,, alloy for 
the same temperatures used in this work were used in calculations. Thx 
simplification, according to Pattersou [16], is justified both by their close 
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TABLE 4 

Contents of manganese and diffusion coeeficlents of manganese in particular layers of 

metal and reaction times at temperature 1723 K 

Time No Mn C&,,_, x IO4 Dx~~,.,, X 10’ D~r$$, x lo8 Dmd ?vIrv.m 
(h) of (wt %) (mole) (mz s-l) '-1 (mZs ) (m’ 5-l ) 

layer 

1 2.66 7.7842 2.983 
2 2.32 6.iS69 3 332 
3 2.00 5 8508 3.233 
1 1.86 5.4412 3 491 
5 1 76 5.1487 3.589 
6 1.50 4.3881 3.092 

1 3.68 10.7654 3.891 
2 3.29 9.6215 3.347 
3 3.13 9.1565 3.937 
4 3.07 8.9809 4.535 
5 2.85 s 3374 4.039 
6 2 7s 8.1326 4.000 

1 4.68 13 6908 4s35 
2 4.25 12.4329 3 34s 
3 4.01 11.7308 3 546 
4 3 89 11 3598 3 863 
5 3.79 11.0872 3 934 
6 3.71 10.8531 3 si9 

1 5.62 16.44Oi 3 998 
2 5 26 15 3876 3 559 
3 5 02 14 6855 3.i38 
4 4 so 14.0419 3.638 
5 471 13.7786 3 ‘77-l 
6 4 43 12.9595 3.178 

1 6.56 19.1906 3 566 
2 6.23 18.2252 3.678 
3 5 69 16.6455 2 709 
4 5 37 15 7093 2 598 
5 5 14 15 0365 2 53 

6 5.06 14.8025 2.550 

1 8 53 24 9536 4.458 
2 8 19 23.9589 3 841 
3 8 06 23.57S6 4 584 
4 ‘7.81 22 84i3 4.127 
5 7.65 22.3’792 3.938 
6 7 54 22.0574 3 765 

3 287 (3 645 
+ 0454)X 10-s 

3 963 (3.645 
+ 0.454) x 10-a 

3 911 (3.645 

3.648 

2 93s 

4 124 

z 0 4S4) x 10-s 

(0.3645 
c 0 454) x 10-s 

(3 645 
I 0.434) x 10-s 

(2.645 
r 0.454) x 10-S 

proximity in the periodic table and the almost identical atomic mass of iron 
and manganese. Assumed values were (concentration of C = 5 0%) 1673 K - 

Pm = 6.863 X lo3 and 1723 K -pm =‘6.821 X lo3 kg mm3. Substitution of 
known values into eqn. (2) gives 

Gln.m = 42.888 X lo-’ p,[Mn] (2.1) 

Values obtained for the concentration of bin are plotted against distance 



226 

in Fig. 2. It can be seen that, for different reaction times at constant 
temperature, curves display similar character and are approxnnately parallel. 
Furthermore, a linear dependence of the manganese concentration C!&_ in 
the alloy surface layer (for x = 1.65 X 10m2 m) upon the reaction time was 
found. Results, in the coorclmate system CM,., (X = 1.65 X lo-* m) = f(t), 
are shown in graphical form in Fig. 3. Values for the slope of the lines, corre- 
sponding to rate constants of manganese concentration changes in the sur- 
face layer, obtained as a result of correlation analysis by the method of least 
squares, are shown in Table 5. 

Diffusion constant of manganese in metal, D,lIn,m 

The present work has found a decrease in the manganese concentration 
along the height of a sample and a linear dependence between the manganese 
concentration in the alloy surface layer and time. 

Preserved boundary conditions i.e. (a) the same initial concentration of 
manganese in metal = OS, (b) a linear increase in manganese concentration in 

- 1673-K I/ / / 
--- 1723-K . -0 

/- 

_--- 
_*- 

-. _-_ - _ ___-_ _.. -- 

o - 1673°K n.6, r.09997 

l - 1723’K, n-6, r.09989 

Fig 2. Gradient of manganese concentration m metal anSrn (mole) at distance x (m) 
from metal--slag interface (x = l), to metal-bottom of crucible kterface (x = 0) 

Fig. 3. Dependence of molar concentration of manganese in surface layer (x = 1.65 x 

lo-’ m) upon time of reaction 
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TABLE 5 

Rate constant of Mn concentration changes with temperature in surface layer 

Temperature Rate constant of Mn concentration changes 

(K) in surface layer, ii: (mole s-l) 

1673 61.51 x 1O-g 
1723 78.37 x lo* 

the surface layer with time, (c) constant temperature along the height of a 
sample during measurement are almost identical with those for which 
Williamson and Adams have given an approximated solution of Fick’s second 
law. The solution should consequently be applicable to one-directional dif- 
fusion of manganese between the slag-metal and metal-bottom pf crucibie 
interfaces. 

According to the symbols used in this paper Fick’s second law can be 
written 

aGIl., = * a ‘CMWll 
at Mn.m a9 

The function CImnsn = f(t, 

the boundary conditions 

(3) 

X) should be found which will satisfy eqn. (3) for 

c Mn.m = 0 for 0 < x < 1 when t = 0 (4) 

and 

C lCln,m = kt for x = 1 when t > 0 (5) 

The solutron of eqn. (3) satisfying conditions (4) and (5) has been given by 
Williamson and Adams [ 181 

: 2k12 “z- 

D b1n.m fir =1 3 _ (__1)3'+1 

X exp 
(2M-l)‘7YtD~~,r,,m 

41’ 1 (6) 

where D,, ,m is the diffusion constant of Mn in metal (m’s_‘) and M is the 
number of terms in the sum of the series. 

For long reaction times (the experiments were carried out for 3 h and 
more) the exponential factor in eqn. (6) approaches zero and, accordingly, 
the sum of the series in eqn. (6) was neglected in the first stage of calcula- 
tions. Diffusion constants were calculated from the relation 

G1n.m 
k(l’ 

=kt- 2. 
-xx’) 

Mn.m 



In the coordinate system C&.,,m = f[-(Z’ - x2)], expression (7) is a line 
whose slope equals k/2 DMn,m and the ordinate of the point of intersection 
of the C&,m axis equals kt (Fig. 4). It can be seen from this figure that the 
slopes of the lines for different times at a constant temperature display small 
changes which do not have systematic character when the reaction time is 
increased. This fact therefore confirms the validity of the adopted assump- 
tion that the diffusion constant is either independent of concentration or 
that any change in Dhin,m with composition is within experimental error. 

Values of diffusion constants of manganese in liquid iron saturated urlth 
carbon, calculated as described above for particular times, layers and tem- 
peratures, are listed in Tables 3 and 4. 

Mean values of DMnvm and relative error (S) for particular temperatures are 
D$‘zm = (3.421 + 0.387) x lo-*, 6 = 11.3%; D;:,‘;,, = (3.645 +_ 0.454) X lo-*, 
6 = 12.5%. 

The values obtained for the diffusion constants of manganese m the alloy 
FeC, at [calculated from eqn. (7)] were substituted into eqn. (6) which, when 
solved with respect to Ch,.,, could determine the effect of the sum of terms 
of the series on experimentally obtained values of C&,,, at a distance x. Cal- 
culation showed that only the first term of the series has an influence on 
c” bln,m [for Af = 1 m eqn. (6)] and therefore only this term can affect the 
magnitude of the diffusion constant for manganese in metal. This influence 

19 

--i -3 -2 
_j - --i3 

_![KxC ,/y Irni ; 

Fig. 4. Graphical representation of eqn (7) for particular temperatures and times of reac- 
tion. 
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is not great, however, and averages 3-5%. Values ot - t ,ner terms in the 
series have no material influence on the magnitude of C&,.,.,. 

It has been assumed that values of diffusion constants calculated from 
eqn. (7) are sufficient for the evaluation of manganese diffusion in metal 
especially since the order of errors determined at constant temperatures for 
particular times is +12%. 

Taking advantage of the dependence of diffusion on temperature m the 
form of Arrhenius’ equation 

D = D,, esp(-En/RT) (3) 

values of D,, and the activation energy of manganese diffusion in the alloy 
FeC, at were calculated as well as the error En (error of the complex function 
taking into account errors in the diffusion constants) amounting to +10X 

The mean values obtained for the diffusion constants of manganese in 
hquid iron saturated lvlth carbon m the temperature range 1673-1723 K 
and the activation energy of diffusion are listed in Table 6, with the results 
of other authors given as a comparison. As can be seen there, values of 
D Iln_m obtained in this work are, on average, one order of magnitude higher 
than those given by other authors [10,12-141 but it should be emphasized 
that the system adopted, Fe&,, -blast furnace type slag, was completely 
different from the systems employed in the quoted papers. 

One could judge, therefore, that the diffusion of manganese - obtained 
as a result of reaction (1) - proceeds faster in metals. It can hardly be stated 
at the moment whether this is true or not. Further investigations on this sub- 
ject should bring the answer. It seems that the calculated value for the acti- 
vation energy of diffusion corresponds relatively well to the respective values 
quoted m the literature [ 10,12-141. 

As a result of the experiments performed, the concentration gradient of 
manganese in metal was evaluated and the linear dependence of concentra- 
tion changes of Mn on the surface of the metal was stated. In this way, it 
became possible to determine the diffusion constants of Mn in iron saturated 
with carbon in the temperature range 1673-1723 K and the activation 
energy of diffusion adopting quoted solution of Fick’s second law. The 
results can be expressed by means of Arrhenius’ equation whose detailed 
form is 

D 1673-1723 = 3.04 X low7 exp 
Mn.m 

(-FEE) [m2 s-l] (9) 

Penetration of silicon was not identified in samples of metal. 
Studies on the diffusion of elements m the liquid state are quite compli- 

cated. It is rather difficult to obtain accurate results because of errors arising 
in the course of experiments. It is worth saying that a number of unknown 
factors affecting deformation of results makes it difficult to determine the 
actual state as well as the lack of a sufficient theoretical basis. The reasons 
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mentioned above and other objective difficulties caused some error in the 
results. For that reason the present work should be treated as a trial run for 
acquiring elementary information on manganese diffusion in iron saturated 
with carbon for the assumed system. 

Continuation of investigations on manganese diffusion seems to be not 
only of theoretical but also practical importance for purposes of calculatmg 
zone heat balances of blast furnaces and developing a dynamic-kinetic 
mathematical model of the blast furnace process. 
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