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couple diffused for 6 hrs . x 400 



interface were observed. The time dependence of the growth of this 

precipitated zone was investigated for reaction between an Fe-4.52% Mn 

alloy and MnS annealed for various times between 4 to 25 hrs. The 

width of the zone was equated with the manganese depleted zone deter­

mined by microprobe analysis (cf. Fig. 25). The results are tabulated 

in Table VII. 

Table VII 

Manganese Depleted Zone Width as a 

Function of Time 

Mn Composition Time (hrs.) 

4.o 

9.0 
4.52 % 

16.o 

25.0 

Distance (µ) 

78 ± 10 

129 ±. 12 

175 ± 14 

201 :t. 16 
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CHAPTER VI 

DISCUSSION 

The experimental results will be discussed mainly from the 

point-of-view of the kinetics of sulfide transformations. The single 

equilibrium experiment on the equilibrium of Y-iron, liquid FeS and 

MnS provides the boundary conditions for the kinetic discussion. 

6.1 Equilibrium of Y-Iron, FeS and MnS 

The equilibrium experiment was undertaken in order to resolve 

(3) some doubts left by the three-phase equilibrium data of Clark • This 

experiment was carried out using very high purity iron and oxygen free 

sulfides whose compositions were close to stoichiometric. The present 

design and preparation of specimens was such as to provide a coarse 

phase structure and was therefore more amenable to accurate microprobe 

analysis. 

Considering the low concentration level, the results shown in 

Table IV - 1 to 5 show a fair consistency of the values of manganese 

and sulfur concentrations in the Y-iron phase equilibrated with liquid 

FeS and MnS and of the manganese concentration in the liquid FeS equili-

brated with Y-iron and MnS. However, the measured iron concentrations 

in MnS equilibrated with Y-iron and liquid FeS, which should be much 

more accurate, show a considerable variation. Since the measurements 

were made within 10 microns of the boundaries one might attribute the 
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variation to accidentaJly oblique emergence of the measured phase. However. 

the experiments discussed in sections 6.3 and 6.4 sugges t th8t the measurements 

a re correct and thP. t all but one of the triple points had not obtained true 

e~uilibrium. We therefore plRce reliance on this si.ngle experiment (Table IV-2). 

Since error due to oblique energenc e and near approach of the probe 

spot to the i nterface is possiblet particularly at low concentration levels, 

we ;:ire forced to state that in Table V, the valu es of 0.15% and 0,7J1, for 

manganese in Y-:iron and liquid FeS mRy be on the slightly high side and thrit 

the si;l fur v;:ilues given in TRble IV (,...0.08%) are completely unreliable, Thii:> 

lRtter iR brought sharply into focus by the fact the.t Turkdogan(lZ) gives H 

sulfur Rolubility in F<:>-0.15% Mn of,.....0,00%. It is noted that Chrk was 

unable to recorrl me8 surement s in this low concentrRtion range. 

We therefore summarize the result R of our enuilibrium experiment for 

the thr<>e-phase Y-Fe, FeS, MnS triangle at 1300°C in t13ble V subject to the 

reservations stc:ited above. Below we clescribe a kinetic experiment wh ir;h removes 

the uncertRinty concerning the solubility of i ron in MnS. 

6.? The Manganese Diffusion Coefficient in Y-Iron 

Fig. 27 shows the data from Table VI in the form of an Arrhenius plot. 

For comparison is shown the results of Wells and Meh]Cl 4) calcula ted from their 

expression for 4% Mn and 0.02% C 

66200 + 500 - . 
D = (0.57 + 0.11) exp ( - ___ R_T __ (6.1) 

Our VRlues a re consistent with their activation energy but are about 

twj ~e as greF.it As t his within our na rrow range of experiments~ 
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At the moment we have no explanation for the discrepancy. In the diffusion 

0 calculations presented below our own value for 1300 C was used. 

6.3 Liquid FeS vs. Solid MnS Diffusion Couple 

Diffusion couples between stoichiometric liquid FeS and solid MnS 

were prepared and examined so as to determine the equilibrium between the 

two phases, to determine the kinetics of the resulting reaction and to check 

the proposition that a pseudo-binary eutectic system is formed along the 

constant sulfur surface. The diffusion penetration curves of Figs. 17 , 18 

and 19 show tha t the iron exchanges with the manganese in MnS as an anomolous 

function of time although in every case the concentra tion of iron extrapola tes 

to approxima tely 41.0 wt.% at the interface of the FeS rich phase. We regard 

this as our best value for the solubility of iron in MnS equilibra ted with 

liquid FeS. This is to be compared with an average value of 30.2% obtained 

in the equilibrium experiments. Note, however, t ha t one of the experiments 

(Table IV - 2) gives a value of 39.4%. We concl ude tha t the corresponding 

triple point is the only one which has approached close to equilibrium and 

therefore yields reliable solubility data for the other phases. 

It is to be noted from the micrograph of Fig. 20 and the microprobe 

traces that the FeS side of the couple has become a two-phase mixtur e of 

MnS and FeS during the course of reaction. It is particularly s i gnifi-

cant that no iron phase appears anywhere within the sample. This is very 

good evidence that a pseudo-binary does in fact exist and that Clark's 

observation to the contrary is incorrect. 

The course of the reaction can be understood from a n observati on 

of the probe traces (Figs. 17, 18 and 19) and the micrograph. In the 
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early stages manganese diffuses rapidly through the liquid FeS as iron 

counter-diffuses into the MnS. The manganese rapidly reaches the saturation 

level (~0.71'% Mn) in the liquid and since the solid diffusion gradient must 

continue to deliver manganese to the liquid phase, the saturation limit will 

then be exceeded and MnS will start to precipitate. This probably occurs 

by dendritic projection from the existing solid MnS interface. We assume that 

the end-point of the reaction would occur when the iron profile in a finite 

sample of MnS rea.ches uniformity. The sample could then be an equlibrium 

mixture of FeS and MnS. 

The diffusion coefficient of iron or manganese in MnS can be determined 

from Fig. 17 using equation (3.10), assuming concentration independence. 

This gives 
2 

DFe' DMn (in MnS) 
z2 <120 x io-4) = nt = 3.14 x 6 x 60 

x io-7 2 = 2.0 cm /sec (6.2) 

The diffusion rate in the MnS phase is therefore much grea.ter than that 

in the Y-iron phase. This can be understood on the premise that MnS is a 

metal deficit semiconductor and has a high density of lattice defects which 

aid the diffusion process. 

Note, however, that the penetration as a function of time is not 

parabolic. Indeed, the penetration following anneals of 30 min and 6 min is 

much greater than would be predicted from the above value of D. This unusual 

characteristic may be associated with the peculiar defect structure of MnS 

described below. 

6.4 Iron-Manganese vs. MnS Diffusion Couples 

Further important kinetic information was obtained from a series of 

iron-manganese alloy vs. MnS diffusion couples. 
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As seen in Fig. 23 the interface of the pure iron sample remai ned 

stable throughout the reaction. Note also that the time dependence of 

the reaction (cf. Figs. 21 and 22) is non-parabolic and therefore cannot 

be simply described by a diffusion model with constant interface composi-

tions determined by the phase diagram. Indeed, during the first 8 hrs. 

negligible manganese has diffused into the iron, corresponding to a zero 

i nterface concentration. Iron, on the other hand, has diffused deeply 

into the MnS and has attained an interfacial concentration of 'V 2% Fe. 

After 35 .33 hrs., manganese has begun to diffuse into the iron (the dil-J­

sion length is consistent with our measured DMn = 1.1 x 10-9 cm2/sec) 

and has attained an interface composition of rv 0.2% while the iron inter-

face concentration in the MnS has risen to "-' 4% and penetrated further 

into that phase. Further evidence of the change in interface concentra-

tion is to be found in the shape of the penetration curves which are much 

steeper at the interface than would be the case with a constant driving 

potential (cf. Figs. 21 and 22). 

In examining the mass balance we find that, while considerable 

iron has diffused into the MnS, practically no manganese diffused out. 

It can only be concluded that deviations from the stoichiometry of MnS 

must be taking place to accomodate the mass balance. 

The alloy couples (see Figs. 24, 25 and 26) are similar in cha-

racter with the exception that internal sulfidation of the manganese in 

the iron has in every case occurred. The "sub-precipitate" depth for 

the 4.52% Mn couple appears to follow a parabolic law (Fig. 28). We 

may understand the occurrence of the "sub-precipitates" by calculating 

the"virtual
11

path in the iron phase using the empirical interface con-

(12) . 
centration ( "'./ 0.2% Mn) and Turk.dogan et al. 's phase diagram. 
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• -9 2; The calculated virtual path using D11 = 7.9 x 10 cm sec and 

D22 = 1.1 x 10-9 cm
2
/sec is shown in Fig. 29 and this clearly indicates 

3 high supersaturatjon level which must lead to precipitation. From 

Fig. 28 we note that the empirical rate law for the precipitation depth 

in the 4 •. 52% Mn couple is 

1 

cm/sec2 
• 

This is to be compared with the sulfur diffusion length, 

1 

~· = ~ = 28 x 10-5 t
2 

1 

cm/sec
2 

(6.3) 

(6.4) 

Since MnS precipitation is occurring it is to be expected that the sulfur 

penetration depth will he foreshortened, and a factor of four less than 

for free diffusion does not appear unreasonable. 

Although it had been our original hope to obtain further informa-

tion About the phase diagram (particularly the two phase tie-lines bet-

ween Fe-Mn and MnS) and about the diffusion kinetics of reaction of 

F'e-Mn and MnS, the anomalous reaction behaviour mitigates against a sim-

ple analysis for the required data. We must therefore be content at 

• Using Turkdogan's value e: 12 = -9.06 and equations (3.18) and (3.19) 

we find that D12 and D21 are several orders of magnitude smaller than the 

on-diagonal coefficients so the cross-terms in the diffusion equations 

may be neglected. 
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this time with qualitative inferences from the observations. 

The results require that the MnS phase contains a significant 

composition range (..,2% from stoichiometry). Since MnS is t hought to be a 

metal deficit semiconductor it could very easily accomodate a variation of 

the metal to sulfur ratio through filling of vacant sites. This characteristic 

could also explain the anomalous diffusion behaviour evidenced in Figs. 17, 18 

and 19. If the vacant sites tended to be saturated near the interface but 

not at depth then we would expect a much greater rate of penetration at 

depth than near the interface. 

The semiconductive electrical character of the MnS might also be 

invoked to explain the anomalous kinetics of the metal-sulfide reaction. It 

is well-known that large electrical potential differences c-1 volt) exist 

at metal-semiconductor interfaces(38). This potential difference could act 

as a diffusion barrier and give the impression of chemical reaction control. 

6.5 An Experimental Test of the Diffusion Formalism and the Data 

To test the technological significance of our material we have 

undertaken the prediction of the outcome of a simple experiment. This 

is designed to simulate the course of the reaction which would take 

place between a liquid FeS precipitate a.nd an alloy matrix as a sample of steel 

is cooled from the melting temperature or is soaked at a fixed high temperature, 

e.g. 1300°C. Our starting point is, of course, the premise that the initial 

sulfide which forms from the steel melt is iron rich(
2

) <3>. 
A sample of Fe-6.14% Mn alloy was placed in an evacuated quartz 

tube covered by roughly an equal amount of powdered stoichiometric FeS and 

was rapidly heated to a reaction temperature of 1300°C. It was held at the 

temperature for 40 minutes and then quenched in ice water. 
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We therefore have a diffusion couple between liquid FeS and 

the alloy. The''virtual"path calculated on the basis of our data is 

shown in Fig. 30 in relation to our measured phase diagram. In prepar-

ing this diagram we have assumed that a very rapid solution reaction 

for the alloy in the liquid occurs at the beginning. The upper section 

of the "virtual" path therefore describes the evolution of the liquid 

composition as it ' moves towards the composition of the Y-FeS phase 

boundary during the solution reaction. The attainment of this state 

defines the initial condition for our theoretical discussion. That is, 

at time zero, we have FeS of composition 0.54% Mn and 31.5% S in local 

equilibrium with the alloy phase interfacial composition of 0.114% Mn 

and 0.01~ s. Since only a small amount of sulfur goes into the metal 

during the subsequent reaction we may assume that the interface does 

not move substantially. Therefore, the diffusion paths in the metal will 

be those corresponding to a simple semi-infinite diffusion couple. 

We note that the "virtual" path for the metal passed through 

four phase regions, i. e., L + Y, Y + L + MnS, Y + MnS and Y. We may 

therefore expect instabilities to develop in the two phase regions. 

(Three-phase regions on diffusion paths within infinite couples appear 

only as the contact point between two 2-phase regions and are therefore 

(24) 
of infinitely small extent ). Fig. 31, which is a micrograph of this 

couple clearly shows these instabilities as they have developed during 

the reaction. We note first the unstable interface between FeS and 

Y-Fe due to the supersaturation of the Y-phase with respect to sulfur. 

We note also the MnS precipitates which have appeared within the metal 
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in an isolated array. This behaviour is very similar to that observed 

in the earlier experiments, and indeed, the''virtual 11 path for this region 

is also very similar (cf. Fig. 29). 

We imagine that the precipitation reactions move the "virtual" 

diffusion path towards the phase boundary to produce the real paths 

indicated by the dotted lines. We may expect that there is a small remaining 

supersaturation which is needed to continuously drive the precipitation, 

and in the case of the Y-FeS reaction, we may expect that the super­

saturation will be distributed to both ends of the tie-line. Hence, 

Y will tend to grow into the liquid in co-operation with liquid growing 

into the Y. The Y-dendrites which appear in the micrograph may be 

explained in this way. 

The late progress of the reaction is rather complicated because 

the sulfide phase is finite in extent rather than infinite. Since Mn 

continues throughout the reaction to diffuse into the liquid we may 

expect the liquid composition to ultimately reach the upper corner 

of the three-phase triangle and then move to the right towards the MnS 

phase. Thus a fairly uniform three-phase region is expected to form in the 

formerly liquid zone with the anount of MnS increasing with time at the 

expense of the FeS. There should be no change in the amount of Y-iron 

during this stage of the reaction since the path must move along the 

top of the three-phase region. 

A number of the characteristics of sulfides in commercial steels 

are explained by this analysis and experiment. Firstly, if the manganese 

content is too low it may not be possible to deliver sufficient manga­

nese from the metal to convert the FeS to MnS so the embrittling phase 
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remains in the finally cooled ingot, leading to hot shortness in sub­

sequent hot-working operations. Secondly, the solid surrounding sul­

fides will be strongly depleted in manganese as has been often observed 

by microprobe analysis(l). Thirdly, iron intrusions are often observed 

in the sulfides in steel and these are undoubtedly due to the same 

unstable conditions which led to the iron dendrites in the sulfide phase 

of our large experimental sample. Finally, very fine angular precipi­

tates of MnS are often observed in steels and cast irons along with the 

more common course lenticular type. These could derive from the inter-

nal sulfidation reaction predicted and observed in the present investiga-

tion. 



CHAPTER VII 

SUMMARY 

1. A number of important elements of the phase equilibrium in Fe-Mn-S Rt 

0 
1300 C have been recorded. These are summarized, along with the data of 

other investigators in Fig. 32. We wish to emphasize that our stated 

manganese solubilities in FeS and Y-iron ma.y be on the high side. 

2. The diffusion coefficient of Mn in Y-iron was determined in the temperRture 

0 0 range 1150 C to 1350 c. The values are ribout twice as gre.<it as t :tose 

( 14) 
reported by Wells And Mehl • 

3. The diffusion coefficient of Fe or Mn in MnS is at least 2.0 x 10-? cm
2
/sec 

0 at 1300 C, the value increasingly sharply upwards with devintions from 

stoichiometry. 

4. The reaction between Fe-Mn alloys nnd MnS cannot be understood on the basis 

of simple diffusion theory. We suppose thnt this is due to the semi-

conductive character of MnS which in contact with iron may produce an 

electri~al potential harrier which inhibits diffusion across the interface. 

5. MnS has a finite solubility range (""2%) which is probably due to its 

supposed metal deficit structure. 

6. The constitutiorial and diffusion da ta has successfully predicted the 

char~cter of the reaction between liquid FeS and Fe-6.14% Mn. 
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