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INTRODUCTION 

Corrosion studies at high temperatures on structural engineering mate­

rials in sulfur containing gases are of considerable industrial importance. 

Sulfur is an unavoidable contaminant in hot combustion atmospheres derived 

from coals and other fuels. The present day interests 1n the coal conversion 

systems require corrosion data for commercial alloys in sulfur containing gases. 

One of the candidate materials for the fabrication of the internal components 

of coal gasifiers is SAE 310 stainless steel. It was, therefore, decided to 

study the sulfidation problems associated with the austenitic stainless steel 

over a broad range of sulfur potentials and temperatures, as a part of the 

continuing program on the corrosion of internal components of coal gasifiers. 

The specific influence of sulfur potential on the sulfidation of SAE 310 

stainless steel, at an isothermal temperature of 1065 K, has been reported in 

a previous publication. l The present article deals with the influence of 

temperature on the kinetics of sulfide scale formation and the com~osition and 

morphology of the.associated scaling layers. The specific role of Cr and the 

lesser roles of Fe and Ni on the rate of sulfidation of austenitic stainless 

steel has also been discussed in some detail. 

MATERIALS AUD PROCEDURES 

. Test coupons 2 cm by 1.25 cm by 0.33 cm were prepared from a commercially 

produced cold-rolled, SAE 310 stainless steel. The composition of this alloy 

and the sample preparation procedures were given in an earlier publication. l 

Coupon dimensions were measured to an accuracy of 0.001 cm by use of a micro­

meter, and the surface area was calculated. 
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Commercially available high-purity hydrogen and hydrogen sulfide ga8es 

were us~d and were further purified by passing them through a purification 

train designed to remove residual water vapor and oxygen. Gas flow rates were 

monitored and controlled by electronic mass flow controllers. The sulfur 

potential of a run was calculated from the rRtio of hydrogen to hydrogen 

sulfide using the equilibrium relationship 

where the dimeric sulfur is the predominant species. The free energy func­

tions for these calculations were taken from the 'JANAF' thermochemical 

tables. 2 

Sulfidation kinetics were measured using the weight gain technique. 

Weight change was continuously monitored to a sensitivity of 0.1 mg employing 

an 'AINSWORTH' analytical thermobalance. The balance system was purged with 

argon to avoid condensation of sulfur and any reaction with the balance compo­

nents. At the same time, sufficient precautions were taken not to dilute the 

test gas mixture. A recrystallized alumina tube, 5 cm in diameter, served as 

a reaction chamber. The chamber was connected to the balance unit by means of 

a gastight, 'O'-ring seal. The reaction chamber was surrounded by a resis­

tance furnace. Furnace temperature control was achieved by a potentiometric 

controller in conjunction with achromel-alumelthermocouple positioned close 

to the furnace windings. Temperature was found to be uniform within floC 

over the middle 5 cm of the reaction chamber. The actual coupon temperature 

was estimated by means of two Pt-Pt (lO%Rh) thermocouples located near both 

ends of the coupon. It is estimated that coupon temperature was kept con­

stant to within ±3°C during any run. 
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The test coupon, suspended from one arm of the balance by an alumina-

sheathed platinum wire, was lowered into the constant temperature zone of the 

reaction chamber. At the higher sulfur pressures, where some reaction with 

platinum was noticed, a gold wire was used. The coupon was brought to the 

desired temperature under a vacuum of better than 10-4 Nm-2. Argon was then 

passed through the balance assembly, and, at the same time, hydrogen was passed 

through the reaction chamber to reduce any oxide traces that may have formed 

during handling of the coupon. The reaction gases, at the desired ratio of 

hydrogen to hydrogen sulfide, were allowed to mix in a mixing chamber. The 

experiment was initiated at the moment the reactive gas mixture was allowed 

to pass through the reaction chamber. During all experiments, a constant 

reactive gas flow rate of 500 cc min-lor greater was maintained. At the end 

of each run the flow of reactive gas was halted and argon flow was resumed 

while the coupon was being cooled. When the system had attained room temper-

ature, the coupon was removed and the corrosion product was examined. The 

continuously recorded weight gain data were converted to weight gain per unit 

area and used to calculate the appropriate rate equations. Additionally, some 

test samples were quenched from the reaction temperature in order to facilitate 

the identification of sulfide phases that were formed at the reaction temper-

ature and to avoid disproportionation of reaction products on cooling. 

At the end of an experiment the coupon was sectioned with a diamond saw, 

mounted, polished, and examined using metallographic techniques. In order to 

resolve. the finer details of the microstructures of reaction products, the 

polished cross section of the reacted samples were also examined by scanning 

electron microscopy. In many cas~s> the scales flaked off during cooling; 

such scales were collected and examined separately from the unreacted alloy. 
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The morphology and the composition of the scales were examined using 

scanning electron microscopy, energy dispersive X-ray analysis and electron 

microprobe analysis. To permit quantitative analysis, FeS2 was used as a 

sulfur standard and the SAE 310 stainless steel was used as a standard for 

Fe, Ni and Cr. In all cases, a~omic absorption and fluorescence effects were 

eliminated using appropriate computer programs. 

The sulfide phases present in these scales were identified using X-ray 

diffraction ~echniques. Because of the complex nature of the scaling layers, 

it was only possible to identify the major phases present by this technique. 

More accurate and detailed analysis was possible by the critical examination 

of the microstructure of the scales and by compositional analysis of different 

phases using both energy dispersive X-ray and electron microprobe analysis. 

In a scaling layer conglomerate of different phases, the relative amount of 

each phase was determined employing "QUANTlMET 700". This technique was 

particularly useful in determining the eutectic compositions. 

RESULTS 

Reaction Kinetics 

Sulfidation kinetics of SAE 310 stainless steel was studied as a function 

of temperature at three different sulfur potentials, 39 Nm-2 (3.69 x 10-4 atm), 

1.4 x 10-2 Nm- 2 (1.3 x 10-7 atm) and 1.5 x 10-4 Nm- 2 (1.42 x 10-9 atm) over the 

temperature range from 910 K to 1285 K. Weight gain data obtained at these 

three sulfur potentials are shown in Figs. 1, 2 and 3, respectively. All data 

are plotted according to the parabolic equation; 
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As seen in Fig. 1, at a sulfur potential of 39 Nm-2, the reaction obeys the 

parabolic relationship with the exception of a transient period at the very 

early stages of sulfidation. A decrease in this transient period with increas-

L,g temperature is seen to occur. An analysis of the slopes of the linear 

portion of the curves gives the parabolic rate constants, K". The logarithm 
p 

of these parabolic rate constants as a function of the reciprocal of the 

absolute temperature is shown as the upper curve in Fig. 4 and yields an 

activation energy of 121 ± 8 kJ mole-1• Due to very rapid increase in reaction 

rate with temperature, a 0.5 mm ~cale developed in less than 50 minutes at the 

higher temperatures. 

The da:~ obtained at the sulfur potentials of 1.4 x 10-2 Nm- 2 and 1.5 x 

10-4 Nm- Z are shown in Figs. 2 and 3, respectively. The data at the inter-

mediate sulfur potential (Fig. 2) is seen to differ from that obtained at the 

higher potential (Fig. 1) in two ways. Although the transient period still 

decreases with increasing temperature, in general it is increased compared 

with that observed at 39 Nm-2 (Fig. 1). Additionally, the rate of sulfidation 

is seen to increase progressively with temperature up to 1145 K and then 

suddenly decrease ~ith a further increase in temperature. This effect is 

clearly evident in Fig. 4 where this data is shown by the solid symbols. From 

the data at the lower temperatures, an activation energy of approximately 125 

kJ mole- 1 was calculated and is in agreement with that observed at the higher 

sulfur potential. 

At the lowest sulfur potential studied (1.5 x 10-4 Nm-2) , the reaction 

rates are the lowest and decrease with increasing temperature, as seen in 

Fig. 3. The change in slope in the two lower curves of Fig. 3 are the result 

of changes deliberately made in the sulfur potential. At the breaks, the 
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sulfur potentials were increased from 1.5 x 10-4 Nm- 2 to 10- 3 N~-~ by chang­

ing the ratio of ri2 to H2S, This was done in order to test whether an 

increase in sulfur potential had the expected effect on the sulfidation rate -

an increased rate of reaction with an increase in the sulfur potential at a 

constant temperature - which it does. The functional dependence of the para­

bolic rate constant on temperature is plotted in Fig. 4 by the square symbols. 

It is seen that the rate of reaction decreases abruptly from 1065 K to 1145 K 

with a further slight decrease at 1230 K. 

Layered Sulfide Scales 

At all temperatures and sulfur potentials investigated, the sulfide 

scales consisted of either one or two outer layers in addition to a subscale 

or a zone of internal sulfidation. This is shown in Fig. 5 for scales fon~d 

in a sulfur potential of 1.4 x 10-2 Nm- 2 at 1145 K and at 1226 K. The outer 

layer nearest to the subscale will be termed outer layer I (OL-J) while t.he 

outermost layer of the layered scale will be referred to as outer layer Ii 

(OL-II) • 

A correlation be"'-ieen the number of outer layers formed in the scale and 

the kinetic behavior of sulfidation was observed. The two outer layers were 

present only when the normal increase in the rate of su1fidation with tem­

perature was found (Fig. 4). When only one outer layer was present, the rate 

of reaction was found to decrease with increasing temperature or the reaction 

rate was independent of temperature (Fig. 4). Thus, the sudden decrease in 

the reaction rate with increasing temperature appears to be associated with 

the tra.~ition in the layered sulfide scales from two outer layers to one 

outer layer. 
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In general, all sulfid~ scales appeared to ba porous with interface 

Tegiona between different scale layers bein~ more porous. In most cases, the 

interface regions contained large fissures and often separated from each other 

as a result of mechanical and/or thermal stresses. The relative thickmess of 

the scale layers including the sub scale were found to depend on both tempera-

ture and sulfur potential. 

Sulf ide Phases 

The various layers of the sulfide scale were mechanically separated and 

exa'7; '.ned using X-ray diffraction analysis. The subscale was adherent to the 

unr'~,.lcted alloy and had to be removed by scraping. The sulfide phases were 

ide~tified by comparing diffraction patterns witb the ASIM ~owder data file 

or nther relevant compilations available in the literature. 3 Because of the 

co~lex nature of the scaling layers, it was only possible to identify the 

v~jor phases present by this technique. More accurate and detailed analysis 

was possible by the critical examination of the microstructure of the scales 

and by compositional analysis of different phases using both energy dispersive 

X-ray and microprobe analyses. 

In all the scales where two outer layers were obtained, the outermost 

layer (OL-II) contained phases that were primarily of the Fe-Ni-S system. Two 

common phases were a phase containing monosulfide solid solution (Fe, Ni)l_xS, 

apparently formed o~t of pyrrhotite (Fel S) and Millerite (Nil S), and a -x -x 

phase known as Pentlandite (Fe, Ni)9_xS8' The OL-II layer formed below 1065 

K contained both of these phases. At higher temperatures, however, only 

Pent1andite was identified and this phase melted around 1145 K. The melt upon 

solidification separated into two phases, a metallic phase containing nearly 
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equal. ~DOuntS of iron and nickel and a sulfide phase with the Pentlandite 

composition, Fe4.SNi4.SSS' 

The X-ray analysis of the first outer layer (OL-I) indicated the presence 

of an iron chromium sulfide spinel (FeCr2S4, Daubreelite). The actual com­

position of this phase, as determined by the electron microprobe analysis, 

was different from the exact spinel compoflition. 1 A careful microstructur~l 

examination of this layer, however, revealed arrays of alternate sublayers in 

the slowly cooled samples. The sublayers were absent with quen. ~ed samples. 

These sublayers could not be separated mechanically and thus, the X-ray 

an3lysis could not be made on the individual sublayers. By microprobe analysis 

it was deduced that the sublayers differed only in the Fe:Cr ratio and that 

all phases belong primarily to Fe-Cr-S system. 

Subscale formation was found to be due to inter~.al sulfidation and hence, 

is an agglomerate of sulfide phases in a metal matrix. The sulficie pnases 

are primarily the spinel and the chromium sulfides with the latter present 

mainly at the interface of the unreacted metal and the subscale. Additionally, 

the formation of manganese sulfide and the enrichment of silico~ was indicated 

in the suUscale. The chromium sulfur system is very complex and has a number 

of phases; each stable in a narrow range of composition. 4 For this reason it 

was not possible to ascertain the exact phases present in the subsurface scale by 

X-ray diffraction analysis alone. From a combination of energy dispersive X-ray 

analysis and microprobe analysis, it was deterulined that the chromium sulfide 

phase present 1s either Cr2S3 o' CrSS6• Additionally, small amowlts of iron 

dissolved in the phase made the analysis even more difficult and ambiguous. 

Finally, the dp.pth of the internal sulfidation zone, the composition of the 
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8ulfide phases, and the composition of metal surroundins the sulfide are 

dependent on the temperature as well as the partial pressure of sulfur. 

Microstructure and Composition of Scales 

The microstructure of the sulfide scales was ubserved by examining the 

meta110graphica1ly polished cross sections of the samples. In &ost cases the 

scales flaked off during cooling. Such samples were c~llected and examined 

separately from the unreacted alloy. The cross sections were examined employ­

ing optical as well as scanning electron microscopy. The microstructural 

variations within the scale with respect to the layered structure and vari­

ations within the individual layers with r(~spect to temperature and pressure 

were studied. The compositional changes associated with the microstructural 

variations were determined by either energy dispersive X-ray analysis or by 

electron microprobe analysis. 

VariaLons in the Outermost Layer (Ol.-II) 

The microstructure of OL-II formed at 933 K in a sulfur potential of 1.4 

x 10-2 Nm- 2 is shown in Fig. 6. Samp1eb reacted below 1000 K at all sulfur 

potentials exhibited similar microstructures. Two distinctly different phases 

were observed. The br:'.ghter phase seen in Fig. 6a is the exso1ved Pentlandite 

phase in the form of lamellae along the darker phase of Pyrrhotite an~ Mi11e.ite 

in solid solution. This microstructure i3 similar to that reported earlier 

by CraigS and Ku1lerud. 6 The composition of the exso1ved Pentlandite phase is 

shown in Fig. 6b whereas the composition of the solid solution phase is shewn 

in Fig. 6c. The nickel content of the latter was observed to vary from 10 to 

14 wt. % depending on the temperature and pressure of su1fidation. 
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Samples reacted at 1065 K in a sulfur potential greater than 1.4 x 10-2 

.-1 d.f.d not .. how the two phase separation and the X-ray analysis showed the 

formation of Pentlanditc, (Fe, Ni)9SS' Compositional analysis indicated, 

however, that the iron and nickel contents are not equal. The exact composi-

t:f.on of this phase, at this temperature, was found to be represented as 

Fe5.SNi3.2SS' TII~' difference between the monosulfide solid solution and the 

Pentlandite phase is the sulfur content, which is 41 and 38 wt. %, respectively. 

Upon further increasing the temperature, Pentlandite constituting the outer-

most layer melted and the melt collected as globules adhering to the bottom 

portion of the hanging sample. The cross section of one such globule formed 

at 1230 K ln a sulfur potent~al of 39 Nm- 2 is shown in Fig. 7. Similar obser-

vations •• ~. recorded for all the sampleli reacted above 1145 K with sulfur 

i 1 t than 2 X 10-2 Nm-2. potent a s grea er Upon solidification the melt separated 

into two phases; a metallic phase constitu'.ing primarily of nickel and iron 

and a sulfide phase with the composition Fe4.5Ni4.SSS (Pent1andite) as shown 

in Fig. 8. The bright regions in Fig. 8a represent the metallic phase and the 

grey regions represent the sulfide phase. The absence of stllfur in the bright 

phase is indicated in Fig. 8b _here Ka X-ray intensity image for sulfur is 

mapped. TIle compositions of these two phases are compared in Fig. 8c where 

the dotted pattern represents the bright phase and the bars represent the gre:; 

phase. The average composition of the overall melt was calculated by measuri~g 

relative areas of these two phases in a number of representative micrographs. 

The composition was fo'.md to be 27 wt. % S, 35 wt. % Fe, 38 wt. % Ni. Thia 

composition is very cl~se to that reported by Kullerud. 6 The maximum chromium 

content of any phase in OL-II was not more than 4 wt. %. 
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Pe.ltlandite, when melted at higher temperatures, penetrated the grain 

boundar:f.es of OL-1. Upon cooling the grain boundaries of OL-I were found to 

be cemented by the melt and the localized transgrdnular cracks had developed 

due to thermal and mechanical stressp.s as shown in Fig. 9. 

Variations in the Outer Layer (OL-l) 

The highly peculiar nature of OL-l is shown in Fig. lOa and is the result 

of the presence of alternate arrays of 8ublayers. These sublayers are lamellar 

in nature and look like a network of twin structures meeting at the grain 

boundaries. Exsolved nickel and iron, segregated at the grain boundaries, 

served as a vertex for the angularly arrayed sublayers. Each sublayer is in 

the form of a band, 'with bandwidth becoming wider as the band approaches the 

subscale. The sublayers were either less pronounced or absent when the samples 

were quenched from the test temperature, as shown in Figs. lOb and lOco These 

micrographs (Figs. lOb and 10c) were taken from the same sample, with the 

former observed nearer to 01-11 and the latter observed nearer to the subscale. 

All the photomicrographs of Fig. 10 belong to the samples reacted at identical 

conditions (T = 1145 K, PS2 = 1.4 x 10-2 Nm-2) , but with differing cooling rate. 

The sublayers were absent in samples reacted below 1000 K. The microstructure 

and the composition of 01-1, formed at 933 K in a sulfur potential of 1.4 x 10- 2 

Nm-2 and slowly cooled, is sho~m in Figs. 11a and Ub, respectively. 

The compositions of the two sub layers shown in Fig. lOa are com,ared in 

Fig. lOa'. The compositions of the light grey and the dark grey regions are 

represented by dots and bars, respectively. As can be seen, the sulfur content 

and the Fe:Cr ratio differed in two phases. The average composition of 

these sublayers is identical and is equal to that of the overall composition 

13 



l I _ l 

of the quenched samples, Fig. lOb', thus indicating that these sub1ayers are 

formed only during cooling. In samples formed at lower temperatures (910 and 

930°C), OL-l contains, primarily, the chromium sulfide phase, Cr2S3, with very 

little iron present, as is seen in Fig. lIb. These results suggest that dif-

ferent phases constituce OL-l at different temperatures. 

Another interesting feature of OL-I. is the segregation of nickel and 

iron at the grain boundaries (Fig. lOa), or as separate patches within the 

layer but close to the grain boundaries as shown in Fig. 12. In the quenched 

samples (Fig. lOa) the grain boundary width is smaller than that of the slowly 

cooled bamp1es \iig. lOb). Additionally, whenever nickel and iron were 

segregated as separate patches, the grain boundary width was smaller, as is 

shown in Fig- 12. 

Variations in the Subscale 

The subscale is composed mainly of the sulfide inclusions. in a metal 

matrix. The metal phase is rich in iron and nickel, whereas the sulfide phase 

is rich in chromium. The depth of the subsca1e, as well as the distribution 

and composition of the two phases were found to depend on the sulfur potential 

and temperature. At lower temperatures and higher sulfur potentials the 

sulfide phase in the subscale was abundant and the penetration depth was 

shorter. At higher temperatures and lower sulfur potentials the subscale con-

tained finely dispersed sulfide particles and the depth of the subscale was 

larger. A careful analysis indicated that the nature of the subscale is 

dependent mainly on the composition of OL-l. An increase in the chromium con-

tent of OL-l, increased the penetration depth. A more detailed analysis of the 

subscale is being reported elsewhere. 7 
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COMPOSITION PROFILES 

Concentration profiles across the sulfide scales were established by 

using either electron microprobe analysis or energy dispersive X-ray analysis. 

In both cases, point analysis was performed and the compositions represented 

the average compositions, i.e., the sublayers of OL-I were not separated for 

analysis. The composition profiles of the scales formed i~ ~ sulfur potential 

of 1.4 x 10-2 Nm- 2 and at 933 K, 1145 K and 1285 K are shown in Figs. 13a, b, 

and c, respectively. The temperature 1145 K is the transition temperature 

(Fig. 4) and above this temperature only one outer layer is formed and is 

accompanied by a decrease in reaction rate. Although the analysis was per-

formed for all the elements present in 310 stainless steel, profiles of the 

major elements (Fe, Ni, Cr and S) are shown in Fig. 13. It is seen that the 

nickel content of OL-II increases with temperature until OL-II disappears. 

The Fe:Cr ratio of OL-I generally decreases with temperature. The scale 

formed at 933 K and PS2 = 1.4 x 10-2 Nm- 2 is an exception in that it contained 

essentially pure chromium sulfide, Cr2S
3

• (TIle same was observed for scales 

formed at 910 K in a sulfur potential of 39 Nm- 2.) 

DISCUSSION 

Outer Layer II (Fe-Ni-S) 

The Outer Layer II formed in the sulfidation of 310 stainless steel con-

sists primarily of Fe-Ni-S. Assuming that small amounts of chromium «2 wt. %) 

observed in this layeL will not drastically change the phase relations of this 

system, the observations of the present study can be compared with the phase 

relations of the ternary Fe-Ni-S eystem. This system interested the geologists 
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for its mineralogical significance. Consequently, a voluminous amount of 

literature is available; however, only those €tudies which have some direct 

bearing on the present results will be considered here. 

The ternary Fe-Ni-S system is complicated by the presence of several 

phases and solid solutions. The phase relations for this system in the te~ 

perature range from 375 K to 1375 K have been reported by Ku11erud. 6 ,8 TWo 

of these phases--a solid solution of the monosulfides of iron and nickel and 

Pentlandite--were observed in the present study. Other phases such as 

Valerite (Ni2FeS4), Bravoite «Fe,Ni)S2)' Pyrite (FeS2), Vaesite (NiS2), 

Smythite (Fe3s4) and Polydymite (Ni3S4) were not observed. Some of these 

phases exist only at lower temperatures and the others form only under high~r 

sulfur potentials than those used in the present study. 

The monosulfide solid solution extends across the system from Fel S to -x 

Nil_xS without a miscibility gap.9 This phase can coexist with Pentlandite 

even to temperatures as low "'0; 475 K.3 During the present investigat.lons, 

such a mixture was observed (Fig. 6b). The exsolution of Pent1andite in the 

form of lamellae and veinlets can result from cooling the initially homogeneous 

monosulfide solid solution. 5 The exsolution is very rapid and can be observed 

even in the quenched samp1es. 3 The general composition of this phase was 

found to be 46 wt. % Fe, 14 wt. % Ni and 40 wt. % S and is in excellent agree­

ment with the values reported by Shewman and Clark. 3 Shewman and C1ark3 also 

reported the formation of two monosulfide solid solutions at lower tempera-

tures «475 K) with compositions 47, 14, 39 wt. %; and 18, 45 and 37 wt. % 

Fe, Ni and S, respectively. They conclude, however, that at higher temperatures 

these two phases approach the composition of each other. In the present study 

we observed only one monosulfide solid solution. 
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Kullerud6 reported the existence of a homogeneous liquid phase of co~ 

position pertinent to the formation of Pentlandite - Pyrrhotite or Pentlandite-

Hazelwoodite (Ni3S2) up to a temperature of 1375 K. Upon cooling, the monosul­

fide solution crystallizes first from the liquid and co-exists down to 1135 K 

with a metal rich iron-nickel-sulfur liquid. Below 883 K the Pentlandite-

Pyrrhotite pairs become stable. Between 883 K and 1135 K the Pentlandite of 

composition Fe4.5Ni4.5S8 decomposes to (Fe,Ni)l_xS having the hexagonal 

Pyrrhotite structure and to a.high temperature, non-quenchable phase equivalent 

to Ni3_xS2 but containing some iron. In the present study the sample reacted 

at 1065 K in a sulfur potential of 1.4 x 10-2 Nm- 2 has the actual composition 

Fe5.aNi3.2Sa indicating that this phase might be composed of a mixture of 

Fel_xS and Ni3S2; however, upon cooling this composition might have transformed 

to Pentlandite. Kullerud6 also observed the melting of synthetic Pentlandite 

at 1135 K yielding a metal rich, iron-nickel-sulfur liquid (= 20% S). 

More recently, Conrad et al. 10 reported their investigations on the 

stability of Pent~andite using differential thermal analysis. According to 

their observations Pentlandite undergoes the following transformation: 

890K Pentlandite ---. mss + HS 1130K + L --•• mss • 

It was also found that these transformations are reversible and one would 

expect that Pentlandite reforms after cooling. In our experiments the forma-

tion of liquid was observed which upon solidification gave two phases (Fig. 8)--

a sulfide phase (Pentlandite) and a metal phase (iron and nickel) as shown in 

Fig. 8. 

While the observations of the present study are in general agreement with 

the existing literature, two discrepancies were observed. First, the Pentlandite 
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phase was observed above 833 K. For example, the exsolved Pentlandite 

occurred with the monosulfide solid solution in the scale formed at 933 K 

(Fig. 6b). This may be explained in terms of sulfur potentials where, at 

lower sulfur potentials, the formation of Pentlandite is favored, as has been 

observed by Naldrett, Craig and Kullerud. 8 Secondly, it is difficult to under-

stand why Pentlandite--observed to decompose above 833 K - was found to melt 

at 1145 K. One potential explanation may be that Pentlandite is stable only 

under certain metal and sulfur activities and, thus, may be considered a com-

pound formed of Pyrrhotite and Hazelwoodite. At higher temperatures and lower 

sulfur potentials the Pyrrho~ite and Hazelwoodi~e decompose giving iron and 

nickel, increasing the metal activity and stabilizing the Pentlandite phase. 

Thermodynamically, Hazelwoodite could decompose, thus resulting in a high 

nickel content in the melt of Pentlandite. This explanation is consistent with 

the observations of Shewman and Clark3 in that Pentlandite is marked by the 

presence of (Ni,Fe) in the solid solu~ion. It is also to be pointed out that 

in the present study the reaction was carried out under dynamic conditions in 

contrast to the other investigators where the experiments were carried out in 

sealed tubes. However, the basic agreement of the results with the existing 

literature lends confidence that the gas phase equilibrium in the present 

experimental conditions is adequate, while the metal activities are controlled 

by the diffusion rates. 

Outer Layer I (Fe-Cr-S) 

The outer layer I consists primarily of Fe-Cr-S. Additionally, small 

amounts of nickel present in this layer at low temperatures and high sulfur 

potentials seem to play some role. Unlike the Fe-Ni-S system, very little 

information is available on this ternary system. Vogel and Heuman 1 1 suggested 
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that Daubreelite is formed out of Triolite (FeS) and CrS according to the 

reaction 

2FeS + 2 CrS - FeCr2S4 + Fe (3) 

However, Ramdohr 12 maintains that the formation of free iron from this reaction 

is very unlikely and alternatively suggests that FeS-FeCr2S4 forms a binary 

join with complete solid solution. The position of the solvus has yet to be 

determined as the FeS phase is triolite rather than Pyrrhotite. Although com-

plete mixing of Triolite and Daubreelite was assumed at high temperatures, 

unmixing of the solid solution was found during cooling by Ramdohr.12 In some 

meteorites, Daubreelite and Triolite were found as essentially pure phases in 

neighboring grains without any sign of a mixed crystal formation. In most 

cases, however, Ramdohr12 observed exso1ution textures in polished sections. 

Duriilg the present investigation we have observed a number of different 

phases at different temperatures. Samples reacted around 900 K formed a 

chromium sulfide phase with the composition Cr2S3• Very little amounts of 

iron were present in this phase, suggesting that neither a solid solution of 

FeS-CrS or FeS-C~2S3 nor a compound of FeCr 2S4 formed at these temperatures. 

Above 1000 K the OL-l contained Fe-Cr-S sublayers (Fig. 10), which differed 

only in the Fe:Cr ratio. From the quenching experiments it was deduced that 

these sub1ayers were exso1ved structures formed during cooling. However, the 

sublayers do not have compositions near Daubreelite. We, therefore, suggest 

that, at the reaction temperature, OL-l is made up of a solid solution of 

FeS-NiS-CrS. Upon cooling, the following reaction occurs; 

4(CrS FeS NiS) = 2 (Cr, Fe)S + FeCr2s4 + FeNi (4) 

19 

: 



Because of the high diffusion rates in these sulfides, the nickel and iron 

migrate to the energetically favotable locations such as the grain boundaries. 

An increase in temperature then increases the chromium content of the 

(Fe,er)l_xS phase. Finally, at temperatures above 1145 K and at sulfur poten­

tials less than the sulfur potential above FeS, the formation of sulfides rich 

in chromium is observed. 

From our experimental observations it is tentatively suggested that the 

pseudobinary joins of FeS and erS do not show any continuous solid solution 

around 900 K. Above 1145 K, under favorable sulfur potentials, the chromium 

content of (Fe,er)l S increases and the rate of sulfidation was decreased in -x 

relation to the chromium content. A more detailed thermodynamic analysis for 

all the phases in the system is being carried out. 

Subsca1e 

As was pointed out in an earlier pub1ication,l subscale growth is facili-

tated by a dissociation mechanism similar to that originally proposed by 

Dravnieks and McDonaldl3 and by Meussner and Birchena1l.1~ The partial pres-

sure of sulfur at the interface of the unreacted alloy and OL-1 is dependent 

on the composition of OL-1 and temperature. From the present experimental 

observations it is clear that the composition of OL-1 is dependent on both 

temperature and the external sulfur potential at which the reaction is carried 

out. Therefore, the subsca1e is also dependent on the sulfur potential and 

temperature and a more detailed analYSis of the subsca1e will be given else­

where.' 
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Influ~nce of Scaling Layers on Reaction Kinetics: Role of Chromium 

In a previous studyl it was shown from the marker experiments that the 

sulfidation of 310 stainless steel is controlled by the diffusion of metal 

ions through the sulfide scale. Since the scales are multilayered, diffusion 

through one of these layers will be the rate controlling step. During the 

course of this investigation, OL-II changed from solid to liquid at the trans i-

tion temperature, under favorable sulfur potentials, and finally disappeared. 

Fig. 14 shows the melt formed at a temperature of 1145 K in a sulfur potential 

of 1.4 x 10-2 Nm- 2 • The melt has collected at the bottom portion of the hanging 

sample. Consequently, OL-II is thick at the lower end of the sample (Fig. l4c) 

and is absent at the upper end (Fig. l4a). If th'a diffusion through OL-II 

were the rate controlling step, it is expected that the thickness of OL-I would 

change with respect to the sample position. On the contrary, OL-I is seen 

in Fig. 14 to have a uniform thickness throughout the length of the sample. 

Additionally, the composition of OL-I was found to be the same nt all positions 

of the sample at a given depth, indicating that the diffusion through OL-II is 

not the rate controlling step. The decrp~se of the r~action rate with the 

disappearance of OL-II (Fig. 4) is tho".lght to be purely Cl circumstantial 

coincidence. 

The decrease in the reaction rate with increasing temperature can also 

result if there are some species vaporizing and the vapor pressure becomes 

considerable when the temperature is increased. However, thermodynamic analysis 

did not reveal the presence of any such species. Moreover, duplicate experi-

ments were performed with a collector plate at the cold end of the exit gases. 

No material other than sulfur was observed to condense on the collector plate. 
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A careful analysis of the results has shown tr~t the sudden decrease of 

the reaction rate (Fig. 4) is also associated with the decrease in the Fe:Cr 

ratio as shown in Fig. 15. In this figure the Fe:Cr ratio of OL-I is shown, 

as a function of the reciprocal of the absolute temperature, for the three 

sulfur potentials investigated. It is seen from Fig. 15 that a sudden change 

in Fe:Cr ratio occurs at the two lower sulfur potentials, indicating the 

formation of a new phase which is more protective than the prior phase. It 

is, therefore, interesting to plot the reaction rate as a function of Fe:Cr 

ratio for these two sulfur potentials and this is shown in Fig. 16. The data 

are reasonably linear at each potential, indicating that diffusion through 

OL-I is the rate controlling step for which Fe:Cr ratio is critical. Once 

this critical composition has been reached, the reaction rate is independent 

of temperature. On the basis of these observations, the decrease in the 

reaction rate with increasing temperature can be explained. Increase in 

temperature increases the dissociation pressure of (Fe,cr)l S, resulting in -x 

the formation of a more chromium rich phase. The reaction rate is controlled 

by the Fe:Cr ratio which is dependent on both the teQperature and the external 

sulfur potential. This is in complete agreement with thp. results obtained at 

a sulfur potential of 39 Nm-2, which did not show any abnormalities either in 

the reaction kinetics or Fe:Cr ratio. The nature of the subscale formation 

is also closely associated with the changes in OL-I. 7 

CONCLUSIONS 

At a given temperature and sulfur potential the weight gain obeye~ the 

parabolic rate law after an initial transition period. 
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When the log of the parabolic rate constant is plotted, as a function of 

the reciprocal of the absolute temperature, a break in the curves was observed 

around 1145 K for PS2 ~ 10-2 Nm- 2 • This temperature, at which the break 

occurred, was termed a transition temperature. 

Below the transition temperature, the activation energy was found to be 

approximately 125 KJ mole-l. Above the transition temp~rature the rate of 

sulfidation was independent of temperature but dependent on the Fe:Cr ratio 

in the iron-chromium-sulfide layer of OL-I. 

Below the transition temperature the diffusion of Fe and Ni through OL-1 

contribute to the scale formation, whereas above the transition temperature 

the diffusion of chromium through OL-I controls the scale formation. 
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FIGURE CAPTIONS 

Fig. 1. Parabnlic plot~ for the sulfidation of 310 stainless steel at a 

sulfur potential of 39 ~m-2. Filled circles indicate the formation of 

liquid in the OL-II. 

Fig. 2. Parabolic plots for the sulfidatlon of 310 stainless steel at a 

sulfur potentiAl of 1.4 x 10-2 Nm- 2• Filled circles indicate the formation. 

of liquid in the'OL-II. 

Fig. 3. Parabolic plots for the sulfidation of 310 stainless steel at a 

sulfur potential of 1.5 x 10-4 Nm- 2 and higher. 

Fig. 4. Influence of temperature on the parabolic rate constant for the 

sulfidation of 310 stainl~ss steel. 

FIg. 5. Multilayered sulfide scales fvrmed during the sulfidation of 310 

stainless steel. (a) Scale formed at 1145 K and in a sulfur potential of 

1.4 x 10- 2 Nm- 2• (b) Scale formed at 1226 K and a sulfur potential of 

1.4 x 10- 2 Nm-2. 

Fig. 6: Microstructure and the clmposition of OL-II formed at a sulfur 

potential of 1.4 x 10-2 Nm-2 and 933 K.· (a) CompOSition of the grey phase 

(46 wt. i. Fe, 13 wt. r. Ni and 41 wt. % S). (b) Microstructure s~owing 

the exsolved lamellae of Pentlandite (bright phase). (c) Composition of 

the bright phase (30 wt. % Fe, 29 wt. % Ni and 38 wt. % S). 

,._.Fig. 7. Cross section of the metal-rich, iron-nickel-sulfur melt formed 

at 1230 K and a sulfur potenCial of 39 Nm-2• 
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'/ ;1i&. 8. Separatiun of two phases upon solidification of a melt formed in a 

[sulfur potential of 1.4 x 10-2 ~m-2 at 1145 K. <a> Microstructure of :he 

:801idified melt. (Bright and grey phases are the metal and the sulfide 

-\ 

phases, respectively.) (b) X-ray intensity image for the Kw radiation of 

;su1fur showing the absence of sulfur in the bright phase. (c) Comparison of 

,the compositions of metal and sulfide phases. Dotted pattern represents the 

bright phase and bars represent the grey phase. 

_--:Fig. 9. Penetration of mdt through ::he grain boundAries of OlrI at 1230 K 
i _ 
,and a suI fur potential of 39 Nm 2. 

Fig. 10. Effect of cooling rate on the formation of sub1ayers in OL-I. 

T • 1145 K, PS2 • 1.4 x 10-2 Nm- 2. (a) Slowly cooled sample showing the 

sub1ayers. (b) and (c) Disappearance of sub1ayers in the quenched samples. 

(a') Compositions for the individual sub1ayers of Fig. lOa. Light grey 

phase - 14 wt. % Cr. 41 wt. % Fe, 43 wt. % Sand 1 wt. % Ni. Grey phase • 

26 wt. % Cr. 27 wt. % Fe. 46 wt. % Sand 0.5 wt. % Ni. 

(b l
) General composition of OL-I shown in Fig. lOb (19.5 wt. % Cr, 33.S wt. 

% Fe, 2 wt. ~ Nit 44 wt. % S). 

Fig. 11. Absence of suhlayers for c~rtain compositions of OL-I. (a) Micro-

structure of OL-I formed at 933 K and a, sulfur potential of 1.4 x 10-2 Nm-2 • 

(b) Composition of OL-I shown in Fig. 11a. 

Fig. 12. Segregation of metal phase along and near the grain boundarie5. 

(a) Microstructure and composition of the exso1ved metal phase (36 wt. % Fe, 

62 wt. % Ni. 1 2t. % Cr). 
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Fig. 13. Distribution profiles for iron, nickel, chromium and sulfur in the 

sulfide scales formed at a sulfur potential of 1.4 x 10-2 Nm-2 • (a) 933 K, 

(b) 1145 K and (c) 1280 K. 

r-/; Fig. 14. Micrographs showing the melting.of OL-II and its influence on 

f 

, the other layers of the Bcale. (T = 1145 K, Ps = 1.4 x 10-2 Nm-2). 
2 

Fig. 15. Fe: Cr ratio of OL-I plotted as a function of the inverse of the 

i absolute tempereture • 

. Fig. 16. The dependence of p&rabolic rate constants on the Fe Cr ratio 

. of OL-I. 
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