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ABSTRACT

The sulphidation properties of Fe-T0wt% Al alloys at 1173 K in

HZSXﬂ2 atmospheres were studied in the range of PS =1 x 10_2 atm to
2

1 X 10'6 atm with special reference to the morphological development in

the sulphide scale. Nodular growth of Fe]_XS has been observed at

Pe =1 x 1074 3
2

beneath these nodules.

atm to 1 x 107~ atm with extensive internal sulphidation
éulphidation kinetics of the Fe-T0wt% Al alloys were dpproximated
to a two-stage parabolic rate. A duplex scale is observed with an outer
layer of Fe]_XS, an inner layer composed of Fe]_XS + FeA]ZS4 having a pearji-
tic appearance and A1253 platelets or needles at the alloy/scale interface.
At Tong exposure, a film of FeA]ZS4 + A1253 develops at the alloy/scale
interface. Two models are advanced for the growth of this film. The pre-
sence of A1253 platelets or needles beneath the continuous A12$3 film is
interpreted to result from morphological breakdown of the A1253/a]10y inter-
face and internal sulphidation. Platinum markers were found between the
outer and inner layers suggesting growth of the outer 1aye} byloutward
iron migration and growth of the inner layer by jnward sulphur migration.

A schematic ternary Fe-Al-S isotherm is constructed using the alloy
sulphidation results and available thermodynamic data with respect’to the
binary sulphide phases. Various virtual diffusion paths representative of
the sulphidation kinetics and scale microstructures for Fe-10wt% Al and

: f
Fe-15wt% Al alloys are indicated on this schematic diagram.
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. CHAPTER 1

INTRODUCTION
Development of high temperature sulphur and H2§/resistant materials
has gained considerable importance at present because of the degradation

of reactor materials used in coal gassification systems1’2.

A promising
way of utilizing coal is to convert it to synthetic natural gas (SNG) énd
pétro]eum type products. The typical operating temperatures of the re-
actors used for coal-gassification (1123 K-1273 K) and high operating
pressures lead to severe corrosion of reactor materials. The off-gas
from the gassifier contains H2, HZO’ CO and HZS’ of which HZS is quite
corrosive3. The presence of othér gases like 002, CH4 and NH3further
complicate the situation. .

On the other hand, oil industries have been presented with the
problem of high temperature sulphur corrosion in a number of their processes
due to the presence of sulphur in the crude oil. During the processing of
crude 0il, sulphur is re]easééﬂg;;ahri1y as hydrogen sulphide.

The development of corrosion resistant alloys is of considerable
importance because of the focus on the use of high temperature combustion
and energy conversion systems, including fluidized bed coal coébustors,

coal gassifiers, gas turbines etc., in which alloys constitute a major

fraction of the structural components that are exposed to corrosive

atmosphe}es at elevated temperatures. Quite often stainless steels and

other alloys are used to obtain useful life times for petroleum processing

4-6,9

vessels (temperature of operation 473 to 873 K) and -gassifiers
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respectively. Therefore it would be of considerable interest if less
expensive, HZS resistant Fe-based alloys could be developed at the -~
temperature of concern.

The use of aluminium in a number of metals and alloys to reduce
the oxidation behaviour at elevated temperatures or as an external coat-
ing is well known 7 , because of the preferential formation of a protective
aluminium oxide fiim. It has been found also, that aluminium addition
to iron reduces the sulphidation of pure iron by two orders of magnitude
in pure sulphur vapour in the range of temperatures from 774 K to 973 ¥ 8-11
In view of the above facts, sulphidation studies of Fe-Al alloys in HZ/HZS
atmospheres at elevated temperatures is a matter of basic importance.

The sulphidation behaviour of metals and alloys is also a subject
of academic interest, since it would be hoped that *fundamental studies of
this phenomena might ultimately lead to a more complete understanding
of the process, for the development of better sulphidation resistant
materials. The growth of multilayered scales (usually observed in CO/CO2
and H2/H25 atmospheres) is not well understood because of the corrosion
processes are generally complex owing to the oxide/sulphide solid solutions
aﬁd multicomponent compounds, concurrent diffusion in the alloy, internal
oxidation/sulphidation respectively. There is also a lack of funda-
mental data concerning metal-sulphur and the binary alloy-sulphur systems

in respect of sulphide defect structures, phase diagrams, diffusion data.

Materials considered for application in the high temperature \\\\\\\
corrosive gaseous environment must possess good structural integrity and
inherrent resistance to the corrosive atmosphere. For the present investi- s

gation Fe-10wt% A1 was chosen because of its good resistance to high



temperature oxidation]2 as well as good room temperature mechanical
properties]35.

In the following chapteﬁs, a general outline of the theory
applicable to alloy sulphidation, a literature survey, experimental and
analytical techniques will be discussed followed by a presentation and

discussion of the results obtained in the present study.
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CHAPTER 2 ’
PRINCIPLES OF SULPHIDATION OF METALS AND ALLOYS

2.1 _INTRODUCTION: ,

Elementary sulphur and its compounds constitute a major problem
of corrosion in many essential branches of modern industry. Although
sulphur and oxygen are the elements of the same group of the periodic
tablé, environments containing sulphur or its compounds are generally
more aggressive than oxygen environments. First, the deqree of disorder
of the crystal latticg of sulphides exceeds considerably the disorder of
corresponding oxides, in consequence of which fhe mobility of reactants
in sulphide scales is many times higher than in oxide scales. In addi-
tion, eutectic temperatures for metal-sulphide systems are considerably
Tower compared to the eutectic temperatures for corresponding oxide
systems. Catastropic corrosion, caused by the fprmation of 1liquid
corrosion product, appears therefore in sulphur or HZS environments at
lower temperatures than in oxygen atmospheres. Also the high dissocia-
tion pressu}es of sulphides compared to oxides lead to a high partial
pressure of sulphur at the sulphide-core interface which favour rapid
intergranular corrosion.

Table 2.1 shows the melting point of several sulphides and sulphide
eutectics]3. Nickel for example, exhibiting the greatest oxidation resist-
ance among the iran group, has at the same tihe the Towest sulphur resist-
ance]4, which is a consequence of the Towest eutectic point in the Me-Mes

system among these metals (Table 2.1). A reverse situation exists

in the case of refractory metals. Molybdenum an&}tunqsten are
4



TABLE 2.1

Melting point of some sulphides and sulphide eutectics

Chemical Melting , Sulphide Melting
Compound Point K Mixtures Point

& Eutectics K
La253 2372 Mn0-MnS 1673
CeZS3 2273
ThS2 2198 FeS-MnS 1454
inS 2073
Cds 2023 FeD-FeS 1213
MnS 1818 Fe-FeS 1258

.K)

HgS 1823 A

N1'—N1'3S2 908
FeS ) 1470
MoS 1458 Co-Co4S3 ‘ 1153
CuS 1403
PbS 1385
CoS 1373
A1253 1373
S1‘S2 1373
NaZS 1251
NiS - 1083
N1’3S2 ‘ 1060
BiS 948
Sb,S 823

273




rapidly corroded in oxygen atmosphere, whereas in sulphur environment,
even above 1373°K they exhibit scaling resistance properties]3. There-
fore, the reaction kinetics in both of these processes differ in magnitude
and in the’'nature of rate controlling steps which are different in high
temperature oxidation and sulphidation reactions.

In this chapter, the theoriesyof oxidation and the general observa-
tions in the metal-sulphur system have been outlined. For a detailed
aspect of oxidation and a more comprehensive review relating to specific

metal-sulphur systems written by St;raff'orod]5

13,16-21

, the reader is refered to

22,23

many standard works and recent reviews

2.2 THERMOOYNAMICS OF SULPHIDATION:

A consideration of the elementary thermodynamic principles pro-
vide an initial guideline to establish the 1ikelihood of forming a sulphide
from a metal in a given sulphidizing environment (elemental sulphur or
st) .

Where HZS is the principal species, the reaction would be of the

type

M+ HZS = MS + H2 (2.1)

The driving force for the above reaction is the free energy of this
reaction AG, which can be expressed in terms of the standard free energy
of this reaction and the activities of the reactants and products.

s "~ PHop (2.2)

AG = a6° + RTIn
A

‘- p

‘where AG = free energy of the reaction (2.1)



N P

26° = standard free energy of the reaction (2.1)
R = gas constant
If AG is negative, then the reaction can be assumed to occur
spontaneously.
The standard free energy values of the reaction of type (2.1) are
generally not reported in the literature. Therefore the standard free

energy for reaction (2.1) can be obtained by adding the 66° of two follow-

ing reactions,
M+ 1/2 S2 = MS (2.3)

, HZS = H2 +1/2 S2 (2.4)
since the free energy is independent of the reaction path. References (15)
and (24) describe the standard free energy versus temperature diagrams for

the formation of various sulphides.

2.3 KINETICS OF SULPHIDATION:

Oxidation of different metals generally follow different kinds of
rate laws. The oxidation product eventﬁa]]y covers the metal surface com-
pletely so that subsequent reaction will be controlled by the physico-
chemical properties of the oxide scale. Table 2.2 summarizes the integrated
form of rate laws. However, during sulphidation of pure metals under iso-
thermal conditions, three kinds of rate laws are generally observed (linear,

parabolic and mixed parabolic).



TABLE 2-2

Integrated Forms of Rate Law

Linear A%— = kgt + C2
. AW, 2
Parabolic (~K) = kpt + ?9

Mixed parabolic or
AW 2 |, AW |
(—i) + _K'kz' kt+C

General Paraboic D Mp
, W3
Cubic (—K) =k.t+ CC
Logari thmic Mol In(t o+t +C
A an 0 L
Inverse Logarithmic (AE)'] =C. - k. logt
A i L

(AN

where -KJ is the weight change per unit area of the specimren.

The sulphidation of a pure metal takes place in different stages.
These stages are described individually and are in general applicable to

metal oxidation and sulphidation.

2.3.1 Adsorption of gas molecules

The adsorption of gas on a solid surface is the accumulation of
gas molecules on the surface. In the reaction between a metal and a gas,
this adsorption is a very initial process. On an average there are about
10]5 adsorption sites per square cm of a clean metal surface. From kinetic
theory of gases, it may be estimated that if all the molecules that impinge
on a clean metal surface are adsorbed, a monolayer of adsorbed gas will be
formed in about 2 seconds at a pressure of 10'9 atmosphere and room tem-
perature. Therefore diffusion in the gas phase is not rate controlling.

The adsorption process results in a decrease of the surface free

energy. The reactive gas-molecule initially adsorbed on the surface forms



a Vander Waals (physical adsorption) type of bond. The physical adsorp-
tion of molecules generally proceeds without any activation energy (like
liquefaction) and occurs as fast as molecules impinge on the surface.

The next step is the formation of a chemical bond between the adsorbed
species and the surface atoms. In this step (chemisorption), the reaction
may proceed slowly involving an activation energy (activated adsorption)
and eventually an oxide nucleus is formed. In contrast to physical
adsorption, chemisorption may at this stage control the reaction kinetics.
Chemisorption is dependent on crystallographic orientation, ledges and
point defects in the surface etc. and is supposed to predominate at "active"
sites on the surface. However, the work of Germer and MacRae25 and that
of Ramasubramanian26 have shown that the initial oxide forms at random
positions on the surface after the surfgce had beeome fully covered with

chemisorbed oxygen.

2.3.2 Nucleation and growth of oxide Particles

The initial oxide formation on the surface of a pure metal
generally appears at random sites as isolated oxide nuclei. The nature
of the nucleation sites is still a matter of conjecture, but they may
possibly constitute surface imperfections, impurity atoms, grain boundries
etc. The nucleation of NiQ and its orientation on Ni surface has been
found to occur preferentially on the (111) and (100) planes of N127.
After the formation of random oxide nuclei, the oxidation proceeds
through a growth of individual crystallites until the whole surface is
covered with oxide. )

Evans28 has considered oxidation processes involving lateral

growth of three dimensional oxide crystals on the surface. For such
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lateral growth, the fraction f of the total surface area covered at time
t is given by

f=1q( - exp(-ktn)] (2.5)
where n is given by the nucleation rate. If nuclei appear simultaneously
and the density of nuclei remains constant, n = 2; if the nucleation rate
is constant, n = 3. If nuclei grow simultaneously at a linear rate normal
to the surface, by a rate controlling phase boundry process for example,
the reaction rate will initially increase and eventually become linear
when the surface is comple&e]y covered. Alternatively, if the oxide
growth normal to the surface is parabolic (diffusion controlled for example),
the oxidation rate will initially increase and eventually decrease accord-
ing to a parabolic rate. The latter type of kinetics is described by a

sigmoidal curve and has been observed in the sulphidation of Ni-13a/0Al a]]oyzg.

2.3.3 Oxide Whiskers and Platelet Formation

Oxide crystals have been observed in numerous gas-metal reactions
to grow in the shape of whiskers, columnar crystals, blades and p1atelets30'35,
in addition to the growth of oxide nuclei and crystallites in the form of
mounds and polyhedra. Such growth has never been found to occur during
the initial stage of oxidation but is perhaps associated with oxide films
or scales. Oxide whiskers are single crystals. Example of such whisker

growth has been observed by Gulbransen and Copan35

in the oxidation of
iron.

The growth and the shape of the oxide crystals. are functions of
temperature, time and atmospheric composition. In the oxidation of

iron in HZO + 0, mixture at 400°C whiskers were observed during the first
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few hours of reaction and after 14 hours, whiskers were absent. The pre-
sence of water vapour was found to have a critical effect on the shape
and size of a crystal. Gulbransen et a1.34 have suggested that the
metal structure itself determines the localized crystal growth, but it 1s
more widely believed that the whiskers have their nucleation sites and

origin in the oxide base film>C*3!,

It has been found that when a metal
forms more than one stable oxide during oxidation, whiskers always consist
of the highest oxide. This suggests that whiskers are not in direct con-
tact with the metal.

The amount of oxide contained in whiskers and platelets represents
a minor part of the total surface oxide. Although such c¢rystal growth
greatly increases the total surface area of the specimen, there is no
unequivocal evidence that such crystals have any marked effect on the re-
action behaviour. At this stage the total reaction rate appears to be
governed by the growth of the base film, and the whizker growth is pro-
bably a result of secondary effects and changes in the oxide film. Figq.

2.0 shows some typical shapes of wustite whiskers obtained in COZ/CO

atmosphere at high temperatures.

2.3.4 Scale Formation

Oxide films greater than 10,000X in thickness are assumed to be
eﬁectrical]y neutral when formed rapidly at high temperatures and after
extended periods of time at intermediate temperatures. In most cases,
scales exhibit parabolic growth behaviour. Other growth reiationships
like Tinear, asymptotic and logarithmic are also observed depending on
the type of rate control and occurrence of additional processes such as
spaTTing'of oxide film and a short circuit diffusion of reactants in the

oxide films. iy
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36has formulated a quantita-

For the arowth of thick oxide films, Wagner
tive theory for the parabolic growth which has since been tested in many
systems and by several investigators. He postulated that the diffusing
sﬁecies in the oxide scales are jons and electrons which migrate independ-
ently. The prerequisite for an iontc species to be mobile is that its
sublattices contain point defects such as interstitial ions and vacancies.
Reactions at the oxide-gas and oxide-metal interfaces are considered to
be sufficiently rapid for local equilibrium to be established at these

interfaces. Wagner defined a rational reaction rate constant, kr, by

the equation

k
dx _ _r
3t Veq' < (2.6)
where . %%:= rate of thickening of the oxide scale
t = time
Veq= Eqd?&EWent volume of the oxide.
Tﬁé expression for the rate constant kr involving diffusion coeffi-
P 4
cient is given by a(s)
¢ r X
Z
= M
kr = Ei (DMZ + Dx)d lnax (2.7)
Sm)
. X .. -
or (a(m) .
SRR L .
= X
Jaras) R

where.CT = ZMCM = ZXCX is the -concentration of metal or non-metal ions
in the oxide in equivalents per cubic centimeter, a, and ay are the
ihermod&namic activities of the nonmetal, and mefa] respectively. DM
and D, are the self-diffusion coefficients of the metal and non-metal

18

respectively. The superscripts (m) and (s) refer tqQ the oxide-metal
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and oxide-gas interfaces tespectively.
In Wagner's parab?]ic oxidation theory it is assumed that the

oxide is homogenous and dges not contain structural irregularities such as

pores, grain boundries or:dislocations. Investigations on oxide layers
by electron microscopy, Xiray diffraction techniques and studies of
nucleation of oxide on metal surfaces show that these assumptions may
often be an over simplifjcation. Smeltzer et a1.37 have proposed a
theory to describe the non-parabolic oxidatiom kinetics of titanium,
hafnium and zirconium. In this theory, lattice diffusion and diffusion
along low resistance paths, which decrease in density with time, were
assumed to occur simultaneously. Irving38 proposed a model for non-
parabolic oxidation based upon a combination of grain boundry diffusion
and lattice diffusion. Perrow, Smeltzer and Embury39 have employed the
above concepts based upon short-circuit diffusion of reactaﬁts to explain
the non-parabolic oxidation kinetics of nickel. In their analysis the
contribution of grain boundry diffusion to the effective diffusion coeffi- -
cient, Deff’ was weighted according to the grain size.

It has been shown by Fishbeck40 that oxidation can occur by
phase boundry control at ¢he oxide/gas interface wHen experimental
conditions satisfy the  -relation that diffusion of reactants through
the scale is much more rapid than the surface re§ct%on steps. Petit et

41,42 43,44

al and Smeltzer have shown that this condition applies to the

oxidation of iron . in CO/CO2 atmospheres at high temepratures. Smeltzer
has obtained a functional dependence of the linear reaction rate constant

-
on the partial pressure of CO2 in the atmosphere for iron oxidation and

applied this mechanism to the ox{dation of Fe-Ni alloys in COZ/CO atmospheres.,

o .
Py ¥
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A simplified approach to one such case of oxidation of a metal or an
alloy in 002/C0 atmosphere is outlined below.

For a reaction of type

Msolid ¥ COZ(g) ) Mosd1id ¥ COgas (2.9)
the steps involved can be written as
K
S + C02(g)————* CO(g) + 0, ds (2.10)
1
K2
0adS — Oinc + S (2.11)
2
C05(g) +—— COfg) +0, . (2.12)

where S represents a vacant surface site and 0ads represents  chemisorbed
oxygen and 01.nc represents oxygen incorporated in the oxide MO. Under the
assumption that number of vacant surface sites is constant, a detailed mass
and surface site balance predicts a simple linear relation between the
linear oxidation constant kz and the partial pressure of CO2 in the

ambient i.e.

*

k, = A(P - Pn) (2.13)
C02 €0,

L

where A is a constant, whose magnitude depends on the forward and backward
*
rate constants k], k] and kZ’ k2' PC02 is the partial pressure of CO2
corresponding to the dissociation pressure of the oxide. Equivalent
expressions have been derived by Kobayaski46 and Turkdogan, et a1.47.
Linear kingtics will also be observed if diffusion through a

barrier film of constant thickness is the rate determining process. If
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a compact scale becomes coﬁverted into a porous scale during the sulphida-
tion process, and the porous scale grows at a rate equal to the rate of
conversion of compact to porous scale, paralinear kinetics will result.
Also a transition from linear to parabolic kinetics occurs as a scale
thickens and transport process becomes the rate controlling step.45
The initial sulphidation of steel has been studied in pure HZS-H2
atmosphere%g. The data were analyzed by the graphic-kinetic technique of

Fishbeck49 and wagnerso.

According to this method, the corrosion reaction
is assumed to proceed by two consecutive reaction steps: a linear inter-
face reaction, followed by a diffusion through the scale.

Each of these reaction steps has its own resistivity defined as
1/k] for the interface reaction where k1 is a linear reaction constant, and
as y/k2 for the diffusion step, where k2 is the parabolic rate constant,

and y is the thickness of the reaction product scale through which diffusion

occurs. The total reaction rate is then given by

dy . __C_
k] k2
where C is a constant. Integrated and rearranged, this becomes,
to 1,y
y <1 ] + 2Ck2 (2.15)

Consequently, a plot of t/y vs. y should be linear, with 1/Ck] as the
intercept, and 1/Ck2 as the slope. Thus the initial kinet%cs may be ex-
plained in terms of two consecutive rate-limiting steps: a linear step,
presumably limited by an interface reaction and a proabolic step, pro-
bably cont;olled by the rate of diffusion of the reactants through the
sulphide layer.
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2.4 OXIDATION OF ALLQYS:

Oxidation and sulphidation of alloys are more important in
practical terms. It is necessary accordingly to develop at least a
comprehensive understarding of the mechanisms involved in order to pre-
dict their reaction rates and to design alloys that are more oxidation
or sulphidation resistant.

When an alloy AB is oxidized, the oxides may produce an oxide-
solid solution or they may be completely or partly immisciblg, produc-
ing simple or multiphase scales. In the case of partly or completely
immiscible oxides a simple classification for a range of alloys AB in
which A is the more noble and B is the less noble metal may be made and
the following categories exist:

(i) A relatively narrow composition range near pure A where AQ
is produced almost exclusively, at least in the external
scale.

(ii) A relatively wide composition range near pure B where B0
is produced almost exclusively.
(iii) An intermediate composition range where both BO and AQ are

produced.

. In composition ranges (i) and (ii),it is often possible to find

~doping of the major oxide by an element having a different valency, chang-

ing its defect structure and thereby its growth rate.

In the following a classification has been made51 on the different
types of oxidation and scale morphologies.
a) As a minor element B oxidizes in the following manner:

(i) Internally producing BO particles in the matrix element A
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(Fig. 2.1(a)). The dxygen pressure in the atmosphere is
less than the equilibrium dissociation pressure of AQ.
(11) Exclusively externally, giving a single layer of BO above
an alloy matrix depleted in B (Fig. 2.1(b)). The oxygen
pressure in the atmosphere is again less than the
dissociation pressure of AQ. A special case however exists
when both alloying elements can oxidize but the conditions
permit B to be highly se]ectively oxidized e.g. Fe-Cr and Ni-Cr
alloys rich in Cr produce essentially Cr203 scales, especially
when oxidized at Tow partial pressures of oxygen.
(b) The element A is now the major element and oxidizes exclusively:
(i) leaving the non oxidizable metal B dispersed in AO, e.g.
Cu-Au alloys rich in copper (Fig. 2.1(c)).
(ii) leaving the non-oxidizable metal B in a B-enriched zone
beneath the AQ scale e.g. Ni-Pt alloys (Fig. 2.1(d)). Fe-
Cr alloys richer in Cr than those in Class I (a)(ii) fall
in this category, as do certain Fe-Ni alloys Under appro-

priate conditions.

Class II
' Both alloying elements oxidize simultineously to give A0 and BO,
the oxygen pressure in the atmosphere being greater than the equilibrium
dissociation pressure of both oxides.
(a) AO and BO react to give a compound.
(1) AO and BD give a single solid solution (A,B)0, e.g. Ni-CO
alloys (Fig. 2.1(e)). 1In practice some internal (A,B)0

richer in B than the surface scale is found in the alloy.
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(ii) A double oxide is formeg, often as a spinel, which may give

a complete surface layer of variable composition (Fig. 2.1(e))
as for certain Fe-Cr alloys, or particles incorporated into

a matrix of AQ if the reaction is incomplete, as for certain

Ni-Cr alloys (Fig. 2.1(f)).

(b) AO and BO are virtually insoluble in each other.

(1) The less noble metal B is the minor component. An internal
oxide BO lies beneath a mixed layer of A0 and BO, e.q.
certain @u-Ni, Cu-Zn, Cu-Al alloys and many other examples
(Fig. 2.1(q)).

(ii) The less noble metal is the major component so that no
internal oxidation is now observed (Fig. 2.1(h)). In
practice, the second phase B0 in Figure (g) may not be
present in the outer regions of the scale containing the
oxide AQ as the matrix phase. The outer regions may be
oxidized to higher oxides, e.g. a Cu0 layer is found out-
side Cu20 on Cu-Si alloys. Conditions may develop so that
the internal oxide particles link up to give a complete

healing layer of BO at the scale base.

2.4.1 Theories of Alloy Oxidation

Most aFloys are thermodynamically unstable in an oxidizing atmo-
sphere. The level of oxidation rate is generally achieved by the formation
of a scale which acts as a barrier to the reactants, and must have the
following properties.

- (a) The concentration of jonic defects which effect transport,

must be Tow, and the oxides must remain nearly stoichiometric.
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Figure 2.1 Schematic representation of modes of oxidation of alloy AB
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(b) The vapourisation rate of the oxides forming the scale must be

insignificant.

(c) The scale must be practically free of pores, cracks or

other paths for short circuit diffusion.

Concentration of point defects” in a semi-conducting oxide or
sulphide (AQ or AS) is affected by the addition of oxide or sulphide of
heterovalent metal (BZO3 or 8253) respectively if it forms a solid solu-
tion. If dissolution of a metal (of higher valence) sulphide produces
vacancy and holes, diffusivity of A will increase. However, if inter-
stitial diffusion of metal ions is predominant,diffusivity of A will
decrease, since the concentration of metal imterstitials is reduced by
the “Frenkel reaction".

[f the defect is on the anion sublattice, production of anion
interstitials will increase its diffusivity but will decrease the dif-
fusivity of anions through anion vacancies. Similarly predictions can
be made for the addition of lower valent metal sulphides.

Thus one has a choice of alloying the parent metal to control the
sulphidation. However, this has a limited use because conditions such as
simultaneous sulphidation and good mutual solid solubility of the sulphides

must be satisfied.

2.4.2 Selective Oxidation:

Neglecting internal oxidation, mutual solubilities of oxides and
assuming the formation of a p-type oxide BO in which B diffuses by a
vacancy mechanism and electrons by postive holes, wagner52
showed that the diffusion controlled growth of BQ (Fig. 2.2) on the alloy

AB (Fig. 2.1(b)) followed a parabolic rate lower than that on the pure



/\lhay

B —

A

I

Concentration of B —>
(Dl

Oxide
(BO)

<—— Distance

Concentration —>
>
oo

- e am e e

<— Distance

Figure 2.2 Nagner'552

S * {b) Internal.

Oxygen
P
a.
Qxygen
b.
Solubility limit
of BO

oxidation models (a) Selective

22



23

metal B as given by

b 1/n _ pl/n
k _ "a
SN v - a— (2.16)
° Pa " P

here k and ko are the parabolic rate constants for BO growing on the
alloy and pure B respectively, Py is the pressure of oxygen, Pyis the
dissociation pressure of oxide in equilibrium with pure B. n is a
constant, usually in the range of 3 to 6, which is determined by the
defect equilibrium established locally within the oxide BO. Selective
oxidation takes place in alloys for which the oxides of the alloying
components show a great difference in stability for example iron alloys
with Si, Al, Cr and copﬁer alloys with beryllium or silicon. The
occurrence of preferential oxidation is dependent not only on the alloy-
ing element but also on the composition of alloy, reaction atmosphere and

temperature.

2.4.3 Competing Oxides

In an alloy AB of which B is a solute element and if A is not
totally unreactive, the kinetic processes may introduce A into the oxide
phases, either as A0 or as a mixed (AB)O oxide. If local depletion or
enrichment effects could be avoided (as by very high interdiffusion in
the alloy), the more stable oxide (taking account of the activities of
A and B in the alloy) must eventually form in contact with the alloy
owing to its ability to replenish the active element in the alloy phase
as it oxidizes. In real cases, the metallic element that is oxidized at

a fagtet rate is depleted from the alloy.

L4
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wagner53 examined the case in which BO has a lower dissociation
pressure than A0, but AQ grows faster on pure A, than BO grows on
pure B. If diffusion in the alloy is much faster than in oxide B8O, the
stable BO must eventually come to occupy the alloy-oxide interface
region. Alloys containing nearly equal A and B concentrations may form
continuous 1aye;§ of fast growing A0 with particles of the slower grow-
1ng B0 embedded in it (Fig. 2.3(b)). BO may nucleate first, then be-
comes surrounded by A0 (Fig. 2.3 (a)(b)); further formation of B0 particles
could be by a combination of direct reaction on the B-enriched alloy

layer and by chemical displacement of the type:
A0 + B (alloy) — BO + A (alloy) (2.17)

Levin and wagner54 showed that this reaction continues even if the
oxygen supply is cut off but annealing is continued. Price and Thomas55
showed that selective oxidation of the reactive element could be en-
sured from the start by keeping the oxygen pressure so low that only

BO can form.

BO particles formed as a dispersed phase can grow to give a
continuous layer, otherwise they act as a blocking layer and restrict
the active diffusion area through AO. The critical concentration for
the formation of a continuous BO blocking layer lies near the A-rich side
than the B-rich side (Fig. 2.3(d)).

Under the conditions of compact scale formation, three main
cases for oxidation of alloy A-B can be considered:

(i) At low concentrations of B, only A oxide is formed and
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Fig. 2.3 Model for the early stages of simultaneous growth of
immiscible oxides AQO and BO
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B will diffuse into the alloy from the alloy/oxide interface. As
oxidation proceeds, the concentration of B in the alloy will increase,
and formation of B oxide will take place when the concentration of B :
at the interface reaches the equilibrium concentration, X;, for the
mixture (alloy + A oxide + B oxide). The concentration of B in the

bulk alloy Xé, is originally smaller than X;

(11)  For sufficiently high concentrations of B in the alloy

Xgo only B oxide will be formed and A will diffuse into the alloy from
the alloy/oxide interface. Formation of A oxide will take place only

when the concentration of A at the interface reaches the critical con-

v e,
'

N " * *
centration XA =1 - XB corresponding to the equilibrium (alloy + A oxide

+ B oxide). Y

t |I,
B o} XB both B and A

oxide will be formed simultaneously. A possible reaction scheme for this

(iif) At concentrations ranging from X

case, assuming that cations are the mobile species and A0 grows more
rapidly than BO is shown in Fig. 2.3(c).
Based on the oxidation reaction controlled by diffusion processes,

Wagner showed that the critical concentration X", above which only B

B
oxide is formed is given by:
k 1
v " oy 2
Xp = (=) (2.18)
B 2%, Dpg
+
ZB

where V is the molar volume of the alloy, ZB is the valence of the B

jon and k0 is the parabolic growth rate constant of pure BO on metal B

and Moris the atomic weight of oxygen. Rapp56 has found a good agreement
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‘with the above theory in his investigation of Ag-In system whereas

Maak57 found large discrepancies for Cu-Be alloys at 85000 in air owing
to sub-scaling and porosity growth in the cuprous oxide. The Cu20 scale
had an inner two-phase Cu20-8e0 layer, along with internal BeQ in the

alloy phase.

2.4.4 Interface Stabjlity

wagner53 suggested that if interdiffusion in the alloy is fast
compared with the rate at which B is consumed by scale growth (DAB>>kO),
B cannot become depleted in the alloy to any great extent. A ripple in
the alloy-oxide interface develops rapidly at the advanced position
shown in Fig. 2.4 and labelled (1), because the concentration gradient
through the oxide is steeper at that point. Hence-the rippie decays
and a planar interface tends to be restored.

However, when diffusion in the alloy is much slower, the oxide
growth rate k drops well below ko' Ripples in the alloy-oxide inter-
face now grow more rapidly at deepest positions, labelled (2), because
the steepest concentration gradient in the alloy exists ét such points.
So instability of the phanar interface is favoured by slow intermetallic
diffusion and easy diffusion through the oxide. This is not subscaling
as oxygen dissolution and diffusion through the alloy and discontinuous

alloy phases are not involved. Lateral diffusion of B in the alloy spikes

contributes to the overall rate of oxide growth.

wégner58 found that the necessary condition for instability of

a planar interface is given by
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Xg (D/V_)alloy
B (D /vo)ox1de

where XB is the mole fraction of B in the bulk alloy, D* is the self-
diffusion coefficient of cation in the oxide at the alloy interface,
and va and V0 are the respective molar volume of alloy and oxide phase
and D is the interdiffusion coefficient in the alloy. The spikes are
favoured by dilute B and small diffusivity in the alloy relative to the
oxide. The more extended tips of the alloy spikes tend to spheroidize
and may give rise to isolated particles embedded in the external scale
as observed in the oxidation of Fe-Ni alloys by wu]f59 et al. The
above Wagner criterion is limited under the assumption that solubility
of oxygen in the alloy and of the more noble alloy component in the
oxide are negligible.

Coates and Kirka]dy60 in their paper have analyzed the condi-
tions for the stability of planar phase interface in isothermal ternary
systems making no assumption about phase constitution with the alloy-
oxide interface as a special case. Later Whittle, et a]§] examined the ef-
fects of removing the two solubility restraints introduced by Wagner on
the criterion for planar interface stability and demonstrated that
oxygen dissolution into the alloy with or without diffusional inter-

actions leads to a less restrictive criterion for planar interface

stability.
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2.4.5 Formation of Complex Oxides

Formation of a pure less-noble metal oxide as the protective

) layer on an alloy gives rise to the depletion of the alloy by oxida-
tion and causes the system to have poor self-healing properties in

the event of mechanical rupture of the protective film. Therefore,

the situation where a complex oxide containing both alloying components
forms on the alloy may be desirable. Diffusion rates in complex oxides
are very often appreciably lower than in the single oxides]9’62’63.

The best known examples of complex oxides are 'spinels' con-
sisting of compounds with the general formula AO'8203 where A-B is the
alloy. Generally spinels have a cubic structure. Schmalzried and
wagner64 have studied the lattice defect phenomenon in Fe-Ni spinels and
demonstrated that the diffusion parameters are smaller than in single
oxides. On Fe-Cr alloys FeCr204 spinel is formed, whilst NiCr204 is
formed on Ni-Cr under certain experimental conditions. A review of the
kinetics and mechanism of solid state spinels has been made by ArmijoGS
Oxide, sulfide and iodide spinels are technologically important as
computer memory cores and as protective scales formed during the
oxidation of high temperature alloys. Non-cubic oxides and sulphides

also form double oxides or double sulphides in a similar way to that

of spinels.

2.4.6 Internal Oxidation

Internal oxidation is a process whereby oxygen diffuses from
the phase boundry of the alloy into its interior depending on the

solubility and mobility of oxygen in the metals, to form oxide
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particies of the less noble metal within the alloy matrix. This is
often termed subscale formation. For internal oxidation to occur, the
diffusion rate of oxygen in the alloy must be much faster than the
alloying element. If this among other conditi;Jns66 are satisfied, an
oxygen gradient is established in the alloy and the dissolved oxygen
will react to form oxide of the less noble oxidizing element in a zone
below the alloy surface. The internal oxide zone extends to a depth at /
which the concentration of dissolved oxygen becomes too low to support
oxide formation.

Various features of this type of reaction behaviour have been
described by Rhines, et a1.67’68 Darken69, Bohm and Kahlweit70, Wagner7]

56,72,73 ¢ diffusion control is maintained, the depth £, of

and Rapp
the internal oxidation zone is a parabolic function of time, 't', and

may be expressed as:
1
g€ = 2y(DOt)2 (2.20)

while the velocity of the reaction front motion dg/dt is given by:
0
%§-= Y (;9)15 (2.21)
where, D0 is the diffusivity of oxygen‘in the base metal and v is a
dimensionless parameter.
By the application of Fick's second law to the one-dimensional
diffusion of oxygen in the base metal and assuming that previously

precipitated particles do not interfere with this diffusion of oxygen,

-
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3N

N
o - 0

=T Do-———? (2.22)

X
which may be solved for the following boundry conditions.
Ty = ) . .

No No for x =0, t =0 (2.23)
= N f £, .24

N, o or x > t>0 (2.24)

where No is the mole fraction of oxygen in the base metal, Nés) is the

mole fraction of oxygen at the external surface and x is the distance
from the external surface. Analogously, the solution of the diffusion

for the less noble alloying element B, namely
N

_._B_=D a?NB

(2.25)
at B sz

is obtained with the boundry conditions

Ng = Néo) for x » 0, t = 0 (2.26)

NB = Q forx < £, t>0 , (2.27)
where NB is the mole fraction of B at x and Néo) is the mole fraction of
B in the bulk alloy. )

wagner7] obtained the following solutinns of equations (2.22)

and (2.25) for the given boundry conditions as

L
() erf{x/2(D t)™*]
N, = N (- —= g L) (2.28)
(O) erfCEX/Z(DB't) 2]
N, =N 1 - 2.29
B B ( erf Yd,;i ) ( )

where ¢ = Do/DB’ erf is the error function and erfc is complimentary
error function and x is the distance from the outer surface of the

alloy.



Since the flux of oxygen is equal to the flux of B atoms at

the front of the internally oxidized zone:

(HVO o N

- _ B
X )x = g-¢ vDB(a X )x=£+e ] (2.30)

. Tim
0 [Do
where v is the number of oxygen ions per B ion 1n the oxide BOv.

[t can then be shown that

u(s) 2
Q = i@(x%erf X (2.31)
0 T :
Né P exp(v e )erte(ve ?)

from which y can be determined.
The mass balance condition at the precipitation front of the
internal oxidation zone can be used to find ah expression for v.
| Two limiting cases exist. For y << 1 and y¢% >> 1 which is

equivalent to

D n(s)
B 0 :
5 << =) << 1, Equation (2.20; 2.21) may be
0 NB
simplified to
ZNéS)DOt ks
£ I—\To (2.32)‘

Equation (2.32) is expected to hold under conditions where the movement
of the precipitation front is completely determined by the diffusion of
oxygen in the base metal. A shematic drawing of the concentration
profiles under these conditions is given by Fig. 2.5(a).

1
In a second limiting case, if v << 1 but y¢ << 1, conditions
S

which are equivalent to 0 B
. << =— << 1, then
Néo) Do
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n(s)
g = —=—{neD t)* (2.33)
vNB
Do
where $= —
) Dg

In this case, the rate of outward diffusion of the alloying
element, as well as the inward diffusion of oxygen are mmportant in
determining the kinetic; of oxygen. A schematic representation of
the concentration profiles under these conditions 1s given by Ffig.
2.5(b).

%

Similar treatments for simultaneous scale formation and internal
oxidation have been given By Rhines, et a1.68 and Maak57 for parabalic
growth of scale. Rapp74 has treated the situation when scale growth is
linear. Bohm and thlweit70 have made a detailed analysis of oxide
formation at the internal oxidation front. For the assumptions of
diffusion control and a finite solubility product (Ksp) of the precip1-
tated B0 oxide in the matrix, they derived the following equation for
the number of precipitates per unit volume as a function of the distance

from the surface x.

N(S) 3 :
Z(x) =8(—%) ] (2.34)
. . Dy (o) kX s
where 8 is a function of Bg-, N3 KSp and (NO)(NB) (thg critical con-

centration product necessary to form a nucleus of critical size).
wagner75 utilized the solutions of diffusion equations for

oxygen and the al]oy}ng element B to obtain an expression for the pro-

duct NBN; at any point. The gradient of this product can be related

to the diffusion parameters in the alloy, the bulk alloy composition,



B 0
N 5 << ()<< 1
. 0 B
or ’
NO
v No Bulk alloy
5 X ——

F{g. 2.5 (a) Concentration profiles for the exclusive internal
oxidation of alloys.

(s)
Ny D
- << - 1

Fig. 2.5(b) Concentration profiles for the exclusive internal
oxidation of alloys.
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composition of the alloy at the scale/alloy interface and the rate
of thickening of the external scale. Wagner evaluated the following
parameter in the alloy

\Y
- 3 1n NB-NO) (2.35)
S 3 X X = X,

9

where X, is the co-ordinate of the scale-alloy interface. At the scale-
alloy interface, the alloy is saturated with respect to the oxide B0 ,i.e. the
product NBN; equals to the solubility product K at x = Xo Thus one

has the following cases:

(a) If the value of 9, in equation is negative, the alloy
next to the scale is undersaturated with respect to
oxide Bov and no ipternal oxidation can occur.

(b) If conversely 9, is positive, the alloy next t;\the scale
is supersaturated with respect to oxide BOV and internal
oxidation may occur. Accordingly, the limiting condition
for possible internal oxidation is 9, > 0.

Qualitatively, it is readily understood that internal oxidation is
favoured by a flat oxygen concentration profile due to a high value

of Do and further by a steep positive gradient of N_ corresponding to

B

a high value of the corrosion constant and low value of D Wagner

B
applied the criterion g >0 to the oxidation of Cu-Pd alloys and
obtained a value ofg}bout 2600 for 9 indicating the condition for

internal oxidation satisfied.
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2.4.7. The Concept of Diffusion Path

In the oxidation or sulphidation of binary alloys, the independent
concentrations of the solute element B and oxygen or sulphur are functions
of the time and distance co-ordinates. However, if it can be shown that
NB and N0 are parametric solutions to the dffusion equations, i.e. for

all values of time, t, and distance, x

Ng = NB(x) (2.36)
and NO = No(x) (2.37)
where x = \(x,t) of the form X = xt% (2.38)

A relation between NB and N0 can be obtained which is independent of time

and distance. That is,
NB = NB(No) 4 (2.39)

This relation can be plotted on the pertinent A-B-0 isotherm and the locus
obtained is termed as the "VIRTUAL DIFFUSION PATH". This path is unique
for the given terminal compositions and a given set of experimental con-
ditions e.g., temperature, pressure, etc. The diffusioﬁ path concept is.
a very compact means of representing a ternary diffusion behaviour,
especially in multiphase systems.

Kirkaldy and Brown76

have developed seventeen useful theorems
relating to‘the construction of diffusion paths in ternary multi-phase
systems. The path obtained by plotting the relation (2.39) is defined

as a virtual diffusion path because it is calculated on the assumption
that all the interfaces are planar and stable and that there is no internal

precipitation. Using the virtual diffusion path in conjunction with a

knowledge-of the thermmfodynamic and diffusion parameter of the system,
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one can find whether or not to expect the morphological breakdown or
internal oxidation. To describe the actual configuration one must take
into account such phenomena and solve the diffusion equation with a re-
formated set of boundry conditions. A relationship of the form Egn.
(2.39) then obtained will be referred to as the "actual diffusion path".

Figure 2.6 shows a ternary isothermal section of a hypothetical
phase diagram (A-B-0) on which two possible diffusion paths and correspond-
ing schematic microstructures are shown. Path (1) enters into a two phase
region coinciding with a tie line showing a planar interface between
the oxide and alloy. Path (2) crosses the tie lines in a two-phase region
which implies the existence of a constitutionally super-saturated zone
in front of the planar alloy/oxide interface. Relief of this super-
saturation can occur through morphological breakdown of planar alloy/
oxide or sulphide interface and/or through internal precipitation of oxide
within the alloy phase adjacent to the interface. The oxidation behaviour
of Ni-Fe and Ni-Cr alloys have been interpreted by Dalvi and Coates using
the diffusion path concept77.

[t is worthwhile to mention the role of ternary diffusion interac-
tions in producing internal oxidation. The criterion for defining the on-
set of internal oxidation is when conditions exist at the alloy side of
the scale/alloy interface for the product of the metal and oxygen concen-
trations to exceed the solubility product of the binary oxide. By this
means a minimum composition of the less noble metal in the binary alloy,
above which internal oxidation will not occur, can be ascertained in
terms of the metal and oxygén diffusivities in the alloy and the parabolic

rate constant for external scale growth. Recently Smeltzer and Nhitt1e78{
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expanded this analysis by treating the binary alloy plus oxygen as a
ternary system to include the effect of both metal and oxygen gradients
in the alloy on the oxygen flux. The limiting bulk concentration of the
solute oxidized selectively is ascertained in terms of metal and oxygen
~diffusivities in the alloy, the Wagner interaction coefficient between

oxygen and solute and the parabolic rate constant of recession of the

alloy/oxide front.
¢
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CHAPTER 3
LITERATURE REVIEW

3.1 INTRODUCTION:

During the past 15 to 20 years there has been an increasing con-
cern in the petroleum and petrocheﬁica1 industries Wii: the elevated
temperature corrosion problems. Stainless steels are not ﬁnnune to
attack byMH2~HZS, although the rate of sca!ing_is generally low. There-
fore alternative alloying elements 1ike A1 and Cr were added to plain
carbon steel for petroleum refinery applications to resist high temper-
ature H2~HZS attack. This chapter reviews the available data on iron-
aluminium, iron-sulphur and a]uminidm*su1p?ur systems which will be
useful later in designing the experiments and to analyze the e;perimental
results. A thdrough quantitative interpretation of the éxperimental
results of the Fe-Al-S system will %gly be possible if informations such
as phase equilibria, activity coefficients, diffusion coefficients,
ternary phase extents, interaction coefficients are available.

Sulphidation behaviour. of pure iron and plain carbon steel has

been investigated by numefous workers in HZ—HZS atmospheres in a range

of temperatures. Unfortunately not muéS?%nformation is available‘on }@

Q%Ee kinetic and thermodynamic properties of aluminium sulphidation
. resulting in a very limited knowledge on iron-aluminium sulphidation

properties.

v
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3.2 PROPERTIES OF Fe-Al ALLOYS:

3.2.1 Crystal and Defect Structures

The phase diagram of Fe-Al (Fig. 3.1) is quite well known 79’80.

Unlike other f.c.c. metals Al is a ferrite («) stabilizer, the atomic
radious being 12% larger than iron. Miscibility with a-Fe extends to
more than 50 atomic perce;t aluminium. Within this b.c.c. region there
are two superlattices with wide solubility limits.. In AlFe (82), Fe
occupies the cube curners and Al the centres, the CSC1 (B2) structure and
AlFeq (B]) where Al occupies alternate cube centres, the BiF3(DO3) struc-
ture. Ordered A]Fe3 disorders at T ~ 830 K while disordering temperature
of FeAl is gbove 973 :’fs‘the alloy quenched from that temperature is

3
plex end-centered monoclinic structure, n(Al;Fe,) has an end-centered

ordered. Four intetg#diate phases are formed: 6(Al,Fe) has a very com-

orthorhombic structure, c(A12Fe) has a complex rhombohedral structure
and ¢ forms pertectically at 1504 K which decomposes eutectoidally at
about 1367 K. Solid solubility of Fe in Al based on lattice parameter
measurement81 has been found to be 0.052 wt% Fe at 928°K, 0.025% at
873 K, 0.006% at 773 K, and practically nil at 673-723 K. The lattice
parameter of alloys iq the range 0-50 at % Al and structural changes
connected with order-disorder transformation;were studied by Brad]ey82

and et al.

3.2.2 Directional Decomposition of e-FeAl

The e;FeAl phase which has been suggested to be b.c.c. with
16 atoms per unit cell- s formed peritectically at abédt 1503 K. The

FeA'I-FeA'l2 eutectoid as most eutectoids has a lamellar morphology83.

Y
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The unit cell and the lattice parameter of FeA'l2 have been recently
!

siudied by Bastin et a1.84 !

3.2.3 Thermodynamic Properties

The activity of Al and Fe in solid iron-aluminium alloys have

80,85,86,118

been determined by various co-workers Heats of formation

of solid Fe-Al alloys have been determined calorimetrically by Blitz

87 88 89

, Oelsen and Midde1™ -, and Kubaschewski and Dench™~.

86

and Haase
Radcliffe, Averbach and Cohen™ have determined the thermodynamic pro-
perties of Fe-Al alloys between 1173 K and 1273 K by electromotive
force measurements, using a molten chloride electrolyte. Fig. 3.2
represents a plot of the activity of Fe and Al vs. atom fraction of
aluminium at 1173 K. The activity of aluminium in these alloys shows a
strong negative deviation from Raoult's law at low concentrations but

increases rapidly above 40 atomic percent aluminium. The thermodynamic

properties of fe-Al alloys have been reported in reference 80.

3.2.4 Diffusion Properties

The diffusion in the a-phase of the Fe-Al system has been in-

115 116 117

vestigated by Sato ~, Hirano et al. and Nishida et al. Sato

has studied the diffusion of Al into a-iron at 1123 K and obtained the

following results.

D= 8.2 x 10" %n?/sec.
Dpy = 9.7 x 107 %n?/sec.
. =102
DFe = 193 x 10 "“cm“/sec.
A detailed investigation on the interdiffusion in the a-solid solution

117

of the Fe-Al system has been made by Nishida et al. in the range of
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temperature 1073 K to 1373 K. The chemical D was found to be strongly
dependent upon the Al concentration of the o-range in the Fe-Al system
and each D showed a peak value for a certain concentration of Al and
these peaks corresponded to the order-disorder boundry of the alloy (a)
(Fig. 3.3).

Figure 3.4 shows an Arrhenius pliot of 6 vs. 1/T at critical
compositions from which the activation energy Q was evaluated by Nishida
and et a].]]7, This activation energy was found to vary with the
aluminium concentration within the y-phase field. Figure 3.5 represents
the change in intrinsic diffusivities with temperature in the fange of
35.0 to 42.8 at % Al.

Ryabov and et al.]]g reported the following approximate diffusion

coefficients of Fe55 in Fe-Al compounds at 1223 K as determined by a

thin-layer radioactive tracer technique:

Fe in FeAl, D~ 1.25 x 10']Ocm2/sec.
Fe Ml p- 20 x 10710 on’/ec.
FeAl, D - 0.63 x 10" %cm?/sec.
FeAl D~ 6.3 x 10:]0 Cm2/sec.
Fe Al D-20x 10710 en?/sec.

Recently Fe]]nerlzo and et al. have measured the chemical
, diffusion coefficient D in the low and intermediate temperature range
. for 25 at % of Al-Fe. |
In the range of temperature 473 to 673 K the 6 value was

found to be
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B =6.518 x 1071 axpl™2685 K/T)

while at 673 K to 873 K

6 10466 K/T)

b= 6.567 x 108 exp™

3.3  PROPERTIES OF Fe-S SYSTEM:

3.3.1 Crystal and Defeét Structure

The equilibrium diagram of Fe-S (fig. 3.6) is well established79.
The different phases existing in the Fe-S system and their crystal
structures are tabulated in Table 3.1. OQut of the various sulphides,

pyrrhotite (Hexagonal Fe. S) and pyrite (FeS,) are stable sulphide

1-x 2

phases. The FeS, phase decomposes on heating at 1 atmospheric pressure

2
and 970 K.
TABLE 3.1
Phase Formula Symme try
T FeS (Troilite) Hexagonal
€ Fe]_xS (Pyrrhotite) Hexagonal
e Fe] xS (Pyrrhotite) Monoclinic
n FeS, (Pyrite) Cubic
FeS2 (Marcasite) Orthorhombic

The troilite phase is stoichiometric, whereas the hexagonal
pyrrhotite due to the presence of Fe vacancies (NiAS structure) ex-

hibits nonstoichiometry ranging upto 25 atemic percent. Its
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nonstoichiometry or phase exteﬁt as a function of sulphur activity and
temperature have been the subject of many recent investigationsgl'gs.

Iron sulphide is a metdlic-type electrical conductor at temper-
ature exceeding 411\K96, and the magnitude gf the conductivity is
practically independent of sulphur activity97. A point defect structure
model for this solid based on the existence of interacting iron vacancies
exhibiting strong repulsive forces has been advanced by L1bow1'tz94 to
account for the dependence of non-stoichiometry on sulphur activity and
temperature. It has been suggested also that different types of defects
can exist near stoichiometry, namely Frenkel defects94 or iron in sulphur
sitesgs, but direct experimental evidence has not been found to the
present for their existences98

The phase diagram99 for Fe]_xS is represented in Fig. (3.7),
which shows the presence of various phases. The sulphur-rich boundry is
moved to increasingly higher sulphur content as the temperature is in-
creased. The dotted lines represent the variation of non-stoichiometry

with temperature in iron sulphide at various sulphur pressures.

3.3.2 Thermodynamic Properties

The standard heat of formation of FeS has heen obtained by
numerous workers and summarized in Reference 10Q. The effect of composi~
tion on the standard heat of formation of Fe]_xs has been determined
by Ariya et al.lO]. Gronvold et al.loz determined the heat capacity of

Fe ~xS and determined the standafd entropies $% = 14.415 Cal/mole.K.

298
Rosenqvist]03 has determined the free energy of formation of

1

t
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FeS between 773 K and 1261 K (eutectic temperature) by using a mixture

2
in Appendix I. The equilibrium diagram for Fe-HZS/H2 system in Fig. 3.8

is drawn by Rosenqvist]03, The heavy curves correspond to different

of H,S and HZ. A detailed calculation of these data are represented

two-phase equilibria, and the slope of these curves correspond to the

heat of the corresponding reaction eq.,

Fe +H25 = FeS +H2

(3.1)
The fine curves correspond to constant compositions within a
homogeneous phase, and the slope of these curves corresponds to the heat

of solution of sulphur referred to hydrogen sulphide as reference, e.q.,

H,S = S(in FeS) + H

5 (3.2)

2
This type of diagram (Fig. 3.8) is quite useful in anticipating the reac-
tion products at a given temperature and HZS/HZ ratio.
The dissociation pressures of FeS over a range of temperature has
1
been described by McCabe et al. 08 and recently by Nagamori et al.gz.
In the region of temperature from 1073 K to 1373 K, the pressure tem-
perature relationship is given by92
10t |
log P = - 1.528 x —= + 5.48 (3.3)
52 T
Figure 3.9 shows such relationship.

The compound pyrite FeS, can exist in one of two forms (marcasite

2
at low temperature and pyritévat high temperature) with a transformation
temperature of about 635 K. Fes, decomposes around 980K, yielding a
monosulphide and elementéj sulphur. The thermodynamic properties of
Fes2 have been reported in Reference 100. The standard free energy

W

f
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of formation of FeS2 is given by

Fe(S) + sz(g) — FeSz(Q) (3.4)

86° = 334,700 + 240.5 T (+800)J.Mole™"  (3.5)

3.3.3 Diffusion Properties

The diffusivity109 and solubilityllo of sulphur in g-Fe are well

known and are given as follows

e ey o - 48,900
Ds(1n a-Fe) = 1.68 x exp — (3.6)
wt%SmaX(in a-Fe in eqqi]ibr%um with FeS)
= 7.85”X ]03 X exp - g'g*l’i:?.l)- (3.7)

Diffusional investigatibns on FeS are rather limited. Until 1974 iron
and sulphur diffusivfties were inferred from the scaling kinetics.
Condit et a].gg in 1974 using the radiotracer technique demonstrated
that iron diffusion occurs by a vacancy mechanism and at rates dependent

0

on- the crystallographic direction, D, = 1.8 Da, (C~ prismatic direction,

C
a + Basal direction). Furthermore they found that sulphur diffuses at
rates several orders of magnitude lower éhan for iron (Table 3.2). Fryt
and et al.]]], recently determined the chemical diffusivity and non-
stoichiometry as a function of sulphur pressure and temperature.

Using the iﬁterrupted sulfidation kinetic; method original]y
derived by Rosenbérglqz,:Fryt, et al.]]1, calculated the chemical diffu-

sion coefficient and found it to be independent of the degree of non-

stoichiometry at a given temperature. Its temperature dependence has - ;
\

R

been given as



e ——

© 6.58 X 10_] atmosphere for the range 673 K to 1073 K. Hauffe and Rohmel

57

Dlcnfsec.) = (6.7 + 2.0) x 107 axp 2309002600 (3g)

Figure 3.10 shows the variation of chemical 0 with temperature. Using
a point defect model involving a large repulsive intergction between
iron vacancies to interpret their results, Frytl]] et al. obtained a
correlation yielding an expression to evaluate the self diffusion coeffi-
cient of iron from chemical D, and obtained good agreement with the iron
tracer diffusivity in the a-direction obtained by Condit, et al.gg,
Recently Dam‘elewski”3 has studied the self-diffusion of Fe in
Ferrous sulphide and using the tracer diffusivity results by Condit et a].gg,
the Kp value was calculated and found to agree satisfactorily with the
published results. However, at higher sulphur pressures experimental
pressure dependence differs from tﬁat predicted by the calculated Kp

values and was attributed to the dependence of the diffusiom coefficient

on the iron sulphide crystal orient‘.ation”4

3.3.4 Kinetics and Mechanism of Fe Sulphidation

The kinetics of iron sulphidation have been studied by various

121-129 123,17

authors . The kinetics of Fe sulphidation have,.been shown

to be parabolic at sulphur pressures in the range 1.31 x ]0—4 atm to
123

and Meussner and BirchenaH]z4 considered that the growth of FeS occurred
by an outward diffusion of Fe ions via cation vacancies in the FeS lattice.

Most of the investigations have utilized pure sulphur vapour with PS
. . ‘ . 2
ranging from 10 4 atmosphere to 1 atmosphere and parabolic kihetics have

been observed at pressures as low as Id'8 atm utilizing H,S-H 130 and

2 2

-
|

|
1
|
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TABLE 3.2 (a)

Iron self diffusion in Fe]_xS99 in cmisec.

Temperature Iron D, D,
0K deficit x Y-axis c-axis
550 0.003 9.6 x 10713 1.7 x 10712
570 0.003 1.6 x 10712 6.1 x 1071
625 0.003 1.2 X 10']] 2.2 x 10"]
723 0.060 5.9 x 10710 1.2 x 107
861 0.066 6.3x10° - 8.3x10°°
970 0.031 1.5 x 1078 4.3 x 1078
TABLE 3.2 (b)
) . ~ .99 |
Sulphur self diffusion in Fe]_xS in cm/sec.
Temperature Iron Da . DC
°K deficit x a-axis c-axis
. 12"
1168 . 0.065 3.2 x 107
*
1223 . 0.065 6.4 x 10’]2
1270 0.052 2.2 x 107° 1.22 x 10°°
9

1330 ' 0.098 . 8.4 x 10

\

*
Orientation not determined.
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COS—CO-CO2 mixtureslzg. However, there is a general agreement that scale

growth involves iron migration by iron vacancies in Fe]_XS but the

sulphur pressure dependence is unusual in that the parabolic rate con-

stants show a PS i/n dependence where n ranges from 3 to 7.

2
The two general features that have prevented a rigorous com-

parison of measured and parabolic sulphidation rates were the dependence

of the value of the iron self-diffusion coefficient on the directionality

99

in NiAS structure of Fe]_xS and the fact that the scales exhibit a

texture with the preferred growth direction dependent on sulphur pres-
1111 1 . .

sure 1 ]4. Recently Fryt, et al. 31 have systematically examined the

sulphidation kinetics of pure iron over a wide range of sulphur activity,

]0‘”<

PS < 10'2 atm. They calculated the parabolic scaling constants
in relatign to the scale texture, the iron self diffusion coefficient

and the defect structure of iron sulphide using Wagner equation for scal-
ing by iron diffusion and the Libowitz point defect model involving a

strong repulsive interaction between the iron vacancies. The expression

yielding the parabolic rational rate constant is given by

\

.08
3 (3.9)
where D = (6.7 + 2.0) x 1072 exp’(20,900 + 600)/RT
ue o tQV_ + 4EV_ 6(2-86)
and 6= Fs, - RT (3.10)
‘where D = chemical diffusion coefficient in Fe, .S
§ = Non-stoichiometry in FeS

“FeS= Free energy of formation of stpichiometric FeS



qVFe = Free energy of formation of Fe vacancies with respect
to pure solid iron.
EVFe = Free energy of interaction between iron vacancies.

The predicted values for these rate constant were found to be in good

agreement with the experimental results obtained by Fryt, et a].]3].

They have also found that the sulphur pressure dependence of K (vary-

ing from Ps 173 to P ]/7) is not accidental but directly arises from

the predicted influenée of sulphur pressure and temperature on stoi-

. . . / .
chemctry caused by the strong repulsive interaction between iron vacan-
cies. The activation energy for parabolic sulphidation varies with the

sulphur pressure ranging from 16.5 and 2.0 KCal/mole at PS = 10-2 and

107 atm, respectively. 2

Sulphidation of pure Fe in HZS/H2 atmospheres often leads to a

61

duplex layer growth at temperatures less than 873 K. According to marker

measurements it is suggested that sulphur can be supplied to the iron
substrate by perforatipns resulting from dissociation of the inner part
of the outer layer of iron su]phide]32'134. Several kinetic equations
involving the growth of a two-layer scale on iron in HZS/HZ atmospheres
have been described by Haycock]35 and Dravnicks et al.lss. Haycock has
described the growth of FeS in HZS/HZ atmospheres to occur at a slower
rate than in pure sulphur vapour because of an effective barrier by 'E'
cenfers to the migration of metal ions. These 'E' centers are forﬁed

by the interaction of cation vacancies and hydrogen incorporated into

the FeS lattice.
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3.4 PROPERTIES OF THE A1-S SYSTEM

3.4.1 Crystal and Defect Structure

In the A1-S system, Hansen and Anderko have reported that A15(S)

»and A1253(S) exist and Ficalora, et al. have identified A1S(q), Alzsz(g)

and A]ZS(g) in the vapour bhase.

The structure of A]ZS3 has been investigated by Flahaut

who reported three structural modifications, each of which is hexagonal.

136,137

Later studies showed that it can also have a cubic defect spinel struc-
turé when prepared with either 2% As substituted for A1]38, or when
prepared at high temperature and pressure]39.’ A tetragonal defect spinel
structure has also been reported for synthesis at high temperature and

~

pressure]40. This structural in formation is collected in Table 3.3.

A hypothetical phase diagram of A1-S is given by Hansen, et a1.79
and is based on the cooling curve data and examination of sulfidation
prgducts of Al at various temperatures (Fig. 3.11).‘ A]ZS3 melts at
1373 K. The solubility of sulphur in Al ranges from 1 atomic percent

at 973 K to 9 atomic percent at 1273 K.

3.4.2 Thermodynamic Properties

The reported values of -the heat of formation of AlZS3 show wide

divergenceloo. However, - the value H298 = -172.9 KCal/mole of A1253 or

115.26 KCal/mole of S, has been chosen in the literature to be more accurate

2
The standard entropy of formation of A]ZS3 has been reported to be
(29.5 + 5)‘Ca1.mole'].K'], The heat capacity of A1,S4 in the range of

298 to 1300 K is reported to be'00;

Cp =(28.42 + 8.62 x 10 °T1cal.mole ™'k (3.10)
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AlS is extremely unstable and decomposes in air. A]ZS3, being

a salt of very weak base ‘and weak acid, hydrolyses slowly ip moist air,

141

generating H,S and A1(OH)_ or perhaps Al_0.-A1._S.-H.0

2 3 23 23 2

3.4.3 Diffusion Properties

The diffusion properties of the sulphide phases in Al-S system

are not reported in the literature.

3.4.4 Sulphidation kinetics of pure aluminiuff are not reported in the

literature.

3.5 PROPERTIES OF THE Fe-Al-S SYSTEM

3.5.1 Crystal and Defect Structure

The existence of a ternary compound of composition FeA]ZS4

137,142,143

is reported in the literature by several authors Nishida

and Nar‘ita]43 have reported its structure to be hexagonal with the
lattice parameter as a = 3.659 + 0.004 R and C, = 36.17 +0.03 R and

found a good agreement with the lattice parameters obtained by F]ahaut]37.

3.5.2 Thermodynamic Properties
\

The thermodynamic properties of Fe-Al-S system are not avail-

able in the literature.

3.5.3 Diffusion Properties

Diffusion data in the Fe-Al-S system are not available in the

. literature.
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3.5.4 Sulphidation Properties

Strafford, et a].]44 have studied the sulphidation properties
of Fe based alloys containing 5 wt% of Ni, Co, Cr or Al in sulphur
vapour at 773 K. They observed approximately linear kinetics and the
Fe-Al alloys exhibited a substantially lower reaction rate relative to
pure Fe. In their subsequent worﬁ3they have reported the scaling be-
haviour of Fe-5 wt% Al in pure sulphur vapour in the rarge of temperature
773 to 973 K. The outer scale was found to be FeS and the inner scale
a mixture of FeS and A1253.

High temperature corrosion behaviour of Fe-Al alloys have also

been investigated by Nishida, et al. O?'*>

, in 1 atm sulphur vapour
in the temperature range 773 to 1173 K. The reaction rate constant
(in mm'hr-%)‘was found to decrease continuously at various temperatures
with the increase in Al content. The platinum wire 40Ou¢ welded on to
the surface at first was found at the outer/inner scale interface after
corrosion. Most of the aluminium was found to be concentrated in the
inner layer.

Subsequent work by Nishida, et al.]45 on Fe-2%C-Al alloys (Al
upto 25 wt%) has shown an increase in'corros{on rate upon small additions

of Al to Fe-2 wt¥C. However, additions of aluminium more than 7 to

8 wt? increased the corrosion resistance of the alloy markedly.
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3.6 SUMMARY:

Sulphidation behaviour of pure Fe, both in sulphur and HZS/HZ
atmospheres are well established with a diffusion controlled growth
of iron su]phidé. However the sulphidagjon behaviour of pure aluminium
is not reported in the literature. A 1iﬁited work on binary  Fe-Al '
allays show their parabolic sulphidation behaviour in sulphur vapour
and a linear behaviour in early stages of sulphidafion in HZS + H2 ’
atmospheres. However, the established beneficial effect of Al to the
corrosion resistance of Fe in sulphur and HZS bearing atmospheres
demands a complete investigation. A thorough literature search does
not reveal any useful data on the defect structure and diffusion pro-
perties of the sulphides in the A1-S and Fe-Al-S systems which can be
used to rationalize the observations and experimental results to be
obtained in this investigation.

For practical purposes, high temperature alloys like Ni-Al and
Ni-Cr are generally unsuitable in sulphur and HZS atmospheres because
of liquid sulphide formation at 973 K. "Therefore, Fe based alloys

containing Cr and Al are currently being deveIOped145"52-



CHAPTER 4

EXPERIMENTAL TECHNIQUES AND PROCEDURE

4.1 INTRODUCTION:
In this chapter, descriptions of sample preparation, sulphidation
apparatus, procedure and various metallographic and analytical techniques

are made.

4.1.1 Specimen Preparation

Alloys of Fe-Al were made by melting weighed quantities of Fe
(99.996%=purity) and Al (99.99% purity) with a nominal composition of
10wt% and 15wt% aluminium in an argon arc furnace. Alloys were remelted
several times for a homogenous composition and finally cast into small
ingots (of size 6 cm in length and approximately 1 cm in diameter) and
cooled in the furnace. The exagt chemical analysis of these two alloys
are given in Table 4.1, |

These alloy ingots were annealed at 1473°K for 12 hours in a furnace
with a continuous argon flowing system. To remove oxygen from the inca\n-
ing argon and furnace atmosphere, zirconium chips were introduced at the
entrance of the horizontal furnace tube. From the ingot, specimens were
cut into small buttons of approximately 1.5 mm thick and 1 am in diameter,
using a fast speed diamond cutter. A hole of 1 mm diameter was drilled
into each specimen for suspension purpose. The samples were then polished
on atl sides through a' series of silicon carbide papers (220,320,400 and

600 grit) using water as a lubricant. A vacuum anneal (at 900°C for 18

68
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hours) was then given by placing the samples in an alurina tube, sealed

in a quartz tube J:ggi-vacuum to relieve the intermal stresses introduced
during cutting énd polishing. Fjpa] Po]ishing was'qarr{ed out on napless
cloths impregnated with 6 um and thén 1 um diamond paste with kerosene

as the lubricant. The samples were finally wasﬁed with petroleum ether and
methy] alchohol and then dried with acetone. Sample dimensions were accur-
ately measured by using a micrometer and the surface area was ca]cu]ated~5y
using a magnified image of the sample. The specimens.were then sﬁoréd in 2

dessicator under vacuum.

TABLE 4.1

‘\.

Chemical Analysis of Fe-Al Alloys

Norminal Composition . Actual Composition
' - ©wtd A1 . Atomic % Al

Fe- 0wtz Al - 0.1 18.2
Fe - 15 w3 Al o 13.43" 2.3

*Aygragésqf.two readihgs ‘
G2 SUPHIDATION mebstaTi: ., o

* The apparatus used for the suiphidafioh experiment is shown schemati
cally 1in Fig. .4.1 This assembly is used to measure ‘the- weight.gain in )
which the elongation of a McBain balance {s followed by means of a catheto-
meter. This assembly is simwlar to the one descrfbed by Morris and Smeltzer
and modified by Romes, Sneltzer and irksiay™F, The details. of this set-
up~ﬁas been described elsgwggre 55, - | “37

153



70

.wno,m 21315N8D YILM ' | . ; 3 R .\
PaLLLs dSels uoIduoSqy b2 o . . egny sxMitW czL .
lauueyd 3sneyxy ‘gz’ . . aoeuany sy 03 3o1uf %'+ 2y 1
aldnoosouiay) 2z ,. ; , .mggmzu,mmmawaw, oL h -
soeuany .tz . . : . Jpqawoueul Aumdasy g . c .
341M wNuijleld "0z ] {auueyd _B._._.m:. ‘8 .
1933W038y3R) 6L . | . gm@.a% se9 "/ L
butads -gi . dund unnog ‘9 )
: J030K /1 o .  susgauez0l ,=omm§m,z g . .A
94LM wnuapqAloW 9| o o, T 19ur yebhxp -y T
"aaqueyd Bupadg -Gy oo . . n..q“.m. mwtms e o ,
196ae) pP © soumxpu %y + s%4 pue sy o dSpup -2 L N
cws_umam. ‘€1 , A . L N:..B.m \BUI L . .
o AqUaSSY orasuly —Q m.:.mE . ‘ : -




KTBNISSY OILINII DILVWIHIS - ' 314

B i . o
9(® ) ~
J1SHE ’
Ol k "
....H“ == nrn...u...uh.....uu. Y ;
2| dle T3
1T E
- df J. |
(07 —o— by
6 ! // €2
ol 3 R
6l
8 8l o,
St
- B i‘-
<
ol
mmunuw L
®.




72

A mixture of hydrogensulphide and hydrogen gas was used to control
the partial pressure of sulphur in the furnace chamber. The furnace
chamber consists of a 73 cm x 6 an dia mullite tube (12) surrounded by
a kanthal element furnace (21). The temperature of the furnace was, con-
trolled to an accuracy of + 3%¢ by a Honeywe]% temperature controller using
a chromel-alumel thermocouple (22). This thermocouple was calibrated
against a standard chromel-alumel thermocouple by lowering it in steps at
the center of the furnace to locate the hot zone. A stream of helium gas
was flown into the reaction chamber from the boétom, in order to simulate
the conditiéns during the actual experiment.

The McBain balance consists of a winch with positioning forks, a

spring (18) connected to the winch by a molybdenum wire (16) and a target

(14) attached to the bottom of the spring. The sample (13) was suspended
fruﬁ the target by means of a platinum wire. An electric drive'(17) was
connected to the winch to‘raise or lower the specimen. During .the reaction,
the extension of spring was followed through the target movement by a
cathetometer (19). lHe]ium gas was used for purging the upper portion of
the reaction chamber, thus avoiding condensation of sulphur in the spring
chamber (15). Tﬁe flow rate of he]jum was kept low as not-to dilute the
HZS-H2 atmospﬁere_and was controlled by a Matheson rotameter. The method .
of prep;ration of. the Ni-span-C spring has been described lﬂsewhere]56 and
its composition is tabdlatéd in Table 4.2(a). A similar material called
- "Elinvar extra" of bompositioﬁ listed in Table 4.2(b) is available with
Hamiltom=watch company, Pennsylvanié and cﬁrrently spr%ngs are being pre-
- pared f:;;a::§¥dr fdture purpose. The spring was calibrated w1th the help

of small weights and ‘the. spring constant for various spr1ngs varied from
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TABLE 4.2 (a)

Material: Ni-Span-C

Composition in weight percent:

Cr. Mn S ioc¢ Al Si €0 Fe  Cu

42.25 5.33 0.40 0.02 2.58 0.03 0.55 0.50 - 48.8 0.05

*
Plus cobalt.

Ni
43

TABLE 4.2 (b)

Material: Elinvar-Extra
Composition in weight percent:
Cr Ti c © Al Si co Fe
5 | 2,75 0.04 0.30 0.50 0.35 48.6
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25 to 29.5 mgs/cm during the course of this entire work.

[N

4.3 SULPHIDATION PROCEDURE:

N
A prepared specimen was attached\to the platinum wire (20) and then

raised into the spring chamber (15) by means of the motor (17). After
sealing the joints by high vacuum silicon grease, the furnaée chambe; was
isolated from the gas mixing bulb and evacuateq‘by means 9f the vacuum
pump (6). Ultra high purity helium (composition listed in Table 4.3) was
then introduced slowly through a rotameter for a short whiTe_to the spring
and furnace chamber and again vacuum was drawn. This péocess was repeated
several times in order to completely replace the existing trace of air by
helium in the furnace. Next, for a required sulphur pressure calibrated
flow rates (tocbe described later) of ultra high purity hydrogen (composi-
tion listed in Table 4.3) through a DEOXO catalyfic purifier and HZS or

H,S + H, mixtures were passed through the mixing bulb (3) via channel (10)

to the exhaust to achieve a flow stablization. Helium gas was then intro-

duced into the furnace chamber via channel (8) and_(j4), allowed to leave

the furnace through the exhaust channel (%?). Once the requi}ed temperature
in the furnace was achieved, the HoS + H, mixture was diverted through
channel (11) into the furnace chamber and allowed to leave the:furnace
through the exhaust channel (23). The by-pass channel (10) was then closed.
Subgeqnently a low flow rate of helium was maintained, such és not- to dilute
the atmbsphere but to,prote&t thé«spring and the motor fraﬁ sulphur deposi-
tion and the highly corrosive st gas. After equiiibrating for twenty
minutes thé épecimgn was lowered to.the hot zone of the furnace with the
help of the motor and the extensionfzf.the spr1n§ was followed by a catheto-

meter through a target. The cathétometer readings were later converted to
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TABLE 4.3
[. Composition of ultra high purity Helium
Minimum purity - 99.998%

Typical Analysis

H2 0.1
CH4 0.0
H20 1.5
Neon 8.0
N2 5.0
02 0.6
Ar _ 0.05
CO2 0.05
II. Composition of hydrogen (U.H.P.)
‘ Purity - 99.99%
02 ‘ 1
co + COZ_ 1
Hydrocarbons 0.8
ﬁe]ium 50
Moisture - 5
III. Composition of HZS

Typical Analysis in %
S - f 99,7
CSZ, : 0-09
o, o 013
Methy! mercaptan " 0.02

. N

Carbony! sulphide 0.0

SOZ . ’ . 0:05

ppm
ppm
ppm
ppm
ppm
ppm
ppm

ppm
ppm
ppm
ppm
ppm

by volume

75
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weight gain from the calfbration curve of the spring. The spring constant

was checked from the weight gain data and cathetometer readings.

4.4 CALCULATION OF SILPHHR PPESSURE:

When hydrogen gas and HZS gas are mixed at room temperature and

P

that this mixture is heated to 1073 K to 1373 K, several gaseous species
such as 52’54’56’58’ atomic S, HS form. Among these only the species

S, and HS will reach a substantial amount at temperatures 1073 K to 1373 K

2 104

and P_ ranging from 107 atmosphere to 1078 atmosphere - . Considering

PO +p2 =1 atmosphere at room temperature and
Hy = "HyS

Hy(9) + % S,(9) = HyS(g) | (a.1)

2

Nagamori and et.al.9 have derived a relation between Py s PS and K,
2 2

(the equifibrium constant for reaction 4.1) neglecting the species HS. The

relation is given by

Py,g =~ 1j§ &t (4.2
\ H
2 K]nsz + (1 +_n52) |
ﬂand MYno= P/ =P ) (4.3)
S2 %2 " 52 S

where’ns is the equilibrium mole number of So species at high temperature.
. ‘ ,

~ The value of K] can pe quculated from the free energy data:

53?4,1) f -RT 1n K1_= -21,580 + 11.805T cal/mole . (4.4) I
21,580 - 11.805 T

Ky =, RT

" From equation (4.2) through®(4.5), for a knéwn value of K, (at a specific.

temperature), the partial pressure of sulphur PS Qas calculated for various
. ~ 2
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values of PH S using a computer programme. At a particular temperature,

2
_P. increases with increase in P

s PN

i In the present sulphidatign set-up, calibration of flow-rates were
made by soap-bubble method for various gases (Helium, pure HZ’ HZS + H2
mixtures of various proportions). The flow rate of gases were calibrated
against the float height in the rotameter. A total flow rate of 750 c.c./min.
was found to vary linearly with the rotameter readings in most of the cases.
Hence, for a particular Psz, the corresponding PHZS was taken from the
table (computed earlier) to calculate the flow rate of pure hydrogen and
hydrogen sulphide or a HZS and H2 mixture. For a low Ps ,» pure hydrogen

2
was generally blended with HZS + H2 mixture of a low H,S content. From

2
the rotameter calibrations, the flow rates of various gases were converted
to rotameter readings. ‘
Another method was used to check the validity of the above calcula-

tions. Since su]phur is produced from the d1ssoc1at1on of HZS by the

reaction
-H. L
where equilibrium constant K is given by
P . P ;'
K = sg o (4.7)
HZ /
Knowmg K=exp (= 221,580 ;.‘31 .805 T) and the PH /PH S ratio, PS was cal-

2
culated At a total flow rate of 750 c.¢./min. the ratio of HZ;HZS flow

rates corresponded to the ratio of P /PH S
. 2

-
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4.5 EXPERIMENTAL TECHNIQUES USED FOR ANALYZING THE SULPHTDATION PRODUCTS:

4.5.1 Optical Metallography

The sulphidized specimens were cold mounted vertically in epoxy
resin within 25 mm outer diameter plastic rings. They were polished in
cross-section, on various silicon carbide papers and finally on polishing
cloth by 1 um diamond paste with kerosene as the lubricant. The micro
structure of specimens were examined and photographed using a Zeiss micro-
scope, as this equipment gave the best resolution at high magnification.
The external and subscale thicknesses on each specimen were measured with

the help of a calibrated cross-wire eye-piece attached to the microscope.
._’ )

4.5.2 Scanning Electron Metallography

To study the morphological features of the sulphide scale a
Cambridge scanning electron microscope was used. The samples were mounted
in the cold epoxy resin and coated with carbon- by vapdur deposition to A
avoid electrical charge build-up and to allow electron conduction smoothly.
Some of the samples were fractured in liquid nitrogen and‘examfned in the
SEM after-ca}bon coating. An energy di;persive X-ray analyzer attached to
the SEM was used to identify the‘elements present and their distribution
in various parts of the scale. The results obtained from the EDAX were

4

purely qualitative in nature.

4.5.3 X-Ray Analysis

Tﬁe X-ray amalysis ;f the constituents of the sulphidation product
was carried out using a Philips X-ray diffractometer. Samples from various
_part of the scale were crushed into powder in a mortor and mounted on a

' glass slide by compacting it under just sufficient pressure to cause cohesion
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and smoothing off the surface. Some specimens with a very thin sulphide
or axide on it wére directly mounted on the glass slide. A voltage of
30KY and 20 mA and CuKa radiation were used for this purpose. The results
(Relative peak intensity and diffraction angle 26) obtained from the samples

were compared with the standards.

4.5.4 Electron Probe Micro Analysis

A cameca MS-64 electron microprobe was used to determine the phases
and their composition in the sulphide scales. Repeated attempts to analyze
the finely dispersed inner layer of the scale failed because of the Timi-
tation on the probe size. Therefore, several profiles of Fe, Al and S were
made by scanning the probe continuously in different directions to show
their distributions. This was particularly useful in identifying the
internal precipitates at the alloy/scale interface, because of their fine

size and distribution.

N~



CHAPTER 5

EXPERIMENTAL RESULTS AND ANALYSIS

5.1 INTRODUCTION:

Sulphidation results for the Fe-10wt% Al alloy and some pre-
liminarly analyses of these results are presented in this chapter.
The kinetic results were obtained at 1173 K and sulphur pressures
ranging from 1 x 107 atmosphere to 1 x 107> atmospheres. No weight
gain was detected at PSZ =1 x 10°6 atm and below (even upto 18 hours),
within the minimum limits of the measurement. Kinetic results at

PS =1 x 10'2 atm could not be obtained beyond 3000 seconds because
2

of sutphur deposition on the spring and glass tube. The specimens

were exposed to HZS-H atmospheres at a total pressure of 1 atmosphere.

2

5.2 SULPHIDATION KINETICS:

The sulphidation kinetics of Fe-10wt% Al alloy were determined
thermo-gravimetrically using a McBain balance describea.ear1ier. The
rééults are plotted as weight gain per unit area of the specimen vs.
corrosion time, and shown in fig. 5.1 for various sulphur pressures at
173 K. The size of each‘individual boint shows the maximum possible
error involved in the experimental measurements. In a more informative
way, the kinetic results are reprefented in parabolic co-ordinates
(sz/szs. time) in Fig. 5.2. Thgs: élots show a compliex type of

kinetic behaviour. At two sulphur pressures of 1 x 102 and 1 x 107 atm

80
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ducible in H,S/H, atmospheres at 1173 K. At P

82

three distinct zones in the kinetic curve were observed. Following

a brief initial period (200 seconds), the kinetic curves approximately
followed two different rates K], K2 and K;, Ké respectively. The transi-
tion from one rate to the other at 1 x 10-3 atm sulphur pressure was

-4
found to be different than at PS =1 x 10 * atm In subsequent text,
2

the distinct linear sections of the reaction curves and limiting tangents

(Fig. 5.2) when the sulphidation kinetics are plotted in parabolic co-
ordinates are described as representing parabolic rates. The rate con-
stants determined from the slopes of these lines are designated parabolic
reaction rate constants (Table 5.1).

The kinetics of sulphidation during the initial period (upto 1000
seconds) of reaction are plotted in Figures 5.3 and 5.4 for various

sulphur pressures. Figure 5.4 shows that, the Fe-10wt% Al alloy sulphi-

dizes parabolicly at PS = 1 x 1072 atm during the initial period. The
2

kinetics at PS =1 x 10’3 atm  show a complex behaviour with the slope
2 ,
of the curve changing continuously over a range of tima. The kinetics,

studied over the range of P, were reproducible. For the sake of com-

S
2 )
parison, kinetics of sulphidation of pure iron at two different sulphur
pressures but same temperature are plotted in Fig. 5.5.

From the above graphs and figures it can be stated in summary

that, su]phfdation kinetics of Fe-10wt% Al alloy are comp?ex'and repro-

3 4

=1x10  and 1 x 10°

S
2

atm the final corrosion rate constants (Kz in Table 5.1) have similar
va}ues which are an order oé magnitude less than the first parabo]ic'rate

constants (Kl). Alloying with Al reduces the sulphidation rate of-pure
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TABLE 5.1

Corrosion rates of Fe-10wt% Al at 1123 K

*

p K K K

S2 ] 2 p
« 107 atm - - 2.9 x 1077
«107" atn 1,69 x 107° 4,948 x 1077 -
x 10> atm 3.27 x 107 4.916 x 1077 -
x 1072 atm - - 2.424 x 1078

%o 2 -4 -
in gmn cm sec .
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iron. Higher PS results in higher sulphidation rates at the same
2
temperature and composition of the alloy.

5.3 METALLOGRAPHY:

Specimens once sulphidized were cross-sectioned and prepared.
for metallographic observation. Figure 5.6 shows an optical photo-

micrograph through a cross-section of the scale, obtained on Fe-10wt% Al

alloy at 1073 K and PS =1x 10_2 atm. The micrographs show three
2

distinct regions with alternate white and dark phases in region 2.

An intermediate region between 1 and 2 shows a different texture than

the outer layer in region 1. Needle type internal sulphidation is
‘observed beneath the single phase regions (3). Figure 5.7 shows a cross-

section of the scale on the alloy sulphidized at 1173 K 1in HZS/H2 atmosphere

2

of P =1 x 10 atm. Similar to Figure 5.6, three distinct regions of

S
2
the scale are observed. Regions 1, 2 and 3 will be shown in subsequent

sections to contain Fe]_XS,‘Fe]_XS + FeA]ZS and FeAl S, + A12$

4 254 respec-

3
tively.

Figures 5.8 to 5.14 represent the meté]]ographic observations on
=1x 107 atm.

S
2
Some specimens were etched with dilute hydrochloric acid and observed

the Fe-10wt% Al alloy sulphidized at 1173 K and P

in SEM after coating with carbon. Figures 5.11 and 5.12 represent these
observations. ‘

To study the details of the corrosion mechanism, the alloy wds
subjected to different times of reaction at 1173 K and PSZ =1x 10'3
atm. Optical photo micrographs of the scale cross-sections are shbwn

in Figure 5.13. These micrographs show the interface region between the

A
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FIGURE 5.6

FIGURE 5.7

rﬁ:»

Fe-10wt% Al sulphidized at 1073 K in HZS/HZ atmospheres
(PSz =1 x 10'2 atm.). There are three regidns of s;ale
viz. the outer scale in region 1, the lamellar two phase
structure in region 2 and single phase structures in

region 3 with internal sulphidation beneath it.

Fe-10wt% Al sulphidized at 1173 K in HZS/H2 atmospheres
(g =1x 1072 atm.). The cross-section of the scale
2 .

distinctly shows a three-layer morphoiogy with the second

layer having a lamellar structure. J

89
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FIGURE 5.8 Fe-10wt% Al sulphidized at 1173 K in HZS/H2 atmospheres

v

/

v

N

(PS =1 x 10-3 atm.). Pictures a, b and ¢ are scanning
2 .
electron micrographs sthing the outer surface of the

scale with large crystals on the top and fine crystallites

=

at the base.
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FIGURE 5.9 Cross-section of the sulphide scale (observed in optical
microscopy) on Fe-10wt% Al alloy at 1173 K and
P52 =1 x 107 atm showing a distinct three-layer
morphology.
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FIGURE 5.10 Fracture cross-section of the scale (observed in SEM)
on Fe-10wt? Al alloy sulphidized at 1173 K in HZS/HZ
=1 x ]0-3 atm).

S
2 .
a) shows an intermediate layer developed between regions

atmospheres (P

(1) and (2) as in Fig. 5.9.
b) shows region (2) as in Fig. 5.9.
(c) and (d) show region (3) of the alloy and inner layer

interfaces.
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FIGURE 5.11 dCross-sectjqn of the sulphide scale obtained at 1173 K

and Pc = 1x 107 atm. after etching with- dilute HCI
' 2
(observed in SEM).
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S

FIGURE 5.14 Optical (i) and scanning electron micrographs (ii)
of the interface regions between the inner most layer
and the alloy showing platelets growing into the
alloy. The conditions were: temp. 11732K,

Py = 1 x 1073 atm., time 180 minutes.
2 N
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alloy and the inner layer for the initial period (upto 15 minutes) of
reaction. There are platelets or needles of a sulphide phase extend-

ing into.the alloy from the rods of the sulphide phase in the inner

layer of the external scale. After a longer time (180 minutes) a con-
tinuous film appears at the advancing front (Fig. 5.14(i)) and needles

or platelets of a sulphide are shown to extend from the continuous phase
into the alloy. These features are distinctly observed in Figures 5.14(i)
and (ii). It will be shown in later sections that the rods are FeAl.,S,
and the small platelets extending into the alloy from the rods or the
continuous films of Region (3) are A1253.

Figures 5.15 and 5.16 show the layer thickness measurements on
a Fe-10wt% Al alloy sulphidized for various time period at 1173 K and
PSz = 1.x 10‘3 atmj In other words, Figure 5.15 represénts the growth
velocity of various interfaces (gas/scale and scale/alloy). A parabolic
plot of Fig. 5.15 is drawn in Fig. 5.16 which shows a two stage kinetics
as observed in weight gain measurements.

At a lower pressure of sulphur (PSz =1 x 1074 atm ) and 1173 K,
nodular growth has been observed. The nodules are nucleated at isolated
sites on the surface of the alloy; some of them form on the alloy grain
boundries. Figure 5.17 represents SEM pictures showing the nucleation
of nodules on the surface. Figure 5.18 shows the surface of the alloy
covered with sulphides at places other than the nodule sites. These
nodules are observed to grow laterally and vertically and finally coalesce |
to‘form a continuous outer layer. The density of such nodules is found
tp be higher near the edges and corners of the specimen. The outer

sulphides of these nodules have a morphology similar to oxide plates



S

e
v

N ol -

SCALE THICKNESS ( um) xI0 2

1/ -

o INNER LAYER
= EXTERNAL LAYER

Temp. =173 K, p32=lx|0'3otm .

~ oo
— —"
{/l

—

/?

$ {

O : { 1 i 1 ; 1 1 1 | i 1 ]
O 030609 12 15 1.8 21 24 27 30 33 36

TIME xl1073(sec)

Linear plots of layer thickening on Fe-lOwt%Al alloy

FIGURE 5.15

106



(SCALE THICKNESS) (um)® x10°®

o
3]

o

e
T

107

I

| ™ T
"o INNER ,LAYER’
» EXTERNAL LAYER
TEMR=II73 K, pg = Ix107atm ]
K, B
/:: O %)
O __-__——-—‘—‘_-./
[ ]
/./
odM | l | | 1 ] i L

L ! ‘
O 03 06 09 12 15 18 21 24 27 30 33 36,

TIME (sec) x10™3
Parabolic plot of lgyer thickening on Fe-I0wt%

FIGURE 5.16

>

Al glioy



108

FIGURE 5.17 Nucleation and growth of nodules on Fe-10wt% Al alloy

at 1173 X and Ps = 1 x 107 atm. during the initial
2
stage of. reaction.
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FIGURE 5.18

Surface of the alloy covered with different sulphides

when exposed to HZS/H2 atmospheres (P. =1 x 1074 atm

S
2
temp. 1173 K) during the initial period of reaction.

In Figure (a) the alloy grain boundry shows a larger

densit& 3f’55éd]e like sulphide crystals.

<

110

b



11

FIG.
5.18

AN |
i




112

and whiskers formed on iron (Fig. 5.17 (d) and (e)). The fracture
cross-section of these nodules are shown in Fig. 5.19 (e) and (d).
Polished cross-sections of these nodules are represented in Fig. 5.20

(a) and (b) at two different sulphur pressures (PSZ= 1 x 10'3 atm

and 1 x 10-4 atm) respectively. The outer layer of the scale

was porous (Fig. 5.19 (b)) because of the whiskers and plate formations
during the initial period (Fig. 5.20 (b)) of reaction. This porous
nature of outer layer was observed during the entire experimental work

at 1173 K and 1 x ]0-2 to 1 x 10-4 atm sulphur pressures.

, 1 107 atm |
scale cross-sections were etched with dilute HC1 agid. Figure 5.21 re-

To~revea1 the morphology of the inner layer at P

presents a scanning electron micrograph of the inner two-phase layer
showing rod like precipitates.

The Fe-10wt% Al alloy sulphidizes parabolicly in HZS/H2 atmo-
spheres at Pe =1 x 107 atm (Figs. 5.2 and 5.3). Figures 5.22(a) and

2
) show the top vigw of the scale obtained by SEM. On the other hand

=1x 10-6 atm , no weight gain was detected. However, Figure
(c) shows a thin layer of scale (dark area) on the alloy and a

region (white area) from which the scale has spalled.

5.4 MARKER EXPERIMENT RESULTS:

Several platinum markers of 25 um diameter were welded to the
specimen surface prior to the sulphidation experiment. .Figure 5.23
shows the results of such an experiment. The markers are seen to rest
in between the inner and outer layer of the scale. This suggests that

the outer layer grows by the.outward diffusion of iron (pe}haps through



FIGURE 5.19

113

SEM pictures showing various features as follows:

a)

Preferential nucleation of nodules at the edges
and corners of the specimen.

Enlarged view of the outer layer at point 1 in
Figure (a).

Fracture cross-section of a nodule in Figure 5.18.

Enlarged view of the nodulé/alloy interface.
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FIGURE 5.20 (a) and (c) Polished cross-sections of the nodules

-3
=1 x 10 atm.
2

(b) A cross-section of the nodule at 1173k,

at 1175%, Pe

p= x 107% atm,
S5

(d) Another view of the scale at 1173°K,
P =1x1073 atm showing the outer and inner

52
layers.

e
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FIGURE 5.21

Fe-1

at P

a)

b)

d)

117

Owt% Al alloy sulphidized in HZS/HZ atmospheres
=1 x 107 atm.

32

Cross-section of the inner two-phase layer

EDAX analysis on a point A (dark phase) in

Fig. (a).

An angular top view of the inner two-phase layer

after etching with dilute HC1 for 60 seconds.

Rod precipitates were completely etched leaving

behind circular shaped holes.

and (f) Rod precipitates in the inner layer.

y
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FIGURE 5.22 (a), (b) Scanning electron micrograph showing the
top view of the scale on Fe-10wt% Al alloy
sulphidized in HZS/HZ atmospheres

=1x 10-5 atm.).

S
2
(c) Scanning electron micrograph showing the top

(P

view of the scale on Fe-10wt% Al alloy
sulphidized in HZS/HZ atmosphere

=1 x10°° atm.).
2

L(p
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FIGURE 5.23 Scale cross-sections on Fe-10wt% Al alloy with inert

platinum marker residing at the inner and outer layer
) A

interface after sulphidation at 1173 K,

P

¢ T 1x 10‘4~atm,

2
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Fe vacancies) and the inner layer grows by the inward migration of

sulphur,

5.5 PHASE IDENTIFICATION:

The phases present in the sulphide scale were identified with

the help of EDAX, microprobe analysis and powder X-ray diffraction.

5.5.1 Electron Probe Microanalysis

Microanalysis was performed on various parts of the scale using
a Cameca-MS-64 electron microprobe. Spot analysis were made to establish
the composition of the scale. An operating voltage of 20 KV was used
in this work. However, because of a fine djistribution of two phases
in the inner layer and 16%5 of optical contrast due to carbon coating,
the point counting method was considered inadequate to ascertain the
composition of the scale. Therefore, X-ray intensities displayed on.
a chart were obtained with the help of a pen recorder, when the speci-
men moved giving a line scan. The specimen movement was recofded, as
a motor drove the specimen stage.

Figure 5.24 shows microprobe traces of various elements across
a nodule formed on the alloy at 1173 K and P =1x 1073 atm, during

the initial period of reaction. The inner layer of the nodule con-

stitutes intense internal sulphidation as shown in Figures 5.13 and 5.20
(a) and (d). The outer 1ayer is established as Fe]_xS and perhaps doped
with Al. In the internal sulphidation zone, peaks of Al correspond to
the troughs of Fe and peaks of sulphur. Figure 5.25 shows the micro-

probe traces for Fe, Al and S across the scale formed on the alloy

g
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FIGURE 5.24 A microprobe trace showing the distribution of Fe,

Al and S in the nodular scale at 1173 K,

Pe = 1 x 10-3 atm. after 5 minutes of reaction
2
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FIGYRE 5.25 A microprobe trace showing the distribution of
Fe, Al and S in the scale (Temp. - 1173 K,

PS =1 x 107" atm., time - 15 minutes).
2
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FIGURE 5.26 Microprobe traces showing the aisiribution of

Fe, Al and S across the inner two-phase layer.
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15 minutes of reaction. From Figures 5.25 and 5.26, the inner layer

]_XS; FeA1254 ané A1253 with par-

fﬁcu]arly alluminium sulphide at the scale/alloy interface. To con-

is predicted to be a mixture of Fe

firm these results the scale.was etched by dilute. hydrochloric acid

for about 30 minutes. The scanning electron micrograph of such a sample ‘
is shown in Figures 5.11 and 5.12. A microprobe scan across the etched
inner layer is shown in Figure 5.27 showing selective etching of one of
the phases. In a separate experiment the ratés of chemical dissolution-
of FeS, Al,S., and FeAl_S, were studied. The dissolution rates as measured

273 274

by the evolution rate of H,S, decreased in the order of A1, S_, FeAl S

2 2°3’ 274
and FeS. The large counts of Al observed in Figure 5.27 arise from the
undissolved FeA]ZS4 in the dilyte HC1 etchant as will be shown in Table
5.4 utilizing EDAX analyses.

Figure 5.28 shows a microprobe trace for elements Fe and Al
across the surface scale at places other than nodular sites indicating
the formation of a thin layer of K1233 which hydrolyzed to A]ZO3 while
handling the specimen. A complete line scan across the scale obtained
at 1173 K, PSZ =1 x 10—4 atm. after 180 minutes of su]pﬁidation is
represented in Figure 5.31 showing clearly an increase in Al concentra-
tion as the scale/alloy interface %s approached. At the scale/alloy
interface, peaks of A1 and corresponding peaks of sulphur indicate
the presence of A1253. '

Beneath the Al and S rich zone near ¢the scale/alloy interface,

several line scans were taken across the dark needles or platelets
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FIGURE 5.27 Distribution of Fe, Al and S in the two-phase inner

layer after etching with dilute HC1.
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FIGURE 5.28 Distribution of Fe and Al across the thin scale

obtained at P = 1 x 107 atm. and 1173 K during the
2
initial period of reaction
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FIGURE 5.29 Distribution of Fe, Al and S in the total scale

obtained at 1173 K, P, = 1% 107" atm. after
2

180 minutes of reaction.



FIGURE 5.30

FIGURE 5.31

131

Distribution of Al and Fe in the internal precipitation
zone ahead of the inner most layer/alloy interface.
Distributions of Fe and S in the internal precipitation

zone ahead of the inner most layer/alloy interface.
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(Figure 5.14). Such microprobe scans are presented in Figures 5.30
and 5.31. These precipitates are clearly seen to be rich in Al and
S, probably constituting A1253. Because of the small size of these
precipitates (< lum) spot analysis was not used. One of the important
observations was the transformation of the needles in the region of
alloy interface during corrosion to a continuous Al and § rich film.

It is also observed from the microprobe traces that composi-
tions change very sharply across the sca]e/al]by interface.

Therefore in summary, the various microprobe scans and spot
analyses made on the scales formed at 1173 K, PSZ =1 x 10'3 atm. and
1 x 10-4 atm. indicate the formation of an outer layer rich in Fe and
S (appearing yellow under optical microscope and bright under SEM) and
an inner layer consfsting of Fe, Al and S due perhaps to the coexistence
of FeS and FeA1254 (the dark coloured phase under both optical and SEM).
The inner most layer at the scale/alloy interface was highly enriched
in Al and S. Needles or platelets (appearing dark both under optical

and SEM) extending into the alloy were identified to be rich in

aluminium and sulphur,

5.5.2 X-ray Analysis

For carrying out X-ray analyses, it was necessary to prepare
the ﬁamp]es from variouggpafts of the scale. The outer layer was
friable aﬁd therefore it was obtained by scraping the sample surface.
Samples from'the two-phase region were taken after flaking the outer
layer. The phases close to the alloy were identified by taking samples

from that region carefully, while simultaneously observing the specimen
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through an optical microscope.

The diffraction patterns of the various samples were recorded
on a chart recorder. The intensity of the peaks and their positions
in the chart (angle 26) were recorded to evaluate the 'd' spacings
by using the relation x = 2d sing () = 1.54052 for CuKa] radiation).
For a single compound, each intensity peak was normalized with respect
to the highest peak obtained in the system. Table 5.2 represents the
value of d in X and the corresponding relative intensity (I/I] x 100)

for Fe Such type of tables are generally listed in ASTM cards with

S.
1-x
each intensity line emerging from a particular plane in the crystal lattice.

For the sake of clarity and comparison, the standard diffraction patterns

of all the three compounds (Fe ~xS, A1.S_ and FeAl.S,) are represented

273 274

1_XS and FeA]ZS4 were prepared

separately by sulphidizing pure Fe in HZS/H2 atmosphere at 1173 K and by

1
in Figs. 5.32 to 5.34. The compaunds Fe

the method described by Nishida et a1.143 respectively. The lattice
parameters of these compounds were calculated and compared with those
available in the 1iterature]37

To identify the varibus phases present in different parts of
. the the scale, the X-ray results were plotted on graphs (Figs. 5.35
to 5.38). For samples having more than one phase, the analysis described
by Cul]f%y]57 was used. In this methoq, a known highest intensity line
of a compound, present in the mixture is tgken as I and the rest of
the diffraction intensity peaks are normalized with respect to it.
Then, the relative intensities of the known compound are separated

from the mixture and the remaining lines are again normalized with

¥
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Standard X-Ray diffraction pattern

( Aluminium Sulphide)

of Laboratory >H~m

System ; Hexagonal
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TABLE 5.2
Intensity, d spacings and hk1 indices of Fe]_xS
prepared as a standard
» Peak d in (/0\) Relative Intensity :
No. (1/1, x 100) (nk1)
1 2.919 47 100
2 2.653 37/\ 101
3 < 2.092 100 102
4 1.726 - 23 110
.5 1.638 8 103
6 1.466 9 200
7 1.449 8 . 201
8 1.33 w7
9 1.316 8~ 104
10 1.1 ’ 1 éOO
IR 1.054 10 201

. :
e
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respect to the highest intensity. This method provides a useful means
to identify the phases present in a mixture. Using this method, the

phases present in different parts of the scale were identified from

Figs. 5.35 to 5.38 ?Z\fffziﬁjng their relative intensities, 'd' values

and lattice parameters.” fThese diffraction patterns are from the scale

formed on Fe-10wt% Al alloy at 1173 K and P = 1 X 10°* atm. Figure
2
5.39 represents a diffraction pattern of the only scale formed on Fe-

150t% Al alloy at 1173°K and Pg_= 1 x 107 atm.
2
The compound A]ZS3 being unstable in air, decomposes to form

either hydroxides or oxide/su]phides]4]. Therefore, additional peaks

not belonging to any of-the three compounds (Al Fe ~xS, FeAl

73 4 24
were observed in the presence of A]ZSB. Due to frequent occurrence of

these intensity peaks along with Al they are attributed to the

23’
hydrolysis product of A]ZS3.

Therefore, X-ray analysis of the scale formed on Fe-10wt% Al
alloy at 1173 X and PSZ =1x 10'4 atm shows an outer layer consisting
of Fe1_XS (pyrrohotite) and an inner layer consisting of a mixture of

two phases (Fe xS + FeAl,S,). The layer close to the alloy scale

1- 2

interface is found to be a mixture of FeA1254 and A1253.

analysis performed after the initial period of reaction shows a

Immediate

- simu}taneous'formation of Al S'3 and Fe]_xs (as nodules) on the surface

2

- of the specimen.

144
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5.5.3 X-Ray Energy Dispersive Analysis

Some of the samples were analyzed qualitatively to supplement
the previous quantitative aha]yses, by using the KEVEX X-ray energy
dispersive analyzer attached to the scanning electron microscope.

In this system.X-rays are generated by scanning an electron beam across
the surface of the specimen. Also by using a stationary_spot, which is
the size of the beam (w]OOOR), small inclusions can be pinpointed and
elemental intensity across various phases can'be obtained. The X-rays
which are given off the sample are collected and dependeing on the
energy of the X-ray they are located in the spectrum on the oscillo-
scope. The X-ray energy spectrum is then analyzed by a teletype com-
puter. To obtain representive results, flat and polished and/or
etched samples are used. During such analysis it was established that
X-rays have a free path to the detector.

Table 5.3 shows one of the several results of point counts
obtained on the Fe-10wt% Al alloy.

TABLE 5.3

EDAX point analysis on Fe-10wts Al alloy

NO. ECL CENTROID FWHM  AREA LEFT  RIGHT  ELEMENT

1 1 1.48 0.09 380.70 26 47 Al
§.39 0.14.7009.48 412 432 Fe
3 1 7.03  0.14 1230.45 462 483 Fe
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Tables 5.4 and 5.5 show some results of point count analysis

on the outer layer and the inner layer of an etched (by dil. HC1)

sample obtained at 1173 K and P

;. = 1 x 10_3 atmosphere respectively.
2

TABLE 5.4
EDAX point apa]ysis on the outer layer
NO. ECL CENTROID FWHM AREA LEFT RIGHT  ELEMENT
1 ] 2.30 0.13 15683.98 102 123 S
2 1 6.39 0.16 18087.95 ) 409 430 Fe
3 ) 7.03 0.14 2250.25 458 478 Fe
TABLE 5.5
EDAX point analysis on the inner layer
NO. ECL CENTROID FWHM AREA LEFT RIGHT ~ ELEMENT
1 1 - 1.50 “0.13  6502.23 39 59 Al
. T .
2 1 2.33 0.13 13434.36 101 121 S
3 1 2.65 0.12 1576.23 126 146 cl
4 1 6.41 0.15 9606.25 407 427 Fe
5 0.17 1382.96 456 477 Fe

1 7.07




147

To analyze the process of nucleation and growth of nodules,
several point counts were taken on the surface of the specimen after
an inftial period of sulphidation at 1173 K and S, ” 1 x 107t
atmosphere. Tables 5.6 and 5.7 show the results of point count
analysis on the surface of the specimen indicated in Fig. 5.17 (e)
and Fig, 5.40. Care was taken to analyze at those points from which
X-rays were collected by the detector without any obstacle.

Apart from-nodular sites, several othé} points on the gpecimen
surface were also analyzed. The areas under the peaks of the various
spectra are found to vary from point to point for a given element.
Table 5.8 shows some of the EDAX.éna]ysis at various points on the
specimen surface. From the ana]y;is of these results (Table 5.8) and
metallography (Fig. 5.18), formation of a thin film rich in aluminium
and sulphur at the initial stage of reaction cannot be completely ruled
out. The inner Jayer of the scale formed on this alloy consists of a
fine dispersion of two phases. EDAX analysis on a point on the dark
phase shows the presence of Fe, Al and S (Fig. 5.21(b) and Table 5.9)
whereas a point on the bright phase indicates the presence of Fe and
S with a very small amount of Al (Table 5.10). "

At Tow su]phﬁr pressures (Pséf 1 x'10'5 atm.) the complex two-
layer scale was absent and instead, a thin layer of needle Tike

corrosion product is formed as shown in Fig. 5.22. *EDAX analysis at

" a point on the scale surface Fig. 22(a), (b) is shown in Table 5.11(a),

whereas Table 5.11(b) represents some results of the analysis at

different points B and C (Fig. 5.22(c)) on the specimen surface at



TABLE 5.6

EDAX analysis at a point on the peripherry of

the nodule (Fig. 5.40)

-
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.

NO. ECL CENTROID FWHM AREA LEFT RIGHT ELEMENT
1 1 1.47 0.13  21935.09 40 60 Al
2 1 2.29 0.13 21391.70 101 122 S
3 1 6.38 0.17 7482.2 407 428 Fe
4 1 7.04 0.12 702.75 457 478 Fe

TABLE 5.7
EDAX analysis at a point on a crystal protruding
from the nodule (Fid. 5.40)

NO. ECL CENTROID FWHM AREA LEFT  ZRIGHT  ELEMENT
1 1 2.30 0.13 7506.71 102 122 S
2 1 6.39 0.14 8779.5 408 428 Fe
3 1 0.15 1249.98 456 477 Fe

7.04
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FIG.
5.40



TABLE 5.8

150

EDAX analysis at various points on the specimen surface

= 1x 107 s,

at N3 K, P (Fig. 5.18)
2
(a)
NO. ECL CENTROID  FWHM  AREA  LEFT  RIGHT  ELEMENT
1 .54 0.18  8072.48 45 65 Al
2 1 2.35 0.17  9819.08 106 126 S
3 ] 6.43 0.17  2847.97 41 431 Fe
(b)
NO. ECL CENTROID  FWHM  AREA  LEFT  RIGHT  ELEMENT
1 1.48 0.11  1083.21 40 61 Al
2 1 6.39 0.16 19499.95 408 429 Fe
3 ] -7.05 0.15  3251.49 457 477 Fe
(c)
NO. ECL CENTROID FWHM  AREA  LEFT  RIGHT  ELEMENT
1 1 1.48 0.13 8720.73 40 61 Al
2 1 '2.30 0.13  5040.72 101 122 S
3 1 6.39 0.16  3467.75 AQ8 428 Fe
4 1 .7.04 478 - Fe

0.14  462.20 457
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TABLE 5.9
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EDAX point analysis on the dark phase of the inner layer

NO. ECL CENTROID  FWHM  AREA. LEFT - RIGHT  ELEMENT
1 ] 1.48 0.12  4742.23 45 66 Al
2 1 2.30 0.12 10648.08 109 129 5
31 2.62 0.11  2288.45 133 154 5
4 1 6.40 0.14 1115721 424 445 Fe
5 1 7.04 0.15 1446.46 474 495 Fe o
TABLE 5.10
EDAX point analysis on the bright phase of the inner layer
T e
NO. ECL CENTROID  FWHM  AREA  LEFT  RIGHT  ELEMENT
[ 3
11 1.4 0.09 4682 18- 38 AT
, \
2 1 2.22 0.13 15069.84 82 102 S
31 6.3 0.15 16576.10 404 424 Fe
4 1  -6.98  0.14' 2355.35 455 o5 . fe
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_a]sB been observed in the-su]ph{dation of Ni-Mo

152

PS =1x107° atm. and 1173 K. No sulphur could be detected at or
2 .

. below this sulphur pressure.

Figures 5.41 and 5.42 show the A]Ka] X-ray mappings of the
inner Tayer and the total scale respectively. The dark phase is rich
in aluminium with most of the aluminium present in the inner layer.

Fig. 5.42 shows enrichment of Al at the scale/alloy interface.

5.6 RESULTS OF QUENCHING EXPERIMENT:

A rod-morphology is observed in thg inner layer of the scale
on Fe-10wt% Al alloy in the present work. Lamellar morphologies have
108 yi-a12° and in
the ‘oxidation of Zr—Nb]59 alloys. A similar morphology is also observed
in various phase transformations in‘ailoys viz. discontindous precipi-

tation, eutectic and eutectoid decompositions. In the case of pearlite

transformation in steels, supersaturation of austenite is brought

. about by cooling and a relation between the growth velocity and lamellar

70 11 the

spacing can be obtained from {rreversible tﬁerﬁodynamics
case ﬂf oxidatjon-su]bhidatipn phenomznon, however, the growth velocity
of the lamellar scales may be-controlled either by an interfacial '
reaction at the gas/scale intgrface‘or by tbe diffusipnégf oxidizing
species through the scale under isothermgl'conditions.

In the present work a'separate experiment was carried out to
IS . i

" confirm whether the lamellar or rod type morphology is obtained .

1sotherma11y.pr'as a result of cooling the sample. The results of th%s

experiment were also useful in determining whether the continuous A1253

R



TABLE 5.11 (a)

2

EDAX point analysis on the scale at Ps = 1 x 10-5 atm., 1173 K

153

NO. ECL CENTROID  FWHM  AREA  LEFT  RIGHT  ELEMENT
1 1 1.46 0.12 6861.97 24 45 Al
2 1 2.28 0.13 699.70 ~ 89 110 S
3 1 6.36 0.15  3952.95 409 430 Fe
4 1 7.00 0.10 322.77 459 479 Fe
: TABLE 5.11 (b) -6
* " EDAX point analysis on the scale at PS = 1 x 10 atm,, 1175 K
. 2 :
o . .
NO. ECL CENTROID  FWHM  AREA  LEFT - RIGHT  ELEMENT
i 1 1.49 0.1 812.10 27 47 Al
2 1 6.39 0.15  8968.88 412 432 "Fe
3. 1 7.0  0.15 1184.22 463 483 Fe
TABLE 5.11 (c)
NO. ECL CENTROID  FWHM  AREA  LEFT  RIGHT  ELEMENT
1 1 1.46 0.12
2 1 637 .. 0.5
1 7.01 0.14

@

]



FIGURE 5.41

FIGURE 5.42

A]Ka] mapping of the inner layer showing the dark

phase rich in aluminium.

AlKa] mapping of the total scale formed at 1173 K,

=1 x 107t atm.
2

Pg
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layer and morphological breakdown in combination with internal

sulphidation ahead of it, occurred isothermally or due to cooling.
s = 1 x 10‘4
2

atm under similar coﬁditions for 1/2Nhour and 4 hours. Two samples

Alloy samples were sulphidized at 1173’K and P

were sulphidized simultaneously of which one was quenched from the
reaction chamber by a stream of helium gas injected through a gozzle at
a velocity of 125 cm/sec towards the specimen and the other sample

was allowed to furnace cool in He atmosphere after flushing the HZS/H2
gas mixture from the reaction chamber. The photomicrographs of specimen
cross-sections are shown in Figures 5.43 and 5.44. It is established
from all the four micrographs that the inner two-phase layers and the

inner most FeA1254 + A12$3 layer have formed isothermally and not due

v

to cool%ng.
- Some sbecia] features of the sulphidation reaction are exempli-
fied in the micrographs qf Figures 5.43 and 5.44. The degree of internal
sulphidation (growth of A]253 platelets or needles beneath the A1253
film) was less at the peak regions of the serrated alloy interface
where the external su]ph1de scale was of largest thickness (F1gures
5.43 (a) and (b)). ATso the furnace cooled specimens tended to ex-
hibit a greater thickness of the Fe Al S +Al S inner layer and a.
deeper penetration of A1233 platelets (F1gur§s 5.44 (a) and (b)). ‘ §
This behaviour resulted from the continuation of the su?phidation N

2S afmosphere by He and :

\ . !

reaction during the combined flushing of the H

the slow cooling process.
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FIGURE 5.43 Optical micrographs of:
a) Scale microstructure of the quenched sample after
1/2 hour of sulphidation (Specimen A)

b) Scale microstructure of the furnace cooled sample
after 1/2 hour of sulphidation (Specimen B).

P
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s

FIGURE 5.44 a) Quenched from reaction temperature after 4 hours of
sulphidation. '

b) Furnace cooled after 4 fours of sulphidation.
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Temperature 900°C , ps,=Ix10™* aim
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a) Quenched from reaction temperature
b)-Furnace cooled

| FIG.
: g 5.44




CHAPTER 6

DISCUSSION

6.1 INTRODUCTION:
Sulphidation of Fe-10wt% Al alloy in HZS/HZ atmospheres may be
said to occur in two staées after a brief initial period; namely a
first parabolic stage of decreasing reaction rate followed by a final
parabolic rate, particularly at two sulphur pressures of 1x10'3and 1x10-4 atm.
At two other sulphur pressures (PSz =1 x 10-3 atm and 1 x 10_5 atm )
studied at present: the reaction continued parabolically with growth
of multilayer and single layer corrosion products respectively. Hence-
forth, most of the discussion will refer to the mechanism of sulphida-
tion at two sulphug pressures of 1 x 107 atm and 1 x 107 atm. .
. The sulphidation mechanism is complex due to the occurrence of
a number of complicated processes. Durinq the initial reaction stage
both Fe and Al sulphidize simultaneously resulting in fonnatign of an -
ATZS3'filﬁ and FeS nodules at the defect sites present in the film.
The FeS nodules grbw‘ laterally and vertically and the a]]by beneath
these noduiés is sulphidizeg iﬁternally? ’Sjnce the diffusiyity of
_;u]phuf in Fel;xs is neglidib]e, sulphur supply for growth of- the
inner layer must have originatéd at the Fe1be/a11oy interface.
During the first parabolic growth of the scale, outer Fe]_xs
formation, internal precipitate formation and their conversion from

%1253 to a Fe"KS and feAﬂzs4 Fonglomerate take place. _The second

161
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parabolic stage leads to the formation of a continuous,AléS3 film at

the alloy/scale interface.” Once the A]ZS3 film covers the a]]gy surface,
further corrosion proceeds at a rate approximately an order of magnitude
less than the initial rate (Table 5.1). These metallographic observa-
tions will be discussed along with the kinetic results in separate
sections in order to present a growth model for the corrosio%gbroducts.

A ternary Fe-A1-S phase diagram is constructed which is consistent with

these observations and mechanisms for the growth &f the sulphide phases.

6.2 SULPHIDATION KINETICS .

The kinetics of Fe-Al sulphidation are complex but generally
reproducible. Thé sulphidation rates are higher at higher sulphur
pressures. It is apparent from the kinetic results that parabolic
behaviour begins after an initial brief reaction period of ~ 100 seconds
(Figures 5.3 and 5.4). Relatively thick scales are observed at high
partial pressures of HZS (PH g v 0.2 to 0.7) with diffusion control
across the sulphide scale. Because of the complex morphologies of
the su]phidg phaées, diffusion in the inner two-phase layer (Fe]_xS
+.FeAIZS4) may Be due either to iron migration through the two phases
or to fhe inward migration of sﬁ]phur’along the long channels and

boundaries between the two phases (diffusion of S in Fe, _S is negli-

T=x

~ gible and in FeAIZS4 the rate is unknown) or through microscopic pores

in the inner layer, as suggested by the inert marker experiments.

The fact that sulphidatien kinetics are parabolic clearly

‘shows that the total scale is thick during early stages of the reaction,

Since both the outer and inner layers grow simultaneously, the increase
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in sample weight AW represents the total weight gain due to both layers.
Corrosion rate constants are found to be lower than pure Fe at’]173 K
for all sulphur pressures used in the present study. FeS is a metallic
conductor above 411 K and one might expect partial dissolution of A12$3
to give an alteration of its defect structure according to the defect
model,

- X X X
Al,Sy = 2 Al + Ve + 35 (6.0)

Because of the creation of additional neutral iron vacancies, diffusion
of Fe in Fe]_xS would be increased, thereby increasing its growth rate.
However, the present work shows that this first stage of parabolic
sulphidation for the alloy is less than the sulphidation rate of pure Fe.’
The decrease in the sulphidation rate after the first stage of
parabolic sulphidation can be explained in one of two ways. Firstly,
the growth of outer FeS scale is dependent on the rate of movement of
Fe outwards from the alloy through the inner two-phase layer. There-
fore the effective area for bulk diffusion of Fe is'decreased by the
blocking effect of the FeA'IZS4 rods which increase in diameter with
increasing exposure time (Fig. 5.13). Also it can be sﬁggested that
the supply of iron may be insufficient to maintain the appropriate
concentration at the inner and outer layer interfaces to allow normal
parabolic diffusional écale growth as observed with pure Fe under the
same conditions. This was evidenced quite'clearly in all the microgr§phs
by the presence of pores and fissures fn the outer 1ayéru It was only
during thé initial period of time {first 5§00 to 1000 seconds) in the

range (= 1 x 102

2

high P and 1 x 10™° atm ) that a solid compact

S
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FeS layer was formed. i

Secondly, the reduced rate of sulphidation of the alloy may be

associated with the creation of localized strain fields in the Fe, S

1-x
due to the incorporation of Al (the ionic radii of Fe++ and A]3+ are

o .
0.76 A and 0.5 R respectively) which may a¢t to exert attraction force '
on the iron vacancies. Hence the vacancy diffusion rate may be de-

creased leading to a reduction of the reaction rate constants.

6.3 NODULAR SCALE GROWTH:

3

The scale growth on Fe-10wt% Al alloy in the P. range 1 x 107

S
and 1 x 10'4 atm takes place by the mechanism discusseg next.

Due to the difference iﬁ stability of Al,S, and Fe]_xS‘at 173k,
initially a thin layer of A1253 is formed on the al]ox (Fig. 5.18) and
with time this film dissolves the residual oxide film formed on the

alloy prior to sulphidation. The A]?_S3 film. is highly defective,
imperfect and has a number of leakage paths where FeS nucleates readily
to grow as hemispherical nodules with circular base and mushroom shape.
This is similar to the situation where an imperfect and discontinuous
A1203 film is formed on Ni-6wt® Al alloy in oxygeh atmnsphere]63,
"Since the sulphur activity is small at the alloy/A1253 interface
corresponding to the dissociation pressure of A1253, it is reasonable
to assume that Fe is transported relatively rapidly by preferential
diffusion paths in the Al,Sy filn. The number of these leakage paths
are a functidn of alloy composition, surface fin1§h, sulphidation

temperature and the speciiien geometry. The last factor is readily
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illustrated in Figure 5.19 (a) at thé edge and corner of the sample
where the density of nodules are high,

Fe]_xs, which is not the most favoured phase thermodynami-
c;IIy, forms at a faster rate (depending on the sulphur pressure) than
A]zs3 and tends to cover the surface. No data on the growth of A1253
is available at high temperature. However, at 673-K the growth rate
of FeS is 104 times faster than the growth rate of A12538. Upon nuclea-
tion of(each nodule they spread laterally and. grow vertically to coalesce
~wjth other nodules and finally form a continuous Fel_xS scale having
extensive porosity (Fig. 5.17). Since certain preferred sites act as

nucleation centres during the initial period, the fractional coverage

of the s@rface 'a’ at time 't' can be expressed as,

. 2
0 =1 - exp(‘ﬁt ) =‘—£\—

6.1
i (6.1)

where 8 is the lateral growth parameter of the nodules, and A, A, are
the surface coverage of nodules and original surface area éf‘the alloy
réspectivelyze. Since the volume and area of the éoduIés increase . °
with timz; a.relationship between the total weight gain‘due to the
vertical growth of Al S, and lateral and vertical growth of the Fe] 58
nodules can be obta}qed. One such relationship was previously derived
and veriffed in the' case of wustite-fayalite nodules formed on Fe-

1.5wt% Si.alloy in €0,/C0 atmospheres when the oxide phases were assumed’
158

to grow according to"Tineax;kinetdcs

The average size of the nodules obtained in the present case:

varied from 100 to 150 um before they coalesced with other nodules;
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the smallest size observed was about 25 to 30 um. At times some of
2
the nodules nucléaped,at the alloy grain boundries. Internal sulphida-

tion beneath these nodules has been observed (Fig. 5.20) concurrent

"with the Fe, S nodular growth. This is due to the fact that the

1-x

Fe, _S/alloy interface:is‘exposed to a much lower sulphur potential

T-x
corresponding to its sulphide dissociation pressure. Consequent]y the

‘ 1nterna] precip1tates in the a110y are Al,S The'higher thermodynamic

2°3°

‘act1v1ty of Al at this point also favours the formation of A]2 3 This

mechanism of nodular growth is found to be similar to that for the

.

growth of wustite-fayalite noduies on Fe-1.5wt%Si a]loy in CO /CO

A{mosphereslsg and NiO-N1A1204 nodules on Ni-6wt%Al alloy in oxygen]63
Oxide nodular growth has 2lso been’ observed ‘on N1-Cr]5 s CO Cr-ATlsO
and Fe Cr 161,162 alloys..

. It appears that the nodular sulph1de phenomenon during su]phlda-
tion of the Fe-lOwt%Al alloy is governed by the large difference in

. the diffusion and thermodynamic properties of the sulphides. Nodules
“of the less stable sulphide (Fe] S) appear at the localized regions

of ‘the more protective.and stable sulphide (A1,S,).

L 4

,aad r«:scﬂmxsm oF SULPHIDATION:

' ‘6 4 1 Introductibn T,

,;1‘ when Fe-Al a]loy is exposed to a H S/H atmosphere, the follow-

S _ing reactﬂons can take place:.

' "Z'S@’Hg(g)‘*sads o : '.(6'2)

T

.
e o —— . 52 i

s oer e S .
LU AV O -

g R —



be ca]cu]ated by using Equation (3.3) (P S,
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Since FeS is a metallic conductor at temperatures above 411 K, adsorp-
tion of su]phur'produces a neutral iron vacancy in the sulphide lattice
and growth of the scale takés placeAby the diffusion of Fe through

Fe vacancies.

Z X, X
Sads =% * Ve (6’?)
X _qy X -
(VFe)outer B (VFe)inner . (6.4) .
X X
(VFe)inner ¥ Fea]]oy ) FeFe - (6.5)

Adding equations (6.2) through (6.5), the overall réaction is given by:.

= FeS + Hég)' (6.6)
1173 K

0

Considerin free energy of -formation of FeS and A]ZS3 (a GFes
; : 01173 K . - . AT
= -42 KCa}/majé of S, and AGA]ZS3 79.4 KCal/mole of 52), A]ZS3
is also f during the initial reaction per1od
2 A1 FIHS = ALS, * 3 (N3

alloy 2 273 2

"The dissociatidn pressure of FeS in contact with pure Fe can
diss. FeS =1.49 x 10 8

at 1173°K) and its va]ue in contact with Fe-10wt% AT alloy can be
v

cdlculated us1ng\the.follow1ng equation.’ S
2 .~ , ~. 5
ago. g
ar, - Po”
al]oy 2

. Where P 1s the dxssoc1ation pressure of FeS 1n contact w1th the alloy

2
'and K is‘the equilzbrﬁum éonstant for the reaction,
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2Fe + 52 =2FeS (6.9)

4
defined by the equation,
-AG

FeS . ~
K = exp RT | (6.10)
8ras is determ1ned from the compos1t1on of the scale if in solid solu-
tion w1th Al S and a

is determined from thermodynamic measure-

23 FE(a-HO )

-ments plotted in Fig. 3 2.

6.4.2‘ Formation of Quter Layer

Formation of the outer Fe]_XS layer proceeds by the outward

migration of Fe through iron vacancies. The initial iron sulphide layer e

exhibited whiskers or plates sﬁpp]ying a large surface area for the

subsequent adsorpt1on of sulphur in compar1son to.a solid compact FeS

layer. Counts of the number of wh1skers per unit area have been made by

Fischmeister.and et al.lgé and-it has been reported that a surface area

.

increaseé of 50 to 1000 percent is poésible due to whisker férmqtion.

ﬁoWever, this only wouTd be of importance when chemisorption of the

gdseous reactant is the rate determ1n1ng

The outer layer of Fey_, S is doped with Al (Fiy. 5.24) but vefy _

high levels of Al were found by the microprobe analysis in Tocalized

" regions (Figs. 5,25, 5.29): This is perhaps associated with the con-
" ' ¥ .

lyérsibn of the A12$3~f11m sections’ Qgriéd benéath_the growing Feltxs"‘

A

< phase’'to FeAlZS4 via reaction of the tyﬁé; T .

" FeS + A1253 = FeA]z.S4 ) ) (6.11)

- . . ‘. - ie ¢
.

»
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. will be from the dissociation of Fe, S at the Fe

and ( 2 M(aﬂoy) a]loy 273
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6.4.3 Formation of Inner Layer

The mechanism for the growth of the inner layer containing

Fe1 S+ FeAIZS4 was ascertained from the marker experiments. It is

inferred that the outer Fe, S layer grows by outward diffusion of Fe

T-x
through Fe vacancies and the inner layer by the inward diffusion of
sulphur. Since sulphur diffusion {s too'low in FeS (3.2 x 10']2 sz/sec.
at 1168 K), the source of sulphur'supply for the growth of inner layer
is by direct penetration of HZS‘if the outerAsca1e is porous, or sulphur
along the grain boundries from the source of adsorbed sulphur if the
gcgle is compéct. HOygver, because of the compact nature of Fe]_xs

at the base of the whiskgrs in the initial period and ngbleéting the
ifward diffusion of sulphur (from the source of adsorbed S) tﬁrough

grain boundries in the outer layer, the only source of sulphur supply

]-XS/al1oy interface.
3 Fe1,'s = 3(1-x)Fe + 35 R (6.12)

(6.13)

React1on (6. 13) is p0551b1e 1n the allgy beneath the Fe S/alloy

.. ‘interface because the higﬁ dissociation pressure of Fe]_xs is sufficient

to. supply sulphur for'thé.grdwth.of A12$3 pvgcipitatesf‘ The iron released

from reaction (6.12)°m%gra£és outwérds whereas su]phur diffuses iﬁwafd
lthrohgh bouridries between Al /allqy op in the a1loy ‘phase by an

.'interstitial mechanism For each sulphur atom consumed through internal

sulphidation, ong iron ‘atom is simultaneously removed from the Fe] XS‘

1ayer at thegseiﬁgS/allqy 1nterface. Dug to the dﬁs;ociatiye mech§n1§m,'

t s
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" in the innér Tayer. The a]umxnium solubiTity in Fe, S is-low

170
vacancies condense, creating micropores and is counteracted by the

increase in volume in the internal sulphidation zone (Expansion co- -

' : : 147
\effiCjent bpt- AIZS = 3.7, Bre-Fes = 2.7)" 7", Addition of Equat1ons
(6.12) and (6.13) gives the displacement reaction of type (6 14)
3Fe]_x5 + ZA]alloy = 3(1-x)Fe + A12$3 (6.14)
alloy

However; such a solid state djsplacemént is only possible when
the path of Fe (released By reaction 6.14) is not hindered by the forma-
tion pores due to the condensation of vacancies clqse.to the FeS/alloy

interface and in the neighbourhood of Al._S precipitates, If such pore

273
formation exists, Fe flow'fb the growing outer 1ayer becomes increasingly
tean and the equilibrium sulphur pressure rises at the external pore
surface. Because of ihe difference in sulphur pressu}e across the pore,
dissociation of outer FeS {lean in Fe) occurs and sulphur is transferred
t6 the Fe rich inner interface. At the dissociation sites, the excess
Fe formed ma1nta1ns the ‘'normal iron flux towards the outer Fe S/gas
interface, The sulphur liberated from the dissociation reaction moves

inward to form' fresh Fe Sﬂfn the,inner,scale in the vicinity gf;ghe

1-x
interna]'ﬁrec?pitates. The inner 1ayer grows at a low partial] pressure

.of sulphur which perhaps favours. the grdwth of the small sulphide
crystallites (Fig. 5.10(a)). These crystallites may in turn bridge

the crack and re-establish partial -contact with the scale.’ In this .

‘way small pores rémain within the scale (Fig. 5.10(a)). Thus formation

of pores or cavities contribute considerably for the formation of Fe, S

T~x
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s -

< 1%, and therefore A]ZS3 precipitates will react with FeS in its .
vicinity to foKm a mixed sulphide of FeA]ZS4 through reaction (6.1]).
The FeAl, S, precipitates grow as rods in both inward and out-

274
ward directions. This is suggested by the thickness of the inner layer

protruding outward from the original gas/a]]oy interface as shown by =
the inert marker position several microns above this original inter-
face. The shift of marker position can also be explained due to the

formation of a porous layer consisting of fine Fe, _S crystallites at

1-x
the base of the outer Tayer (Fig. 5.23) as observed in the sulphurization

of cobper]67.' The growth of FeA1254 rods can be interpreted as follows.

'Since the defect structure of FeAl.S is unknown, it must be assumed

2°4

that AI 1ons are mob11e in it as in the case of N1A]ZO4]63, From the

su]ph1dat1on kinetics and scalé™microstructures, it is obvious that the

254 phase in the inner layer gives -protection to the alloy by

reducing the effective area for Fe diffusion through Fe, S. It is there-

1-x
fore reasonab]e ‘to make the assumpt1on that Fe exhibits a very Tow

“mobility in FeA1 S,. At the Fe S/FeAl Sy interface the f0110w1ng

274° 274
" reaction can take place: . _ .
3+ ‘
4FeS + 2AT = FeA12$4 + 3Fe . ‘ (6.15)
At the feAIZS4/A12$3.1ntérface{
WALS,  +3Fe . = 3FeAlsS,  +2M (6.16(a))
2 3alloy 1lq\ 2 4alloy éJIOy .
,angf%n th alloy reactioncs.lﬁ(b) can take place: !
- v R ;o
2 .= L ' . . .
2110y 35, 1oy 'Alzs3a1wy . ~ (6.16(b))

Vs
R

/s

/
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Iron re]ea§ed through reaction (6.15) diffuses outward through
Fe vacancies in Fe]_xs and Al reieased through reaction 6.16(a) is
énriched near the alloy/scale interface. This is in qualitative
agreement with the microprobe results (Figs. 5.25 and 5s29). Reaction
6.16(b) takes place at the interface since the activity of Al is high
in this region. The alloy in between the FeA1254 or A1253 precipitates
is sulphidized gradually by the sulphur released from the dissociation
of FeS at pores in the inner layer. The inner layer is generally porus
which may be attributed to the volume change associated with the forma-
tion of FeA]254 rods. The more rapid formative rate of the inner.layer
(Fe]_;S + FeA12$4) is perhaps associated with the rapid diffusion of
gaseous sulphur species ré]eased tﬁrough the dissociation reaction (6.12)
to form sulphides by reactions (6.15) and (6.16).

The FeA]ZS4 rods are dense and do not have any sign of poros1ty
(Fig. 5.21). The overall reaction rate at this stage decreases because

the effective area' for.diffusion of Fe is reduced due to the limited

supply of Fé through Fe1 S and from reaction (6.15). During this

reaction stage, the Fe S/a]]oy interface moves inward by the forma-

]_XS in the inner 1ayer.

6.4.4 Rod Morphology in the Inner Layer

The inner layer of the scale in Fe-10wt%Al has béﬁﬁ’ und to
be a mixture of two phases, Fe,_ S and FeAl, 84 (having a rod morpho]ogy

Fig 5. 21). Rod morphology is observed generally in a certain vo]ume s

" fraction range of—prec1p1tates._.Higher vo1ume,fnaction of prédcipitates

»3, ) 4




Q -

173

Teads to its continuous formation and a lower volume fraction leads to
isolated precipitation. In this Fe-Al-S system, the Al percentage
in the alloy is a deciding factor for determining the morphology of
FeA1254 This consideration arises because for a given FeAIZS4 volume
fraction, the precipitatelmorphology‘w111 adjust to its stable confi-

guration or shape when the total free energy is at a minimum,

6.4.5 Formation of a Continuous Al S Layer at the Alloy/Scale

2”3
Interface
Growtﬁ of the inner Fe]_ S+ FeA1254 layer as plotted in Figs.
5.15 and 5.16, decreases to a very low scaling rate-(2.136 x 1078
cmg/sec.) after 1/2 hour of sulphidation at P52 =1x 10'3 atm. This

phenomenon initially occurs at isolated places during first 1/2 hour
near the alley/scale 1nterface.$nd it is attributed to the formation

of FeAl S and Al layers. Contact between the inner heterophase

2°3 laver:
layer ( e _xS + FeA1254) and alloy is isolated at these site;, once

the A1253 1ayef Qevg!dps ;t the scale/alloy .interface. The preferential

sites for A1233 %ormatﬁon at the interface could not be ascertained

in the present work. However, it'was a ggneral observation that the |
impingment of FEAIZSA rods at isolated sftes near the allé&/sca]e . -
interface (Figs. 5.12 and 6.1) ieads to a decrease in su]phidgtion rate

due to the partial blockagé of Fe.supply from the bulk alloy to the Py

inner and outer scale 1aye¥s ~ Further corrosion leads to the growth

of existing A1, S, precipitates at the FeAl 54/a11oy 1nterface to fqrm

273
a cont1nuous A12 3 fi]m as w111 be shown in Frg 6 4.. It is_appro- -

priate to mention here that, 1t takes approximately 3 hours for the -

P -, .
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FIGURE 6.1 Scale cross-section showing impingement of FeA12$4 rods

at random sijtes.

)
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A1253 fi]m to appear throughout the scale/alloy interface, thereby
decreasing the corrosion rate by an order of magnitude (Table 5.1).
Lateral growth of an A]ZS3 film is possibly initiated at these regions
of rod impingement if aluminium enrichment occurs in the alloy between

the A1253 needles by reaction 6.16(a).

4A]253 + 3Fe = 3FeAlS + 2A1 (6.16(a))

alloy alloy 2 4alloy alloy

Formation of an A1,S, film at thé alloy/scale interface does

not necessarily involve direct impingemént of the FeA1254 rods. -The

aluminium copcentration at a particular site near the three phase

(Alloy, Fe -xS’ FeA1254) region (Fig. 6.3) is increased during the

1
.reaction period by two processes. /}nﬁtﬁﬁ‘?ﬁrst process, Fe]_XS acts as

a low resistance path for Fe diffusion in comparison to its original path
through? the a1?°y (6 in Fe1_xS is 9 x 10_6 sz/sec. whereas D in

" a-Fe-Al alloy is 5.2 x 10~10 szlsec. at 1173 K). Therefore, Fe is
released through Fé]_xS at a rate approximately 4 orders of magnitude
higher than the interdiffusion in thé alloy. Since Al diffusion is
negligible in Fe 'XS, the aluminium concentration will increase at the

1~

]_XS - FeA1254 - aiioy region (Fig. 5.24). 1In tﬁe second process- Al

is released into the Fe]_xS - FeA1284 - alloy region by reaction 6.16(a).

Consequently, the aluminium activity can attain a sufficiently high

Fe

value to react with sulphur in the altoy to £orm A1253 by reaction 6.16(b).
These precipitates would continue to grow Taterally by these two .above
processes to ultimately lead to A1,S; film bridges across the original

AléS3 platelets. The electron probe traces shown ih Figs. 5.24 and 5.25

R
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showing an increase in the Al concentration of the alloy possibly give
support to these considerations. The lateral growth of the inner-

most A1253 4
layer on its upper surface in accordance with the following reaction.

film would involve the simultaneous growth of a FeAl,S

FeS + A1253 = FeA]zs4

Careful compositional and structural analysis demonstrated the occur-
rence of this FeAIZS4 layer (Fig. 5.37). Simultaneous diffusion of
iron and aluminium Qou]d cayse its continual growth. It was not possible,
however, to distinguish‘the relative the thicknesses of FeA]zs4 and
A]zs3 in the innermost sulphide layer.

In the present work it was not possible to establish conclus%ve]y
whether the nucleation and growth of the A1,S, film was due either to

23

the impingement of favourably oriented FeAl,S, rods 1eading to the

274
bridging of A12$3 p]atelets under these sites or to the relieve of
supersaturat1on ar1s1ng from the difference in Fe diffusion coefficient
in the Fe1 S phase and alloy However, in the present case a combina-
t1gq of both mechgnisms is suggested fof the growth of A]ZS3 layer at

the alloy/scale interface. -

6.5 SULPHIDATION MODEL:

. A model for the sulphide scale growth and internal sulphida-

)

tion of the Fe-10wt#A1 alldy exposed to H,S/H, atmospheres at P
between 1 x 1072 and 1 X 107 atm. s suggested in the following.

2
This mode] is 1]1ustrated by referring: to the previously presented
and described photom1crographs and schematic models. shown in this

section. -

Pomm s
~
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During the initial reaction stage a discontinuous Al layer

253
was formed rapidly (in view of its thermodynamic stability) by dis-

solving the residual aluminium oxide on the alloy sur%ace (Figs. 5.18

and 6.2(a)). Fe]_gs then nucleated at the defective sites (or leakage

paths) of this film to form well defined mushroom shaped nodules.
These nodules exhibit whiskers and plates of pyrrhotite and grow at a
faster rate than A]253. The alloy beneath thes? nodules is simultane-
ously sulphidized internally producing A]ZS3 precipitates. Growth of
1,_xS during the initial reaction stage in the outer compact layer
below the whiskers (Fig. 5.20} suggests that formation of the Fe]_xS
+ FeAIZS4 inner layer and internal precipitation of A1253 is as a result
of diffusion and disp1acement reaétions. Following the initial nodular
growth period, aé illustrated in %igs. 6.2(b) and (c), a continuous
outer and inner layer is formed over the entire alloy surfate.(Figs.
5.20(d) and 6.2 (d)). . |

The model for the outer layer grawth involves diffusion of Fe

from the bulk alloy, and from reaction 6.15 through iron vacancies in
13A

ﬂpﬁe : ' ;‘
re ™ Crlre e

where tFe’ DFe. 3e are iron cbn;entration, self-diffusion coefficient
and activity yeépectively. The parabolic rationa].raté constant for

S layer is given 59131’

14

K = b2 _ (6.18)
r v . ’, .

[
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o]

where v is the equivalent volume of Fe, S and s (referred to 'x'

earlier) is the non-stoichiometry in Fe. S which increases asymptoti-

15
cally with sulphur pressure (Equation 3.10). A direct variation of Kr

with the non-stoichiometry (Equation 6.18) and asymptotic dependencel

of § on the'PS » leads to higher reaction rates at higher PS for the
T ‘ 2 ’ 2
Fe-10wt?A1 alloy. This is because, the major volume fraction of the

scale is Fe]«SS. However, this is merely a qualitative interpretation

because, the double sulphide (FeAIZS4), A1,S, and micropore formations

in the inner layer effect the kinetics of Fe XS scale growth in the

1-
outer layar,

The nodules grow laterally énd vertically to coalesce with
other nodules (Figs. 5.17, 5.20, 6.2(b)(cf). A continuous outer and
inner layers is formed over the alloy after a certain period of time
(Figs. 5.20(d), 6.2(d)). The FeAlZS4 rods grow in both inward and
outward directions by sulphur and aluminium diffusion, respectively as
described in Section 6.4.3 through reactions 6.15 and 6.16. The
.?]_XS + FeAlZS4 zone always exteﬁds parallel ‘to the growth direction
and independent of alloy grain orientation (Fig. 5.12).

F

Figure 6.3 shows a schematic growth model for the two-layer

scale growth during the first parabolic period following rates K] and

Ki at different sulphur pressures (Fig. 5.2). No attempt has been

made to show the presence of a small volume fraction of porosity
(Fig. 5.21) in these schematic models. The rods of FeA1254 (average
diameter 3 um) are aligned perpendicular to the alloy/scale and gas/

scale interfaces with an average spacing of 4.5 um. The incorporation
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(c)
COALESCENCE OF TWO NODULES

«Fe,_xs

V] -——Fej-xS +FeAlaSe

"~ FeAl,S, +Alloy +Fe,_,S
FeAloSa+Alloy

FeAl, Sy +Alloy +Al5Sy
Al, S +Alloy

FIGURE 6.2
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of FeA]ZS4

FeA]ZS4 and alloy was not verified due to the limitation of the

measurement techniques used in the present work. The schematic models

rods into the alloy upto the three phase region of A1253,

shown in Figs. 6.2 and 6.3 describing the above sulphidation features
do not completely describe the sulphidation kinetics. In some samples

an A1253 layer formed beneath the internal sulphidation zone of the

nodules (Fig. 6.2(b)) during the transient period, perhaps by the lateral

diffusion of Al from the neighbouring sites where a continuous A1253

layer had formed at the gas/alloy interface.

The formation of a partial continuous layer of Al near the

2°3
alloy/scale interface was described in Section 6.4.5 and attributed to

the impingement of FeA]ZS4 rods at random sites and supersaturation of

Al at A1233, FeAlZS4 and alloy regions leading to its precipitation as

A]ZS3. A schematic growth model showing the impingement of FeA]ZS4 rods

at isolated sites leading to a continuous A]ZS3 film at the alloy/scale
interface is shown in Figure 6.4. The model for the final reaction stage

!
will be shown in Figure 6.5.

The A]ZS3 film perhaps acts as an effective barrier permitting

at most only a very small supply of iron from the alloy fo the inner

layer. The A1253 layer is always associated with a layer of FeAIZS

on its upper surface (by reaction 6.11) which separates it from the

4

inner Fe1_xS + FeAIZS4 heterophase layer. This final sulphidation

process reaches a final parabolic reaction stage after which corrosion

[ 4

_takes place in the presence of a complete AIZS3 layer at the alloy/scale

interface. The model for thié reachion stage is shown in Fig. 6.5.



FIGURE 6.4

Schematic representations showing the impingement of

FeA]ZS4 rods at isolated sites. Beneath the thin

FeA]ZS4 layer a continuous A]253

or needles form. The model for the final morphology

film and platelets

is shown in Figure 6.5.

-~
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The continuous A1253 and internal sulphidation zone is clearly seen in

Figs. 5.14 and 5.44. Precipitation of A]ZS3 as needles or platelets

beneath the A1253 layer suggests that S is mobile in FeA]ZS4 and A1253
and supplied from the dissociation of FeS in the inner layer. OQutward

growth of the FeA1254 layer at this stage would take place by outward
diffusion of Al to react with FeS by reaction (6.15). Growth of A]ZS&

layer as well as A]ZS3 precipitates may take place concurrently by the
outward diffusion of Al and inward diffusion of sulphur in the alloy.

The high levels of internal sulphidation beneath the A]253 layer could

be due to the rapid ionic diffusion of sulphur inwards at the experi-

mental temperature of 1173 K which is about 0.85 Tm of A1253 (melting
\

point of A]ZS3 is 1373 K). The protective property of AIZS3 is there-

fore decreased. The average width of the A]ZS3 platelets or needles

beneath the A]ZS3 film range from 0.8 to 1 um in a total sulphidation

time of 14,000 seconds. Generally these platelets grow in a direction
normal to the original alloy surface and to the reaction front, their
orientation being independent of the prior alloy grain structure.

It is possible that A1,S, needles or platelets beneatﬁ fhe

273

continuous A]ZS3 film have formed as a result of both morphological

breakdown of the A1233/a110y interface and internal sulphidation.

These features are suggested by the morphologies shown in Figs. 5.14

and 5.44 where precipitates of A]ZS3 are shown to emerge from the A]ZS3

layer into the alloy and élso as isolated needle or platelet precipitates
in the alloy. In the former case, the tips of the alloy in between two

A1253 precipitates have spherodized and give rise to isolated alloy

[
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pafticles (rich in Fe) embedded in the continuous AlZS3 scale (Fig.

5.44). 1In the latter case further growth of the A]ZS3 internal

precipitates takes place due perhaps to the inward diffusion of
sulphur and lateral diffusion of Al from the alloy. The Wagner

criterion for planar interface instability,

(Dyy/V)
Al AT "a11gy i

X
-5 *
Al (DA]/V)

1-X

sulphide(Al1,53)

-

7

and }hé)more comprehensive model for interface stability proposed by
Coates and Kirka]dy60cou1d not be tested due to the lack of experimental

data.

6.6 CORRELATION OF SULPHIDATION MODEL TO THE Fe-Al-S ISOTHERM:

The ternary Fe-Al-S isotherm has never been reported in the
Titerature. However, from the binary Qhase extents (from Figs. 3.1,
3.6 and 3.11) at 1173 K and results from this investigation, one can
speculate as to the form of the ternary isotherm as shown in Fig.
6.6(a).

Pure Fe and Al dissolve upto 0.05 and 5 to 5.5 atomic percent
sulphur respectively at 1173 K. These concentrations and the sulphur
§b1ubility in the alloy are presented by a dotted line and a solid
line on the isotherms as shown in Figs. 6.6(a) and 6.8 respectively.

The solubility of Al and Fe, respectively in fe xS and A]ZS3 is

1-
unknown at present. A ternary phase based on the composition of

“FeAlS 137,143

24 has been reported in the+literature

[ts method of
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preparation and structure have also been described in Section 3.5.1.
The phase extents of FeA]254 by equilibrating the alloy with FeS and °
A]ZS3 have not been de?grmined. Accordingly, the construction of
three-phase triangles and two-phase regions shown in Fig. 6.6(a) is
intended to be schematic, since the actual terminal compositions are
unknown. k

The isothermal diffusion controlled formation of a sulphide
scale of uniform thickness on the planar surface of a binary alloy
can be considered as a three phase (vapour-sulphide-alloy) ternary
diffusion couple. The corresponding diffusion path can be calculated
(using Equation 2.39) and then plotted on the appropriate ternary
isotherm as illustrated in Fig. 6.7. Two possible60 configurations
are shown in this figure. In the first case (dotted line MN), a region
of supersaturation isolated from the AS/alloy interface is indicated by
the calculated diffusion path. This quds to the precipitation of
sulphide within the alloy phase upon relief of supersaturation and is
referred to as internal sulphidation. In the second case, solid line
M\, a region of supersaturation in contact with the interface can
relieve supersaturation through a transition from planar to non-planar
morphology by the growth of AS precipitates emerging from the As scale.
If the calculated diffusion path associated with the second possibility
cuts deeply into the two~pha§e field, internal sulphidation as well as
morphological breakdown will result.

Sulphidation of the Fe-Alalloys led to complicated sulphide

morphologies which evolved to a final structure containing a multilayer
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Alloy | Fe - IOwt%Al

+ from binary dota
Alloy 2 Fe - 15wt%Al

ALLOY PHASE

FIELDS
a - Fe(Al)S.S
[ - FelAls
N - Fe2Als
¢
ALLOY-I ALLOY-2
Il ' / Ez
! T //ﬁi:Dz
"""""""""" " Al2S3 B2 ¢,
5 Alloy -A2
7 2 el
Gy
%
A
: n FEy
MY &
[ 0 g, ©
Alloy-A,
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INITIAL STAGE PARABOLIC STAGE

Virtual diffusion paths and corresponding scale microstructures (schematic) on

Fe-IOwt%Al and Fe-I5wt%Al alloys at 900°C and pg,=1 x 10 atm
FIGURE 6.6(b)
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” B

A

Y
¥

FIGURE 6.7 Isothermal section of a phase diagram ABS relevant to alloy
sulphidation. The lines MNOPQ and MNOPQ are two possible
calculated diffusion paths corresponding to uniform sulphida-
tion of a binary alloy AB of composition given by a point M
to form a sulphide AS. '
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scale and an internal sulphidation zone. The sulphidation rates con-

tinually decreased and it was fbund that two regions in each reaction

curve could be approx1mated to different rates of parabolic sulphida-

tion. The scale m1crostruttures for thele two regions of parabolic

sulphidation of the Fe-10wt% Al alloy and also for parabolic growth

of an A]ZS3 sca]e‘on the Fe-15wtwt% Al aTloy are schematically shown in

Fié; 6.6(b). Virtual diffusion paths on the ternary Fe-Al-S isotherm
'Pcorre§ponding to these stages of parabg]ic sulphidation and microstructures
gtipr Fe-10wt% Al two paths are shown .
(path X and'f) in Fig. 6.8. The pa%ﬁ X (path AXMOPQRSTU in Fig. 6.8)

are sﬁywn in Figs. 6.6(b) and 6.8.

rggresents the diffusion path during the initial period, during which
tﬁére is a greater depletion of Al from the bulk and no coqtinuodé forma-
tion of FeA]ZS4 and A]ZS3 oceur. :Two }eéions of virtual supersaturation
(AXM'and‘RST in Fig. 6.8) are shown on the isotherm leading to the prec{pi-
tat1on of A1253 in the a]]oy and FeA]2 4 1n*Fe]_XS. In these éhses%the
virtual path cuts tie lines in two-phase fields and crosses three phasé
f%elds. ‘
When a final parabolic reaétion stade is reached due to the
deve]opment of a cont1nuous inner layer containing’ FeA1234 and A1253 uﬁ;’/
" diffusion path represent1ng the sulphidation reaction 1s*§1ven by Path 1
(path ALBCDEF in Fig. 6.8). This path enters we]] into the two phase
region (alloy + A] ) at én angle to the tie T1nes and ex1ts coincident,
with one of them: The two phasg zong contains’ 1solated needl/s "and/or
p[ates of A]z 3(due to internal sulphidation) and non-isolatéd plates
of Af}s3 rqpted’ih‘the parﬂnt‘pbaief(continUOUS A12§3 layer) due to

4

L%
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morphological breakdown of the A1253/3110y interface. This path is
represented in both Figures 6.6 (b) and 6.8.
The diffusion path for Fe-15wt% Al alloy which exhibits a thin

layer of A1,S. is shown by Path 2 (A_B.C.D.E. in Figs. 6.6(h)).

273 272727272
Insignificant depletion of Al occurs by the formation of an outer
A1253 layer.
6.7 SUMMARY:

The sulphidation properties of Fe-10wt% Al alloy at 1173 K and
in HZS/H2 atmospheres were studied with respect to the kinetics and
sulphide scale growth. The sulphur pressures ranged from 1 x 10-2 to
1 x 107 atm.

The kinetics were approximated to parabolic in all cases.The
sulphidation curves at two sulphur pressures (1 x 10'3 and 1 x 10_4 atm ),
were approximated to two-stage parabolic behaviour in which the final
corrosion rate was approximately an order of magnitude less than the

initial corrosion rate. In the initial exposure stages, Fe XS nodules

1-

were formed at isolated sites in the A1253 fiim. The scale micro-

structures were complex with an outer layer of Fe xS, FeAl S  (having

1- 274
a rod morphology) and A12$3. From inert marker experiments it was

established that the outer layer grows by outward Fe diffusion and inner
layer by inward sulphur diffusion. During the later stage of reaction,

a continuous layer of A1ZS covered the alloy surface completely.

3
[t was shown that the co-operative growth of two phases

(Fe]_XS + FeA1254) in the inner layer occurred through the conversion
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of the internal sulphidation zone (alloy + A1,S,) due to sulphidation

ZS3

by sulphur released from the dissociation of Fe XS at the scale/alloy

1-
interface. At this reaction stage, the decrease in sulphidation rate

of the alloy was interpreted as being caused by the combined effect
of a decrease in effective area ofFe1¢xS for Fe diffusion and a reduction

in the diffusion rate of iron by a vacdncy mechanism in Fe xS due to

1-
tocalized strain resulting from a small Al solubility in Fe]_XS.

The growth of the inner film containing FeA1234 and A]ZS3 layers

was interpreted in one of the two ways. Firstly, the impingement of

FeAlZS4 rods at isolated sites leads to the growth of existing A]253

precipitates beneath the FeAIZS4 layer. Secondly, the supersaturation

of Al in the Fe, S, FeAl,S, and alloy region (due to 4 orders of

1-x 274
magnitude difference in the values of iron diffusion coefficients in

Fe]_XS and in the alloy) leads to massive precipitation of A].ZS3 and

FeA1254.

The morphological breakdown of the A]ZS3/a]10y interface

accompanied by internal sulphidation was attributed to a high diffusivity

of Al in A12$3 than in the alloy and inward diffusion of sulphur re-

spectively. Rapid diffusion of sulphur inwards and a concurrent diffu-

sion of Al outwards through A]ZS3 is suggested to increase the thicknesses

of this film and of the internal sulphidation zone in the alloy as well

as the FeAl layer beneath the inner Fe, S + FeAl_S, scale layer.

2% 1-x 24
During the final slow sulphidation stage of the Fe-10wt% Al alloy,
the overall reaction wasAassociatéd with several processes involving

diffusion mechanisms in the fully developed scales containing layers
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of Fe]_xS/Fe]_XS + FeA1254/FeA12$4/A12$3 and the internal sulphida-
tion zone containing A]ZS3 precipitates.

A ternary Fe-Al-S isotherm was constructed from the respective
binaries and present experimental findings. Virtual diffusion paths

were shown on this isotherm consistent with the development of the

scale microstructures.



CHAPTER 7

CONCLUSIONS

The suiphidation kinetics of Fe-10wt% Al alloy at 1173 K in

HZS/HZ atmospheres are slower than pure Fe at all sulphur pres-

sures (1 x 107 atn to 1 x 107 atm ). The kinetics approxi-
1

5 -
2
At two sulphur pressures (1 x 10'3 atm and 1 x 10 4 atm ) the

mate to parabolic behaviour and increase with increasing P

ginetics transformed from an initial parabolic stage to a much
stower final parabolic stage.
During the initial period of m(uﬂﬁdation a thin layer of A]253

is formed on the alloy by selectively dissolving the thin residual

oxide film on the metallographically polished alloy specimens.
Fe]_xS nodules nucleate at defective Sides (leakége paths) of the
A1.S, film and grow (by the migration of Fe

273

in Fe]_XS) laterally and vertically at P =1x10"
2

The alloy beneath the nodule is sulphidized internalNy by the

rough iron vacancies

atm and 1)(]()‘4 atm.

precipitation of Al in the alloy matrix.

253 .

The formation of internal sulphides has a direct bearing on the
!

sulphidation rate, since the sulphur required to form internal

sulphide is produced by the dissociation of Fe S at the alloy/

1-

Fe xS nodule interface.

1-

198
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The internal sulphidation zone is converted to a Fe] xS +

FeA12$4 layer by further sulphidatior due to the inward

diffusion of sulphur. A final parabolic stage is obtained
corresponding Eo the growth of a film containing layers of
FeA]ZS4 and A]ZS3 at the alloy/scale interface.

The formation of a film containing FeA]254 and A]ZS3 layers

at the alloy/scale interface is explained by an impingement
modeli due to which impingement of FeA]ZS4 rods at random

sites aid in the growth of the existing Al,S, precipitates

to form a continuous layer underneath these impingement sites

and by the supersaturation of Al in the alloy beneath the

Fe xS + FeAl,S, inner layer interface due to large difference

1- 274

in magnitude of Fe diffusivities in the Fe, S and the alloy.
,"S

1-x
The sulphidation rate of the Fe-10wt% Al alloy during the

final reaction stage was dependent on several factors, such

as: dissociation of FeS in the inner scale layer, several growth
and diffusion processes taking place in the Fe]_xS/Fe]_XS
+‘FeAIZS4/FeAlZS4/A1253 zones. Therefore a rate controlling
step could not be suggested.

From the present experimental results and the data from the
respective binaries in the Fe-Al1-S system, a ternary Fe-Al-S
isotherm was constructed at 1173 K. Consistent with the scale

microstructures, virtual diffusion paths were shown on this

isotherm.

N
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N CHAPTER 8 -

SUGGESTIONS FOR FUTURE WORK

An investigation has been completed on the sulphidation kinetics
and morphological development of the corrosion products on Fe-10wt% Al
alloy at 1173 K. Since the defect structures and diffusional properties
of the various sulphide phases containing‘Fe; Al, S and Al, S are un-
known, quantitative or at least a semi-quantitative interpretation of
the sulphidation mechanism was not possible. An attempt must therefore
be made to determine the transport properties of different species in
various Fe-Al sulphide phases.

The Fe-10wt% Al alloy developed an Al,S, film at the alloy/
external scale interface in the final reaction stage, in the presence
of wh%ch corrosion proceeded at a very slow rate. Therefore, in future,
the transition from internal A1253 precipitation to a continuous A1253
film formation at the alloy/external scale interface should be deter-
mined by studying the kinetics, microstructure and diffusional pro-
perties of Fe-Al alloys having less than 10wt% Al.

Since an external protective scale of A1,S, is solely formed
on Fe-Al alloys containing Al greater than 15 wt%, attempts should be
made to study the sulphidation kinetics of alloys containing larger Al
contents and diffusjonal properties for metal and sulphur in the Al.S

273
phase.

200
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Possibility of using various intermetallic phases of Fe-Al
system could possibly serve as constituents of protective coatings for
sulphidation resistance. The sulphidation properties of these Fé—Al
intermetaliic phases should be exélored. Addition of a third element
(Ti, Mn, Mo) to Fe-Al alloys could also be considered to determine if
appropriate concentration influences the subsequent sulphidation
kinetics, mechanism and scale microstructures.

The Fe-Al-S isotherm is not quantitatively known. The pre-
sently advanced isotiferm requires verification using equilibrated
phases and results from structural determinations and quantitative

compositignal estimations from diffusion couple measurements.



APPENDIX I

Calculation of thermodynamic data for FeS: ‘
Between 773 and 1261 K (eutectic.tempetature) the gas ratio H,S/H,
for the reaction,

Fe + H,S = FeS + H

2 2 (1-1)

is given by the following expression.

_ -3100 )
Tog(H,S/H,) = =28+ 0.179 (1-2)
The corresponding Gibb's free energy isAgiven by,
H.S
o _ 2

AG = RT In( 5 ). (1-3)

56° = 4.576 (=22 + 0.179)
a6 = -14.186 + 0.00082KCal S (1-8)

104

From the work of Richardson and Jeffes =~ , the free energy for
the reaction,

2H2 + 52 = ZHZS (1-5)
is given as,

AGO = -43.16 + 0.026?1 T KCal/mole of 52 (I-6)

Therefore, the free energy for the reaction

2Fe + S2 = 2FeS (I-7)
is given by,

aG° = -71.532 + 0.02525 T KCal/tole of s,

202



203

There are other available data from Sudo105 given by,

6% = -71.25 + 0.02462 T KCal/mole of S, (1-8)

and Alcock and Richardsoulos,

0

aG™ = -71.82 + 0.02512 T KCal/mole of S (I-9)

2
The recent paper by Jacob et al.]O7 reviews the Fe-S binary system

and established the standard free energy for the reaction,
(1-x)Fe(s) + 1/25,(9) —— Fe;_ S(S) (I-10)
36° = -151.500 + 54.1 T(+1500) Joules/mole of Fes (I-11)

From the work of Nagamori and et a].gz, the standard free energy
for the reaction (I1-10) in the range of 1073 K to 1373 K is given

by 26° = -34.95 + 0.01254 é%jp.S)KCal/mole of sulphide (1-12)

Calculation of dissociation pressures:

For the following reaction at 1173 K

2Fe + S2 = 2FeS (1-7)
and, 46’ = -42 KCal/mole of S,
The equilibrium constant for reaction (I-7) is given by,
2
(= oxp 6% . L Fes
=P R a2 pE
Fe= S2
*
where PS’ is the dissaeiation pressure of FeS on pure Fe.
2 * -8 :
At 1173 K, Po = 1.49 x 107" atm. (I-13)
2

For Fe-10wt% Al alloy,

2Fea]]oy * SZ = 2Fes
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p

a .
Feattoy °

2

Using the Fe-Al activity data g, = 0.61 for Fe-10wt% Al alloy the

dissociation pressure of FeS is calculated as follows, assuming

the aFeS = 1.
6.7114 x 107 - ‘ :
0.37 x pg‘ss'
2
Pg‘53° =4 x 107 atm. (1-14)
2
100
From the free energy data for A1253 ,
4 . )
T AL+ 52. 2/3 RIS, (1-15)
36° = -79 KkCal/mole of S, at 1173 K from which
*
PS is calculated. 2/3
2 0 aA] S
K = ~-AG - 23
TOPTRT T At
| Al - TS,
* 215
at 1173 K for pure Al, PS =1.9x10 atm. (I-16)
2
For Fe-10wtt Al alloy with a,, = 2.2 x 107,
Pgiss = 6.657 x 1072 atm. (1-17)
2 .

Similarly, for A]203 on pure Al at 1173 K the dissociation pressure

is given by,
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* -39
Py = 6-636 x 1077 atm, (1-18)
2
On Fe-10wt% Al alloy the value is
Pg‘ss- - 2.215 x 107 atm. (1-19)

2
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