Bibliothéque nationale
du Canada

\

* Mational Library
of Canada

Ottawa, Canada
K1A ON4

TC -

65394
ISBN G_ 2/_5"— }7(/25__(:/

CANADIAN THESES ON MICROFICHE SERVICE — SERVICE DES THESES CANADIENNES SUR MICROFICHE

-r

* Please print or type — Ecrire en leftres moulées ou dactylographier

PERMISION TO MICROFILM - AUTORISATION DE MICROFILMER

" AUTHOR - AUTEUR

.

Full Name of Author — Nom complet de I'auteur - '

Prakash C. Patnaik. ‘ v

Date of Birth — Dale de naissance .

June 4, 195L. .

Canadian Citizen - CitSyen canadien

D Yes !/ Qui * E Na / N‘on '

Country of Birth — Lieu de naissance

India

Permanent Address — Residénce fixe

Bijipur Tota Street-1,
Berhampur, India.

.

THESIS — THESE

Title of Thesis — Titre de la thése

-

: High Temperature Sulfidation Properties of Fe-Al AELloys :

- L)
-~ ‘

Degree for which thesis was presented Year this degree conferred
Grade pour lequel cette thése ful présentée Année d'cbtention de ce grade T

Ph.D. i 1984 - '
University — Université Name of Supervisor — Nom du directelir de thése

McMaster Dr. W.W. Smeltzer .

AUTHORIZATION — AUTORISATION ‘ ' .

Permission is hereby granted to the NATIONAL LIBRARY OF CANADA to
microlilm this thesis and to lend or sell copies of the film.

The author reserves other publication rights, and neither the thesis nor exten-
sive extracts from it may be printed or otherwise reproduced without the
author's written permission.

L'autorisation est, par la présente, accordée a la BIBLIOTHEQUE NATIONALE
DU CANADA de microfilmer cette thése et de préter ou de vendrs des ex-
emplaires du film,

L'auteur se réserve les aultres droits de publication: ni la thése ni de longs ex-
. fraits de celle-ci ne doivent &tre imprimés ou autrement reproduits sans

Iaulorlsatlon écrite de l'auteur, .
’ ATTACH FORM TO THESIS ~ VEUILLEZ JOINDRE CE FORMULAIRE A LA THESE ‘
Signature . Date * ' , .
W C. povﬁmk—a May 30, 198k. ' '
NL-9% {r. 84/03) -



HIGH TEMPERATURE SULFIDATION PROPERTIES

. OF Fe-Al ALLOYS

By
(©) PRAKASH CHANDRA RPATNAIK, M.Tech.,M.Eng.

A Thesis .
Submitted.to.the School of Graduate Studies /;j
in Partial Fulfilment of the Requirements
for the Degree

Déctor of Philosophy

McMaster. University

February 1984



e

‘ -HIGH TEMPERATURE SULFIDATIQN PROPERTIES

OF Fe-Al ALLOYS

i



DOCTOR .OF PHILOSOPHY (1984) ' McMASTER UNIVERSITY
(Metallurgy and Materials Science) Hamilton, Ontario
TITLE: High Temperature Sulfidation Properties of Fe-Al

-~ Alloys. : '

<

AUTHOR: Prakash Chandra Patnaik, B.S.Eng. (Hons.)

M.Tech. (I.I.T., Kharagpur)
M.Eng. (McMaster University)

SUPERVISOR: Professor W.W. Smeltzer -

\

NUMBER OF PAGES: xxi, 293

ii



ABSTRACT

A4
The sulfidation properties of Fe-Al alloys containing

6, 9, 18 and 28 atomic percent Al were investigated in alloy/ ~
FeS§ diffusion couples, in sulfur ﬁapour at the'dissociation
pressure of FeS and in H,S+H atméspheres at 1173K. The reac-
tion kingtics were detérmined_thermogravimetrically and by .L\

layef thickness measurements. The reacted specimens were
analyzed using light;ﬁicroscopy, X-ray diffraction and eleetron
métaliographic techniéues (SEM, EPMA) along w%th EDAX spectro-
metry. Pértiéular-interest.ﬁas given to the mode of precipita-~
tion and growth of sulfide phases. '

' Diffusion coupling of Fe-Al alloys with FeS in the form.
of cqmpacts'results in periodic precipitation of sulfide
=l(FeS+FeA1254) bands in - the al;oy. The thickness of sulfide
bands increases with depth satisfying the Jablczynski's relation-
ship for Liesegang type of,precipitatiOn‘processes.' The initial
stage of sulfide Band-fbrmation.is explained by a model involving

precipitation of Alzs wﬁ}ch is subsequently converted u:FeAlzs4.
Growth of each sulfide band or layer is sgpported by rapid dif-
fusion of iron and aluminﬁm ig’the FeS phase. It is suggested
that aluminum depletion from the Q&loy in front gf a sulfide

layer ultimately leads to its cessation of growth. A new sul-

fide band begins to form at a distance ahead of the sulfide layer

\ iii



where the concentration product for thelprecipitation of Al.S,

is satisfied.

The mode of precipitation of sulfide changes from bands
parallel to the original al;gy surface to platelets norﬁal'to
alloy surface when Fe~6, 9 and 18 Al alloys are sulfidized in
sulfur vapour supplied by a mixture of'?e and FeS. The acicular
internal sulfide precipitates of FeAl,S, and Al,S; in these al-
loys are elongated in the growth direction. Their growth is
interpreted by a model invq}ving enhanced sulfur diffusion along
the incoherent intéffaces between the internal sulfides and al-
loy matrix. The alloy composition at which>transition from
internal to external scale formation of AiZSB'occurst is calcu-~
lated using available models and compared with the experimental

results.

-

"Fe-9 Al alloy sulfidizes parabolically in H25+H atmo-

2
spheres giving rise to a scale consisting of an outer hl-d&ped
FeS layer, an inner E‘eS+FeA1284 layer andlAlzs3+alloy,internal
precipitatiQn zone. The Fe~18 Al alloy is sulfidized by a two-
stage kinetics. 1In éhe initial stage, growth of FeS+FeAlzs4
nodules is observed accompanied by internal suifiﬁation beneath
these nodules. The final gtége of the reaction curve commences
when ;h inner film of A1253 forms at the external scale/alloy
interface. Models based upon diffusion and the thermochemistry
éf the sulfidation reactions are advanced to account for the

;biaction kinetics and sulfide morphologies. *

iv
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-

The ternary Fe-Al-S isotherm is determined experimental-
ly and it is used to interpret the scale microstructures which

grew by parabolic kinetfﬁs.

154
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CHAPTER 1

INTRODUCTION

Development of high temperature corrosion resistant
alloys is of considerable importance because of the present
focus on development of more efficient high temperature combus-
tion and-energy conversion systems, including fluid#zed bed coal
combustors, coal gasifiers and gas turblnes. These alloys
c0nst1tute a major fraction of the structural components that
are exposed to corr051ve atmospheres at elevated temperatures
Typical operating temperatures of reactors used for coal ga51—
fication (1123 -1273K) lead to severe corr051on of reactor
' materials(1’2'3). - ; ¥

‘On the other hénd, petrochemical industries have been
presenteé with the problem of high temperature sulfur corrosion
in a number of their processes due to the‘presence o? sulfur in
the c¢crude oil, During the processing of crude oil: sulfur is
released primarily as hydrogen sulfide. Quite often stainless
Steels and Inconels are used to obtain useful life times for
petroleum processing vessels (w1th operating temperatures 473
to 873K)(4 =6,9) and gas;flers respectively. It is therefore
of considerable interest to develop less expensive sulfnr resist-
ant Fe-besed alloys at the temperature of concern.

Oxidation resistance in a number of metals and alloys

has been achieved at elevated temperatures by incorporating Al



which selectively oxidizes to form a oontinuous, adherent and
slow growing oxide-film. The use of Al as an external coating
to achieve such properties is also wé&l known(7). Similarly,
past studies have shown that in sulfur arnd HZS—H2 atmospheres
Al addition to iron reduces tﬁe sulfidation rate of pure iron
by two orders of magnituéé in the range of teﬁperatdres from
774K to 973k (8711}

The objective of the preseht research is to study the
sulfidation properties of Fe-Al alloys at 1173K in sulfur and
HZS-H2 atmospheres, The growth of multilayered scales {(usually
observed in HZS—H2 atmospheres) is not well understood because
the corrosion processes are generally complex owing to growth
of ‘'sulfide solid solutions and multicompenent compounds with
conéurrent sulfur diffusion in the alloy and internal §ulfidation.
The latter phenomenon is very important since precipitation of
sulfide compounds in the alloy causes a loss of the alloying
component. ‘Therefore, this investigation includes detailed
studies on the modes of external sulfide scale formation and
precipitation of the internal sulfides particularly at low sul-
fur preésures cofresponding to the Fe§ dissociation pressure
in order-;oﬁhﬁderstand more completely the sulfidation proper-
ties'bf!FéQAl alloys. Results concerning‘the Fe-Al alloy-sulfur
systémwﬁith respect to phase diagrams, sulfide defect'%tructqres
and diffusion obtained in the present and past investigations
are used to interpret the sulfidation mechanisms of Fe-Al alloys

containing 1 to 28§ a/oAi with models describing the precipitation



>
and growth of sulfide phases. .

A brief description of the present sthGe of knowledge
on the sulfidation properties of metals and alloys is presented
}n the next chapter. This is followed by a literature review
of the relevant systems, chapter 3. Sev;;él techniques have

begﬁ/ased to obtain and collate the necessary data involving

2 ..

speclmenxgﬁgparatlons, chemical analyses, sulflﬁétlon procedures,
inert marker técﬁnlque, metallographic preparations, optical
microscopy, X-ray diffraction and electron metallo aphy (SEM,
EPMA, EDAX). These tedhniques and procedures are gggbribed in
cﬂ;pter 4. The experimental results are presented in chapter-5
under seven sub-headings: periodic precipitation of sﬁlfides
in FeS/Fe-Al alloy diffusion couples}-sulfidation of Fe-Al
alloys in S2 vapour at the disscciation pressure of FeS, sulfi-
dation of Fe-Al alloys in HZS-H2 atmospheres, inert marker re-
sults, phase identification and phase equilibria 1n the Fe-Al-S
system. Linally, the thermochemistry of Fe-Al-S system and the ’

Fe-Al-S isotherm is presented in chapter. 6 alony with scale

growth mo%gls to rationalize the experimental results.
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CHAPTER 2

SULFfbATION OF METALS AND ALLQOYS
- q '\k‘-‘/.

2.1 INTRODUCTION )

E%pmenﬁary sulfur and its compounds codstitute a major
broblem of corrosion in many essentialqbranches of modern in-
dustry. Altho;gh sulfyr and Qxygen'arq elements of the same
group of the periodic table, eﬁ;)ronments containing sul{ur o)
its compounds are generally aggressiv% thaéxoxygen containing
environments. First, the degree of disorde; of thf~crystal‘lat—
tice of sulfzges exceeds consideréblf the disorder of coérespon-
ding oxides, in consequence, the mobility of reactahts in
sulfide scales is many tiﬁes-higher than in oxide scales. For
exgmpl; Cr253 is reported-to have compositions ranging from
{?g%. For Cr203
the devigtion from stoichiometry is so smail that it has not a

CrSl 30 {or even lower sul fur content) to Crs

s
yet BeenJaccurately determined. 1In adéition, the'eutectiq ir‘
‘temperatures for metal-sulfide systems are considerably lower
compared to the eutectic temperatures for corresponding oxide
systems. Catastrophic corrosion, caused by the formatiop of a
liquid corrosion product, appéhrs therefore ih sulfur ;r H. S

2
environments at lower temperatur than in oxygkn atmosphégés.

A

Also the dissociation pressures of sulfides. arb high compared to

oxides and commonly lead to a relatively high sulfur partial
. : . i
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pressure at a scale/alloy iﬂterface'which favouré rapid internal
] .
corrosién. dfhe'reaction kinetics in‘Eoph these cases differ
in magnitude and in the nature ®f raté conﬁrolling steps. How-
e#er, the theoriés df'metal.Snd;alloy oxidation are in general
'\;,applicable to corresponding squ}dation reactions.
Theorieslof sulfidation and general results for metal-
- sulfur and alloy-sulfur systems are outlined in this éhapter;
More comprehensive reviews relating to specific metal-sulfur

e .
and alloy-sulfur’systems are presentéd by Stafford (22)

(23)
h ]

and

. For Yhe detailed aspects of oxidation, the reader

is referred to sevérdl standard.worksslz_lg);aﬁh recent ..

(20,21)

~Young
-t

reviews

2.2 THERMODYNAMICS OF METAL-SULFUR SYSTEMS

Ce ) 2201 PurweQa;.Sulfida‘tion N , Ql o
~ A consid;ration of elementary thermedynamic innciples
£ provides an ipiti§+.guideline toéstabl%sh the likél?hood df
D '%Qrming a sulfide frop a metal ih a,given'sulfidizing environ-
ment (sulfur dr'sta. £f the reaction is of'ﬁ&pe o

| )/1_ welsws' | S

. éhe'driviﬁg force for reaction is the free energy change,

o =

- AG = AGO—RTQ.n(pS )3 LT (2.2)
. * 2 .
- . .



Here, AG = free enerqgy of reaction (2.1)
AG° = standard free energy ofreaction (2.1)

R = universal gas constant

If AG is negative, the reaction occurs spontaneously.

When st is the reaction species, the reaction would be

: ;
M+ HZS = MS + H, . (2.3)

2 .
The free energy change is given by )
. ) ? A
T PH
A6 = a6° + RTn —2 (2.4)
Pr,s

The standard free energy of formation values, réaction (2.1},
are generally reported in the literature. The standard free
-energy change for reaction (2.3) can be obtained by adding the

ae°® of reaction (2.1) and (2.5) since the free energy change is
| _ 1 :
“» H,8 = H, + 5 S : {2.5)
independent of the reaction path. References (22) and (24)

- describe the standard free energy of formation versus tempera-

ture diagrams for the formation of various sulfides.

2.2.2 Alloy Sulfidation

When an alloy AB is sulfidized, the sulfides may pro-
duce a solid solution or they may be completely or partly im-
miscible, producing simple or multiphase scales. If element A

does not sulfidize (being noble) and B sulfidizes producing BS



.then, account is made for tﬁe activities of BS and B in the
alloy. . ] ’

Consider the formation of a sulfide containing negligible
concentration of the solvent metal (A). The sulfide-alloy equi-

librium may therefore be written as

B A S\J = {(1-6)B + S8A +. vS (2.6)

1-878

where B, A and § referﬁ;o‘alloy compositions and A is the solvent
metal such that its concentration in the sulfide is small (6 <<1).

Accordingly for a constant activity of the sulfide Bl—6ASSv

1-§
B

_ 1-6,.6,.v 1-6_ 46 v

d_v _ 8
aAaS = inN N NS + EDYB YaYg (2.7)

where K is the equilibrium constant. If dissolved sulfur concen-
tration in the solvent metal A is very small, the activity co-

- efficien in Egn.(2.7) can be expressed according to the Wagner

formali
EnYB = Enyg + ESNS + agNB (2.8)
nnys = lnyg + EgNS + EgNB (2:9)
EHYA =0 ; Np = 1 - Ny . | k2.10)

Upon substituting Eqns. (2.8), (2.9) and (2.10) in (2.7), the

equilibrium constant can be expressed in terms of solﬁbilities,



activity coefficients and interaction parameters,

N, + (l—é)(lnyg + ESN + agNB)

B"S

=

nwn n <

O'N

_ 1-3
2nX = RnNB

E

B
N. + ESNB) . (2.11)

v(lnys + e s

The sulfur solubility curve for the alloy is then defined by

dink _ 4 (2.12)
an, "

. A distinction between Henrian and non-Henrian solution

behaviour is essential when coégling thermodynamic and diffu-
sional parameters to interpret reaction kinetics. Smeltzer and

whittle (23]

have used such an analysis to define tpe conditions

for extérnal scale formation 6f BS scale and external scale for-
mation éccompanied by internal sulfidation. Equation (2.7) for

the sulfide equilibrium reaction assuming the sulfide to be

essentially pure BS, becomes for Henrian (H) and non-Henrian (NH)

behaviour '

LnK = ln(YBN ) (YSN ) . (2.13)

nK = ln(YB ) (YS ) NEH + (Eg+veg)NB

B S
+ (Es+vES)NS (2.14)

-

where the activity coefficients were defined in Egns. (2.8) -

(2.10). Since the sulfur solubility‘is usually very small
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(v 10-1000 ppm) , Ng << 1, and if the solute element (B) in the

binary alloy exhibits Henrian behaviour (eg 0), (2.13} and

(2.14) yield

(N}

S Nu

T - exp (- EgNB) . ' (2.15)
S’y '

If the Henrian activity coefficient is known, an equix

librium constant can be defined

K

KH = —-—o( O)\) . . 0(2-16)
such that
k 1/v
oS (~eBN_) (2.1
(Ng) = (— exp(-~ . .
S’ v Ng'. s'B -

ExpressioAS (2.16) and (2.17) allow, in prinéiple, a comparison
of t;; sulfur solubilities for Henrian and non-Henrian solution
behaviour in a binary alloy.

Figure 2.1(a) represents the ratio of the‘non-Henrian
sulfur solubility to that of.Hehrian sulfur solubility as given
by equation (2.15). In this case component B is the less~noble
alloying element in the solid éolvent A. As can be seen, posi-
tive values of the interaction coefficient sg decrease the

sSlubility, the decrease being more pronounced, the larger the-.

interaction coefficient. The converse is found when eg < 0, the
sulfur solubility increasing with larger negative values of ag.
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Fig. 2.1(a) Ratio of the non-Henrian to that of Henrian

sulfur solubility as a function of solute
mole fraction for various values of interaction
parameter. o ¥ '
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¢
Figure 2.1 (b) illustratquphe variation and shape of the sulfuf

solubility curves for different negative values of eB These

e
solubility curves exhibit minima of larger sulfur concentra-

tions which occur at smaller values of NB with larger negative
values of eg. Application of the sulfur solubility curves is

discussed in a greater detail in section 2.4 of this chapter.

2.3 'KINETICS OF SULFIDATION

Thermodynamics cannot in general predict the extent of
reactioﬁ in finite time. The corrosion product eventuaily
covers’'the metal surface and subsequent reaction is controll;;
by the physicochemical properties of the scale. Thus fOI\EQ?
proper understanding of the observed reaction rate equation,
it is important to know the scale morphology and‘the'diffusivity
of various species through éhe scale. Sulfidation of a pure
meéal or alloy 6ften takes place in different stages; gas ad-
sorption, nucleation -and gﬂowth of sulfide particles, sulfide
film and scale formation. For detailed descriptions of the gas
adsorption, nucleation aﬁd growth stages, the reaéer is re-

ferred to the works by Germer(zs), Rama Subramanian(27)

(28)

and
‘Evans
In most cases, sulfide scales exhibit parabolic growth
behaviour, Other‘growth relationships like linear, asymptoﬁic
and logarithMic are also observed depending on the type of rate
control and occurrence of additional processes such as film )

spalling and short circuit diffusion of readtants in the sulfide

- scale. For the growth of sulfide scale, Wagner(zg) has formu-
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Pig. 2.1(b) Variation and shape of sulfur solubility curves
as a function of solute mole fraction for posi-
tive and negative values of interaction parameter.
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lated a quantitative theory for parabolic growth which has -
since beeh tested in many systems and by several investigators.
He postu;ated that the diffusing species in the sulfide scales
are ions and electrons which migrate independently. The pre-~
requisite for an ionic species to be mobile is that its sub-
lattices contain point defects sucﬁ as interstitial ions and qx\
vacancies. Reactions at the sulfide-gas and sulfide-metal
interfaces are considered to be sufficiently rapid for local .
equilibrium to be established at these interfaces. The expres-

sions for the rate constant Er involving diffusion coefficient

is given by

a(s)
S s Zy
(l | kr = ci (DM Eg + DS)dEnaS (2.18)
' (m)
aS

where, Ci = ZSCS is the concentration of sulfur ions in tﬁe
sulfide in equivalents per cubic centimeter and a. is the
activity of sulfur. Dy and D, are the self-diffusion coef-
ficients of the metal and non-metal respectively. The super-
'scripts (m) and (s) refer to the sulfide-metal and sulfide-gas
interface respectively,

In Wagner's parabolic oxidation theory it is assumed
that the oxide is hompgenous and does.not contain any structural
irregularities such as porgs, grain boundaries or dislocations.
These tybes of defects givelrise to paths of rapid diffusion
for reactants which results in non-parabolic oxidation as ob-

served and discussed by several investigators including Evans(l4)

-
-
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Smeltzer et al. (30) , Irving (31) and Perrow et al. (32) .

- »
2.4 THEORIES QF ALLOY SULFIDATION
2.4.1 Introduction' - Q\

Sulfidation properties of alloys are more important in
pgactical terms. It is necessary accordingly to develop at
leasﬁ a comprehensive understanding of the mechanisms involved
in‘order té predict their reaction rates and to design alloys
that are more sulfidation resistant.

When an alloy AB in which A is the more noble and B
is the less noble metal, is sulfidized, the sulfides may pro-
duce a sulfide solid solution or they may be completely or part-
lfiimmiscible, producing simple or multiphase scales. For a
detailed classificat}on on the differerit types of sulfidation
and scale morphologies, the reader is referred to the work by
Wood(23).

Most alloys are thermod&namically unstable in a sulfidi-
2ing atmosphere. The level of sulfidation rate is generally
achieved by the formation of a scale which acts as a diffusion
barrier to the reactants. The concentratiqn of. ionic defects
in the sulfides of this scale which effect transport must be
low, and the sulfides must remain stoichiometric.'

Concentration of point defects in a semi-conducting
sulfide (AS) is affected by the addition of sulfide of hetero-
valent metal (stB) if-it forms a solid solution. If dissolu-
tion of the metal (of higher valence) sulfide produces vacancy

and holes, diffusivity of A will increasg(' However, if inter-
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stitial diffusion of metal ions is predominant, diffusivity
of A will decrease, since the concentration of metal inter-
stitials is reduced. Similarly, predictions Zhn be made for

the addition 6f lower valent sulfides. Thus, bne has a chojce
of alloying the parent metal to control the sulfidation. How-
ever, this has a limited use because conditions such as simul-
taneous sulfid;%ion and good mutual solid solubii&ty of the

sulfides must be satisfied.:;

2.4.2 .Selective Sulfidation

—

a) Neglecting internal sulfidation, mutual soclubili-
ties of sulfides and assuming the formation of a p-type sulfide
BS in which B diffuses by a vacancy mechanism and electrons

%) showed that the @iffusion control-

by positive holes, Wagner(3
led growth of BS (Fig.. 2.2) on the alloy AB followed a parabolic

rate lower than that on the pure metal B as given by

p,/ " -p
k _ “a
E—_ l/n_ 1/n | (2-19)

where k and ko are the parabolic rate constants for BS growing

on the alloy and' pure B respecﬁively, pé is Fhe sulfur pressure,
p and Py are the dissociatidn pressures of sulfide in equilibrium
_ with the ai10y and pﬁre B,_respeétively. n is a constant,
usually in the range of 3 to 6, determined by the defect equi-
librium established locally within the sulfide BS. Selective

sulfidation takes place in alldys for which'the sulfides of the
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Suifur Sulfur
BS il . BS
i Ko
5 /1 \/ \/ \/ \/
Dag
AB alloy ~ AB alloy
q. | b. ‘

Figr 2.2 a. Interface stability model of the wave,
decays if diffusion through the sulfide
is slow and grows if diffusion through
the alloy is slow. :

o
b. Fully developed alloy spikes.
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alloying components show a great difference in stability; for
example, iron alloys with aluﬁinum‘and chromium. The occurrence
of preferential sulfidation is dependent not only on the all&ying
element but alsoc on the alloy composition, reaction atmosphere.

and témperature.

b) The case where both A and B form sulfides was also
5)

examined by Wagner(3 with further assumptions that BS exhibi-

ted a lower lower dissociation pressure than AS, diffusion of
B in BS was slower than that of A in AS, and BS forméd the
stable ;rotective écale. For BS to form alone- initially and
to be retained, the alloy must be rich in B and diffusion cf B
in the alloy must be rapid enough to avoid its depletion at
the alioy surface. It is desirable to know the hipimum concen-
tration of“B required for exclusive forﬂZtion of the-highly pro-
tective Sééle BS. This minimum value of concentration is found
by setting the diffusive flux equal to the rate of consumption

as folloﬁs:

. , nk, % :
i) o Yo (0 | ' (2.20)
"B AB .

€.' A g
where V is the molar volume of the alloy, ZB is the valence of

the B ions, Dpp 1is inter diffusion coefficient of B, k, is the

0
parabolic rate constant for the growth of BS on B under the

given sulfur pressure and M is atomic weight of sulfur. Several

systems have been found to agree with this expression(34'35)
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/
2.4.3 ngerface Stability

Wagner suggested that if the interdiffusion in the

alloy is fast compared with the rate at which B is consumed by

scale growth-(DAB >> kd); B cannot be depleted in the alloy to
any great gxtenp. A ripple in.the alloy-sulfide interface de-
velops rapidly at the advanced position'shown in Fig; 2.2 aﬁd
labelled 1, because the concentration gnggifif through the
sulfide is steeper at that point. Hence the ripple decays

and a planar interface tends to be restored.

However, when diffusion'in the alloy.is much slower, the
sulfide growth rate k drops well below kO' Ripples in the
alloy-sulfide interface now grow more rapidly at deepegE po-
sitions, labelled 2, because the steepest concentration gradient .
ip the alloy exists at such points.’ Thus instabilitywof the
planar interfaqp is favoured by sIow intermetallic diffusion

-~

"and an easy diffusion through the sulfide.

Wagher!36) found that the necessary condition of a

\

-

Rlanar interface is given by

NB .(D/va’alloy 3

1mNB Tﬁ?/vs)sulfide

< 1 ‘ © i(2.21a)

where Ny is the mole fraction of B in the bulk allogﬂ D* ‘is

the self diffusion coefficient of cation in the sulfide at the

alloy interface, Va and Vs are the respective nolar volume of
alloy and sulfide phases and D is the interdiffusion coefficient

A\

in the alloy. The spikes are favoured by dilute B and Z?i;:

"2
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t hY
~

siZ%fusivity'in the alloy relative to the sulfide.. The more
. . L
\V3 extehded tips of the alloy spikes tend to spherodize and may

L

' give rise to isolated particles embedded in the external scale
. ~____ @

as observed in the o¥idation of Fe-Ni - alloys by Wulf et al.(37).
— The_aooGeacriterion ls limfted under the'assdmption that sulfurA
{ solubility in the alloy and oﬁ the more noble alloy component

y ;L . in the sulfide are negligible.
? (38) pave analyzed the  interface .

< Coates ?nd Kirkaldy
stabilidg\fof the general case of isothermal ternary systems. -
\ It was assumed’that the diffusion coefficients ‘are not a func-

tign of concentration, ahd that the off-diagonal diffusion

-,

4 "‘ » L 3 13 ..
”coefficn.ents were negligib deduced criterion involves
" ;

diffusion coefficieg}s_in the single phase regions of the dif~

' fusion couple andfgg?ameters‘related to the ternary isotherm.
— - , T _ ,

-

The genefal staRility criterion was tested through comparison

of e?rller treatments of“reldted problems and'

with the result.

-

was utiliZed to estagllsh,scrlterla for (i) 1nterfaces in
-t
d1ffus1on bonded materlals, (ii) interfaces assoc1ated\w;th

isothermal systems‘in whlch'solid alloys are in contact with
: ' | )
liquid metals, i) q'lde—metal interfaces dur;ng ‘oxidation

of alloyé and (i precmpltate—matrlx lnterfaces in ternary

Y

.. Systems,
P

.
- —

More recently Whittle et al. (39) derived the stability
criteria for the growth of a nearly st01chlometr1c oxide

(Ba) O‘Gh a binary AB alloy. It was assumed that the dlffu510n
. r

coefficients in_th e alloy were 1ndependent of concentratlon

— . ’
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'predominantly down its own gradient (no cross diffusional ef- &

20
/
(all%F is suf iently dilute with respect to B and 0) and that
oxygen diffused much more rapidly than metal. Application of
linear perturbation theory under these limiting approximations,
proved the following. If oXygen diffusion in the alloy occurs -
fect), the stability criterion for a planar interface is
| I *
I* 1 o _ I* /
NB D00 +42(N ‘_NB ) DBBDOO

T II* T >1 . . (2.21b)

Ny DBB + Ny DB (v /V )

This criterion becomes in the case of,ox&gen diffusion in the

alloy occurring predominantly from its interaction with the

—
metal gradient
I* II T S, | _
Ng V' 'Dpp 1* B Poo : '
TR TSR {1—N E } > 1 . (2.210)
NI IIT B o T -
B B BB _

]
In these expressions, D, N and V represent selfndlffu51on coef- \\,

f1c1ents, mole fractlons and molar.volumes of the alloy and .

ox1de phases denoted by superscript I and II respectively.'

-

Asterisks on these parameters refer to values at a planar alloy-

oxide interface. B and O refer to ‘the selectlvely oxidized

I
metal component and.oxygen. Nﬁo 15 the initial concentration of

B and E§N is the Wagner interaction coeff1c1ent between oxygen

and B in the alloy.
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2.4.4 The Concept of Diffusion Paths

Referring to Onsager's phenomenological multicomponent
g P

diffusion theory, hg ;pplied by Kirkaldy(40)

, the following
éxpressions, which“are similar to Fick's second law, can be
derived to relate the concentrations of the two independent com-

ponents in a ternary system

»”
. o
%\ BNl BNl BNZ

_ 0 5
O 3E T 5x Puoax) toax Py ) (2.22a)
and * - ' ' f///
oN oN N
2 _ 3 1 5 2 o
3t - P21 ) *oax Pa2 ) - - (2.220)

Assuming parabolic growth, a parametric substitution

x = At® - (2.22¢)

may be used to transqum equations 2.22(a) and (b) to ordinary
differential equations. The solutions are given by equations

in the form A _ ' | 8

=
I

NB(A) ) (2.23a)

and

S NS(A) t’//),_ ‘ (2.23b)

where the solute mgtal (B) and sulfur (S) are chosen arbitfarily

=2
!

as the two independent components. X can be eliminated from
the last two equations to obtain the distribution

-

NB = NB(NS) . : (2.23c)
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This relationship can be plotted on the pertinent A-B-S iso-
therm and the locus obtained is termed the "virtual diffusion-
path". This path is Gglque for a given terminal composition
and a given set of experimental conditions e.g., constant teém-
perature and pressure. fhis diffusion péth concept is a very
compact means of representing ternary’'diffusion behaviour, es-
pecially in multiphase systems.

(41)

Kirkaldy aand Brown \ﬂ)have developed seventeen useful

theorems relating to the construction of diffusion paths in
ternary multi-phase systems. The path obtained by plotting the
relation {3;230) ié defined,agyirtual diffusion path because it
{s_calculated on the assumption that all the interfaces are
planar and stable and that there is no internal precipitatien.
Using the virtual diffusion path in conjunCtioﬁ with a know-
ledge of the thermodynamic and diffus;on parameter oﬁ the system,
one can find whether or not to expect. the moréhological break-
down or internal sulfidation. To describe the actual configura-
tion one must take into account these phencmena an& solve the
diffusion equations with a re-formulated set of boundary con-
ditions. A relationship of the form of egn. 2723(c)ltheh ob-
tained is referred to as the actual aiffuﬁion path.

| Figure 2.3 shéws a ternary isothermal section of a hypo-
thetical phase diagram (A~B-S) on which two possible diffusion
paths and corresponding schematic microstrpctures are shown.
The system is assumed to only contain one sulfide BSu and

.r:

element A is considered noble. Path (1) enters into the two-
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BSy + ALLOY

S SOLUBILITY CURVE

A-B-§

A ;)
’ Sulfur S | Sulfur
BSy | BSy
) °c.* o e *% Internal
Alloy | Alioy * ° pB5v

. Precipitation
(1)--—- DIFFUSION PATH  (2) VIRTUAL DIFFUSION PATH

'

Fig. 2.3 Plot of diffusion paths on the ternary
A-B~5 isotherm and the corresponding
schematic scale microstructures.
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phase regioﬁ coinciding with a tie line and.accordingly,
a planar interface is exhibitged between the sulfide and alloy.
Path (2) crosses tie lines in a two-phase region which implies
the existence of a constitutionally super saturated‘zone in
front of the_g}aner alloy/sulfide interface. Relief of this
super-saturation can occur through morphological break-down of
the planar alloy/sulfide interface and/or through interna;
precipitation of sulfide.withip the alloy phase adjacent to the
interface. The oxidation behaviour of Ni-Fe and Ni-Cr alloys

’ (42)

have been interpreted by Dalvi and Coates using the dif-

fusion path concept.

2.4.5 Internal Sulfidation

The internal sulfidatien of alloys is held to occur
through dissolution of atomic sulfur into the base metal at
its surface (in the absence of scale) or at the metal-scale
interface. The dissolved sulfur diffuses inwards through the
metal matrix containing some previously precipiteted interhal
sulfide particles. At‘an advancing reaction front which remains
:essentlally parallel to the external surface, the inwaxd dif-
fu51on of sulfur and the outward diffusion of the al ieg
element continuously provide sulfur and alloying e ement con-
centrations in excess of t%%se correspondiné to the solubility.
‘product of the alloying element sulfide. Repeated nucleatlon
with accompanying growth of sulfide particles results and the
reaction front continues to advance inwards at a decreasing

o

-rate which is calculable if this simple model is assumed to hold.
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On the basis of this model, the following conditions
form a necessary criterion for the occurrence of internal
sulfidation.in a binary alloy during its isothermal sulfidation
at a constant sulfur pressure. '

(i) The free energy of formation (per‘mole of sulfur)
for the solute metal sulfide in the bulk alloy must be& more
negative than'thé free energy of formation of the lowest sulfide.
of the base metal.

(1ii} To achieve the requiréd activity of dissolved sulfur
at the reaction front, the pure solventtﬁetal must exhibit a
significant sélubility and diffusivity for atomic sulfur.

(iii) The SOluEf metal content of the bulk alloy must
be lower than that required to cause the transition from inter-
nal to external sulfidation.

(iv} A surface layer formed in the preparation of the

alloy surface must not prevent sulfur dissolution into the metal.

Therefore, an alloy which satisfies conditions (i) and (ii)
may be prevented from undergoing internal sulfidation by inten-
tionally preventing the fulfilment of conditions (iii) and (iv).

Various features of 'internal oxidation behaviour have

(45)

been described by Rhines et al.€43’44x, Darken , Bohm and

Kahlweit 4%, wagner (47 (48,49,50)

(50)

and Rapp ._The formulism

given by Rapp is used in this text. If diffusion control is

N

. L] ..
maintained, the depth ¢, JF tharinternal sulfidation zone, is

a pérabolic function of time, 't', and may be expressed as:
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2y(ost)”2 | (2.24)

i
1l

while the velocity of the reaction front motion df/dt is given

byé

QJ,D..
i
]
-
i

(2.25)

whe%e D is the diffusivity of sulfur in the base metal and Y
is a dimensionless parameter. By applivation of Fick's second
law to one-dimensional sulfur diffusion in the base metal and

assuming that previously precipitated particles do not inter-

fere with sulfur diffusion,

3N %N

S S
' =D . (2.26)
= ot S ax2
which may be solved for the following boundary conditions,
— n (S) =
NS = Ng for x =0, t >0 (2.27)
NS =0 for x > &, t>0 ' . . (2.28)

where NS is the mole fraction of sulfur in the base metal, Nés)

is the mole fraction of sulfur at the external surface and x

is the distance from the external surface. Analogously, the

r

solution of the diffusion for the less noble alloying element B

'namely -

BNB 3" N ) .
3_t= DB 3 - : , (2.29)
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A
+ is obtained with boundary conditions

=y (0) ) ~ ‘
NB,— NB ‘ fqr x>0, t =290 (2:30)

SN, = 0 for x <€, t>0 (2.31)

(0)

B is the mole

where NB is $he mole fraction of B at x and N

fraction of B in the alloy.

(47)

Wagner has obtained the followxng solutions of

Eqns (2 26) and (2.29) for the glvenboundary condltlons as

’ %
L () erf [x/2(D t) ]

NS = s {1 - et (7) } (2.32)
) . ‘
(0) erfc[x/Z(DBt)zl
NB = NB _(l - T -} ‘ (2.33)
erf (v ¢?)

where ¢ = DS)DB, erf is the error funcFLon apd erfc is compli-
mentary error-function and x is the disténcg from outer sur-
face of the alloy. The mass balance within the(internal sulfi-
dation zone can be uséd-fo find an expression ﬁir Y. At the

precipitation front,

?NS' - 3N} L
Yim [D. —= "= = yDh ———l ] {2.34)
S ox B 9x x=E+e

e+0 X=£-¢

where v is the number of sulfur ions pQE?B ion in the sulfide
BSU; It can be shown that '
(S)

ok

é’xp(yz)erfr e (2.39)
$Fexp (y ¢)erfc (yo?) &
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from which vy can be determined knowing Nés), Néo), v and ¢.
- ' . 1
Two limiting approximations exist. +For v <<1 and Yoi>>1

which is equivalent to

DB Y Nés)
5 %< o1 << 1,
{ S NB

Egn. (2.24) may be simplified to

n(Slpy ¢ %

- s S o
£ = fv—N(E)—_] . (2.36)
B

EquatiEn (2.36) is expected to hold under conditions where the
movement of the precipitation front is completely determiqed
by sulfur diffusion in the metal (Fig. 2.4).
In a second iimiting case, if vy <<1 but Y¢% <<l, con-

ditions which are equivalent to

and )
R .
i (8)

__S T
£ —‘—!7-6T (1T¢Dst_) ) Ty (2.37)
W VNG R o

In this case, the rate of outward diffusion of the al-

. o 4

- loying element, as well as inward sulfur diffusion are important
in determining the sulfidation kinetics (Fig. 2.4).

A further parameter used in the description of internal

]
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Fig. 2.4 Steady-state concentration profiles for lnternally
sulfidized A-B alloy.



30
sulfidation process is the enrichment factor, «. Rapp(so)

defined a as follows:

(0)

B (2.38)

a = £/N

where f is the mole fraction of solute B present as the sul-

fide st in the internal sulfidation zone. From the deri-

vation by Wagner(47), it can be shown that the fraction of

solute enrichment in the zone of internal sulfidation, «, is
Q L]

'given by

a = [Tr;’w;’exp(vzmerfc(wlﬁ)]—l . ©{2.39)

Under the'limitihg conditions yielding equation™-(2.36) and

Fig. (2.4), a négligible enrichment- /occurs. For the second
case, where Eqn. (2.37) and Fig. (2.4) are valid, ah enrichment
of solute és ﬁsv'in the sulfidized zone and a depletion qf

<

solute from the unsﬁlfidized alloy will result, especiallyl

(S)
S

when N and ¢ are relatively small.

In most practical applications of high temperature
alloys, the internal sulfidation zone forms beﬁeath an}external
sulfide scaie. Expressions describing ﬁhe kinetics of inter=-.
nal sulfidation in combination with a parabolically ﬁhickening
external scale have been derived by Rhines et al.(43) and

Maak(Sl)

- The latter author solved the diffusion equatiohs
for sulfur at x <g and for the solute element B at x < where
x is the position co-ordinate of the metal scale interface

to obtain _the-concentration profiles:

S—

—— .
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%gg__

®

N(S) erf(Y)—erf[x/Z(DSt)%]

S S %
erf(Y)—erf(kp/zDS)

1
(0) - erfc[x/Z(DBt) 1.

B B erfcjy¢%)

For the usual case that y <<1 and x << ¢,

where the auxillary function F is defined as

&

in which n

Ee) _ oo o )%

-xX) _ S S

Fe - = —toy—> FLE/2(05t) %
B v

- J
F(n) = w%nexp(nz)erfctn)

is given by

i i
= £/2(D t)
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Depths of internal oxidation zones below a parabolically

(2.40)

(2.41)

(2.42).

(2.43)

(2.44)

thickening external scale have been measured for copper-based

alloys by Maak(Sl) and Rapp

(50)

Bohm and Kahlwelt( 6) have made a detailed analysis of

sulflde nucleation and growth at the 1ntera£1 sulfidation front.

" They derlved the following equation for the number of precipi-

tates per unit volume as a function of the distance from the

surface x.

NS 3

Z{x) = B{ %x )

(2.45)
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? |

where B is a function of D /DB, N(o) K and N ﬁ*\(the cri

B sp S B
tical concentratlon product necessary to form a nucleus o]
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L]
-

critical size).] From equation (2.45) one predicts that:
L 4
(a) the number of precipitates per unit volume for

(s)

a given N depends inversely on the cube of the distance of
precipitation site from the external surface.

(b) * The number of precipitates per unit volume at a
given x varies difectly as the cube of the oxygen mole fraction
at the metal surface.

(52)

_Wagner utilized the solutions of diffusion equations

for sulfur and alloying element B to obFain an expression for

interface\and the rate of thickening of the external scai%.
&
The following parameter for the alloy was evaluatéd,

S‘
v - -

_ ol
‘/// 9g = ¢ X ) x=x (2'461

where X is'%he co-ordinate of scale—glloy intérféc%/ Figure,

2.5{(a) shows concentrations of solute B and sulfur in the under-
lying alloy. At the scale—alloy lnterface, the alloy is satura-

ted w1th respect to the sulfide BS  t.ie. the product Ny S

equals to the solubility product at x =X (Fig. 2.5(b)).

Sp
Thus one has the following cases:
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D BS,, ALLOY A-B
WR I Ng
- l
NS’NB, ‘ /
- 1 | Ng .
r | | Ng |
= ¥ g0 \ .
v (a) L ' ' - t
ED ¢ A L |
—_~ X=0 | /x — O | >
B -7 _ ‘SUPERSATURATION
4 . fAIn(Ng ,N¥)
o // (dx) ;0 .
- P - X=
Q” N -7 . SATURATION =~
B KT ——— 'dln‘(NB.Ng)) o
U ~ - | =
o CTS— 4 sex
(b} L UNDEﬁSATUF}?/ATION.
: X x = (Lelei)
R , dX o
/\ T - (dX) | Ax=X
: A\ ' | .
/——— N
b Fig. 2.5 a) Cross-section showing concentration of solute

B and sulfur in the underlying alloy.

b) The p oduct_NB-Ng as a function of distance in
the 4nderlying alloy demonstrating three possi-
bilities (Ref. 54). _ - .

AP e
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'a) If the value of = in Eqgn. (2.46) is negative, the
alloy next to scale is undersaturated with respect to sulfide

. ) . .
st and no internal sulfidation can occur.

b) If'conversely = is positive, the alloy next to

-

scale‘is<super§hturated with respect to sulfide st and inter-

nal sulfidation may occur. Accordingly the limiting condition

for possible ihternal sulfidation is 95> 0.

Wagnér(sz)

has applied the criterion 9. >0 to the oxidation of
Cu-Pd alloys and obtained a value of about ?600 for = indica-
ting that the condition for internzl oxidation was satisfied.

J/ A criterion to define the limiting alloy composition
fbr prevention of depletion of the alloying element by'interna}
sulf}datiOn’is of significant importance when;c0nsidering
sulfidation heat-resistant alloys. ﬁégnef(sz) has placed for-
ward the folléwing criterion:” internal sulfidation occurs if
diffﬁsion causes the product of the metal and sulfur concentra-
tions to exceed the solubility product of the sulfide at a dis-
tance in the alloy behind the scale/alioy interface. He was
able to-show that the critical so;ute alloying element atom

: *
fraction N

B required for exclusive scale growth is
D. %
'y F(u) + = (52) ur
0 v Dp
Ng 2 (2.47)
D, % ' v
1+'2 (52 urt
B
r .



where v 'is given by the formula st' u'= (kp/an)% and

(53)

X '
F(u) ='ﬂ2-u'expu2-erfc(u). Atkinson recently demonstrated

that Egn. (2 47) predlcted in good agreement with experlment
that 0.05 atom fraction of Si should impart S;LO2 fllm growth

on Fe-Si alloys.at 773K.

54)

Smeltzer and Whittle( completed a treatment of this

problem using a ternary diffusion approach. “The diffusion.

model is given in Fig. 2.6. The ternary oxide Bl 5 6 y Wwas

assumed to correspond closely with the comp051t10n of the binary

oxide (§ <<1) and the oxygen. solublllty was considered to ex-

-

hibit a minimum. Oxygen was con51dered as the only component

diffusing on both its own and on the: metal gradient.

' The flux equations for the conditions in fig. 2.6 are

oN

Lo B . _
ig = DBB o ) (2.48)
]
3N 3N_ - -
- — - o B ' B
Jo = PooBx * SoNo TR ' (2.49)

where the dilute solution approximation for oxygen diffusing

interstitially has been substituted for the off~diagonal dif-

fusion coefficient QOB: |
ﬁ . Ll

_ B
DOB = DOOEONO . . {(2.50)

Assuming DOO and DBB concentration independent then divergence

of the fluxes may be written as:

®
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Fig. 2.6 Ternary oxidation model(54).
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g
aN aN 3°N
B_ 23 o _B -p B (2.51)
at X BB 3x BB 2
2x
N \ 8N aN
9 - 2 p (=24 By By,
3t. 9x -00'3x 00 3x N
v 32NO - Ny
= Doo 2 Poofo 3% Mo %) - (2.52)
The solution to equation (2.51) is:
: effc(x/z/ﬁg;E
: {2.53)

Ny = - ()
B - erfc(/k;7§DBA5
~ y

where Ng is the atom iraction Bf at the scale/alloy interface,

kp is the cbrrosion'cogﬁtant'r'lated by

. (2.54)

to the position of actual alloy surface X (Fig. 2.6) at any time.

The solution for the oxygen profile is given by

~,
_uDOB o0 T erfc(x{2¢DBBt?
No = g~ (Np=Np) ' 7
00 , erfc(hp/Z DBB)
. erfc(x/z/ﬁgg§ | : §¥§§

O erfe(k/2 DOO)g

‘ erfc(x/zfga;%éf .
- (:i’/ij§§;;~ (Ng—ug) - 0 (2.55)

%
oo erfc (kg2 D)

@

- ™
: : A :
the mode‘fraci\on t oxygen at the al{;;>;cale inter-
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\ : - *
.defined above which intecngl'g;;dation does not'occur. No
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The condition for internal oxidation to occur is

Y aN DP Sol
(> > (an)k*u (2.56)
B x=X B x=X

-
]

where the gradient of the diffusion path (DP) at x =X is given
by B ™ ' o

an_DP N IN -
(=2) = (—2/ B (2:57)
dN ox oK ' *

B x=X x=X

-

o N .
The gradient of the oxygen sofubility curve af\x =X with Né
Ng as the' interfacial oxygen and solute concentrations is oyf

and

tained from equations (2.8N- (2+10) .-énd (2.12) as:

-~

dN S°l'f\\‘\ﬁf. 14n%eB 4 ynleB
Q _ O B B A 0 :

(aﬁ—) i ( I—ﬁ* T O) . (2.58)
B x=X NB v+No 0 +\JNO o :

-

Using egns. (2.64), (2.65), (2.68) and (2. 69) in (2.67), a .

*

lJ.m:l.tJ.ng bulk atom fraction.of the solute, ng in the alloy was

B

L]

rf\
satisfies, / e

2 'D b ' - .- *
B,. O 1~F (1) 00, u _% - B 0
ol ) + Sy B+ G 5 71 - g lleF () g

4 : 15 . .

. D . )
-+ {e2F (u) = (1-F (w) ) - (22 l;f‘Fl\g\:%} =0 (2.59)
BB u) : : .
- -~ % . *

L

whea./é," E: is the Wagner 1nteractlon« coefficient of oxygen and —~

B

B J.n‘the alloy. In case of ideal behav:.our, when EO

= 0'.
Egn. (2 59) reduces to (2.47).
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Any test of the application of predictions from this

model suffers from these extreme limitations: the lack of . ~ 7

39-

\

oxygen or sulfur solubility data in solid binary alloys, oﬁ_

\t

ternary interaction parameters and of ternary A-B- O or A-B-S."

phase diagrams. However, Egn. (2.59) was used to evaluate

o* B
N as a function of ¢ for D

B o OO/DBB = 100 and several values

. *® 1
of k_/D_. as shown in Fig. 2.7(a). N of
L 4

o’ “BB B
curve ranges between two limiting extremes

* .
g is markedly affected by non-ideal

Thus N
haviour especially within a nange of wvalue
The influence of non—ideal vgen solution

its solubility and vartual diffusion paths

each calculated'ft)

+ B
dependent on €o-
oxygen solution be-

-1000 < eg <-10.

behav10ur on both

is’'illustrated by

the plots in Flg. 2.7(b). The solubility curves exhibit mznlma

of larger oxygen concentratlon at smaller N
more negative. For the dlffu51onal cases con51dered

'alloylng element is prevented from lnégfnally o) 1d121ng when

B

. B
B as-eo becomes

B

g = -100. The alloy is 1nteﬁnzijy oxidized for €y © —100

the dlfoSlon paths cut into th two—phase alloy-+ox1de field

because the slope of the virtual diffusion path is of larger

-

magnltude at its contact point with the solubility curver

P

. Analysis of the internal oxidation problem by concepts

a

of ternary diffusion. is of recent origin.

Lesychjn

(55) has

: é
investigated the transition_fromaﬁnternal to external oxidation

. for Ag-Zn alloys: this transition toﬁkfclusive growth of a ZnO

filﬁ at 823K occurs at 0.28 atom fraction of 2n. Equatgon

(2.47) predicts the unreasonable value of;N

- Fd

*

o _ . .
7n = 0. 9" whilst

L

—

* N

L
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a) The critical atom fraction of B in the alloy,
-- * ) N °

N\, . : B .

Ng for exclusive =xternal ogldatlon as a

PO )

& . B - : _
functhn of kp/gBB and eg, DOO/DEB»“ 100.

) The oxygeh«solubility‘curve according to Eq.
12

/N (2.17) with R, = 10710, % 210712 gy 21s

P
with diffhsion paths superimposed for art alloy

o — . ™
of N = 0.178. N -
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~Egn. (2.59) predicts a value corresponding to the experiﬁental
value if ggn = -500. It therefore appears that measurements
on the non-ideal oxygen or sulfur solution behaviour and deteg:
minations of oxygen-metal or sulfur-metal interaction coef-
ficients are essential for a more complete descripti and

understandifg of Winternal oxidation or sulfidation. Recently,
GeSmﬁndo et al. (56) used a quasi-chemical approach and derived

a value of -3884 for eAl in Cu~-Al alloys at 1173K. Ozturk et

0
(57}

al. have used the surface excess thermodyﬁh@lc qpproach

for Fe-Cr alloys in oxygen atmosphere and derived a value of
-87 for egr at 1313K as compared to -8.6. at liquid iron tempera-:

ture 1873K.
- [

2.4.6 MorpholOgy and Dlstrlbutlon of Internal Sulflde -
Precipitates =

- Fa

The previously diécusseq classical descfiption of inter-
nal sulfidation defines general pPrecipitation of the sulfide of
the selectively sulfidized elgﬁent as small polyhedral or
acicular particles at a volﬁme fraction small enough not to
interfere with diffusion. It is recognized, however, that
several other. types of precipitation.modes may compete and
even completely suppress the above type of general precipitzkién.

Oné mode of internal sulfidation encompasses cellular
and diécontipuous precipitation whereby the sulfur saturated
-parenf alloﬁ.phase“(a) decomposes to the solute-depleted but.

structurally identical pﬂgse (a') and a sulfide precipitate

phase (8). That is, a-a'+§ by growth of parallel a'+8 . lamel=-



"\

S

P . .-

lae into o. 1In discontinuocus precipitation, lateral segrega-

tion of the alloying elemen? occurs by diffusidn along a
]

boundary separatin ' from ¢. Another mode involves eutectic
Y g Qﬁrjﬁ :

or eutectoid decompo n whereby the sulfur supersaturated

L

liquid’ or splid pdrent phase (Y) transforms into two new

u

phases (o+B). Thys Yy + a+B by growth of parallel lamellae Ofﬁ)

two sulfides into the y phase.

Examples of this type of behaviour are seen in the
(59)

oxidation of YNi-AI(SB) alloys and sulfidation of Ni-Mo

(60) alloys. Oxidat;;;\sf YNi-Al alloys contaiﬁing 2

and*Ni-Al
to8 a/o M in the range lg#gTEb 1473K leads to growth of a

dﬁplex scale containing layers of NiO, Ni_O+NiA1204 and an Al

\\\depleted alloy region containing oxide cylindrical rods which

/fextend right across the internal oxidation zone. These. rods

consist of ﬁiAlZO4 and A1203, the latter oxide accouﬁiing

fér "~ 35% of Ehe innermost rod length(sl). In this case, a

‘boundary in the alloy at the reaction front for lateral dif-

r

fuéisb\of metal did not occur. The growth of the oxide rods

is controlled by simultanecus outward aluminum and inward
oxygen diffusgon to the reaction front.
An internal sulfidation zone in Ni-Mo-alloys exhibits -

cellular morphology arising from discontinuous precipitation.

The internal Mosx precipitates grow as regqularly spaéed plazgg"“

into the alloy and a sharply defined boundary existed in the
alloy at the reaction front. The sulfidation kinetics were

linear. In the sulfidation of y Ni-Al alloys at 973K in I-Izs/H2

. -
L —
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atmospheres, the kinetics were linear and the reaction products
. .
et
were formed in three distinct layers: a NiS or N1352 layer,
. - .
an A1253 N13S2 lamellar layer ?nd an innermosthl-Nl—S liquid
. £t - ~

layer. The latter two layers comprise the subscale whis&,m&:;_\
1) . N

' A
grates inwards by diffusional and'segregation processes of in- =~

-..__/
ternal sulfidation® The lamellar layer in this case results

=

from a qeoperatlve pPrecipitation process 1nvolv1ng transforma-

tion of the Ni-Al-8 haqu1d into two solid phases A1253 and

N1382.

Substantial deviation from the classical interpretation

- of internal oxidation has beee_observed by Whittle(GZ),

(63)

Shida Wood(64) and Stott et al.(ss). Two types of inter-

L]
nal penetration were observed: a relatively uniform penetration
of internal oxida ion throuéh the alloy grains, and an ‘enhanced
penetration, especialiy at lower temperatures, along alloy grain

(62) :

boundaries. Whittle et al. have described the kinetics of

uniform type of internal é/;datlon and attempted to analyze

the digcrepanci et‘%en the observed rates and those ant1c1—

pated_ the classical heory outlined in the previous section,
in terms of a model based on enhanced 1nward penetration of
oxygen at the lncoherent interfaces between oxlde particles
and alloy matrix w1th1n the lnter oxidation zone.

Extensive studles on the Ag-Cd system(ss) have shown that
lnternal ox1dat10n of these alloys gontaining small amounts of )

certain metallic impurities such as Al," Be, Mg, Sc and Y leads

to periodic precipitation of oxides as Liesegang bands.” The

o\ N
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classical description of Rﬁriodic precipitation was first given

by R.E. Liesegang in colloidal~sYstems and it is now classified

. 7) . .
as "Liesegang Phenomenon"‘(6 ). This phenomenon is observed,

—

—

wheny_-in a test tube one concentrated aqueous solution contai-

ning A ions is kept on top of another #ute gelatin solution _‘
with a second electrolyte containing B ions. The ions diffuse.

into the gelatin and react to form an insoluble precipitate

A, B, . The precipitate forms discontinuous bands of homo ~
A B T

geneous precipitation as shown in Fig. 2.8 by the two kinetic

) re;ationships (Egns. 2.60 and. 2.61) which have been proven o

be Kglid by -several investigators(ss’eg).
Ly }
n
=k (2.60)
xn-l :
=X
—2 = kg . ' (2.61)
e _ v

Equation (2.66)-defines,the ratioc of distances of nth~and'

- (nth-1) band to be a constant k, known as Jablczynski's spacing

(70)

coefficient and Eqn. (2.61) defines the parabolic dependence

-

of the distance of nth pand formation with time tn. From these

: . a . _
ocbservatigns Ostwald(7l) suggested that the precipitation is mot
an equilibrium process but occurs only when a certain critical
o Ya . VB

* {B] has been

N ) :
value Kn of the concentration product Kh = [A]

_preéigitates until K reaches
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Fagl
%
Jablczynski's relationship ;S(-“-l = K
n-
k —*>Spacing coefficient
r
Fig. 2.8
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L

(68) (69)

‘and Pfager comPleted approximate calculations

Wagner

f/\\\for the distance of consecuti ”pfgéipitationjgénds based upon
/ : nO . <4
S an analysis of the diffusion/processes. There has been numerous

publications in the litera;ﬁré dealing with Liesegang pheno-
- \ ] . '
men;:%}n colloidal systems where these mathematical analy-
’

~ ses 63) hau% been ;ééé successfully.

In the internal oxidation of Ag—-Cd alloys coﬂtéinihg__h

-

Be, A, Mg and Y, the Cd0 particies‘were found to be distributed

in the form of bands satisfying the Jablczynski's relationship

in the presence of the oxides of tEE/ternary alloying' element

(72)

(MgO, A1203, etc.). Van Rooijen et al. used a model of

internal oxidation in ternary alloys to prg@i?t band spacing as

'a function of temperature, Cd concentration a®d concentration

-~

of the third elemQEE\XQ good agfeement with the experimental
reshlts:

The diffusional analysis for sulfidation of alloys by

Kirkaldy(4o) has shown that the sulfﬁr concentration in the

A}

internal sulfidation zone can be expressed by

: . B m

BN T 2N |

ot - Ds m. 2 " Pegsr —7 - (2.62)
- (1 —ﬁ') .t ax”

: - ’ -
wheré NS and the sulfur and alloying element concentra-

O

; ' Dg and DB are sulfur and alloying element diffusivities
1

tions

dnw ' T
== aﬁ— + Slope of the.solub%}lty curve

B
G-

| AN i

~

LT
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NB'NSS' ™ Bs BS :
n = ——gg NS and NB are concentrations of sulfur
NgNg '

and alloying element in the BS sulfide, and
Deff ‘is the effeﬁ}ive diffusion coefficient.

\-.
_—-r/

-—

It/1s possible that Dogg in Eqn. (2.62) can take negative
values, thus implying the possibility of perio&ic spatial
distribution in No and thprefde)a périodic.precipitation of
sulfide BS in thenj}iky},.Equation (2.62) is a non-linear dif-

ferential e tiony (since m and n are strong functions of con-

e solutions of which could corMespond to the
(67)

centrétio j
Liegeédng ph menon
There/havé been a few otﬁgr investigations on periodic
n in solid systems. Gerrard ef al.(73).investi—
gated the counter diffusion of Al and As in_copper at 1173K
Vusing a Cu-1.5 As/Cu—BAi diffusion couple and observed periodic

(74) obéerved

precipitation of AlAas in the Cu-8al alloy. Chenot
periodic precipitation of GaAs in Ag~-As alloys at 973K using
a Ag-l1l0Ga/Ag-6As diffusion couple. Gallium di?fused into the
- Ag-As alloy ;0 react with As fofming GaAs précipitates"in.the
form of bands parallel to the Ag;Ga/Ag-As couple interface
(Fig. 2.9 (a)). ' B

a0 ) .

‘ Extehsime work on Lieségang phenomenon was combleted
by Klueh Eﬁgrﬁallins£ZEl’5§'annealing oxygen saturated silver
single, crystals in hydrogen at 1073R; hydrogen diffused into
silver and reacted with the diséolved okYgen to fo;m'water

vapour bubbles as precipitates. Under certain conditions the

bubbles formed in the form of bands which obeyed the Jablczyn-
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ski's Telationship (Fig. 2.9 (b)). They mod.ified.the Wagner's
mathematical analysis of periodic precipitation and the spacing
coefficient calculated from thlS more precise analysms compared
well<w&3h that found experlmentally Table 2-1 summarizes the
mode of precipitation and the diffusion éarameteré in solid
systems. The distribution of precipitates in the subscale zone
of an alloy has been aﬁalyzed by Laflamme and Morral(lGB) and

Ohriner and Morral(lsg)

aldy(40). Two limiting cases of subscale formation have been

using the diffusional approach by Kirk-

identified. In one case the amount of precipitate is constant
across the subscale zone and precipitation occurs at the sub-
scale matrix interface. In the othér case, precipitation oc-
curs continuously through the Subscale as the subscale forms.
Treatment‘of the sécond-;imiting case results in an error func-
tion distribution for the amount of precipitate across the

subscale zone(lﬁai.

/

///~
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~CHAPTER 3

T T —— LITERATURE REVIEW

3.1 INTRODUCTION

‘ ' @
Stainless steels are not immune to corrosion in HZS—H2

atmospheres, although the rate of scaling is reasonably low at

temperatures less than 500K. Therefore intensive research is

being carried out presently to aevelop steels with alloying

Al

- . .

elements such as Al, Cr and Mn for resistance to high tempera-
ture HZS-H2 attack. This chapter reviews the available data
on iror-aluminum, iron-sulfur and alumlnum-sulfur binary sys-

tems anq\She Fe-Al-S ternary sy stem which will be useful later

in designing the experlments and to, analyze the experimental
°
rgsults.

3.2 PROPERTIES OF Fe-Al ALLOYS

3.2.1 Cryﬁtﬁifg;d‘Defect Structures ¢ //) |

/ : . : -
The Fe-aAl phase diagram (Flg 3.1) is well estab-
lished(77 78). Unlike other f.c.c. metals alumlnum is a ferrite

(a)\§tablllzer %he atomic radius belng 12% larger than iron.

Miscibility with a-Fe extends to more,;han 50 a/o Al. Within

-

rthis'b.c.c.-region there are two super lattices .exhibiting wide .
solubility limits. n Fe-aAl, CsCl sz) structure, Fe occupies
the cube corners and Al the centr¥s and in Fe,Al, the BiF, (DOé)

structure, Al occupies alternate cube’ centres. Fe3Al undergoes

51
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-

(79) determined the phase boun-f

disorder at €13K. Lihl and Ebel
daries of ﬁhe disordered a+ordered Fehl (Bz) two phase field

up to 1073K. These phase boundaries were extrapolated tokhigh
temperature by Schiermann et al.(so) and recently reviewed by

Chang and Neumann(al).
N I

Fouf intermediate phases are formed in
Fe-Al system: e(Fe2A13) cubic forms periteétically at l§Q4K
which decomposes eqtectoidally at about 1367K, ;(FeAlz) ﬁas a
rhombqhedral structure, n(FezAlS) ﬁas an orthorhombic structure,
B(FeAlB) has a mopoclinic structure. Solid solubilitynof Fe
in Al based on lattice parameter measurementé(sz) has been found.
to be 0.052 wt% Fe at 928K, 0.006% at 773K.

Solid solubility in YEe is very rgstricﬁed,.less thaﬂ 1
a/o Al 1423K according to Rocquet et a;.(83) and the (y+a)/a
phase boundary extends'to 2a/o Al. The lattice parameter of
alloys in the range 0 -50 a/o0 Al and structural chang;: connected
with Order-diéorde: t sformatlon were gtudied by Bradley et
al.(84)..

3.2.2 Directional Decomposition of c-Feal

Ehe e-FeAl phase which has been suggested to be b.c.c.
with 16 atoms Per unit cell is formed peritectically at about

1503K. The FeAl- eAl, “eutectoid,as most eutectoids, has a

BS}u The unit cell and the lattice para-

(86) -

lamellar mdrphologx<

meter'of FeAl2 have beén studieddfz/BaStin'et al.
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3.2.3 Thermodynamic Properties

7

The activity of Al and Fe in solid Fe-Al alloys has
been determined by various workers /8:87-90) 4o is of f0fma-
tion for these allo}s have been determined calorimetrically by

Kubaschewski and Dench(gl). Radcliffe et ai.(BB)

determined
.thermodynamic properties of Fe+Al alloys between 1173K and 1273K
by electromotive ‘force measurements, using a molten éhloride |
electrolyten;)éigure 3.2 repré;;;i: plots of thé activity of

Fe and Al vs. Al atom frégtion at 1173K. The actlyity of
aluminum in these alloys shows a sttong negative deviation

from Raoult's law at low concentrations which increases markedly

above 40 a/o Al.

j;j;j?fniﬁfusion Properties
; The diffusion in the c-phase of the Fe-Al system has

(82)

been investigated by‘Sato
(94)

, Hirano et al.(93), Nishida et
al. and Akuezue et'al.('6). Satocgz) has studied the dif-

fusion of Al in a-iron at 1123K and obtained the following result.

‘ .

b =8.2x1071% cn?/s . . B
Dpy = 9.7x10"0 cm?/s
¢ D, = 1%73x10710 cm?/s’ . S

[l

Fe
A detailed invebtigation on interdiffusion in the a-solid solu-
tion phase in the range of temperature 1073-1373K was made by
(94}

Nishida et al. The chemical diffusivity, D, was found to
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Fig. 3.2 Fe and Al activities in Fe-Al system

. at '1173K (88).
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be strongly dependent upon Al concentration and it showed a-
Peak value at a concentration of Al corresponding to the order-
disorder boundary (Fig. 3.3).

The interdiffusion results obtained by Akuezue and

Whittle(gs) showed general agreement'with those obtained by.

(93)

(94) and BHirano . The former work?rs-found'the acti-

Nishida
“vation energy for the interdiffusion process=to fali within the
range 196-230 KJ.mole ' and these'energy — appeared to depend
systematically on composition, decreasing from 217 KJ.mole-l

at 10 a/o Al to a minimum of 196 KJ.mole © at 23 a/o Al, and

increasing again to a maximum of 230'I_<J.mole—l at about 31 a/o al.
(96) |

-

. Ryabov et al. reported the following values for
diffusion coefficients of Fe55 in Fe-Al compounds at 1223K as

determined by a thln-layer,radloactlve tracer technique.
St

Fe in Feal, D v 1.25x10° %0 cm?/s
FeAl5 D~ 20%10-10 cmz/s
FeAl2 - D~ 0. 63x10'lo cmz/e'
FeAl . D~ 6. 3XIO =10 cmz/s
Fe,Al D~ 20x20710 em%/s . A

L]

Fellner et al.(97) have measured the Chemical diffusion coef-
f1c1ent D in the low and intermediate temperature range ‘for

the 25 a/o Al a-solid solution phase. In the range 473 toe\gBK,

D = 6.5x107! exp(-2658 k/T)

whilé from 673 to 873K

D = 6.6x10"° exp(-10466 K/T)
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3.3 PROPERTIES QF Fe-S SYSTEM

’

3.3.1 Crystal and Defect Structure

The Fe-S phase diégram cf (Fig. 3.4)‘%5 well estaQL
lished(77). ‘The different phases and theif crystal structﬁres
are tabulated in Table 3-1. At least three room temperature
ferrous sulfide phases have'beég‘long recogn d: stoichio-
metric FeS, known as troilité(T)a the pyrrhofite, " hexagonal
Fe, .S (H), and monoclinic Fel_gs (M) . Additiahal phases have
been identified between (H) énd‘(M)(gs’ggi. The Fe82 phase *

« &

Table 3-1

N
Phase Formula : Symmetry
-
;- FeS (Troilite) : Hexagonal ‘
E Fel—xs (Pyrrhotite) Hexagonal '
- ) .
' Fel_xS (Pyrrhotite) Mohoclinic
n Fe52 (Pyrite) Cubic
FeS, (Marcasite) ng(\‘grthorhshbic

decomposed om heaing at 1 atm pressure and 970K. The troilite
' ~

(T) .phase is stoichiometric, whereas the hexagonal pyryHotite

due to the presence of Fe vacancies (NiAs strucpurey/;;hiﬁits

nonsto@ghiometrf ranging up to 25 atomic percent. Its non- }

stoichiometry or phase extent as a function of sulfur activity

‘and temperature haveﬁgggh the subject, of many recent investi-

gations (100-104) -

o e T

e ———— e e
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Iron sulfide is a metallic-type electrical conductor

(105}

at temperature exceeding 411K , and the magnitude of the

conductivity is practically independent of sulfur activitytlos).
: G
A point defect model for this solid based on the existence of

‘interacting iron vacancies exhibiting strong repulsive forces

(103)

has been advanced by Libowitz to account for thé'dependence

of non-stoichiometry on sulfur activity and temperature. It
has been suggested also that different types of defects can
exist near stoiéhiometry, namely Frenkel defects or iron in

(104), but direct experimental evidence for their

(107)

sulfur sites

existences has not been found to the present

(108)

The phase diagram for Fe, .5 and several sulfide

c _
phases is represented in Fig. 3.5. The Fe, .S sulfur-rich

boundary is moved to increasingly higher sulfur pressure -as the
'température is increased. The dotted lines represent the

variation of non-stoichiometry with temperature at several

L

-

sulfur pressures,

s

3.3.2 Thermodynamic Properties

'The gtanda?hsheat of formation of FeS has been obtained

by numercus workers and summarized in reference (109). The

effect“of composition on the standard heat of formation of

O ) . {110) .
Fel—xs has peen de;egmlned by Ariya et al. . Gronvold

et a1, (111 determined the heat capacity of Fe, .S and deter- .

mined the standard entropies 5393 = 60.35 J/mole.K.

Q@
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!

Rosenqvist(llz) has determined the free energy of for-
mation of FeS between 773 and 1261K (eutectig .temperature) by

using a mixture of H2 and st. The equilibrium diagram for (/

Fe—HZS/H2 system in Fig. 3.6 is drawn by Rqsenqvist(llz). The -

heavy curves correspond to different two-phase equilibria, and

the slope of these curves corresponds to the heat of corres-

ponding reaction,eq.,

Fe+H,5 = FeS+H, . | | (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. sulfur referred to st as reference,

eqg.

st = 5(in FeS)+H2 . _ (3.2)

This type of diagram (Fig. 3.6) is quite useful in anticipating

the reaction producté’at a given temperature and st/H2 ratio.

The dissociation pressures of FeS over a range of tem- *

(113) .na by Q

Nagamori et al. (101). In the region of temperat/;e from 1073
' (111)

“peratufe has’ been described by McCabe et al.

to 1373K, the pressure temperature relationship is glven by
Ee e |
log P = -1.528 x + 5.48 . : {(3.3)
S~ | T : .

Jacob et al.(ll4) have reviewed the Fe-S5 binary system .and

established the standard free energy fof-the-reaction,

T S~ "
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(l::tgure 3.6 Plot of ﬁzs/ﬂ2 vs. _l'/"rafor tHe ‘sygté?n
Fe-S (112). . -
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- N
\\\\ . N 2(1-x)Fe(s) + s, +.2 Fe _.S (3.4)
' Ac° = -303,000 +i08;2 T (13006) J/mole of 82
AN which compares well with\kve data obtained by Sudo(lls), Richarg-

- 7

(1l1s) (111)

son et al. and Nagomo%i et al.
The compound Fe82 can exist in one of two forms (marca-
site at low temperatures) and pyrite at higp Eemperature) with
<+ t;ansformation temperature of about 635K.' Fes2 dééomposeé’
around 980K, yielding a monosulfide and eleméntal sulfur. The

thermodynamic properties,of_Fes2 have been reported in reference

(L29) . The standard free energy of formation of Fe52 is given
by )
Fe(s) + S,(g) +.FeS,(s) . (3.5)
i . : -
, AG° = -334,700 +240.5 T (:800) J/mole
.l " \ . .

~ .

I ) __/ .
3.3.3 Solubility of Sulfur gin Iron and Iron-based Alloys

- | Solubility of sulfur in a-Fe has been measured by

(112,117-119) (117,118)

various workers Ainslie et al. obtained

v

;,14;\‘ ‘“the sulfuf\iolubility values by equilibrating single crystal
cr '

) and polycryStalline sheet specimens to_Hz-stLatmgsphereS“

és . containing radioactive sulfur. The solubility of § in pure
- { .

a-irom of grain size 0.11:0.02 mm wasf measured to be

¥ wt s S = 5.35x;o3egp(-43960/nr) “\-ﬁs.e)

2 log(wt 8 §) = - 2220 + 3.89 ‘ .7y
4 ) '
\ ”
N I
. —_ ) . ™ L
- ¢ 4_‘ ' —.k L !

[y
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in the temperature range 923-1183 K. The sulfur solubility

*
in single ¢ tal specimens was found to be lower than in
polycrystalline gpecimens. Herrnstein et al. (118) aye measured

the sulfur solubility in both single and polycrystalline iron

but did not find any significant difference in values in the
~

temperature range 1023 -to 1173K. They oObtained the solubility-

temperature felationship as

.

e

3800

log(wt % §) = - T

+.1.44 . (3.8)

The variation of sulfur éolubilit§ values with temperature by

various co-workers is presented in Fig. 3.7.
There has been a limited number of investigatiéns on-

the effect of alloyin additions on the solubility of sulfur

in solid iron (118:120) Turkdogan et al. '22) getermined the

,
'

sulfur solubility in.Fe-Mn alloys over the temperétufe range
.1273-1600K. 1Increasing Mn alloy concentration resuleea‘in a
decreasing suifur solubilityf A large number'of-results have
been accumulated on the 1nfluence of alloy;ng elements on the

»
sulfur ‘solubility lﬁ/r;qud iron at\temperatures ranglng from

1823-1873k (121 ( o /
3.3.4 i ies - - ~ |

ﬁiffusmon Propertles . \

Results for sulfur diffusion in s;ngle and polycrystals

of « and y-Fe are tabulated in Table 3-2(117-120)
1. @17)

. Ainslie

et a measured the s dlffu31v1ty in 51ngle and polycrys— -

..

'-tals ‘of Fe by using a radloactlve,s35., sul fur segregatlon at
(119).

E

. @-iron grain boundaries has been studied by Ainslie et al.
D : . . . ,
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suggesting that the polycrystals of iron contain 50 to 100

percent more sulfur than single crystals, and the excess sulfur

in fhe polycrystals is found to be concentrated at the grain
boundaries. Using transmission electron microscopy, they ob-
served that the grain boundaries of sulfurized iron were as-
sociated with very.high density dislocaﬁion networks which
“were not observed in sulfur free iron. These networks are
thought to form when sulfur,'havipg first entered tﬁe speedmens
by preferential diffusion along grain boundaries diffuses from

o
the grain boundaries laterally 1nto the grazns by a substitu-

(119)~ : . . T

tional mechanism . In view of the size (0.127 nm) of
sulfur atoms in comparison to iron (0.125.nm), the activation
‘energy values (Table 3~ -2} and X-ray structural measurements,
Herrnsteln et al. (118) have suggested that sulfur diffuses in
iron substituﬁionally. | .

- i lequlonal investigations on FeS are-rather limited.
Untll 1974 1ron and sulfur dlffu31v1t1es were 1nferred from

(108) in 1974, using the '

the scaling kinetics. Condit e} al. ‘
'fadioteisék technjque, deﬁonstreted that' iron diffusion occurs
by a vacancy mechanism at rates dependent on_ the crystallOgra—
phic dlrectlon, Dc = 1. 8 D , (€ = pr:fﬁzllc- irection, a - Basal
,dlrectlon). Furﬁhermore they found that sulfur diffuses at
rates several orders of magnitude lower—tban for lron (Table
3-3). Fryt et @, (126) 1. o0 determlned the chemical diffusi-
//ﬂcv1ty and non-st01ch10metry as & functlon of sulfur activity

and temperature.: . i

C = e — -

5 e < = At =

I A
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“ TABLE 3-3 (a)

Iron self diffusion in Fe, .S “in em?ys{108)

Temperature Iron Da ‘Dc
K . deficit x a-axis . c-axis
550 0.003 9.6 x 10713 1.7 x 10712
570 0.003 1.6x 1072 6.1 x 1071
625 " 0.003 1.2x 107" 2.2x 10711
723 0.060 ~ 5.9x10%  1.2x107°
861 0.066 6.3x 1077 8.3x107°
' . -8y -8
970 | 0.031 1.5 x 10 4.3 x 10
r ) ,(,\
N
_ TABLE 3-3 (b)
Sulfur self diffusion in Fe, S in cn’/s(1%8)
. \\ -‘_ \‘
Temperature .Iron ' Da- ‘Dc
K deficit x a-axis © - c-axis
\ - 12"
1168 - . 0.065  3.2x 10
. ‘ *
1223 © 70.065 6.4x 10712
1270 0.052 2.2 x 107 1.22 x 107
_ . _

1330 . 0.098 . B8.4x 10 . @

-

*
Orientation not determined.

g

m—
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Using the interrupted sulfidation kinetics method

(127) L 126 ¢

originally developed by Rosenberg . Fryt et a

\

calculated the chemical diffusion coefficient and found it to
"be independent of the degree of nonstoichiometry at a given

temperature. Its temperature dependeneenwas given as
~ .

309002600

RT } . : (3.9)

Dlem®/s) = (6.7+2.0)x10" 2exp(-

Figure 3.8 shows the variation of 5 with temperature. U31ng e
point defect model 1nvolvxng a large repulsive lnteractlon
between iron vacancles to interpret thelr results, Fryt et al.(lzsy
obtalned a correlation yleldlng an expzessmon to evaluate the
self diffusion coefflclent of iron from the chemical dlffu51v1ty

: and obtained good agreement with iron tracer dlffu51v1ty in’ the

-dlrectlon obtained by Condit et al.: (108)

(128)

Danlelwsk; has studled the diffusional propertles

‘of Fe in Fei_xs. Using the tracer diffusivity results by’

(108)

Condit et al.  they evaluated the parabeolic rational rate

*

constant for iron sulfidation -and found satisfactoty'agreement
; ’ 1

with the published results. However, at high sulfur pressures,
exper imental values of thls sulfidation rate constant drffered

from predlcted values. ThlS dlscrepancy was attrlbuted to the.

dependence of the iron dlffu51on coeff1c1ent for iron sulfide

on crystal’orlentaglon(lzg) o | = !
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3.3.5 Kinetics and Mechanism of Fe Sulfidation

The kinetics of iron sulfidation'hage‘been intensively
investigated(130—139); These kinetics hate-been shown to be
parabolic at sulfur pressures in the range 13 te'66.6 Pa at
temperatures in the range 673—1073K Hauffe and Rahmel(l32)

1. (133)°}, have demonstratedaﬁbét the growth of

and Meussner et a
FeS occurred by outward diffusion of Fe Jions Ya cation vacans
cies in the FeS lattice. Alth?ugh scale growth in¥dlves iron
migration by iron vacancies in Fe1 ‘S the sulfur pressure-
dependence is unusual in that the parabolic rate constants show
1/n dependece where n ranges from 3 to 7.

S2 { . .
Two general features have prevented a rigorous compari-

a P

R

son of calculated and measured parabollc sulfidation rates. -

These were the dependence of the value of the 1ron self—d1ffusron

(108) .
1 xs

and the fact that the scales exhibit a texture with the pre- .’

coéfficient on the dlrectlonallty in NiAs structure of Fe

ferred growth direction dependent on sulfur PrESSure(lZB 129)

Fryt et al. (140) ; Systematically examined the sulfidation klnetlcs '

of iron over a wide,range of sulfur actxvzty 1076 <p <103 Pa.

S
‘They calculated the parabolic scallng rate constants,ln relatlon

=3

to the scale texture, the 1r0n self-dlffu31on coeff1c1ent and

the defect structure of iron sulfide using the Wagner -equation

’ L . ' .
for scaling by iron diffusion and t¥e Libowitz point defect : .

model 1nvolv1ng a strong repulsive ;nteractlon between the iron:

. T e

vacancies. The expre551on yielding :the parabglic ratlonal rate

constant is glven by

-

2 ' © |
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k, = 2% , - (3.10)
- —_ v ' - '
where o ~
D = (6.7£2:0)x10" 2 exp(- 20..200%600,
RT
and ! ‘
+qv +4EV x(2—x)
_1/2 ”Fes :
X = Ps2 exp =T (3.11)
. D = chemical diffusion ccefficient in Fe;_,S A
X = Non-stoichiometry in Fes ’

Hpog = Free energy of formation of st01chlometr1c FeS.

qVFe = Free energy of formatlon of Fe vacancies with
respect to pure solid iron.

- EVFE = Free energy of interaction between iron vacancies.

The predicted values for these rate conSEants.were found to be
in good agreement with the experimental fesults(l4o). They also

- found that the sulfur pressure dependence of k (varying from
/3 to Pl/ )

s
2 S2
Predicted influence of sulfur pressure and temperature on stoi-

P is not accidental but directly arises frOm,the :
chiometry caused by the strong repulsive-interaction between iron
vacancies. The act1vat10n energy for parabollc sulfidation varles

leth the sulfur pressuue ranging from 6. QXIO and 8.4><103
Joules/mcle at PSz =10 -3 Pa respectively. Lk |

Sulfidation of pure iron in HZS/H2 etmospﬁeres often

'leads to a duplex layer growth at temperatufes less than 873K.

According to marker meaSurements 1t is suggested that sulfur can

be supplied to the iron substrate by perforations resultlng from

dissociation of the inner part of the outer layer of iron sul-



74

fide(l4l-l43). Several kinetic equations involving the growth

of a two-layer scale on iron in HZS/H2 atmospheres have been

described by Haycock and Dravéﬁickswet al.(130)y

3.4 PROPERTIES OF Al-S SYSTEM - *

- 3.4.1 Crystal and Defect Structure

In the Al S system, Hansen and Anderko(77) have repor-

ted that AlS(S) and Al “(S) exist and. Ficalora et al.(144)

[

have identified AlS(g), Al (g) and Al S(g) in the vapour phase.

The structure of A1253 has been investigated by Fla-

{145,146) *

haut , who reported three structural modifications,

each of which is hexagonal.  Later studies showed that it can

also have a cubic defect spinel structure when,prépared with

eithet 2% As substituted for Al(l47)

temperature and pressure(lso)t A tetragonal defect spinel

, or when prebared at high

structure has also been'repbrtéd Upon synthesis at. high tempera-
ture and pressure(l48). This structu;al information is collec-
ted in Table 3-4(149) - S R

_ A hypothetical Al-S phase diagram is given by Han;én et
al.(?7) which is based on the cooling curve ;esults and examina_
tion of sulfidation products at various temperatures (Fig. 3.9).
Al 3 melts at 1373K. The solubility of sulfur in: Al ranges

from 1 a/o at 973K to 5 a/o at 1173K. Ty
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3.4.2 Thermodynaﬁic Properties
The reported values for heat of formation of Alzs

3
(109) 5

shéw wide divergence varying from -5x107:4000 Joule/mole

S, to -9.2x10°£5000 Joule/mole of AL,S

273 3
rante et al.(lSl)-determined the low temperature heat capacity

of Al Recently Fer-

o
298

Joule K-l mole_l. The standard enthalpy of fg;ﬁation for the .

which yielded a standard entrop?’value S = 116.93=0.2

following .reactiont at 298K.

2Al (S} + 35(§8,2) = A1253(S) . - (3.12)

- R

was obtained as

o - 5 o -1
AHfzga = 6.5%107+4000 Joule‘mole .

These resultslﬁith the published data for pure aluminum and
sulfur were used by the above authors to obtain'a gdméiete set

of thermbdynamic data for Al,S, from 0 to 900K at appropriate

3
temperature intervals (Table 3-5). The heat capacity of'Alzs3
in the range of 298-1300K is reported to pe (109)
\-b .
c, = [24.42+8.62x107°C) x4.187 Joule mole * x~1 (3.13)

AlS is extremely unstable and decomposes in aif. A1253,

being a salt of very weak base and weak acid, hydrolyses slowly

in moist air, generating H

a1 e oy (152)
A1,0,+A1,8,H,0 .

25 and Al(OH)3 or perhaps



Table 3-5
Thermodynamic Data for the Reaction

2A1(S) +1.5 Sz(g) = A1253(S)

-1 862 KJ rncﬂe"1
r

T,K - AHi, kJ moje
.

100 _ -843.617 © -816.063
200 842.943 | -786.205
Gog.15 " _844.37 -761.083
00 ' -844.354  .750.726
400 -843.299 -731.674
500 -941.926 -703.914
600 . -860.456 - -676.443
700 -838.999 | -649.223
800 ' -837.638 -622.200

900 - -836.433 ‘ -595.362 °
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. 3.4.3 Diffusion Properties

The diffusional properties of the sulfide phases in

Al-S system are not reported in the literature.

3.4.4 Sulfidation Kinetics

Sulfidation kinetics of pure aluminum are not reported

in the literature.

’

3.5 PROPERTIES OF Fe-Al-S SYSTEM

3.5.1 Crystal and Defect “Structure

The existence of a ternary compound of composition

(146,153,154)

FeAlzs4 is reportedrby several authors . Nishida

(154)

and Narita have reported its structure to be hexagonal with

lattice parameters as a, = 0.3659+0.0004 nm and Cy = 3.617+0.003

nm and found good agreement with the lattice parameters obtained
(146). '

by Flahaut

3.5.2 Thermodynamic Properties

The. thermodynamic properties of Fe-Al-S solid system

are not known. At 1823K in liquid iron, sulfur solubility is

(155)

-decreased by the addition of aluminum The 'activity coef-

ficient of sulfur in liquid Fe-Al alloy containing 5 a/o Al is
found to be 3.2 at 1823K and the Wagner interaction coefficient

eAl has a typical value of 6.7(121).,

-

S

3.5.3 Diffusion Properties

not reported in the literature.

Diffusion results for phases in the Fe-Al-S system-are



3.5.4 Sulfidation Properties
(156,157)

Strafford et al. have studied the sulfidation
properties of Fe based-alloys containing Ni, Co, Cr and Al in
sulfur vapour and HZS—H2 atmbsphereg &t temperatures 773 to
1273K. They obse;ved approximately linéar kinetics for Fe-5
wt. % Al alloy in these atmospheres. Fe—Alﬁalloys exhibited a
substantially lower reaction rate relative to pure iron. ' The
scale was composed of an cuter Fel_xs }ayer and an inner layer

containing a mixture of Fe xS and Al.S

1- 273°
High temperature corrosion behaviour of Fe-Al alloys

was also investigéted by Nishida et al. (10,153)

in sulfur
vapour at 105 Pa over the temperature range 773 to 1173K. The

reaction rate constant decreased with increasing Al alloy con-

(153) on Fe—f@ C-al

tents. Subsequent work.by Nishida et al.
dlloys-(Al up to 25 wt. %) hés shown an increase in gorrosion
rate upon small additions of Al to Fe-2 wt.% C. However, ad-

‘ditiOns of aluminum more than 7 to 8 wt.% increased the corrosion

resist;nce‘of the alloy markedly.

3.6 SUMMARY ,

Sulfidation behaviouf of pure irop, both in sulfur and
H,S-H, atmospheres is well -established and determined by dif-
fusionaf controlled growth of iro§ sulfide. However, the sulfi-
dation behavioﬁr'of pure aluminum is not reported in the litera-
. ture. A limited amount of work on bihary Fe-Al alloys demonstra-

ted that the reaction kinetics are initially parabolic in sulfur
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vapour and linéar inH25+H2 atmospheres. However, the established
2beneficial effect of aluminum additions to the corrosion resis-
tance of iron in sulfur and H,S bearin? atmospheres demands
additional investigation. A thoroungiiterature search does not
-reveal any uéeful data on the defect structure an& diffusion
properties of the sulfides'in the Al-S and Fe-Al~S systems which
can be used to rationalize the observations and experimental

results to be obtained in this investigation.
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CHAPTER 4 -

. EXPERIMENTAL PROCEDURES AND TECHNIQUES

4.1 INTRODUCTION -9

A variety of experimental techniques was used for
preparation and analyses of materials, sulfidizing the speci-
mens and characterization of sulfidation products. These

3

techniques include argon arc melting, annealing an? homogeni-
[

zation, chemical analyses, kinetics "of sulfidation and inert
marker measurements. For characterlzatlon of sulfldatlon pro-
ducts optlcal mlcroscopy, X-ray dlffractlon, electron micro- .

probe and_EDAx spectrometries have been used.

4.2 SPECIMEN PREPARATION AND ANALYSIS

Iron (99.99% purity) and aiuminum‘(99 98% purity) used
in this investigation were obtalned from Materials Research
Corporatlon and Johnson Matthey Chemicals Ltd., respectively.
The certified_chemieal analyses of these metals are given in
Table (4-1). Chunks of each metal Qere mechanically cleaned
end accurately weighed to yield alloys with nomlnal compositions
of 1, 6, 9, 18 and 28 a/o Al The total welght qf'each batch was
approximately,40 gms. The alloys were prepared by meltlng 1n
an electric arc furnace with non—consumable W electrodes in -
an argon atmosphere gettered of oxygen by titanium. An ailoy

- St

" 82
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Table 4-1 . -
Certified Chemical Anqiyseﬁ of Iron and Aluminum ‘

in ppm ,

Impurities ‘ Iron »  Aluminum
c SRR I ORI - -
Cu N : 30 ' <1 o
Si .50 - N
Cr - 30 - . -
Mo . R -
Mg . <10 0
Q@ <0 . -
o <0 -
s . oa0 ) _ )
AT | 0 By difference
Fe | By difference _ 2
.
’



A

. o

»

-sample was'remelted several times to obtain a homogenous
composition and finally cast as .a small ingot (of size 6 cm in —k

- length and approximately 1 cm in.diameter) in a horizontal mold

with a water-coocled copper. hearth.

The aiioy ingots contairfing 6, 9, 18 and 28 a/o Al were
annealed at 1473K for12h in a furnace” equ;pped Wlth a contlnuous
argon (ultra pure) flow system. The annealing temperature for the
1 a/o Al alloy was chosen at.ll73K to avoid the gamma loop
and the two phase a+y-regions. To remove oxygen from the in-
coming argon and furnace atmosphere, 21rcon1um chips were intro-
duced at- the gas entrance side'af the horlzontal furnace tube.
After annealing the allo were mounted on iron blocks using
cold setting epoxy resinfand hardener Theyiwere cut into d
. small buttons approximateély 3 to 5 mm thick-and 10 mm in dia-

meter using gilicon carbgae cutting blades. The samples were
then poiished on all sides through a series of silicon carbide
.papera (200, 320, 400 and 600 grit) using water as & lubricant.
- A'vacuum anneal (at 1173K for 18h) was then given by placing
*the samples in an alumina tube, sea%ed in a quartz tube under

vacuum to relieve the internal stresses introduced during-cut-

" ting and polishing. Final polishing was carrled out on napless

- cloths impregnated with 6 um and then 1 um diamond paste with

kerosene as the-lubrlcant. The samples were finally washed
with petroleum ether and methyl alcohol and then dried with
' o .

acetone.

¥
-

-
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The metallography of polished alloy specimens was
'éﬁaminea using optical mjcroscopy. The average grain-size of

-

any alloy was usually large; it varied from 0.1 mm to abqut
0.8 mm for alloys with 1, 6, Y9, 18 and 28 a/o Al. The alloy homo-
;geneity was insured using EPMA. ®he actual aluminum contents
determined by weét chemical anal§ées us%ng a Perkin-Elmer

Atomic Absorption spectro-photometer (Table 4-2):

. ¥

- ' Table 4-2

Chemical Analyses of Fe-Al Alloys

Nominal Compositio Actual Compositions;;g
at. % y at.s Al wt. Al
_ Fe-l AL 0.95 0.46
Fe-6 Al - 5.84 2.91
 Fe-9 Al . 8.77 4.44 -
5 Fe-18 Al _ 18.2 9.7
Fe-28 Al 27.83 15.6

4.3 SULFIDATION APPARATUS

The apparatué used for the sulfidation‘experiments is
shown schematically in Fig.?d.l. Iputheauthor's previous work
" (M. Eng. thesis}(lss) this assembly was used to obtain the kiné—
tics by measuring the weight gain of the specimen using a

.
McBain balante. Some of the Fe-Al alloy sulfidation kinetics

using .this assembly.and their mode/of sulfidation will be
9 .
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referred to in the experimental results section of this thesis.
The details of this assembly have also been described else-
where(lss). In essence, the McBain balance cohsists of a
winch with positioning forks, a spring (18) connectea tolﬁhe
winch by a molybdenum wirg'(lﬁ)-and-a taréetf(l4),attached to
the bottom of thg spring. ?he Samplg~(13) is‘suspendedifrom
the target by means Of a Pt wirs. Dufing the feactioh, the
extension of the spring is followed through the target movement
by a cathetometer (19). Helium gas is used to purge the upper
portion of\the reaction chgmberk thus avoiding condensation of
sulfur in the spripg chamber (%5). From the spring calibfation,
cathetometer data are converted to weight gain by the specimen.
-To control the sulfur partial pressure a mixture of hydroéen
sulfide and hydrbggeégas was used. The spring material was an
alloQ_of-Fe-Ni—Cr—Ti known as Elinvér—Extra(lsa).

In the present work, alloys of Fe-Al containing 1, 6,_9,,
18 and 28 a/o Alwere sulfidized by diffusion coupling'oéthese
-alloys with Fe$ and subsequent annealing in evacuated quartz
capsules at 1173K. Alioys éulfidized in this manne£ ensures
proper équilibrium sulfur activities at the interfaces between
variouééphases. Also, this method avoids the use of dynamic
~flow‘of'sulfidizing species.. Particularly for Fe—ﬂl.alloys in
the low sulfur pressure range, the residual oxygen in the”

flowing gas can form oxides such as Al.O. In-another set~up,

273°
alloys were swlfidized at the dissociation pressure of FeS
" fixed by a mixture of Fe and FeS.in a quartz capsule. -

~ -
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[N
4.4 SULFIDATION PROCEDURE

Figu:e 4.2 represents a cross~section through the die
used for making A%ffusibn couples. FeS of 99.99% purity
(Table 4-3) was obtéined from-Cerac'Incgrpora@eé,'wisconsin.
Typically, the iron sulfide was Feo‘gl4s (Pyrrhotite) of hexé—
gonal structure. Extra small peaks in the X-ray diffraction
. pattern (Fig. 4.3) of this material suggested the presence of
FeS (Trqilitg) which is also of hexagonal structure. Alloys
were empedded in the Fe sulfide powder ?nd compressed at a
pressure of 5.9><108 Pa (6t/cm2) in the cylindrical tool steel
(SPS-245) die as shown in Fig. 4.2. The cylindrical couples
thus obtained were 20 mm in height and 15 mm in diameter. The
alloy sample thickness varied from 3 to 5 mm. In.some in-
stances, a 50 ﬁm Pt marker was. spot welded onto the alloy
surface at several places prior to making a diffusion couplet
The couples were annealed at 1173K in evacuated (1 56‘2 ?as-
cals) quart;‘glass capsules, by placing the tubes in the
fprnace hot zone maintained at the test teméera;ure (£2°C),
for various periods of ﬁime énd then queﬁched in air. and, in
‘some instances, in water. Thin-walled quartz capsulés tended
to explode while cooling in air. ‘Therefore thick-walled cap-
sules having 2 mm wall thickness were used. Diffusion couples

after annealing treatment were sectioned, polished and then

analyzed for metallography, compositional and structural analyses. '

-
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. Table (4-3)

]

Certified Chemical Analysis of Feo 98 in. ppm

Impurities Amount by ppm
Ag R 10
Al 10 :
Mg 10
Mn | 10 .
MQ . 10
.. si | 70
i 10 ‘

-
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Sulfidation of §, 9, 18 and 28 a/o Al alloyé was also
carried out at the dissociation pressure of FeS in quaftz
capsules to study the internal sulfidation kinetics, and the
mode of precipitation of sulfides in the alloy. The sulfur
activity was maintained at the dissociation preésure of FéS
by a mixture of Fe and FeS. The amount of FeS powder taken in
the Fet+FeS mixture was énough to sulfidize completely_thg less
noble alloying element,ie.,Al in the alloy samples. The alloy
samples were suspended in an alumina tube my ﬁeans of Pt wireg
as shown in Fig. 4.4. The qua;tz tubes were evacuated (1
to 2 Péscéis) and then annealed for various .periods of'Fime.
Tﬁe-sulfidized alloy specimené were sectibned; polished-and
then investigated by metallographic, compositional and struc-

tural methods.

4.5 CALCULATION QF SULFUR PRBSSURE

The sulfur pressure in quartz capsules was calculated
from the dissociation pressure of FeS at 1173K. From the free

energy change of reaction (4.1)'(AppénQix 1),

2Fe+S.,, = 2Fe$8 (4.1)

2
AG° = -303,000+108.2 T (+3000) Joules/mole of S,
. ! Q
AT 1173K, pilss' = exp % = 1.44x10°% atm = 1.45x107° pa.
2 N .
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2
ted as follows. In essence when-st and H, gases are mixed at

The sulfur pressure in H S-H2 atmosphere is calcula-

roon tempefatu;e and this atmosphere heated to 1073 to 1373K,
several gaseous species such as §, 52, S4,'SG, S8 and-HS form.
Among these only the species 82 and HS reach substantial

concentratdions at temperatures 1073 to 1373K and p ranging

-3 5 (24)

'from lO3 Pa to 10 -Considering PH +pH g = 1 atmosphere

2 2
a4t room temperature and the reaction (4.2),
.G.‘

. ) ) . :
Hz(g) + 5 Sz(g) = st(g) - (4.2)

Nagamori et al.(lOl) have derlved a relation between Py ¢+ P

S
2 2
and Kl {equilibrium constant for reaction 4. 2), neglecting

the species HS. The relation is given by

, 2K 3/2+2n {(l+n )1/2+K 1/2
* o 1%s s s 1°%s
. *n° . _2 2 2 2 (4.3)
. HZS Kln1/2 +.(l+ns )1/2 _
52, 2
where, n =p_ /(l-p_ ) and is the equilibrium mole number of
. s, s, S,

82 species at high temperature. The value of Kl calculated from

the free energy data ‘2% is given by Eqns. (4.4) and (4.5).

8G°(4.2) = “RTInK, = -180720 +98.8 T Joules/mole of H,S

(4.4)

18072-98.8 T

2 ) . (4.5)

Kl = exp |
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T 2

From Egqn. (4.3) through (4.5}, for a known value of K. (at a

1

specific temperature), the partial pressure of sulfur p, was
: 2

calculated for various values of Py s using a computer programme.

2 .
At a particular temperature, P increases with increase in Py
”. . 2 .

In the sulfidation assembly shown in Fig. 4.1, calibra-

2

tions of flow rates were made by the soap-bubble method fo;
various gases (helium, pure H2, st+$2 mixtures of various
'.groportions). The flow rate'of a gas was calibrated against
the float height in the rotameter. A total flow rate.of 750

c.c/min was found to vary lineafly with the rotameter readings
in most of the cases. Hence, for a particular Pg + thg corres-
' ' 2

ponding Py g was taken from the computed table to calculate the
2

flow rate of pure H, and st or a HZS+H2 mixture. For a low

value of Py + Ppure hydrogen was generally blended with a mixture
2 .

of H,+H,S of low st content. From the rotameter calibratians,

the flow rates of various gases were converted to rotameter

readings.
Another method was used to check the validity of the
above calculation. Since sulfur is produced from the dissocia-

A
AL

‘tion of H,S by the reaction,

S = H +%s (4.6)

(4.7)

P
Ll
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180720+98.8 T) and the p_ /p ratio, p.
RT H2 st 52
was calculated. At a total flow rate of 750 c.tc./min., the

Knowing K = exp(-

ratio of H,/H,S flow rates corresponded to the ratio of p. /p .
20772 . - H2 HéS

4.6 EXPERIMENTAL TECHNIQUES USED FOR ANALYZING THE SULFIDATION
PRODUCTS

4.6.1 Optical Metallography

The sulfldlzed spec1mens were cold mounted vertlcally

in epoxy resin contained w1th1n 25 mm diameter plastic rings.

Some specimens were vacuum impregnated wi%h cold mounting epo#y
fo fill the open pores in the scale or at the alloy-scale inter-
face caused by scale separation before ﬁounting them in the re-
sins encased in plastic rings. They were polished in cross-

section_on'silicon carbide papers of 200, 320, 400 and 600 grit
using kerosene as the lubricent The mlcrostructures of speci-
mens w{;e examlned and photomlcrographs were taken using a\
Zeiss mloroscope. TS obtain good contrast between the scale
-and‘alloy sfructures, polarized light was osed; Thicknesses

of internal sulfidation zZones were measured with the help of

a calibrated cross-wire eye-piece attached to the microscope,

4.6.2 Scanngng Electron Mefallography
Ty .

Scanning electron microscopy -(SEM) was used to study
the morphological features of asulfide scale. The samples
mounted'in the'cold‘epoxy resin were coated with oafbon by
vapour depeosition to allow uniform electron oonductlon and Eo

avoid electrical charge build up. An energy dispersive X-ray

analyzer attached to the Cambridge model,electron microscope
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was used -to identify the elements and their distribution in

various parts of the scale. Results from EDAX analyser were
t

interpreted by comparing the X-ray counts from the sample to

that of a set of standards as described later.

4.6.3 X-ray Analysis

The X-ray analygfé of the constituents of the sulfida-
tion product was carried out using a Philips X-ray diffracto- .
-meter; Samples from the scale were crushed in£6 powder in a
mortar énd mounted on a glasé sli@e by compacting it.under,
sufficient pressure tocause cohesion and smoothing of the sur-
face. Specimens with an external sulfide layer were mounted
directly on a glass slide for réfiection X-ray diffraction
analyses. For powder samples, sodium chloride was gsed as the
standard to correct for any deviaéion in '4d’ spacingéu A
- voltage of.30 KV and 20 mA (CuKa radiation) was used thﬁough{'
“out in this investigaﬁion. The :esults (relative peak inten-
sitieé and '4d’ spacings of diffraction angle 295 obtained from.-
the samples. were éoﬁpared to those results from prepared stan-

dards and in ASTM tables. . \//

4.6.4 Electron Probe Microanalysis

';:.A'Cameca electron microprobe was used to identify the
composition of phases in the scale, composition gradients
across the alloy and the scale, and equilibrium compositions

in phases prepared for the Fe-Al-S isotherm analysis. pperating
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o
conditions were 16 and 20 KV acceleration voltages énd 85 to
95 nano-ampere specifien currents. Pure Al (535998%) and Fe-al
alloys containing 1,6,9,18 and 28 a/o Al were used as standards
to analjze aluminum in the sulfide phases_and in the alloy.
Pure Fe (99.99%) was used as a standard for Fe in the alloys.
Feé/;;sugsed éégﬁ-as a standard to analyze Fe in sulfide phases
and sulfur iﬁﬁﬁﬁé*giiéy and éulfide scales. Cégrections were
applied for background, atomic number and absorption. For

analysis bfgthe ternary Fe-Al-S isotherm, standards of Feal.S

274
and A1253 were prepared using pure Fe, Al and S.™ |
It was difficult to obtain‘coﬁposition of fine size
precipitates by EPMA due to the limitation of the probe size.
Therefore, several profiles of Fe, Al and S were made by

scanning the probe beam continuously in different directions

to show the distribution of the fine particles.

4.7 DETERMINATION OF THE Fe-Al-S PHASE DIAGRAM

A number‘of.the ternary phases‘in the Fe-Al-§ system
were synthesia§§}from the elements. The starting materials of
99.99% Fe and Al, 99.999% S were obtained from Cerac, Incorpora-
ted. The certified chemical analyses of these materials are
given in Table (4-4). Several overall Eomposiéions.were chosen.
In each case; th; elemeﬂts were'thoroughlflmixed, compressed
to a pellet and then placed in a high purity (99.9%) alumina
crucible which was sealed in a quartz ;ube undér vacuum (1 to 2

Pa). This method avoided a direct reaction between Al in the’

s TEC S PG VO S
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Table 4-4
Certified Chemical'Analyses of Fe, Al and S
in ppm.
) |
. | Impurities Fe _ Al ) &/fs S
Ca 10 - <10 -
Ccr 10 a0” -
Cu N70 10 . -
Ga 107) - - \ \
Mg 10 10 . \k_-,-
Mn 10 30 v L
Mo -7 ' 70 - -
Ni ., 100 - -
_ 81 - 10 -
Sn - 10 -
Fe By difference - -
P
/ “Na - - <1
’ . & - - By difference

LS S A



L

(- \ - ' ' ) 100

21n

the sample was minimal. The cohtami?ationéiszioz in the

. ] B l
pellet 3nd §i0, in the quartz, and contamination of SiO

sample mix has been folind to be as High as

where(154). --

"

Previous workers using Al and S to obtaln high purlty

A1253(149) in guartz ampoule have encountered exp1951ons

wt.% else-

while determining a suitable heating schedule. This behavieur

wesﬁdue to the autocatalytic nature of Al ‘sulfidation by which

b

. the exothermi¢ sulfidation.reaction increased the'snlfuf pres-
sure in the ;;p

oule. With an increased sulfur pressure, the
13 . .

reaction rate increases, releasing more heat. This led to ex-
ok ‘

cessive sulfur pressures and rupturing of the.quartz tube.

This problem was not encountered in our present experlments
]

_perhapqiﬂue tq the rapld rewetion between ‘Fe" and S. However,

for a successful experiment a comblnatlpn of . slow and step

heatings;?efe)hsed. o o '
: Figure 4.5 shows a typical heating schedule of the \\“\H‘_,,)}

~ »

samples in thelquartz ampoules. l Inltlally 1t was heated for
2' days in ?fs at 423K and 509K (total P, at 509 K=10° Pa)
x

to permit co natlon Qf the sulfur and metals’ All the
samples contained 35 a/o S with varying amounts_df Fe and Al.
The completeness of reaction between sulfur'and the metals was
1nd1cated-byhthe abgsence of visible sulfur in’ the quartz tube
After approxlmately 240 hours at ll73K ‘the ampoules were
quenched The gquenched samples were mounted forimetallographic :
eiamination. :&h adlition to metallogfaphy, X-ray diffraction

K
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— 3= T 1 S— ] i
373 | ' - -
2731 '/'-Q‘uort.z ampomfle . |
— Alumina crucible ,4\
‘ E}E’E Fe, Al, S mixture }
173+ | eicseaazis -
1073 | __
< |
973 | -
- Melting point ———=
o of Al 933K -]
2 873~ » _ v Quench ]
< L , |
@
& 773} | =
= : '
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. ~——Total Py, at 509K =102 atm ( i0® Pa)
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e Melting paint of S 392K
373 l ! 1 | 1 !
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TIME, t(h)

Fig. 4.5 Heating schedule for the preparation of FeAl,S5,
and determination of Fe-Al-S ternary isotherm.
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‘was also employed to identify the various crystalline phases

present in each sample. The compositions of various phases
were determined using the electron microprobe with the binary

alloys and synthetic sulfides of known compositions as standards.



CHAPTER 5

EXPERIMENTAL RESULTS

5.1 INTRODUCTION.

- The'experimen£;; results can be conveniently divided
i;:;\%ix'sections. Sulfidétion behaviour of alloys containing
1, 6,}9, 18 and 28 a/o Al at 1173K by compacting with FeS is
presegted in section 5.2. Kinetics were measured by sulfide
layer thicknesses as a functi of exposure time. When these
alloys were sulfidized by 52 vapour fixed at the dissociation
pressure of FeS, transition from internal to external sulfida-
tion occured at 28 a/o Al in the alloy {section 5.3). 1In-
creasing the sulfur pressure by HZS-H2 mixtures resulted in
development of complex sulfide morphologies, at sulfur partial
pressures ranging frém 1 Pa to 103 Pa (sectidn 5.4). - Results
from inert Pt marker measureménts are presénted in sectign 5.5.
Phase identifications were carried out using electron micro-
probe, X-ray diffraction and X-ray energy dispersive analyses.
These results are compiled in section 5.6. Results from the
phase equilibria in Fe-Al-S ternary system are presented in

section 5.7.

103
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5.2 PERIODIC PRECIPITATION OF SULFIDES IN FeS/Fe-Al. ALLOY
DIFFUSION CCQUPLES

5.2.1  Sulfidation Kinetics

Sulfidation kinetics of alloys containing 6, 9, 18 and
28 a/o Al coupled to FeS were obtainéd by measuring the sulfi;
dation zone thicknesses since the subséalés grew uniformly on
these alloys. The sulfidation zone consists of alternate
layers of metal and-sulfides in the form of bands pafallel to
the original alloy surface. The layer thicknesses weré mea-
sured by examining polished cross-sections of specimens in an
optical microscope equipped with a calibrated eye-piece.

Several measurements were taken on a single specimen to perform

1

statistical analysés, The standard errors fo//ﬁ) were calcu-
lated from the standa?é dérivation (o) and the number of mea-
squments (N). The kinetic results were reprpducgble within
the standard errors of the measurement as will be shown later.
Table (5-1) summarizes the kinetic results which are
shown in Fig. 5.1 by parabolic plots. The peneﬁration depths
given in the table and shown in this figure are for the total
product layer consisting of alternate alloys and sulfide bands.
It is evident from this figure that sulfidation kinetics of
the alloys containing up to 28 a/o are parabolic. The parabolic
faté constants ks(=rx//E) increase with increasing alumihum
content in the alloy (Fig. 5.2). Reproducibility of these mea-
sureﬁents have been.presentéd by two sets gf results in Fig.
5.2. A straighﬁ line was drawn with fﬁese'points and a corre-

lation coefficient of 0.98 has been obtained. This shows a
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Table (5-1)
h
Kinetic Results for FeS/Fe-Al Diffusion Couples )
Alloy . Time of Thickness of Standard error Parabolic rate

composition Reaction Product layer in the constant

(atom %) (s) (um) measurements ke (um/s%)
. 1800 146 +5

Fe-6A1 3600 198 7 3.5+0.1
5400 265 6
1800 - 229 + 4

Fe-9A1 " 3600 350 + 9 5.7:0.2
5400 416 + 8
1800 270 +15

Fe-18A1 3600 358 ‘ +20 6.7+0.3
5400 520 +22
1800 424 +12

Fe-28A1 - 3600 591 +14 10.2+0.2
5400 742 +14

3
W
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Fig. 5.1 Parabolic plots of sulfidation zone thickness
vs. time for Fe-6, 9, 18 and 28 al alloys in
the FeS/alloy~diffusion couples.
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alloy composition for FeS/Fe-Al alloy
diffusion couples.
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linear rélapionship betwe?n the parabolic rate constant and
-alloy combé;ition. The dotted lines show the scatter band iﬁ
which these data points fall. Fe-1 Al alloys sulfidized in this
manner did not exhibit reaction product layers but showed gene-

ral internal precipitation of sulfide particles as shown in

Fig. 5.3. e ™\

"5.2;2 Sulfide Morphological Development

Diffusion coupling of alloys containing 6 to 28 Al in
contact with FeS resulted 'in the periodic precipitation of sul-
fide bands in the alloy. Egperiments were initially carried
out with diffusion couples containing Fe-6 Al and Fe-9 Al alloys
an‘ealed for 10800 and 7200 s, respectively, at 1173K. These
réZBlts will be first presented. For a comprehensive study of
this phenomenon and to definitively deﬁonstrate the effect of
alloy composition, alloys containing 6,.9, 18 and 28 a/o Al
were coupled with FeS and annealed for 1500 s in evacuated quartz
capsules, at 1173K.

Figures 5.4 (a) énd (b) show polished cross-sections of
the-diffusion couples from the first set of measurements. In
these figures, the positioﬁ X is the original FeS/alloy inter-

face obtained from auxillary calculations considering the molar

volumes of alloy and sulIfjdes. The sulfidation zone consists of

alternate dark and bright nds- ox 1ayers which are more distinct
Cl -

towards the subscale/alloy interface. The bright bands are alloy

depleted of aluminum; the dark bands consist of a mixture of

two sulfides, FeS and FeAlzsa. .The most remarkable feature il-

-

%
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Fig. 5.3 Optical photomicrograph shéwing the cross- .
section of a FPeS/Fe-1 2l alloy diffusion
couple annealed for 43200 s (l% h) at 1173K.



Fig. 5.4 a)

b)

Optical photomicrograph showing cross-
section of the FeS/Fe-6 Al alloy diffusion
couple annealed fpr 10800 s at 1173K.

Optical photomicrograph of the cross-
section of the FeS/Fe-9 Al alloy diffusion
couple annealed for 7200 s at 1173K.
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lustrated)ln these micrdgraphs is that the. thickness of a dark

-

§ulfide band ;nqreases wlth depth from the original FeS/alloy
interface towards the sulfidation zone/alloy interface. The
thicknesses of the bright metallic bands were measured and tabu-
lated. 1In spite of the difficulty in me;suring their thicknes-
ses, it is found that iﬁerthicknesseé of metallic bands remain
consﬁéﬁt with their respective standard deviation values as
tabulated in Tables 5-3, 5-6.

.To correlate this morphology of periodic precipitates
with the classical Liesegang type of.precipitation, a schematic
is shown in Fig. 5.5 in which AMe  and AéULFn {(n > 1), denote
the band thicknesses of metal énd sulfides (FeS-+FeA1284),res—
gectively. Xn'ﬁenotes the beginning of formation of nth sulfide
band.Using the paﬁlczynski's relationship (Egn. 2.60) %or Liese-
gang precipitation(67’70)
. stant), arelatlonshlp is given in this figure ‘to relate the
sulfide thickness ASULFh and deptp.gn. Tables 5—2(ax ané (b)
~show the measurements of Xn and Xn-l' and their plots‘are shown

in Figs. 5.6(a) and (b)‘fpr Fe~-6 and 5 Al alloys, respectively.
Measurements of ASULF | and AMen with depth X are tabulated in
Tables 5-3(a), (b) and plots of ASULF Vs, Xn are shp&n in Figs.
5.7(a) and (b) for Fe-6 and 9 Al alloys respectlvely. The lat- '
ter plots are linear because the thickness of #he metal band —
- L\.Men was smaller than ASULFn.?nd-ité average value within the

experimental measurement was constant.’ Each determinati;ﬁwzf
. » .

X, and ASULFn was taken from a mean of ten independent measure-.

4 St o <N

, X /xn 1 = k (spacing coeffmcment con-

‘\

BT TP S
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ments. Standard errors were calcﬁlated for each determined
data point from the standard de&iation and these errors-are
~ shown clearly by errsr bars in Figs. 5.7(a) and (b). Table 5-4
represents a summary of results and evaluated'parameters ob+
tained for the diffusion coupleslcontaining Fe-6Al1 and Fe-9Al

alloys using the following equations.

ASULFn

=k . (5.3)

Results obtained for diffusion couples of the above and

-

all other alloys annealed for 1500 s are tabulated in a 51mll§f

manner as above (Tables. 5-5(a)~-(4) and 5-6(a)-(d))- and plotted:
in Figs. 5-8(a)-{(d) and 5- 9(a)—(d) Table 5-7 summarlzes
these experimental results and the. parameters determlned from
all of the presented results. In general it is observed that
the depth of penetratlon or the corrosion'prodﬁct layer thick;
ness increases with iﬁéreasinﬁ Al content in the alloy whereas
.the. spacing coefficient is indepenﬁent of alloy composition
(Fig. 5.10). The numbers sf sulfide bands increased with in-
‘creasing Al content in these alloys. Linear plots of xn Vs.
%n-l and ﬂSULFn vs; Xn satisfy the experimental measurements

with reasonable correlation coefficients (Tables 5-5 to 5%6).
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No. ' ) No. .
of X, (um) Xooq (um) . of &/’}:;;f\ Xpop (um)

Bands n Bands n n-
1 12.3 . 3.75 23 335 315.5
. < 22.3 12.3 24 357.5 335
3 . 32.5 22.3 25 380 . 357.5
4 40.3 32.5 26 400.8 380
5 8 40.% .27 423.8 400.8
6 :7/2273 ., 50.8 28 442.5 423.8
7 725 - 62.3 29 467.5 442.5
8 .. 85.5 725 30 487.5 467.5
g g5 85.5 3 512.5 487.5
10 110 95

1 125 110 ' <N

12 139.5 125 FeS/ALLOY DIFFUSION COUPLE

13 154 139.5 ° ALLOY: Fe-6AT

14 170 ] TEMPERATURE: 1173K

15 185 170 ANNEALING TIME: 10800 s

16 202 185 |

17 225 202 FROM X cs X. . PLOT

18 . 243 225 | n n-

19 262.5 243 SLOPE = 1.03

.20 283.8 ° 262.5 . )
K_f"§1 A %38 CORRELATION COEFF. = 0.999
22 315.5 302.5

Table 5.2(a) -Tabulation of X and X . as defined by Fig. 5.5 for FeS/Fe-
6A1 diffusion couple.

b et
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ALLOY : Fe-g At%Al - -
ANNEALING TEMP. : lI73K
: ANNEALING TIME :10800s

S00+ -

200 | - i

SLOPE : 1.03
CORR. COEFF : 0.999
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| I | A |
0 100 200 . 300 400 500
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Fig. 5.6(a) Plot of X_ vs. X__, for FeS/Fe-6 Al alloy
diffusion couple,
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No.

n n-1
8t 1 (um) (um) N
1 18.3 4.8
2 32.9 18.3
3 48.8 32.9
4 63.4 48.8
5 78.0 63:4 FeS/ALLOY DIFFUSION
6 97.6 78.0 COUPLE
7 114.6 97.6 LLOY: Fe-9A1.
8 - 136.6 114.6 - TEMPERATURE: 1173k
9 163.4 136.6 ANREALING TIME: 7200 s
10 195.1 . . 163.4 : ‘
1 240.2 195.] FROM R=vs. X .,
PLOT
SLOPE = 1.14

CORR, COEFF. = 0.998

Table 5-2(b).

Tabulation of Xn and Xn-] as defined by Fig.
5.5 for FeS/Fe-9 Al diffusion couple.
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22. Xn ASULFn \\fﬁen 22. Xn ASULFn AMen
Bands  (wm)  (um) (um) ~ Bands (um) (pm) (m)
1 12.3 3.0 7.2 24 - 357.5 15.5 7.0
2 22.5 3.7 6.3 25 . 380 16.0 4.8
3 32.5 2.9 5.0 26 400.8 "15.8 7.1
4 40.3 2.6 7.9 27 423.7 . 16.2 3.6
5 50.8 4.7 6.8 28 442.5 16.8 7.2
6 62.3 4.6 - 5.6 29 467 .5 20.8 3.2
7 72.5 4.5 7.5 30 487.5 ¢ 17.1 7.9
8 85.5 5.5 5.5 31 512.5 23.4 6.2

9 95 5.3 9.7 _ '
10 110 6.0 9.0 FeS/ALLOY DIFFUSTION COUPLE
1 125 5.3 9.2 ALLOY: ,Fe-6Al
i2 139.5 9.2 . 5.3 TEMP.: 1173K
13 154 5.8 -10.2 _ ANNEALING TIME: 10800 s .
14 170 7.4 7.6
15 185 7.9 - 9.9 Mean aAMe, = 7.20 um
16 202 9.2 10.8 - Standard Deviation + 1.88
17 225 13.2 5.8§ - a
18 243 11.0 8.5 From ASULFP VS, xn PLOT
19 262.5 11.3 10.0 '
20 283.8 13.4 5.3 SLOPE = 0.036
21 302.5 12.1 6.9 CORR. COEFF. = 0.07
22 315.5 11.0 8.5
23 335 13.7 8.8

Tabie 5-3(a) Tabulation of‘xn, ASULFn and AMen for FeS/Fe-GAl.Uiffusion

couples.
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36 p 1 i . 1 1 1
ALLOY : Fe-6 At%Al SLOPE : 0.035
32| ANNEALING TEMP: 1173 K CORR. COEFF. : 0973
ANNEALING TIME : 10800
28} N
~ 24} I
£
3 20+ -
W el -
;—B' .
q |2 = . N r
8 = -
al- 1 .
O | . ] 1 | - 1
S ¢ I 100 200 - 300 400 500

Xp (um)

Fig.'5.7(a) Plot of sulfide thickness. ASULE"n vs. depth X for
FeS/Fe-6Al alloy diffusion couple.
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=
D

gg. : Xn ASULFn
Bands (ym) (um) {um)
1 18.3 5.5 9.1
2 32.9 5.9 i0 FeS/ALLOY DIFFUSION
3 48.8 7.0 - 7.6 CQUPLE
4 - 63.4 7.5 7.1- . ALLOY: Fe-9A1
5 ~78.0 8.7 8.9 TEMP.: T1173K
6 97.6 10.7 " 6.3 ANNEALING TIME: 7200 s
7 114.6 13.0 8.4 _
8 136.6 16.2 9.8 Mean AMen = 9.01 um
9 163.4 18.7° 12 Standard Deviation=2% 1.52, ¢
10 195.1 25.4 9.7
11 240.2 0 0.1

35.

—

FROM .'Z\SULFn Vs, Xn PLOT

CORR. COEFF. = 0.973

B

Table 5-3(b). Tabulation of sulfide band thicknesses (ASULF ) and
metal band th1cknesses (AMe ) vs. depth X, for
FeS/Fe- 9A1 d1ffu51on coup]es p

.
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A SULF, (m) —»

1 T L} ] "l ] 4 . 1 ¥ T ‘I ]
40F ¢ . _ T -
' FeS{Fa~ 9 YAl ALLOY
ask DIFFUSION COUPLE -
TEMP: N73K
TIME: 72003 ’ ) \ -
- SLOPE: 0.129 // .
25 =3 . -
15+ 4
5r -
i L [
) 40 80 120 - 180 200 240

Xp (™) —

e
-

Fig. 5.7(b) Pl§3t of sulfide thickness ASULFn vs. depth X,
o for FeS5/Fe-9Al diffusion couple. -
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Alloy

' Experi= e Fe-6Al  Fe-9Al

mental

parameter

Annealing A . . - .
time 10800 s 7200 s

Spacing_ o ‘ v L
cgeff1c19nt ‘ 1.03 S 1.145

n__ g - X
n-1

... x

Correlation ' _ S
Coefficient 0.999 T 0.998 . . .
of X, vs. X 4 :

Metal Band
Thicknesses /

{um) I o
and standard . o=+ 1.88 o =
dev.iation

= 1.51

I+

ASULFn
(maximum

23.4 35
pm) '

Penetration : . _ :
Rate k 7.9 . .7 8.6

' S 1. . ‘

MAXM. IN ym/s™

Table 5-4. Tabulation experimental results of FeS/Fe-6 and
. 9A1 alloy diffusion couples.
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Table 5-5(a)

No. X

of o (um) Xpop (um)
Bands
1 13.2 3.8
2 22.9 13.2 FeS/ALLOY DIFFUSION
3 30.5 22.9 COUPLE
4 37.8 30.5 : -
5 '46.8 37.8 ALLOY: Fe-6Al
6 57.3 46.8 TEMP.: 1173K
7 68.7 57.3 - ANNEALING TIME: 1500 s
8 82.0 68.7
9 95.0 82.0 CFROM X vs. X PLOT
10 106.1 95.0 n n=1=
11 113.3 106.] SLOPE = 1.04
CORR. COEFF. = 0.999
Table 5-5(b)- -
‘ | ) AR o
22- _ K_n (um) Xoop (um)
Bands '
1 11.8 4.4 FeS/ALLOY DIFFUSION ~ <,
2 17.9 11.8 COUPLE Ty
3 24.6 17.9 | .
4 30.8 24.6 ALLOY: Fe-9A1 ‘“
5 36.5 -30. TEMP.: 1173K
6 47.7 3655 ANNEALING TIME: 1500 s
7 57.5 47.7 - .
8 66.9 57.5 - FROM xn VS, xn_] PLOT
9 . - 79.9 66.9 SLOPE = 1.06
10 w2 189 CORR. COEFF. = 0.99

Table 5-5. Tabulation of X and X _, for a) Fe-6Al dnd b) Fe-9A1
’ ‘ FeS/alloy_diffusion couples.
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_Fig. 5.8(a) Plot of o vs- X,_y for FeS/Fe-6A1 alloy diffusion couple.
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Fig. 5.8(b) Plot of X, Vs. Xy for FeS/Fe-9Al1 alloy
- diffusion couple.
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) \
! '
go X, {(um) x;_] {um) Eg X, (um) X, (um]
““‘*:\ﬁ_ nds ~ \ Bands
1 9.2 2.88 29 . 199.6 191.4
2 15.4 9.2 30. 205.8  » 199.6
3 24.8 - 15.4 3]  214.0 205.8
4 34.6 - 24.8 32, 221.1 214.0
P g5 40.4 34.6 g 227.7 222.1
6 45.4 40.4 34 234.6 227.7
« 7 . 51.9 45.4 35 ° 243.3 234.6
8 .6 51.9 36 °.. 250.9 . 243.3
9 b 59.6 37% 2586 250.9
2 64.6 .38 264.5. 258.6
.9 7.2 39 270.2 - 264.5
.8 4.9 4 278.3 270.2
4. 80.8 a1\ 286.5 278.3
.8 90.4 )
.7 99.8 FeS/ALLOY DIFFUSION COUPLE
.3 107.7 . . )
£ 117.3 : ' .
6 126.9 ALLOY: Fe-18 a/o Al
.4 134.6 \ TEEE%BBIURE::E¥+¥§K :
.3 140.4 ANNEALING TIME: 1500 s
0 1443 .
.8 149.0 . - :
.6 154.8 FROM X vs.'X | PLOT = *-
.5 -159.6 " .
.3 163.5 © SLOPE = 1.008 .
9 167.3 " CORRELATION COEFF. = 0.999 -
7 174.9 .
X 182.7

for FeS/Fe-]SA]'

TaB*é 5-5(c) Tabulation of Xq and Xn_]

. diffusion cbup]e.
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140 -
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. FeS /Fe-18% Al ALLOY
DIFFUSION COUPLE
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" TIME 15005 .
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Fig. 5.8(c) Plot of xn vs. X;
’ diffusion couple.

-1 for FeS/Fe-18al alloy
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gg. Xn {m Xn_] ( m) gg.. Xn { m) Xn—l(m)

Bands Bands
1 10.6 2.3 26 253.8 243.3
2 17:9 - 10.6 27 265.8 253.8
3 28.8 17.9 28 278.8 265.8
4 36.5 28.3 29 293.7 .. 278.8
5 43.3 36.5 30 307.2 293.7
6 53.8 43.3 3 320.7 307.2
7 64.0 53.9 32 335.2 320.7
8 74.0 64.0 33, 349.7 335.2
9 82.7 74.0 34 366.0 349.7
10 90.9 82.7 35 383.4 -.366.0
n 99.9 90.9 36 .. 399.9 383.4
12 108.7 99.9 T

13 119.2 108.7 . h

14 128.8 119.2 FeS/ALLOY DIFFUSION

15 140.4 128.8 " COUPLE

16 152.9 .140.4 ALLOY: Fe-28 a/o Al

17 163.5 152.9 g '

18 174.0 163.5 TEMPERATURE: 1173K

19 184.6 174.0 ANNEALING TIME: 1500 s

20 194.2 184.6 FROM X 'vs. X _, PLOT

21 203.6 194.2 S L L

22 211.5 203.6  CORRELATION COEFF: 0.96

23 221.1 211.5 S

24 232.7 221.1

25 243.3 232.7

Table 5.5(d)

Tabulation of
couple.

X, and X _, for FeS/Fe-28A1 diffusion

L P P
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Fig. 5.8(d) Plot of X_vs. X__; for FeS/Fet2
diffusion couple., S
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o

No. Xn (um) L}SULFn (um) \AMen (um)

o : .
Bands - A
L -
1 13.2 4.4 5.3
* 2 22.9 4.5 3.1 FeS/ALLOY DIFFUSION
3 30.5 5.6 2.7 COUPLE
4 ., 37.8 4.8 4.2 ALLOY: Fe-6Al
5 46.8 5.9 4.6 TEMP.: 1173k
6 57.3 7.5 3.9 ANNEALING TIME: 1500 s
7 68.7 7.6 5.8 Mean AMe, = 4.05 um
8 82.1 7:8 5.1 Standard deviation = +0.98
g 95.0 9.2 ~ 2.9 FROM ASULF  vs. X, PLOT
10 106.1 8.8 3.4 \\
EE;- 1 118.3 9.7 . 3.6 CORR. COEFF. = 0.96
Table 5-6 (b)
Mo, X () ASULF. ) & Mo am) .
of n | n L >
Bands .
1 11.8 3.9 2.2 FeS/ALLOY DIFFUSION
2 17.9 2.9 3.8 b COUPLE
: 3 24. 6. 3.8 ! 2.4 ALLOY: Fe-9A1
4 30.8 2.7 - 3.0 TEMP.: T1173K
5 .36.5 3.7 . 4.5 ANNEALING TIME: 1500 s
~S ol ¥ >3 Mear aMe, = 3.85 um o
8 | 66:9 6{7 5:3 ) Standard deviation = £1.32
9 79.9 9.4 5.6 FROM ASULF  vs. X PLOT
10 94.2 10.2 5.9 ‘ . . .
' - CORR. COEFF. = 0.92 - | 2

Table 5-6. Tabulation of X, ASULF, and aM,  for FeS/Fe<6A1 (a)
and FeS/Fe-9A1 (b) diffusion couples.
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/ AL b /(r\ - / >
No. X ASULF_3 aMe—  Ho. & - BSULF AMe
o em G )
Bands €7/ . MM Hm Bands Hm (um) - K
1 9.2 3.8 2.4 27 182.7 3.8 4.9
2 15.4 3.7 4.7 28 191.4 5.6 . 2.6
3 24, 4.2° . 5.6 29 199.6 5.7 © 2.5 "
4 34, 5.8 "4.0 30 - 205.8 3.8 4.4
5  40.4. 2.9 2.1 31 - 214M- 5.6 - 1.5
6 45.4 3.3 3.2 32 o 221 4. 1.1 i
7 51.9 4.2 3.5 ., 33 o 227.7 4.2 2.7
8 59.6 4.0 2.8 3 " 234.6 5.8 2.9
.9  64.6 ° 2.7 3.9 35 243.3 .8 1.9
10  11.2 2.5 1.2 36 250.9 6.2 1.5
n 74.9 1.9 4.0 37 - 258.6 4. 6.3 " 1.6
12 80.8 2.3 6.7 8- - 264.5 4.8 1.9
13 90.4 4.0 5.4 39 270.2. " 5.6 2.5
14  99.8 4.2 3.7 40 * 278.3 6.7 1.5 )
15  107.7 5.8 -3.8.__ /8 286.5 7.7 1.7
16 117.3 4.4 5.2 FeS/ALLOY DIFFUSION. COUPLE
17 126.9 4.4 3.3 ALLOY: Fe-18Al ,
18 134.6 4.2 1.6 TEMP.: 1173K T .
19  140.8 3.1 1.8, ANNEALING TIME: 1500 s
20 .3 1.9 2.8 .
21 A . 2.1 3,7 . Mean AMe = 3.01ym - -
22 78 3.1 1.7 Standard deviation <
23 ‘s 3.7 1i2 andard deviation = +1.38 _
25 167.3 2.7 3.9 CORR. COEFF.=_0.93 -
26 174.9 3.3 4.5 TN o~

-6(c) Tabulation of Xﬁ, ASULFn and AMen'for FeS/Fe-18A1 diffusion
couple. - ‘
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No. X ASULF.  4Me No.- X ASULF - tMe
of n n n of n N n
Bands {(um) (um) (um) Bands (MM} (um) (um)
1 10.6 3.8 3.5 .27 265.8 9.6 3.4
2 17.9 3.7 6.2 28 278.8 9.8 3.1 ‘
3 28.8 6.2 2.5 29 293.7 11.3 2.2 “
4 36, 5.4 . 1.5 30 307.2  11.5 2.0
5 438 38 % 57 31 320.7  11.7 2.8 .
6 .53.8 5.9 - 4.3 32 335.2  11.7 2.8
7 64.0 6.2 3.8 33 349.7  11.9 3.4
8 76.0 © 7.3 1.4 - 34 366.0 11.4 - 4.8
9 82.7 4.9 3.3 35 383.4 14.6 1.9
10 90.9 . 5.6 3.4 36 399.9 15.5 2.1
11 99.9 5.8 3.0 N .
12 108.7 7.7 2.8 "
13 119.2 7.5 2.1 FeS/ALLOY, DIFFUSION COUPLE
14 128.8 7.7 3.9 ALLOY: ~Fe-28A
15 140.4 8.8 3.7 TEMP.: 1173K. e
16 152.9 9.6 1.0 ANNEALING TIME 1500 s
17 163.5 7.7 2.8
18 174.0 6.7 2.9 ¢ Mean AMe, = 2.87 um ‘ ,
19 - 184.6 - 7.7 ., 1.9 . Standard deviation = ¥ 1.17
20 194.2 7.7 1.7 - - =
2] 203.6 7.8 .1 FROM ASULF_ vs. X_ PLOT .
22 - 211.5% 7.3 2.1 n n.__ —
23 221.1  —6+7 3.9 CORR. COEFF. = 0.92
24 232.7 9.2 1.4 '
25 " 243.3 7.7 2.8 -
26 253.8 9.6 2.4

'

v

) Table 5-6(d) Tabulation of X R ASULF and AMe for FeS/Fe 28A1 a]1oy
‘ diffusion coup]e
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Alloy : v, ey
Composition - '
‘ Fe-6 a/o A1 - Fe-9 a/o Al Fe-18 a/o Al  Fe-28 a/o Al

_ Experimenta

Parameters
Nog
e vs . ' ’
“Annealing time . _ )
seconds N 1500 . 1500 e 1500 15Q€)
n | e '
Average number of- . 10 12 .36 , 43
sulfide bands ‘ . .

. Spacing VCoefi". ) o o ,
(= © T 08 T 1.106 1.008 1.109
L xn-] '

) >
Correlation ‘ ]
) coef@; N : 0.999 0.998 0.999 0.999
of ) . ' 3 ‘
Xn_cs. Xn-'l i
Slope of . '
ASULFn VS, xn 0. 056 , 0.089 0._008 0.025
Average metal band 4.05 3.85 3.0 4 2.87
thicknesses (um) o=+0.98 oc=21.32 g+1.38 ox1.17
and their.standard .
dev. -
ASULFn 9.2 -10.6 12.4 15.1
(maximum) in um 0.5 F08— 1.0 1»_1.1
X, _ : _ -
Average Penetration 167 232 o 287 ..
Depth in'um ) . L . .
Rat';-%Constant!5 4.2 6.0 7.4 10
LK /T um/s 0.2 £0.3 . +0.3 0.2
.-," . ,' :

1 »

Table 5-7. Tabulation of experimenta] results for Fe5/Fe-6,7,18 and 28 Al \

alloy diffusion couples. -
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" pectively, under op#ical microscope). This'is evident from

140

<Each sulfide b .d of- se diffusion couples consists

of two phases, FeS and FeAlZS4'1gxey and dark colcrations, res;ﬁf__——\)

(3

~

the micrographs”’shown in Figs. 5-11(a) and (). Generaliy, the

+

phases, but-at some//::;;ions they appear as semi-continuous ,

lateral array of'prec tates. : : ;
. ' . o % -
F(éggz-s.lz shows miprographs of a FeS/Fe-6Aal diffusiqn .

couple, éeétiongd parallel (Fig. 5.12(a)) &hd- normal (Fig.

FeAlZS4 par%&cles tend to be randomly dis%ﬁ;buted in the F
. -

"5.12(b)) to the alloy surface. Continuous negworks‘of the me-

tallic bands are depicted in Fig. 5.12(a). A general distribu-

‘tion. of FeAl,S, precipitates in the FeS phase of the sulfide

bands is also evident. The micrograph in Fig. 5.12(b) also
illust;ates_thatrthe avérage thicknesses of sulfide bands

increésed with depths whereas on an average the metallic band E
thicknesses remained the same. It is clgar from the micro- _ '{
graphs‘of,FiQ. S.Ii(a) and (b) depicting the last sulfide band
and the alloy éubstrate within its vicinity thgﬁ the sulfide

is initially precipitated by a mode of internal sulfidatiop.'
Also, the metal Bands tend to become more discontinucdud at .

distances extending outward gréﬁ the innermost sulfide inter-

face. The metal actua;ly appears as diqsréte barfﬁ%les in the

-

sulfide matrix at

8 bery ¢close to the FeS-Fe reaction

pellet interfacd . e, 4) . " S

A ]

/ _




Fig. 5.11 a) Optical photomicrograph showing the
cross-section of the sulfidation zone
in the FeS/Fe-6Al alloy diffusion !
couple. ‘

'b) Cptical photomicrograph of the cross-

. section of the alloy sulfidation zone
in the FeS/Fe-9Al ‘diffusion &owple. v
. " ’

Fig. 5.12 Optical/§ﬁ3¥qgicrograph of the alloy sulfi-
* dation zone in the FeS/Fe-6- AL diffusion
" couple, sectioned a) parallel and b) normal
to the alloy surface.
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‘ .
5.3 SULFIDATION OF Fe-Al ALLOYS IN SULFUR VAPOURAT .
DISSOCIATION PRESSURE OF FeS

Fe—AlﬁaliSys cént ininé 6, 9, 18 ‘and 28 a/o Al were
sulfiéized in 52 vapour at the dissociation preséure of FeS.
The experimental éssembly has been described in séqtion 4.4,
The reason for using such an assembly was to avoid the formation
of FeS during the sulfiéation bf these alloys. Sulfidized al-
loys were prepared for ﬁemallographic'examination. Alloys
containing 6 a/o0 aluminum sulfidized internally, whereas
Fe-9Al and Fe-18Al alloys sulfidized both internally and ex-~
ternally. The'glloy containing 28 a/o Al when sulfidized at

1173K, only yielded an external scale.

5.3.1 sulfidation Kinetics

1
Sulfidation kinetics of Fe~6, 9 and 18Al at 1173K were

determined by measuring the depths of uniform internal sulfi;
dation zonés as well as the sulfur uptake. Figure 5.13 shows
the depths of internal* sulfidation, measured from the external f
surfaca, as a function of time«for various Fe-Al alloyé (Table
5-8f. The standard errors are indicated by the s%ze of each
‘hata point in the Figs._5.13.and 5.14. Thenlinear-plots_ob?‘

)
tained by a regression analysis correspond to parabolic reaction

é ,
kinetics. A significant point in this figure, is that the N i
depths of interpgal sulfidation in the alloys afte£ rresponding | ;
exposures decreased with aluminum’ content up to 9 a/o Al} The :
alloy containing 18 Al exhibited the largest penetration-depih

of internal sulfidation. This is also indicated in Table (5-8)
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Table 5-8
_; -
Kinetic results for Fe-Al alloy sulfidation in 52 (Fe/FeS)
Alloy Time of Thickness _Parabolic
Compositign Reaction of Rate Constants
, * {seconds) I.S. zone k. (um/s%)
' (um) P
7200 602.6
Fe-6 a/o Al 14400 1 881.6 7.35
21600 1080.2
3600 416.7
‘Fe-9 a/o Al 7200 " 605.2 5.09
21600 752.1 |
o 3600 ¢ 507.1 ,
Fe-18 a/o Al 7200 ~715.8 8.45
' 9000 814.6
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Fig. 5, 13 Parabollc plots of 1nternal sulfidation depth
vs. tfime for Fe-6, 9 and 18 Al alloys in S2
vapo t the dlss%glatlon pressure of FeS.
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Fig. 5.14 Parabolic plots of weight gain vs. time
“for Fe-6, 9 and 18 Al alloys in S, vapour
at the dissociation pressure of FeS.
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by the correséonding parabolic rate constants obtained'frqm
Fig. 5.13. Parabolic fit has also been_obtained for the sQlfur
uptake as a function of time for these alloys as shown in Figq.
5.14. An external sEale on the Fe—9.Al alloy was only observed
at isolated small areas over the alloy suffacg for sulfidation
times up to 2.16x10% seconds. The external scale on the Fé-18 AL
 alloy which sﬁlfidized both iﬂternally and externally was con-

. . =~ L
tinuous  and it grew at the rate of B.9><102 um/s?,

5.3.2 Scale Morphological Development

»

The internal sulfidé precipitates'formed in the‘Fe-é, 9
and 18 Al alloys were‘acicular in morphology. These acicular |
précipit tes wéreilargely oriented to the surface of the alloy
with exceptions of some alloy grains in which they were oriented
a£ an angle less thén 90°lto‘the alloy surface. Figuregis.lsfa),
(b), (e) and 5.16(a), (b) illustrate the‘se/features. The ad-
vancing’ front of an internal sulfidation zoné waé guite uniform,
although slight irregularities were found occasionally at.the
corners of the specimehs. - No intergranular sulfidation was
observed fn any of the three alloys exposed at 1173K.

Fiéures 5.17(a), (b) and {(c) show transverge sections
of the internal sﬁlfiées at various depths from the surface of
the alloy conpaining'é a/o Al. Section_(b) is closer to the
external surface whereas sec ians_La{’and (c) are closer to the

internal sulfidation front/alé?y interface. As illustrated in

the transverse sections (a) ardd (b), the sulfides exhibit a



Fig.

Fig.

Fig.

5.15

5.16

5.17

4

of internal sulfidafion zones of (b,c) Fe-6 Al
and (a) Fe-9 Al alloys in S, vapour.

Qn;iéai photomicro;ggphg'of the cross section

—

Optical photomlcrographs e cross-section
of internal sulfidatjon fone for Fe-18 Al alloy
Tin 52 vapour. /

Optical photomicrographs of Fe-9 Al alloy showing

. the morphology of internal sulfide precipitatés

at various depths taken in cross-section. Sec-
tions (a) and (¢) are closer to alloy/internal

sulfidation fron®swhereas section (b) is closer
to the external surface.
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" interface or from the external ‘scale/subscale interface (Fig. |
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1

« ' ' + 151

' platelet morphology oriented in several crystallographic direc-

tions. Furthermore, sulfides existing deeper into %the alloy
Lng

—

near the advancing front appear to contain more than one phéﬁe,
odé*enve;opiﬁgkzﬁé\othgf (sections (a) and (o). The‘sulfide;_
precipitates exhibit ;;IEknesses ranging from.p.s‘to 2 um,
widths ranging from 10 to 20 im aﬁ&’lengthg seqd!!;.hund:eg‘
microns. In all the ailoYs, the platelike internal sulfide
precipitﬁtes extended either from right below éhé'gas/alloy
5.18). ' 'y A<
The center to center spacings of internal sulfides

were mgasured for various alloys. lit is evident from Figs.
5.19(a), (b) and (c¢) for alloys containing 6, 9 and 18 a/o Al,
that the inter-lamellar spacing bet&een the platelets decreasés?
J;th increésing aluminum content in the ailoy. Table 5-9 pre-
sents the variation of this spacing with alloy composition. - »°
Measurements, of inter-laméllar spacings. were performed at various b
depths in the internal sulfidation zone for.eacq'alloy. Acepr- - »
dihély thé‘spacing valﬁes presented iﬁ Table(g%gfs}e averagesL <.
of several measuremehts. Sulfide platelets in Fe-6 Al alloys‘
were‘thic%er th;n those in the Fe-9 and 18 Al alloys..Thes
thicknéss of these sulfide’platelets, moreover, vari slig@tly
in different grains of a given alloy.” o 'fy%j | o

S . , - | - } . ‘

<




Fig. 5.18 oOptical photomicrographs showing the cross-

_ section of the internal sulfidation zone near

. the-alloy and’'external scale/alloy interfaces
— .. for a) Fe-6 Al, b) Fe-9 Al and c) Fe-18 al
W .-alloys sulfidizeq in Sé-vapour. '

-

Fig. 5.19 Optical photomicrographs revealing the cross-
section of internal sulfide precipitates and
their spacingg for a) Fe-6 Al, .b) Fe-9 Al and
c) Fe-18 Al alloys' sulfidized in 52 vapour.
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Inter sulfide spacings for Fe-6, 9 and 18 Al alloys (///
Alloy _ -Time of ‘ ‘Spacing .

Composition Sulfidation(s) um -
Fe-6 Al 14400 : 7.910,5

Fe-9 Al - 14400‘ 3.8:0.6 !

Fe~18 Alr 14400 . 2.6x0.5

5.3.3 External Scale Formation on the Fe-28 Al Alloy
An external scale without any associated internal sul-

fidation were observed to grow on the Fe-28 Al alloy. A scale

- was compact and adherent at the reaction temperature but 1t

A

spalled off the alloy durlng\coollng of the quartz capsulesh

Figure 5.20 shows a photomicrOgraph of the external scale iden-

b

tified as A1253 The separation of this scale from the alloy

substrate is evident in this micrograph. This scale grew at a *
. : - . \ ’

. ) I, 3 . ]
rate of 7.2x10 2 um/s <, Slnce A1283 is very reactive to atmos-

Pheric moisture, precautions were taken to protégt the specimens

L1 s

J,
.from moisture partjcularly during handling for various analyses.

[ " «

v

i
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Fig.

5.20

/Optical photomicrograph foﬂE“E%css-
section of the only sulfide)scale
(Al,S4) formed on Fe-28 Al alloys in

‘52 vapour. .
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5.4 ,SULFIDATION PROPERTIES QF Fe-Al ALLOYS IN H,S~H, ATMOSPHERES

"~

v
at various sulfur pressur f using HZS—H2 atmospheres at a total

Fe-aAl alloys coﬁ‘zining 9 and 18 a/o Al were sulfidized
pressure of 105 Pa. A detailed investigation was carried out on
the sulfidation properties of the Fe-18 Al al&oys at 1173K and

sulfur pressures ranging from 1 to 103 Pa.— A weigﬁE/gain by

<+
4 the sample was not detected within the minimum limits of measure-
ment inNatmospheres at and lower than Ps =_10-l Pa for exposures

2
up to 18 hours.

5.4.1 Sulfidation Kinetics
]\

ing. a ‘McBain balance described
A

S, weight gain per unit area

fmined thermo-grdvimetrically
earlier in chapter 4. The resul
. .. ¢

L Ay e : . .
of the specimen vs. suifldatlon ime, are shown in Fig. 5.21

. -
for 103 > Ps > 1 Pa. The alloy containig 9 a/o Al was ex-
- 2 . . .
posed at Ps =10 1 Pa. The kinetic results are presented ac-
2 v ‘

carding to parabolic co-ordinates in Fig. 5.22. From these

pl tg,‘oﬁe concludes that the kinetic curves for the Fe-18 Al

at sulfur pressures of 102 Pa and 10 Pa, consist . of three

e,

. PO
distinct regions. Following a brief initial period (2000" seconds) ,

t_he,kine;tic' curves represent two‘dffferent rates given by k.,

1 t . ] .
k, and k;, k,“respectively. The transition from one raﬁexgo
the other took place at shorter times at higher sulfur pres-

. : ' o .
sure. The distinct sections of the reaction curves represented
L 4 ' . .

/

by limiting tangents when the sulfidation kinetics are plottéd
: e

oo
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Fig. 5.21 Linear plots of sulfidation kinetics of .
' .Fe-Al alloys in H_S-H, atmospheres. !
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Fig. 5.22 Parabolic plot of sulfidation kipedics of
Fe-Al alloys J‘.n.:‘.lzs----H2 atmaspheres.

r



159

— |
in parabolic coordinates are described as representing para-

‘bolic rates. The rate constants determined from the slopes of

~

these tangents are designated as parabolic reactiofi rate con-

‘ ‘stante[?}able 5-10}. v

In summary, the sulfidation kinetics of the Fe:Al al-
loys/gre complex. 1In the H,S-H, atmospheres at Ps = 10° Pa-
and-10 Pa, the parabelic‘rate\éonstan;s k, for the?Fe-18 Al
‘glloy were of similar magnitude and an ordef of magnitude less

than the parabolic . rate censtants kl (Tablé“S-iO). Decreasing

sulfur pressure led to lower alloy sulfidation rates. At

P_ = 107" Pa, the Fe-9 Al alloy sulfidized parabolically but
- 2 d . ' .
sulfidation of the Fe-18 Al alloy could not be detected within

the sehsitivlty of the McBain balance.

‘5.4.2"éu1fide Morphelogical Development

The reaction product layers formed onrthe Fe-9 Al alloy

- at Ps' = 10—1 Pa are-shedh in ‘cross-section in Fig. 5.23(a),
- 2 . o L. - .
(ubtand (c). The micrographs illustrate three distinct regipns.

The exterﬁal scale is comprised of two regions: an’ outer layer
composed of a 51ng1e brlght sulfide phase E:;;lon 1) and an
inner layer composed of two sulfldes exlstlng as alternate
'brlght and dark phases (regmon*%) The 1nternal sulfldatlon
zone (reglon 3) is egmposed of a dark sulfide phase extendlng
1nto the alloy substrate. Needle or platelet tyée of sulfide
\prec1p1tates is observed 1n regiqn 3, Figure 5-24(a) shows an 2y/’-'
op;ical‘bhotom;crog;aph of fhe‘sqale oa:theFe—la Al alloy at

a

P = 103 Pa_.and.Fig. 5.24(b) shows a scanning electron micro-

Z‘ﬁ . . 5 . .



Table 5-10

Parabolic reaction rate constants for Fe-Al alloys
and their comparison with pure iron-at 1173K

160

) P * * >
" $ K k k _Ref.
Alloy in 2Pa 1 2 p
'» Pure Fe ' 36 2.3x107 140,
Pure Fe 6.3 1907t 140,
Fe-9 Al 107! . 8.9x107°. This work.
Fe-18 A1 1 . - - 2.9x107°  This work
L
/ 10 .60 4.9x10°° This work
102 3.3x10°% - 4.9x1070 This work
10° : - 2.4x10°%  This work
* in kgzm'4sfl.
| > ‘-
LY
- -
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Fig. 5.23 Optical photomicrographs of the scale and sub-
scale regions of Fe-9 Al alloy sulfidized in
H.S5~-H, atmospheres at p = 10~1 pa.
2 2 _ S,

\

Fig. 5.24 a) Optical phofg;}§§ograph of the scale cross-
| | section on the Fe-18 Al alloy at pg =103 pra.
' 2
b) SEM micrograph of the outer surface of the
-scile formed at p_ = 102 Pa on theé Fe-18 Al °

alloy. 2
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graph of the outer: surface of the scale formed at P = lO2 Pa.
' : 2 .

Regions, 1, 2 and 3 will be shown subseéuently to contain FeS,
4

FeS+FeA1254 and FeA1254+Al S3, respectively.

In order to study the corrosion mechanlsm, the Fe-18 Al
alloy was subjected to difderent times ofi;iﬁptlon at ll73K and

Py = 102 Pa. Optlcal micrographs of the®scale cross—sectlons
2 : . ‘ .
in Fig. 5.25(a) and (b) emphasize the interfaci reglon between

the alloy and the inner layer of the external scale for up to-
900 seconds of reaction. There are sulfide platelets extendlng
into the alloy frgm the sulfides in the inner layer of the exter-

nal scale. After a longer time (10800 setonds) a contlnuous

>

fllm appeared at the advanc1ng front of the external scale and '

needles or platelets of a snlfide extenagﬁ from the eontindous

-

film into the alloy. . A similar feature was also observed at

Pg =-10 Pa (Fig. 5.26). It will be shown that-the platelet
2 .

sulfidee in the inner layer are composed of FeAl B and the small

4

platelets extending into the alloy from the Eehl platelets

254 Ty
and the continuotis film region (3) are AL, SY. ‘ N

Al

Measur%hents‘of layer thicknesses.in'the,efternal scale
formed on the Fe-18 Al alloy Sulfldlzed for various t¥me pewlods

at Pg 10 Pa are shown in Fig. 5.27(a). Parabollc plots of
2

the results glven in Fig. 5.27(a) are ﬁpown‘in Fig. 5:27(b);‘
These plots exhibit two stages of parabolic kinetics as observed

from:the weight gain measurements Fig. 5.22)/4 | . I

2

The growth of sulfide nodiles was o served on the Fe-18 =’
Al alloy at. P, = 10 Pa. These nodules nucleated at“isolated

Y .
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Fig. 5.25 Optical photomicrographs of the scale cross-
sections (a) and (b) emphasizing the inter-
face regions between the alloy and inner
layer of external scale at'p_ = 102 Pa for
Fe-18 Al alloy. . S2

4
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Optical phctomicrograph of the interface

10 Pa for Fe-18 Al alloy.

2

region between the external scale and
s

.26
alloy at p

5

Fig.



~ 166

. 5 I 1 o1 I ] 1 I 1 1 I I ]
4
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Fig. 5.27(a) Plots of sulfide layer thicknesses

vs. time on the Fe-18 Al alloy
sulfidized in st—H2 atmospheres.
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Fig. 5.27(b} Parabolic plots of sulfide layer

thicknesses on the Fe-18 Al alloy

sulfidized in HZS-H2 atmospheres.
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sites on the alloy sufface and some of these sites were locgte&
at alloy grain boundaries. Figure 5.28 represents SEM obser-
vatiéns of the nodules. These nodules were oﬁgerqu to grow
laterally gnd vertically and finally coalesce to form Eontinuéus-
sulfide layer -as shown in Fig; 5.29. -
Scale cross—seééions Wefe.etched with 'dilute HCl acid
to reveal the'morph&logy cf the inner layer for the Fe-18 al
alloy at péz = 10 Pa. Figure 5.30 represents a scanning elec-

tron micrograph of the inner two—phaserlayer which is composed

‘of platelet—like precipitates.

5.5 INERT MARKER MEASUREMENTS !

Several platinum wire markers of 50 um diamete; Qere
spot welded by a Hughes VTA-60 spot welding machine on to the
alloy surface priecr to méking a diffusion couple. These alloy‘
samples were embedded in FeS and then compressed in the die.
Such couples were annealed for 5h in evecuated quartz capsules.
An optical photomicrograph of the éample takenlin cross—section
is show; in Fig. 5.31.. The markers -are seen to rest in between
‘the FeS and the sulfidation zone. This result substantiates
Vthe preceding-observétiéns of sulfidation i;xbhat the-internai
sulfida;ion zone has_formed by the inward aiffusion of sulfur
in the alloy. -
IA the expériments with HZS-H2 atmospheres, several

platinum markers were welded to the surfaces of several alloy

specimens prior to sulfidation. Figures 5.32 (a) and (b) show

%
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Fig. 5.28 SEM cbservations of the nodular éulfide forma-
tion on Fe-18 Al alloys at Pg = 10 Pa in
st-H2 atmospheres. ' 2

Fig. 29 Optical photomicrographs of the cross-sections
0f the gulfide ncdules.
(@), (c) anad (d) at p, = 10° pa
) 2
(b) at p_ = 10 Pa.

3,

Fig. 5.30 Fe-18 Al alloy sulfidized at Pg = 10 Ppa.
2

a) Cross-section of the inner two-phase
layer of the external scale.

b) EDAX analysis on a point A (dark phase)
" in (a). !
. "'

C) SEM observation of the inner layer after
etching with dilute Hcl acid for 60 S..

d) Platelet shaped FeAlgS4 precipitates were
completely etched leaving behind respec-
tive holest - :

. e) Etched FeA1254 precipitates in the inner
and f) layer. "
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Fig. 5.31

Fig. 5.32

-diffusion couple

N

Optical photomicrograph showing the position
of a 50 ym Pt marker residing above the sul- .
fidation zone of Fe-9 Al alloy in the FeS/alloy

% .

Optical photomicrographs showing the position

of a 25 pym Pt marker residing at the outer

and inner layer interface for Fe-9 and 18 Al

alloys at P52 = 1071 pa ang 10 Pa respectively.
(] .
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the electron-probe'beam over the sample.

174

#

the results of such experiments. The markers are seen to rest
in between the inner and outer layér of the scales on both

Fe~9 a/o Al alloys (a) and Fe-18 a/o Al alloys (b). These

findings -indicate that the outer layer grew by the outward

diffusion of iron and that the inner layer grew by the inward

r

migratdion of sulfur.

5.6 PHASE IDENTIFICATION

The phases present in the sulfide scales were identi-
fied by means of electron probe microanalyses, X~-ray diffrac-

tion and energy dispersive X-ray analyses. -

5.6.1 Electron Probe Microanalyses

Microanalysis was performed at various parts of the
scale using a Cameca MS- 64 electron mlcr0probe. Spot counting
procedure at an operatlng voltage of 20 KV was used to determine
the composition of the phases. Because of the fine dispersion
of two phases in the internal sulfidation zone and loss of
optical contrast due to carbon coatlng, the point countlng me-~

thod was considered inadequate to ascertain the ccmp081t10n

of these sulfide precipitates. Therefore, a gqualitative esti-

mate of the constituents of each phase was obtained by scanning
Figure 5. 33 shows mlcrOprobe traces of various elements

across the sulfidation zone formed on the Fe-9 Al alloy diffusion

coupled with FeS for 1500 seconds at 1173K. Figure 5.33(a),

shows "typical line scans for iron and aluminum whereas Fig.



Fig. 5.33 a)

COLOURED PICTURES
lmages en couleur

Microprobe traces for ‘iron and
aluminum in FeS/Fe-9 Al alloy
diffusion couple.
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5.33 (b) shows line scans for iron and sulfur across the sulfi-
dation zone. Similar analyses have been made for other diffusion
couples with Fe-6 Al, Fe-18 Al and Fe-28 Al alloys. In Fig.
5.33(a), aluminum counts arise from therdOuble sulfide (FeAl 84)

phase which is distributed non-uniformly in the sulfide bands.

"Low count rates of Fe; Al and S K radiation were occasionally

obtained because during the metallographlc preparatlon some of
the sulfides were pulled out, giving rise to voids. The alumi-
num solubility in FeS is determined to be less than 1 a/o. The
fine particle size of the double sulfide phase made it quite *
difficult to estimate its exact composition. However, towards
the external, FeS/sulfidation zcne region the double sulfide
particle size was coarse enough for representative mlcroanaly—'
ses. It was estlmated from these measurements that the double
sulfide compesition was closer to FeA1254 As seen by the
elemental scans in Fig. 5.33(a), the alloy bands were depleted
of aluminum. A small aluminum depletion zone was observed in the ~
alloy beneath its interface. This depletion was more prominent
in higher aluminum content alloys. In some ipstances, the counts
of Fe; Alf s Ku‘radiarion were recorded simtlteneouely during
line scanning to determine the distribution of these elements

in the sulfidation zone. This method, ﬁowever, was unsuccess-—
ful due to the periodicity'Of the sulfide- bands. Notwithstandiné,'
a larger distribution of FeAIZS4 was found from euch\measure—

ments towards the FeS/sulfidation zone region supporting the

evidence cbtained from opticdl microscopy observations.

- i . P . -

- ’ . -
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Fig. 5.33(b) Microprobe traces for iron and sulfur
in FeS/Fe-9 Al alloy diffusion couple.
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Alloys containing 6 a/o Al showed internal sulfida-
tion when sulfidized in 52 vaﬁour correspending to the de-
composition pressu;e of FeS.- The Fe~9 Al alloy alsc sulfidized
internally and, in addition formed very thin external scales
at isolated sites. The Fe-18 Al alloy sulfidized internally
and formed a continuous external scale. These sulfidized al-
loys were investigated in-order'to determine the ccmpositions
of the sulfides in the internal sulfidation zénes ahd in the
external scales. It was difficult to ascertain the composition
of internal sulfide. precipitates because their size was much -
sma{ler than the probe diameﬁer. Figure 5.34vshows'micr0p£obe,

traces for Fe and Al across the internal sulfidation zone in l

,L

the Fe-9 Al alloy. The alloy is depleted locally near the
alloy/internal sulfidation zone interface causing a slight

. k] v .
enrichment of Al in the sulfidation zone. The internal sulfide

precipitatés have compositions corresponding to FeAléS4 in

the Fe~6 Al alloy and to FeAlZS4+A1253.in alloys .containing

9 and 18 a/o al.“1In particular, the A1253 precipitates were

found towards the alloy/internal sulfide interface. In the

case of the Fe-18 Al alloy, the internal sulfidation zone of

FeAlZS4+A1283 Qas overgrown by a E‘eAlZS4 external scale. 'The
external slow growing sulfide layer on the Fe-28 Al alloy was
determined to be A1253. Since A1253 and,FeAlzs4 hydrolyzed

in moist ;ir, precautiiifﬂzggspﬁghen to isolate the spécimeﬁs

-~ from air when preparing the samples for microprobe analyses.
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Fig. 5.34 Microprobe traces for iron and aluminum
in the sulfidation zone of Fe-9 Al alloy
sulfidized in 52 vapour.
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Compositions of sulfide phases present in the reaction
product layers athigher sulfur activities in st—H2 atmospheres
'corresponding tO,PS = 102 Pa and 10 Pa were investigated by.

microprobe aﬁalyses? Figure 5.35 shows microprobe traces of
various elements across a nodule formed on the alloy containing
18 a/o Al at 1173K and Pe, - 10% pa during the initial period
(5 minutes) of the reaction. The inner layer of a nodule is
-constituted of an intense localized internal suifidation zone
as previously shown (Fig. 5.29).- The outer layer is FeS

doped with Al. 1In the 1nternal sulfidation zone, peaks of Al
correspond to troughs of Fe and peaks of sulfur. Figure 5.36
shows the distribution of Fe, Al and S in the inner scale layer
‘formed on the Fe-18 Al after exposure of 900 seconds at |

P = 102 Pa. From .these measurements the “inner layer is pre-

s
dlgted to be a mlxture of FesS, FeAlZS4 and_A1253 w;th A1283 .
concentrated at the scale/alloy interface. |

A complete line scan across the scale formed on the
Féils Al at P, = 10 Pa after 10800 seconds of exposure is
pregeqted in Fig. 5.37. There is an increase in Al coﬁcentra—
tion as the scale/alloy interface is approached. At-fhe scale/
alloy interface, peaks of al, s and-a trough of Fe inqicate
the presence of A12 Beneath this Al andls rich zoné, several
line scans were taken across the dark sulfide platelets. Such
micropfobe scans are presented in 5.38(a) and (b). %he preci-
pitates are seen tolbe rich in Al and S and are probably

constituted of AlZSB'



Fig. 5.35 Microprobe scans 3cross the scale on the Fe-18 Al.
alloy at Pg = 104 pa. : ~
2 -

-

Fig. 5.36 Microprobe scans across the inner two-phase layer
of the external scale on Fe-18 Al alloy at p_ =
102 pa. - 82
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Fig. 5.37 Microprobe scans across the scale on
Fe-18 Al alloy at Pg f“loz Pa.
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Fig. 5.38

Microprobe traces for (a) Fe, Al and (b) Fe,

in the internal .sulfidation zone ahead of the

innermost layer of Fe-18 Al alloys at Py =

10 Pa. ‘ ‘ , )
o

183

{b)

]



184

In summary, various microprobe scans and spot analy-

ses made on the reaction product layers formed at 1173K, P, =

2
102 Pa and 10 Pa indicate the formation of an outer FeS layer

t e

and an inner lay£r consisting of FeS and FeAlZS4 The inner-

most layer at the scale/alloy interface was esséftially Al 3

from which Al,S; platelets or needle?_extended into the alloy.

-,

5.6.2 X-ray Analyses

X-ray powder analyses of the guifide reaction products
were perfdimea in.an &ttempt to substantiate the structure of
phases formed. The diffraction patterns of various samples
. Wwere chart recorded. The intensity of peaks and their positions
on the chart (angle_ze) were recorded to evaluate the 'd’ spa-
cings from the relation l'=‘2d51n6 (A = 15.406 nm for Cuk

éiation), “The intensities of peaks were nofmalized with
respect to the highest peak obtainéd in theléystem. 'Téples
5-11, 5-12 and 5<13 represen% standard values of 'd' in nm and
the correspondlng relative lntenSLtles (I/I XlOO) for Fes,
FeAlZS4 and A1253 respectively.

The internal sulfidatioq zones of the diffusion égupleé
were éompletely scraped from the alioy and then ground to pow-
der. To identify the various phases present, théfx—ray results
wére tabulated.as 'd' spacings with 26 and I/I fatio. The
lnten51ty of lines at various diffracted angles (28) were plot-
ted on graphs (Figs. 5.39(a), (b), (c) and (4)). Slnce the

samples contained more than one bhase,-the analysis described
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. 21.79 23 10.12
0. % 19.163 17 10.15 .

‘ Table 5-11
Intensity, d spacings and (hk2) indices of Fe]_xS
Peak 'd' Relative Peak 'd' Relative
No. in  Intensity (hke) No. in Intensity (hke)
nmx102 (I/I]xloﬂ) Indices - nmx102 (I/I.IX100) Indices
1 34.5 3 100 10 13.26 9 402
2 29.81 30 ’ 200 11 12,99 4 204
3 28.79 4 002
4 26.53 40 201
5 - 20.72 100 202
6 17.24 25 220
7 16.14 6 203
8 14.45 4 401
9 14.46 10 004
Table 5-12 »
Intensity, d spacings and (hk2) indices of FeA12$4
Peak g’ Relative Peak 'd“ Relative (hk)
No. = in Intensity (hkg) No. in Intensity
nmx102 (I/I1><100) Indices nmx102 (I/I_1><100)- Indices
1 119.36 30 00.3 11 18.232 18 11.0
2 60.00 4 - 00.6 - 12 16.937 30 00.21
3 40.08 100 00.9 13 16.608 7 11.9
4 31.55 . 6 10.2 14 15.064 5
5 30.49 15 10.3 15 14.576 4 00.24
6 30.054 15 16 13.222 -4 00.27
7 27.978 30 . 10.5 ¥7 12.427 b 20.17
) 24.086 11 00.15 18 12.058 4 00.30
9 ‘
]

Bk T
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Table 5-13
Intensity, d spacings and (FRE) indices of A]ZS3 G
/ Peak 'dT Relative Peak 'd’ Relative
No. in Intensity (hke) No. in _ - Intensity (hke} .
nmx10 (I/I]X'IOO) Indices nmx10 (I/I]xloo) Indices

1 5.3 13 101 15 1.86 66 300

2 4.7 23 102 16 1.74 20 208

3 3.47 13 104 17 1.69 33 119

4 3.22 - 100 110 18 1.6 33 T 220

5 2.95 27 006 19 1.56 3 306

6 2.82 83 13 20 1.5 27 " 218

7 2.66 13 202 21 1.4 10 226
8 2.54 20 22 1.31 20 .
9 2.47 13
10 2.37 - 13
1 2.18 13 116

12 2.19 7

13 2.07 33 212

14 1.99 20
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and (d) Fe-28 Al alloy diffusion couples.
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™~ ‘ - .
by Cullity(lsg) was‘used. "In this method, a' known highest
inEEnsity llne of a;phase present in the mixture is taken as
I, and the rest of the diffraction intensity peaks are norma-
lized with reépe o it. Then the relatijve 1ntens1t1es of
nﬁe known phase are separated from the mixture and the remain-
ing llnes in the pattern are again normallzed with respect
to the hlghest 1ntensrty Using thls method for the results
given in Fig. 5.39(a) to (d), ‘the phases present in the

sulfldatuon zone were identified as alloy, FeS and FeAlZS4

1for,dif:?s:sion couples‘consisting of‘Fe—G, 9,~18 and 28 Al

-

alloys. °o- . . s
X-~ray investigations were carried out for alloys sulfi-
dized in 52 vapour at the. dissociation pressure of FeS. Fe-6

and 9 a/o Al- alloys sulﬁad;zed lnﬁfrnally The diffraction
.

E P ern obtalned from the internal sulfldatlon zone of the -

A

Fe-9 Al alloys corresponded to the presence of FeAlzs4 as

showd in Fig. 5.40(a). The Fe-18.Al alloy &xhibited diffrac-
tion patterns centaining FeAlZS4 from the external scale and
FeAl +ailoy from the internal sulfidation zone. The: internal
precrg)t es towards the alloy and 1nternal sulfllen zone
lnterface were found-to be Al 53 for Fe-9 and 18 a/o alloys.

2
The external scale on the Fe-28 Al alloy was rdentlfled to be

A1,S, (Fig- 540(15)) _ _
Scales formed on the Fe-lB Al alloy at ‘high sulfur

pressures pg 10 and 10 Pa were analyzed by a similar me-
2

thod. Sagpleﬁ'wererbtalned from various parts of the scales.

5

S~
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5.40 X-ray diffraction of sulfides-from (a) internal
sulfidation of Fe-~9 Al alloy and (b) external
scale on the Fe-28 Al alloy in S2 vapour.
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Typical diffraction patterns ere shown in Eigs. 5.41(a), (b)

and (c}. The analyses suggest that the reaction product lavers
on the Fe-18 Al alloy consist of an outer FeS layer, an inner
layer con51stlng of a mixture of FeS+FeAl.S, and a layer adjéceht

274

to the alloy-scale interface containing a mixture of FeA1284 and

A1253.

5.6.3 X-ray Energy Dispersive Analvses

Some OF the samples were analyzed qualitatively_té
supplement the previous qﬁantitative analyses, by using the
KEVEX X-ray energy dispersive analyzer attached to the SEM. 1In

"this system X-rays are generated upon scanning the electron beam
across the specimen surface. Also a spot, the size of the sta-
tionary electron beah {v 50 nm), can be analyzed for inclusdions
of various pthes. The X-rays which are given off ‘the sample
being collected by the detector are' counted each second. To
obtain relative results from one part of the sample to the next,
1000 ceunts/second was maintained. The X-rays are then located
in the spectrum on the.oscilloscope screen depending on their
energies; This X-ray energy spectrum is then analyzed by a |
teletype computer. In the odtput, CENTROID is the numher to
look up on the eneréy spectrum chart to indicate the element.
FWHM is the humber of channels at the full-widtﬁ—half-maximum
point. AREA is the total number of counts within peak limits
which is proportional tonthe concentration of the element. To

obtain representative*res %Ys, flat and polished samples were

-
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used.. During such analyses it was established that X-rays
generated by the sample possessed a free path to the detector.
Tables (S~l4) and (5-15) show some results of point
analyses obtained on Fe-Al alloys. Tables (5-16) and (5-17) °
.show point analyses taken from the sulfidation zone of FeS/
Fe-9 Al alloy diffusion couple. The presenée of S, Fe {Table
5-16} and Al, S and Fe (Table 5—1%)-at different points in the
sulfide bands support the previously presented evidence that
these sulfide bands are indeed composed of Fesjand FeAlZS4.
The external scale formed on the Fe-18 Al alloy in S
vapour was identified to be FeA1254. Generally, it was diffi-~
cult to detect the sulfur counts from E‘eAlzs4 because of its
nature to undergo hydrolysis in moist air, particularl during'

specimen preparation. The internal sulfides which appearad

platelike in these'alloys at times showed low sulfur counts)due

to this hydrolysis effect. Tables (5-18), (5-19) and (5-20
illustrate these considerations based upon the analyses of the
_ externél scale and of internal sulfidation.zone.

EDAX analyses were also applied to identify the variéus
sulfide phasés formed on the Fe-Al alloys at highef sulfur pres-
sures. Figure 5;30(b) shows a spectrum obtaineq from the point’
A in the inner layer suggeésting the composition FeAlZS4. Simi-
" lar analyses performed on other pérts-of the scale supported the

quantitative results obtained by EPMA analyses.

2 \e .



EDAX Point Analysis on Fe-6 a/o Al Alloy

Table 5-74

No. Centroid FWHM Area Element
] 1.46 0.10 516.16 Al
2 6.43* 0.15 3327.98 Fe
3 7.09 0.15 4095.49 Fe
Table 5-15
: Y
EDAX Point Analysis on Fe-9 a/o Al Alloy
No. Centroid FWHM Area Element
1 1.46 0.10 852.55 Al
2 6.44 0.15 31656.45 Fe
3 '7.10 0.16 3680.00 Fe
Table 5-16
EDAX Point Analysis on a sulfide band in
FeS/Fe-6 Al diffusion couple
No. Centroid FWHM Area ETement
1 2.27 0.13 14088.97 S
2 6.22 0.15 18879, 96 Fe
3 6.83 0.15 2187.12 Fe -
Table =5-17
EDAX Point Analysis on a sulfide band in
FeS/Fe-9 Al diffusion couple
No. Centroid FWHM - Area Element
, 1.46 0.11 2423.79 Al
2.27 0.11 2698.12 S
6.22 0.15 26359.49 Fe
6.83 0.15 3375.72 . Fe

=Wk —
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Table 5-18

EDAX Analysis on the external sca]é\formed on
Fe~18 a/o Al alloy in S2 vapour

. Centroid FWHM Area .Element
1 1.47 0.17 12043.99 M
2 6.22 0.15 17011.46 Fe
3 6.83 0.15 2058.12 Fe
Table 5-19

EDAX Analysis in the internal sulfidation
zone of Fe-9 a/o Al alloy in S2 vapour

. Centroid FWHM Area - Element
] 1.47 0.12 3264.02 Al
2 2.27 g.11 - 9039.00 S
3 6.22 0.15 22537.48 Fe
4 6.83 0.16 2803.47, Fe
Table 5-20

EDAX Analysis in the interna]>sulfidation
zone in Fe-9 a/o Al alloy in S2 vapour

Centroid FWHM Area Element

1 1.47 0.10 ~ 2728.28 Al
2 2.27 0.12 . 9472.00 S

3 6.22 0.15 22853.45 Fe .
4 6.83 0.16 2701.50 © Fe
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5.6.4 Summary -

S5ulfide phases present in the diffusion couples of
Fe-6, 9, 18 and 28 a/o Al alloys coupled with Fe$ consists of

.FesS and FeAlZSA. Solubility of Al in FeS was determined to be .

less than 1 a/o. The scales formed on these alloys in S2

vapour at the decomposition pressure of FeS were composed of
FeA1254 and A1283. Alloys qontaining 6 ‘a/0 Alsulfidized internally,
9 and 18 a/o Ai alloys sulfidized both externally and internally
forming F;A1254 and FeA1254+AlZS3, respectively. The Fe-28 Al
film.

alioy sulfidized externélly to Yield a slow growing A1253
In HZS-H2 atmospheres at 952 ranging from 1 to 103 Pa, the Fe-9
and 18 a/o Al alloys fgrmed an external scale consisting of an
outer FeS layer and an’ inner two-phase layer of FeS+FeAlZS4 ac-
companied with an internal sulfidation zone containing
FeAl,S,+Al,S, precipitates. In addition, the Fe-1B Al alloys

formed a continuous layer of A1253 at the external scale/alloy

interface.

-

5.7 PHASE EQUILIBRIA IN THE Fe-Al-S SYSTEM AT 1173K

Several overall compositions“were chosen for this
2

y

study (Fig. 5.42). The Al/Fe ratio was varied from 8.33x1Q”
to 85.7IXl0-2. The composition of sulfur was kept fixed (35 a/o).
Well equilibrated pellets were mounted for metallography, micro-

probe and X-ray analyses.
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Fe \ Al‘

Fig. 5.42 Overall compositions of Fe, Al and S (Pl1-P6) con-
sidered for the analysis of Fe-Al-S isotherm at -
1173K: C : :



5.7.1 Metallography

197

Polished specimens were observed under the optical

microscope. Figure 5.43(a) shows a three phase equilibrium be--
Y

tween alloy, FeS and Feal_.S

are respectively alloy, FeS and FeAl.S..

2

4 The bright, grey and dark phases

274

Figure 5.43 (b)

shows

a two-phase equilibrium between FeAlZS4 and alloy whereas

Figs. 5.43(c) and 5.44{d) show three-phase regions (alloy+

FeA1254+AlZS3) and two-phase regions (allby+A1253) respectiyely.

Table (5-21) summarizes the metallographic observations.

Table 5-21

Summary of metallographic observations in
equilibrium experiments.

Points Overall composition
on - Infe: once ¥
Isotherm S Al Fe
P1 35 5 60 3 phase region: alloy, FeS
and FeAl,S )
. 274
p2 35 10 55 3 phases: a119y+FeS+FeA1254
P3 35 15 50 2 phase region: alloy+Fehl,s,
t
P4 35 20 45 2 phase region: a]ioy+FeA1254
P5 35 25 40 3 phase region: a110y+A]éS3+FeAIZS4
P6 35 30 35 2 -phase region: a]]oy+A1253

.



Fig. 5.43 a)

b}

c)

d)

- equilibrium.

Three-phase; FeS, FeAlZS4 and alloy

Two-phase; FeAlZS4 and alloy equilibrium.

Three—phasé; FeAlzs4, Al2S3 and alloy °
equilibrium. . . ' '

Two-phase; A1283 and alloy equilibrium..

-
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5.7.2 X-ray Analyses

The phases in thé Fe-Al~S system were identified using-
the powder X-ray diffraction method using Ni filtered CuKa ra=-
diation; The X-ray intensity plots vs. the diffraction angle
28 for the pelletgnl through 5 are shown in figures 5.44(a)
thrqugh 5.44(e). These x¥ray results support the inferences

drawn from the metallographic cbservations.

5.7.3 Electron Probe Microanalysés

To determine the compositions of the equilibrated phases,
the spot counting procedure was used. Annealing of the pellets
was carried out for two differeng times, 140 and 240h. Micro-
probe analyses of the adjacgnt phase composition &id not change
for the two annealed batches of samples demonstrating equili-
brium between various phases.

Al—Ka, Fe—KOt and S-Ka radiation signals were used to
determine phase compositions guantitatively. Alloy standards
were used to calculate the composition of qlldy in thé equili-.
brated samples (?able 5-22). The intensitiesg of x—fay signals
after subfracting the background counts for Fe, Al and S ob-
tained from the egpilib:ated phases in the FeﬁAl-S system are
tabulated in Table 5-25. Each intensity value is the average

of 20 values taken at different spots of a phase. FeS and Feal S

274

prepared separately were used as standards to measure the com-
position of Fe, S, and Al in the sulfides. Atomic number and

ébsorption corrections were applied when determining the compo-

PR g S
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Table 5-22 -

Electron probe microanalyses of the Fe-Al alloys L _ £
- ‘ r
Hominal Intensity Ratio Weight Percent Atom percent
Composition .
Al{w/o) Fe(w/o) Al Fe Al Fe Al Fe
0.5 99.5 0.0021 . 0.992 0.4 99.5 0.8 . 99.1
3.0 97.0 0.0120 0.9a5 2.9 97.6//A\;3q o940 -
4.5 95.5 0.0181 0.929 4.3 95.7 8.5 91.5 .
0.0 90.0  0.039 0.879 9.8 9.2 18.2-  81.8
-
15.0 aqéo 0.0594° - 0.830 15.4 84.4- 27.4 72.4
L3 .
N

R e Ly s
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sition of each phase (Table 5-23). The electron probe results

obtained in this investigation for Fe-pal-S system indicated the

following:

a}

b)

c)

d)

Iron sulfide in equilibrium with the double sulfide and an
alloy containing 0.84 a/o al dissolves 0.6l a/o Al at 1173K.
The double sulfide phase in equilibrium with iron sulfide

A
and the Fe-0.84 Al alloy is rich in iron and its iron con-

.tent decreases as the double sulfide equilibrates with

higher aluminum containing alloys.

The solubility of iron iﬁfA1253 equilibrated with the double
sulfide and alloy containing 5.86 a/o Al is found to be
0.3 a/o.

Iron-alhmlnum alloys equlllbrate w1th aluminum sulfide con-

talnlng a small concentration of iron ions in its lattice.

E)

" The solublllty of iron in Al S was found to decrease with

increasing Al contents of the alloy. The iron content of

aluminum sulfide in equilibrium with the Fe-19.53 Al alloy.

is 0.28 a/o. o .

P U A



CHAPTER 6

ANALYSIS AND DISCUSSION OF EXPERIMENTAL RESULTS

6.1 INTRODUCTICN

' In Chapter 5 the experimental results were presented
according to the three methods of sulfidizing the Fe-al alloys:
FeS/alloy diffusion couples, by 32 vapour at the dissociation-

pressure of FeS, and in H S-H2 atmosphere with 1 < P, < lO3 Pa.

2
2
A similar format will be used in this chapter to analyze and
discuss the experimental results.
When Fe-Al is exposed to sulfur containing atmospheres

at 1173K, several sulfides can form according to the following o

reactions:

+ §, = 2FeS " (6.1),

2Fe(alloy) 2

i ) +8,=2als (6.2)
3 (alloy 2 3 2°3 ) ‘ .
Fe (a110y)*?2Ll (a110y) * 25, = FeAl,s, . (6.3)

Also, FeS would be converted. to the more stable sulfides Alzs3

® or FeAl,S, via the following reactions.

3FeS + 2A;(alloy) = A1253 +'3Fe(al by) - (§.4)
~ FeS + Alzs .f FeAlZS4 . o (6.5a3
AiZS + Fe Feal 84 . . ~ {6.5Db)

3 alloy * Sailey = 2

" 206
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Initially, the sulfides mdy not be in equilibrium with
the alloy in Qiew of their rapid/ fermation. The early.stage,
which is refef;éa Edvas "trans'en? sulfidaticn”, is sensitive
to surface preparation and e method of‘exposure to the sulfi~
dizing atmosphere. Eventually, if sulfidation beccmes diffusion

controlled, the concentrations of the diffusing gpecies at the

alloy/scale interface assume fixed values which are determined
by alloy bulk composition and the interplay between the diffusion
processes in the alloy and suliﬁge phases. Only sulfides, which
are thermodynamically stable with respect to the steady state
alleoy interfacial concentration, continue to grow.
.Constructiéﬁ_of:the Fe:Al—S ternary isotherm at 1173K is
required for the application of ternary'diffusion formalism. No
Fe-Al-S ternary isotherm has been reported in the literature to
the present. This diagram is constructed using the results of
phase equilibria in Fe-Al-S system from the previous chapter
(section 5.7) and the thermochemical data in the literature.
Following this, the experimental results are interpréted in term
of thermodynamic and'diffusion data for the Fe-Al-S system. Scale

and subscale growth models are proposed to rationalize pHe‘ex-

perimeni?& observations.
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6.2 THERMOCHEMISTRY OF Fe-Al-S SYSTEM AND ITS TERNARY ISOTHERM
AT 1173K

" A ternary Fe-Al-S isotherm can be constructed for 1173K
as shown in Fig. 6.1 using binary phase extents (from Figs. 3.1,
3.4 and 3.9) and other additional results from this investigation.

Pure iron and aluminum dissolve -up to 0.05 and 5 a/o

,sulfur, respectively. These concentrations and the solubility

in the alloy are presented by a dotted line on the 1sotherm shown
in Fig. 6.1. From the microprobe results reported in section
5.7.3, Table 5-23, ‘the solubility of Al and Fe, respectively,
in Fel_ S and'Al2 3 was determined to be 0.6 a/o0 and 0.3 a/o

where each of these phases was equilibrated with alloy and

FeAlzs4 The phase field of FeAl,S, was obtained from the micros.

probe analyses. The construction of two-phase regions contain-

ing alloy+FeAlzs4, ailoy+Al 53 and three-phase triangles consis-

ting of alloy+Fe S+FeA1 s alloy+FeAl. S,+Al,S5. were made

1- 274’ 274 273
using the compositLOns of the appropriate equilibrated phases.
The tie.lines (dottea) shown in the two-phase regidns are those
determined experimenteily, Dotted lines in the upper portioﬁ of
the isotherm are also schematic. The limiting compoeitions of
the metallic phases are taken from the Fe-Al equilibrium diagram.
The aluminum activity velues in eolid Fe-Al alloys ever
the range 5-80 a/o Al at 1173K were determined by Elridge and
k(89) as reported in chapter 3 and their values are re-
corded‘in Table (6-17. The;mochemietry of iron and aluminum sul-
fides is reported in Appendix I. . :

\
LY
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o from binary data

ALLOY PHASE
FIELDS

a - Fe(Al)S.S
£ - Fe(Alz

n - Fes Alg
B"FEAB

Fig. 6.1 . Experimentally determined ternary Fe-Al-S isotherm

at 1173K.
X

._‘ .
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"The sulfur activity upon eqguilibrating A1253 with alloys
containing froh 6 a/o Al to 80 a/c Al were caiculated as fol-

lows. Equilibrium between aluminum in an alloy and AlZS can

3
be expressed as: -

3 _ '
21&.1alloy + 5 5,(09) = Al,S,
e 267 “Al.s,
Equilibrium constant K = exp - RT - 3 373
a1Ps

Assuming a1 s ~ 1,.the sulfur pressure relationship is given
273
.by
8G2(A1.5.,)
f 273

logps (Pa) = (_§T§6§§T—_ - legaAl)l+ log(lOl3q0) (6.6)

2

Wl

Substituting the values for AG?(A1253), the sulfur activity is
calculated as .

=1 ‘ 5 = - _ 2, {62
logas =3 [1qg(p52(Pa)/lO Pa)] = \7.54 3 loga (6

Al

"The sulfur activity for the‘a;loy—Aizs3 equilibrium is then cal-

culated as given in Table (6-2) using the Al activitylvalués

from Table (6-1).. : o : s ~

~

>

At equilibrium between the alloy, FeAl,S, and Al,S,, Al

atom fraction in the alloy was determined to be 0.059 correspon-

§ -
ding to an-activity of 3.9x10 4. The corresponding sulfur

activity was calculated to be 5,35‘><10_6 using the equilibrium

3

censtant for A1253.

~

T PP
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Atomic — ATuminum
Percent of Al . ., Atom Fraction . aA1 at 1173k
5 " 0.05 _ . 3807 -
10 ' 0.10 8.ax1074
15 0.15 " 1.5x1073
20" 0.20 245103~
25 025 S aaos :
- 0.3, 3 . 5.5x1073 '
5 K 0.35 - B '8._3x10‘3_. A
0 0 oao O 1.3sa07 ’
45 T 0.5 . 2.ex1078 -
50 0.0 5.5x1072
2 . 0.52 . 9.8x1072
60 060 o e.eao?
67 0.67 B 131077
70 v.70 1aag!
75 s | ¢ o
80 0.80° B Wi
100 S T
— 3

Table 6-1 The thgrmodynamic activity of Al in Fe-Al alloys (89,90).
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afo Al AT - -Toga
a1 e s
6 0.06 ' 527
10 . 0.10 5.47
15 0.15 “&65
20 0.20 5.79
25 _ 0.25 5.91
30 0.30 | . 6.026
40 . 0.40 . 628
45 , . 0.45 ' 6.47
50 0.50 6.69
52 0.512 ' 6.86
60 : 0.60 | , 6.86
65 . 0.65 - . 6.86 |
67 | 0.67 o 6.94%, v '-
70 0.70 6.4
75 0.75 - 7.26
80 ©0.80 7:42
10 | 1.0 - 7.54

Table 6-2 Sulfur activity for the a]loy-ATZS3 equiiibrium.

™

A .,—_;,.._\:-..,..A TRy P ATy S e S
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. determined) assoéiated with the invariant alloy-Fe

- equilibrium. The atom fraction of aluminum E nAl/n
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Figure 6.2 shows the sulfur activity diagram for the
Fe-Al-$S system at 1173K. This diagram is semi-scheﬁatic?uuiit has
been compiled insofar as possible from the results of this in-~

vestigation and the data §iven in. Table 6-2.

The sulfur activity decreases from ;.ZXlo_4 which is

imposed by the Fe-Fe, _S coexistence to a lower value (not

1-x
1-x>"FeAl,s,
a1t per

in eachAphase of the alloy-FeS FeAlZS4 coexlstence is0.0084,

0.012 and 0.566, respectlvely. Thes& latter values are those de-

- termined -in the.Fe-Al-S isotherm'proposed previouély in this

section.

The sulfur act1v1ty in equilibrium w1th the alloy-

FeA1254 Al S coex1stenca was détermined to be 5. 35x10 6. The

Al atom fraction of each phase is 0.059, 0.658 and 0.992, respec-

.tively. FeAlzs4 equilibrated with alloys coﬁtainihg from 0.84 up

-to 5.86 a/o Al. The results avallable 1ndlcate that Al S3 only

2

-exists with alloys contalnlng greater than 5.86 a/o Al..

Sulfpr actlv;ty decreasg; with increasing Al contents
of the aildy until it reaches, af'lt7€k 2.9x1077 corresponding
to that of Al-A1283 equiiibria; Iron contents of ALS. ih"" 5
equilibrium w1th alloys containing up to 22.28 a/o Al were. deter-
mined and these values range from 0.28 a/o to 0.09 a/o Fe and

are given in Table 5-23,




Fig. 6.2 Plot of

. aluminum atom fraction at 1173K.
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6.3 PERIQDIC PRECIPITAT N OF SULFIDES .IN FaS/Fe-al ALLQY
' DIFFUSICN CCQUPLES .

6.3.1 Introduction ' '
P .
h‘*\\./// Thei Fe-Al alloye containing 6, 9, 18 and 28 a/o Al in

the FeS/alloy diffusion couples formed a sulfidation zone consis-

Eing of aifernate layers .of sulfide and metal bands. The sulfi- = -
datidﬁ zone thickened according to a parabolic relation. The
rateof sulfidation of these alidys increased with increasiﬁd“
Al vontent in a iinear manner. tThe individual sulfide layers,

#‘J/which formedﬂpaiiliel to the ori{ginal alloy/?es interface, con-

and FeAlzs4 The metal bands

© change in orientation of these

tained a mixtuxe of Al-doped Fe
ere alloy depleted of Al.
v <

_sulfide and metal bands was observed from ope alldy grain to the
' ' p——

’

other.
7 | Results from the FeS/Fe-Al alloy" dlffu51on couple studles
%E\Ebe present work dlffer from sthe llterature on Llesegang
periodic prec1p1tat10n in the followmng manner. - ' l/‘
//(’ . ) (i)’ In the ctlassical descrlptlon of perlodlc pIECLplta-
tion,\giffusion of -the active reactant (elther As, Ga; H or O as
the cégghmay be) is assumed to not be hindered by the dis;onfinuous.
prec1p1tate bands. 1In the present case, sulfur diffusion'Ii :

.

. blocked.hy the sulfide (FeS+FeAl,S,) bands since these sulfides

'W}

2

grow redominantly by metal migration. -Sulfur diffuses only in
\ﬁt&ll bands dhd ‘alloy substrate. ~ ({\ B

(;4}7 The distance between consecutive precipitation

zones increases with depth in the Liesegang type of prec1p1tatlon.

J | . AN ./.

: ) R T
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This relationship also applies to precipitation of the sulfi-
dation zones in the FeS/alloy diffusion couples but the indivi—.
dual metal band thick;g;;es remained constant irrespective of
depth for a particular alloy. |

' (iii} Thicknesses of precipitate bands ha&e been ac-
tually igncored in the classical description of Liesegang phenome-
non advanced by investigators sihce they have found insignificant
growth of the layers of precipitate with time. Sulfide layers
in the FeS/Fe-Al alloy diffusion couples, nevertheless, show
considerable increase in their'thicknesses, particularly towards
the sulfidation zone/alloy interface. This behaviour suggests
that a diffusional growth mechanism is responsible for thicke-
ning of the sulfide phases by sulfidation.of the metal bands.

" In view of these differences, it is evident that the

available mathématical gnalyses'of period;c precipitation can-
- not be used directly inlthe Fe-Ai—S‘system to precalculate the
Jabldzynski'slspa:ing coefficient or the parabolic raté con-
stants as expressed by Eqns. (2,60) and (2.61). Instead, a.
diffusion analysis is made in’Z;ﬁi;Lilowing section 'to calculate)
the inward precipitation diséance of the first line of precipi-
tates from the FeS/Fe-Al alloy interface,'which form by the
;mode of internal sulfidation. This calculated precipitation
distance is compared where possible with the experimentally
observed dlstance in several alloys. In a later section, a

dlfquLOn model is then pfesented to account for the dlfoSanal

growth of the sulfide bands contalnlng FeS+FeAl 34

1
N
SRaa
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6.3] 2 Calculation of the First Precipitation Distance .in'the
Alloy and Mechanism of Periodic Precipitation

To calculate the first precipitation distance in the
FeS/alloy diffusion couplesy it is eseential to calculate the )
distance-at which the activity product (a aAl) achieves a maximum
value when sulfur is diffusing from the FeS/alloy interface into
the Fe-Al alloy for A1253 precipitation. Auxiliary calculatlons
in Fe-Al-S system using available methods to determlne ternary
solution thermodynamic parameters llke Egl ehow that these
1nteractlon terms exhibit values close tp zero for Henrlan solu—
tion behav1our Therefore a dlfoSlonal analy51s can be carrled

out in terms of concentratlons rather than act1v1t1es Accord-

ingly, the concentratlon product is deflned as

K. = NZ_.N2' © (6.8)

where NS and NAl are the concentrations of sulfur and aluminum
in atom fréctioqg(’ ,
The aésumptiOn of A1253 precipitatiop ie these calcula-.
tions is reesonable, since the Fe-Al-S ternary isotherm presented
in section 6 2 demonstrates that the alloys containing more than
0.058 atom fractlon of Al equilibrate w1th A1283 The calculation
rlS cerrled out assuming that no precipitation has occurred. The
concentrations Ng(x,t} and N,,(x,t) of S and Al, respectively,
are given by the well known error function solutions to Fick's

second law (Ean. 2.26 and 2. 29) with the initial and boundary

condltlons given by
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: Ng = Ng for x=0 at £t>0 (6.9)
| _ L
4(:;NS =0 fo; X>0 at t=90 ' (6.10)
for N_.(x,t), and
‘ NAl =0 for x=0  at t>0 ' _ _ (6.11)
v . o 4
_ o P
. Npp = NAl for x>0 at £t=0 = (6.12?.'
fox Ny,{x,t). Hence,
° Ng(x,t) = Ng erfc(—X_) (6.13)
- \ c 2/Dst
. o . . ‘
N ., (x,t) = N, erf({ ) (6.14k
Al Al 20 % ]
roa1®.

v .
where DS.ahd DAlvare the diffusion[épefficients of sulfur and

aluminum respectively. The 'concentration product is given by

i 2 3 2 ' B
R =N§lng [erf X _1°lerfe —%_ ]3 . (6.15)
2/D .t 2/D. L, y
: Al W S

A maximum value of the concentration product can be obtained

by differentiating the concentration product and equating to

zero. That is \3
dK ‘ .
B =9 , _ (6.16)

dx L.

and the following expressio

ined_upon substituting

Eqn. (6.16) in (6.15).
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3 X x2 DAi % " 20
o) [exf —=— - exp(- D t)]-_(TT_) [erfed Yexp ( 5] -
ZVDAlt . S S 2¢Dst al
(6.l7a)

Equation (6.17a) was solved numerically by\the method of itera-

tion for known values of DS and DAl to obtain a value for ﬁé .
. t
For Dg = 1.2x107° em?/s, b, = 2x10°%% cn?/s
: s - Al
. - L '
X = 3.18x107° cmys™ : (6.17b)
Yt .

Substifhting Eqn. (6.17b) in (6.15) the maximum concentration \\

préduct is obtained as

KMaX o gy10715 | (6.17¢c)

This value of'KEaxlis compared with the solubility product data

'

from the equilibrium constant determined from the free energy

" of formation of Al S; at 1173K (Appendix I).

2
S~ (PRSx| 2.46x107% (6.18)
5 2. 8- 7 3 - :

p Ya1l's Ya1'Ys

) ‘ N
From the binary Fe-Al alloy data at 1173ka the activi§§§goef—

3

ficient of Al, ¥ is 5.6x10"°. The activity coefficient of

Al i!
sulfur in liquid Fe-Al alloys at 1823K has a value of 3.2 but
its vafiat;on with tehgerature or type of condeﬁéed ;lloys is
not known Nevertheless, a value of 'I.8><10-'lg is dbtaiqeg for

" the solublllty product of Al 53 at 1173K, upen substigpting

the value of‘YAlvand assumlng'ys = 1 in Egqn. (6.18). Moreover, i\ g

- as shown in Appendix .I, there is a large divergence in values
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of the free energy of formation of A1253 in the literature

.r@nging from -368,456 J to —133'131 J/mole of Al,S, at 1173K.

This wvariation for the free energy of formatlon glves rise to

Al_S
a variation of the K p2 3 value irom 6x10 -18 to 1.9%10 31.

A comparison, accordingly, cannot be made of the ratio
Al_S7

Kmax/K 23 to dete;alne the degree of supersaturation for Al_S
) 273

_—

prec1p1tates.
~To obtain the first precipitation distance, concentra-
tion profiles of sulfug and aluminum wefe ;alculated using
Egns. (6.13) and (6 14) for varlous periods of time as showu
in Fig. 6.3(a). Thelr valu%;'are presented on a lo arlthmlc
scale to present sulfur and alumlnum concentrations on the same
graph. Plots ¢f e correspondlng concentratlon product of
alumiuum and sulfur areshown in Fig. q.3(b) as a function of
distance for various periods of time. "It is eviden£ from Fig.
6.3 (b} that the concehtfaiion product goes through a maximum
When this maximum exceeds the calculated maximum concentr tion
product (Kmax) oﬁvixloﬁrg at a glven tlme, precipitation is
fassumed t; ossur at the dlstance where tpe concentration pro-
duct has exceeded K . Thls-dlsuance_ms obtained from Fig.

6.3(b).as 1.3 um to 1.5 um.

-

The mechanism of precipitation and growth 6f the sul—
fide 1ayers in ‘Fe-6, 9, 18 and 28 Al alloys can be llluaurated
using schematic concentration profilés_for sulfur and aluminum

~as shown in Fig. 6.4. Piyure 6.4(a) shqwaﬁthe_concent:atidn_

profiles of s and Al in an alloy before-onset of internal
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.Fig. 6.3a) Concentration profiles of aluminu¥ and sulfur
in Fe-6 Al alloy for various_time periods. .
7 ' :
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Plots of concehtration prpﬁuét of aluminum
.and sulfur hy Egn. (6.17) in Fe~6 Al alloy
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‘sulfide precipitation. After about 18 seconds (Fig. 6.3 (b)),

precipitation of A1253 takes place_at a distance of Xy from

the FeS/alloy interface since the c0ncentrat10n product

N£5N§3 exceeds its maximum value. hfter Al,S, precipitation,

the concentration profiles are of the shapes shown in Fig.
6.4(b). The change in slope in the sulfur concentration pro-

. file reflects the portion of sulfur bontinually'consumed'by

aluminum arriving by diffusion and causing continued growth

of the A1253 precipitates at Xg . As the sulfidation reaction

proceeds, Al S, is converted to Feal S via reaction 6.5 (b)

273 274
dnd FeS containing a maxlmum of about 1 a/o Al contlnue to grow

around the FeAl 54 prec1p1tates. The* concentratlon profiles

arcund the precipitates durlng:these stades offreaction are

schematigally sﬁown in Figs. 6.4(c) and (d). Since FeS is a
. I

fast growing, phase, its contin growth by dron and alumihum

diffusion leads to the developTeﬁt of a continuous band contain-

2 -

. - .
ing FeS and FeA1284, the latter being embedded as precipitates

in the FesS phase. At this stage of the reaction, this two- *

;?;se sulfide band co-exists with .remnants ofﬁbﬁe internal sul-
N
i

idation zone containing isplated sulfide precipitates as depic-

‘ted, in-Fig. 6.4(e). Once the lnternal sulfide prec;;:EEf;Q:have

been entlrely converted to a sulfide band further sulfur for

‘diffusion into the alloy 1s‘supplled by the dlssoc1atlon of

FeS at the sulfide’%and/alloy iﬁ%erface.i This sulfidation stage

is shown in Fid« 6.4Sf). -

i i g
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s FeS/Fe-Al Alloy Interface
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Fig. 6.4 Schématic concentration profiles of Al . i
and S (a) before and (b) after precipitation
of aluminum sulfide. —
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(c) and (d). Schematic profiles,of Al
‘and S in the vicinity of precipitation zone.
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With increase’in tine,'the aluminum concentratipn of
the sulfide band/alloy interface falls to a very small level,'

<< 1 a/o. The concentrations of aluminum and .sulfur are then

—_—

-

Mimadequate to support the continued gfowthfof any of the sul-

fide phases as shown by the schemitic(concentration profiles
in Fig. 6.4(f). Therefore, the reaction front ceases to . ad-
vance. FPFurther precipitation would.then only occur at a dis-

tance ahead oﬁ'the complete band when the concentretiOn product

Nii-Ngz exceeds its maximum value for prec1p1tat10n of Al, 3

Upon prec;pltatlon of all the three sulfides Al PeAl S

2 3'
aanﬁ FeS, growth of the latter two sulfides leads to the begln-
ning of a new sulfide band, the growth of this sulfide band-
continuing for a longer time_as compared to the preCeding'band.
This gives'rise t; en increase in sulfide;band thicknesses‘
with depth as observed in the experimental méisg}ements (Fios.“
5.7 and'5.9) Since, sulfur and aluminum dlffu51v1t1es diffex

within an order of magnitude in Fe-=Al alloys (Table 6=3), perlo-

dic changes inconcentrations are expected in this system as found

in other systems EXhlbltlng periodic prec1p1tatlons (Table 2- l).
o Wlthln assigned standard devlﬂtlon values, no noticeahle
diﬁﬁerenoe-was observed between the conseoutive'averege"metal
band thicknesses in the-eulfidation.zones. Itois'commonly ob-
served in the Liesegeng ohenomenon, however, that the dlstance

between consecutive pIEClpltathn zones lncreases w1th deptﬂ\\

-In the present case, it was not pOSSlble to ascertain - -this

- A

[ A

r
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. A

] B )
_ . Outer Inner Prec1p1- Diffusion
Cougle /. IReactant|Reactapt tates . Parameters’
r //’)// T
(d ~ ze - | Dg = T2xh0™ /s
‘ .
I = . o pan10 2
Fes {g FeAll S AT and
. o | FeAl,S, | =2 = 6.
_ g 2°4| 0y
! L

.TabIe 6-3. D1ffus1on parameters ‘and mode of prec1p1tat1on in FeS/Fe-Al
alloy d1ffus1on coupled at 1773K. ,

i
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-

effect. Thé mitigation

w1th metal. consumption g v1n§ﬂg;se to ceﬁllnuous sulfide bands
i
of larger thickness w1t’ deﬁ%h into the alloy

The effect of alumlnum éoncentratlon of the parabollc

-

sulfldatlon rate of Fe-6 to 28 Al alloys was presented in Fig,

-

5.2. A linear in ease in the penetration rate of the sulfidation
n

Zone was obserﬁed (kS = 0.265 NAl) - The spacrng coefficient k

was found to be independent of alloy aluminum concentration (€ig.

1 6.10). Considering Eqns. (5.1}, (5.2) #na/(s5.3), t lowing

L

relationships can be obtained.

.

max o s
ASULFn = p.zss:nAl(k 1)/2; (6.19)

. L
where, ASULiiif\if the sulfide band thickness at maximum depth

max

xh ‘ time tn and Ngl is the bulk atom fraction of aluminum in

the alloy. Therefore,
ASULF = k,N® - (é 20y
n -- faNar ‘ ‘ ’ Q.
where, kl = 0.265(k-1)/t;‘ is 5 gonsgent. This lineiiyijpendence

of sulfide thickness at maximum depth xgax on the allo™waluminum

concentration is verlfled in Fig. 6.5 from the data presented in

Tably 5-7, yielding a correlatlon coeff1c1ent of 0.98.

In-addition, alloys ofjhlgher aluminum conggntration
eater number of sulfide bands. The increase in
aluminum concentratipa’“ibcordlngly, leads to a smaller prec1p1-

tagﬁon dlstance in the alloy (smaller values of % in Fig. 6.4 (a))

. . A
‘this effect can be possibly associated
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Fig. 6.5 Verification of relationship (6.20) between
‘ sulfide thickness vs. alloy composition. -
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and henc? smaller ﬁetal band thickneéses. Because of the ex-
perimental difficulties infﬁéasuring the_metél band thicknesses
at brief exposures such as 18 to 20 seconds, the average metal
band thicknesses after a time of 1500; wé?)cﬁmpared. Micro-
graphs illust{ating‘ the onset of periodicminternal‘suifidqtion

behind the innermost metal band for the Fe-6 and 18 Al alloys

the metal ban corresponds to 4 pm to 3 v4 pm for Fe-6 Al

is ‘shown ij_i;?. 6.6{(a) and (b) (respectively. The dimension of
and Fe-18 Al alloys respectively. The interfacial aluminum al-
loy concentration in front of the sulfide band (Fig. 6.4(f)) in
alloys of high aluminum concentration falls below << 1 a/o at

longer, times. This increase in time required for aluminum de-

pletion and stabilization of FeS consequently gives rise to

' £ . » -
higher sulfide thicknesses with increase in-aluminum content .~

~

in the alloy (Fig. 6.5).

6.3.3 Diffusion Model for the Growth of a Sulfide Band

. A diffusion model is now advanced to adcount for the

growth of sulfide bands in FeS/Fe-6, 9, 18 and 8 Al alloy dif-
L
fusion couples. Since FeS is the predomlnant phase in the sulfi-

dation zone of these alloys, order of magnltude calculatlons

4

demonstratd/fhat diffusional growth of the sulfide bands by
metal mlgratlon is responsible for their observed sulfidation
rates. For example, Fe dlffuses in FeS at the rate of 10 -3

cm /s at 1173K whereas sulfur diffuses in“ghe- metal at the rate

9

of_lO‘ cm /s.



Fig. 6.6

Optical photomicrographs of the cross-section
of the sulfidation gzone during the precipita-
tion and growth ofdgg%{ide phases for

(a) FeS/Fe~6 Al an )«FeS/Fe-18 Al diffusion
couples. : :
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A diffusional model is considered in Fig. 6.7, where
the growth‘of the sulfide layer is expressed by a parabolic rate
relationship

24 , . 7 .
27 = 2kpt-+C . (6.21)

N

. ] .
Here, .Z is the sulfide thickhess at time t, kp is the parabolic

rate constant for-.the growth of the sulfide layer and C is a

" constant. In this- model, for simplicity, the FeAlzs4 precipifates

will be considered not to. interfere with the diffusion of Fe and
Al &n the éulfide. The sulfide thickness Z can be expressed in

terms of the alloy consumption thickness y as follows:

- - p ) ’ *
: | Z =y - MFgS Mal{ox {6.22)
Ci . PFes alloy

where M and qjare molecular weights and densitles respectively.
Differentiapion of Eqn.-(6.2l)"énd éubsti;uting the M and p values

in Egn. (6.22), gives the followin§ pair of equations -
..’- . - - .'I jo/ ' .

) k . N o . '.

. =-——,P—;s N (6.23)
(2k_t+C) : o

.Dalﬂa
e

2

2.57y' . _ (6.24)

Using Fickls law for diffusion ofjAlvin the’élloy phase

- N\

: . 2 : .
aNAl'_ alloy 3 NAl ‘ 6.25) -
e " P Tz e (6.25)
. W dx . : :

.t ame s
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.

. Fig. 6.7)_96ﬁematic model for the growth of a sulfide
- band. Concentration profiles of.Fe, Al and

o\

S are shown in the growing sulfi

the adjacent alloy.
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where'Dgi‘loy is the alloy interdiffusion coefficient assﬁmed

to be independent of composition. The initial condition for
’ s

Egn. {6.25)wis

X

In a small increment of time, dt, the alloy/sulfide interface
- ‘

is displaced by a distance, dy, and the sulfide increases in

"thickness by d2. This movement of the alloy/sulfide interface

releases N(l)-dy amount of aluminum into the sulfide. However,

Sglf-dz of Al during this time and a part

-

the sulflde receives N
dlffuses away' into the sulfide from the interface to assist

ip the growth of FeAl,S, precipitates. Thus the effective Al

lux from the alloy is

gSulf | dz | sulf[aNAllsulf sl ay -~
Al at * Pax 3x X=y Al dt

¥

'This is equated tp the concentration gradient at the alloy sur-

face;
. . N alioy IN sulf‘
o LR R s R - )
© o x=y . . X=Y . .
sulf

where D ;™ is the diffusivity of Al in the sulfide. Upon re-

arranging (6.23), (6.24) and (6.27),.

at all x , t=0 . ' (6.26)

LN

-
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. N alloy
oo =% (i) . _alloy.’Sa1
0.3k, (2K e40) A1) 4D POV Ry /
‘Dsulf_Nsulf ' ;E
= Al Al s‘l‘lfk (2k € +¢) "% (6.28)
J%Dsulft P
Al
or +
(1) MNpq

. . a-NAi + Bl%c— =Y at £t>»>0 (6.29)
oo I :

0.39 k. (2k_t+c) * 3 /\\*’/f\\ﬁ
R - P p Cc

where a =
8. = alloy
, ’ Al
- Dsulf.Nsulf
and . y=-AL Al S“lfk (2k_t+C) H . .
/. sulf Al P
™D t ,

Al

Thué, soiution,of equations (6.25), (6.26) together with (6.29)°

will give the concentdation profiles of aluminum in the alloy
. .
as a function of\Eime. )
. . i /

Equation l(6.25) was solved numerically for the aluminum

N

concentration profile in front of the gréwing sulfide band,

using Eqns. (6.26) and (6.29) for initial and boundary conditions

respéctively These concentratlon proflles are plotted, Ln Flg. ~

6.8. It is observed from this figure that with increase in . |

sulfldatlon tlme, the depth of Al depletLOn increases and the

. aluminum c0ncentratlon gradlent decreases. The interfacial con- ;
-centrat n- value of Al decreases slowly with time. Ultimately;

the sylfide band stops Qrowing when the concentration product

L d
—— [P

i

~
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N:e Nil NS‘ at the sulfide/alloy interface falls below the

maximum value that is required for the precipitation of any of

1

the three sulfide phases. Then, the respective concentration

profiles of sulfur and aluminum in front of the sulfide band

~

can be represented as in Fig. 6.4{(f). A subseguent band then

forms at a distance x, (Fig. 6.4(f)) where the concentration }'

product for the precipitation Al,s, is again satisfied.

~

6.3.4 Conclusions

(i} Sulfidation of Fe-6 to 28 a/o Al alloys by dif-
fusion coupling with FeS at 1173K, results in'periodic‘precipi—

‘tatlon “of FeS+FeAl2 4 in the alloy. These sulfides appe’ar .as

lavers alternating with metal bands parallel to the orlglnal FeS/
alloy interface. The metal bands are alloy depleted of aluminum.
(ii) The sulfidation rate of these alloys as measured
by the thickness measurements of the sulfidation zone, ‘increase
with increasing aluminum alloy conﬁent. .
(iii) In the sulfidation zone, the ratio df dlstances
of successive sulflde bands, from the original FeS/alloy lnter-
face is found to be a constant, in accordance w1th the Jablczyn- .
Skl s relatlonshcp for Liesegang type of precipitation processes.’
Us#mg- the Jablczynskl s spacing coeff1c1ent, a relationship is N .//

derlved and verlfled in which the sulflde thlckness 1ncreases with

!

th. : - g ;
(iv) The metal band thlckpesses remained approximately

constant with depth, within a sulfxdatlon time of 108005 (Bh).

8 L St i s
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(v) Increasing the a%gminum concentration in thé alloy,

— -

~ results .in higher-sulfidation‘retes and larger number of sul-
fide layers. The sulfide thlcknesses at the greatest depth

(ASULF ) increased ‘with lncreaSLng aluminum alloy content but
a
the average metal band thickness decreased as the aluminum alloy

content increased. : N .

. s s . . =
(vi) The initial stage of sulfide layer formation is

'explained by a model involving precipitation of Alzs3 This

prec1p1tated sulfide is subsequently converted to FeAlzs4

(vii) IE is suggested that growth of FeS in a sulfide
} ’ . : : . ‘
layer takes place as a result of rapid diffusion of iron within

this phase. Aluminum diffusion in FeS assist;;&&e\growth of

.

FeAl,S,. A diffusion model is advanced/foxr the growth of a

sulfide layer, in which, it:is suggested that aluminum depletion

.t

in front of the layer ultimately leads

Further sulfide precipitation then occirs at a distggcé ahead

2 3
Na1 Mg

eXceeds its maximum value. The steps déscribed in (vi) and in |

of the sulfide layer where the conceftration product K =

the above when repeated several tlmes %;ve rise to a perlOdlClty

| the. arrangement of alternate sulfide and metal bands.

o its cessation of growth.

7
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6.4 SULFIDATION OF Fe-aAl ALLOYS IN 52 VAP®UR AT THE DISSOCIATION
PRESSURE OF. FeS T

6.4.1 Intreduction | - S\-

" Bulfidation behaviour of the Fe~-Al alloys contalnlng 6, 9,
18 and 28 a/o Al in sulfur vapour at 1173K established by equll—
bratlon of Fe+FeS was presented in se o 5.3. v

The sulfidation klnethS of these alloys- were ‘obtained
by measurlng the uniform depths of internal sulfidation zones
v

,as well as the sulfur uptake. The klnetlcsvwere parabolic. The
Fe-6 Al a110y exhibi ted 1nterngl sulfr&htlon with acicular FeAlZS4
prec1p1tatlon. The Fe-9 and 18 Al alloys exhibited internal
sulfidation with acicular sulfide prec1p1tates of FeAl s +AlZS3,
accompanied. by an external scale of. FeAlzé; - In the internal
sulfidation zone of these alloys, A12 3 was precipiﬁgteg first -
and then converted to FeAl,S, via reaction 6.5(b). - A small
zone contalnlng A1283 precipitates was found (in the Fe-% audl
18 a1l alloys in the. advancrng front of ‘the sulfide: precrpltates.
The Fe—28 Al alloy sulfldlzed with the formation of an external
Al,S, scale without any lnterual sul%%ﬁétzon. The deptﬁs-of
internal sulfidation in the Fe-9 Al alloys after correspondlng
exposures ﬁgre lower than Fe- -6 Al «+ Fe-18 Ak’ZIIGy exhibited
the highest depth of internal sulfidation. - ' N

In the following, the mode of inter‘gl\preeipitation of

2 4.

. Feldl and Alzs in the Fe-6 to 18 Al alloys and the fo}mation §
of a protective’ Al S scale on the Fe-28 Al alloy will be'dis-"

273
cussed. - A diffusion model will be presented to represent the

growth of®acicular sulfldes. . : S .
L- . - N
, . _

L -

&
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" the rate of advancement of the internal sulfidation zone.

-
- —J B o

6.4.2 Internal Precipitation of FeA12§4 and its Formation
in the External Scale

_ Sulfidati;;\;E‘pe-e, 9 and 18 Al alloy

at the dissociation pressure of Fes, showed exten ive'internal

sulfidation. SulfldatloQ of Fe-9 and 18 Al lloys produced in-
ternal sulfides of FeAl S +A1253 and an exteapai scale cons;stlng
of FeAlzs4 " The ;nternal acicular sulfide precipitates appeared
as plate;ets parallel to the growth direction with widths rané—
;nq from io.to 20 uym and thicknesses ranging from 045 to 2 um.

In erder to present a diffusion mbdel fdr the growth of these .

prec1p1tates, a comparison of the permeabilities (N(s)

.DS) is

made for var10us-a110ys using thefcla531cal model of internal

sulfidation. ) . |
'Permeabiliﬁies'of sulfar in FeeAl alloys were calculated

uslng the experlmental penetratlon depths of 1nternal 'sulfida-

tlon w1th the help of limiting Egns. (2. 36) and (2. 42) where

sulfur as well as alumlnum diffusion are con31dered lmportant for JA

Estimates of ﬁ /D and N(S)/N in the Fe-Al alloys 3£«
1173K, show that

e
“

N

D . .
<< Al << 1. , . (6.30)

( ;
S

O . D Ly

hl . . S hzﬂ)_".,l/fﬁ>

: Therefore, fche‘.depth of'internal sulfidatila ~zone is ?gr;n by

—+
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-in the absence of an external scale, where v is the fatio of
sulfur to Al in the stoichiometric precipitates. Egquation (6.31).

can be written in the form

=) . (6.32)

The depth of internal sulfidation zone under an external scale,
with the same condition as (2.27), is given by Eqn. (2.42). The

(S)D ‘product accordingly, can be written as

- ik 0 Par |
Ds = [E(E-E") 17 NA]:(-Ft— ‘ _ . (6.‘33)

{(S)-,
Ng
where £' is the position coordinate of the metal-scale interface
at time -'t'.. In calculating these permeabilities® v was as—

sumed to be 2 in the sulfidation zone. D_, and Ds'values were

Al
obtained from literature, Values of this apparent permeabil%ﬁy J
for several alloys ige tabulated in Table (6-4) and pletted as
a function of alum;num alloy. contents in Fig. 6.9. An increase
in the apparent permeablllty is observed with increase in Al

coritent. ..
A‘

(-s-u

In subsequent text, the product N(S)D W1ll be termed as the

s
apparent permeab;llty - : _ .

.

<
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Table 6-4

Apparent permeabilities as a function
of Al centent in the alloy

Alloy . Apparent NTST S From
. Egquation
Fe-6 Al - 5.7x10710 (6.32)
Fe-9 Al 9.7x1071% . (4.33)
lFe-18 Al 18.3x10710 (6.33) |

A model involving enhanced sulfur diffusion within the
internal sulfidatién zone along the incoherent boundaries be-
tweenlthe sulfide and the alloy matrix will be presented and
verified - using the results obrg;ned in this investigation. 1In
orderxr- to understand this apparent 1ncrease in permeablllty w1th
increase in aluminum content in the Fe-Al system, it is ap-
_propriate to con31der the morphology of the 1nternal sulfide

'prec1p1tates." lnce the prec;pltates show con31derable elonga-

tion in the grow direction and the internal sulfidation kine~

 tics can not be exp alned using values for sulfur and alumxnum

. . lattice diffusivities alone, pOSSlbllltleS must be conszdered of

enhanced sulfur dlffu51on along the incoherent Lnterface between
the 1nterna1 sulflde partlcles and the alloy. Recently Whlttle

et al.(sz)

have cousidered the enhanced ¥iffusion of oxygen in
v oL . . .
the internal oxidation of .Ni~Al aligys and og;‘ined d“good agree-

‘ment between the theory advanced and experiment. ¢

& \ :

- . .
e e e e e s e e g . - A e e
. -
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(S,

The effective sulfur flux through the internal sulfida-
- . - } )
tion zone is expressed as the sum of fluxes q§ sulfur through
the alloy lattice, Jg, the ipternal sulfide/alloy interface, Ji'

and the internal sulfide particles, J a8 shown schemati-

sulfide
cally in Fig. 6.10. Thus,

/ = .
, Toss J1A1+J.Ai+J

S

where, £' A and A ulf are the area fractions.of alloy phase,
of alloy/sulflde interfaces and of sulflde in a unit cross—
section cut parallel to the external surface. Sulfur dlffusioh
Lﬂ;the sulfiﬁe may be neglected in comparison to-diffuéion in
the allcy lattice and along the interfaces. Assuming a common
sulfur concentration gradient along the interfaces and ic the
Lalloy and considering.a uniform concentration e; any distance
x £rom the external.surface, the effective sulfﬁf diffusion

~

coefficient in the internal sulfidation zone is given by

S/

.

[y

where Ds 2 is“the lattice diffusion coefficient for sulfur nd
' .

DS i the interfdhial’or boundary diffusion coefficient,\ assu-
’ . : .

ming both independent of composition.

3

The area fractions Az and A are calculated as- follows.

The thickness and w1dth of the platelets are desmgnated as d and

W respectively! (Fig. 6.10) and it ls.aqsumed that extend °*

[ ] —

6.4.3 Internal Sulfidation Model , J/\\

L

~

sulfPsulf : i \T%;gﬁL\\_’

N

Ds,eff = DS(f%fibbfi?i | ‘ -35)
-

o




Alloy :
Surface
OR :

y

w

Scale/Alloy /7
Interface

/
L7777

.S,

Jg

|

W =)

- %
Y

‘e

L7277
— &

S

e -

Front of

.-~ Internal

Sulfidatien
Zone

Alloy

. - Fig. 6.10 . Sckematic internal sulfidation model of

Fe-Al alloys in S; vapour at khe dissociation

pressure of FeS.

¥
/
¥y
\
. - o
\ y
\a;-i .

246




& ' ' . 247
continuously through the internal sulfidation zone which ex-
ténds up to a depth £ below the surface or e;ternal scale/sub~
Sca terface. Siﬁée Alzs3 precipitatesaf%fst in the alloys,
its mole\ fraction is expressed‘as‘NAlS re;atije'to the total
number of moles pf allcy constituents within Ehe.internal sulfi-
datiqn zone. Considering a volume of infernal sulfide zone of

thickness & and unit cross-sectional area, the number of sul-

L~
fide platelets, z, may be calculated to be
N.o.o &
."AlsS -
G = z 2 (6.36)
alloy sulfide . -
S —

where ?sulfide and Valloy are the molar volumes of sulfide and

alloy phases, respectively. If the volume expaﬁsién due to in-
F : | «

ternal su%fide precipitation is neglected,

]

-

' N . . .
_,vsulfide Alsv > -
Z = e wa . - (6.37)
' . alloy o N

‘Fhe fradtionaﬁjg;ea of the in;erfaCe'becomes

. = - ’\' -_- o *
f/ _ Ai 2(w+'-d)zbi ~ 2wzbi

sxhce d << w for thin blates and‘pi is the width of the inter-

S0 1 ) . .
face.. Therefore, the lattice fractional cross—section area

available, for diffusion is,
. * ' " N

A

. ‘
o 0 = lin-Asulﬁide = l-2wzbi-zwd (6.3?)
. Substituting Eqns. (6.37) to-(6.39) in (6.85) gives,
¥ &\ ) . ’ B ¢
= ? [
t ., L. w - ) »
0/ e

> (6.38)

it ot s 5 i gy 1.
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(1 - _sulfide y

- b
. D_,eff =D (1+2 3]
S s,g valloy AlS\J d
Vsulfide b
+ 2D, —=—=——-F = (6.40)
s,1 Valloy Als\J d
6n rearrangement,. _
D D, v cas -
_ELQEE =1 + [2.3 séri - (142 g)] _%Eiﬁigg NAlS _ (6.41)
s,i S,2 alley v - ' ’
Since D , >> Ds,i .
D D . v .
s,eff _ b “s,i _ sulfide
—BL——— 1+ (2 3D 1] -~ NAls . (6.42)
S,é o s, L alloy v

Thus, the effective diffusion coefficient in the internal sulflda—

tion zone is a llnear function of the mole fractlon of the Lnter-

-

nal sulflde precipitate which is proportional to the orlglnal
w

atom fraction®f Al in the alloy NAl .Eqn. (6.42) can beAex- ™
pgessed as ' ' -
(S) . . " v. ' kol r
_§T§i_§rE££ = 1 %4 [2 b, 5_;_ - 1]_G§Ei£_ AP N:l _ (6.43)
Ng -Ds,l 8,4 alloy - o .
’ ”

where o is the enrichment factor as defined by Egn. (2 38).

It is usually accepted in thls é—\e of lnternal sulflda—
tion problem that the sulfur solublllty at the interface would
not be dependent on the presence of Al in the alloy sxnce’r—
alloy matrix .becomes v1rtually pure due to the relative sulflda--
tlon of the alloylng element. The ratio on the left-hand side .

4

‘of Eqn. (6.43), censequently, corresponds'to the ratio of the

i ¥ . ‘ T o ‘ .
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~ and lattice (Table 3-~2) d¢iffusion in pure iron.

e . ' 249

— . S
apparent NéS)D(S) product obtained by extrapolating to pure Fe.

A plot of Eqn. (6.43) is shown in Fig. 6.11; a linear fit is )

obtained with 0.997 correlation coefficient. - The slope of the

I1ﬁéar-plpt in Fig. 6.4 corresponds to

Y

P D . b, \'4 . ' :
J (2 5202 1 - —éﬁléigﬂ - o =1030 . (6.44)
' ~s, 2 alloy :
.’/ . . )

D . .

The ratio BELi was calculated using Egn. (6.44) to
s, '

examine whether the parameters in Eqn. ' (6.43) are physically

reasonable. If one assumes that all the internal sulfide par;

ticles were converted to FeAl.S = BXlO-S m3,

) 2°3’ Vsulfide

- 6 3. oo .
Valioy ~ 7.2x10 " m + @=2, by =1 nm and the thickness of the

internal® sulfide precipitates to range from 0.5 um to 2 um, the

calculated D /Dslg'ratio has values in the range'l.leoﬁ to

s,i

4.8!104. These values compare well to a calculation of the

, _ . . : .
ratio using literature values for sulfur grain boundary(lss?

. .

. 7 . ‘ ’
' . .
D% = p_exp (- 1332809, (6.45a)

] - 2 _j- ‘ B . .‘

where, Do = 9.55 em" /s. for bi = 1 nm. o

at 1173k, DpI°= 9-9*l0'67;h?/s )
‘and “~ . \ ' . ' : ) .
.o gb _ _ : _
Dy _9.9x1078 _ ., .03 | .
Dg,n  1.2x107° &i5i45b)
" o
] - r 1 ﬁ
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Since the increase in the apparent NéS)D product asja

]
functicn of alloying‘cohtent is attributed to the internal sul-
fide morphology, it is appropriate here to discuss briefly the '
factors which may affect this morphology. According to BShm
and Kahlweit(as),.there is a éompetition at the iAtefnal suifi—
dion front between the growt@ of existing precipitateq and the
nucleation of new particles, both processes resulti?g in advance
of the ;ulfidation front. Nucleation of new particles depeﬂd;
on the degree.of supersaturation in advance of the existing par-
ticles and is determined by the relative magnitude of the sulfﬁr
and‘soiute fluxes at that point& A high sulfur flux, such as
occurs whgn the zéne of\the internal sulfide is thin, results

«

in repeated nucleation of relatively small individual particles.
On the other hand, when.the sulfur flux diminishes-as the in-
fergéi\sulfidation zZone grows-thicker, the existing ﬁarticles
tend to.grow in size, often elongating in %he growth directibn.
Thus, the individual sulfide part%cles in the case of general
preciéitation for a given exposure condition vary in size fr*fl
the alloy surface té‘the interior of the alloy.

The dependence of precipitate.size with diétahce into ®
the alloy involving sulfidé platelet growths céhnqt‘Pe quantita-
'tiveiy gsséssed; In each-alloy'investigated the internal suiJ
fides tended to eiongate'in the growtﬁ direction giving rise‘
to Sulfide.plateiet precipifétes. The spacing beﬁqsen éuifide”
plateiets decréaseﬁ wit& increase in alloying content as sum- .

- marized in Table (5-9). The intersulfide spacing decfgased from

P R o
- ’
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7.920.5 um for Fe-6 Al alloy to 2.6£0.5 um for Fe-18 Al alloys.

It is not possible, however, to analytically account for #his di-

.verse internal sulfidation phenomena.

6.4.4 Growth of Protective Al.S. Scales

2 3
The Fe-28 Al alloy.sulfldized at 1173K in Sz vapour
at the dissociation pressure of FeS formed only an‘external Alzs3
scale. Internal sulfidation was not observed. The scale grew

-2 ;5

at the rate of 7.2%x10 um/s< and it spalled from the alloy sub-
Strate on’ cooling (Flg *5. 20) Due to thls slow growth rate it
was impossible to determine the active migrating reactant spe-

cies using a Pt marker. No results'are available fh the litera-

“ture on the parabollc growth of A1253 for comparlson. Aluminum -

sulflde melts at 1373K, therefore its potentially protectlve "

~effect is belng lost beyond 1273K as -observed by Strafford:et
al. (157). ‘At low temperatures 773 to 973K, alumlnum addltlon
to iron has been found to be extremely useful for offerlng cor-

rosion reszstance(153 157)

Using the criteria for no . internal sulfidation (without
‘any interaction between aluminum and sulfur, i.e. Egl = 0).,
Eqn. (2.47) was used to calculate the mJ.nJ.mum (oncentrat:.on of"

aluminum in the alloy needed for an external A12§3 scale forma-

tion, 7 - Do % .
. Flu) + = (=39 eger®s .

® -N*O DA]. N o

) Al ' : D -
. ) 1l + £ (i);ﬁ-ugﬂ%‘

. v DAl . ) L d

* ' /\__/ e
N
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where, u = (5541)2 = %nglo —T5) = 4 021072 -
al 2%5.8x10
Ps _1.2x1077 _ }
Do =y = 2.7
Al 5.8x10" "
F(u) = ﬂ%-u-exp(u)z-erfc{u) . N

6.8x1072

*
o]
Ny~ 0.1274 .

In comparlson w:.th the experlment, the alloy wh.‘LCh exh.‘n.ted an
external scale of A1253 had a composition of Fe—28 a/o Al (0 28
atom fractlon). Therefore, a p031t1ve interaction between
aluminum and sulfur in the allo¥ must be considered (since nega-
tive interacticns tend to decrease this orirical alloyihg con-
centration as shown in Fig. 2.7(a)}. .In the breseﬁt case, consi-
. derations were made to check the Vq&idity of Eqn;‘(2.59), since
the off-dlagonal drffu51on qgefflelent DOB expressed in Eqn."
(2 50) is valld for cases where the oxldant diffuses 1nterst1t1al— h

ly. In Fe—Al alloys where - sulfur dlffuses subgtitutionally, the

3

off—dlagonalelffu51on coefficient DSAl can be expressed as(lﬁo) ‘

-

t . N ' : o
= Al _ S . Fe Fe
Dgay = DggN s[Es (N—-———. Fa) " N3 Rp7-N, N DES) ] {6.46)
. Cal's -

where, NS' Noy and NFe-are ai7h~£ractiohs of sulfur, aluminum and

.iron respectively. Dgay is the diffusivity‘of sulfur in-:the
gradient of aluminum. Using the binary data of-Fe-Al and Fe-S

L \

>.
3
1]




SN

-

systems, the term' (N s/Na

to be less than 10 3

Fe
DS | N
and therefore neglected .

Py J M 2521

. . l . o
N DFe -N_.N D ) was calculated
Al Al Al Fe Fe

can then be approximated to Egn. (2 50).

Equation (6.46)

r

"The minimum aluminum concentration in the alloy was

1

calculated §Fing Eqn. (2.59) as a function of positive values of

lnteractlon parameter and plotted 1%.E1§

Pt

 from thls flgure that the crltlcal all

&
- .

- It is observed

ing concentratien of

aluminum for transition from internal sulfidation to external

scale formatlon lncreases wrth increasing values of eAl

s From

Fig. 6.12 for the Fe-~18 Al alloy which exhlblted an external

scale accompanled by internal sulfldatlon, an’ lnteractlon para-_'

meter value of'9 is obtalned whereas for the" Fe-28 Al alloy w1th

the only external scale,'a value of 15 is obtalned

value of eAl

‘In comparlson, the value of eAl

been measured to be g.7121)

A1

exhibiting positive interaction parameters (e )’ were shown in* * -

Fig. 2.1(b).

]

The-correct

r

g at 1173K would therefore be .in the range 9 to 1s.

in liguid Fe~-al-$S alloys has '’

The.sulfur solubillty in:alloys

The solublllty of sulfur decreases with increa51ng,:

o«

alloyrpg concentration. in these alloys and the solubllity curves

do not exhibit a minimum.
[ ]

v o s

»
. , .
) . Y
, o
.
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Variation of critical atom fraction of Al in
the alloy for transition from internal to
external scale formation as a function of

interaction parameter.
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\

- 6.4.5 Conclusions

{i) Fe-6, 9 and 18 Al alloys sulfidized in S, vapour

2
at the disscciation pressﬁre of FeS exhibited intense internal

sulfidation. -The sulfidation kinetics were parabolic as measured
by the internal sulfidation zone thicknesses. The acicular sul--

fide precipitates of FeAlzs4 and A12 3 showed considerable elon- P

gation in the growth direction.

L
-

'(ii) The Fe-6 Al alloy only exhibited internal sulfida-
tion. The Fe-9 and 18 Al alloys sulfidized forming external

. . //l *
scales of FeAl,S, and internal sulfidation zones consisting of

-
. ‘

FeAl,S, and Al,S, precipitates.

273

(iii) The apparent permeabilities (N(S)

S
Fe-Al alloys estimated from the internal‘sulfiQation‘kinetics

DS) of sulfur in

increased with increasing alloy aluminum content.

(iv) This increase in the apparent permeability was
attributed to the enhanced diffusion™of sulfur along the %in-
coherent interfaces between the internél'sulfides and the alloy -
.matrix. A relationship between the ratio of apparent permeability
of sulfur in the Fe-Al alloys to that in pure Fe, and the %iloy
aluminum content was derived and verified. Th; ratio of boundary
to lattice diffusivities of sglfur in iron was estimated fr®m
this work and compared with the value available in the litera-
-ture with sétiéfactgfy agreement.

| (v) The intersulfide spacing decreased with increasing
the alloy aluminum content. T

(vi) The critical:alloying atom fraction for the transi-

tion from internal sulfidation to external scale formation was
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qaléﬁl@ﬁed to be 0.127 assuming no i1:eraction between aluminum
and sulfur. -Experimentally this transition was observed in al-
loys with aluminum content in between 18 and 28 atom percent.

'Inﬁthe.presence of an interaction between aluminum and sulfur,
'Egl was calculated to be in between 9 and 15 using the experimen-

" tally observed alloying concentrations and corrosion rate con-

-

stants.;

k]

The A12$3, which is  the sple sulfide phase formed on
Fe-28 Al alloy, gréw as a protective film at the rate of"

- 1 -
7.8x1072 pm/s™ . .

6.5 SULFIDATION PROPERTIES OF Fe-Al ALLOYS IN H23—H2 ATMOSFHERES

6.5.1 Introduction

Sulfidation-of'alloys containing 9 and 18 Al were in-
véstigated in st—H2 atmospheres, at1173K, and a total pressure

of 10° Pa. The Fe-9 Al was exposed at p_ = 107t pa and the .

Fe-18 Al alloy was expoéed at sulfur presiures {Ei,f ps. > 1 Pa.
The scale formed on the Fe-9 Al alloy at ps2 =210—l Pa

consisted pf two %ayers} an outer:layer consisting of FeS and

an inner layer containing a mixture of FeS+FeAl.S There was

274"

also a narrow internal sulfidation zone containing FeAl +Al.S

: 2547AL1,55,
precipitates. The corrosion rate of this alloy followed para-
bolic kinetics # ,
e

The corrosion mechanism of the Fe-18 Al alloy was in-

vestigated in most detail. After an initial period of 2000s,
R

the corrosion rate was approximated by the limiting values ki’
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kz, Fl' k; for the parabolic reaction rate constant (Fig. 5;22)
at p52 = 102 Pa and 10 Pa, respectively, by limiting tangents

at disfinct sections of the reaction curves. During the first
stage bf parabolic sulfidation, there was growth of a duplex
scale containing an outer FeS layer and an inner layer containing
a FeS and FeAlzs4'cbnglomerate.,The second parabolic stage lea

to growth of a continuocus Al:S., film below the sulfide conglo-

273
merate layer. Once the A1253 film covered the alloy surface,

»

further sulfidation proceeded at a rate appfoximately an order
of magnitude less than the initial rate (Table 5-10).

Nodular scale growth was observed on the Fe-18 al alloy
in the ész range 102 to 10 Pa during initial exposurés'up:tb
2000s. The A1253 film produced-on the alloy surface was highly i
defective containing a number of leakage paths where FeA12 4 |
and FeS nucleated to grow as nodules with a circular base and
mushroom shape. FeS grew at the fastest rate. At 673K the
growth rate of FeS is 104 times faster than the growth rate of
Alsz(B). These nodules spread laterally and grew.vertically
apl coalescence with one another finally led to growth of a
continuous duplex scale with outer FeS scale and inner FeS+
FeAlZS4 1ayer. The outer FeS layer exhibited extensive porosity -
(Fig. 5.29).

| In subsequent sections, sulfldatlon behaviour of the
Fe-9 and 18 Al alloys will be discussed and sulfldatlon models

will be presented. These diffusion models are shdwn to be

consistent with predictions from the Fe-Al-S isotherm.
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.

6.5.2 Sulfidation Mechanisms and Models
The model for the scale growth on the Fe-9 Al alloy at

S 10" Pa is shown in Fig. 6.13. The outer layer of the
2 . -

.scale grows by outward iron diffusion 'and the inner layer by in-
ward diffusion of sulfur resulting from the dissociation of iron

sulfide. No attempt has been made to show the presence of a

small volume fraction of porosity (Fig. 5.23) in this schematic
model. The FeA1284 phase in the inner layer is in‘;he form of
Plates with an average spacing of 2 um aligned'ﬁormal to the
alloy/scale interface.

The mechanism for the growth of the iﬁner‘layer of the

.external scale containing FeS+FeAl_ S

25, is as‘follows:

The source of sulfur supply as suggested by the marker measurement

(Fig. 5.32) is from the dissociation of FeS at the FeS/alloy

interface. The reaction at the FeS/alloy 1nterface is given by

3FeS }) = 3Fe +38 . : (6.47)

(scale alloy alloy

] “

" Inward diffusion of sulfur through the alloy or boundaries be-
tween A1283/alloy in the internal sulfidation zone to react with

sulfur at the precipitation front can be represented as

Al.S . (6.48)

2al ) +38, ... ) =
(alldy 2 3(a110y)

(alloy

Addition of reactions (6.47) and (6.48) gives the net displace-

LY

ment reaction of type (6.49).
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. 3FesS Al

(scalef+2Al(alloy) = Al,S; +3Fe , (6.49)

where the resultant Fe diffuses outward through the scale to

react with .the H,S atmosphere. The aluminum solubility in Fe$S

2
;FeA1254 either by reaction 6.5(a) or 6.5(b).

is ahout 1 a/o. The Al S3 precipitates are then converted to

The FeAl,S, part of the platelike precipitate was main-

ly confined to the inner conglomerate layer of the external
scale. A1253 in the region of the s;ale/allgy interface can be

converted to FeAlzs4 by solid state reactions. Since the scale
\"..'. k

retained intimate contact with the .receding alloy surface during
all stages of sulfigation, these reactions involved diffusion
E :

processes. The FeA1254 plates continue ‘to penetrate inwards ase

a result of solid state reaction of Al,S, with iron and dissolved

sulfur in the alloy as follows: .

Alzs +Fe ] = 1:-‘emzs4 . (6.50)

3 alloy+ alloy

The alloy in between the FeAlzs4 or AlZS_3 precipitates is sulfi-
dized gradually by the sulfur released from the dissociation of

FeS. The overall reaction rate at this stage de&reases because
the effective area for giffﬁsion of iron is reduced due to the
limited supply of iron through FeS in the inner conglomerate
layer of the external scale.

Models describing evolution and g;gwth of the sulfide

scale on the Fe-18 Al alloy at 10 Pa < Py < 102 pa are illustra-

2

ted in Fig. 6.14. During the initial.stage, a defective A1253
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layer contalnlng leakage pa fo}med rapidly as illustrated

in Fig. 6.1l4(a). FeAlZS4 and FeS the nucleate and grow at these

defective sites (or leakage paths) to| form well defined mushroom
shaped nodules exhibiting-whiskers and plates of pyrrohotite.

The alloy beneath these nodules was simﬁltaneously sulfidized in-
ternally.producing A1253 pfecipitatgs. Following the initial no-
dular growth period, as illustrated in Figs. 6.14(b) and (c), a
continuous scale containing outer and inner layer formed over the
entire alloy surface (Figs. 5.29 and 6.14(d)) as a result of

coalescence of the nodules.
]
Growth of FeS in the inner and outer scale layers 1n-

i

volves iron diffusion through iron vacancies. Since FeS is a
metallic conductor at temperatures above 411K, adsorptdion of -

sulfur as a result of reactlon {6.51) on FeS

st(g) = Hz(g) + 8

ads (6.51)

-

produces a neutral iron vacancy in the sulfide lattice and érowth
of scale takes place by,the diffusion of. iron through iron vacan-

cies. Considering the free energy;of formation of FeS and A1253

{(appendix I), A1253 is also formed during the initial reaction

.

period,

2al

+3H,8 = A1283 +3H, . ‘ . (6.52).

alloy

The initial iron sulfide layer exhibited whiskers and plates

(Fig. 5.28(e)) supplying a large surface area for the subsequent
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_ ! ' - LEAKAGE PATHS
Al2S3
FILM \
I s * e ¥ s s B
(a) '
FeS ‘(whiske.rs) '
FeS \ a - - _FeS (f:ompcct)
/ Al2Sz INTERNAL

Alloy — FeAl>S, PRECIPITATES

Fig. 6.14 a) Initial stage of sulfidation.
b) Lateral coverage of nodules.
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FeS +FeAl254
Alloy + Al»Ss

< FeS

-—FeS  +FeAlySq
\FeAl2$4+Alloy +FeS
FeAl2S4+ Alloy '
| _ TN\ FeAlySq +Alloy +AlS3
(d) . . Al, Sy +Alloy - |

GROWTH T
"OF
Feﬁ“254 *

Fig. 6.4 c) Coalescence of two nodules.
‘ d) Continuous external scale formation.

[
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adsorption of sulfur in comparison to a compact FeS layer. .The

.outer layer of FeS is doped with aluminum but very high levels

" of aluminum were found by the microprobe analyses in localized

regions (Fig. 5.37). ‘This is perhaps associated with the con-
version of the A1253 film sectipns.bufigd ungerneath the growing
FeS @hasg to FeAlZS4 via reactions qf type's.s(a). . The mechaniém
for the growth of thg inner layer-is similar to that presented
for the Fe-9 Al alloys. A guantitative description éélating

the parabolic fate constant td sulfur pfessure could not be made
because severallfactofs lead to a'complica;ed reaction mechanism
such as double suifide (EeAlzs4) formation and'micréporosity
growth in the inner layer of the éxternal scale and internal.

sulfidation in the alloy.

Growth of the inner FeS+FeA1284 layer as plotted in

Fig. 5.27(b) decreases to very low scaling rate (2.1x10"8 cmz/s)

after 1800s of sulfidation at Pg_ = lO2 Pa for Fe-18 Al alloys.
2 " .
This phenomenon initially occurs at isolated sites near the ex-

ternal scale/alloy interface after first 1800s and is attributed

to the formation of FeAlzs4 and A1253 film sections. The pre-

ferential sites for Al S, formation at the interface could not

2

be ascertained in the present work. It took.ap?roximé;ely 3h

for the A1283 film to appear throughout the scale/alloy inter-

- face, thereby decreasing the corrosion rate by an order of magni-

. tude (Table 5-10). Figure 6,14(e) shows a schematic presentation

of the situation where localized A1253 film growths occur beneath
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Fig. 6.14(e) Schematic presentation of the situation
: v where the Al,S3 film is formed beneath
two favourabfy oriented FeAl2 4 platelets.
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two favourably oriented FeAl,S, ilatelets. As' sulfidation pro-
‘gressed, lateral growth of these films at-'such sites éave_rise

tP a completely continuous A1253 film over the scale/alloy inter-
.face. The scale growth model for the final reaction stage is‘

shown in Fig. 6.14(f). The laterh? growth of the A1253 film
would involve the eimultaneous grE&th’Bf a EeA1254 layer on

its upper surface in accordance w1th the following reaction

6.5(a). Careful compositional and structural analyses demon-‘
strated the occurrence of thlS FeAlZS4 layer (Fig. 5f4l(c)): It

" was not possible, however, to distinguish the relative thickﬂesf‘
ses of FeAl,S, and Al,S, in the innermost selfide.layer. .

The A1283 fl}m appeared to act as-enveffective diffusion
berrier permitting at moet only a very small supply ef iron from
the alloy to'support scale growth. The Al,S, layer was always
associated with a layer of FeAizs formed by reaction 6.5(a)
which¢separated'A1283 from the FeS+FeA1 5S4 heterophase. layer.

The final parebolic reaqtlon stage, accordlpgly} proeeeded in

the presence of a complete Alzs3 layer at the-glloy/scale inter-‘ N
face as‘shown'ianig. 6.14(f). This.continuaus Al S3 layer and
the internal sulfidation zone beneath it is clearly seen in Fig.
5.26. Growth of Al,S, Qlatelets or needles would take place by
inward diffusion of sulfur as well as outward diffusion of alqmii
num as observed in internal sulfidation experiments (sec£ion 6.4).
The average width of A1253 platelets or needles beneath the Al 3
film ranged from 0.8 to 1l ym. They generally grew in a direction

normal to the original alloy surface and to the reaction front.
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Fig. 6.14(f) . Schematic model for the scale growth 2
on the Fe-18 Al alloys at 10 < Pg < 10%.
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It ié’possible that A1283 needles or platelets beneath

the continuous Alés3 film have formed as a result of both morpho-

l&gi:iiafreﬁkdown of the AlZSB/alloy interface and internal sul-

fidati These features are suggested by the morphologies

shown in Fig. 5.26 where precipitates of Alzs are shown to

3

emerge from the A1283 layer into the alloy and also as isolated

needle or plételet precipitates in the alloy. In the former case,

the fips of the alloy in between two Alzsﬁ precipitates become

spheroiﬁized andgave rise to isolated alloy particles (rich in

Fe) embedded in the continuous Alzs3 scale (Fig; 5.26). 1In the

latter case, growgh of A1253 internal precipitates proceeded by
inward diffusion of sulfur in the alloy and lateral diffusion of

aluminum from the alloy.

' "

6.5.3 Correlation of the Sulfidation Scaling Models to the
- Fe-Al—-S Isotherm

The isothermal diffuéion.controlled growth of a sulfide
scale of uniform‘thickness on the planar sﬁrface of a binary al-
loy can be ébnsidé&ed as'a three-phase (gés—solid—qlloy) ternary
diffusion couple.. The corresponding diffusion path can be calcu-
lated gsing Eqn. 2:23(c) and then plotted on_the appropria;e'
ternary isotherm as illustrated in Fig. 6.15. Two possible(38)r
cdh(}guratious are shown in this figure.' In the ﬁirst case
(dott?d line MN), a region of supersaturation isolated from the
As/q%loy.interface is indicated by the calcuiated diffusiqp path.
This leads to the pqeéiéitation of sulfide witﬁin the alloy
phase upon relief of supérsaturation ;nd is referred to as in-

- i [}
ternal’sulfidation. In the second case, solid line MN, a region

- I

- -

.

Y

-
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—> B

Isothermal section of a phase diagram ABS relevant'
to alloy sulfidation. The lines MNOPQ and MNOPQ
are two possible calculated diffusion paths corres-

- ponding to uniform.sulfidation of a binary alloy

AB of composition given by a point M. to form a
sulfide AS.
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f supersaturation in contac£ with the . interface can relieve
ersaturation through a transition from planar to non-planar
rphology.‘y tge growth of AS.precipitates emerging from the
AS scale. IR the calculated diffusion path associated with the
second possibility, cuts into the two—ﬁhase field, internal
sulfidation as well as morphological breakdown will result.
Sulfidation of the Fe-Al alloys leads to complicated
morphologiés which eholved‘to final structures containing multi-
layer scales and internal sulfidation zones. The two virtual
diffusion paths x and 1 for Fe-9 Al‘ana Fe-18 Al alloys, respec-
tively, .are shown on the ternary isothe;m in Fig: 6.16. Because
of the regiﬁns of virtual supersaturation, the tie lines are
cut by the virtual diffusion‘’path leading to precipitation. The
diffusion path for Fe-9 Al is given by path x (AxB CDEF GHTI)

X X X X H X x°X

in Fig. 6.16. This path enters into two phase alloy+Al field

253
and then passes through several three phase and two:phase re-
gions and ultimately exits through FeS and FeS+S2 phase zones

to the gaseous sulfur phase. The diffusion path for Fe-18 Al
lClDlElFlGlHlII)'ln Fig. 6.16. This path
enters well into the two phase field (alloy+A1253) at an angle

is given by path l'(AlB

to the tie lines and exists coincident with one of them. The
™

two-phase zone contains isolated needles ahd/or plates of Alzs3

due to internal sulfidation and non-isolated plates of A1233

rooted in the present phase (A1283 layer in Fig. 5.26) due to

morphological breakdown of the A1253/alloy interface.
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6.5.4 Conclusions

T
FPEAN

(1) The sulfidation kinetics of Fe~9 and 18 Al alloys

at 1173K in st-Hz atmospheres are slower than pure iron at all

sulfur pressures (10 -1 Pa to lO3 Pa). The kinetics approximated

to parabolic sulfidation behaviour and increased with increasing
sulfur partial pressure.
(ii) The Fe-9 Al alloy sulfidized parabolically with an

external scale consisting of an outer FeS layer and an inner
H

FeS+FeA12 4 layer. A narrow zone of internal precipitation of
'A1283 was observed at the external scale/allq& interface.
(iii) The Fe~-18 Al alloy 'sulfidized by a two-stage kine-'

tics at 10 < | 102 Pa. During the initial period of sulfi-

dation a thin lgyer of Al2 3 was formed on the alloy by selec-
tively dissolving the th;n residual oxide film on the metallogra-
phically polished alloy specimen'_s._FeS+FeA1254 nodules nucleated at
defective sites (leakage paths) of the Al'zs3 film and grew (by |
the mlgratLOn of Fe through Fe vacancies in FeS) laterally and
Vertlcally The alloy beneath the nodule was sulfidized internal-
ly by the precipitation of Al,S, in the alloy matrix.

(iv) The initially formed internal sulfidation zone was
converted to a FeS+FeA1254 layer by further sulfidafion giving

rise to a slow growing film containing layers of FeAl,S

25, and -

A1253 at the alloy/scale interface.
(v) The sulfidation rate of the Fe-18 Al alloy during ¥

the slower reaction stade was dependent on several factors, such

R
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as: dissociation of FeS in the inner scale layer and several
growth and diffusion processes taking place in the FeS/FeS+
- FeAlzé4/AlZS3 zones. .Therefore a rate controlling reaction step
could not be suggested.

) (vi) Virtual diffusion paths were placed on the ternary

Fe-Al-5 isotherm to describe the microstructures of scales which

grew by parabolic reaction kinetics and to demonstrate the con-

sistency of the proposed mechanisms for sulfide layer and‘preci-

pitate growths with thermodynamic sequences.

-



CHAPTER 7

SUMMARY

The sulfidation properties of Fe-Al alloys containing
6, 9, 18 and 28 a/o Al were investigated by sulfidizing these
alloys in alloy/FeS diffusion couples, in sulfur vapour at
the dissociation pressure of FeS and in H,S+H, atmospheres at
1173K. | |

These alloys exhibited '‘periodic precipitation of sulfide
layers containing FeS+FeA1254 spaced later;l}y and alternateiy
to metal bands when sulfidized in the modes of Fes/alloy dif-
fusion couples. The internal sulfidation rates‘of_the alloys
increased with alloy aluminum content. In each alloy, the-sul-
"fide layer thickness increaseé with depth whereas the metal band .
thickness remained\approximateiy constant. The initial stade
of sﬁlfide layer formation was explained by a model invofﬁing
precipitation of A1283. This.prgcipigafed sulfide was subse-
quently converted to Feal,s,. Iﬁdyaé‘demonstrated‘that yrowth
of Fe5 in a sulfide layer takes place 5& rapid diffusion of iron
in this phase and aluminum diffusion in_FeS accounted partially
for the growth of éeAlZS4.

A diffusion model was advanced for the growth of a
sulfide layer, in which it was suggested thét aluminum depletion-

in front of the layer ultimately leads to its cessation of growth.

275
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New sulfide precipitation was theﬁ described to occur at a
distance ahead of the sulfide layer where the concentration
product for the forﬁation of A1253 was again satisfied.

Phe sulfidation kinetics of Fe-6, 9 and 18 Al alloys
were parabolic at ps2 (= 1.4SXI0-3 Pa) corresponding to the
;dissociation pressure of FeS. These alloys exhibited intense
internalmsu%fidation.- The acicular sulfide precipitates of
“FeAlZS4 and Alzs3 wgre elongated in the growth direction. The
Fe-6 Al alloy only exhibted internal sulfidation whereas Fe-9
and 18 Al alloys exhibited external scales of FeA1254 and in-
ternal FeA1234 and Alzsé precipitéte. The apﬁarent.perméability

éS)DS) of sulfur in the alloys increased with increasing alloy

AY

(N
aluminum content. .

A diffusion model was advanced to describe‘tﬁe sulfi-
détion behaviéur of Fe-6, 9 and iB Al_alloys in sulfur vapour,
involving enhdnced sulfur diffusion aiong-the inc?hereht inter-"
faces between the internal sulfides and alloy matrix. The ratio
6f boundary to lgttice diffusivities of sulfur in iron was
estimated from this diffusion model and Compared satisfactorily
with the literature values. ) _

- An external scale of Alzs3 was formed on'the_Eg-ZB Al
alloy in sulfur vééour and grew as a protective film. Ccalcu-
lation has shown that an alloy of Fe-12.7 Al could be sufficient
to form a continuous Al S,scale without any internai sulfidation.

2

under ideal conditions. Using non-ideal solution behaviour,
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an interaction parameter for sulfur and aluminum, (egl),

calculated to be in the range 9 to 15 consistent with estimates

was

that can be made from the available literature data.
The reason for the occurrence of peiiodic precipitation

and growth of sulfides ‘as layers in the FeS/Fe-Al alloy dif-

fusion coubles as opposeé to the acicular platelét morphology

of internal sulfides-in S2 vapour could not be ascertained in
the presént wprk.

As the sulfur pressure was increased above 19-3 Pa using
HZS+H2 atmoséheres, FeS was observed té grow‘in the external
scales of Fe-9 and 18 Al alloys. The sulfidation kinetics, wﬁich
increased wi%h increase in sulfur partial bressure, were ap-
éroximated to parabolic behaviour. The Fe-9 Al alioy sulfidized
with a duplex layer consisting of an éuter FeS and an inner
FeS+FeAl, S, layer. A narrow zone of internal precipitation of
A1253 was observed near the scéle/alloy interface. The Fe-18 Al
alloy sulfidized by two-stage kinetics. In the initial stage, ™
growth of FeS+FeAlZS4 nodules was observed a;companied by in-
ternal sulfidation beneath these nodules. During later stages,
continuous layers of FeAl

and Al2s were formed giving rise

254 3
to a slower kinetics. Schematic médels have been employed to

depict these sulfidation phenomena.

Il

\ ,
at 1173K was determined ex-

The Fe-Al-S ternary:isotherm
perimeptallf. Virtual diffusion patﬂs were placed on it to
describe the scale microstructures which grew by parabolic
kinetics consistent with the proposéd mechanisms for sulfide

precipitation and growth.
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APPENDIX I

1. Tﬁermochemistry of iron sulfide (Fe S)

1-x .
Between 773 and 1261K the gas ratio HZS/H2 for the re- )

action,
Fe+HZS = FeS-l-H2 (I-1)
C ‘ : . (112)
1s given by the following expression .
' _ _ 3100 _
log (H,S/H,) = = + 0.179 .. (I-2)
The corresponding Gibb's free energy is given by,
. H.S
8G° = Rtin (=2—) (I-3)
H
2
AG° = - 59396 + 3.43 T Joules. (I-4)

{116)

From the work of Richardson and Jeffgs , the free energy for

the reaction,
2H.. + S. = 2H.S (1-5)

is given as o .

8G° = 180710 + 98.8 J/mole of s, (I-6)

Therefore, the free energy for the reaction |
» r

°  2Fe + 5, = 2FeS - (I-7)

is given by,
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o

AG™ = - 300,000 + 105.7 T (£2900) Joules/mole of S (I-8)

2

//ﬂ(Dther available data are tabulated in Table I-1. The reﬁent

(114)

paper by Jacob et al. reviews the Fe-S binary system and

established the standard free energy for reaction (I-7),

4 ’ .
86° = - 303,000 + 108.2 T (£3000) Joules/mole of 5, . (I-9)
Table I-1
~ Free energy of formation for Fe, _S ?

l-x

No. Temp. range (K) 2G° in Joules per mole of 52 Reference

* 'c-

1. 773-1261 -300,000+105.7 T (2900) 116
2. 800-1260 -298,000+103 T (+2800) | 115
3. 800-1260 -300,700+105.1 T (£3000) 161
4. 1073-1373 . -293,000+105 T (£2100) 11
s, 800-1260 ~303,000+108.2 T "(£3000) 114

2. Thermochemlstry of Aluminum Sulfide (Al 53)

From the thermochemical data by Ferrante et al.(lSl),

the standard enthalphy of formation for the following reaction

3 )
2al1l(s) + 3 Sztg) = Al (s) . (I-10)
was obtained as
o _ 5 ' . . ‘_
AHf 298 = 8.5x10 t3809 J/mole of A12§G . (I-11)
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In the following, free energy of formation of AJ_ZS3 (reaction
I-10) at 1173K is calculated using the heat capacity values,
standard heat of formation and standard entropy of formation

values from the literature.

1173 933
o) o) :
AH = AH + C +d7T - 2 C dr
1173K 298 . [ pA1253 J pAl(s)
298 298
(1173 700
-2 c -ar - 3 J c .4t
J Pal(e) psz(g)
933 298
rl173
3 o
- = C +dT - AH {1-12)
70
C =/102.24 + 0.036 T J/K/mole (Ref. 151).
P T
Al.S
273
C = 20.68 + 0.0124 T J/K/mole (Ref. 162).
Pai(s) '
C = 29.3 J/K/mole ' (Ref. 162}).
Pa1(e)
% c = 14.6x5.9:10"° T J/K/mole, T < 700K :
psz(g) _ - o
= 17.3+1.3x10"° T J/K/mole, T.> 700K
0 —
AHm,Al = 10800 J/mole (Ref. 78). L
Substituting these values in Egn. (I-12) and integrating,
i o) - _ . =
AHll?BK = 839933 J/mole . (I-13)

TP S
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Entropy Change Calculaticn

The entropy change for reaction (I-10) is- given by

a8 = s9 - 2s9 - % So (I-14)
:A1253(S) Al(s) Sz(q)
S/
Al,S,
1173
s° = g° + (102.24+0.036 T)dLnT (I-15)
T 298
Al,S,(s) CTal,s, -
. 298
s® = 116.9 J/K/mole (Ref. 151).
298
AL,S,
.°. s° = 288.6 J/K/mole . _ (I-16)
Tal1.5.(s)
g; 273
Alumdinum
933 .
s© = g° + (20.68+0.0124 T)dLnT -
Tar 298 (a1, |
298
1173
[s]
+ AS + o danT - (I-17)
933
s%. = 28.34 J/K/mole (Ref. 162).
298
al
(o]
AH
m,Al. 10800 .
AS = e = 11.6 J/K/mole
m,Al T AL 933
LT s; = 78.04 J/K/mole - (I-18)

[P S
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Sulfur (gas)
700
5o = 5554 + (14.6+5.9x10"> T)danT
sztg) Sztg)
298
1173
+ (17.3+1.3x10"° T)danT (I-19)
/
700 )
Yo ' - :
S = 228.2 J/K/mole (Ref. 78)
298
s© = 276.3 J/K/mole | (I-20)
T
52(9)
Substituting ##¥16), (I-18) and (I-20) in (I-14),
ASY = - 283.04 3/K/mole . | (I-21)
Substituting (I-13) amd (I-21) in (I-22) for T =1173K,
Q - 8] - O ' . N
8G1173 = 81393 7 TASyy43 (1=22)
the free energy of formation ofmAlZS3 is obtained as:
Q © ’ -
8Gy14q = : 508025.5 J/mole of Al,S, (I-23)
= - 338204.9 J/mole of S

2 (I—24}
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S. at 1173K

2

Cissociation pressure of Al 3

"For reaction (I-10), the equilibrium constant can be

expressed as:

K = p3/2 assuming a =1 ‘ (I-25)
52 Al
a = 1
21,5,
Also,
(=]
_ _AG s
K = exp <7 (I-26)
Substituting (I-23) in (I-26), ;
-23 e
K = 2.46x10 at 1173K (I-27)
.o p:lss' = 8.57x10" 't pa . : (1-28)
21173

Other available data.for the enthalpy and free energy of forma-
tion of A1253 are tabulated in Table I-2. A wide divergence

in these values is observed:

[ —



Free energy of formation of A1253_(Reaction 1-10)

F

Table I-2
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No. - AHg98 J/mole Aegga J/mole AG?173 J/mole of Reference
A1253

1 - 780456.8 - - 696298;] - 444240.7 163

2 - 701741.2 - 615070.3 - 365525.1 164

3 -1050937.7 - 966778.3 - 715139.6 165

4 - 916534.3 ~ 828607.3 - 584923.9 166

5 - 844371.2 - 759940.5 - 507883.1 151

6 - 700903.8 - - 368456.0 167 .

616326.4

@
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