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Corrosion in H,/H,S mixtures of a
Ni,,Cr,;Fe, alloy previously covered with an

external Cr,0, layer
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Laboratoire de Metallurgie Physique, LA 177, Batiment 413, Université de Paris XI,

91405 Orsay Cedex, France

A thermodynamic and kinetic study of sulphidization of Ni,,CrsFe, alloys — previously
covered with a Cr,0; layer — was made in a H,/H,S mixture, under a wide range of
sulphur pressures (107 atm <p(H,S) < 107! atm) and at temperatures between 700 and
1000° C. The mechanism for sulphur penetration through the external chromium oxide
and the competition between Cr,0; reduction and CrS formation were studied with the
help of thermogravimetry and analytical techniques. The essential role of chromium
carbides appears to be to modify the distribution of sulphur in the structure and to
lower the critical energy for sulphide formation. Two growth laws were found to apply
for external layer formation, one for the industrial form of the alloy and the other for

a purer synthetic form. The alteration in mechanical properties of the external sul-
phidized zone were used to show the initial softening effect of chromium depletion, then

the hardening effect of sulphide precipitation.

1. Introduction

The oxidation mechanisms of chromium-ontaining
alloys have been thoroughly studied and discussed
[1,2]. The situation is very different for sulphida-
tion. The general action of sulphur-containing
atmospheres on Ni—Cr base alloys appears to be
very different from that of pure oxidizing atmos-
pheres [3, 4]. In previous papers the quantitative
behaviour of 77Ni—16Cr—7Fe alloys was des-
cribed from the view-point of:

1. sulphide-forming penetration and surface-
scale formation under H,S/H, atmospheres with
p(H,S) > 107% atm [5];

2. atomic bulk and grain boundary diffusion of
sulphur in the alloy [6];

3. interaction of sulphur with microstructural
defects, and microsulphide nucleation [7].

In order to make further progress in a complete
description of the sulphidizing processes of these
alloys and to propose a general mechanism taking
into account the possible existence of a pre-existing
oxide surface film, it is necessary to acquire results
on the very first stages of attack by H,S/H, atmos-

0022—-2461/84 $03.00+ .12 © 1984 Chapman and Hall Ltd.

pheres. This stage begins with a dissociative
adsorption of H,S into H* and $*~ [8]. A compre-
hensive literature analysis [9] shows up a lack of
information which arises from:

1. The absence of genuine data concerning the
dissolution of sulphur in the surface layers of any
alloy: the nickel and cobalt oxides usually studied
are much less stable than Cr,05 and, in the former,
reduction phenomena are favoured, so that the
predominant mechanism is more likely a sulphur
adsorption on nickel and cobalt crystallites [10].
Paradoxically, the stability of Cr,Oj-type oxides
in H,/H,S mixture is very high [11], but sulphur
dissolution in these oxides has not been analysed.

2. The impossibility of discriminating the true
surface reaction process from the bulk penetration
during a sulphur attack experiment. These pro-
cesses are simultaneous when the sulphidizing con-
ditions are severe (high partial pressure or high
temperature).

The purpose of this paper is to take advantage
of published [5—~7] and unpublished quantitative
results obtained on the sulphur attack processes
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of an Inconel alloy under controlled thermo-
dynamic conditions, to propose a complete
mechanistic description of all the steps of the
sulphidization of the alloy. These steps will be
described and discussed by following a logical
order:

1. atomic sulphur penetration into the surface
layer and in the metal;

2. sulphur atoms gathering as clusters or two-
dimensional compounds on the surface and in the
metal;

3. nucleation of chromium sulphides on the
surface and in the bulk of the metal;

4. growth of the sulphide phases on the surface
and in the bulk of the metal.

For the sake of clarity, strong emphasis is
placed on the results obtained for low-pressure
atmospheres, p(H,S) (107 to 10™* atm), and low
temperatures (700° C).

2. Experimental techniques and materials
2.1. Experimental techniques

The sulphidation kinetics must be measured in a
thermodynamically-controlled atmosphere allow-
ing very low sulphur potentials if necessary. The
sulphidizing (H,/H,S) device has been described

Figure 1 H,/H,S treatment device.
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in other publications [5, 12]. H,S pressures rang-
ing from 1072 to 1075 atm are produced by ther-
mal decomposition of Cu,S (or Ag,S) under
0.4 atm H,.

A Cahn microthermobalance (+ 2 ug sensitivity),
directly connected to the H,/H,S producing
device (Fig. 1), allows quantitative kinetic measure-
ments from 650 to 1200° C.

The determination of sulphur distribution in
the microstructure of the alloy has been made by
two different techniques:

1. High-resolution autoradiography [6, 13] is
used to locate radioactive S introduced by
diffusion: the specimen (massive or thin foil) is
coated with a protective layer and a monolayer of
AgBr grains (Fig. 2a) (liford L4 emulsion). After
development (D 19B developer) and fixing, the
presence of sulphur atoms is revealed by silver
filament.

2. The high-resolution sulphur (Baumann)
microprint technique is able to show sulphur-
gathering, using the specificity of the ancient
“Baumann Test” (sulphur print test) and the
excellent resolution of high resolution nuclear
emulsions [7,14]: the AgBr layer is directly
deposited on the specimen or thin foil surface and
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Figure 2 (a) High resolution sulphur auto-
radiography. (b) High resolution Baumann
microprint.
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wetted with a thin H,SO, film (Fig. 2b). From the
usual chemical reaction of sulphide displacement
and AgBr reduction by the produced H,S, the
AgBr grains are transformed into spherical Ag,S
grains. After fixing, the Ag,S spheres indicate
specifically the presence of microsulphide. The
technique is sensitive to the equivalent of a two-
dimensional compound, according to recent com-
parative studies with Auger spectrometry [15].
The other experimental techniques are more usual
although used extensively: optical microscopy,
scanning or transmission electron microscopy,
Auger electron spectroscopy, tensile testing (at 20
and —196°C, and v =1.5 x 1073 sec™?) electro-
chemical measurements (potentio-kinetic curves in
20% H,804, 2VH™).

2.2. Materials and heat treatments
An industrial alloy, with the composition given
in Table I, has been investigated, as well as pure
synthetic alloy, containing 30 ppm carbon, 200
ppm oxygen, 20 ppm nitrogen; the principal other
impurities being aluminium (1000ppm) and
titanium (3000 ppm).

Before sulphidizing, the specimens were sub-
mitted to two kinds of heat treatments:

1. Annealing for 18 h at 1150° C, followed by
a “‘intergranular corrosion densensitization” treat-
ment, for 16 h at 700°C. The specimens having
undergone this treatment will be described as

TABLE I Chemical composition of impure alloys

H2 504 layer

Nulear emulsion

‘“desensitized specimens”. The grain size is large
(200~300um) in both materials. The grain
boundaries of the “pure” alloy are practically
free from precipitation and some rare bulk chro-
mium oxicarbides are observed (Fig. 3). In indus-
trial alloys a continuous intergranular carbide
precipitation is observed, together with a gradient
of microcarbides from each side of the grain
boundaries.

This heat treatment is reported [16] to induce
an equilibrium segregation of phosphorus in the
industrial alloy. Some bulk Cr,3C¢ or Cry(C, N)
precipitates are also evidenced [7].

2. A recrystallization treatment of 72h at
800° C is applied to specimens previously “desen-
sitized”, and cold-rolled by 60%. In synthetic
alloys, the resulting average grain diameter is
20~ 30um. In industrial alloys, a superimposed
network of “ghost” boundaries remaining from
the precipitation. of the precious desensitized
structure, appears (Fig. 4, arrows). The boundaries
of the new small grains (20 um diameter) are free
from precipitation.

The subsequent heat treatments, for instance
35S diffusion anneals, can modify those initial
microstructures. For desensitized industrial alloys
a globularization of the grain-boundary precipi-
tates is essentially to be expected at or beyond
700° C. For recrystallized specimens, grain growth
appears for temperature higher than 800° C.

C Si Mn S P Cr
0.072 0.32 0.78 0.003 0.009 16.20

Ni Co Ti Cu Al Fe
73.65 0.04 0.19 < 0.01 0.11 8.47
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Figure 3 Microstructure of synthetic alloy after desensitiz-
ing treatment at 700°C.

3. Fixation and penetration of atomic
sulphur

We shall consider here not only the stage of
fixation and penetration of atomic sulphur in
the surface and in the pre-existing Cr,O; film,
but also the penetration of sulphur in an elemen-
tary form in the bulk of the material up to dis-
tances as large as 2002~ 300um (after 5h sul-
phidation at 700° C, under p(H,S) = 10™* atm).

?'-'I '_'ﬁ,,‘,r 5 " L 5 150 um
Figure 4 Microstructure of an industrial alloy after
recrystallizing treatment at 800° C (note the ghost of first
desensitizing grain boundaries shown by the arrows).

3.1. Sulphur in the oxide surface Cr,0;
film

3.1.1. Initial stage

The initial stage of the sulphidation kinetics is

described by a parabolic law. The constants of the

parabolic law, kp, follow the relations:

)

with n =+ 1/1.74 for the industrial alloy (Fig. 5a)
and n = — 3/4.8 for the synthetic alloy (Fig. 5b).

Such laws can be interpreted only if one con-
siders that the diffusing species is S** through
chromium vacancies V¢, of the Cr,0; lattice as
other authors [17]. In that initial state of sul-
phidization, the parabolic constant is proportional
to the vacancy concentration [Veg]:

kpocDoT xgx [Vg]

kp = pS;

2

where D is the diffusion coefficient, I' is the jump
frequency and g is the geometrical factor.

A comparison with the possible theoretical
laws arising from different vacancy formation
processes (Table IT) leads us to propose the follow-
ing mechanisms™® [9]:

for industrial alloys:

Crge = Vo + Cif* 4+ 1’ 3)
then
Vol = ki pSY? 4
for synthetic alloys:
320, =30,+2Vg +6h ©)
then
[Verl = kap 3% p03*°. (6)

That analysis is valid only for the shortest sul-
phidation times when no important varjation of
the defect concentration or of the ionic form of
sulphur is observed. A variation of the defect con-
centration may, in particular, be induced by the
presence of doping elements as impurity elements
(titanium, silicon) or other constitution elements
(as nickel, iron) [19].

The change in vacancy formation and S** dif-
fusion mechanism from the impurities to the
industrial alloys may be explained by the influence
of impurities which could modify the vacancy

*The formulation used in defect formation equation is [18]: Crg, = chromium atom on a chromijum site, Vg, =
chromium vacancy with 3 charges, Cr** = interstitial chromium with 2 charges, h" = electron holes, O, = oxygen atom

on an oxygen site.
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Figure 5 Evolution of kp as a function of p (H,S) during the first sulphur pollution step for both alloys in a desensitized

state.

formation parameters. A complete study on doped
Cr,0; massive oxide would be necessary, but it
does not exist for the moment.

The activation energy of this first step is high.
The experimental values of 600 to 750kJ mol™
must be considered as only indicative as they
include several associated processes: dissociative
adsorption, dissolution and diffusion of sulphur in
the film. It can be furthermore affected by other
chemical reactions.

Among all the processes associated with this
activation energy, the sulphur dissolution is the
most difficult to estimate. The dissolution of
sulphur as 8** ions in chromium atom sites can be
described by the following equation:

1/28% ads2S4 +2/3Vs +2/3e (D

(S%& =S?" on a chromium atom site, with a nega-
tive charge with respect to the lattice, Vg = oxygen
vacancy with a double positive charge). Neverthe-
less such a mechanism is not clear:

3.1.2. Stage of competition between
reduction and sulphidation

Beyond 3 to 5h in H,/H,S atmosphere, the first-

order reaction of reduction of Cr,O3; becomes

predominant especially in synthetic alloys (Table

820

I} as shown by the quasi-linear dependence of
the constant kp to p(S,).

Simultaneously, one observes the formation, in
the sulphidizing device, of H,0 trapped on the
native copper of the Cu,S furnace, a large dis-
solution (up to 10 wt %) of sulphur in the surface
film (Figs. 6a and b), and a small activation energy
for the process (112kJmol™), even smaller than
the calculated Cr,O; reduction energy (280kJ
mol™ at 700° C) [11] (Table IV). These results
are in agreement with a process of substitution of
0% by $?" in the surface of Cr,03 film.

3.2. Sulphur penetration into the bulk
alloy
The penetration of sulphur into the underlying
alloy is nearly instantaneous (Fig. 7). It is then
necessary to acquire data on atomic sulphur
diffusion phenomena in these alloys. Sulphur
dissolves in metals (iron, nickel, copper, silver)
substitutionally [20, 21]; it has been reported to
be preferentially located at grain boundaries,
which means that the sulphur-defect interaction is
large {22]. Both quantitative diffusion measure-
ments of 3°S and high resolution autoradiographic
observations of S spatial distribution have been
performed.



TABLE 111 Evolution of kp as a function of pH,S for the different H,S pollution steps

Synthetic alloy Industrial Alloy
Competition between Cr,q, 3<t<20h 3<t<16h
reduction and CrS formation kp « p(H,8)*? kp « p(H,S)Vs*
Growing of sulphide 1st state t, 70h t, 700
(S)layer (S) kp = p(H,S)"¢ kp = p(H,S)
nd state t, 100h t, 100h

kp «p(H,S)~?

kp o p(st)U“,B

3.2.1. Diffusion parameters [6]

The bulk sulphur diffusion coefficients follow an
Arrhenius law, with an activation energy Q, =
217+ 1kImol™ and a frequency factor Dy = 0.1
to 1 cm?sec™).

This activation energy is smaller than the
energy for nickel self-diffusion (275kJmol™)
{23] and the sulphur D, values are 10 times larger
in these alloys than in pure nickel [24]. This proves
that a single vacancy mechanism seems to be
excluded and that sulphur-impurity interactions
must be taken into account; recent results [25]
have shown that sulphur—sulphur interactions
would be negligible.

The grain boundary diffusion parameters
D;ba (Dj is the grain boundary diffusion coef-

pH2S =10-%atm - pH2=0.4atm

@ Synthetic alloy,sulphidized 8 at 750C
x
~

12345678391 -
(a) Time {min)

ficient, § is the grain boundary thickness and o is
the segregation rate of sulphur in the grain boun-
daries) are shown in Fig. 8. The average activation
energies are: —110kJmol™ in the industrial
“desensitized” alloy, —253kJmol™ in the indus-
trial “recrystallized” alloy, —213kJmol™ in the
synthetic “densensitized” alloy, —320kJ mol™ in
the synthetic “recrystallized” alloy.

A large drop of the D;8a values occurs about
950° C and has been attributed to the redissolution
of carbides occurring during the diffusion anneal
itself (see next section).

The difference in activation energies between
industrial alloys and synthetic alloys is due to the
role of impurity precipitations (specially chromium
carbides) on grain boundary diffusion. The role of

Synthetic alloy,suiphidized 8k at 750°C
A under Py, S =10~%atm —(P/-/2=0.4atm)

16
10

\
487510 27«10

1 2 3 4 5 6
{b) Erosion time {min)

Figure 6 SIMS analysis of the Cr*, Ni*, Fe*, Ti*, Al*, §-, O; evolution through the external Cr, 0O, layer as a function
of the erosion time. (Synthetic alloy in a desensitized state, then sulphidized under p (H,S) = 10~* atm at 750°C).
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TABLE IV Activation energies for the H,S pollution
process during the different sulphidizing states. (Synthetic
and industrial alloys in a desensitized state, then sul-
phidized at 700° C under pH,S = 107* atm.)

Domain Energy (kJ mol™')
Synthetic Industrial

Competition between 112.6 290.8

Cr,0, reduction and

CrS formation

Growing of  1st state 349.6 3304

sulphide (§) 2nd state 133.6 39.3

layer(s)

the high-dislocation density in the vicinity of the
carbides has also to be taken into account [6].

3.2.2. Microstructural location of 8,
by HPR autoradiography

After diffusion annealing, the atomic radioactive
sulphur is essentially located, when no other
defects are present, along the grain boundaries
(Fig. 9). In the bulk of the grains, some silver
grains of the autoradiography are observed on the
twin boundaries (Fig. 10).

When dislocations are present, the sulphur
distributjon is modified by the sulphur-dislocation
interactions. The result of this can be a certain
spreading of sulphur on each side of the grain
boundaries (Fig. 11). Precipitates and dislocations
in their vicinity are strong trapping sites for sul-
phur (Fig. 12). In a “recrystallized” specimen this
effect can even lead to a higher S concentra-
tion in the matrix than in the grain boundaries
(Fig. 13).

822

In the temperature range 900 ~ 1000° C when
chromjum carbide dissolution occurs during the
diffusion anneal, the strong carbon-suiphur or
chromijum=~sulphur interaction results in a random
spreading of 35S from the grain boundaries into
the volume (Fig. 14). This is the explanation of
the previously mentioned drop of the D;da {6].

3.3. Discussion on the atomic sulphur
pollution stage

In the pre-existing Cr,O5 layer, all kinds of sul-
phur transport phenomena are favoured by a
factor of 10% to 10® as compared to chromium
diffusion phenomena. From the observed influence
of all kinds of defects, one has to consider not
only a distinct analysis of atomic sulphur attack
processes in the surface oxide layer and in the bulk
alloy, but also a differentiation of the mechanisms
linked with metallurgical parameters such as purity
and microstructures.

Considering now the diffusion measurement
results, they can be interpreted as a first approxi-
mation and for synthetic alloys, by a dislocation-
assisted general diffusion mechanism, as already
observed for other fcc alloys [26]. The interpre-
tation is supported by the comparison of the
activation energies for diffusion and vacancy for-
mation energies and by the observation of prefer-
ential sulphur—dislocation interaction.

But this analysis is not rigorous for industrial
alloys in which the diffusion paths are modified,
for instance by the presence of chromium carbides
and associated high dislocation densities. The
latter seem to act as diffusion short-circuit.

1.5um

Figure 7 Instantaneous microsulphide
nucleation after 8h of H,S pollution
process at 700° C. (Industrial alloy in a
previous desensitized state.)
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Figure 8 Evolution of the intergranular diffusion parameter of sulphur (D;8«) as a function of 1/T, for both the alloys

in a desensitized or recrystallized state.

4. Atomic sulphur gathering as clusters
or 2D compounds
This stage of the sulphur pollution is very rapid

and is rarely accounted for in usual sulphidation’

studies. The interest of the low H,S pressure
experiments performed here (equivalent p(S,)
from 107 to 1072 atm) then appears clearly.
Such a stage can be defined as the period when
a full competition appears between the pure
diffusional processes and the thermochemically
controlled reactions. This is true on the surface
as well as inside the volume of the material.

4.1. Surface Cr,04 layer

Thanks to the relative stability of Cr,0; (AG
of reduction at 800°C =278 kJImol™) one can
consider the specific behaviour of sulphur. From
the concentration profiles obtained by secondary
ion mass spectrometry (SIMS) (Fig. 15) an accu-
muliation of sulphur at the Cr,O3/underlying alioy
interface is evidenced. This phenomenon may be
discussed from both the kinetic and thermo-
dynamical point of view.

4.1.1. Kinetic aspect

The mobility of sulphur in Cr,0; (D; =1071°
cm? sec™! at 800°C) is 10 times larger than in
the alloy (D, =107 cm? sec™ at 800°C) [6,
27]. However, the value mentioned here for D,
was obtained [26] with a very fine grain (3 um)
oxide, which is not the case here and this grain
size factor may be very large, as noticed by Wagner
[27}. Furthermore, the composition of the Cr,03
layer may vary towards a sulphur-enriched (up to
10wt %) oxide and this can also be a factor in
diffusion enhancement. Simultaneously, the thick-
ness of the Cr O3 film decreases (from 3 to
1.5 um in 24 h for instance).

Chromium diffusion from the bulk to the sur-
face also takes place during the process, directly
evidenced by SIMS profile measurements and
microprobe analysis in the underlying alloy.

The empirical kinetic laws of chromium deple-
tion are: A%Cro«t™/5 for the synthetic alloy
(Fig. 16a) and A%Cr « exp (0.01 £) for the indus-
trial alloy (Fig. 16b). But as the chromium diffus-
ivities are equivalent in the metal and in the oxide

Figure 9 Localization of silver filaments on
triple points. Synthetic alloy in a desensi-
tized state after sulphidizing treatment at
650°C. High resolution autoradiography
with 38,
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[28, 29], it appears that neither sulphur diffusion
argument nor chromium diffusion argument are
sufficient to explain the sulphur accumulation at
the Cr,O3/metal interface.

4.1.2. Thermochemical aspect

The first factor to be considered is the interaction
between sulphur and the alloy elements. Interac-
tion studies in multicomponent systems (ternary
systems) [30] usually consider interaction par-
ameters.

= Oiivl,l - aivm- ®

Where o and o binary interaction coefficients
among the two metals (M, M) and the impurity
(I). By analysing the situation for the system
(chromium, sulphur, nickel) and (iron, sulphur,
nickel), one finds that:

0crs (224 kT mol™) > afres (12.5kI mol ™)
(Table V). &)

!
Y ¢

Figure 11 High resolution sulphur autoradiography show-
ing a spreading of sulphur on each side of the grain
boundaries. Recrystallized synthetic alloy after a sulphid-
izing treatment 4 h at 800° C.
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Figure 10 High resolution sulphur autoradio-
graphy. Segregation of sulphur on the car-
bides along the slip planes in a recrystallized
industrial alloy. Sulphidizing treatment 4h
at 800°C.

A second factor is the possible lowering of the
oxide/interface energy: a sulphur monolayer
(=74 x 10™ atmcm™) may induce an impor-
tant interface energy drop, according to the Gibbs
adsorption analysis. The experimental activation
energies measured at this stage of the pollution
process (Table IV) are different from the segre-
gation energies. Moreover the constant of sul-
phidation, kp, versus p(S;) curve (Table IIT) is of a
first-order reaction type. Thus this stage may be in
fact controlled either by a sulphur substitution in
the Cr,0; layer on the synthetic alloy (Q 2112
kI mol™), or by reduction of the Cr,03 layer on
the industrial alloy (Q = 290 kJ mol™).

4.2, Underlying alloy
4.2.1. Morphological and analytical aspect
At this stage, most of the sulphur clustering
process occurs on the grain boundaries, which are
the best accomodation sites. The “Baumann micro-
print” observations, showing a continuous dis-
tribution of Ag,S spheres along the grain boun-
daries (Fig. 17), indicate the presence of a con-
tinuous sulphide layer in the boundaries. The
purity of the grain boundaries is the most impor-
tant parameter. In impurity-free boundaries in
“desensitized” synthetic alloy, a strong sulphur
collection occurs, as shown by Auger spectro-
metry (Fig. 18). The contents of the alloying
elements are not much modified, except for a
sensible chromium depletion which may be due to
the desensitization treatment itself. This behaviour
is observed even after very long times (100 h sul-
phidization anneals at 800°C under very low
H,S pressure).

When the grain boundaries are polluted with
other impurities (phosphorous equilibrium segre-
gation, chromijum carbide precipitation), the



kinetics of sulphur [16] gathering is altered. No
sensible grain boundary sulphur accumulation is
observed by Auger electron spectroscopy (AES)
after 25h sulphidation (p(H,S) = 10™* atm) (Fig.
19). Meanwhile, the phosphorous segregation is
still visible. Incidentally, one can notice an accumu-
lation of boron.

In order to try to discriminate the relative
effects of segregated phosphorous and of carbides,
the following two experimental results must be
mentioned:

1. Firstly, the overall grain boundary amount of
sulphur, after given sulphidization conditions, is
larger in impure (carbide-containing) grain boun-
daries than in pure boundaries (Fig. 17).

2. Secondly, sulphur accumulations in industrial

Figure 13 Distribution of silver filaments in the matrix of
industrial alloy in a previous recrystallized state and after
diffusion treatment at 800° C. (Scanning electron obser-
vation of *§ autoradiography).

Figure 12 Silver filaments which segregated
in a preferential way on the dislocations
near the intergranular carbides of a recrystal-
lized industrial alloy at 800°C—*S HPR
autoradiography.

alloys occur more densely on transgranular car-
bides than on grain boundaries (Fig. 12).

Thus, the whole process can be explained by a
competition between sulphur and phosphorous
segregations, resulting in a slowering of the former
by the later. This effect has been reported in the
literature for surface segregations of phosphorous
at 700° C and sulphur at 800° C on the same alloy
[31).

4.2.2. Thermodynamical aspect

The phenomenon is not really an equilibrium
segregation process [32]. An estimation of sulphur
solubility can be done through the Hillert’s analysis
of equilibrium solubility [33].

Figure 14 Random distribution of sulphur **S (or silver
filaments) from the grain boundary of an industrial alloy
in a previous desensitized form, after a sulphur diffusion
treatment at 950° C.
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Figure 15 SIMS analysis of the Cr*, Ni*, Cr,S8*, Al*, 8~ and O; evolution through the external Cr,0O, layer as a func-
tion of the erosion time. (Industrial alloy in a desensitized state, then sulphidized under p (H,S) = 10~* atm at 750°C.)

Cs = Cg [1 + [exp (Sx—;) — 1] CM} e
(10)

where Cg is the sulphur solubility in ternary Cr—
Ni—S alloy, Cg is the sulphur solubility in ternary
CrS alloy, fumg is the bulk Cr—S or Ni—S inter-
action coefficient [33]. a/c =1 for Ni~S and Cr—
S and M = Cr or Ni. The estimated value solubility
is extremely low (=107%) and not in agreement
with experiment. The system is thus out of equi-
librium and this is illustrated by the existence of
a chromium flux toward the surface (Fig. 16).

4.2.3. Structural aspect

The nature of the bounds which lead to the for-
mation of the intergranular sulphur layer cannot
be established directly. The most recent models
for grain boundary embrittlement account for the
existence of S—S covalent [34] or M—S (with M =
Ni or Cr) heteropolar [35] bounding leading to a
weakening of the M—M bounds.

Experimentally, an indication is given by the
response to the “Baumann microprint” test: it
has been established that the sensitivity threshold
of this test is the presence of a two-dimensional
intergranular compound {15]. A positive answer
of this “Baumann microprint” then, leads to con-
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clude of the existence of a two-dimensional com-
pound with specific S—S or M—S bounds.

Another indication is the absence of measurable
alloying element enrichment on the grain boun-
daries (Fig. 18), which rules out the hypothesis of
a Cr—S two-dimensional compound. This confirms
the validity of a Loesch model [34]: as the S-S
bounding energy (265 kJ mol™) is larger than the
PP bonding energy (215kImol™), sulphur
should then be a stronger embrittlement than
phosphorous. This is indeed the experimental
result obtained (Fig. 20).

5. Chromium sulphide nucleation

During that stage, the role of grain boundaries and
all other microstructural defects (as chromium
carbide) is emphasized.

5.1. Surface layer

The free enthalpy AG for microsulphide nuclei
formation can be calculated, for instance by con-
sidering the nuclei as flattened spheroids of

equatorial radius « and polar radius ¢ [36]:
AG = % nd®c AG, + 2 naty (1

where AG is the volume free enthalpy of sulphide
formation and ‘y = sulphide/alloy interface energy.
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Starting from literature data [37,38], one can observed as a function of temperature or p(H,S)
calculate the critical p(H,S)p(H,) value for sul-  [5].

phide nucleation (Table VI). The calculated values _

are in good agreement with experimental values AGms > AGA’253 > AGcrs > ACraSs >

and explain the sequence of formation of sulphides AGrpeg > AGNpS, > AGN;S,. (12)

TABLE V Standard enthalpies of CrS and NiS formation, AH®, and relative interaction coefficients o between Cr and
S in the (Cr, S, Ni) system and between Fe and S in the*(F, S, Ni) system.

System Thermodynamic data (kJ mol™!)
AH® a o

Cr, S, Ni NiS =146.3 NiS = 585.2 CrS =224
CrS =202.3 CrS = 809.3

Fe, S, Ni FeS = 1494 FeS = 597.7 FeS =12.5
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Figure 17 Baumann microprint test showing a continuous Ag,S spheres collection along the grain boundaries. Alloys in
a desensitized state, then sulphidized 8 h at 700° C under p (H,S) = 107* atm.

It must be noted that the calculations do not
take into account a possible reduction or sulphur
substitution in Cr,03.

These results explain also the observed shift of
the surface chromium sulphide nucleation times
toward shorter times (8h under p(H,S) =107
atm) in the case of industrial alloy: the existence
of chromium-rich precipitates near the surface
increases the chromium activity.

5.2. Bulk attack
Microsulphide nucleation is favoured on the grain

boundaries and on the pre-existing chromium car-
bides (Fig. 21).

5.2.1. Crystallographic aspect
Most of chromium sulphides are hexagonal. It has
been verified that the microsulphides are incoherent

with respect to the matrix except in one single
case (pure “recrystallized” alloy, sulphidized 30 h
at 800° C under 107 atm H,S).

5.2.2. Thermodynamical aspect
The first problem is to evaluate the interface
energy, Yg, of the nuclei. The well known Lif-
shitz—Wagner analysis [39] leads to:

3_.3

RT; (" —r3) (12)
CeVi D(t—1ty)
where r (7o) are the average precipitate radii at
times ¢(t#p), D is the chromium diffusion coef-
ficient, and ¥V, is the molar volume of the sul-
phide (21.6 cm® mol™).

The values obtained (Table VIII) are of course

very roughly estimated as the chromium bulk
diffusion growth process is only valid for matrix

e = 9/8
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then sulphidized 102h at 760° C, under
p(H,S) = 10"*atm.



Figure 19 Auger spectrometry analysis
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sulphides of “desensitized” synthetic alloys (where
ro 13 is actually observed). In grain boundaries
the diffusion process is evidently modified; in
industrial alloys, chromium is not the only diffus-
ing species; generally the sulphides are in fact of
complex composition (Table VII). Moreover, lack
of stoichiometry can even be observed. The very
high values of Table VIII must then be considered
as only indicative of comparative trends. One may
then try to estimate the critical energies for sul-
phide nucleation. The analysis by Burke [36] gives:

8 m WAy
3 (AGy)*
where u is the matrix elastic shear modulus, and

A is the expansion coefficient between the matrix
and the precipitates (e.g. A =3.9 for Cr—> Cr,S;

*

(13)

[40]. For Cr—S, AGy = 1795 —13.24 TkJ mol™
{37, 38].

The critical values obtained are given in Table
IX. It is clear that such values are not realistic,
although already mentioned for other systems
[41], specially for low temperatures, but it is not
clear that the calculation is affected by the poor
accuracy of vy estimation. The results should
nevertheless be considered as an indication of a
large variation of W* with temperature and as a
proof that, at low temperature, another mech-
anism of nucleation is acting. Discontinuous
nucleation on microstructural defects (slip planes,
dislocations, twin planes, grain boundaries)
becomes the controlling process, even on syn-
thetic alloys.

In industrial alloys, the preferential sulphide

A Z (%)
A, -7
HoS “Ar Specific influence of Hy/HpS atmosphere

(PHoS = 10~%3atm) on“the evolution of

10 the constriction as a function of time,
Alloy in & desensitized state.
Sulphidized at 680°C .

Traction at _196°C
O.

Ny
N\%\%\f

%.;‘_-_______YN%--— Synthetic desensitized
. Industrial desensitized

Figure 20 Reduction of area as a function of
the H,/H,S sulphidizing treatment time.
Synthetic and industrial alloys in a desensi-

0 20 40 60 80 100 Time (h)

tized state, then sulphidized at 680° C under
pH,S) =107 atm.
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TABLE V1 Ratios of critical pressures p(H,S)/p(H,S) for the formation of 650° C of the different external sulphidized

phases for pure metals or Ni,,CrFe, alloy

Critical P(H,S)/P(H,) s Ni,S, FeS TiS,

for sulphide formation

Pure metals 1x10°¢ 3x1073 6 X103 15 x107¢
Inconel 600 calculated 6 X107¢ 5x1072 9 x10°® 2x10°%
Inconel 600 experimental (2.5) X107 (2-4)x 1072 (2-4) X102 10°%

TABLE VII Evolution of the external sulphidized phases composition as a function of the sulphidizing temperature
or of the microstructural state. Inconel 600 sulfidization 100 h under p(H,S) ~ 10™* atm

Temperature (° C)

Microstructural state

Desensitized state

Recrystallized state

<900° C (Crg 0 Nig 0, Ti(ADy,0,) 1S4 (Cry,55Nig,0s Ti(AD ,06)55 4
~1000° C (Cr 55Tl Nig 01)7S4 Synthetic alloy
Possibly (Cry o7Niy 0, Tig 01)S
(Cry 55T, Nig 6408 Industrial alloy
(Cr97Nip, 05T, 01) 755

nucleation on Cr,3Ce carbides is a consequence,
as already mentioned, of:

1. The higher chromium activity around the
carbides.

2. The energy gain associated to the formation
of CrS from Cr,3Cq instead of solid solution (this
is not true for oxides).

3. The importance of the ‘“‘overcrowding fac-
tor”, A, which is for instance decreased to A, =
83 x 107 for the formation of CrzS, from
Cry3Cs, instead of Ay =3.9 for the formation of
Cr3S, from the solution solution; thus (A,/4,)* =
1077

In such a process the sulphide growth is not
hindered by the carbide dissolution as the diffusion
coefficient of carbon is 100 times larger than the
sulphur diffusion coefficient.

6. Growth of the external and internal
sulphidized layers

This stage is controlied by the multicomponent

diffusion phenomena: chromium and sulphur

diffusion and also diffusion of impurities (carbon,

oxygen, metallic impurities).

6.1. Surface sulphidation
The growth of the facetted layer (Fig. 22) follows
a parabolic kinetic law (Fig. 23).

6.1.1. Quantitative and analytical study

The variation of the parabolic constants kp obtained
from experimental curves as a function of the sul-
phur pressure have been reported in Table III. The
sulphur layer growth stage must again be divided,
from this point of view, in two successive steps.

Figure 21 High-esolution sulphur micro-
print Ag,S spheres are located on the dis-
locations near the carbides. Industrial alloy
in a desensitized form, sulphidized for 4 h
at 800°C.



TABLE VIII Calculated interfacial energies, v, as a
function of temperature

Interfacial Temperature (° C)
energy 650 800 900 1000
v (X107% Jcm™?) 125 3000 9.00 2.50

It is clear that this analysis is valid only if the
variation of p(H,S) do not infere a basic change in
the layer composition. This is why these laws have
been obtained for somewhat narrow H,S (or
equivalent S,) pressure domain (1071 <p(8,) <
1072 atm).

From Table III, the pressure dependence laws
can be divided into two families:

1. Quasilinear laws (exponent close to 1.1 or
1.2} indicating a first-order reaction, which could
be a “chemical reaction” (Cr,O3 reduction, for
instance), or a gas diffusion law through a porous
layer.

2. p(H,S) laws, with 1/6.4 <n<1/4.8, which
are similar to growth laws observed in usual oxi-
dation phenomena in the case of p semiconductor
oxides [42].

The activation energies for the different stages
are given in Table IV.

The results of the analytical phase identification
[S] are summarized in Fig. 24 for the different
sulphidation steps. It can be seen that the pres-
ently described stage is essentially controlled by
the growth of a chromium sulphide layer under-
neath the chromium oxide, except for the last step
of sulphidation of the synthetic alloy. In this last
case a layer of impurity sulphide (sulphide con-
taining titanium, aluminium and chromium)
appears at the metal/chromium sulphide interface
for the long sulphidation durations; the p?st) law
is then quasilinear and the reaction is probably
controlled by gas diffusion through the porous
chromium sulphide and/or a first order chemical
reaction with an activation energy of 134 kJ mo]™
(Table 1V).

6.1.2. Discussion of diffusion processes
The growth of the chromium sulphide layer (pH,S
law with 1/6.4 <n<1/4.8) is obviously con-

trolled by -solid-state diffusion. The activation
energies are very different for the synthetic
(113kImol™) and the industrial (330kJmol™)
alloys. Again, microstructural arguments (presence
of high chromium activities near the Cry3Cq car-
bides, for instance, and part of non-stabilized com-
pound in the matrix like titanium, aluminium,
chromium) should be taken into account by a
very important parameter is the ratio of the chro-
mium self-diffusion coefficient in the layer (D)
and in the metal substrate (D,) following the
analysis proposed by Lalauze [43].
We propose the following expressions:
2
ifD, > D,y kp = % (14)

(15)

where Ng, is the atomic fraction of chromium in
the alloy, P, is the gas pressure at the external sur-
face of the layer, P; is the equivalent gas pressure
at the internal interface of the layer. The kinetics
of chromium depletion (i.e. N, variation) in the
underlying zone of the two alloys (Fig. 16) and
the correlative variations of the diffusion coef-
ficients D; and D, may then be responsible of the
fact that for the same duration, an alloy self-
diffusion controlled mechanism (Equation 14) is
operative in the synthetic alloy, whereas a pressure-
controlled mechanism (Equation 15) is evidenced
in the industrial alloy. For very long sulphidation
of the synthetic alloy, another diffusion-controlled
mechanism appears, probably as a consequence of
the extreme depletion of the alloy and of the large
thickness of the sulphide scale.

if Dy €Dy, kp = AD{(P. —P)

6.2. Internal sulphidation

6.2.1. Sulphide precipitation

The analysis of the thickness x of the internally
sulphidized layer shows up again, two different
growing kinetic laws:

x = Ayt for the industrial alloy
(“desensitized state™)
x = A,t%* for the synthetic alloy

(““desensitized state”).

TABLE IX Critical energies, W*, for sulphides nucleation as a function of temperature

Critical Temperature (° C)

energy 650 800 900 1000

W* {cal cm™3%) 8.6 X104 12.3 0.06 37x10*
W* (cal mol ™) 1.5 X10° 212 1 6.3 x107°
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(x is the depth, with respect to the metal surface,
of the last observable chromium sulphide in the
alloy).

The first law indicates chemical reaction con-
trol: the role of defects and chromium carbides,
already discussed on sulphide nucleation and
growth, is obviously the controlling parameter.

The second law is more complex and one must
take into account the different diffusion fluxes
(sulphur, chromium) to or from the surface. This
will now be commented on.

Synthet:c Incone/ 600 _ Desensitized

2 Sulphld/zed under PH,S = 10~%atm
01 ( Py =04 atm)

0.5

6.2.2. Composition variations

The nickel and chromium contents are largely
affected in the near-surface region (Fig. 25a). The
chromium content variation (schematized in Fig.
25b) is in fact controlling the sulphur solubility in
that region.

An analysis of the predictable sulphur solubility
variations is summarized in Fig. 26. Under the
external sulphide layer, the sulphur content should
follow, in the absence of precipitation, the curve
AB. Precipitation phenomena shift that curve

7=1000°C

Figure 23 Parabolic shaped kinetic law
for the weight gain (Am/S) as a function
of the H,S pollution time at different

{a)
832

Time(h)

100 temperatures. Alloys in a desensitized
state.
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toward DC. Thanks to the shape of the curve, the
chromium concentration remains quasi-constant,
in agreement with the plateau-shaped curve of
Fig. 25 for x <x;. For x 2 x; a usual gradient is
observed.

We must also observe that the internal chro-
mium depletion flux, to ensure the external layers
growth, occurs according to a V2 law.

As the internal sulphide layer is thicker than x;,
the growth law (in £%3%) of that layer is, in fact, a
consequence of both sulphur inward diffusion and
sulphide nucleation rate, themselves influenced
by the chromium flux.

6.2.3. Mechanical properties approach

The different sequences of internal sulphidation
induce variations of the mechanical properties.
These can be used as a quantitative indication of
the succession of the sequences. The criterion
chosen here is the flow stress for 5% elongation in
tension (65%) and more precisely the evolution

SYNTHETIC ALLQY

) DD
Al_Cr sulphides Al_Ti_Cr sulphides

G @ @> )
Cr sulphide precipitates
100 hours

8 hours 24 hours

INDUSTRIAL ALLOY

' YT W AT 5
Segpo! D P A
A/_Er oxides and Al_Cr sulphides Cr sulphides

sulphides
8 hours 24 hours 100 hours

Ag 5% when one compares an H,S annealing
with the same annealing under argon (Figs. 27a
and b).

For sulphidization durations up to 50 h for the
synthetic alloys, the chromium depletion induces
plastic softening, with ¢/2 Kkinetics (Fig. 28).
After 50h, the hardening effect of the sulphide
precipitates appears. The observed kinetic law is
then a composition of the preceeding /2 law and
the %% law of internal sulphidation (see Section
6.2.1), leading to the shape of the experimental
curve (Fig. 28).

The behaviour is quite different inthe industrial
alloys: the consolidation step not only appears
more rapidly (30 h at 700° C), but a quasi-instan-
taneous hardening may often appear for the lowest
sulphidizing temperature (650° C) (Fig. 29) before
the plastic softening part of the chromium deple-
tion; these effects are a consequence of the role of
carbides to accelerate the nucleation of internal
sulphides.

Figure 24 Scheme of the three main stages
of H,/H,S pollution process at 750°C
(p(H,S) = 107* atm and pH, = 0.4 atm) for
both alloys.
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Figure 25 Experimental (a) and theoretical (b) modification of the chromium and nickel content in the sulphidized
zone. Synthetic alloy in a recrystallized state, 8 h at 1000° C under p (H,S) = 10"* atm.

7. Final discussion and summary

A general description of the high sulphidization
process of the same alloys, including phases iden-
tification and influence of pressure and tempera-
ture have been given in another study [5]. The
present results, obtained under low H,S pressures

DA

ALLOY + Cr (5)

G
dCy dCy e
~dC.
19 <d—1 2 dC2 eq
C2dCo® i
dc2 dC2 Solubility limit of
ALLOY sulphur
4
o C
x, 27x2
Co %4Cr
Ci %8

Figure 26 Experimental and theoretical solubility limit
for sulphur (C,) as a function of the chromium content
(C,) in the internal sulphidized layes.
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have allowed to separate as much as possible the
difference steps of the surface and internal sul-
phidation,

The most striking result is the influence of the
defects and of the chromjum carbides (Cry3Ce)
on the distribution of elementary sulphur and
chromium sulphides in the bulk or on the surface
of the alloys. The consequence is a modification
of the sulphidizing kinetics and of the nucleation
and growth of sulphide phases.

During the first step of sulphur transport
through the pre-existing Cr,O3 scale in the metal,
the diffusional aspect is predominant. In the metal
microstructure, the diffusion phenomena are
modified by the influence of defects (dislocations)
and chromium carbides. Grain boundary diffusion
and sulphur defects interactions play a major role.

Sulphur gathering as clusters is a non-equilibrium
process. At the surface it can be described in terms
of Cr—S interactions and decrease of the surface
energy. In the metal grain boundaries, sulphur
seems to be engaged in covalent S—S bond, in
agreement with Loesh’s model.

A competition with phosphorus segregation in
industrial alloys is demonstrated.

The step of sulphide-phase nucleation is essen-
tially controlled by the thermodynamical aspect.
On the surface the usual thermodynamic formula
may be used, but in the bulk of the alloy, we have
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tant. The growth mechanism of the sulphide
surface layers can be described in terms of chro-
mium diffusion either in the scale or in the metal
towards the surface. Meanwhile, the Cr, O3 reduc-
tion reaction has to be taken into account during a
long intermediate stage. In the bulk of the alloys,
the inverse fluxes of chromium towards the sur-
face and of sulphur from the surface can explain,
in combination with solubility considerations, the
observed penetration laws. This step of internal
sulphidation induces strong variation of the
mechanical properties which can be used as a
sensitive indicator of the sulphidation process.

As for the resistance of this type of alloys to
sulphidizing corrosion, one practical consequence
is that an even distribution of precipitates having a
strong attractive effect to sulphur (as carbide) in
the microstructure, can be considered as beneficial.
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