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The Ni22Cr10AI1Y alloy was exposed in Hy/H,S gas mixture under the sulphur pressure
102 and 1 Pa as well as in SO, at 1173 and 1273 K. At ps, = 1 Pa the sulphidation rate was
relatively high and the reaction obeyed the linear rate law. Under these conditions a
nickel/nickel sulphide eutectic was formed. At ps, = 1073 Pa nickel sulphides became
unstable and the sulphidation rate was significantly lower. The reaction obeyed the
parabolic rate law. The oxidation rate of the alloy in SO, was lower than that in any of the
H,/H,S atmospheres. The sulphide scales formed during sulphidation in H,/H,S had
complex microstructures and compositions, with sulphospinel and sulphide phases being
present, e.g. NiCr2Sy, Ni3Sy, CryS,. As the temperature increased and the sulphur pressure
decreased, these phases were replaced by the chromium-rich sulphide phase. Various
oxides formed during oxidation of the alloy in SO,. © 2000 Kluwer Academic Publishers

1. Introduction process of oxidation of such alloys (bulk materials or
Despite of the many intensive studies on the corrosiorthin layers) has been the subject of numerous studies
resistance of different metallic materials, the way toin different research centres, e. g. [1-4]. However, the
find the alloys satisfying fully the demands of moderncorrosion of these alloys in the atmospheres containing
technologies seems still far away. sulphur was studied to a significantly lesser extent.
The efficient use of materials is traditionally asso- Inthis paper, the results of the study of Ni22Cr10AlY
ciated with an effective process of material selectionalloy corrosion in the atmosphere of “pure” $@nd in
The selection criterion for bond coat materials in ther-Hx/H>S mixtures at different sulphur partial pressures
mal barrier coating systems is their ability to withstandare presented. The meaning of term “pure” should be
corrosion by hot aggressive atmospheres. In particulagnderstood as described below.
oxidation-sulphidation attack can be a major problem. As far as the exposure in $SO@s concerned, it is
Compositional flexibility of the MCrAI(X) bond coat- usually assumed in the literature [5], that the partial
ings (with M= Ni, Co and X=, Hf etc.) makes them pressures of oxygen and sulphur are determined by the

suitable for a great variety of service conditions. following dissociation equilibrium:
The presence of aluminium in these alloys provides
good oxidation resistance which can be still further 2SO & S+ 20,

improved by small additions of the, so-called, reac-

tive elements (Y, Hf, Ce etc.). Relatively high con- It should, however, be noted that even if pure,SO
tent of chromium provides some resistance against hois heated to high temperatures, partial pressures,of O
corrosion. The proper Cr/Al ratio allows for flexible and $ are not only due to the dissociation of §O
control of the alloy composition which gives an oppor- It has been pointed out [5-7] that in $8ome sec-
tunity to improve the anticorrosive properties requiredondary reactions take place leading to the formation
for different environments at high temperatures. Theof multicomponent gas mixture, in which the ratio of
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oxygen to sulphur partial pressures differs considerablgrain size were obtained, one with higher porosity and
from that derived from the dissociation of $0nly. In  coarser grains, and another exhibiting lower porosity
pure SQ or in SO, + O, gas mixture the following and finer grains. The phase structure of both materials

reactions take place simultaneously: was studied by X-Ray Diffractometry (XRD) method.
It was found that the materials were heterogeneous and
250 & S+ 20, contained the/-Ni phase enriched in chromium with
250y + O, < 250 small amounts oB-NiAl. The material with finer parti-
cle size contained considerable amounts of elementary
23+ 02 ¢ 250 nickel.
S+ 0 & 2S0 The sulphidation process was carried out at temper-

atures 1173 K and 1273 K in#H,S atmospheres at

As a result, the following compounds can be presenfwo different sulphur vapour pressurgs; =10-° Pa
in the gaseus atmosphere: §0,, SO;, SO and $0O. (where the nickel sulphide is thermodynamlcally un-
When partial pressure of oxygen s relatively high, someStable) ands, = 1 Pa (where the sulphides of all alloy
reaction can be neglected due to their small influence oROMponents may be formed). The sulphidation expo-
the partial pressure of Cand $, whereas none of the Sures were pe_rformegl in the apparatus descrlb_ed else-
reactions mentioned above can be ignored when deafvhere [8]. Their duration depended on the reaction rate

ing with pure or slightly oxygen-contaminated sulphur @nd varied from a period of few hours at high sulphur
dioxide. pressures to twenty hours at low sulphur pressures.

The oxidation studies of the materials in “pure” SO

were carried out for an exposure period of 30 h. The
2. Experimental procedure details of the experimental methods have been given in
The alloys having the nominal composition Ni-22Cr- a previous paper [8].
10AI-1Y (in wt.%) were deposited on a steel substrate
by means of the Air Plasma Spraying (APS) method.
The steel substrate was cleaned and slightly griB. Results
blasted before spraying. Powders PT 2872 (Ni22C3.1. Kinetics
10AILY, powder size 45-104m) and AMDRY 962 Representative kinetic data is shown in Figs 1 and 2 for
(Ni22Cr10AI1Y, powder size 0-4mm) were used for exposures in BfH,S gas mixtures and S@tmosphere
deposition. The coatings were peeled off when theirespectively.
thickness reached 1 mm. The morphology of the de- The thermogravimetric studies in,HH,S atmo-
posited materials (surface and polished cross-sectiorgphere for the both materials indicate that the pro-
was examined using the Scanning Electron Microscopeess may be described generally by a parabolic law
(SEM) and the distribution of alloy components was ob-except for the material of lower porosity and smaller
served using the Energy Dispersive X-ray Spectromegrains atps,=1 Pa and 1273 K (Fig. 1b). At the ini-
try (EDX) methode. The materials consisted of layerstial stage of the process, the observed deviations from
in form of lamellas which result from the impact of this law may be due to the porosity of materials. At
the droplets on the substrate or on the prior solidifiedps, = 1 Pa and 1273 K, material having lower porosity
lamellas. The finer particle size of NiCrAlY powder and smaller grains sulphidised according to the linear
provided a finer microstructure with high number of law; after 30 minutes the whole specimen was prac-
small pores and higher content of oxides which werdically consumed which was not the case for the ma-
formed during spraying process. The coarser powdeterial of higher porosity and coarser grains, exposed
provided a coarser microstructure with few large poresunder the same conditions. The latter was not com-
Thus, two materials containing different porosity andpletely consumed even after 120 minutes exposure. At
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Figure 1 Sulphidation kinetics of the both Ni22Cr10AI1Y alloys irp#f>S atmosphere at 1273 K: a) pd, = 103 Pa, b) atps, = 1 Pa.
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TABLE | Identification of oxide and sulphide phases formed on Ni22Cr10AIL1Y alloy using X-ray diffraction method

Material

Exposure conditions

Detected phases

X-ray spectrum

Lower porosity and
smaller grains

Higher porosity and
larger grains

Lower porosity and
smaller grains

S@ 1173 K
SO, 1273 K

SO, 1273 K

HH2S mixture
ps, =1Pa, 1173K
Ha/HoS mixture
ps, =1Pa, 1173K
Ha/HoS mixture
ps, =1Pa, 1273K
Ha/HoS mixture
ps, = 1Pa, 1273K
Ha/HoS mixture
ps, = 1073 Pa, 1173 K
Ha/H2S mixture
ps, = 1073 Pa, 1273 K
Hy/HoS mixture
ps, = 1073 Pa, 1273 K
HWH2S mixture
ps, = 1073 Pa, 1173 K
Ho/H»S mixture
ps, = 1 Pa, 1173 K
Ho/H»S mixture
ps, =1Pa, 1273K
Ho/H2S mixture
ps, = 1073 Pa, 1273 K

NiO, CpOs, NiCr204 (1),
NiGI; (c)
AbO3, NiCr204 (1),
Cr0O3
AbO3, NizS (1),
NiCrOg, NiO, CrS3 (),
NiCrySy, Y3AI5012

NgSz, NizSy

NSz (), Al2Ss (1),
G1S3 (r), NiCrpS3
NgSz, NizSy

NSz (), Al2Ss (1),
G1S3 (r), NiCrpSy
CrS, CiSg, Cr5Ss

CrS, CrSg, CrsSs,
NiC5S4
CrSs

NS (1), NiCraSs,
Crs

NSz (1), Al2Ss (1),
G1S3 (r), NiCrpSy

NSz (1), Al2Ss (1),
G1S3 (r), NiCrpSy

CrSs

From the surface
From the surface

From powdered scale

From the surface
From powdered scale
From the surface
From powdered scale
From the surface
From the surface

From powdered scale

From the surface
From powdered scale
From powdered scale

From powdered scale

2,6 -
9 2,4 J Ni22Cr10AlY 8 30 4 Ni22Cr10AY
© 2,2 larger grains, higher porosity ]
T 201 Tt 2
* 1,8 °
g & 1,6 o g‘ 20
& E 147 c 5
-~ £ 1,24 ~ 5 15

o <]
£ £ 104 £ ¢
s = c =
o 0,84 SO o 10 ® 173K
E 0,6 4 2 ® 0 1273K
=) 0,4 ® 1173K % 5
] ] .o —0—

0.2 o 1273K . ooo >0
2 00 dreprer————————— g 0 s e
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
time [hours] time [hours]
(@) (b)

Figure 2 Oxidation kinetics of the Ni22Cr10AILY alloys in S@t 1173 and 1273 K: a) material having larger grains and higher porosity, b) material
having smaller grains and lower porosity.

T =1173 K andps, =1 Pa, both materials sulphidised 3.2. Morphology and phase composition
according to the parabolic law. For the sulphur par-The phase composition of scales formed on the studied
tial pressureps, =10~ Pa the sulphidation process materials was determined using the XRD method. The
followed the parabolic rate law at both temperaturesx-ray spectra were taken from the scale surfaces or/and
(Fig. 1a). powdered scales. The results are gathered in Table I.
The oxidation of both materials in S@ollowed the The morphology, microstructure and composition of
parabolic law at all temperatures (Fig. 2). Only dur-the scales were investigated by means of SEM and EDX
ing the initial reaction stages small deviations from thistechniques applied for surfaces and cross-sections of
law were observed. As expected, the oxidation rate inthe samples. The scale morphology and microstructure
creased with the reaction temperature. The alloy havwere found to depend mainly on the sulphur vapour
ing lower porosity and smaller grains oxidised appar-pressure in lYH»S atmosphere and not on the reaction
ently faster than the alloy exhibiting higher porosity temperature. The SEM images and EDX analysis of the
and coarser grains. surface and corss-section, respectively, of the material

687



(a) @

o e e A ¥ : L H-FAYS
Lives 100z Pr 00z Femaininad 0= Liwes s
Realt 149: ¢ Dezad eais
1 1
f
il
el
100z Remainina: 0=
% Dead
2 2
i
S 1
!
f g
e 4
SLO4E weld 0.1 3

(b) (b)

Figure 3 a) SEM image and b) EDX analysis of the surface of the ma- Figure 4 a) SEM image and b) EDX analysis of the polished cross-

terial Ni22Cr10AILY of lower porosity and smaller grains exposed in section of the material Ni22Cr10AI1Y of lower porosity and smaller

Ha/H2S mixture atps, =1 Pa and 1273 K (Au peaks result from the grains exposed in #H,S atmosphere aps, =1 Pa and 1273 K (Au

surface deposition of gold before SEM/EDX analysis). peaks result from the surface deposition of gold before SEM/EDX
analysis).

of low porosity and small grains exposedmt=1Pa from the powdered scale (Table I) it follows than that
and 1273 K are presented, as an example, in Figs 3—4. fiteneath this external layer a mixture of the sulphides
follows fromthese analysis thatfps, = 1 Pa, anexter- CrS, Al,S; and sulphospinel NiG6, was formed.
nal NizS; layer was formed. From XRD data obtained The sulphidation products formed on both materials
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were practically identical regarding their phase com- | 4%
position. Only small quantitative differences were ob- F#%
served. The nickel sulphide formed a thin outermost
layer from which the burls grew up in the form of big %
blisters and cylinders. The type of those burls indicates|
that they were the solidified dripstones o§8i/Ni eu- ¥
tectics which subsequently reacted further forming thej
nickel sulphide. None of the other alloy components g
was detected in burls. '

The SEM image and EDX analysis of the surface of §
the material of low porosity and small grains exposed ;
at ps, =103 Pa and 1273 K are presented, as an ex- 53
ample, in Fig. 5. From this analysis it follows that for e h, R
ps, = 1073 Pa a thin external layer of the £33 and 25kU X200 100Km 011374
Cr7Sg chromium sulphides was formed. From XRD
data obtained from the powdered scale (Table 1) it fol-
lows that beneath this layer, the chromium sulphide and
aluminium sulphide were formed. W

The nickel sulphide because of the thermodynamic |z | "%}
restrictions, could embody only the sulphospinel struc- |-
ture of (Cr,Ni)ALS, formula.

Fractured cross-section and EDX analysis of the al-
loy of smaller grains exposed in $@t 1273 K is pre-
sented in Fig. 6. Practically the same image is for the
material having coarser grains. A thin layer comprising
a mixture of the simple and complex oxides of alloy :
components NiO, AlO3, Cr,03, NiCr,04 was formed
on the surface of these materials. None of the detectec 1
oxides formed any separate, continuous and compac 3
layer or sub-layer. The greenish colour of the speci-
mens surfaces indicated that the main components o
the formed scale was the chromium oxide. In some re-|. .
gions on the surface of the scale a higher aluminium |
concentration was detected. Inside the scale, the traci .
amounts of the chromium sulphide and of the sulphos-
pinel of formula NiCpS, as well as of the garnet-type  |_
compound ¥%Als015 (YAG) [9] were found.

100z Femainings 0=
; Dhead

b

4. Discussion
The sulphidation rate of the material of lower porosity
and smaller grains was found to be slightly higher than
that of the material with higher porosity and coarser
grains at all the applied sulphidation conditions. It
increased with increasing reaction temperature, what
indicates that the sulphidation process was controlled
by diffusion of the reactants through the scale. The sul-
phidation reaction rate for both materials increased with | -
increasing sulphur vapour pressure. This resulted from|-
the completely different structure of the scale since, as 4
it has been already mentioned, at low sulphur vapour * -
pressure b, = 1072 Pa) the possibility of the forma- (b)
tion of the nickel sulphide on the Ni22Cr10AlY alloy is
to be excluded. The sulphidation rates of both materiFigU:eNl?zg)CSlEol\f\lilr:{ag?Iand b) EDX anab&sis ofI:he surface of the gn_a-

H erial NI I ol lower por05|ty ana smaller grains exposeda in
Z:Iso?/rsescl,(l)l[r)nhFi)girSaebclieattOt:]heozzr:?euggrizgtz\élr?SEO ]i%?r:LZALZIHZS atmosphe'n.a s, = 103 Paand 1273 K (Au peaks result from

. . . ! the surface deposition of gold before SEM/EDX analysis).
In Table Il the parabolic sulphidation rate constants

ko, calculated for both investidated materials are com-
pared with the corresponding literature data concerningesults from much higher porosity of sprayed materials
oxidation of other alloys. The rate constants obtainedhan vacuum inductcion melted alloys.
in this work are about two-three orders of magnitude In Table Il the parabolic oxidation rate constakygs
greater than those from the literature. This differenceén SO, obtained for both materials at 1173 and 1273 K
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Figure 6 a) SEM image and b) EDX analysis of the fractured cross-
section of the material Ni22Cr10AILY of lower porosity and smaller
grains exposed in SCatmosphere at 1273 K (Au peaks result from the

surface deposition of gold before SEM/EDX analysis).

ders of magnitude higher than those for chromia and/or
alumina forming materials. Thig-values for the alloy
having higher porosity and coarser grains are compa-
rable with those of a few reactive elements-free alloys
(positions 5, 6 and 16 in Table IIl). They are consider-
ably higher than the parabolic rate constants of yttrium-
bearing alloys.

From XRD and SEM/EDX analysis and thermody-
namic considerations it follows that under the nickel
sulphide layer a porous layer consisting of theSgr
and AbS; mixture and of the NiGIS; spinel was
formed for the materials exposed pf, = 1 Pa. The
lack of any distinct sulphidation layers resulted from the
porous structure of the initial material, which enabled
enhanced migration of the sulphur particles towards
the interior of the material and formation of the nickel
sulphide. Thus, the initially developed nickel sulphide
subsequently formed the eutectics with the nickel and
floated outwards forming the mentioned above burls.

Inside the specimen various discontinuities (pores,
cavities and fissures) were left as a result of the flow-
out of the liquid NS,/Ni phase. This explanation may
be supported by the fact that no other reaction front
boundary was detected. It was found, however, that on
the outer surface of the nickel sulphide the elemental
yttrium appeared which might be due to its previous
doping of the nickel sulphide scale.

The observed microstructures are consistent with the
observed sulphidation kinetics. The sulphidation rate of
both alloys at the sulphur vapour presspgg = 1 Pa
was by two orders of magnitude higher than that at
ps, = 1072 Pa. The thermodynamically stable nickel
sulphide, formed at the sulphur vapour pressue=
1 Pa, exhibits significantly higher defect concentration
within the cation sublattice than the chromium sulphide
which is the main component of the scale formed on
the alloys sulphidised at the lower sulphur vapour pres-
sure (102 Pa). The higher amount of defects enhances
the transport of cations, being nickel ions, through the
scale as well as the possibility of doping of trivalent
yttrium ions in cation sublattice which increases the
concentration of defects.

Yttrium was usually detected at the surface of grains
inthe outermost part of scale. Smell of thg31n the re-
action tube after the experiment pointed out that proba-
bly Al ,S; or another compound could formin the scale.
Analysis of the fractured and polished cross-sections of
the specimens after exposure indicated that the sulphi-
dation process of the studied alloys proceeded prefer-
entially along the discontinuities and grain boundaries,
where sulphur rich areas were detected.

From the equilibrium phase diagram of Ni-O-S sys-
tem [3] it follows that only NiO and/or NiS@are stable
phases in S@under studied conditions. Therefore, the
mechanism of the sulphide formation in the S&-
mosphere needs explanation. Because of lack of direct
method of studying this mechanism, and because of
complexity of the oxidation process any explanation

are compared with the corresponding literature data fohas to be somewhat speculative. The applied 8i©
chromia and alumina formers oxidized in air and oxy-most always contains some impurities of oxygen. At
gen. It appears that thg-values for the alloy having the equilibrium conditions, in the SG- O, mixture
lower porosity and smaller grains are two or more or-with a relatively high content of the oxygen impurity
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TABLE Il Comparison of parabolic rate constakgsbtained in this work (sulphidation of Ni22Cr10AI1Y in#H,S) with the literature data of
the sulphidation of Ni, Fe, Cr, Al alloys

Oxidation conditions

kp (g2 cm4 s71)

No. Alloy T (K) ps, (Pa) (parabolic) Ref.
This study:

1 Ni22Cr10Al1Y—larger grains, higher porosity 1273 x11073 1.4 x107°

2 Ni22Cr10AllY—Ilarger grains, higher porosity 1273 1 8% 1077

3 Ni22Cr10Al1Y—smaller grains, lower porosity 1273 x110~3 53x107°

Ni based alloys:

4 Ni48A14Cr (vacuum induction melting) 1173 0.32 %3109 [11]
5 Ni48AI4Cr (vacuum induction melting) 1273 0.32 x71078 [11]
6 Ni48AI4Cr (vacuum induction melting) 1173 41073 1x 10711 [11]
7 Ni48Al4Cr (vacuum induction melting) 1273 41072 2x 10712 [11]
8 Ni51.8Al (vacuum induction melting) 1173 1 10710 [12]
Fe based alloys:

9 Fe26Cr (vacuum induction melting) 1073 x11073 1x10°8 [13]
10 Fe23.4Cr18.6Al 1073 %103 1x 10710 [9]
11 Fe26.6Cr 1073 ¥ 1073 1x1077 [9]

TABLE |1l Comparison of parabolic rate constakjsobtained in this work (oxidation of Ni22Cr10AI1Y in SPwith the literature data of the
oxidation of Ni, Cr, Al, Y alloys in air and oxygen

Oxidation conditions

kp (g% cm4 s71)

No. Alloy T (K) Gas (parabolic) Ref.
This study:

1 Ni22Cr10Al1Y—larger grains, higher porosity 1173 80 21x 1071

2 Ni22Cr10Al1Y—larger grains, higher porosity 1273 £0 58x 10711

3 Ni22Cr10Al1Y—smaller grains, lower porosity 1173 £0 83x 10711

4 Ni22Cr10AlIlY—smaller grains, lower porosity 1273 $0 9.9x107°°

Chromia formers:

5 Ni30Cr 1273 Q, 10* Pa 2x 10711 [14]
6 Ni40Cr 1273 Q,10° Pa 5% 10711 [15]
7 Ni20Cr-3 vol.% Y03 1273 G, 1.3x 10* Pa 6x 10713 [16]
8 Ni20Cr-3 vol.% Y03 1273 Air 3x 10718 [17]
Alumina formers:

9 Ni13Al 1273 Air 5x 10713 [18]
10 Ni1OCr5Al 1273 Air 6x 10713 [19]
11 Ni10Cr5A10.5Y 1273 Air 4¢ 10713 [19]
12 Ni16Cr6A10.1Y 1273 Air 5¢ 10714 [20]
13 Ni16Cr6A10.3Y 1356 @ 10° Pa 2x 10712 [21]
14 Ni18Cr12AI0.3Y 1356 Q 10° Pa 6x 10712 [21]
15 Ni35Cr6A10.95Y 1356 Q10 Pa 6x 10712 [21]
16 Ni20.7Cr8.8Al 1373 Air 10711 [22]
17 Ni20.7Cr8.8Al1.0Y 1373 Air X 10712 [23]

in the sulphur dioxide reaching up to about 0.01%, theThis problem even raises its validity when these materi-

sulphur partial pressure falls drastically a few ordersals are applied in the form of thin layer bond coats. The

of magnitude lower than the dissociation pressures ofocal effects are expected to play an important role in

nickel and chromium sulphides. The $Q@as, when the degradation process which, thus, should be studied

migrating through pores and other discontinuities intousing more adequate and sometimes dedicated methods

the inner part of the material reacts with it forming enabling direct analysis of the gas in the reaction zone

the oxides of the alloy components. This consumptiorand getting information from small regions.

of the oxygen leads to some increase of the sulphur

partial pressure. As the latter becomes higher than the

dissociation pressure of either chromium or nickel sul-5. Conclusions

phide, these compounds might be formed. This hypothFrom this study of the corrosion behaviour of

esis seems to be supported by the fact that the are@§22Cr10AIY alloy in sulphur-containing atmospheres

with the presence of the sulphur have been detectethe following conclusions can be drawn:

always in the pores and discontinuities of the studied

material. 1. At high sulphur vapour pressuregs, = 1 Pa,
Because the porosity of studied materials may conthe destruction of the alloys studied here proceeds

siderably affect the oxidation process, it is difficult to instantly due to the formation of highly defective and

elucidate their degradation mechanisms more in detaifast-growing nickel sulphide N&,.
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2. At low sulphur vapour pressures;, = 1073 Pa, 4.

the rate of sulphidation considerably decreases due to
the formation of more protective layers of chromium
sulphides and sulphospinels (Cr,Ni}»S.

3. Yttrium appears only on the surface of nickel sul-

phide presumably as a built-in trivalent cation dopant 7.3. G
. Z. ZUREK, J. Thermal Anal39(1993) 15.

9.

into the nickel sulphide lattice.
4. The rate of sulphidation of the alloy having

smaller grains and lower porosity is higher than that;q

of the material exhibiting coarser grains and higher

porosity which means that the material of higher poros-1.

ity with larger grains suffers the sulphidation treatment
more slowly than that of a lower porosity with smaller
grains.

5. The oxidation process in S@tmosphere follows
the parabolic law at both used temperatures (1173 and
1273 K); the material of smaller grains and lower poros-!
ity oxidises faster than the material of larger grains and ¢
higher porosity.

6. On the surface of the studied materials exposeds.

in SO, a thin scale layer is a mixture of the nickel,
aluminium and chromium oxides and of chromium-
nickel spinel.

7. In the oxide scale formed in $SOtrace amounts g

of the aluminium sulphide appear only in some areas
in the scale.
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