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The calcium sulfate-induced corrosion behavior of binary Fe-Cr alloys has been
studied at a temperature of 1223 K under an oxygen partial pressure of 10712 atm,

generated using a CO/CO, gas mixture. These conditions are intended to simulate

the oxygen activities in the low oxygen partial pressure locations in the fluidized bed

combustor. After exposure the surface and cross-section morphologies of the scale and
alloy were examined using optica.I metallography and scanning electron microscopy.
Qualitative chemical analysis of the scale was performed using an EDX unit attached
to the SEM. Phase identification was carried out using X-ray vdiﬁ'ra.ction. It was
found that under this low oxygen activity, the presen'ce of calcium sulfate induces
sulfidation/oxidation corrosion. The formation of internal Cr-rich sulfide/oxide parti-
cles in the underlying alloy below an inner Cr-rich oxide layer was generally observed.
The reaction products between the oxide and the calcium salts formed at the external
surface of scale on iron-chromium alloys, such as a eutectic Ca0-Cr,03 oxide mixture,
appear to be insignificant in controlling the overall degradation process. The corrosion
mechanism appears to be a sulfidation/oxidation procéss consistent with the low oxy-
gen partial pressure and the relatively high sulfur p.cfivity calculated from the Ca-O-S

equilibria.



1. Introduction

Sulfur is a critical impurity in almost all fossil fuel energy sources used in the
power generation industries. In practical coal utilization situations structural alloys
are exposed at high temperatures to atmospheres containing oxygen and sulfur. One
example of a coal utilization industry in which sulfidation/oxidation corrosion is a
potential problem, is fluidized bed combustion. This process, and its potential advan-
tages, have been described in detail .elsewhere(l). The bed operating temperature is
usually in the range of 1023-1223 K. Limesﬁone may be added as a sulfur dioxide sor-
bent to bed to effectively reduce SO, emission release from the fuel during combustion.
When this is done, calcium sulfate deposits on the hotter metal surfaces of the in-bed
heat exchangers and the uncooled support structure. The oxygen partial pressure
within the bed, measured using zirconia probes, fluctuates rapidly with minimum
values which may be as low as 10712 - 1071* atm at a bed temperature of 1223 K(23),
The calcium sulfate deposited on the hotter metal surfaces could be decomposed
locally in the local low éxygen partial pressure region, and consequently significant sul-

fur partial pressures would be developed(*?).

It has béen shown that sulfidation of some of the constituents of typical alloys is
certainly possible(®. The sulfur is present as sulfides in -the metal ahead of the oxida-
tion front: the presence of those sulfides appears to prevent the alloy forming a con-
tinuous protective CryO3 scale, and the alloy oxidizes rapidly. .In many cases, the
sulfides formed are chromium-rich, and it has been suggested that the rapid corrosion
is due to the depletion of the chromium in the alloy. However, other studies have

(7839). The pre-

_shown that the calcium itself may be a factor in the corrosion process
formed Cry0O3 layer could be destroyed due to the formation of a compound oxide

Ca0-Cry03 or CaO-Fe,03, which is capable of forming a low melting point eutectic.



Materials testing in a fluidized bed combustor is expensive and time consuming,
and it is very difficult to determine the reaction mechanism. Thus, a simple labora-
tory method which may give comparable results is valuable. A simple laboratory cru-
cible experiment to determine the reaction mechanism was performed by Stringer and
Whittle(s), studying commercial alloys such as Incoloy 671 and Type 316 stainless
steel, in a CaSO,/graphite powder mixture in a crucible. The role of the graphite, it
was suggested,v was to keep the oxygen partial pressure low enough to decompose the
CaSO,. It was demonstrated that sulfidation/oxidation attack of alloys similar to that
observed in actual combustors can be induced in calcium sulfate at low enough oxygen
activities. Mark, Lin, Stevenson and Stringer(!®) extended this study, using environ-
ments of CaSO,/CaO powder mixtures and CO/CO, gas mixtures having a range of
oxygen partial pressures, and exposing commercié.l alloys such as Type 304 stainless
steel and Incoloy 800. They showed that sulfidation/oxidation type attack of the
alloys, especially preferential penetration of sulfides along the grain boudaries of the
alloy, is responsible for the rapid corrosion. Akuezue(® demonstrated that the forma-
tion of a CaO-Fe,O; compound with a spinel structure appeared to be associated with

the rapid corrosion of alloys. Various mixtures of CaSQ,, CaO and graphite powders,

. and several materials such as pure Fe, Fe-Cr alloys, stainless steel, Incoloy etc were

used in this laboratory study.

In the present sﬁidy, the corrosion type and the attack ﬁxode induced by calcium
sulfate on the protective Cr,O5 scale and the alioy were examined in environments of
controlled oxygen and sulfur partial pressures connected through the 05804/ CaO/CaS
equilibria, ﬁsing CaS0O,/CaO powder mixture in a crucible and CO/CO, gas mixtures
to define the oxygen partial pressure. Ferritic binary Fe-Cr alloys were chosen as the
CryOg-formers in part because alloys of this type are ca.ndida.tes_for in-bed com-

ponents, and in part to avoid the complication of the presence of nickel in the austeni-



. tic stainless steel alloys. Iron and chromium are the major components present in the
stainless steels used in applications such as coal combqstion. The morphological
changes in the scale and the scale-alloy interface, the phase distribution in the reaction
product, and the development of corrosion have been observed, to obtain further
metallographic evidence to establish the reaction characteristics more fully. Emphasis
was placed on the distribution of sulfide in the alloy which usually determines the

overall rate of material degradation.
2. Experimental
2.1. Specimen preparation

The iron-chromium alloys were melted in an induction furnace under vacuum,
and éast into 50 mm diameter ingots. The chemical compositions of the alloy ingots
are shown in Table 1. The cast ingots were homogenized at 1473 K for 24 hours. The
alloys were then cut into test coupons measuring a;pproxima.tely 10 x 10 x 1 mm. The
specimgns were wet 'polished_ on SiC papers ranging from 180 grit to 600 grif under
flowing water, and then thoroughly washed with soap solution, distilled water and
ethanol. Prior to oxidation the dimensions of each test sample were measured using a
micrometer. To determine the amount of oxidation which had occurred, the weight of
each specimen was measured using an analytical torsion balance before and after each

oxidation test.
2.2. Corrosion experiments.

The oxidation tests were conducted in a vertical tube furnace at a temperature of
1223 K for different time intervals up to 200 hours. The specimens were wholly
immersed in the powder bed. The detailed experimental conditions are 'shown in
Table 2. Mixtures of reagent grade CaSO, and CaO were used. A gas mixture of
CO-CO, having a specified 6xygen activity was passed over the powder bed. The

certified grade CO-CO, gas mixtures were supplied’ premixed by Matheson Gas
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0112 atm was selected based on the

Products Co. The oxygen partial pressure of 1
measured values of CO-content in the gas in a fluidized bed using a zirconia probe.

The local Pg, and Pg, near the specimens inside the powder bed were calculated from

the CO-CO, equilibria and the CaSO4CaO equilibria. ngure 1 shows the schematic
diagram of the experimental apparatus. The alumina crucible containing the speci-
mens immersed completely in the powder mixture was introduced from the top of the
furnace, supported by an alumina rod attached to the crucible with alumina pins.
After purging the apparatus with dry argon gas, the premixed gas mixture was admit-
ted to the reaction chamber, and then the crucible was lowered to the furnace hot
zone. At the completion of an oxidation run, the specimens were .raised to the cold

part while flushing with argon.
2.3. Analysis of corrosion products

After oxidation, t.:he bed material adhering to the external surface of the oxidized
specimens was removed, by blasting off dust with compressed air and then by ultra-
sonic cleaning with ethanol solution. After weighing, each test specimen was cold-
mounted in epoxy resin and sectioned for metallographic examination. The mounted
specimens were wet ground mechanically in cross-section using SiC abrasive papers
from 180 grit to 600 grit, and then ground finely on alur.nina. papers using lapping oil.
Fine details of the cross-section were resolved after fine polishing by using 1 gm dia-
moﬁd péste under flowing Kerosene oil. The unetched cross-section morphologies of
the scale and alloy were first examined using optical metallography. Following this
examihation of the unetched sp‘ecimen, Villela’s reagent(5 ml HC], 1 g picric acid, 100
ml ethanol) was used as an etchant to reveal the grain boundaries of the alloy. Alter-
natively, a 10% bromine-90% methanol solution was used to dissolve away the metal,’
revealing the morphology of the inner surface of scale at the scale-alloy interface .

without destroying the scale mechanically, irrespective of whether the scale was in



direct contact with alloy or separated from it. The morphology of the scale and alloy
in cross-section after etching by Villela’s reagent or by the bromine-methanol solution
were examined inA the optical microscope and then in more detail using the Scanning
Electron Microscope(SEM). In the latter case, the specimens were coated with con-
ducting materials. Carbon was used mainly for coating the specimen surface, and
sometimes aluminum and gold were also used. The morphologies of the outer surface,
of the fractured section and of the inner surface of the stripped scale were also
observed carefully using the SEM.

The chemiéal analysis of the corrosion products was carried out with an Energy
Dispersive Analysis of X-rays(EDX) unit attached to the SEM. The elements present
were identified from the peak positions a.n‘d analyzed quantitatively from the net
inténsity after substracting the background. The spatial distribution of each element
was determined mainly from the EDX elemental mapping of selected areas, and less
frequently from line-scans, as well as from quantitative analysis of small selected areas.

The major crystallographic phases present in the corrosion products were
identified using X-ray diffraction(XRD). A X-ray diffractometer using Cu-K, radiation
and Ni—ﬁlter. step-scgnned at a very slow speed of the order of 1°/min, on the external
surface of oxidized sé.mples and less frequently on the .outer surface of the descaled
alloy substrate. The phases present in the scale were identified from the characteristic

peak positions and the corresponding intensities.
3. Results
3.1. Kinetics

Figure 2 shows the weight gain of the Fe-20Cr alloy and the Fe-25Cr alloy as a
function of exposure time in the low external Pg, environmen1:(P02=10'11'2 atm) in the
CaSO4/CaO-mixture at 1223 K, illustrating the effect of the Cr-content in the alloy.

At the early stage of oxidation until 100 hours, the Fe-20Cr alloy showed better

.
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oxidation resistance than the Fe-25Cr alloy. The weight change of the Fe-20Cr and
the Fe-25Cr alloy after 100 hours oxidation was 2.07 mg/cm? and 3.10 mg/cm?
respectively. Breakaway kinetics was observed after an exposure of 150 hours in the
Fe-20Cr alloy. In the Fe-25Cr alloy, the weight change increased slightly as the reac-

tion time increased, still showing protective behavior.
3.2. Scale morphology and chemical composition.

As the chromium content in the alloy wa;s increased, the scale formed on the
alloy surface became thin, and the chromium content in the scale was increased. A
thin adherent Cr,Oj; scale was formed nearly uniformly on the alloy surface at the
early stage of oxidation, from the 20 wt.% Cr in the alloy. Even in the CaSO,
containing environments, no internal sulfidation was observed in the Fe-25Cr alloy.
Howéver, the Fe-20Cr alloy oxidized severely showing the characteristics of sulfidation,
and the Fe-18Cr alloy oxidized more rapidly also showing sulfidation. The following

discussion refers mainly to the Fe-20Cr alldy.

Figure 3 illustrates the breakaway process for the Fe-20Cr alloy in the

CaSO,/Ca0 mixture in the low external Po, environment;(PC,2=10'_u'2 atm) at 1223 K.

Cross-section morphologies consistent with the kinetic curve shown in Figure 2 exhibit
the breakaway process of the‘thin compact chromium oxide scale to a thick two-layer
scale composed of an outer Fe-oxide ‘layer and an inner mixed Fe-Cr oxide layer. The
protective chromium oxide scale formed on the Fe-20Cr alloy had broken away after
150 hours oxidation. Figure 3a, 3b, 3¢, and 3d show the compact chromium-rich oxide
scale with a thickness of about 3-4 um, 6 ﬁm, 9-10 pm, and 14-15 pm, respectively.
The scale had grown gradually as the exposure time increased. At the early stage of
oxidation, the grain size of oxide was about 1 um in the thin adherent chromium oxide
scale with a thickness of about 5 um. The morphology of the scale at the scale-alloy

interface was wavy. Figure 3e shows the two-layered scale, with a thickness of 50 um,



which was composed of an outer iron-rich oxide layer and an inner Cr-rich oxide layer.
After the thickening and the separation of the scale, the overall scale was composed of
two layers; an outer thick iron-rich oxide layer, and an inner relatively thin Cr-rich
oxide layer. The external scale contained little or no chromium, no sulfur, and
apparently no calcium at least close to the interface. The inner chromium-rich oxide
layer contained some iron-rich regions which appeared under the optical microscope to
be metallic iron. Figure 3f shows the thick two-layered scale composed of an outer
Fe-rich oxide layer and an inner mixed Fe-Cr oxide layer, which gradually spreads,
destroying the remaining protective scale; part of the scale is still prdtected by the
chromium oxide, part shows the thick scale. The inner mixed Fe-Cr oxide layer was
more porous and non-compact. The innermost thin chromium-rich oxide layer with a

thickness of approximately 5-10 um was formed near the scale-alloy interface.

In the metal, isolated particles rich in Cr and S but very low in Fe were detected.
The maximum depth of the internal sulfidation zone containing Cr-rich sulfide parti-
cles below the inner chromium oxide layer was approximately 20-30 ym in the Fe-20Cr
alloy. It is possible that oxides or oxysulfides might have been present in this zone,
but in the absence of an oxygen-distribution determination it is not possible to be
sure. However, the appearance of all the particles is consistent with their being CrS.
Discrete internal chromium-rich sulfide particles were globular in shape and aligned to
a constant depth in the alloy parallel to the scale-alloy interface. Oxide intrusion into
the alloy matrix, containing some sulfur, and globular Cr-rich sulfide particles just
below them were also observed. Figure 4 shows an SEM micrograph exhibiting the
cross-section morphology of an Fe-20Cr alloy oxidized for 150 hours in the

CaSO,/CaO mixture in the low external P, environment:(Poz=10'“'2 atm) at 1223 K.

Figure 5 shows the sulfur distribution through the thick two-layer scale. Sulfur was

detected at the boundary region between an outer Fe-rich oxide and an inner Cr-rich



oxide, and between an inner Cr-rich oxide and alloy. Sulfur was also randomly distri-
buted in the dr—rich region in the scale. The observation of Cr-rich sulfides within
and just below the thick two-layer scale suggests that this internal attack may be
correlated with the formation and growth of the thick scale. There was a strong ten-
dency for the scale to spall off more easily in the sulfur-containing environment, indi-
cating that sulfur may be closely related with the non-adherency and the premature

breakaway of the Cry,O3 scale.

A scale composed of an outer (Ca/Cr) oxide layer and an inner Cr-rich oxide
layer was produced on the Fe-éOCr alloy surface locally, as shown in Figure 6. The
(Ca/Cr) oxide formed on the external surface of the oxidized samples as a reaction
product appears to be a mixture of CaO and CryOj3, based on the EDX analysis results
and on the CaO-CryO; phase diagram. In all cases, the mixture of CaO and Cry,0O;
was uniformly distributed, not too thick, and did- not reach-the bare alloy surface,
which was always well covered by the inner Cr-rich oxide-layer. The CaO and Cry04
oxide mixture was also formed on the external surface of the oxidized samples as a
reaction product, with the iron oxide just above the thin Cr-rich oxide layer. The
CaO and Fe,O3 oxide mixture was not continuously distributed, and not deep enough
to penetrate through the thin Cr-rich oxide layer, rea.c.hing* the scale-alloy interface.
No Ca-bearing species were detected at or below the scale-alloy interface. CaQ-Cr,0;
“or Ca0O-Fe,Oj3 single phase was not detected on the surface of the-oxidized samples by
XRD in any case, just a mixture was observed in the microscope. There was no evi-

dence of compound oxide formation, either in the Ca-Fe-O or Ca-Cr-O system.
4. Discussion

Calcium sulfate is solid and thermodyﬁa.mica.lly stable in air in the temperature
range 1023-1223 K(u); this is the operating temperature range of a fluidized bed

combustor. However, calcium sulfate deposited on the hotter metal surfaces in
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fluidized bed combustors-would be decomposed to SO, at a relatively low oxygen par-
tial pressure.
CaSO, = Ca0O + SO, + 1/2 O,
SOy =1/2S5,+ Oy

Figure 7 shows the thermddyna.mic phase stability diagram for the Ca-O-S sys-
tem at 1223 K12 If the oxygen partial préssure is sufficiently low, the sulfur activity
could be increased theoretically to a level equal to that at the CaSO,/CaO/CaS triple
point within the bed of a fluidized bed combustor. ‘In other words, the sulfur activity

within the bed could be increased to 107> atm at 1223 K.

The severe sulfidation/oxidation t};pe attack induced by CaSQOy occurred locally,
as shown in Figure 8, accompanying the breakaway of the protective chromium oxide
scale on the iron-chromium alloy. It is believed that the sulfur activity is increased
high enough to sulfidize the alloy along the CaSO,/CaO equilibrium line as a direct

consequence of the low oxygen partial pressure. This indicates that generation of a

sulfidizing gas mixture by the principal components of a compact deposit, i.e. CaSO, .

and CaOQ, is a possible mechanism of sulfidation relevant to fluidized bed combustor.
In other words, the sulfur-containing species was evolved from the CaSO,/CaO equili-
brium in the low oxygen partial pressure atmospheres created by the CO/CO, gas

mixture.

Iron-rich oxides, chromium-rich sulfides and CryO3 developed as corrosion pro-
ducts. A solid state reaction between a CaSO, deposit and a protective Cr,O3 scale is
probable, but not serious. The reaction products formed at the external surface of the
scale on the iron-chromium alloys, such as a CaO and CryO3 oxide mixture and a CaO
and Fe,O; oxide mixture appear to be insignificant in controlling the overall corrosion
mechanism. In the environment of a moderately low oxygen partial pressure a.ndAa.

relatively high sulfur partial pressure, Cr-rich sulfides were formed below and within



L]

- 11 -

the scale. The chromium content in the alloy was critical ie. low chromium alloys
such as Fe-15Cr and Fe-18Cr were more sﬁsceptible to sulfidation/oxidation type
attack. A uniform band of discrete globular chromium sulfide particles below an inner
thin chromium-rich oxide layer was the most common observation locally, which seems

to be significant in the long-term oxidation.

The distribution of the internal Cr-rich sulfide particles in the alloy seems to be
critical, as well as the chromium depletion caused by the sulfur pick-up locally. Inter-
nal sulfidation of the metal below an inner thin chromium oxide could be a precursor

to breakaway corrosion.
5. Conclusion

Calcium sulfate coupled with local low oxygen activities induces
sulfidation /oxidation corrosion. The general appearance of the corrosion microstruc-
ture is consistent with the sulfur activity expected from a consideration of the Ca-O-S

stability diagram. Reaction between the protective oxide and the calcium containing

salts may occur, but does not appear to play a signiﬁca.nt role in the corrosion process.
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Figure captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Schematic diagram of experimental apparatus.
The variation of weight gain of Fe-20Cr and Fe-25Cr as a function of
exposure time.

Optical cross-section morphology of Fe-2OCr/oxidized in the CaSO,/Ca0O
mixture in the low external Py  environment (Po ,=10"!% atm) at 1223

K.

Scanning micrograph showing the cross-section morphology of Fe-20Cr
oxidized for 150 hours in the CaSO,/CaO mixture in the low external

Py, environment at 1223 K.

Scanning micrograph showing the cross-section morphology of Fe-20Cr
oxidized in the CaSO,/CaO mixture in the low external Py, environ-
ment (Pp =10"'12 atm) for 200 hours at 1223 K.

Scanning micrograph showing the cross-section morphology of Fe-20Cr
oxidized in the CaSO,/CaO mixture in the low external Py, environ-
ment (P02=10‘"'2 atm) for 200 hours at 1223 K. Fe-, Cr-, Ca- and S-
line scan through the scale.

Simplified stability diagram for the Ca-O-S system, Fe-O-S system, and

Cr-O-S system at 1223 K.

A schematic of the corrosion induced in Fe-Cr alloys in the presence of

CaSO, and a low oxygen partial pressure atmosphere.
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Table 1. Chemical composition of all.oys tested.
( unit : weight percentage )
. nominal
Fe Cr
composition
Fe-15Cr 84.40 15.60
Fe-18Cr 81.82 18.18
Fe-20Cr 79.24 20.76
Fe-25Cr 74.22 25.78
Fe-30Cr 69.63 30.37

* analyzed in EDX
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Table 2. Experimental conditions in crucible test.

alloy tested

. temperature

external environment

gas flow rate

powder bed

¥*
environment inside bed

(near specimen surface)

duration

Fe-15Cr, Fe-20Cr, Fe-25Cr

1223 K
1.2%2 CO - 98.87% C02 ,
PO = 10-11'2 atm

2
0.1 cm/sec
CaSOA/CaO

(38mm diameter x 38&m height)

S, = 10-’4"S atm

P -11.2 P
’ 2

02 = 10

25, 50, 100, 150, 200 hours

* thermodynamically calculated value.
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