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ABSTRACT

The corrosion behavior of iron-chromium alloys in sulfur- containing environ-
ments has been studied in controlled oxygen and sulfur partial pressures. The partial
pressures were chosen to simulate the sulfur and oxygen activities in low oxygen par-
tial pressure locatiohs such as those in fluidized bed combustors. The high-
temperature metal surfaces are cO\}ered with a calcium sulfate deposit. It was found
that the calcium sulfate coupled with local low oxygen activities induces

sulfidation /oxidation corrosion.

Although the sulfur activity in the atmosphere is important in determining
whether or not sulfidation/oxidation corrosion took place, the development of the
attack is much more sensitive to the actual SO, partial pressure. Discrete internal
Cr-rich sulfide particles were formed in the underlying alloy below an inner Cr-rich
oxide layer. The development of interné.l sulfides is followed by in-situ internal oxida-
tion of the sulfides, instability of the interface between the scale and alloy, leading to
the incorporation of fragments of the more noble metallic constituents in the scale,
and finally the destruction of the ability of the alloy to regenerate the protective

oxide.



The reaction kinetics associated with this morphological development are of the
breakaway type. Sulfidation/oxidation is a breakaway process. After breakaway, thg
metal oxidizes to form a non-protective characteristic two-layer oxide scale. It is
shown that the breakaway can be correlated with the development of a ”critical
microstructure”. The potential benefit of such an identification is that the prospect of
breakaway can be identiﬁea by microstructural studies of specimens corroded for rela-

tively short times, and may allow for quantitative modelling of breakaway.
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1. Introduction

Resistance to high temperature corrosion is an absolute requirement for materials
used in any corrosive environment at high temperatures. One of the methods for
alloys to protect themselves is to form their own’ slowly-growing prétective scale!; a
continuous, adherent, compact oxide, to reduce their rate of reaction with the environ-
ment. A typical protective oxide scale for many high temperature alloys is Cr,0,.
Evidently, the clear understanding of the nature and mechanism of breakdown of the
protective chromium oxide scale is of vital significance to corrosion engineers both
theoretically‘ and practically. The breakdown mechanism of the Cr,0; scale by tﬁer—
mal and mechanical stresses in an oxidizing atmosphere has been studied by Whsttle 22

et al.

However, in practical situations such as a fluidized bed combustor, alloys are
exposed at high temperatures to atmospheres containing oxygen and sulfur. Sulfur is
a critical impurity in almost all fossil fuel energy sources used in the chemical, metal-
lurgical and power generation industries. Therefore, a basic understanding of simul-
~taneous oxide and sulfide formation, or of sulfur penetration through a Cr,0; scale
and into an alloy, is of technical impo;'tance, in order to develop alloy systems capable
of resisting an ultimate corrosive degradation in these severe environments. Basically,
the protective Cr,0, scale must be able to resist sulfur penetration. An example of
current interest is the case of in-bed materials in fluidized bed combustors operating.
with relatively low excess air to maximize their eﬂiciéncy. The environment within a
fluidized bed combustor is markedly different from that in conventional coal combus-
tion systems*®. The bed operating temperature is usually in the range of 1023-1223 K.
The oxygen partial pressures within the bed, measured using zirconia prbbes, fluctu-
ates rapidly with minimum values which may be as low as 107210 atm® at a bed

temperature of 1123 K. Limestone may be added as a sulfur dioxide sorbent 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

7. The calcium sulfate deposit on the

exchangers and the uncooled support structure
hotter metal surfaces above approximately 823 K, is well-bonded and has a very low
porosity.

It has been shown®’ that under these circumstances, alloys may undergo
sulfidation /oxidation corrosion. The sulfidation/oxidation corrosion is of most impor-
tance in nickel or cobalt-base alloys. The sulfur is preéent as sulfides in the metal
ahead of the oxidation front: the presence of thosé sulﬁdes appears to prevent the
alloy forming a continuous protective Cr,04 vscale, and the alloy oxidizes rapidly. In
many cases the sulfides formed are chromium-rich. Nickel-base alloys at temperature
above 873 K are very rapidly attacked. High chromium iron-base alloys are relatively
resistant, and alumina-forming.high chromium Fe-Cr alloys such as Fe-25Cr;4Al-
1Y(GE 2541) have excellent corrosion resistance. However, these latter alloys have
relatively poor mechanical properties, and would be >used only as coatings or claddings.
For fluidized bed boilers, éhromia—forming stainless steels such as Fe-10Ni-18Cr(type
304 or type 347) have been proposed as materials for high temperature tubing, and
alloys such as Fe-25Cr-20Ni or Fe-25Cr are being evaluated for uncooled support

members in fluidized bed combustors®1°.

However, other studies have shown that, under some circumstances, the calcium
itsell may be a factor in the corrosion process. Perkins!! showed that the pfeformed
Crq04 layer could be destroyed due to the formation of a compound oxide CaO- Crqy03
which is capable of forming a low melting point eutectic. Akuezue!? also demonstrated
that the formation of a compound CaO-Fe,O3 phase which melts at relatively low
temperatures was related to the rapid corrosion. However, both of these laboratory

studies were at temperatures somewhat above those encountered in fluidized bed



combustors, and these phases have not been observed in any significant quantities in

the corrosion products from actual combustors '°.

“Materials testing in a ﬂuidi_zed bed combustér is expensive and time consuming,
and it is very difficult to determine the reaction mechanism. Thus, a simple labora-
tory method which r;la.y give comparable results is valuable. The early work to deter-
mine the reactionk mechanism was done by Stringer and Whaittle '*, using CaSO , powder
and graphite in a crucible, and they reproduced the general form of the results in
practice in this simple laboratory test. Later on, Stringer!® et al continued the study
using CaSO,/CaO powder and the CO/CO, gas mixture to define the oxygen partial

pressure. But there was no independent measurement of the sulfur partial pressure.
1.1. Basis of the present work

From the earlier studies described above, it appears that the reaction mechanism
is as shown schematically in Figure 1. The unanswered questions relate to the way in
which sulfidation can occur beneath the oxide scale, the breakdown of the protective
oxide, and the possible role of calcium-containing species in the reaction. To answer

‘these question, three distinct experimental programs were conducted;

(1) The corrosion behavior of iron-chromium alloys in the presence of calcium sul-

fate.
~(2) Corrosion behavior of iron-chromium alloys in mixed gas atmospheres.
(3) Development of microstructure giving rise to breakaway oxidation.

This laboratory scale research project was organized to pass through three phases
in proper sequence, by following a postulate based on the previous experimental

results, in order to determine the cause of the material degradation processes.

In the first phase, the corrosion type and the attack mode induced by calcium

sulfate were examined in environments of controlled oxygen and sulfur partial pres-



sures connected through the CaSO,/CaO/CaS equilibria, using CaSO,/CaO powder

mixture in a crucible and CO/CO, gas mixtures to define the oxygen partial pressure.

In the second phase, the mechanism of sulfidation/oxidation corrosion and the
breakaway process in the oxygen- and sulfur- containing atmospheres were examined,
using a gas mixture rather than CaSO, powder. CO-CO SO, gas mixtures at one
atmosphere total pressure were used to Study the specific corrosion phenomena in
question. The CO-CO S0, gas mixtures have been used to produce the environments

of controlled oxygen and sulfur partial pressures (Pp,=107*-107%, Ps =104 10*°
atm), without using any Ca-containing species.

In the third phase, the development of microstructural features correlated with
breakaway oxidation has been examined. The transport of sulfur-bearing species
through the initially formed Cr,0; scale and in the underlying alloy, the mode of
internal sulfidation in the alloy with different grain structure, and the oxidation of the
internal sulfides i.e. the oxidation of two phase system has been examined. Finally,
breakaway oxidation is discussed, correlating the growth kinetics and the microstruc-

tural changes.
1.2. Scope of present work

A basic understanding of the undesirable degradation of structural materials in
fluidized bed combustors is of primary coﬂcern in this study. Material degradation
involves the breakdown of the protective Cr§03 scale followed by the accelerated loss
of metal. Iron-chromium alloys have been tested in a sulfur-bearing environment,
attempting to simulate conditions whicﬁ have been shown to be approprié,te for in-bed

locations in fluidized bed combustors.

The ferritic binary Fe-Cr alloys were chosen as the Cr,O g formers in part
because alloys of this type are candidates for in-bed components, and in part to avoid

the complication of the presence of nickel in the austenitic stainless steel alloys. Iron
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and chromium are the major components present in the stainless steels used in appli-
cations such as coal combustion. Another reason is that experience has shown alloys
of this type to have the best resistance to attack in this environment as well as being

more economical than alloys based on Ni or Co1°.

In the present study, the morphological changes in the scale and the scale-alloy
interface, the phase distribution in the reaction product, and the development of cor-
rosion as well as the sulfur distribution in the scale and alloy have been observed, to
obtain further metallographic evidence to establish the reaction charateristics more
fully. As represented schematically in Figure 1, in addition to the compositional and
microstructurAaI changes occurring during the degradation of the protective chromium
oxide scale on iron-chromium alloys, the growth kinetics of scales were also observed,
by measuring the weight change, the scale thickness and the penetration depth of
internal precipitates into the alloy to predict the progress of corrosion reaction. The
penetration depth was used as the parameter representing the corrosion rate of alloy

to interpret the local corrosion practically.

2. The corrosion behavior of iron-chromium alloys in the presence of cal-

cium sulfate.
2.1. Introd uc_tion

The corrosion behavior of binary Fe-Cr alloys in the presence of calciurﬁ sulfate
has been studied. The calcium sulfate deposited on the hotter metal surfaces in fluid-
ized bed combustor could be decomposed locally at the low oxygen partial pressure

atmospheres, and consequently significant sulfur partial pressures would be developed.

It has been shown®7 that sulfidation of some of the constituents of typical alloys

is certainly possible. A simple laboratory crucible experiment to determine the reac-



14 studying commercial alloys

tion mechanism was performed by Stringer and Whittle
such as Incoloy 671 and stainless steel 316, in a CaSO,/graphite powder mixture in a
crucible. The role of the graphite was to keep the oxygen partial pressure low enough
to decompose the CaSO,. It was demonstrated that catastropic sulfidation/oxidation
attack of alloys can be induced in calcium sulfate at low enough oxygen activities,
having some similarity to the attack observed in practice. Mark, Lin, Stevenson and
Stringer'® continued the study in the environments of CaSO,/CaO powder mixtures
and CO/CO, gas mixtures using commercial alloys such as Type 304 stainless steel
and Incoloy 800, and showed that sulfidation /oxidation type attack of the alloys, espe-
cially preferential penetration of sulfides along the grain boudaries, is responsible for
the rapid corrosion. However, Akuezue!? demonstrated that the formation of
CaO-Fe ,0; compound with the spinel structure appeared to be éssociated with the
rapid corrosion of alloys. Various mixtures of CaSO,, 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 investigation, CaSO,/CaO powder mixture in crucibles and
CO/CO, gas mixtures to deﬁﬁe the oxygen partial pressure were used. Binary Fe-Cr
alloys chosen as Cr,0 gformers were tested. The corrosion type and attack mode on
the scale and alloy were determined. This experiment was aimed at examining in
some detail the phase diétribution, scale morphologies and the development of corro-
sion, with emphasis on the distribution of sulfide which usually determines the overall

rate of material degradation.
2.2. Experimental
2.2.1. Specimen preparation

The iron-chromium alloys were melted in an induction furnace under vacuum,

and cast into 50 mm diameter ingots. The chemical compositions of the alloy ingots
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are shown in Table 1, and also indicated on the Fe-Cr phase diagram shown in Figure
2.. The cast_ingots were homogenized at 1473 K for 24 hoﬁrs. The alloys were then
cut into test coupons mea.sufing approximately 10 x 10 x 1 mm. The specimens were
wet polished on SiC papers ranging from 180 grit to 600 grit under flowing water, and
then washed with soap solution, distilled water and ethanol thoroughly. Prior fo oxi-
dation 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.
2.2.2. 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 oxygen activity was passed over the powder bed. The
certified grade CO-CO, gas mixtures were supplied premixed by Matheson Gas Pro-
ducts Co. The oxygen partial pressure of 1012 atm was selected based on the meas-
ured values of CO-content in the gas in a fluidized bed using a zirconia probe®. The

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

CO-CO, equilibria and the CaSO CaO equilibria(see Appendix 8.1. for details). Fig-
ure 3 shows the schematic diagram of the experimental apparatus. The alumina cruci-
ble containing the specimens immersed completely in the powder mixture was intro-
duced from the top of the furnace; supported by an alumina rod attached to the cruci-
ble with alumina pins. After purging the apparatus with dry argon gas, the premixed
gas mixture was admitted 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.



2.2.3. Analysis of corrosion products

After oxidation, the 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-
mount.ed 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 alumina papers using lapping oil.
Fine details of the cross-section were resolved after fine polishing by using 1 pm dia-
mond paste under flowing Kerosene oil. The unetched cross-section morf)hologies of
the scale and alloy were first examined using opt'ical metallography.. The typical
thickness .of the thin compact scale, which had a fairly uniform thickness over the
alloy surface, and the maximum thickness of thé thick two-layer scale which develop_ed
after the breakdown of the initial thin scale, were measured in the optical microscope.
Several measurements were taken, and an average value ca.lcula.ted. The depth of
penetration of the internal sulfide/oxide particles into the underlying alloy below the
oxide layer was also measured, and the maxi.mumr measured value is reported. The
maximum penetration is quoted even if it corresponded to a deep penetration along a
grain boundary of the alloy. The established pattern used in this measurement is
sketched in Figure 4. Following this examination of the unetched specimen, Villela’s
reagent(5 ml HCI, 1 g picric acid, 100 m] ethanol) was used as an etchant to reveal the
grain boundaries of the alloy. -Alternatively, a 109% bromine-90% methanol solution
was used to dissolve away thé 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 mor-
phology of the scale and alloy in cross-section after etching by Villela’s reagent or by

the bromine-methanol solution were examined in the optical microscope and then in



more detail using the Scanning Electron Microscope(SEM). In the latter case, the
specimens were coated with conducting materials. Carbon was used mainly for coat-
ing 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 chemical analysis of the corrosion products was carried out with an Energy
Dispersive Analysis of X-rays(EDX) unit attached to the SEM. The system consisted
:of a Kevex Micro-X7000 analytical Spectrometer(energy dispersive, multichannel
analyzer), a minicomputer, an integrated console, a dual floppy disk drive, and a
printer terminal. The elements present were identified from the peak positions and
analyzed quantitatively from the net intensity after substracting the background. The
spaﬁial 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 quanti-

tative analysis of small selected areas.

The major crystallographic phases present in the corrosion products were
identified using X-ray diffraction(XRD). A X-ray diffiractometer using Cu-K, radiation
and Ni-filter step-scanned at a very slow speed of the order of 1° /min, on the external
surface of oxidized samples 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.

2.3. Results
Table 3 summarizes the overall experimental results in the crucible test.

2.3.1. Kinetics

Figure 5 shows the weight gain of the Fe-20Cr alloy and the Fe-25Cr alloy as a

function of exposure time in the low external Pp environment(Pp =10"'"? atm) in the
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CaSO ,/Ca0O 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 oxida-
tion 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/em? and 3.10 mg/cm?, respec-
tively. Breakaway kinetics was observed after an exposure of 150 hours in the Fe- -
QOCr alloy. In the Fe-25Cr alloy, the weight gha.nge increased slightly as the reaction

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

As the chromium content in the alloy was increased, the scale formed on the
alloy surface became thin, and also the chromium content in the scale was increased.
The thin adherent Cr,0; scale was formed nearly uniformly on the alloy surface at
the early stage of voxidation, from the 20 wt.% Cr in the alloy. In the CaSO
containing environments, no internal sulfidation was observed in the Fe-25Cr alloy.
However, the Fe-20Cr alloy oxidized severely showing the characteristics of sulfidation,
and the Fe-18Cr é.lloy oxidized more rapidly also showing sulfidation. The following

discussion refers mainly to the Fe-20Cr alloy.

Figure 6 illustrates the breakaway process for the Fe-20Cr alloy in the

CaSO ,/Ca0O mixture in the low external Py, environment(Po,=10"""% atm) at 1223 K.

Cross-section morphologies consistent with the kinetic curve shown in Figure 5 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 Imivxed Fe-Cr oxide layer. The
protective chromium oxide scale formed on the Fe-20Cr alloy had broken away after
150 hours oxidation. Figure Ga, 6b, 6¢c, and 6d show the compact chromium-rich oxide
scale with a thickness of about 3-4 ym, 6 um, 9-10 um, and 14-15 um, 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 ym in the thin adherent chromium oxide
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scale with a thickness of abéut 5 pm. The morphology of the scale at the.scale-alloy
interface was wavy. Figure 6e shows the two-layered scale, with a thickness of 50 um,
which was composed of an outer iron-rich oxide layer and an ix_mér 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 6f 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 protected 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 gm. 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. O.)(ide intrusion into the alloy matrix,
containing some sulfur, and globular Cr-rich sulfide particles just below them were
also observed. Figure 7 shows an SEM micrograph exhibiting the cross-séction mor-
phology of an Fe-20Cr alloy oxidized for 150 hours in the CaSO,/CaO mixture in the

low external Py, environment(Py,=10"""% atm) at 1223 K. Figure 8 shows the sulfur
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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 distributed in the Cr-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 for-
mation and growth of the thick scale. There was a strong tendency for the scale to
spall off more easily in the sulfur-containing environment, indicating that sulfur may
be closely related with the non-adherency and the premature breakaway of the Cr,04

scale.

A scale composed of an outer (Ca/Cr) oxide layer and an inner Cr-rich oxide
layer was produced on the Fe-20Cr alloy surface locally, as shown in Figure 9. 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 Cr,03 based on the'EDX analysis
results and on the CaO-Cr,0; phase diagram shown in Figure 10. In all cases, the
mixture of CaO and Cr,0; was uniformly distributed, not too thick, and did not
reach the bare alloy surface, which was always wéll covered by the inner Cr-rich oxide
layer. The CaO and Cr,0; oxide mixture was also formed on the extérnal 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,03 oxide mixture was not continuously distri-
buted, and not deep enough to penetrate through the thin Cr-rich oxide layer, reach-
iqg the scale-alloy interface. No Ca-bearing species were detected at or below the
scale-alloy interface. CaO-Cr,0; or CaO-Fe,0; 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 evidence of compound oxide formation, either in the

Ca-Fe-O or Ca-Cr-O system.

2.4. Concluding remarks
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The severe sulfidation /oxidation type attack induced by CaSO, occurred locally,
as shown in Figure 11, éccompanying the breakaway of the protective chromium oxide

scale on the iron-chromium alloy.

Iron-rich oxides, chromium-rich sulfides a.nd‘ Cr,0; developed as corrosion pro-
ducts. The reaction products at the external surface of scale on the iron-chromium
alloys, such as a CaO and Cr,0; oxide mixture and a CaO and Fe,0; oxide mixture
appear to be insignificant in controlling the overall corrosion mechanism. In the
environment of a moderately low oxygen partial pressure and a relatively high sulfur
partial pressure, Cr-rich sulfides were formed below and withinv the scale. The
chromium content in the alloy was critical i.e. low chromium alloys such as Fe-15Cr
and Fe-18Cr were more susceptible 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 seems to be critical, as
well as the chromium depletion caused by the sulfur pick-up locally. Internal
sulfidation of the metal below an inner thin chromium oxide could be a precursbr to

breakaway corrosion.

3. Corrosion behavior of iron-chromium alloys in mixed gas atmospheres.
3.1. Introduction

The corrosion behavior of binary Fe-Cr alloys in mixed gas atmospheres has been
studied. There is a need to determine the reaction mechanism of sulfidation/oxidation
corrosion and the breakdown mechanism of protective chromium oxide scales in

oxygen- and sulfur- containing atmospheres which simulate the corrosive environments
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within the bed of a fluidized bed combustor. In this experirhent, gas mixtures includ-
ing SO, were used, without using any Ca-containing species such as solid CaSO,
powder. In the gaseous environments, sulfur-containing species could be supplied con-
tinuously to the system i.e. the SO, partial pressure in the environment is time-
independent throughout the oxidation run. Direct and independent control of the

oxygen and sulfur partial pressures was thus possible.

In oxidizing atmospheres without sulfur, Whsttle?® et al proposed that the
chromium oxide scale formed'on. binary Fe-Cr alloys(lﬁ; 18, 23% Cr) would break
down mechanically. Birks!®, Giggins?, Pettit'®, Worrell'® et al studied the corrosion
behavior of metals and alloys in SO yrcontaining gas mixture environments. Most pfe-
vious work using gas mixtures including SO, have been done in relatively hiéh oxygen
partial pressures such as SO,/Ar, 50,/0,, SO43/CO, SO,/SO,, and also usually large
amounts of SO, were used to make the experiment easier. Meanwhile, Rahme!?® stu-
died the corrosion behavior of Fe-20Cr alloy using H,/H;O/H,S gas mixtures, in the
very low oxygen partial pfessure' range. However, in a number of practical applica-
tions, environments which‘ have a moderately low oxygen partial pressure and a rela-

tively high sulfur partial pressure are of great importance.

The approach outlined here is to select expc;rimental conditions which are
intended to simulate a specific type of sulfidation /oxidation corrosion corresponding to
that encountered in the ﬂuidized bed combustor environment. The CO-CO,-SO, gas
mixtures were chosen to produce oxygen and sulfur partial pressures in the ranges
Po ,=1071-107, P52=10’°;‘-10“'° atm. Typically, the CO-C0,-SO, gaseous environ-
ments can be defined thermoﬂynamical]y in terms of the oxygen and sulfur partial
pressures, and the carbon activity. In these experiments, the carbon aétivity was very
low; low enough not to form a carbide as a reaction product. In this report, conse-

quently, the atmospheres are characterized only by their oxygen and sulfur pressures.
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In the thermodynamic phaée stability diagram of the Cr-O-S system, shown in Figure
12, the environments chosen in this study lie in the Cr,03 stability region jusﬁ below
“the stability boundary between sulfide and oxide and also above the extrapolation of

the stability boundary between sulfide and metal.

The effect of the sulfur activity, the 302 partial pressur;a, and the Cr-content of
the alloy(15, 18, 20, 25, 30% Cr) on the kinetics of the reaction, on the‘ morphology of
the reaction products, and on the development of the corrosion was studied.
‘Emphasis was placed on the distribution of internai sulfides/oxides and the penetra-
tion of oxide intrusions in the alloy, as well as thé regeneration of the external pfotec-
tive Cr-oxide scale. This experiment also concentrates on the critical factors which
lead to the breakdown of the protective Cr,03 séa.le such as the microstructural
changes in the Cr,0grich scale, the adhesion characteristics of the scale-alloy inter-

face, and the formation of internal sulfides in the alloy.
3.2. Experimental
3.2.1. Specimen preparation

Specimens were prepared using the same methods as for the previous

studies(section 2.2.1.).
3.2.2. Corrosion experiment

The oxidation tests were conducted in a veftical tube furnace for different time
intervals up to 200 hours(mostly 100 hours) in the mixed gas environments. Figure 13
shows a schematic diagram of the experimental apparatus. Table 5 shows the experi-
mental conditions. Py, and Ps, were calculated from the CO-CO S0, equilibria(see
Appendix 8.2. for deta.ils). The premixed CO-CO, and SO ~Ar gas mixtures were com-
bined to form the required atmosphere, which then flowed into the reaction chamber.

The certified premixed gases were supplied by Matheson Gas Products Co. Figure 14
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shows the simplified stability diagram superimpose.d for the chromium-oxygen-sulfur
system and the iron-oxygen-sulfur system at 1223 K and at 1123 K. The gas mixtures
used in this experiment are indicated by the points on the stability diagram. The
premixed CO-CO, and SO,Ar gas mixtures flowed into the gas mixer filled with
‘alumina granules, passin'g through each ﬁo;vmeter already set up with the predeter-
mined flow rate. After the completion of a continﬁous mixing, a preadjusted CO-
CO SO Ar gas mixture passed through the long tube for gas equilibration. After
purging the apparatus with dry argon gas, the fully equilibrated gas mixture waé
-admitted to the system, and then the sbecimens were lowered f'rom the top of the fur-
nace to the furnace hot zone using a ceramic specimen holder. At the completion of

an oxidation run, the specimens were raised to the cold part while flushing with argon.
3.2.3. Analysis of corrosion products

After oxidation, the corrosion products on the alloy surface were visually exam-
ined, noting such factors as the general appearance, colour, any evidence of spalling,
general uniformity etc. After each oxidation run, specimens were weighed to deter-

mine the amount of corrosion products.

The observation of the surface and cross-section morphologies of the scale and
alloy using optical ’rhetallography and scanning electron microscopy, and quantitative
chemical analysis of the corrosion products using an EDX unit attached to the SEM
were carried out using the same methods as described in the previous section 2.2.3.
Fracture sections of the scale and alloy were prepared by breaking the oxidized speci-
mens at liquid nitrogen temperature and examined in the SEM. Quantitgtive chemical
analysis of the corrosion products and the depth profile of particular elements such as

sulfur were performed using Auger Electron Spectrometry(AES). -

The major crystallographic phases in the corrosion products were idenéiﬁed by

using X-ray diffraction(XRD). A X-ray diffractometer using Cu-K, radiation and Ni-
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ﬁlter step-scanned at a very slow speed, of the ordver" of 1 sec/step, over 0.1° 24 inter-
val, on the external surface of oxidized samples and less frequently on the inner sur-
face of the stripped scale. The phases present in the scale were identified from the
'chafacteristic peak positions and the corresponding intensities. The lattice constants -
of the M,0stype scale such as Cr,0; or (Cr ,Fe),0; solid solution were calculated
from the measured 24 value or interplanar spacing, step-scanning at a vei'y slow speed
of thé order of 4 sec/step, over 0.01° 24 interval around each of the (110), (116), (300),
(220) peak positions. The overall characterization methods for the corrosion products
are summarized in Table 4.

3.3. Results

Table 6 summarizes the overall experimental results in the mixed gas atmo-

spheres at 1223 K.
3.3.1. Kinetics
The atmosphere with Po,=10""%, P; =10 atm (environment number 3 in Table

5) produced no internal sulfidation in any of the alloys at 1223 K. Only minor traces
of sulfur were detected in the scale on the Fe-15Cr alloy. The following discussion

thus refers mainly to the remaining two sulfur partial pressures (P52=10“, or 107 atm)
which are refered to as "high” and "low” P, respéctively.
Figure 15 illustrates the effect of the Cr-content in the Fe-Cr alloys. Fe-20Cr

and Fe-25Cr were oxidized slowly up to 200 hours, but the Fe-15Cr alloy oxidized very

rapidly even in the low Ps_atmosphere(Py =102 Pg; =10~ atm). Figure 16 shows
2 2 2

the weight change of the Fe-20Cr alloy as a function of exposure time in the two

different Ps, atmospheres at the same Py (Po,=~107""? atm) at 1223 K. Breakaway
kinetics were observed after an exposure time of 150 hours in the high Ps, atmosphere.

In the low Ps atmosphere, the weight change increased slightly as the reaction time
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increased, still showing protective behavior. It is very difficult to compare the weight
changes of the Fe-25Cr alloy because the scale formed on Fe-25Cr alloy spalled off
more easily than that on Fe-20Cr alloy. Figure 17 shows the variation of the thick-
ness of the typical protective scale of Fe-20Cr and Fe-25Cr as a function of exposure

time in the four different atmospheres. In the high Ps atmosphere, the measured
values of scale thickness were greater and more scattered than in the low Ps, atmo-
sphere. Near-parabolic kinetics were observed except in the high Ps atmosphere.

Comparison of averaged scale thickness with weight gains indicated that oxide had not
nearly spalled from outside these thinner scale regions. Figure 18 shows the maximum
penetration depth of Fe-20Cr and Fe-25Cr as a function of exposure time in the two

Ps, atmospheres at the same Py . For the high Ps, atmosphere, the maximum pene-

tration depth of the internal Cr-rich sulfide/oxide particles into the underlying alloy

- increased with time, exhibiting a similar trend to the scale thickness. For the low Ps,

atmosphere, the internal penetration was negligible, although internal sulfides could be
detected immediately beneath the _interface. _Compa.rison of Figures 16 and 17 indi-
cates that although a large part of the increased weight gain after 100 hours is attri-
butable to the thick tWo-layer scale, both the remaining protective scale and the pene-

tration exhibited increasing rates of growth.

3.3.2. Scale morpholbgy and chemical composition

Fe-15Cr

A continuous protective chromium oxide layer was not formed on the Fe-15Cr
alloy in any case, irrespective of the sulfur activity in the environment. In the high
Ps, environment(P02=10'“'2, P52=10* atm), a thick two-layer scale composed of an
outer Fe-oxide layer and an inner mixed Fe-Cr oxide layer was formed on the alloy

surface; the two layers had approximately equal thickness. In the inner part of the
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inner mixed Fe-Cr oxide layer and also in the vicinity of the scale-alloy interface, sul-

fur was detected in Cr-rich regions. In the low Pg, envirbnment(P02=10‘“'2, Ps =107

atm), a thick two-layer scale was also formed on .the alloy surface, but the thickness of

each layer was less than that in the high Ps, environment for the same oxidation

period. For example, after 25 hours oxidation, the thickness of each of the layers was

about 150 gm in the low Ps, environment, whereas the thickness of each layer was
about 250 pm in the high Ps environment. Even in the low Ps, envifonment, sulfur

was also detected in the Cr-rich region, at and near the scale-alloy interface; but the
exte;lt of sulfidation was less in the low Ps, environment. The main differences
between the high Ps_ environment and the low Pg, environme;lt were thus the thick-
ness of the oxide layers, and the extent of sulfidation at and near the scale-alloy inter-

face. Figure 19 shows optical micrographs of the .cross-section morphology of the Fe-

15Cr alloy oxidized for 25 hours in the two different Ps, atmosphere(Ps, =107, 10

atm) at the same Py (Po,=10""? atm) at 1223 K.

Fe-18Cr

In the low Ps, atmosphere(Psg=10“5 atm), the Cr-oxide scale was uniformly dis-

tributed on the alloy surface after the specimens were oxidized for 100 hours. After
200 hours oxidation, the metal was completely consumed. Internal sulfide/oxide parti-
cles do not appear to have increased in population with the increasing oxidation time.

In the high Ps, atmosphere(Ps, =10~ atm), nearly all of the metal was consumed after

the specimens were oxidized for 100 hours. The remaining Cr,0; scale was 6-10 um

thick.

Fe-20Cr

Figure 20 illustrates the breakaway process for the Fe-20Cr alloy in the high Ps,

atmosphere (Pp =107"%, Pg =107 atm) at 1223 K. The scale formed on Fe-20Cr had
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broken away after 100 hours oxidation. Internal Cr-rich sulfide/oxide particles were
observed in the underlying alloy below an inner Cr-rich oxide layer. Internal
sulfide/oxide stringers penetrated into the alloy perpendicular to the scale-alloy inter-
face. As the exposure time increased, the sulfide/oxide particles penetrated more dee-
ply into the base alloy. Meanwhile, the scale was gradually separating into two layers;
an outer Fe-oxide and an inner Cr-rich oxide, more and more obviously. Finally, a
two-layer sc#le composed of an outer layer of irox.l oxide and an inner layer containing

iron and chromium oxides, with sulfur present in the innermost part was formed.

Figure 21 shows the SEM topography and the dptical cross-section morphology of
the scale produced on Fe-20Cr alloy‘oxidized for 50 hours in the high Ps, atmosphere
at 1223 K. Nodules composed of an outer Fe-oxide_and an inner Cr-rich oxide layer
were observed. Interpal sulfide particles were formed, and the internal sulfidation
front advanced deep into the underlying alloy as the nodule thickness increased. Fig-
ure 22 shows the SEM micrograph exhibiting the cross-section morphology of an Fe-

20Cr alloy oxidized for 100 hours in the high Ps, atmosphere at 1223 K. An outer Fe-

oxide layer was formed above an inner Cr-rich oxide layer. Coarse Cr-rich sulfide par-
ticles were distributed in the underlying alloy to a depth of 20-30 pm below'v the
metal/oxide interface. Sulfur was also detected at the part of the inner Cr-rich oxide
layer.

Figure 23 shows SEM micrographs of the scale-alloy interface, revealed by the
deep etching technique, of the Fe-20Cr alloy oxidized for 100 hours in the two different
Ps, atmospheres(Ps =10, 107 atm) at the same P; (Po,=10""? atm) at 1223 K. In
the specimen exposed to the high Ps, a.tmoéphere, the oxide intrusions shown in Figure
23a were found, by means of the EDX technique, to contain sulfur. The scale itself

was porous. The pores may have originated in one of several ways: by dissolving away

isolated base-metal islands in the scale in the bromine-methanol solution; as a result of
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pull-out during the polishing of the specimen; perhaps as a real feature of the oxida-

tion. In contrast, in the low Ps, atmosphere, the scale-alloy interface was smooth.

The scale has no visible macropores and there was no internal sulfidation of the base

alloy.
For Fe-20Cr specimens oxidized in the low and very low Ps,
atmospheres(P52=104, 107t étm), X-ray diffraction detected only Cr,0, in the scale;

small amounts of iron were detected in the Cr,0; scale by EDX. Rapid corrosion did

not occur in the low Ps, atmospheres. The Cr,0; scale was uniformly distributed on

the alloy surface. Some Cr-rich sulfide particles were detected, apparently within

grooves present at the scale-alloy interface in the very low Ps, environment. The

region which seems to connect the scale and alloy was very porous. Figure 24 shows
‘the SEM topography of the descaled Fe-20Cr alloy substrate oxidized for 200 hours in

the very low Ps, environment (Po =10""% Ps,=10" atm) at 1223 K. No sulfur was

detected in the scale and alloy. Cr-rich sulfide particles formed probably by the

molecular penetration of SO, gas through the scale.

Internal sulfidation was not observed even in the high Ps, atmosphere(P52=.10‘4
atm) at the lower Py (Pp =10"'2? atm) at 1223 K up to 200 hours, if the partial pres-
sure of SO, is very low. Only slow oxidation was observed. In other words, in the low
Pso, gas atmosphere (Psp,=0.004, Pp,=10"%%, P5 =10 atm), internal sulfidation did
not occur even in the high Ps atmosphere. The partial pressure of SO, in the

environment apparently played a more decisive role in the occurrence of the internal

sulfidation on the Fe-20Cr alloy than the partial pressures of oxygen or sulfur.
Fe-25Cr
In the high Ps, atmosphere, the Fe-25Cr alloy was corroded more severely than

the Fe-20Cr alloy in the early stages of the oxidation, forming internal Cr-rich
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sulfide/oxide particles more deeply in the base alloy. But the internal sulfidation front
advanced very slowly into the alloy as the reaction time increased. Figure 25 shows
an SEM micrograph of the cross-section of an Fe-25Cr alloy oxidized for 25 hours in

the high Ps, atmosphere (Po,=10""% P5 =10" atm) at 1223 K. An outer Fe-oxide

layer was formed above an inner Cr-oxide layer. Cr-rich sulfide particles were distri-
buted in the underlying alloy to a depth of 20-25 prx below the metal-oxide interface.
Sulfur was present throughout the inner Cr-rich oxide layer; however, the concentra-
tion appeared to be significantly greater immediately adjacent to the metal/oxide
interface. Figure 26a and 26b show an optical micrograph and an SEM micrograph of

the cross-section of an Fe-25Cr alloy oxidized for 50 hours in the high Ps, atmosphere.

A band of Cr-rich sulfide particles was formed below the inner Cr-rich oxide layer to a
depth of about 50-80 pm. Local Cr-rich sulfide/oxide intrusions penetrated more dee-
ply into the alloy up to 120 um, along the badly-bonded grain boundaries which
appear to be chromium-depleted regions or to be precracked by stresses created during
specimen preparation. In the Fe-25Cr alloy specimen, etched with Villela’s reagent,
coarse internal Cr-rich sulfide particles were observed in the vicinity of the boundary
between the unaffected base alloy and the affected zone of the underlying alloy, as
shown in Figure 27. The smaller particles in thé affected zone were located within a
depth of 50 um below the Cr-rich oxide layer. The affected zone of the underlying
alloy was created probably by the Cr-depletion. There was no tendency for the inter-
nal Cr-rich sulfide/oxide particie front to advance preferentially along the grain boun-

daries of the alloy under the adherent scale.

In the very low Ps, atmosphere(Po,=1072, Ps,=10"° atm) small amounts of sul-

fur were detected locally at the inner surface of the detached Cr-oxide scale produced
on the Fe-25Cr alloy. Figure 28 shows the underview of the scale produced on an Fe-

25Cr alloy oxidized for 100 hours in the very low Ps, atmosphere at 1223 K. No
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sulfur was detected in the scale or the alloy on the cross-sectioned specimens. This
observation is also indirect experimental evidence that the sulfur-containing species
such as SO, were transported through short-circuit diffusion paths in the scale by

molecular penetration.

Figure 29b shows SEM fractography of the scale formed on an Fe-25Cr alloy oxi-
dized for 150 hours in the high Ps, atmosphere(Pso,=0.026, Po,=10""?, Ps =10~
atm), and Figure 29a shows the scale on the same alloy oxidized for 200 hours in the
low Pso, atmosphere(Pso,=0.004, Pp =10"%° Ps =10 atm) at 1223 K. In the high.
Ps, atmosphere, the scale was composed of an outervcolumnar Fe-oxide layer and an

inner porous Cr-rich oxide layer. The chromium sulfide was developed beneath and
within the inner Cr-rich oxide layer, which appears to be related with the breakaway

kinetics. In contrast, in the low Pso, atmosphere a uniform fine-grained compact Cr-

oxide scale was formed, which appears to be related to the parabolic kinetics, even

though the sulfur partial pressure was the same(Ps =10 atm).

Fe-30Cr

In the low Ps, atmosphere(P52=10‘5 atm), the Cr-oxide scale was uniformly
formed on the Fe-30Cr alloy dxid_ized for 200 hours at 1223 K. In the high P,
atmosphere(P52=10“ atm), internal Cr-rich sulfide/oxide particles were observed in

the underlying alloy below the Cr-rich oxide layer to a depth of about 10-16 um, after
the specimens were oxidized for 50 hours at 1223 K. Figure 30 is an optical micro-

graph of the cross-section of an Fe-30Cr alloy oxidized for 50 hours in the high Ps,

atmosphere.

SC@]C‘SU] 1 aces

Figure 31 shows the SEM topography of the scale produced on an Fe-20Cr alloy

and an Fe-25Cr alloy oxidized for 100 hours, respectively, in the three different Ps,
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atmospheres(Ps, =107, 107, 107 atm) at the same Po, atmosphere(P02=10‘”'2 atm) at
1223 K. In the high Ps, atmosphere(Ps, =10 atm), the Fe-oxide which grew outward

rapidly was distributed randomly on the upper part of the scale as an outer layer.
Figure 32 shows the relation of the weight percentage ratio of Fe and Cr contents
detected at the external surface of the scales with the thickness of scale formed in the

two different Ps,  atmospheres (Ps,=10", 10~ atm) at the same Poz(P02=10'“'2 atm).

The (Fe/Cr) ratio was calculated from the EDX data. The measured values of
(Fe/Cr) ratios in the thick scale were more scattered than in the thin scale. The

(Fe/Cr) ratio in the high Ps, atmosphere was higher than that in the low Pg atmo-

sphere irrespective of the scale thickness i.e. more iron was dissolved in the Cr-oxide

scale in the high Ps, atmosphere.

3.3.3. Development of the corrosion of the higher chromium-containing alloys.

The Cr,0; scale formed on the two higher chromium-containing alloys was
nearly uniformly distributed on the alloy surface, and spalled off locally on cooling.
When the specimens were slowly cooled after the oxidation run, there was a tendency
for the initial, vthin Cr,0; scale formed on Fe-25Cr alloy to spall off more easily tha.n
that on the Fe-20Cr alloy, the difference in adhesion increasing as the exposure time
increased i.e. as the scale thickness increased. The tendency to spall increased with
increasing Cr-content. Figure 33 compares the spalling tendency of Fe-20Cr and Fe-
25Cr alloy in the three different Ps, atmospheres(Ps, =10, 107, 107 atm) at the same
Py, atmosphere(Po,=10"""% atm). Although part of the scale formed on the Fe-25Cr
alloy frequently spalled explosively on cooling as a spray of finely shattered particles,
much of the specimen surface was still covered with a thin adherent Cr-oxide scale. In

other words, as the extent of scale spalling increased, although the alloy exhibited

severe internal corrosion and developed an outer Fe-oxide above an inner Cr-rich oxide
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layer, the overall oxidation rate of the Fe-25(jr alloy did not accelerate greatly. How-
evér, although Fe-20Cr alloy showed good protecfive behavior at the early stage of
oxidation, with the adherent scale resisting spalling to a greater extent, when the ini-
tial scale was broken down locally, the alloy corroded rapidly, forming a thick two-
layer scale composed of an outer Fe-oxide layer and an inner mixed Fe-Cr oxide layer.

Then the two-layer scale grew laterally, destroying the neighboring Cr-oxide scale.

Figure 34 shows SEM fractography of the scale formed on Fe-25Cr alloy oxidized
for 200 hours in the low Psoz.a.tmosphere(Pso ,—0.004, P, 2=10‘12'°, Ps,=10"* atm). .
| The sulfur-containing intrusions below the Cr-rich oxide scale appear to be responsible
for the spalling of scale. The chromium sulfide agglomerates which look like black
dots in the low magnification micrograph were observed locally on the external surface

of the descaled substrate of Fe-25Cr alloy specimen in the high Ps, atmosphere, as

shown in Figure 35. These sulfide agglomerates probably formed below the Cr-rich
oxide before the spalling-off of the scale or formed on the descaled alloy substrate after
the spalling-off. Judging from the viewpoint of thermodynamic stability, CrS is ther-

modynamically stable below the Cr,0 ; scale.

Table 7 compares the scaling characteristics of Fe-20Cr and Fe-25Cr alloys in the
high Ps, atmosphere(Po2=10‘”'2, Ps,=10" atm), describing the sulfidation/oxidation
type corrosive attack. Table 8 compares the extent of the corrosive attack of the Fe-

20Cr alloy and of the Fe-25Cr alloy in the high Ps, atmosphere, attempting to relate

the extent of corrosion with the scale thickness and the penetration depth. The rela-
tive thickness of the outer Fe-oxide layer appeared to vary with the extent of internal
oxidation. Table 9 shows that when the sulfur activity in the environment(Ps =10
atm) was high enough to. sulfidize the alloy, the Cr,04 scale had already ceased to be
protective when the thickness Was only 7-15 um. However, when the sulfur activity

was low (Ps,=10"° atm), the Cr,0; scale remained protective even at a thickness of
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12-14 pm. In other words, it is possible that the critical thickness of Cr,0; scale to
remain protective decreases as the sulfur activity in the environment increases. The
type and the mode of corrosive attack in the mixed gas environments containing both
oxygen and sulfur is summarized in Table 10 and Table 11. In the high Ps, and high
Pso, atmosphere(Ps, =10, Ps;,=0.026 atm), interﬁal sulfidation was observed in the
higher Cr-containing Fe-Cr alloys(20, 25, 30% Cr). If Pso, is high(Psp,=0.026 atm),
internal sulfidation was still observed below the thin two-layer scale in the Fe-25Cr
alloy even in the very low Ps, atmosphere(Ps,=—10"* atm). When Py, is below 0.008
atm, internal sulfidation was not observed in the Fe-25Cr alloy irrespective of
Psz(P52=10‘°-10" atm). In the Fe-20Cr alloy, iﬁternal sulfidation was barely observed
below the thick two-layer scale in the low Py, atmosphére(Pso;-—0.008—0.004 afm),
but the attack was not severe. The extent of sulﬁdat‘ion /oxidation corrosion decreased
as Pso, decreased. In the irery iow Ps 2(P_;;-—10"‘ atm) and very low Pso (Pso,=0.002
atm) atmosphere, internal sulfidation was not observed in the Fe-20Cr alloy. For a
fixed sulfur partial pressure of 10™ atm, internal sulfidation was observed for SO, par-
tial pressure above 0.004 atm in the case of the Fe-20Cr alloy, and at 0.026 atm in the
Fe-25Cr alloy. The SO, partial pressure appeax"s to be critical factor in determining
the corrosion type. The extent of the corrosion depends more decisively on Pso, than
on Ps. As the chromium content in the Fe-Cr alloys increased, the
sulfidation /oxidation corrosion was retarded.

3.3.4. Effect of temperature

A limited number of tests were conducted at 1123 K to give an indication of the
effect of temperature. Table.12 shows the experimental results. Comparison of the

corrosion in environments numbers 1 and 6 indicates that at the same Pso , the Cr-

oxide scale grew on any of the alloys more slowly at 1123 K than at 1223 K. The
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interna;l sulﬁde/oxidebfront penetrated slightly deeper at I1_223 K than at 1123 K.
Comparison of environments numbers 5 and 6 indicatesvthat when the volume frac-
tions in the gas mixture are the same at the two different tempéra.tures, the general
scaling characteristics were similar; such as the formation of two-layer scale consisting
of an outer Fe-oxide and an inner Cr-rich oxide, and the internal sulfidation in the
underlying alloy. However, the extent of corrosion was more severe at 1223 K than at

1123 K. In the relatively low Ps, atmosphere(Pp =10"%? Ps =107 atm) at 1123 K,

no internal sulfidation was observed and only a Cr,0; scale was uniformly distributed

on the surface of any alloys.
3.4. Concluding remarks

The formation of internal Cr-rich sulfide/oxide particles in the underlying alloy
below an inner Cr-rich oxide layer was a common observation for the relatively high
sulfur partial pressure atmospheres. Figure 36 is a schematic representation of the

development of the corrosion.

The development of internal sulfides leads to internal oxidation, fragmentation of
the more noble metal in the scale, instability of the interface between the scale and
alloy, and finally the inability of the alloy to regenerate protective oxide. The activity
of sulfur plays an important role in determining whether sulfidation/oxidation corro-
sion occurs or not. However, the partial pressure of SO, rather than the sulfur
activity, appears to be the more decisive factor in the development of the
sulfidation/oxidation corrosion. The Cr-content in iron-chromium alloys was also
important. The Fe-20Cr alloy exhibited goéd resistance to spalling, but after local
failure of the initial Cr,04 scale, the alloy corroded rapidly forming a thick two-layer-
scale. Meanwhile, although the Cr,0, scale formed on the Fe-25Cr alloy spalled off
easily, the overall oxidation rate of the alloy did not accelerate greatly. As the Cr-

content in Fe-Cr alloys increased, the sulfidation/oxidation corrosion was retarded.
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The extent of corrosion was more severe at 1223 K than at 1123 K.

The sulfidation/oxidation corrosion is a breakaway process. After breakaway,
the metal oxidized to form non-protecﬁive two-layer scales composed of an outer Fe-
oxide and an inner Cr-rich oxide. The deleterious effect of sulfur> is related to its
developing a microstructure which prevents the maintenance and the reformation of a
protective external scale. The critical microstructure developed by the formation of
the internal sulfides/oxides in the underlying alloy could cause the breakaway oxida-

tion.

The formation of the gl_obular internal Cr-rich sulfides in the underlying alloy-
below an inner Cr-rich oxide layer and .a characteristic two—iayer scale composed of an
outer Fe-oxide and an inner Cr-rich oxide, were comrﬁon observations boﬁh in the cru-
cible test and the test in the simulated mixed gas atmosphere. These observations
indicate that the sulfur-containing species such as SO, was evolved from the
CaS0 ,/CaO equilibria in the low oxygen partial pressure atmospheres created by the
CO/CO, gas mixture. The sulfur activity in the low oxygen partial pressure atmo-
sphere would be increased enough to sulfidize the alloy locally, along the CaSO,/CaO
equilibrium line as a function of oxygen partial pressure; The maximum penetration
depth of internal sulfides, representing the corrosion rate of material at given environ-
mental conditions, saturated to a constant depth below the inner Cr-rich oxide layer
as the oxidation time increased. In the mixed gas environments, the maximum pene-
tration depth wés 30-40 um in the Fe-25Cr alloy, and 40-50 um in the Fe-20Cr alloy
in the high Pg, atmosphere. In the crucible test, the maximum penetration depth was
negligible in the Fe-25Cr alloy, and 20-30 um in the Fe-20Cr alloy, in the theoretically
postulated high Ps, atmosphere connected through the loﬁ external Py, atmosphere

and the CaSO,/CaO equilibria. The sulfidation/oxidation corrosive attack in the

mixed gas environments was more severe than that in crucible tests. The corrosion
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process i's‘not; directly comparable because the evolution of SO, gas in crucible tests
was CaSO, decémposition reaction dependent and time-limited in this laboratory
experiment, and because of a continuous supj)ly of sulfur-bearing species even after
breakdown of a protective Cr,0 3 scale in the mixed gas atmospheres. A 'series of spe-
ciﬁlly designed experiments are needed to answer the cause of the sulfidation/oxidation

corrosive attack in various sulfur-containing environments more clearly.

4. Development of microstructure giving rise to breakaway oxidation.
4.1. Introduction

It is postulated that the breakdown of the protective oxide in
sulfidation/oxidation corrosion is associated with the development of a ”critical
microstructure”. This critical microstructure is sketched in Figure 37, and it arises
from the break-up of the planar interface by the chromium-rich oxide intrusion, which
results from the oxidation in-situ of the internal chromium sulfides, and from thebcon-
sequent depletion of the surface layers of the met#l in chromium, inhibiting the refor-
mation of a protective external Cr,0, scale if the initial oxide fails or is otherwise
removed. The usefulness of this concept is that the evolution of such a microstructure
can be detected at an early stage, well before the onset of breakaway, allowing the
prediction of probable breakaway behavior from relatively short-term testing.

4.1.1. Previous investigation

Few investigations have provided information leading toward a detailed under-
standing of the transport of sulfur in chromium oxide. Scybolt"”, using hot pressed
Cr,043 powder samples and H,/H,S mixed gas environments, estiniated the diffusion
coefficient of sulfur in Cr,0, to be about 107 cm?2/sec at 1273 K. There has been

significantly greater efforts aimed at the investigation of the transport of other species
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through Cr,0,; Hagel? studied the diffusion of oxygen in single crystal Cr;03, and
the diffusion coefficient of oxygen was slower by several orders of magnitude than the
diffusion coefficient  of sulfur measured by Seybolt. Many studies of chromium
diffusion in chromium oxide have been reported, and the data have been published by
Kofstad® and by Atkinson?*. Kofstad claimed that chromium vacancies or interstitials
diffuse through the bulk oxide. However, Atkinson demonstrated that chromium

diffuses through short-circuit diffusion paths such as grain boundaries in the oxide.

Internal oxidation» of alloys has been an active topic of research for many years.
Wagner? developed the first quantitative theory for the process, and for the transition
from internal i:o external oxidation. Rapp®® reviewed the early literature and con-
ducted a number of experiments, particularly in the Ag-In system, confirming the
major features of the Wagner model. Essentially, internal oxidation involves a com-
petition between the diffusion of oxygen into the alloy and the diffusion of the oxide-
forming element out. Hossain? studied the effect of cold-working in the oxidation of
Fe-Cr alloys. The effect of this is to produce, at the oxidation temperature, a fine-
grained recrystallized structure. Chromium outward diffusion via metal grain boun-
dary short-circuit paths is enhanced, and the effect is to encourage the formation of an
external oxide and thus to improve the oxidation resistance of alloys having maginal
chromium contents. The diffusion coefficients of sulfur in Fe-Cr alloys(18, 26, 34% Cr)
. were determined by Fillastre® in the temperature rﬁnge 1123-1473 K. -The solubility
of sulfur in Fe-Cr alloys of various compositions was-reported by Oudar?® for the tem-
perature range of 1273-1473 K. Rissec3® studied the internal sulfidation of dilute Fe-
based alloys with alloying elements such as Cr, Al in H-H,0-H,S mixed-gas atmo-
spheres. From measurements of the penetration depth of internal sulfidation ih the
alloy, the diffusion coeflicient of sulfur in Fe-Cr alloys was calculated to be about

4.5x1071° em?/sec at 1200 K.
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Internal sulfide brecipitates can affect both the mechanism and kinetics of exter-
nal scale formation. The study of the interactions between oxygen and preexisting
chromium sulfide precipitate is providing insight into the significant inﬂuence of inter-
nal sulfide/oxide precipitates aspects on oxidation behavior, such as the microstruc-
tural changes and the kinetics of internal oxidation in alloys. Spengler and
Viswanathan3! proposed the self-sustaining process that the in-situ oxidation of internal
Cr-rich sulfides releases sulfur, which then moves inward, forming new sulfide parti-
cles.

- 2Cr3S.+ 90 = 3Cr,03 + 8S

SS -+ GCr = 20?354

However, the formation of Cr;S, in the underlying alloy appears to be thermodynami-
cally unfavorable. ElDahasan®® et al studied the oxidation of presulfidized Co-Cr
.a.lloys, and proposed a model essentially the same as that of Spengler and
Viswanathan, but noted that a thick external chromium sulfate layer initially oxidized
to form an external Cr;0; layer at essentially the same rate as the unsulfidized alloy.
Only after the integrity of the external sulfate layer was destroyed, did the internal
oxidation /sulfidation start. The internal sulfide appeared to be a chromium-rich MS,,

where x<1.

In addition to the study of microstructural changes in the scale and alloy, the
kinetics of breakaway oxidation was also studied. ,A mechanism for the mechanical
breakdown of protective Cr,O; scales was proposed by Whittle and Wood?3. They
suggested that mechanical cracking of the protective oxide, followed by scale lifting
and cracking, and then finally gross mechanical failure of the protective scale permits
rapid oxidation of the underlying chromium-depleted alloy. Proposed possible causes
for the mechanical failure of the proteciive scale include the a-'f phase changé in the

underlying alloy, stress development during oxide growth in the scale and alloy, void
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formation at the scale-alloy interface, érain growt_h in the alloy, etc. In earlier work,
Edstroem® proposed that chemical transformation of Cr,0; scale to Cr,0 3-Fe 20, solid -
solution and finally to FeO (Cr ,Fe ),03 spinel facilitates the rapid outward diffusion of
Fe?* jons to form Fe 0, and Fe,O; layers.

4/3Cr,0; + Fe(alloy) = FeCr,0, + 2/3Cr(alloy)

Cr;03 + 2Fe(alloy) = Fe,04 + 2Cr(alloy)

However, it was demonstrated by Whittle® that the chemical transformation is ther-

modynamically unfavorable.
4.1.2. Basis of the present investigation

On the basis of the earlier work, it appéared that further information ieading
towards a detailed understanding of the microstrucﬁural changes associated with the
changes in the oxidation kinetics was required. In particular, if the breakaway is-
indeed associ#ted with thé evolution of a critical microstructure, it is necessary to
establish clearly the ways in which this microstructure develops. In the present inves-

tigation, the study has been divided into three main sections;
(1) the transport of sulfur in Cr,0, scale, _
(2) the mode of internal sulfidation in the alloy,
(3) the oxidation of the internal sulfides.

In these sections, a fundamental model for the development of the critical microstruc-
ture is established through comparison between the microstructural changes and the

breakaway kinetics.

In the first section, the Fe-Cr alloys specimens were preoxidized to form an initial
Cr,04 scale, and then exposed to the CO-CO »S0, mixed gas atmosphere. The tran-
sport of sulfur-bearing species through the initially-formed Cr,0; scale was thus

examined.
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In the second section, Fe-Cr alloys(18, 20, 25% Cr) with different grain
structures(cast and homogenized, cold-rolled and annealed) were oxidized in the three
different CO-CO SO, mixed gas atmospheres. The attack modes of internal sulfides

in the two microstructures have been examined in some detail.

In the third section, internal sulfides were first formed in the underlying alloy, by
oxidizing Fe-Cr alloy specimens in the CO-CO ;SO , mixed gas atmosi)h'ere. The des-
caled specimens were further oxidized in air, oxidizing the internal sulfides present in
the alloy. The behavior of sulfur in the alloy and the extent of attack have been

determined microscopically.
4.1.3. Significance of present work.

The t_)bjeét of the present work has been to perform similar studies under condi-
tions as previously defined as possible, thus determining the reproducibility of tﬁe
phenomena, to obtain more detailed data and to provide supporting evidence for the
theories advanced. To answer those questions arising from evolution of a critical
microstructure, a series of three specially designed experiments were performed, not
just simple as the previous experiments such as a crucible test and the mixed gas
experiments. The purpose of designing the critical experiments 1s to conduct sys-
tematic mechanistic study, in carefully controlled conditions, of the main cause of
results of previous experiments, both in crucible tests and in mixed gas experiments;
‘sulfur transport in protective Cr,0j3 scale, the formation of internal sulfides in thé

alloy and oxidation of internal sulfides.

From the experiments designed to preoxidize Fe-Cr alloys in air, and then to
further oxidize them in the high Pg, atmosphere, it is expected that internal Cr-rich
sulfides were formed in the underlying alloy below the Cr-rich oxide layer at a limited

oxidation time. If internal sulfides formed in the alloy, this means that sulfur-bearing

species transported along short-circuit diffusion paths in the protective Cr,0; scale. If
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internal sulfides were not observed, this means that sulfur transported by solid state
diffusion via the oxide lattice or grain boundaries of the oxide at a slow rate, or
enough short-circuit transport paths for short-term sulfur movement were not pro-

duced in this experiment.

From the experiments in which the Fe-Cr alloy ingots were cold-rolled t§ a reduc-
tion in area of about 71 % in order to increase the grain boundary area by grain»
refinement, it is expected that internal sulfidation would penetrate inward predom-
inantly along the grain boundaries of the alloy. If this is the case, sulfur would diffuse
inward via grain boundaries of the allof and form internal sulfides deep in the alléy.'
If this is not the case, internal sulfides would Be produced in the alloy matrix as well
as grain boundaries of the alloy. Sulfur will diffuse intragr'anually, probably down the
chromium concentration gradient, i.e. chromium depletion of the underlyin'g alloy is

mainly responsible for internal sulfidation.

From the experiments designed such that the higher Cr-containing Fe-Cr alloys

were presulfidized in the high P atmosphere, and then oxidized in air, it is expected

that the rapid oxidation of internal sulfides themselves and further inward movement
of liberated sﬁlfur occur in the alloy. If this is the case, the sulfur released can diffuse
further into the metal forming sulfides, in which case the attack is self-propagating
and the corrosion will be a serious accelerated process. If this is not the .case, the sul-
fur released escapes through the porous oxide to the atmosphere, in which case the
attack is self-limiting and will slow down and stop unless there is a fresh supply of sul-
fur, and the corrosion is slow process. The role of sulfur in the alloy would be only
tying up chromium necessary for formation and maintenance of protective Cry04

scale.

4.2. Transport of sulfur through a Cr,04 scale
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4.2.1. Experimental

Table 13 summarizes the overall experimental conditions. Some specimens were
- preoxidized in air for 60 or 168 hours, to form Cr,0; scales initially at 1223 K, and

they were exposed difectlybfor 100 hours to the high Ps, atmosphere(Po 2=10‘“-2,
P52=10")'at 1223 K. Immediately after the preoxidation, without cooling, the inside

of the reaction chamber was purged with dry argon, after which the CO-CO »~-SO »~Ar
gas mixture was admitted. Other specimens were preoxidized in air, generally for 100
hours, cooled to room temperature in order to generate thermal shock stresses, and

then exposed to the high Ps, atmosphere for different time intervals up to 500 hours.

The scale and alloy was fracture sectioned by breaking the oxidized specimens at
liquid nitrogen temperature. The fractured surface was examined in an SEM equipped
with an EDX. The phases present in the scale were identified using XRD from the
characteristic peak positions and the corresponding intensities. The lattice constants
of the M,0 s-type scale such as Cr,03 0r Cry05Fe 20,3 solid solutions were calculated
from the measured 26 value, step;scanning at a very slow speeds of the order of 4
sec/step, over 0.01° 24 intervals. The. half-widths of each (110), (116), (300), (220)

peak positions were measured.
4.2.2. Results

Table 14 summarizes the experimental results in the case of the oxidation of the
preoxidized specimens in the mixed gas atmospheres.
4.2.2.1. Metallographic observations

There was no severe sulfidation/oxidation type corrosive attack on the preoxi-

dized specimens of the high chromium alloys such as Fe-20Cr and Fe-25Cr in the high

Ps, atmosphere, both in the case of a continuous isothermal transition from preoxida-

tion to oxidation and in the case that the specimens preoxidized in air were cooled to
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room temperature, heated up again, and then oxidized in the CO-CO 50, gas mix- -
ture. This observation indicates that the stresses caused by cooling to room tempera-
ture from 1223 K did not introduce any significant macro-cracks in the preformed Cr-
rich oxide scale. No sulfidation/oxidation type corrosive attack was observed‘on
preoxidized Fe-30Cr alloy specimens. A continuous protective chromium oxide scale
was not formed on the Fe-15Cr alloy in air at 1223 K in any case. The Fe-15Cr alloy
specimens oxidized very rapidly. The following discussion refers mainly to the corro-
sion of high chromium Fe-Cr alloys such as Fe-18Cr, Fe-20Cr and Fe-25Cr in the case
that the spec.imens preoxidized in air at 1223 K were cooled to room temperature,
heated up again to 1223 K, and oxidized in the high P, atmosphere(run,number:‘ 3-6
in Table 13). |

Fe-18Cr

A continuous protective chromium oxide scale was formed on the Fe-18Cr alloy
after preoxidation in air for 100 hours. After the preoxidized specimens were cooled
and then oxidized in the high Ps_ atmosphere, a thick two-layer scale cbmposed of an
outer Fe-oxide layer and an inner mixed Fe-Cr oxide layer was formed nearly always
at the corner of the specimens. In addition, internal sulfidation was observed only
below the thick two-layer scale. Figure 38 is an SEM micrograph showing the cross-
section morpholog)} of an Fe-18Cr alloy preoxidized for 50 hours in air and theﬁ oXi-

dized for 100 hours in the high Ps atmosphere at 1223 K after cooling. The coarse

internal Cr-rich sulfide particles were distributed in the underlying alloy to a depth of
20-30 um below the thick two-layer scale composed of an outer Fe-oxide layer and an
inner mixed Fe-Cr oxide layer at the corner of the specimens, and the outside part of

inner Cr-oxide layer also contained sulfur ie. sulfur-pocketing.

Fe-20Cr
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" A continuous protective chromium oxide scale was uniformly formed on the Fe-
20Cr alloys after preoxidation in air. No sulfidation/oxidation type corrosive attack
_ was observed on Fe-20Cr alloy specimens which were preoxidized’for 100 hours in air

and subsequently oxidized in the high Ps, atmosphere for up to 500 hours at 1223 K.

The sulfur penetration was completely prevented by the initial Cr,0 4 scale. No sulfur
was detected on the microscopical level, in the cross-section of the scale and alloy, and

also in the fracture section.

Even after the oxidation in the high Ps, atmosphere, the preoxidized specimens

remained still covered uniformly with a thin, adherent Cr-oxide scale, without showing
any spallation of scale. However, the Fe-20Cr alloy specimens directly exposed to the

high Ps,  atmosphere showed a tendency for part of the Cr-oxide scale to spall off

locally. Figure 39 compares the spalling tendency of the scale formed on Fe-20Cr

alloy, in two cases of both with and without preoxidation in air.
Fe-QSCr

A continuous protective chrdmium oxide scale was uniformly formed on all Fe-
25Cr alloy specimens after the oxida.tior; in air at 1223 K for up to 1150 hours. There

was no severe sulfidation/oxidation type corrosive attack on Fe-25Cr alloy specimens

which were preoxidized for 100 hours in air and then oxidized in the high Ps, atmo-

sphere at 1223 K. Fragmentation of néble metal in the scale occurred locally at the
inner part of the Cr-rich oxide layer. Cr-rich oxide nodules having whiskers were pro-
duced on the external surface of the Cr-oxide scale. A uniform Cr-rich oxide scale,
large pores in the scale, and a discontinuous distribution of large voids at the scale-

alloy interface, were observed in the fracture sections of the scale and alloy.

Figure 40 shows an SEM fractograph of the scale and metal for a Fe-25Cr alloy

which was preoxidized for 100 hours in air, cooled to room temperature, and further
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oxidized for 500 hours at 1223 K in the high Ps, atmosphere(run number 6, in Table
13). After the preoxidized specimens were oxidized for 500 hours in the high Ps,

atmosphere, small amounts of internal Cr-rich sulfide particles were embedded in the
underlying alloy below the Cr-rich oxide layer. The penetration depth of Cr-rich
sulfide particles in the underlying alloy was about 47vpm, and the scale thickness
measured was about 20 pm. This alloy appeared to fracture intragranularly along
crystallographic planes rather than along the grain boundaries at liquid nitrogen tem-

perature. -
4.2.2.2. Structural analysis by X-ray diffraction

The lattice constants of M,;03 solid solutions such as the (Cr,Fe),0; scale
formed on the Fe-Cr alloys were calculated from the d-values measured from four
different Bragg angles. When the Cr,0;rich scale produced on the higher Cr-

containing Fe-Cr alloys such as Fe-20Cr and Fe-25Cr was step-scanned in a X-ray

diffractometer, the strongest intensity peak was originated from the chromium oxide

grown on a (110) crystallographic plane instead of (104).pla.ne }'eﬁections taken from
the JCPDS file. Figure 41 shows the variation of lattice constants as a function of the
Cr-content in the Fe-Cr alloys. The lattice constants based on the hexagonal indicés
are used. As the chromium content in the Fe-Cr alloys decreased, the lattice con-
stants in the a-C'r20.3-Fc203 solid solution increased i.e. the amount of FVcQIOs vdis-

solved in the Cr,O; scale increased.

In Figure 42 are plotted the variation of half-width of the (110), (116), (300),

(220) peak lines, and the lattice constants as a function of scattering angle. The strain
and size of crystalline pbase. can be analyzed by X-ray line-broadening measurements.
Qualitatively, the greater broadening of the diffraction peaks indicates a larger
strained ozide®, assuming that the cryatallite size exceeds 0.1 um, and the oxide layer

is thin. The line broadening indicating the strained oxide scale in this case increased

<
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as the scatt’ering angle increased i.e. as the depth within the scale from the external

surface increased.
4.3. Internal sulfidation
4.3.1. Experimental

In order to increase the grain boundary areas, the following thermomechanical
treatments were performed on the alloy ingots. The homogenizéd Fe-18Cr, Fe-20Cr
and Fe-25Cr alloy ingots were hot-rolled at 1373 K to 4.2 mm thick sheets from 25.4
mm thick disks. Sheets 2.7 mm thick were subsequeptly produced by cold-rolling, and
intermediately annealed at 473 K for 6 hours. The sheets were further. cold-rolled to
1.2 mm thick; representing a total 71% cold reduction, and finally annealed for 1 hour
at 1223 K. The alloys were then cut into specimens approximately 15 x 10 x 1 mm.
The entire specimen surface was polished to 600 grit silicon carbide paper, and a hole
- drilled in one end. The cast and homogenized specimens and the cold-rolled and
annealed speciméns were then exposed to CO-CO SO »~Ar gas atmospheres at 1223 K.

Table 15 summarizes the experimental conditions.
4.3.2. Results

‘The grain size of Fe-Cr alloy specimens was reduced by the cold-rolling and
annealing treatment to about 50-110 um f{rom 320-800 um(average: 520 um), irrespec-
tive of Cr-content in Fe-Cr alloys, as shown in Table 16. The effect of grain structure
of the alloys on the corrosion behavior has been compared for the three different atmo-
spheres. Table 17 shows the experimental results in the case of the oxidation of the
cold-rolled and annealed Fe-Cr alloys in the mixed gas atmospheres at 1223 K. Table
18 shows the scale thickness and the penetration depth of the coarse grained and small
grained Fe-Cr alloys such .as Fe-20Cr and Fe-25Cr, after 100 hours oxidation, in the

sulfur-containing environment. In the high Ps atmosphere, the penetration depth of

internal sulfidation front in the small grained specimens were deeper than that in the
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coarse grained specimens, in case of 100 hours oxidation of both Fe-20Cr and Fe-25Cr.
In the low Ps, atmosphere, slight internal sulfidation was observed in the small
grained specimens. In contrast, no internal sulfidation was observed in the coarse
grained specimens. The small grained Fe-Cr alloy specimens were corroded more
severely than the éoarse grained specimens, probably‘beéause of the enhanced diffusion
in the alloy resulting from the increase in grain boundary area. At the early stages of
the 6xida.tion, diffusion outwards from the alloy iS rate-controlling.  Whereas later on,

diffusion in the scale predominates.

Fe-18Cr
In the low Ps, atmosphere(Ps,=10° atm), after 100 hours, the small grained

specimens had a uniform Cr,0; scale thicker than the coarse grained specimens. All

specimens were consumed completely after 200 hours oxidation. In the high Ps,
atmosphere(P52=10" atm), the specimens were severely corroded by the rapid

oxidation/sulfidation attack. All specimens were completely consumed after 100 hours

oxidation. In the low Pgo, atmosphere(Pso,=0.004, P02=10“2'°, P52=10"'° atm),
internal sulfidation was observed.
Fe-20Cr

In the low vaz' atmosphere, the small grained specimens developed a uniform

Cr,0, scale of essentially the same thickness as the coarse grained specimens. No
internal sulfidation was ot;ser;/ed. In the high P atmosphere, the small grained speci-
mens were internally sulfidized/oxidized deeper than the coarse grained specimens, as
shown in Table 18a. In the low Pso, atmosphere, the scale had developed a two-layer
structure after 100 hours, and the internal Cr-rich sulfide particles were observed just
below the two-layer scale to a depth of 9-12 um. Figures 43 and 44 show the cross-

section morphologies of Fe-20Cr alloys(coarse grained, small grained) oxidized for 200
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hours in the low }’502 atmosphere at 1223 K. In the small grained specimen, a band of
sulfide/oxide particles leads the catastrophic corrosion. As shown in Figure 43, the
front of Cr-rich sulfide particles advanced into the alloy, followed by severe internal
oxidation of the alloy. Meanwhile, in the coarse grained specimen as shown in Figure
44, the internal Cr-rich sulfide particles were observed just below the two-layer scale,

which spreads laterally destroying the remaining Cr-oxide scale.
Fe-25Cr

In the low Ps, atmosphere, the scale formed on the small grained specimen was

thicker at the early stage of oxidation such as after the 100 hours oxidation run than
that on the coarse grained specimen. But after 200 hours oxidation, the thickness of
the scale on both specimens was approximately the same. No internal sulfidation was

observed. In the high Ps, atmosphere, internal sulfidation was observed in both the

coarse grained and the small grained specimens, and a characteristic two-layer scale
composed of an outer Fe-oxide and an inner Cr-rich oxide was formed on both speci-

mens. In the low Pso, atmosphere(Psp,=0.004, Pp =10"'2%, P5 =10"*° atm), the scale
thickness varied in similar fashion to that in the low Ps, a.tmosphere(P02=10‘“'2,
P52=10-6 atm), and no internal sulfidation was observed.

4.4. Oxidation of internal sulfides

4.4.1. Experimental

Table 19 summarizes the experimental conditions. The specimens were
presulfidized in the high' Ps, atmosphere(Py,=10"""%, Ps =10"° atm) for 100 hours at
1223 K, cooled to room temperature to cause scale spalling either partially or com-

pletely, and then oxidized in air for up to 500 hours. |

" The cross-section morphologies of the scale and alloy were examined using optical

metallography. The chemical analysis of the corrosion products was carried out mainly
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with an EDX unit attached to the SEM. The distribution of each element such as Fe,
Cr, S was determined mainly from the EDX elemental mapping of selected areas. The
distribution of oxygen and the depth profile of particular element such as sulfur were

determined using Auger Electron Spectrometry.
4.4.2. Results

The internal Cr-rich sulfide particles were embedded in the underlying alloy,
after the Fe-Cr alloy specimens Wwere presulfidized in the CO-C0,-SO, gas mixture.
The penetration depth of internal sulfides in the Fe-20Cr alloy was deeper than in the
Fe-25Cr alloy. As the Cr-content in the Fe-Cr alloys decreased, the penetration depth

of internal sulfides increased.

Figure 45 shows the cross-section morphology of the Fe-25Cr alloy corroded for

100 hours in the high Ps, atmosphere at 1223 K. From the quantitative analysis of

the characteristic Auger spectrum, the internal Cr-rich sulfide particles were deter-
mined to be CrS. By varying the sputtering time, a light gray area(point 5 in Figure
45) located at the inner part of the scale was determined to have a chromium sulfide-
rich shell; Cr,(S,0), covering a core of a relatively sulfur-j)oor chromium oxide;
Cr,(0,S). A convention is used in which M(A,B) implies a compound in which the
amount of the element A exceeds that Qf B. The measured sulfur content decreased as
the sputtering time increased. The scale formed on the Fe-25Cr alloy was determined
to be Cr,0, containing little or no sulfur, from X-fay diffraction, EDX analysis and |

Auger analysis.

Fe-20Cr

A network composed of an initial thin layer of Cr-rich particles containing sulfur
followed by a thicker layer of Cr-rich oxide particles was formed at the frontier
between the inner Cr-rich oxide layer and the underlying alloy, in the case of very

severe attack. The amount of sulfur detected by the EDX was low, close to the
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detectability limit of the EDX. The formation of a network seems to be closely

related to the catastropic oxidation of the Fe-20Cr alloy.

Figure 46 shows an SEM micrograph exhibiting the cross-section morphology of

an Fe-20Cr alloy presulfidized for 100 hours in the‘high Ps, atmosphere(Pp, =102,
P_c,-,z--—'—lo“'o atm) and then oxidized for 500 hours in air at 1223 K. The coarse compact’

Cr-rich particles containin'g some sulfur were produced at the advancing front of inter-
nal oxidation, leading to maximum penetration into the alloy. A long porous Cr-rich

oxide stringer perpendicular to the scale-alloy interface followed behind it.
‘Fe-25Cr

Figure 47 shows the cross-section morphology of an Fe-25Cr alloy presulfidized

for 100 hours in the high Ps, atmosphere, and then oxidized for 500 hours in air at

1223 K. The coarse internal Cr-rich sulfide particles penetrated deeply into the alléy,
and the Cr-rich oxide intrusions also penetrated into the alloy following the coarse
particles. The penetration depth of the coarse s_ulﬁdes was about 40-50 um, greater
than that of the fine sulfides. In other words, the size of the intgrnal sulfides
apparently increased as the penetration depth increased. From the q'uantita.tiire
analysis of Auger spectra, the. internal sulfide particles were determined to be CrS.
The sulfur contents in the chromium sulfides were the same at two different sputtering
times; 5 minutes and 8 minutes(point 1, 3 in Figure 47). The porous area behind the
CrS was determined to be Cr,04point 5 in Figure 47). The Cr-rich oxide intrusion
contained a little sulfur(point O in Figure 47). Elemental mapping of selected areas |
exhibits clearly the distribution of corrosion products such as CrS, Cr,04 and Cr-rich

oxide intrusion.

Figure 48 shows an optical micrograph exhibiting the cross-section morphology of

the Fe-25Cr alloy presulfidized for 100 hours in the high Ps, atmosphere, and then oxi-
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dized for 500 hours in air at 1223 K. The coarse internal Cr-rich sulfides were inter-
connected each other, nearly separating the internal oxidation zone below the scale
from the alloy matrix. The Cr-rich oxide intrusions penetrated perpendicular to the
scale-alloy interface. The interconnected Cr-rich sulfides indicate the sideways growth
of coarse sulfides and the negligible advancement of sulfides into the alloy. The pene-
tration depth of coarse sulfides was about 18-23 um, which was relatively shallow com-
pared to the penetraﬁion depth of 40-50 um meastired in case of inward growth of
coarse sulfides, as shown in Figure 47. The internal Cr-rich sulfides produced in the
high Ps  atmosphere were coarsened by the subsequent oxidation treatment. The Cr-
rich oxide intrusion penetrated into the alloy behind the advancing front of coarse
Cr-rich sulfides. Briefly sﬁmmarizing, two types of coarsening of internal Cr-rich
sulfides were observed. One is inward movement and growth, and the other is side-
ways growth. The sméll- grained alloy was attacked more severely than the coarse

grained.
Fe-30Cr

The Cr-rich oxide scale produced in the CO-CO4 SO, gas mixture readily
spalled. Even after further oxidation in air for 500 hours at 1223 K, there was no
severe attack of the Fe-30Cr alloy. The maximum penetration depth of the internal

particles was only about 10-15 um, and a two-layer scale did not develop.
4.5. Concluding remarks.

The development of the critical microstructure is schematically represented in

Figure 49.
(1) Transport of sulfur in the protective chromium oxide.

The cooling stresses caused by cooling to room temperature from 1223 K did not

introduce any significant macro-cracks in the preférmed Cr-rich oxide scale. No sulfur
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wé.s detected in the Fe-20Cr alloy on the microscopic le;vel, in the cross-section of the
scale and alloy, and also in the fracture section. Small amounts of internal Cr-rich
sulfide particles were embedded to a depth of about 47 pm in the Fe-25Cr alloy below
the Cr-rich oxide layer with a thickness of about 20 um. Sulfur-bearing species appear
to transport inward through the protective Cr-oxide scale along short-circuit diffusion |

paths such as grain boundaries of the oxide, microcracks or pores.
(2) Internal sulfidation

Interﬁal Cr-rich sulfide particles were precipitated in the underlying alloy to a
constant depth below the scale-alloy interface, which seems to be the frontier of Cr-
depletion zone of the alloy. The internal sulfides coarsened with time. The size of the
internal sulfides apparently increased as the penetration depth increased. The pene-
tration depth of internal sulfidation front in the small grained specimens was deeper
than that in the coarse g;ained specimens, in case of both Fe-20Cr and Fe-25Cr. Pre-
ferential penetration of internal sulfidation along the grain boundaries of the small
grained alloy was not observed. The small grained cold-rolled and annealed alloys
with th.eir increased grain boundary areas corroded more severely than the coarse

grained cast and homogenized alloys.

In the small grained Fe-20Cr alloy specimens, a band of front sulfides/rear oxides

network leads to the rapid oxidation of alloy in the low Py, atmosphere(Pso2——=O.OO4

atm). The front of Cr-rich sulfides a.dva.n.ced into the alloy, followed by sevei’e inter-
nal oxidation of the alloy. Meanwhile, in the coarse grained Fe-20Cr alloy specimens,
the internal Cr-rich sulfide particles were formed just below the characteristic two-

layer scale composed of an outer Fe-oxide and an inner Cr-rich oxide, in the low Pgp,

atmosphere(Pso,=0.004 atm).

(3) Oxidation of internal sulfides.
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The internal Cr-rich sulfide particles were determined to be CrS from the quanti-
tative analysis of the characteristic Auger spectra. Oxidation of the internal sulfides
themselves leads to accelerated internal oxidation of alloy. In the Fe-20Cr alloy, the
coarse compact Cr-rich particles containing some sulfur were produced at the advanc-
ing front of internal oxidation, leading to maximum penetration into the alloy. Long,
porous Cr-rich oxide particles were observed behind the CrS. The front of coarse
internal Cr-rich sulfides moves inwards and/or grew. sideways till interconnected, fol-

lowed by deep penetration of Cr-rich oxide intrusions, resulting in heavy metal loss.

The anticipated chemical reaction is

2CIS + 3/20; = Cry04 + 28

From the in-situ internal oxidation of CrS, a porous Cr,0, would be left behind
it, because of the difference in the Pilling-Bedworth ratio. Liberated sulfur released .
from th‘e above chemical reaction does not appear to escape to the atmosphere, but
moves further inward into the alloy. If this is the case, the sulfidation/oxidation cor-

rosive attack is a self-sustaining process.
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5. Discussion
5.1. The corrosive environment within the bed of a fluidized bed combustor

Calcium sulfate is solid and thermodynamically stable in air in the temperature
range 1023-1223 K;*® this is the operating temperature range of a fluidized bed
combustor. However, calcium sulfate deposited on the hotter metal surfaces in fluid-
ized bed combustors would be decomposed to SO, at a relatively low oxygen partial
pressure.

C4SO, = CaO + SO, +1/2 0, AG° = 41,115 cal(T=1223 K)

S0,=1/25,+ 0, AG°® = 65,177 cal(T=1223 K)

Figure 50 shows the thermodynamic phase stability diagram for the Ca-O-S sys-
tem at 1123 K and at 1223 K respectively®. If the oxygen partial pressure 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.

0-3.5

In other words, the sulfur activity within the bed could be increased to 1 atm at

1223 K, and to 10 atm at 1123 K.

The nature and extent of corrosion observed in laboratory crucible experiments
using CaSO ,-containing powder mixtures in low oxygen partial pressure atmospheres,
have been corﬁpared with those obtained in the experiments using CO-C0 S0, gas
mixtures chosen to simulate the sulfur and oxygen activities in the low oxygen partial
pressure locations in fluidized bed combustors. In the crucible test, the formation of
internal Cr-rich sulfide/oxide particles in the underlying Fe-20Cr alloy below an inner
Cr-rich oxide layer was a common observation. In the mixed gas atmospheres, inter-
nal Cr-rich sulfides were formed in the Fe-20Cr alloy in thé range of sulfur activity of
10°-10* atm at the fixed oxygen partial pressure of 10''? atm at 1223 K. The range
of sulfur activity of 105-10* atm is still below the theoretical maximum value at the

CaSO ,/CaQ/CaS triple point, lying close to the CaSO,/CaO equilibrium line. In other
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words, it is believed the sulfur activity is increased high enough to sulfidize the ﬁlloy
a_long the CaSO 4/CaO equilibrium line as a direct consequence of the low oxygen par-
tial pressure. This indicates that generation of a sulfidizing gas mixture by the princi-
pal components of a compact deposit, i.e. CaSO, and CaO, is possible mechanism of
sulfidation relevant to fluidized bed combustor. In other words, the s‘ulfur-contaivning‘
species SO, was evolved from the CaSO,/CaO equilibrium in the low oxygen partial
pressure atmospheres created by the CO/CO, gas mixture. The evolution of SO, gas
in crucible tests was CaSO , decomposition reaction dvependen»t and time-limited in this
laboratory experiments. A solid state reaction between 2 CaSO  deposit and a protec-
tive Cr,0; scale is probable, but not serious. Even if a mixture of CaO and Cr,04
was formed by a solid state reaction, it appears to be iﬁsigniﬁcant in controlling the
overall cofrosion mechanism. Comparison of observations in the crucible experiments |
and in f.he mixed gas experiments indicates that sulfidation/ oxidation corrosion is
very likely under some circumstances within the bed in a fluidized bed combustor.
This type of corrosion has the potential for breakaway--an acceleration in rate after a
certain time-- and thus it can be very useful to develop a detailed understanding of

the reaction in the hope of the being able to predict the onset of breakaway.
5.2. Sulfidation/oxidation corrosion

Iron-chromium allbys in sulfﬁr-conta.ining atmospheres developed irregular inter-
faces between the scale and the alloy, fragmentation of noble metal in scale, the for-
mation of internal sulfides/oxides in the alloy, sulfur-enrichment in the innermost part
of the inner Cr-rich oxide, and the formation of a non-protective two-layer scale. The
internal sulfides formed were chromium-rich. The variation in the attack modes in
sulfidation/oxidation corrosion on iron-chromium alloys with the partial pressure of
SO, and the activity of sulfur is represented in Table 10, and schematically in Table

11. The activity of sulfur played an important role determining whether
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sulfidation /oxidation corrosion occured or not. Int;ernz;,l sulfidation was observed to be
related t§ the SO, partial pressure: for a fixed sulfur partial pressure of 10 atm,
internal sulfidation was -observed_ for an SO, partial pressure above 0.004 atm in the
case of the Fe-20Cr alloy, and at 0.026 atm in the Fe-25Cr alloy. The extent of

sulfidation/oxidation corrosion decreased as Psp, decreased. The partial pressure of

SO, was a more decisive factor than the sulfur activity in the -development of
sulfidation/oxidation corrosion. In other words, the development of the critical

microstructure leading to breakaway was dependent more on Pso, than Ps, .

Three possible explanations for dependency of the microstructure on Pso, can be

suggested %
(1) the gaseous transport of SO, through the scale is the controlling process.
(2) the amount of SO, in the atmosphere is high.

(3) desorption of SO, from the external surface is a slow step.
S0, (ads) + 2M = 2MO + S,
Sews + O2 (8) = 50, (g)

If the desorption step of sulfur is slow, then the scale is covered with adsorbed sulfur,
and adsorbed sulfur will accumulate at the surface until it is removed by sulfide for-
mation, and sulfur moves through traps at grain boundaries of the séale. The sulfide
formation will occur at the interface, and this will generate a two-phase structure with
sulfide embedded in the oxide; sulfur could be rem'ov‘ed by diffusion inward through
the oxide to form sulfide beneath the oxide layer. As shown in Figure 45, a sulfide
layer was embgdded in the chromium oxide. The concept of the reaction path is use-
ful as an aid in visualizing possible phase distributions where transport is rate control-
ling; no quantitative and active model has yet been developed. Figure 52 shows the

possible reaction path for formation and distribution of sulfides in the scale and alloy.
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The Cr-content in a Fe-Cr alloy wa,sv also critical. The Fe-20Cr alloy exhibited
good resistance to spalling particularly in the sulfur-containing atmospheres, but after
the local failure of the protective Cr,0; scale the alloy corroded rapidly forming a
thick two-layer scale. In this case, sulfur penetrated »deep into the alloy.. Meanwhile,
although the Cr,0; scale formed on the Fe-25Cr alloy spalled off relatively easily in
the sulfur-containing atmospheres, the overall oxidation rate of the alloy did not
accelerate greatly. Sulfur could assist spalling of scale on the Fe-25Cr alloy, i.e. hurt
chemically the bonding between the scale and alloy, but could not penetrate deep into
the alloy. As the Cr-content in the Fe-Cr alloys increased, the penetration depth of
internal sulfides decreased, and. ultimately sulfidation/oxidation corrosion was
retarded. Figure 51 shéws the variation of the maximum penetration depth of Fe-Cr
alloys with Cr-content. The maximum penetration depth of internal sulfides,
representing the corrosion rate of material at given env_ifonmenta.l condition, saturated
to a constant depth below the inner Cr-rich oxide layer as the oxidatiqn time
increased. In the mixed gas environmenﬁs, the maximum panetration depth was 30-40

pm in the Fe-25Cr alloy, and 40-50 um in the Fe-20Cr alloy in the high Ps, atmo-
sphere.
5.3. The development of the critical microstructure

Growth kinetic data such as the weight gain, scale thickness, and the penetration
depth of internal sulfides/oxides into the alloy as a function of reaction time indicate
that the conditions leading to the tranmsition from ’protective’ to ’monprotective’
behavior, so-called "breakaway”, are deeply involved in the microstructure, depending
on the alloy(Cr-content, grain structure) and the environment(Ps,, Pso,). Breakaway
oxidation is unpredictable, but ihterpretable, in that it can be correlated with microé-

tructural changes in the reaction products and the underlying alloy. Experimentally,

it is still difficult to attain reproducibility in the measurement of breakaway time even
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in very carefully controlled conditions. In the near future, the information on the
microstructural changes occurring before breakaway are far more valuable in estimat-
ing . the possibility of a(;celerated corrosion, and are easy to attain in this kind of
laboratory scale experiment. In su.'lﬁdation/oxidation cofrosion, it is postulated that a

” critical microstructure” developed before breakaway occurred.

The critical microstructure regarded as a precursor of breakaway in the present
work developed as a result of the formation and growth of the internal sulfides/oxides
in the underlying alloy. The schematic of the critical -microstructure developed in
sulﬁdation/éxidation corrosion is represented in Figure 37, obtained from the experi-
mental observations in the mixed gas atmospheres. Microstructural evidence indicates
" that the formation of internal sulfides leads to internal oxidation, fragmentation of the
more noble metal in the scale, instability of the interface between scale and alloy, and
inability of alloy to regenerate a protective oxide. The question then arises as to how

the critical microstructure develops:

The development of the critical microstructure involves the transport of sulfur in
the protective Cr-oxide, the formation of internél sulfides _in the alloy, the internal oxi-
dation of the sulfides, and the inward diffusion of the released sulfur to forﬁx new
sulfides. Sulfur-bearing species transport inward through the protective Cr-oxide scale
along short-circuit diffusion paths.‘ Internal Cr-rich sulfide particles are then precipi-
tated and coarsen in the underlying alloy to a constant depth below the scale-alloy
interface, which seems to be the frontier of the Cr-depletion zone of the alloy, presum-
ably corresponding to a plane at which the outward chromium diffusion from the bulk
of the alloy balances the inward diffusion of sulfur from the surface. The front of Cr-
rich sulfide particles advance into thé alloy, and in-situ oxidation of the internal

sulfides leads to accelerated internal oxidation of the alloy.
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5.3.1. Sulfur transport in the protective Cr,0,. |

The following three mechanisms have been proposed for the transport of sulfur

through the Cr,03 scale3*%;

(1) the more or less uniform sulfur distribution in the Cr,0; scale followed by the

solid state diffusion of sulfur inward either via lattice or grain boundary.

(2) the transport of sulfur-bearing gas molecules like SO, through physical defects in

the Cr,0 4 such as pores and microcracks.

(3) the formation of connected networks of sulfides channels through the Cr,0;

scale.

Figure 53 shows a schematic diagram exhibiting the possible transport paths of
sulfur through the scale and alloy. If the amount of SO, is high, or if desorption of
SO, at surface is the slow step, sulfide channels would also be possible in the scale.
The formation of sulfide channels would provide ra.pid transport paths, short-
circuiting the oxide lattice. As shown in Figure 13, both solid state diffusion of sulfur
and molecular transport of sulfur-bearing gas species are possible simultanvedusly in the

selective oxidation of chromium at the experimental conditions of this work.

As calculated in Appendix 8.3., the minimum estimated value of the sulfur
diffusion coefficient in Cr,0; from the present work is about 5.5 x 107! em?/sec at
1223 K. Figure 54 shows the previously reported data for the diffusion coefficients of

chromium 142

, ozygen?® and sulfur? in Cr,0;. The sulfur diffusion coefficient in hot-
pressed Cr,0; is about 107'° cmz/séc at 1273 K. The aiﬂ'usion coefficient of sulfur is
about six orders of magnitude higher than the diffusion coefficient of oxygen. Com-
parison of the calculated value of Ds with the previously reported D, and Ds.values
indicates that sulfur probably was transported through short—circuitl paths in f;he Cr-

oxide scale such as microcracks and pores for gaseous transport, and/or grain boun-

daries for solid state diffusion.
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 Other indirect experimental evidence supporting SO, molecular transport

through microcracks and pores in the protective Cr,0; scale is as follows;

(1) The partial pressure of SO, played a more decisive role than the actiﬁty of sulfur

in determining the development of corrosion, as given in Table 10 and Table 11.

(2) Small amounts of internal sulfide particles were observed at the fracture section
only in the preoxidized Fe-25Cr alloy specimens. The scale formed on the Fe-
2$Cr alloy tends to be susceptible to cracking during cooiing to room tempera-
ture. Meanwhile, in the preoxidized Fe-20Cr alloy specimens which showed excel-
lent resistance to spalling, internal sulfide particles were not observed even after

oxidation in the high Ps  atmosphere. In other words, sulfur diffused through
physical imperfections such as microcracks.

(3) A sulfur concentration gradient was not observed in the scale, even in the case

where sulfur was detected near the scale-alloy interface.

(4) In the two-layer scale, sulfur was detected only at the inner porous Cr-rich oxide
lﬁyer. v

(5) In vthe. predxidized Fe-18Cr alloy specimens, coarse internal sulfide particles were
observed mostly at the corner, a geometrically sensitive site for cra.ck‘ing of the

scale,
5.3.2. The formation of internal sulfides in the alloy.

Internal sulfidation preferentially along the grain boundaries of the alloy was not
observed even in the cold-rolled fine-grained specimens, though the overall corrosion
rate was increased by grain refinement. It could be explained that intergranular corro-
sion is possible when there is chromium depletion of the grain boundary regions,
caused by carbide precipitation*® in carbon-containing stainless steels such as Types 304

and 310. However, in the carbon-free binary Fe-Cr alloys, preferential intergranular
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corrosion is not necessarily developed, but severe corrosion occurred, probably caused
by the enhanced grain boundary diffusion of chromium outward, and sulfur and oxy-

gen inward, along the increased grain boundaries in the alloy.

Internal sulfides were commonly observed in ithe underlying alloy below an inner
Cr-rich oxide layer to a constant depth of about 20-50 pm, in the case of the two-layer
scale composed of an outer Fe-oxide layer and an inner Cr-rich oxide layer. The size
of internal sulfide particles increased as the peﬁetration depth increased, as shown in
Figure 47. Figure 55 showé schematically the chromium concentration gradient and
the size of sulfides as a function of distance from the scale-alloy interface. Qualita-
tively, the particle radii were proéortiona.l to the distance from the scale-alloy inter-
face. Rapp? derived the equation describing the radius of spherical precipitates pro-

duced by exclusive internal oxidation of alloys.

Using this approach, the radius r(X) of spherical sulfides may be expressed by

() = (e

where

L X

NJ5T X

NJ) :  the mole fraction of oxygen at the external surface
Ng, : the mole fraction of chromium in the bulk alloy
AX :  the distance between. precipitates
A" :  molar volume of Cr,0,
X :  penetration depth

N¢, increases as X increases, because of Cr-depletion in the alloy. Therefore,
r(X) increases also as X increases i.e. internal sulfides coarsen at the precipitation

front. This coarsening is related to the balance between the flux of oxidants inwards
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and the flux of chromium out. The intefna.l sulfides cbuld} block the inward diffusion
of oxygen, and the outwafd diffusion of chromium. Eveﬁtually, the formation of the
sulfide prevents the development of the normal continuous protective oxide layer.
Because the chromium is tied up as internal‘ oxide parti.cles, the alloy loses its ability

to regenerate its protective chromium oxide scale.

As also given in Figure 27 showing the affected zone preferentially etched by
Villela’s reagent, the Cr-depletion is a major cause for the formation of the internal
Cr-rich sulfide particles. Sulfur appears to diffuse through the bulk and/or along the
grain boundaries down the concentration gradient of chromium. From the concentra-
tion profiles measured by Whittle? for various Fe-Cr alloys, the depth and extent of

the Cr-depletion zone could be estimated.
5.3.3. The internal oxidation of sulfides.

The descaled alloy having internal Cr-rich sulfides oxidized rapidly. Originally, it A
was believed that the removal of the chromium to form the sulfide allowed the rapid

oxidation of the depleted matrix.

In addition, the chromium-rich sulfides themselves oxidize rapidly, forming a
‘layer in which particles of metal depleted in chromium are embedded in a non-
protective chromium-rich oxide matrix. The front of internal sulfides advanced into
the alloy leading a band of internal oxides, followed by oxide intrusion without form-

ing the protective Cr-oxide, as shown in Figure 46 and 47.

The anficipated chemical reaction between internal sulfides and oxygen is thus to
some extent
2CrS + 3/2 0, = Cr,05 + 2S
Figure 56 describes the mechanism of the formation of porous Cr,0; and the
inward movement of liberated sulfur. The liberated sulfur released from the chemical

reaction appears to be driven inwards into alloy, and does not escape to the
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atmosphere. If this is the case, the reaction will be a self-sustaining process.

. The interestiﬁg common observations are that sulfur at the scale-alloy interface
diffused passing through the Cr-depletion zone in the underlying alloy just below the .
Cr,0, scale, and internal sulfides precipitated at the frontier of Cr-depletion zone.
However, oxygen alone could nof diffuse inward in the underlying alloy in the absence

of sulfur.

In the absence of sulfur, oxygen diffuses inward and forms internal oxides behind
the advancing internal sulfides. If so, éxygen needs certain short-circuit transport
path$,. definitely related to sulfur, for its inward movement. In this case, Sulfur plays
some role for oxygen movement. There are several possibilities for the oxygen
diffusion:

(1) through the bulk of the depleted alloy to the CrS particle,

(2) down alloy grain boundaries to the CrS,

(3) along the boundary between Cr,0; and CrS at/near the alloy grain boﬁndaries,
(4) through micropores resulting from the volume difference between Cr,0; and CrS.

5.4. Breakaway oxidation

The stability of Cr,0; scale, mechanically and/or chemically, is very important
from the viewpoint 6f high temperature corrosion resistance. Major compositional and
microstructural changes occurring during breakaway oxidation, both mechanically and
chemically, are schematically represented in Figure 57. Waittle? proposed a mechani-
cal breakdown model. It was suggested that the mechanical failure of Cr,0; scale in
an oxidizing atmosphere permits rapid oxidation of the underlying chromium-depleted

alloy.

In the sulfur-containing atmosphere, chemical breakdown is more probable by

developing the critical microstructure before the mechanical failure of Cr,0, scale
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occurs. The critical microstructure developed by the formation of internal
sulfides/oxides in the underlying alloy could cause the "breakaway process”. The

behavior exhibiting the breakaway kinetics in the high Ps, atmosphere and the protec-
tive kinetics in the low Ps, atmosphere are good evidence illustrating the role of sulfur
in the scale and alloy, as already given in Figure 16.

The breakaway oxidation process could be divided into three periods by focusing

on the microstructural changes;
(1) precipitation of internal sulfides in the underlying alloy,

(2) coarsening of the sulfides and scale separation as two thin layers composed of an

outer Fe-oxide and an inner Cr-rich oxide,

(3) formation of thick nodules composed of an outer Fe-oxide and an inner mixed

Fe-Cr oxide, and sideways growth of the thick two-layer scale nodule.

Figure 58 describes schematically the breakaway process occurring during the for-
mation of the critical microstructure. In the sulfur-containing atmosphere, the chemi-
cal interaction between sulfur and Cr,03 appears to be one of the causes for the des-
truction of the Cr,0 4 scale. Sulfur assists the breakfhrough of Cry0, scale formed on
the Fe-Cr alloys. In other words, sulfur in some form, probably at the grain boun-
daries of the oxide, increases the growth rate of Cr;03;, with a slight deviation from

parabolic kinetic behavior.

One explanation for chemical breakdown of the protective Cr,0; scale induced
by sulfur is possible if the presence of a sulfur-rich region or sulfide layer within the
Cr,0, scale is postulated, while internal sulfides precipitated in the alloy. It is
strongly probable that the scale formed in the sulfur-containing atmospheres at the
early stage of oxidation would appear in analysis to be simply Cr,0; if sulfur present

within the scale is below the detection limit of the EDX used in the characterization of
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reaction products. S_ulﬁde or sulfur-rich regions near thev grain boundaries of Cr,03
scale would provide the short-circuit diffusion paths for reactants in the following oxi-
dation. Experimentally, the Cr,0; scale produced in the sulfur- containing atmo-
spheres is not the same as that in the oxidizing atmosphere. Even though the Cr,0,;
scale was only formed on the alloy surface in the sulfur-containing atmospheres at the
early stage of oxidation, it did not work properly as a protective lé,yer for resiStaﬁce to
sulfur attack. For instance, the Cr,0; scale produced by 100 hours oxidation in air
exhibited excellent resistance to sulfur attack in the mext 500 hours oxidation in the
sulfur-containing atmospheres. Meanwhile, the Cr,03 scale produced by oxidation in
the sulfur-containing atmosphere was easily broken down by subsequent oxidation in
the sulfur-containing atmosphere. Theoretically, within the solubility limit, the sulfur
will be dissolved in the oxide according to Sievert’s law §vhich states that the amount
of the dissolved sulfur is proportional to the square root of sulfur partial pressure.
Table 21 reports that the solubility of sulfur in Cr,0, is about 9.0 wt.%. However,
comparison with the other oxides indicated that solubility values measured by electron
probe analysis appear to be systematically too large by a considerable amount. If the
sulfur was dissolved in the compact Cr,04 scale, the defect structure of Crq04 would
be altered. Tbe possible defect structure change in Cr,04 induced by sulfur depends
on the nature and location of the sulfur ion within the solid solution. As an instance,
Wagner et ol has suggestea that a S~ ion could be present on an anion site as an
electron donor in Cr,0,; thereby increasing the Cr defect concentration through
decreasing the hole concentration. Defect concentrations of the Cr-oxide in the

sulfur-containing atmospheres are higher.

The another possible explanation for the chemical breakdown of the protective
Cr,034 scale induced by sulfur is that micropores in the Cr,0; scale produced in the

sulfur-containing atmospheres increase the permeability for the easy movement of gas
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'molecules through the scale. The fracture section of Cr-rich oxide scale in the sulfur-
containing environment was more porous than that in a merely oxidizing environment,
as already shown in Figure 29. A possible mechanism of micropore formation is illus-
trated in Figure 56. If sulfide present in thé Cr-rich oxide scale reacts with oxygen,
porous lCr203 would_ be formed within the scale by volurﬁe difference between_ CrS and
Cr,03. For the chemical breakdown, the overall mechanism would be controlled still
by the diffusion of cation and oxidant, or by the combination of both the phase boun-

dary reaction and the diffusion.

Once the ini:ernal Cr-rich sulfide parﬁicles are formed in the underiying alloy,
they coarsen at the front of the chromium-depleted zone, and are followed by oxide
intrusions. The local chromium depletion in the underlying alloy as a consequence of
Cr-rich sulfide precipitation and coarsening would disturb the mass balance of
chromium outward flux across the scale-alloy interface. The supply of chromium from
the base alloy to the scale is diminished, and becomes more susceptible to further
accelerated oxidation. After the internal Cr-rich sulfide particles form in the underly;
ing alloy, the Cr,0, scale separates gradually as a double-layer composed of an outer

-Fe-oxide and an inner Cr-rich oxide, as shown in Figure 17. At this point, the growth
kinetics deviate slightly from parabolic behavior. It is experimentally difficult to visu-
alize the exact mechanism whereby the iron ions pass through the thin Cr,0; film to

form an outer Fe-oxide layer*S.

One possible explanation is that the outward diffusion
of the noble metal cation through the Cr,03; would be‘ enhanced eventually by the
_sulﬁdes within ﬁhe scale. Cr,0;, itself grows by outward diffusion of chromium along
short-circuit diffusion paths such as grain boundaries of the oxide, as can be predicted
from Figure 53. The rates of diffusion through the sulfides are Aigh*’. In addition to

the sulfide itself, the incoherent phase boundary between the sulfide precipitates and

the Cr-oxide matrix could be paths for enhanced diffusion. Once the two-layer scale
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" composed of an outer Fe-oxide and an inner Cr-oxide was formed, it grew faster than

the Cr-oxide scale showing a linear growth rate.

If the thickness of scale exceeds a critical value, the scale would be broken déwn
by impressed strain. As given in Table 9 and schematically represented in Figure 598,
the mechanical failure of the scale could be induced by the sulfide formation/cracking
phenomena at the premature onset of breakthrough in the sulfur-containing environ-
ments. The sulfide has a high volume ratio*’, which can cause sévere stresses lécally
inside the scale and lead to breaking-up of the scale. 'Micr:ocracks appear to be created
more likely along the grain boundaries of scale. If sulfur was adsorbed at the micro-
crack surface, then it could indﬁce the rapid crack growth, and also lead to spontane-
ous cracks by building up more stresses by the following inward movement of ozi-
dant*®. The protective Cr,0 3 scale would be broken down chemically/mechanically by
the sulfide-initiated cracking. In case of the chemical/mechanical breakdown by
cracking in the presence of sulfur, the overall mechanism could be controlled by the
phase boundary reaction between the corrosive gas and solid at the scale-alloy

inter [ ace

. If the two-layer scale composed of an outer Fe-oxide and an inner Cr-
oxide is broken down, the oxidant would diffuse inWard rapidly and form the nodule
composed of an outer Fe-oxide and an inner mixed Fe-Cr oxide. Once the thick two-
layer scale consisting of an outer Fe-oicide and an inner mixed Fe-Cr oxide was formed,
the remaining Cr-oxide scale would be broken down completely by the sideways
growth of the thick two-layer scale. Even though an innermost thin Cr-rich oxide
layer was formed afterwards, it did not wofk as a protective barrier to sulfur penetra-
tion. Discrete Cr-rich sulfide particles were observed below the regenerated thin Cr-
rich oxide layer, and advanced inward in the underlying alloy, and subsequently vcause

the severe degradation of structural material. As fas as the suppression of sulfide for-

mation is concerned, the Crq04 scale formed by preoxidation could delay the sulfur
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penétration efficiently, but would be broken down eventually.

8. Conclusions

(1)

(2)

The sulfur activities in the low oxygen partial pressure locations in the fluidized

bed combustor lie along the CaS0,/CaO equilibrium line, and the maximum sul-

fur pressure is that corresponding to the CaS0O,/CaO/CaS triple point. The cal-

cium sulfate coupled with local low oxygen activities induces
sulfidation /oxidation corrosion. The formation of internal Cr-rich sulfide/oxide
particles in the underlying alloy below an inner Cr-rich oxide layer is a common
observation, both in the crucible test and the test in the simulated mixed gas
atmosphere. The reaction products formed at the external surface of the scale on.
iron-chromium alloys by a- solid state reaction with the calcium-containing
species, such as a eutectic oxide mixture of CaO and Cr,0; appear to be

insignificant in controlling the overall degradation process.

The development of internal sulfides leads to internal oxidation, fragmentation of
the noble metal in the scale, instability of the interface between the scale and

alloy, and finally the inability of the alloy to regenerate protective oxide.

Although the sulfur activity in the atmosphere is important in determinving
whether or not sulfidation /oxidation took place, the development of the attack is
much more sensitive to the actual SO, partial pressure. Sulfidation/oxidation is
a breakaway process. After breakaway, the. metal oxidizes to form non-

protective characteristic two-layer oxide scales.

The deleterious effect of sulfur is related to its inducing a microstructure which
prevents the maintenance and the reformation of a protective external scale. The

"critical microstructure” developed by the formation of the internal



(5)

(7)

(8)
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sulfides/oxides in the underlying alloy leads to breakaway oxidation. The
development of a ”critical microstructure” involves sulfur transport through the
initial protective chromium oxide scale, the formation of internal sulfides, and the

internal oxidation of the sulfides.

Sulfur appears to be transported through the protective chromium oxide scale
along short-circuit diffusion paths such as grain boundaries, microcracks or pores. -
These last two paths appear to be more likely, and involve the molecular pene-

tration of sulfur-bearing species such as SO,.

Sulfur seems to diffuse along the grain boundaries and/or through the bulk in the
alloy probably down the concentration gradient of chromium. Preferential pene-
tration of sulfur along the grain boundaries of the small grained binary Fe-Cr
alloys was not obServ-ed, thpugh the small grained specimens with increased grain

boundary areas corroded more severely than the coarse grained.

The front of internal sulfides leads to accelerated internal oxidation i.e. rapid oxi-
dation of internal sulfides themselves and subsequent inward movement of the
liberated sulfur. In other words,lthe front of internal sulfidation advances into
the alloy, both inwards and sideways, followed by in-situ oxidation of the
chromium-rich sulfides, producing §xide intrusions. The sulfur released does not
appear to escape to the atmosphere. The liberated sulfur forms the new sulfides

ahead of internal oxidation in the underlying alloy. Once a critical microstruc-

. ture develops, a reaction which is a self-sustaining process will take off.



- 63 -

7. References.

10.

11.

13.

14.

- 15,

D.P.Whittle, LBL Annual report LBL-8580, 1978
G.C.Wood and D.P.Whittle, Corr. Sci. 4(1964)263
G.C.Wood and D.P.Whittle, Corr. Sci. 7(1967)763

J.Stringer and S.Ehrlich, ”High temperature corrosion in fluidized bed combus-

tors.” ASME Annual Meeting, December, 1976, paper no 76-WAS/CD-4
M.J.Cooke, A.J.B.Cuttler and E.Raask, J. Inst. Fuel, 45(1972)153

A.JMinchener et al, EPRI Final report CS-1853 Research Project 979-1, May,

1981
A.J Minchener, E.A.Rogers and J.Stringer, The work by NCB and EPRI

R.A.Perkins, S.J.Vonk and J.Stringer, EPRI FP-1280 Research Project 979-6,

Dec., 1979

J.Stringer, ”High temperature corrosion in fluidized bed combustion.” in Ash

Deposits and Corrosion due to Impurities in Combustion Gases, ed R.W.Bryers,

Hemisphere, Washington,D.C. 1977

J.Stringer, "High temperature corrosion problems in the electric power industry

and their solution.” ed Robert A.Rapp, Sandiego, 1981
R.A Perkins, unpublished work
H.Akuezue, M.S.Thesis, LBL, Univ. of California, Dec. 1979

S.R.J.Saunders, M.K.Hossain, B.Kent and D.M.Loyd, High temperature technol-

ogy, 2(1984)63-73

J.Stringer and D.P.Whittle, Proc. Int. VDG Conf. on Corrosion and Deposition

in Power plants, Essen, June, 1977

J.Stringer, K.Mark and J.S.Lin, Proc. Electrochem. Soc. Sym. on High Tem-



16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

32.

33.

34.

35.

- 64-

perature Materials (1983) San Francisco.

R.P.Salisbury and N.Birks, J. Iron Steel Inst. (1971)534

C.S.Giggins and F.S.Pettit, Oxid. Metals, 14(1980)363

F.S.Pettit, J.A.Goebel and G.W.Goward, Corr. Sci., 9(1969)903-913
W.R.Worrell, Invited Talk, Univ. of California, 1983

W.F.Chu and A.Rahmel, Oxid. Metals, 16(1981)175

A.U.Seybolt, Trans. Met. Soc. AIME, 242(1968)752

W.C.Hagel, J. Am. Cer. Soc. 48(1965)70

K.P.Lillerd and P.Kofstad, J. Electrochem. Soc., 127(1980)2397-2419
A.Atkinson and R.I.Taylor, AERE-11314, June, 1984

C.Wagner, Z. Electrochem., 63(1959)772

R.A.Rapp, Corrosion, 21(1965)382

M.K.Hossain, Corr. Sci., 19(1979)1031

C.Fillastre, N..Barbouth and J.Oudar, Scripta Metallurgia, 16(1982)537-540
J.Oudar and N.Barbouth, Scripta Metallurgia, 15(1981)41-43
P.Risse, M.S.Thesis, LBL, Univ. of California, May, 1981
C.J.Spengler and R.Viswanathan, Met. Trans., 3(1972)161

M.E ElDahashan, D.P.Whittle and J.Stringer, Oxid. Metals, (1974)179-209, 211-
226
J.0.Edstroem, J. Iron Steel Inst., 185(1957)450

D.P . Whittle, G.C.Wood, D.J.Evans and D.B.Scully, Acta. Met., 15(1967)1747-

1755

A.U.Seybolt, J. Electrochem. Soc., 107(1960)147



36.

37.

38.

39.

40.
41.
42.

43.

44.
45.
_ 46.
47.
48.
49.

50.

-65- .

H.H.Kellogg, Trans. Met. Soc., AIME, 230(1964)1622

I.Barin, O.Knacke and O.Kubaschewski, ”Thermochemical properties of Inor-

ganic substances.” Springer-Verlag, New York, 1973, 1977
J.Stringer, Private communication

J.Stringer, "The importance of short-circuit and related transport processes in
high-temperature oxidation.” pp495-517, ”Defects and Transport in Oxides.” ed.

M.S.Seltzer and R.1.Jaffee, Plenum Press, 1974

R.A.Perkins, Final report to EPRI on Contract RP 979-6, 1978
W.A Hagel and A.U.Seybolt, J. Electrochem. Soc., 108(1961)1146
L.C.Walters and R.E.Grace, J. Appl. Phys., 8(1968)2331

Corrosion, Volume 1, Metal/Environment Reactions, 2nd ed. edited by

L.L.Shreir, Butterworth Inc, 1976

D.R.Chang, R.Nemoto and J.B.Wagner, Jr., Met. Trans., 7A(1976)803
G.Romeo, H.S.Spacil and W.J.Pasko, J.Electrochem. Soc., 122(1975)1329
G.R.Wa.ilwork, Rep. Prog. Phys., 39(1976)401

Karl Haufe, ”Oxidation of Metals.”, Plenum Press. (1965)366
M.IManning et al, EPRI report FP-686, Feb., 1978

Y.lkeda and K.Nii, Oxid. Met. 12(1978)48'}

K.R.Lawless, Rep. Prog. Phys. 37(1974)231



-66-

8. APPENDIX

8.1. Calculation of the local Pg, and Ps, inside the powder bed.

(1) Calculation of the oxygen partial pressure in the CO-CO, gas mixture.

CO + %O, = CO,
At 1223 K, log Po, = —15.0 + 2 log (Pco,/Pco)

For initial gas mixture:

CO; 1.2%
CO,; 98.8%

Pco,/Pco = 82.3
Thus,

Po, = 1072 atm

(2) Calculation of the sulfur partial pressure inside the powder bed.

CaSO, = CaO + %S, + 3/20,
At1223K, logPs, = —37.8 — 3 log Po,

For a fixed oxygen partial pressure of 10~!!2 atm,

Ps, = 10~ “%atm
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8.2. Calculation of oxygen and sulfur partial pressure i.n the CO-COZ-SOz-Ar gas mixtures.

3 components : C, S, O
8 species  : 0, §,, COS, SO, SO, SO,, CO_, Co,

CO +1/20, =CO; - K; = Pco,/ Pco - P )
1/2S; + O, = SO, K; = Pso, / P4/2 - Po, )
co + 1/2S; = COS K3 = Pcos / Pco - P42 - (3)
1/2S; + 1/20; = SO Kq = Pso / P42 - PY? @
1/25; + 3/20; = SO, Ks = Pso, / P2 - P32 | 5)
Peo + Pco, + Poos = Xc Xc /D = N¢ (6)
2Ps, + Pso, + Poos + Pso + Pso, = Xs Xs/D = N 0]
2P0, + Pco + 2Pco, + 2Pso, + Poos + Pso + 3Pso, = Xo »Xo /D = No @)

2Pg, + 2Ps, + 3Pcos + 2Psp + 3Psgo, + 4Pso, + 2Pco + 3Pco, = D
Approximately at 1223 K,

log Po, = —15.054 + 2 log(Pco,/Pco)

log Ps, = —23.292 + 2 log(Pso,/Po,)



For initial gas mixtures ; (vol %)

—-68—

environment no. 1 2 3 4 5
CO 0.5 0.6 0.5 2.2 0.1
CC)2 374 49.4 374 70.3 374
S()2 2.58 0.80 025 | 044 2.6
Ar §9.52 | 49.2 61.85 | 27.06 | 59.9

use certified grade premixed gas cylinder ;

0.3% CO- CO,, 1.2%CO-CO,,  3.0% CO- CO,

1.6% SO,- Ar, 4.1% SO,- Ar
i 2 3 4 5
fraction v :
Xc 0.379 0.500 0.379 0.725 0.375
Xo 0.804 1.010 0.758 " 1.436 . 0.801
X 0.026 0.008 0.002 0.004 0.026
‘determinant ' |
D 1.210 1.518 1.139 2.166 1.202
concentration
N¢ 0.313 0.329 0.332 0.334 0.312
No 0.664 0.665 0.665 0.663 0.666
Ng 0.021 0.015 0.002 0.002 0.002
partial
pressure _
log Po, -11.2 -11.2 —11.2 -12.0 -10.0
log Ps, —4.0 -5.0 -6.0 -4.0 —6.4
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Approximately at 1123 K,

log Po, = —17.202 + 2 log ( Peo, / Pco )

log Ps, = —26.02 + 2log ( Pso, / Po, )

environment no.
6 7
initial gas mixtures, CO 0.1 0.1
(vol %) : COo, 374 374
SO, 2.6 1.0
Ar 59.9 61.5
fraction, Xc 0.375 0.375
Xo 0.801 | - 0.769
X 0.026 0.010
determinant, D 1.202 1.154
concentration, N¢ 0.312 0.325
No 0.666 0.666
Ng 0.022 0.009
partial pressure, log Po, | —12.2 -12.2
log Ps, —49 -5.7

——



-70-

8.3 Approximate calculation of D, in the scale and alloy.

In Figure 40, the penetration depth of Cr-rich sulfide particles in the underlying alloy was

about 47 um, and the scale thickness measured was about 20 um.

The previously published diffusion coefficients of sulfur in the Fe-Cr alloys at 1223 K are |

given in Table 20.

D, (in Fe—26Cr) = 1.5 X 10~% cm? / sec (T = 1223 K)

The diffusion time of sulfur in alloy can be calculated by using the following equation.

penetration deﬁth = 2 X (D4 x time )*
47X107% = 2 X (1.5X107°% X time)*
t= 3682 sec = | hour
The minimum elapsed time for diffusion in the alloy is at least | hour.
Assuming that the change of scale thickness is negligible during 500 hours oxidation in the
low Po, and high Ps, atmosphere (P,, = 107!, Ps, = 10~ %atm), compared to the 100 hours

oxidation in air (P, = 0.21 atm), since scale grows very slowly in 500 hours oxidation.

The maximum elapsed time for diffusion in CryOj; is about 499 hours. The scale thick-

ness measured is about 20 um.

20 X 1074 = 2 X (D, X 499 X 3600)*
D, = 5.5 X 10~ 3cm? / sec
The minimum estimated value of the sulfur diffusion coefficient in .Cr203 is about 5.5 X

10713 cm?/sec at 1223 K.
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Table 1. Chemical compositions of alloys tested.

(unit; weight percentage)*

norminal
composition Fe Cr

.| 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.

. alloys tested . :  Fe-15Cr, Fe-20Cr, Fe-25Cr

temperature ' .. 1223K
external énvironmént :  1.2% CO — 98.8% CO,,
Po, = 10712 atm
| gas ﬂqw rate . 0.1 cm/sec

powder bed | :  CaSO,/CaO
S ) (38 mm diameter X 38 mm height)

environment inside bed* : Pg, = 10"!!2 Pg, = 107*% atm
(near specimen surface)

‘duration : 25, 50, 100, 150, 200 hours

he thermodynamically calculated value.



Experimental results in crucible test.

Table 3.
alloy duration | weight scale thickness penetration | scaling characteristics
gain um depth
hours | mg/cm? | typical | two-layer um
Fe-25Cr 25 1.87 2 - 0 Cr,0,
50 2.84 5-8 - 0 (Cr,Fe),0,, CaO + Cr,0,
100 3.10 7-10 - 0 ”
150 3.14 | 12-15 - 0 ”
200 6.42 14-15 - 0 u
Fe-20Cr 25 0.84 2 - 0 Cr,0,
50 1.37 5-7 -— 0 (Cr,Fe),0,, CaO + Cr,0,
100 2.07 6-8 — 0 (Cr,Fe),0,, CaO + Fe,0,
150 28.26 | 13-18 1000 - 10-20 internal sulfidation
200 100.8 15-20 2000 20-30 ”
Fe-15Cr 25 | 4557 . . * | all oxidized
50 451.0 * * * ”
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Table 4. Characterization of corrosion products.

Morphology

Visual examination

- general appearance
- colour
- uniformity

- spallihg etc.
Optical microscopy

- local thickness

- - topography
- general morphology

- internal corrosion
Scanning electron microscopy

- thickness

- morphology

- porosity
- fracture sections

Structure

X-ray diffraction

- structure

- preferred orientation

Analysis

Chemical analysis

Electron probe microanalysis

-Dispersive
- composition

- diffusion profiles

Auger electron spectrometry

- analysis

- diffusion profiles



Table 5. Experimental conditions in the mixed gas atmospheres.

Alloys tested

Fe-30Cr, Fe-25Cr, Fe-20Cr, Fe-18Cr, Fe-15Cr

environment gas mixture, vol.% calc., atm duration, hours' temperature

no. CO | CO, | SO, | Ar |logPg, |logPs, K

| 05 {374 | 26 |[59.5 | -11.2 -4.0 | 25, 50, 100, 150

2 06 | 494 | 0.8 [492 | -11.2 -5.0 | 25,50, 100, 165

| 200

3 05 (374 | 02 | 619 | -11.2 -6.0 | 100, 200 1223

4 22 (703 | 04 |27.1 { -120 | -4.0 | 100,200

5 0.1 [ 374 | 26 | 599 | -100 -6.4 | 100, 200

6 0.1 {374 | 26 | 599 | -12.2 -4.9 | 100, 200

7 0.1 | 374 | 1.0 | 615 | -12.2 -5.7 | 100 1123
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Table 6. Experimental results in the mixed gas atmospheres at 1223 K.

|

i . g ’ ' v ' 1
:environmem. i alloy | duration ;, weight | scale thickness :penetntion , scaling characteristics .
{ gas pressures | ) 1 gain i &m { depth i
! | ! s | - ! : !
. inatm : : hours | mg/cm? | typical ! two-layer . um : :
T T ' T T . ] T !
L | Fe30Cr 1 S0 ' -085 1 16-24 | — | 10-16 | Cr,0, internal sulfid. !
i . ; ; T ' - ' .
i Po,-IO‘”'2 : Fe-25Cr 25 | 204 13-15 ! 24-3) : 20-25 ! Cr,0,, Fe-/Cr-oxide, sulfid. M,O-type .
: f ! 50 ! 141 ! 10-15 1 3550 | 35-40 | Cr,0, Fe/Cronide, sulfid. ~ |
| Pgm107* I 100 ' 301 | 11-16 | 30-50 ' 15-40 ' Cr,0, Fe/Croide, sulfid.  * ;
: y ot : 1 N s X
] ' i i
| Psoy=0.026 | 150 . —703 | 10-26 | 20-60 | 20-40 | Cr,0, Fe/Croxide, sulfid. *
i T | — T T ' T |
! 'Fe2ocr | 25 ' 246 ' 414 | 14 s oo, !
j ! |50 i 1821 416 | 16-26 | 1420 | Cr,0, Fe-/Cronide, sulfid. M,Oytype !
t 1 ! M 1 | I
I i i 100 254 | $-25 ! 14-35 . 12-23 | Cr,0,, Fe-/Cr-oxide, sulfid.  * i
1 1 1 [l 1 N 1 1 [}
l ' i 150 . 4408 | 42 : 1000 0 « Cry0,, Fe-/Cr-oxide, sulfid. . i
; : : : ! ! : ! thick Fe-/Fe-Cr oxide nodule !
| t O ; | + | 1 '
; 'L Fe-18Cr 1‘ 100 | 1943 ¢ 6-10 : 1000 | 40 i nearly all of metal consumed '
3 | FeISCr . 25, 1207 | $50 | 1000 | 1S | Fe/Fe-Croxide, sulfid. i
’ ! ! s0 ! 1892 | 600 90 | 80 | Fe/Fe<Cr-oxide, sulfid. !
| ! ! ! ! ! !
f ! ' 100 ! 2402 | o « ¢ !l metsl consumed 5
t [ ' 1 | \ 1
i i Fe-30Cr + 200 | 031 {10-13 | =~ | 0 1 Cr,0, i
L2 Feascr | 25 | 063, $ - ! 0 !c:,o,
j ! ;o0 D s 67 o — o0 -
| Poe107112 {100 ¢ 167 {910 , — t 0 1 -
| ! ! ! ! § ! !
' Pge10"0 | Do1es l-1es i 12 1 — 1 o0 1 e
! ; b 200 ! 28 ;1618 -— ' 0 '
: ! ! ! ; | T
| Ps=0008 (Fe20Cr . 25 . 063 1 4 | — 1 0 .Cro,
i | . i
| i L0 L L9 s6 - 0 i -
: { L t0 | 13 89 i o — | o ! -
; i {165 1 267 [12-14 1 — | 0 oo
: | | 200 | 18 |12-18 | 700 | 12-20 : Cr,0, two-layer at comer only




Table 6.
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continued:
‘environment ‘ ailoy  duration, ' weight ! scale thickness 1 penetration - scaling characteristics i
' gas pressures ‘ . gain s&m . ; : ‘
: in atm ! . hours . mg/cm? : typical ' two-layer , um : :
] Fel8Cr, 100 . LIS . $6 . — . 0 . Cro, !
‘, ‘ , 200 29085 ¢ 0+ 1 e ' all metal consumed j
! ' Fe-15Cr 25 ' 64.45  250-450 ! 600 20 1 Fe-/Fe-Cr-oxide [
. ' ' { * ! 1 1
' ' ' 0 . 252 . ' . : . » all metal consumed :
; Fee30Cr | 100 | =035 ! 1012 { -~ | 0 'Cro0, !
; 3 ' | 200 0 -008  10-12 . — ' 0 ' ° :
Poel0"'?  Fe25Cr . 100 . =119 . 7-8 ' = . 0  .Cr0, :
f : L7200 , -299 I 16-18 . — ., 0 | {
e T — : |
! ,Fe20Cr 100 ' 147 ' 67 | - 0 ' Cr,0, !
' Pso,=0.002 + 200 ' 141+ 7-10 : - ' 0 ! ° '
. 4  .Fe30Cr. 200 , —498 , 1618 | —. . 0 . Cro, )
i Y T r 1 T — +
j 'Fe2sCr ' 100 | 040 ! $-9 | = ' 0 'CrO, '
¢ Po=107420 ©200 0 =197 o12-16 | - 0 P '
. Pgel0™* [Fe20Cr. 100 . 131 | 37 , — . 0 .Cro, :
v ' | ' i ' ' ' i
' Pso,=0.004 ' 200 1093 ¢ 7-8§ ' 1000 + 10-12 ' Cr,0, cawastropic corrosion at ends.
i ' ' 1 . ' t f '
' . Fe-18Cr , 100 , 2824 s : e , e , all metal consumed ;
LS [ Fe2sCr ' 100 ' =254 ' 10-12 | 60 ' 3040 : Cr0, Fe-/Croxide, sulfid M,0, type '
| Po=107'90 . Fe-20Cr . 100 . 103 . 4-6 + 10-18 . 10-15 , Cr,0, Fe-/Cr-oxide, slight sulfid.
. Pg=10"%4 ' Fe-18Cr | 100 199.6 ° .. . ! all metal consumed !
|

| Pse0.026 |

.
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Table 7. Scaling characteristics in the sulfidation/oxidation type corrosive environment.

(Po, = 107112 P;, = 1074 atm )

Fe-20Cr _ Fe-15Cr
spalling tendéncy : light heavy
progress of internal
sulfidation late ’ early

formation of an outer _
Fe-oxide above Cr-oxide | common after internal sulfidation

breakdown behavior susceptible t0° susceptible to
‘ chemical breakdown ;| mechanical breakdown

lLaccele:ranc:d corTosion rapid" slow

. susceptible to chemical breakdown after failure of initial Cr,0O, scale,
even if good protective behavior at the early stage with good resxs-
tance to mechanical breakdown

** by forming the thick two-layer scale composed of an outer Fe-oxide,
an inner Fe-Cr oxide, and an innermost thin Cr-rich oxide.
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Table 8. The extent of corrosive attack in the high Ps, environment.

(Po, = 107112 Ps, = 10™*atm )

alloy duration scale thickness penetration | extent of
: um depth corrosion
hours Fe-oxide i Cr-oxide | total Lm
Fe-20Cr 100 10 25 35 23 L
150 12 30 | 42 50 S
Fe-25Cr 100 15 35 50 40
150 23 30 53 40 M
. | severe: S
medium: M

little: L
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Table 9. The critical thickness of Cr,0, scale in the sulfur-

containing environment.

Po, = 1072 atm

alloy tested : Fe-20Cr

‘environment ' duration | weight

scale
breakdown

Yes

Yes

No

No

' penetration
depth
14-20

50

scale thickness
um
]
]
1
L]
i
i
]

o <«

.w o . o =

_& o [} §

W - - o0 ~

— —
PRSI PN (RO R DU DU —

gain
, mg/em? |
1.82
4418
1.35
total: 42 um

Ps,
am
104
1073

]

]

i

]

t

I

!

;

]

|

|

B
~ ® Feoxide: 12 um
Cr-oxide: 30 um

0.
1
2

(1O,
e

il
!
|
|
!
]
]



Table 10. Corrosion Type

temperature | environment Cr-content in Fe-Cr alloy
K no. Pso, 15 18 20 25 30
atm
1 0.026 | very rapid oxid./ | rapid oxid./ | oxid./ oxid./ slow oxid./
sulfidation sulfidation sulfid. sulfid. sulfid.
5 0026 | * rapid oxid./ | oxid./ oxid./ .
sulfid. sulfid. sulfid.
1223 -
2 0.008 | very rapid oxid./ | rapid oxid./ | oxid./ slow oxid. | slow oxid.
sulfidation sulfidation slow sulfid.
4 0.004 | very rapid oxid./ | rapid oxid./ | oxid./ slow oxid. | slow oxid.
sulfidation sulfidation slow sulfid.
3 0.002 | very rapid oxid./ | * oxidation slow oxid. | slow oxid.
sulfidation
6 0.026 | rapid oxid./ * oxid./ oxid./ slow oxid.
sulfid. sulfid. sulfid.
1123
7 0.010 | oxidation * slow oxid. slow oxid. | slow oxid.
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Table 11. Schematic representation of the variation in the attack modes in the
sulfidation/oxidation corrosion on iron-chromium alloys.

temperature | environment Cr-Content in Fe-Cr alloy
K no. 15 18 20 25 : 30
1 246 | 346, | 234,56 | 2345 |23
S . 4,6 2345 [2345 | *
1223 2 4,6 4,6 23 | 2 |2
4 4,6 46 | 1,3 1 2
3 4,6 * 1 1 2
6 . * 34,5 345 2
1123 7 1 . 1 1|1
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© O OO

2. Pure base metal

1. Irregular interface.
within scale.

4. Sulfur-enriched

3. Internal sulfide/oxide
in Cr-oxide scale.

particles.
-
o Qla o @
A X @ e
a = g o X,
A -2 ® = a
] % // )

5. Two layered scale. 6. Thick two-layer scale.

XBL 856-10039
Table 11(continued).



Table 12. Experimental results in the mixed gas atmospheres at 1123 K.
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alloys tested : Fe-30Cr, Fe-25Cr, Fe-20Cr

|

jepvironmem. | alloy | duration 1 weight |  scale thickness : penetration ! scaling characteristics

| gas pressures | : ; gain | sm ! depth |

i ! l ' ' 1 i

i inatm ' ' hours | mg/cm? 1 typical ! two-layer | sm [

| ] VR . |

; 6 [Fe-30Cr | 200 | 047 1 8-12 Po— 0 | Cr,0,

| ' ! ! i ! !

! — T T T | T

1 | ! ! v i i N X i
| Po,=10"'¥2 | Fe-25Cr ! 200 | 487 | 8-14 ! S0-90 ! 20-30 | Cr,0,, Fe-oxide/Cr-rich oxide
' 1 1 | i ! ' N i

i : : t 1 H i

5 ! ! ! : ; : ! Internal sulfid., M,0,-type
; , , , \ ' i |

| Ps-lo_"’ T T \ 1 ] [ |

i ! ' i ' ! ] i

! 'Fe-20Cr ' 200 ' 7.81 ' 6-12 ! 35-7§ : 20-30 : Cr,0,, Fe-oxide/Cr-rich oxide
i i 1 1 § ! i

| Psom0.026 | ! } : | 110-130 | ! Internal sulfid., M,0,-type
—_ . 1 ) i ! e :

! ! ' | ' ‘ i :

g (Fe0Cr ! 100 | 050 35, — | 0 !Cro,

i . ' L -
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Table 13. Experimental conditions; Transport of sulfur.

Corrosion type

Alloys tested

—84—

preoxidation in air, and oxidation

in the CO-CO,-SO, gas mixtures.

Fe-30Cr, Fe-25Cr, Fe-20Cr, Fe-18Cr

Mixed gas environments :

i

calc., atm

temperature gas mixture, vol.%
K CO» CO, | SO, | Ar | logPo, | logPs,
1223 05 1374 | 26 | 595 | —11.2 | —4.0
1123 0.1

374 | 26 | 599 | —12.2 | —49

Summary of oxidation runs :

run | duration, hours | temperature | transition between
no. | preoxid. | oxid. K preoxid. & oxidation
1 . 60 100
isothermal
2 { 168 100
3 - 50 100
' 1223
4 100 100 cool to room temperature
&
100 230 heat up
100 500
7 100 100 1123




Table 14a. Experimental results; oxidation of the preoxidized specimens
in the mixed gas atmospheres.
Environment preoxid. in air & oxid. in the CO-CO,-SO, gas mixture.
isothermal transition
Temperature 1223 K
alloy duration, hours | weight gain scale thickness penetration | scaling characteristics
am . depth
mg/cm?
preoxid. | oxid. typical | two-layer pm é?
|
Fe-30Cr 60 100 1.38 6-8 - 0 Cr,0,
168 100 1.47 5-7 — 0 ”
Fe-25Cr 60 100 1.22 4-5 — 0 Cr,0,
168 100 1.49 -8 — 0 ”
Fe-20Cr 60 | 100 100 -6 | - 0 Cr,0,
168 100 1.33 5-6 - 0 ”
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Table 14b.

: preoxid. in air & oxid. in the CO-CO,-S0, gas mixture.

Environment

cool to room temperature & heat up

. scaling characteristics

|
|l
!
!
t
]
'
1
"

| penetration
depth

i
|
{
i

scale thickness
um

T

1

' typical | two-layer i

, oxid. « preoxid. , oxid.

sm

e i m
g § &3
o K| K]
s} s 373
nm..m NV..NR
w.m 8 g8
E 5§ 8¢
- - - - ~E FE -~ -~ -~
wl mz Q @ .0!1 m mz L] ° L] mz w wz m mz mz mz
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50
50
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00
50
00
00
00
50
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100
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Table 15. Experi_memal conditions; Internal sulfidation.

Corrosion type : oxidation in the CO-COz-SO2 gas mixtures,
Alloys tested : Fe-25Cr (cast and homogenized, cold-rolled
and annealed)

Fe-20Cr (cast and homogenized, cold-rolled
and annealed)

Fe-18Cr (cast and homogenized, cold-rolled
and annealed)

Mixed gas environments :

temperature | gas mixture, vol.% calc., atm

K CO | CO, | SO, | Ar | logPo, | log Ps,

05 | 374 | 26 | 595 | -11.2 —40
1223 06 | 494 | 08 |49.2 | -11.2 | —5.0
22 1703 | 04 | 271 | —120 | —4.0

Summary of oxidation runs :

run no. | duration, | environment, atm

hours log Po, | log Ps,

1 100 -11.2 —4.0

100 -11.2 -5.0

— . 3 v zm ” ”»
4 100 =120 —4.0

2(x) - L4 4
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Table 16. Grain size of Fe-Cr alloy ingots after annealed at

1473 K for 24 hours. (Grain boundary was revealed

by etching at Vilella’s reagent.)

grain size, um
alloy

cast and homogenized | thermomechanical work

measured | average | cold-rolled | annealed |
Fe-30Cr | 400-750 530 o e
Fe-25Cr | 350-700 530 4-6 70-100
Fe-20Cr | 320-620 440 5-7 50-90
Fe-18Cr | 370-650 500 5-8 60-.1 10
Fe-15Cr | 500-800 610 - —
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Table 17. Experimental results; oxidation of small grained Fe-Cr alloys in mixed gas atmospheres.

i environment, é alloy ! durstion ' weight ! scale thickness ' penetration ;saling characteristics !
! gas pressures ; j ! ogain ' ____wm . depth ' !
( inatm . hours | mg/em® . typical , two-layer i  um ; ;
Lo {Fe25Cr | 100 | =371 | 10-12 ¢ 30-40 | 30-40 ' Cr,0, Fe-oxide/Cr-rich oxide '
i i : '. Z ! ! internal sulfid.. M,O,type |
| — r T X n v - 4
; Poy=10"!"? | Fe-20Cr , 100 ' 069 ' 6-7 ' 14-30 | 20-25 ' Cr,0, Fe-oxide/Cr-rich oxide :
| Pyml0~4 : f i ! ; { internal Crerich sulfide, M,0; |
L " T — : ; ' ;
: Ps,=0.026 | Fe-I8Cr ! 100 | 1653 | * ! . : i , all metal consumed i
! ! l ] ) 1 e + ! t
.2 [Fe2sCr 100 | -145 1316 1 — | 0 | thickCrD, !
! Pom=107112 ! 200 ' =375 !14-18 © — ! 10-15 ' Nodules at comer only, ;
i X , . . : ! sulfide pocketing 5
! | O v ' N 1 ] |
' Pg=10"%° 'Fe20Cr* 100 ' LIl © 67 + — : 0 ' thin Cr,0, :
: i ‘ : : ! ' ‘ i
! Pgoy=0.008 | , 200 | 148 | 12-14 ' — | 0 | Cr,0, :
I = \ . i . 1 0 1
! tFel8Cr © 100 © 171 7.9 . — 0 ' Cr,0, :
! ! ' 1 ' ' § ' +
! i i 200 . 3879 « ¢ ' . ' hd + all metal consumed [

] ] ] +
! ! ' E j : : : '
| 4 iFe2scr. 100 | -183 .69 | — ., 0 o, f
! Po=107120 . 200 | -s68 1821 !~ 0 | Cr,0, ]
% v i i v | li [l '
' Pgml10~4° ! Fe-20Cr ' 100 0.94 : 4-5 ¢ 7-15 ! 9-12 i c:,o,. Fe-oxide/Cr-rich oxide '
] ] ' ] N ' ]
, ; , . j ' | { internal Cr-rich sulfide, M,0; -
[ i i '
! Penm0.004 | i 200 . 694 | S | 1000 . 40-50 | severe oxidation i
, ; : : . [ : | ~
'  Fe-18Cr 100 ' 2636 | 3-4 ' 1000 ' 25-35 ' severe oxidation !
: | ;200 1832 0t C . | all metal consumed ;
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Table 18. The scale thickness and the penetration depth of Fe-Cr alloys,
after 100 hours oxidation, in the sulfur-containing environment.

(a) Fe-20Cr

environment scale thickness, um penetration depth, um
no. coarse grain small grain | coarse grain | small grain
1. high P, 5/25 6-7/14-30 12-23 20-25
2. low Ps, 8-9 6-7 0 -0
4. low Pso, 3-7 4-5/7-15 - 0 9-12
(b) Fe-25Cr
environment scale thickness, um penetration depth_, um.
no coarse grain small grain coarse grain | small grain
1. high Pg, 11-16/30-40 | 10-12/30-40 15-40 30-40
2. low Pg, 9-10 13-16 0 0
4. low Py, 5-9 6-9 0 l 0
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Table 19. Experimental conditions; Oxidation of internal sulfides.

Corrosion type

: presulfidation in the CO-CO,-SO,

gas mixtures, and oxidation in air.

Alloys tested

Mixed gas environments

Fe-30Cr, Fe-25Cr, Fe-20Cr

temperature | gas mixture, vol.% calc., atm
K CO | CO, | SO, | Ar | logPo, | log Ps,
1223 05 374 | 26 | 59.5 | -11.2 -4.0
Summary of oxidation runs :

run duration, hours
no. | presulfid. | oxid.
100 100
100 240
100 500
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Table 20. Diffusion coefficients of sulfur in Fe-Cr alloys
and interdiffusion coefficients of alloy.

(unit : cm?/sec)

(a) Diffusion coefficient of sulfur.

Cr-content, wt.% Dy Dy(T=1223 K)
18 0.166 » exp(~22,131/T) 2.3 X 10°°
26 0.0306 « exp(-20,568/T) 1.5 X 10°°
34 0.0618 * exp(~21,289/T) 1.7 X 10~

(b) Interdiffusion coefficients of alloy.

Cr-content, wt.% D.no,(T'1273 K)

18 ' 1.1 X 107
27.4 ‘4.1 X 10710
374 2.0 X 10710

59.9 2.9 X 101
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Table‘ 21. The solubility of sulfur in various oxides.

oxide | sulfur temperature | method of analysis { reference
solubility °C
| wt. %
| CaO 0.011 1650 1
003 | 1650 2
- 0.8 1550 | combustion & 3
0.003 1500 | gravimetric 1
CoO 0.05 1000 | combustion 1 4
Cr,0, 9.0 ' 900 | electron probe 5
Cu,0 0.1-0.8 1000 X-ray fluorescence 6
0.02 1000 | combustion 7
CuO 0.1-0.5 800 X-ray ﬂuoreséence 6
FeO 0.014 | 1250 | combustion 8
0.042 | 1100 ' 9
B 0.011 1050 | combustion 10
0.03-0.4 800 electron probe 11
Fe,O, 0.03 500 electron probe 11
' MnO 0.66 1232 , 12
NiO 0.02-0.2 900-1000 | combustion 4,7
| 5.0 800 | electron probe 13
| 2-3 | 688 electron probe | 14
0.09-0.12 600-700 eléctron probe 5
SrO 0.04 1650 1
0.016 | 1500 | Lo
|
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Table 21. (continued) References list;

1.

¥ 0 N0 e W

11.
12.
13.
14.

G.J.W Kor. and F.D.Richardson, Trans. Inst. Min. Met.,
79(1970)C148

R.A Sharma and F. D.Richardson, TAIME, 233(1965)1586
G.R.St.Pierre and J.Chipman, TAIME,206(1956)1474
M.C.Pope and N.Birks, Oxid. Metals, 12(1978)191
M.G.Hocking and V.Vasantasree, Corr.Sci., 16(1976)279
N.Birks and N.Tattam, Corr.Sci., 10(1970)857

M.C.Pope, Ph.D.Thesis, Sheffield Univ.,1975

G.J.W.Kor. and E.T.Turkdogan, Met.Trans., 2(1971)1571

T.Leonard and G.St.Pierre, See S.McCormick et al,
Met.Trans., 6B(1975)55

G.J.W.Kor., Met. Trans., 3(1972)2343

T.Flatley and N.Birks, J.I.S.1., 209(1971)523

H.C.Chao, Y.E.Smith and L.H.van Vlack, TMS-AIME, 227(1963)796
M.R.Wooton and N.Birks, Corr.Sci., 12(1972)829

C.B.Alcock, M.G.Hocking and S.Zador, Corr.Sci., 9(1969)111
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Figure captions

Figure 1.
Figure 2.
Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Mechaniém'of behavior.

Fe-Cr phase diagram.

Schematic diagram of experimental apparatus.

Depiction of measurements to determine corrosion.-

The weight gain of Fe-20Cr and Fe-25Cr as a functién .of exposure time.
Optical cross-section morphology of Fe-20Cr oxidized in the CaSO ,/CaQ
mixture in the low external Po, envirbnment(Po 2=10‘“'2 atm) at 1223 K.
(a) for 25 hours,

(b) for 50 hoﬁrs,

(c) for 100 hours,

(d), (e), (f) for 200 hours.

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(Pp =10""? atm) at 1223 K.
Scanning micrograph showing the cross-section morphology of Fe-20Cr

oxidized in the CaSO,/CaO mixture in the low external Py,

environment(Pp ~10"!? atm) for 200 hours at 1223 K.

(a) S-line scan through the two-layer scale.

(b) S-map

Scanning micrograph showing the cross-section morphology of Fe-20Cr
oxidized in- the CaSO,/CaO mixture in the low external P,
environment(Pp =10"""? atm) for 200 hours at 1223 K. Fe-, Cr-, Ca-

and S- line scan through the scale.



Figure 10.

Figure 11.

Figure 12.

Figure 13.

Figure 14.

Figure 15.

Figure 16.

Figure 17
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The CaO-Cr,0; system.

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

CaSO , and a low oxygen partial pressure atmosphere.

Schematic thermodynamic phase stability diagram for Cr-O-S system.
Region 1 represent the condition studied by investigators interested in
gasification processes; Region 2 represent the condition studied by inves-

tigators interested in conventional combustion; Regioﬁ 3 represents the

condition relevant to in-bed corrosion in fluidized bed combustion.

Schematic diagram of the experimental apparatus for the mixed gas

environments. -

Thermodynamic phase stability diagram for Cr-O-S system and Fe-O-S
system, showing the oxygen and sulfur activities of the atmospheres used

in the present study. |

(a) 1223K

(b) 1123 K

The weight gain of Fe-15Cr, Fe-20Cr and Fe-25Cr as a function of expo- |
sure time, in the low Ps, atmosphere(Ps =107, POQ%IO“I'Z atm),
environment number 2, at 1223 K.

The weighﬁ gain of Fe-20Cr as a function of exposure time, in the two

different Ps, atmosphere at the same P, atmosphere at 1223 K.

The variation of the thickness of the typical scale of Fe-20Cr and Fe-

25Cr as a function of exposure time, in the four different environments

at 1223 K.

(a) Fe-20Cr



| Figure 18.

Figure 19.

Figure 20.

Figure 21.

Figure 22.

Figure 23.
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(b) Fe-25Cr.
The maximum penetration depth of the Fe-Cr élloys as a function of

exposure time, in two atmospheres with the same Po, but different Ps,.
(a) Fe-20Cr
(b) Fe-25Cr.

Optical micrographs showing the cross-section morphology of Fe-15Cr

oxidized for 25 hours in the two different Ps atmospheres at the same
P, (Po,=10""2 atm) at 1223 K.

(a) at Ps=10" atm |

(b) at P5,=10" atm.

The breakaway process of an Fe-20Cr alloy in the high Ps,  atmosphere

at 1223 K.

SEM topography and optical cross-section morphology of the scale pro-

duced on Fe-20Cr oxidized for 50 hours in the high Ps, atmosphere at

1223 K.

Scanning electron micrograph exhibiting the cross-section morphology of

an Fe-20Cr alloy oxidized for 100 hours in the high Ps, atmosphere at

1223 K.

SEM micrograph of the scale-alloy interface, revealed by deep etching

technique, of Fe-20Cr oxidized for 100 hours in the two different Pg,

atmospheres at the same Py (Po,=107""? atm) at 1223 K.
(a) at Ps,=10™ atm ‘

(b) at Ps=10" atm



Figure 24.

Figure 25.

Figure 26.

Figure 27.

Figure 28.

Figure 29.
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SEM topography of the descaled substrate of an Fe-20Cr alloy oxidized

for 200 hours in the very low Ps, atmosphgre(P02=1(_)'“v'2, P, =107 atm)
at 1223 K.

Scanning micrograph showing the cross-section morphology of Fe-25Cr

oxidized for 25 hours in the high Ps, atmosphere(Ps, =10 atm) at 1223
K.

The cross-section morphology of Fe-25Cr oxidized for 50 hours in the
high Ps, atmosphere at 1223 K. -

(a) | Optical micrograph

(b) SEM micrograph with X-ra,y elemental mapping

The cross-section morphology, etched by Villela’s reagent, of Fe-25Cr

oxidized for 100 hours in the high P atmosphere at 1223 K.
(a) Optical micrograph
(b) SEM micrograph with X-ray elemental mapping

Underview of the scale produced on Fe-25Cr oxidized for 100 hours in

the very low Ps, atmosphere(P52=10'° atm) at 1223 K. Small amounts
of sulfur were detected locally on the inner surface of the Cr-oxide scale.
SEM fractography of the scale formed on Fe-25Cr éxidized at 1223 K,
(a) for 200 hours in the low Pso, atmosphere(P02=10"2'°, Ps =107,
~ Pso,=0.004 atm)
(b) for 150 hours in the high Ps, atmosphere(P, =102, P5 =107,
Psp,=0.026 atm)

(¢) for 150 hours in the high Ps, atmosphere, X-ray elemental

mapping(S, Cr, Fe).



Figure 30.

Figure 31.

Figure 32.

Figure 33.

Figure 34.

Figure 35.

Figure 36.
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Optical micrograph of the cross-section of an Fe-30Cr alloy oxidized for

50 hours in the high Ps, atmosphere at 1223 K.

SEM topography of the outer surfaces of the scales produced on Fe-20Cr
and Fe-25Cr oxidized for 100 hours, respectively, in the three different
Ps, atmospheres(P52=10“, 10°, 10 atm) at the same Po,‘,(P02=10‘"'2
atm) at 1223 K.

The functional relationship between the scale thickness and the (Fe/Cr)
ratio at the external surface of scale. Fe-20Cr and Fe-25Cr were oxidized

for varying times in the two different Ps, atmospheres at the same Po,
at 1223 K.

Spalling tendency of the scales on Fe-20Cr and Fe-25Cr formed in the

three different P, atmospheres(Ps =10, 10, 10~ atm) at the same
Po (Po,=1071?) at 1223 K.

SEM fractography of the scale formed on Fe-25Cr oxidized for 200 hours
in the low Pso, atmosphere(Psp,=0.004, Po,=10"%, P =10 atm) at
1223 K.

Topography of the scale produced on Fe-25Cr oxidized for 50 hours in
the high Ps, atmosphere(Pp,=10""? P5 =10 atm) at 1223 K. CrS
agglomerates were detected locally on the surface of the descaled alloy

substrate.
Schematic representation of the development of the corrosion.
(i) Precipitation of Cr-rich sulfides

(ii) Coarsening of the sulfides and development of a two-layer scale.

(iii) Intrusion of Cr-rich oxide into the metal as a result of the oxidation



Figure 37.

Figure 38.

Figure 39.

Figure 40.

Figure 41.

Figure 42.
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of the Cr-rich sulfides and the development of a mixed Fe-Cr oxide

layer beneath the outer Fe-oxide layer. 7
(iv) Thickening and sideways growth of the two-layer scale nodules.
A schematic of the ”critical microstructure”.

SEM micrograph showing the cross-section morphology of an Fe-18Cr
alloy preoxidized for 50 hours in air and then oxidized for 100 hours in

the high Ps, atmosphere at 1223 K.

Comparison of the spalling tendency of the scale formed on the Fe-20Cr

alloy.

(a) 100 hours preoxidation in air and 100 hours oxidation in the high
Ps,_ atmosphere.

(b) 100 hours oxidation in the high Ps, atmosphere.

SEM fractography of the scale and metal for an Fe-25Cr alloy preoxi-

dized for 100 hours in air and then oxidized for 500 hours in the high Ps,

atmosphere at 1223 K.

Change of lattice constant of a-Cr,0 s(hexagonal crystal structure) scale

in terms of Cr-content in Fe-Cr alloy.

The variation of half-width and lattice constant as a function of scatter-

ing angle at the three different voltages. Fe-20Cr alloy preoxidized for

100 hours in air and then oxidized for 100 hours in the high Ps, atmo-

sph‘ere at 1223 K. |

(a) Half-widths, &26), of .the (110), (116), (300), (220) peaks for a-
Cr03

(b) Lattice constants.



Figure 43.

Figure 44.

Figure 45.

Figure 46.

Figure

47.
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The cross-section morphology of the small grained Fe-20Cr alloy oxidized

for 200 hours in .the low Pso, atmosphere(P502=0.004, P02=10“2,
Ps, =107 atm) at 1223 K. |

(a) Optical micrograph

(b) SEM micrograph

‘The cross-section morphology of the coarse grained Fe-20Cr alloy oxi-
dized for 200 hours in the low Pso, atmosphere(Pso,=0.004, P02=10'1?,
Ps 2='10_4 atm) at 1223 K.

(a) Optical micrograph

(b) SEM micrograph

Cross-section morphology of the coarse grained Fe-25Cr alloy oxidized

for 100 hours in the high Ps, atmosphere at 1223 K.

(a) SEM micrograph. point #1-3: CrS, point #4: Cr,0, point #5:
Cr(S,0).
(b) Auger spectrum corresponding to #1-5.

SEM micrograph showing the cross-section morphology of the coarse

grained Fe-20Cr alloy presulfidized for 100 hours in the high Ps, atmo-

‘sphere and then oxidized in air for 500 hours at 1223 K.

Cross-section. morphology of the coarse grained Fe-25Cr alloy

presulfidized for 100 hours in the high P, atmosphere and then oxidized
in air for 500 hours at 1223 K.

(a) Optical micrograph. point #1-4: CrS, point #5: Cr,03 point #O0:
Cr(0,8), '



Figure 48.

Figure 49.

Figure 50.

Figure 51.

Figure 52.

Figure 53.

Figure 54.

Figure 55.

Figure 56.

Figure 57.

Figure 58.
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(b) Auger spectrum corresponding to #0-5,
(c) Elemental mapping (S, O, Cr, Fe, C).

Optical micrograph showing the cross-section morphology of coarse
grained Fe-25Cr alloy presulfidized for 100 hours in the high Ps, atmo-
sphere and tﬁen oxidized in air at 1223 K
Schematic representation of development of ”critical microstructure”.

Thermodynamic phase stability diagram for Ca-0O-S system at 1123 K

and at 1223 K.

The maximum penetration depth of Fe-Cr alloys as a function of Cr-.

content at 1223 K.

The possible reaction paths for formation and distribution of sulfides in

the scale and alloy.

Schematic diagram of the possible transport paths of sulfur in the scale

and alloy.
The diffusion coeflicients of chromium, oxygen and sulfur in Cr,0s.

The chromium concentration gradient and the size of internal sulfides as

a function of distance from the scale-alloy interface.

Mechanism of the formation of porous Cr,03; and inward movement of

liberated sulfur.

Schematic of major compositional and microstructural changes occurring

during breakaway process.
(a) Mechanical breakdown in oxidizing atmosphere.
(b). Chemical breakdown in sulfur-containing atmosphere.

Schematic description of breakaway process occurring during formation |
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of the ”critical microstructure”.
(a) Breakaway kinetics for sulfidation/oxidation corrosion.
(b) The general form of the rate-curve for a breakaway process.

Figure 59.  Scale failure modes as a function of thickness and impressed strain.



Figure 1.

Kinetics

-104-

Chemical composition

of the alloy

Sulfur
in the environment

Microstructure

XBL 856-10024



- ~105-

Weight per cent chromium
10 20 30 40 50 60 70 80 90

| 1 i | I T

1
1830°
1800 + ¢ Adcock, Ref. 10 ( )
o Putman, Potter, Grant, Ref. 17
1600 -
) 23(22), 1 507°
1400 {1390 | | ~
*
kY
k)
% ~
1200 % X —
1
O ) &
° ‘Y fg('\“l E)l
o s °
(3o X1
§ 1000 Aot —
© 910° ¢
D \\ :
Q S ~815°
E 800 | ~7.5(7),830° -~ -
'2 "\.\ .
.\h L)
\. * “
¥ N
600 — /l ‘\‘@?9 : H “‘ I
N\ [ .
? K/I/o/)‘.\o‘a//c‘,i : . ?
2\ ‘é o
400 |- L ~
)
NG
' ¢ \Q
AR
200 |- K -
1 ] z Q)
N Y
A
0 \ R S
0 20 40 60 80 100
Fe Cr

Atomic per cent chromium

XBL 856-10022

Figure 2.



-106-

$. _—Alumina

| || Gas out
gl |

? ¢ Specimen

= - Alumina crucible
Thermocouple

XBL 856-10023

Figure 3.



-107-

Thin protective scale Thick two-layer scalé

: ' 7
/ . .
i 7
GAS Reaction zone /7 M Quter Igyer
E : I / _ (iron oxides)
' ' Original :
SCALE 9 4
: A reeegreeeerederprm, - alloy surface _
e ¢ sete e éjaelee inner layer
ALLOY T . (mixed chromium
and iron oxides)
D B

Internal penetration

B : typical scale thickness of the thin protective scale
D : penetration depth into the metal

M : thickness of thick two-layer scale

XBL 856-10038

Figure 4.



-108-

T T T T T T
L —
powder bed : CaS0,/Ca0
: 100 — external Pg, : 1072 atm —
temperature : 1223 K
(qV] o
€ 80 _
L
®)]
E B -
£ ,
8) 60 — _
i Fe-20Cr
®)]
D B .
=
40 |
20— | |
| | /
/
i / Fe-25Cr -
. , e o) o
O = i ' 1 ‘F/ 1 A ] | |

50 100 150 | 200
Time, hours

XBL 856-10021
Figure 5.



-109-

XBB 838-7057

Figure 6.



-110-

M KR

Tk, W

2%,

i

Lol 5

3 wk.vc

bt £y

XBB 856-4556

Figure 7



-111-

alloy | Cr-rich | Fe-rich oxide

b ;

b

S -line

S-map XBB 856-4577

Figure 8.



=112-

€8G%-968 ddx

6 QMSWHh




-113-

‘\ | | | | Cr O
\ a Ca0-Cr,0, + Liquid T\ L|qU|d
2000 N\"
\‘ ,_ _l: a0- cT'o +Cr,0,|
\ / '
- \ ' -
\\ | :
l
£ 160 \ I -
0 Ca0 F | B CaO-Cr,0,
© Liquids HigE — y
g — q ' Cr203 o
=
(¢))
F q200 11740 . -
Hes 1022°
- 9 Ca0-4 CrO,Cr,0, Cr,0,
9 Ca0-4 CrO3 CFZO3 '3 Ca0-2 CrO; 2 széa 3 Ca0-2Cr0; 2 Cr,0,
941° r‘ i e i LA o
J CaCrO
800 —at2 — iy d
Ca0 + CaCrO, ! CaCrO
] ] Il ]
CaO 20 40 60 80 Cr,0,
Mol. %

Figure 10.

XBL 856-10003



Two-layer
Scale

\
Ay o -o--0--0--0-0-o—8-

~114-

Fe-rich oxide

=l e e *

4 S

| Cr-depleted zone

® 2 o000 0" *g 0,a oo » »: &
Sor ¥ %028 20 0 0% o ey ea®etay® o

Cr-rich sulfides

XBL 856-10018

Figure 11.



Log Ps,

-115-

H,-H,0-H,S
A This study
@ L o @CO-COZ-SO2

CrS
S0,-CO,
Or Cr,0, @
SO,-Ar
0,0,

Log ro,
XBL 856-10019

Figure 12.



-116-

Thermocouple

Premixed Premixed

gas 1 gas 2 . — Gas exhaust
& ®
] @
Rotameters ¢ ®
, 4
Gas mixer Hﬂr T v i R
£
Equilibration
catalyst *
¢
= Thermocouple
—_—
to controller
Gas in

XBL 856-10020

Figure 13.



Log Pg, atm

Log Pg,, atm

. S T - .. | T TR S |
0 i ' | |
1223 K
._5 —
FeS
—-10 s Eal S
15
el Cr Cr,04
Fe
| L : :
_8 ~g =4 -

Figure l4a.

XBL 856-10017

L1



Log Pg,, atm

Log Pp,, atm

-28 -24 -20 -16 -12 -8 -4 0
| | | ] I T T
1123 K
—5F
FeS
-10
CrS L
l |
|
-15F :
"3
Cr :Cr203
|
20 :
|
il | _
By = :aC’ i Fe\| FeO

) XBL 856-10016
Figure 14b.



Weight gain, mg/cm?

60

50

40

30

20

10

-119-

CO-CO,-SO,Ar
Po, = 1072 atm

Ps, = 10739 atm

temperature : 1223 K

Figure 15.

Fe-25Cr Fe-20Cr
z 43 1 | 1 OI-
0 50 100 150 200
Time, hours

XBL 856-10015



Weight gain, mg/cm?

60

50

40

30

20

10

-120-

alloy : Fe-20Cr
CO-CO,-SO,-Ar

Po, = 1072 atm
Ps, = 10~
Ps, = 1075

temperature : 1223 K

Ps, = 107* atm

Ps, = 107° atm

——

1 | |

50

Figure 16.

1
100 150 200

Time, hours

XBL 856-10014



-121-

60 1 I 1
Alloy . Fe-20Cr T=1223 K
Environment 1. O

50H =
number 2 o M203-type

c 3. u 71| Fe-oxide/Cr-oxide
= 4. O 111! Sulfide
- 40 — /ﬁf -
B A
Q A
cC A
S f
£ 30f f -
Q T /
©
Q ] % (Cr,Fe),0O,/
i) 20 _._-—-—"" Cr-rich sulfides -
S
Q
>
|,_

Figure 17a.

100

Time, hours
XBL 856-10034




Typical scale thickness, um

-122-

| ! l
e M, O, -type
=1223 K . A | Féoxide/Cr-oxide
sl } A Sulfide -
o

A‘(‘ A”oy . Fe-25Cr

/ Environment 1.0
50_ - / nu;/nI;)er ]

; / 2.

j / 3 m

y } 4. O
30F ‘ |

3(Cr,Fe)203
Cr-rich sulfides
201 ]
} cr,0,
10 )
0 L ; '
0 100 200 300
Time, hours

Figure 17b.

XBL 856-10035




Maximum penetration depth, um

-123-

J [
60
T=1223 K
50
40 |+
30
20 -
I Alloy : Fe-20Cr
| Environment 1. ©
10 number
2. ©
0 o - ' .
0 100 200
Time, hours

Figure 18a.

XBL 856-10036




Maximum penetration depth, um

50

1N
(@)

w
o

n
o

ikl
o

=134

Figure 18b.

T=1223 K
I %% _;————"—;r i
O -
O
Alloy : Fe-25Cr
Environment : 1. O =
number 2 @
& iy :
0 100 200
Time, hours

XBL 856-10037



-125-

XBB 856-4611

Figure 19.



-126-

_lloy Cr-rich sulfide
. b
25 hours 50 hours
. oxide
oxide ’
intrusion ° % 100 hours
sulfide ¢

< : Cr-rich oxide
oxide intrusion ¢

150 hours

XBB 856-4562
Figure 20.



-127-

7857-958 44X

sapljIns YoL-19

wid 00T

wrl 02

“TE WHBWHM




~128-

XBB 856-4560

.

igure 22

F



-129-

909%

‘€7 2ang8r g

9¢8 ddX

§3X N8 8

OF AINOT=DY OF:1 AINOI=H 261820
%081 5 =44

fojje

ajess |




~130-

XBB 856-4555

Figure 24.



-131-

XBB 856-4557

Figure 25.



50 Hm boaty b
Y b Crerich sulfides

XBB 856-4578

Figure 26.



-133-

two-layer scale
(outer Fe-oxide/
inner Cr-richoxide)

affected zone
(Cr-depleted)

unaffected alloy

XBB 856-4609

Figure 27.



~-134-

8 I

A0=16KEY 10

XBB 856-4561

Figure 28.



-135-

gas

X e
Fe-oxide

Cry0y

Cr-rich
T oxide

T alloy

XBB 856-4610

Figure 29.



-136-

e gt B Dy ﬁ*m =%

:

Cr-rich sulfides

Alloy 20 pm

XBB 856-4581

Figure 30.



-137-

Fe-20Cr

log Bs =

log PS2

XBB 856-4607

i Figure 31.



Scale thickness (um)

60

50

40

30

20

10

-138-

' [ I [ ! [ I I

[ C0-CO,S0,4Ar, Po, = 107" atm B
P, = 10° = 10"

B Fe-20Cr @ A B

Fe-25C

e-25Cr O A A
A
A
O A
20 i T=1223K
A

! I | I ! | ! |

0 0.2 04 0.6 0.8

(Fe/Cr) ratio at external surface of scale

XBL 856-10012

Figure 32.



-139-

Fe-20Cr Fe-23Cr

100 hours oxidation

XBB 856-4576
Figure 33.



10 pm

M= S GOSEC 0 INT
V=102¢ N=10KEV 1:30 AO=10KEV 10

XBB 856-4563

Figure 34.



-141-

140SEC 8 INT

U=2048 H=10KEY 1:30 AQ=10KEV 10
A

XBB 856-4566
Figure 35.



727727248

Cr-rich sulfides

Fe203
(CrFe),0,
Cr-rich oxide

Figure 36.

Fe203
Cr-rich oxide

Fe-oxide
Cr-rich oxide
Fe-Cr oxide

XBL 856-10013

~671-



~143-

Two-layer
scale

Fe-rich oxide layer

FryET T a7
Cr-rich oxide layer

7 7

Cr-depletion

zone

[} 4 o 4

g " ~Oxide °

° intrusion

Coarse Cr-rich sulfides

Base alloy

.,

V) —o—-90o-—90-—90-0-—0-—-—

<=7 Noble metal
islands

Cr-rich
[~ oxides/sulfides

Sulfide front

Figure 37.

XBL 856-10006



144

XBB 856-4559

Figure 38.



XBB 856-4565

Figure 39.



§ 12085C o Im

V=256 WN=I0KEV 1:30 @a0=I"REV 10

KES

XBB 856-4564
Figure 40.



Lattice constants (R)

-147-

\* [ [
™. CuKo (=1.5405 A)
= ' 40 KV
-I-L\\
4.9700 | (300)
4.9650 —
(110)
4.9600 - -
| | 1
18 20 25

Cr-content in Fe-Cr alloy (wt.%)

XBL 856-10033
Figure 41.



Half-width, 6(20), (Degrees)

0 1 | | | |

-148-

0 10 20 30 40 50
Scattering angle, 6, (Degrees)
XBL 856-10032
Figure 42a.



~149-

oL 4.9700

Lattice constants,

4.9650

4.9600

0 10 20 30 40 50

Scattering angle, 0, (Degrees)
XBL 856-10031
Figure 42b.



-150-

XBB 857-5662

Figure 43.



-151-

XBB 856-4580

Figure 44,



~-152..

.m;lw WNDth




dN/dE

-153-

274 Internal Particle #1

274 Internal Particle #2

oyl gl A -
Cc

Cr

Cr
Cr

o

274 Scale Dark Area (Point #4)

(]

s 2
274 Scale Light Area (Point #5) 274 Light Phase (Point #5) Sputtered 2X i
(0]
~0 i
[,,_,_,.Nw'\1 J 1 A 4
| ! ‘ [‘M\-WW‘:-
uq} !
fl Cr
Gr v i z R . 4
Cr S :
S cr©
7 i % i H i Jlcr ;. i i
0 200 400 600 800 0 200 400 600 800 1000

Figure 45b.

Kinetic energy (EV)

XBL 856-10004



-154-

XBB 856-4558

Figure 46.



-155-

AIEBI!V

wr 0b

ko




dN/dE

-156-

275 Sputtered 5 Minutes Point #1 l 275 Point #1 Sputtered 8 Minutes
L . ] . ;
: d
F . 5 . . .i |
w L
b <hf ‘.‘4 i '3
if! ey et A [, ]
! | {p Y= el
Cr : Cr
b . x Cr. ; ’ 1 * § W) e
Cr s
275 Sputtered 5 Minutes Point #3 I 275 Point #3 Sputtered 8 Minutes
i
+H
H i
f i
m ' "
[ U\/" I,«-.«»—-——--——-MW d Cr
; Cr‘ 1 Cr ]
Cr “Cr
Cr
: b
S
"l 275 Sputtered 5 Minutes Point #5

S : : : : i ] i : 0

275 Point #0 Sputtered 8 Minutes

AP BT

0 200 . 4(.)0 ‘ 6(;0 . at;o . 0 2(l)0 ‘ 4(;0 l 6(‘)0 8(‘)0 l 1000
Kinetic energy (EV)

XBL 856-10005
Figure 47b.



-157-

3
3
i
3
H
H

§
i
i
¥
i
i

(]

XBE 856-4579

G

Figure 47c.



£GCp-9cg gaxX

wr/ 0T

Koj1y

ajdap-19




-159-

1. Transport of sulfur in the protective chromium oxide.

Short-circuit diffusion

along grain boundaries,
microcracks or pores.

2. Internal sulfidation

Y
Nucleation

4

Coarsening

of Cr-rich sulfides

3. Oxidation of internal sulfides

v

y

Intrusion Inwards & Sideways movement

of Cr-rich oxide of liberated sulfur

Figure 49.



Log Pg,, atm
I I ! | | | l
1123 K
XBL 856-10010

Figure 50.

=091-



-161-

11004-998 18X

(%) ‘Aojle 1084 Ul JUSJUOO-ID
0¢

G¢

*1G 2an31yg

Gt

0¢

oY

09

08

00k

(wm) ;q1dep uonensuad UJI"IILU!X'GV\]




CrS |

/

Cr Cr,O

Figure 52.

© =162~

Cr.0

2-3
C.
CrS

Cr Cr203

XBL 856-10027




e e e = -

Gas

Scale

Alloy

_Microcrack Precipitates Lattice
Macrocrack Pores Grain boundary
, \
\l\ / ‘
9’ Sulfide 1
\ &’ channel\‘ AN
\
\\/ \ ‘, \
‘e — o — - — Mo — -e —Sulfide front
Grain boundary Lattice
XBL 856-10029

Figure 53.

—£91-



-164-

Temperature, °C

1500 1400 1300 1200 1100 1000
[— | l | I |
l I ] l I I

Single-crystal Cr,0,, Walters and Grace

o
10° I~ -]
Hot-pressed Cr,0, AM.0,-Hagel and Seybolt
0 S-diffusion
107" |- hot-pressed Cr,0, -
Seybolt

Sintered Cr,0,
Lindner and
- Akerstrom

107" = Hagel and Seybolt

O

QO

2]

S~
o

=

S o2 |- Cr-diffusion —
pr—y

qCJ " S-Qiﬁusion

o) this study

= 10" iffusi _
...d_j O-diffusion,

o) Hagel

&

S 10 N |
o

g \\ \

D 10—15 T \ \ | ]

‘ N \

N\
(AT) \ \\
10716 b— Cr-diffusion ' \\ | \ -
single crystal Cr,O, \
Atkinson \
N\
107" - B
| 1 1 | | l '
55 60 65 70 75 80 85

104/T, °K

XBL 856-10025
Figure 54.



Scale

Internal sulfides

Concentration gradient

Bulk alloy

|
|
|
I
I
| I
Internal oxidation zone >i<
|

AX

Penetration depth X

Figure 55.

XBL 856-10009

-Go1-



-166-

Scale 2v3

s o o 3| Porous Cr,0O,

Py Q
Op e ° [ A*O
Alloy |
Pores resulting from
T 2CrS +3/2 0, = Cr,0, + 25

() =

CS

XBL 856-10030
‘Figure 56,



< ¢

-167-

(a) Mechanical breakdown

Fe-oxide

Cr,0, v Cr,0,

Crack
Fe-Cr mixed oxide
(b) Chemical breakdown
Fe-oxide
Cr,0, Cr-rich oxide o o ° o =
° ° ® ® ® ° o o ‘. . ‘. ) .
Internal Cr-rich sulfides _ - Coarse Cr-rich Sulfides

- Cr-rich oxide

/ Fe-Cr mixed oxide

N

XBL 856-10028

Figure 57.




Corrosion

Breakaway

Development of
critical microstructure

+ oxidation
H
Cr203 scale

Internaa! sulfidation

Chemical

Thick
two-layer
scale

Mechanical

|
o
B l
| | l
| |
| |

|

{

2y

I

I

¥

td
Time

Figure 58a.

t (chemical) t (mechanical)

XBL 856-10008

-891-



JR—

Corrosion, W

=2

Y]

< e _ - - -

t, : Breakaway time t_: Actual lifetime

W, : Acceptable material loss

t_ : Lifetime calculated from extrapolation of short-term results. -

Breakaway
Breakaway process

-691-

Protective

f— —— —— ———— ——

Candd

Time

XBL 856-10007
Figure 58b. :



_ ‘ Spaling

&

\\\\\\\\\

&,

- Figure 59.



This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.




LAWRENCE BERKELEY LABORATORY
TECHNICAL INFORMATION DEPARTMENT
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720






