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Abstract

The high pressures and telilperatures required for the processing

of coal lead to accelerated corrosion of gasifier components by oxygen

and sulfur present in tIle gas phase. Coal char, the solid byproduct

of coal processing, contains sufficient inorganic sulfur to result

in internal attack of the alloys composing the gasifier components.

The role of coal char in coal processing and of thermodynamics

in gas phase corrosion are discussed.

Experiments are performed to determine whether CaS0
4

or FeS

are responsible for the internal attack on Fe-Cr-Al and Fe-Cr-Ni

alloys observed under conditions of both high oxygen partial pressure

and 982°C and low oxygen partial pressure and 982°C. Exposure at

S710C resulted in virtually no attack from coal char and FeS and

very slight attack frOTIl CaS0
4

The morphologies and rates of attack

-19
indicate that at low oxygen partial pressures (about 10 atmosphere)

the presence of CaS04 can result in internal sulfidation whereas at

-15high oxygen partial pressures (about 10 atmosphere), the presence

of FeS can result in internal sulfidation. Comparison of these

results with those actually observed from coal char at 982°C indicate

that FeS is primarily responsible for attack by coal char but that

CaS04 can also result in such attack ~lthough the overall mechanism

and rate of attack may be different.
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INTRODUCTION

The United States is in the middle of an energy crisis. It is

not: conf.i.ncd to the UwU:ec1 Stall's, hut, as [.hLf> country if; t:lw JIl0~>t

industrialized country in the world, its impact will be felt here first.

The \vorld is running out of petroleum and natural gas, and there is no

way to prevent it. The United States is quite fortunate in that it is

not totally dependent on foreign oil for its industry. This, however,

is only a temporary situation. Eventually we too will run out of

easily accessible petroleum and will have to rely on more expensive

forms of energy. This country does have an abundance of another kind

of fossil fuel that can be processed into petroleum-type products: coal.

\'1e- have sufficient coal reserves to last us at least 200 years, enough

time to develop other forms of energy to supplement and supplant fossil

fuels.

Coal, like petroleum, is an attractive fuel largely because of

its high energy/unit volume ratio. Unlike petroleum, it is not easy

to process because it is a solid nor is it environmentally as attractive

because of its high mineral content. In processing plants this shows

up as ash, slag, and char. All of these must be removed and disposed

of during the operation of the plant. Ash is the result of combustion

and consists of the non-combustible constituents of the coal: Si0
2

,

AIZ03 ' FeO , other metallic oxides and other compounds such as CaS0
4

and MgS04 . Slag is the result of high-temperature processing and

consists of those processing byproducts that have liquefied and sintered

at the high temperatures of the processing operation (around lOOO°C).

It is mostly sintered oxides and u~processed carbon mixed with relatively
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low-melting metallic sulfides and sulfates. Char is the solid byproduct

of coal-·processing. Besides the uncombustible oxides, it contains

considerable residual carbon plus inorganic sulfides and sulfates. The

purpose of this research is to examine the role of coal char and its

constituents in the corrosion of iron-base alloys.
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CHAPTER 1

Coal Processing and Coal Char

A. The Energy Crisis

The energy crisis is a fact that will be with us as long as \-le

live. He have sufficient energy available in a compact form to meet

our needs, but availing ourselves of this energy is an involved process.

Since the Second Horld War, this country has enjoyed an upsurge in

industrial output that has never before been seen. As a result of this,

the United States, ,-lith 1/16th of the world's population, uses 1/3rd

of the world's total energy output (1). Energy use is increasing at

the rate of seven percent a year (2), and with it goes an accelerated

depletion of known oil and natural gas reserves. The dependence on

foreign sources of oil is likewise increasing but more rapidly. In 1948

the U. S. was a net exporter of energy (coal and oil) (1),' but by 1973

over 30% of the total petroleum supplies depended upon foreign imports

(3). The combination of increasing reliance on foreign imports and

decreasing domestic supplies (see Figure 1) makes it imperative that

alternate forms of energy be found and efficiently exploited.

The U.S. has abundant coal resources, enough to meet all U.S.

energy requirements for hundreds of years. Table 1 gives a breakdown

of available vs. currently recoverable reserves. It is abundantly

clear that, even using only those reserves recoverable by current

techniques and under current mining and environmental restrictions,

the U.S. has sufficient reserves of fossil energy for all its needs for

many years.

Coal is an inconvenient form of fossil fuel. It can't be pumped

through pipes, it doesn't combust cleanly, and it leaves considerable
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Figure 1. Demand and supply. This represents a breakdmvn of the
total domestic energy supply. Note in particular how
much faster demand is rising than supply and the relatively
small role coal plays in the current energy picture.
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Table 1. COf,lparison of mapped and economically available coal reserves
to total estimated reserves (3).

billion tons

Remaining measured and
indicated reserves (2)

Economically available
reserves

Recoverable reserves (1)

Mapped and explored reserves (3)

Unw~pped and unexplored

349.1

209.2

104.6

1.581 }

3.224
4.805 total

(1) Based on 50% recovery of economically available reserves.

(2) Only includes that portion of (3) that is actually available to
resource bank.
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residue. If the environmental in~act of a large strip mine was not

sufficient proof that coal is a largely ,undesirable fuel, the scrubbing

and processing that are required of combustion waste gases and ash <1rc.

Coal can be processed, however, into a suitable form for clean combustion

and chemical processing.

B. Coal Processing

Conversion of coal to synthetic fossil fuels has been around for

quite a while. Germany, cut off from its foreign sources of oil

during World War II, was producing all of its aircraft fuel. from coal

during the latter stages of the '·lar. The technology used has been

known since the 1930's but has been updated for use in,· for example,

the Lurgi process (4). This is a low pressure (28 atmospheres), low

temperature (500°C) process that produces a low-BTU (about 500-600 BTU/

scf or 19-22 I1J/m3) synthetic natural gas (SNG). The gasifiers are

all small, and a large number must be used to produce a sufficient

amount of SNG.

Research in the U.S. has produced a variety of gasification

processes, several of which have been or are being scaled up into pilot

plants. The Synthane process, developed by the U.S. Bureau of Mines

Pittsburgh Energy Research Center, is a case in point (5).

Figure 2 shows the overall commercial Synthane SNG process. The

coal is pulverized and pretreated with steam at about 400°C to prevent

agglomeration. It is then sent to the gasifier where it is mixed with

steam and oxygen at about 950 o-l000°C. This produces a comple~ gas

mixture (see Table 2) containing mostly hydrogen, CO, CO
2

' H
2

0 , and

CH4 with traces of H2S. This is the ra,,, synthesis gas ,,,hich is

I.
I

I
I

I
I

I
j,
I:

!
I.

I
I;
I

I
i

I
j

!
I.

i',:

1
i
I

II _

1<:

i
I
J "

I-

I
I

I
j

I
I



0 0 , ;; V ,J D i~_~ 'j '~i
~j

.> .,>
t~c'~

Water Steam

7

Gasifier

Lock
hopper
feeder

Stearn -- -r-
Oxygen --_/

Steam
Oxygen

Steam
Wa ter--+i'-'UIJtlj

Steam

I to I cold
recycle

Tor dust

To power plant

CO 2 10
lock hopper

feeder

Steamt_ Sulfur

SYNTHANE PROCESS

Steom

XBL 78~-4665

Figure 2. Process £lm" diagram for Synthane Process SNG plant.



Table 2. Ranges of component concentrations in coal gasifiers
operating between 871°C and 982°C (1600°F-1800°F)(13).

Component Range (mole %)

H 15-50
2

H
2

O 15-40

CO2 4-20

CO 5-15

CH4
8-20

HZS 0.03-1.0
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scrubbed to remove the particulate matter and sent to the shift

converter. The shift converter produces CO
2

and H
2

via the reactioI).

(1-1)

This provides sufficient hydrogen for catalytic methanation of the

remaining carbon monoxide:

(1-2)

After this final methanation step, the gas is cooled, cleaned, and

shipped out.

The unprocessed particulate matter is called char. It contains

considerable fixed carbon (see Table 3 (6)) and can be burned in a

boiler to generate steam and heat for the endothermic reactions above

as well as for electrical power.

C. Corrosion

Table 2 shows the typical cOQpositions of the raw synthesis gas

from a second-generation SNG plant. The analysis is taken after the

gas exits from the gasifier and has been quenched to a temperature

10'1'1 enough to permit handling and analysis. This occurs rapidly enough

that these composition ranges still hold for the interior of the

gasifier (7). Examination of Table 2 reveals that there is sufficient

H2 ' H20 ,and H2S to provide a sizeable amount of oxygen

and sulfur via the equilibria

(1-3)

(1-4)



Table 3. Composition of Illinois #6 ash and coal char (6).

10

ASH Percentage

SiOZ 46.3

AlZ0
3

lS.2

FeZ0
3 14.9

CaO 6.S

MgO 1.1

TiOZ 0.6

PZOS 0.2

NaZO 3.0

KZO 1.8

S03 5.4

as sulfate

CHAR

carbon

ash

sulfur

high boiling tars

Percentage

Z5-50%

45-70%

<1.5%

<4%
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and

(1-5)

From these reactions and the temperatures at which these plants operate,

it is apparent that the alloys can undergo extensive and rapid corrosion.

This field is a popular and extensive one, and high-temperature corrosion

of luetals has been discussed by many authors (8-10). The corrosion

reactions of interest here are oxidation and sulfidation:

and

xM + y/2 02 t H °x Y
(1-6)

xM + y/2 S2 t H S
x Y

(1-7)

where M represents a metal in the alloy. Oxidation is of interest

because many iron-base alloys must be designed to resist the formation

of iron oxide. This is usually done by the addition of chromium to

the alloy, so that Cr
2

0
3

forms on the alloy rather than any of the

iron .oxides. Cr
2

0
3

is a stable, defect-free oxide that serves as an

effective barrier to internal oxidation since the diffusivity of

oxygen in it is quite low (11). Similarly, additions of A1 to iron-

base alloys results in the formation of A1
2

0
3

layers and prevents

internal oxidation.

High-temperature sulfidation is a different matter entirely.

Whereas some oxides are dense and relatively defect-free and can

serve as protective barriers (11), no sulfide is. Worse yet, in the

temperature range of a gasifier (800-1000°C), some of the sulfide or

sulfide-containing phases are liquid, in particular the Ni-NiS
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eutectic (m. p. ~ 650°C) and the FeO-FeS eutectic (m. p. ~ 950°C).

The problem of gas-phase corrosion then involves determining what

phases can be formed in the conditions prevalent in a gasifier and

whether these phases are protective or detrimental.

As has been previously indicated, there is a solid particulate

phase present in a gasifier. This is coal char. As it flows through

the internals of the gasifier, it is possible for the char to collect

in pockets in tubes and bends. These particles are very small, ranging

in size from less than 10 jlm to as much as 250jlm. From Table 3 it is

observed that char contains traces of fixed inorganic sulfur besides

the usual carbon and ash. It is appropriate to ask if there is

sufficient sulfur in the char to act as a corrosive agent at the

ten~erature and oxygen and sulfur potentials of a gasifier. From

coal analyses (12), it has been shown that considerable sulfur is

present in coal as sulfates, sulfides, and organic sulfur. After

processing, does sufficient sulfur remain in the char?

D. Preliminary Screening Experiments

In order to test the hypothesis that there is sufficient sulfur

present in char to corrode iron-base alloys, several screening experiments

were proposed and carried out (13). Three different alloys, Fe-lOAl,

Fe-10Al-5Cr , and Fe-lOAl-lOCr, were exposed to char at 982°C. Argon

containing 6 to 10 ppm. 02 was fed into the furnace, and the samples

were exposed for periods of 24, 50, and 100 hours. After 24 and 50

hours, all three alloys exhibited similar behavior--formation of external

A1 203 layers with relatively little internal penetration (see Figure 3).

The aluminum and chromium x-ray maps .shmv that the oxidation of the

r
l:
I
I

r
l',,.,:

I./.

II _
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Figure 3. Cross sections of samples exposed to char and argon
(containing 6 to 10 ppm O

2
) for 24 hours at 982°C. The

at tached x-ray maps shm" elemental distributions as indicated.
(a) Fe-10Al alloy. Note the heavy, thick protrusion.
(b) Al x-ray map of protrusion indicates that protrusion
is A1

2
0

3
. (c) Fe-lOAl-SCr alloy. Note the heavy,

dark gray inclusion. (d) Al x-ray map indicates inclusions
are AI

Z
0

3
. (e) Fe-10Al-lOCr alloy with dark gray

inclusions. (f) Cr-map showing Cr enrichment adjacent
to but not in scale. (g) Al-map showing scale is AI

Z
0

3
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alloy is confined to the surface, which is expected because of the

high aluminum content of these alloys. After 100 hours, the situation

has altered drastically in the case of the Fe-IOAl and Fe-IOAl-5Cr

alloys. There is considerable internal penetration (see Figure 4) of

the alloy. Although Al- and Cr-rich regions can be observed at the

top of Figure 4a, indicating the presence of AlZ0
3

and CrZ0
3

layers,

x-ray mapping indicates the presence of AI-rich sulfides deep in the

bulk of the alloy (Figure 4c,d). The sulfur can come from nowhen~

but the char. The reasons for this massive internal attack are discussed

elesehwere (6), but the important result remains that there is sufficient

sulfur in some form in char to attack these alloys.

E. Purpose of Research

In the screening experiments (see Section D),., the oxygen potential

was largely uncontrolled, being set only by the oxygen present in the

argon and by the reaction

C + l/Z 0z t co . (1-8)

As the carbon was oxidized and used up, the oxygen partial pressure

-5 -6
could rise to that value present in the argon, about 10 to 10 atmospheres.

Although from these experiments it is known that there is sufficient

sulfur present to be corrosive, it is not known from these experiments

what the precise conditions are at which that sulfur can attack the alloy.

The purpose of this research is to separate the effects of char and

gas-composition on corrosion. It is desired to study only the effects

that char has on iron-base alloys in the conditions of temperature and

oxygen potential that prevail in the internals of a coal gasifier.
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Figure 4. Cross section and x-ray mappings of Fe-10Al-5Cr alloy
after 100 hours exposure to 982°C and argon combining 6 to
10 ppm oxygen. (a) Electron image. (b-e) elemental maps
as indicated. Note the four distinct regions in the cross
section: 1) lightest gray region is alloy itself~ 2) medium
gray at top of (a) is a chromium oxide (see e), 3) darker
gray below that is aluminum oxide (see c and d), and 4) the
dark gray inclusions in bulk of alloy are aluminum-rich
sulfides (see c and d). Iron is excluded from the aluminum
containing regions (see b). 1
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CILlUJTER 2

Thermodynamics

Any description of a set of possible chemical reactions relies

on therluodynamics and kinetics to predict the reaction products.

Thermodynamics determines which reactions in the set are most likely,

and kinetics determines \"hich 1'1ill occur most rapidly. Of the tHO,

kinetics is more important. It is often observed that ,,,hen two

reclCtions compete, the one that is formed most rapidly will predominate,

even when thermodynamically the other is favored. But the kinetics

of a reaction are difficult to predict even when a model for a mechanism

is available, and when no model is available, it becomes almost

entirely empirical. High temperature corrosion is particularly

complicated. Not only is the gas phase multi-component, but so is the

solid phase. Worse even than this, the solid phase is heterogeneous,

and different regions of the alloy surface may have substantially

different compositions. Since a kinetic/mechanistic explanation of

alloy behavior is impossible given such complications, a thermodynamic

explanation will have to serve with the understanding that thermo

dynamics explains only part of the story, albeit a very in~ortant one.

VA. Gas-Phase Corrosion

When the topic of corrosion is discussed, a number of kinds of

corrosion are possible: molten salt, aqueous, electrochemical, etc.

Of all of these, the concern here will be specifically with gas-phase

oxidation and sulfidation. As explained in Chapter 1, these two are

the principal corrosion pathways in high temperature coal processing

units.
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It then becomes apparent

Since all coal-burning pmver plants and processing units

operate in regions where a number of metal oxides can be formed,

oxidation is of particular interest. Host oxides form internally as

\Ve11 a,; on the surface of the alloy. This results trOl!) :Lnw~lrd d·j ffw.io!l

of oxygen along grain boundaries and surface defects and can occur with

sufficient rapidity to shorten severely the lifetime of the alloy (14).

If the lattice structure of the oxide is regular and free of interstitial

atoms and vacancies, the formation of internal oxide inclusions can

proceed \vith a relatively small change in volume within the alloy.

This is usually not the case (15). Host oxides have a tremendously

expanded and non-stoichiometric structure, and the formation of

inclusions results in the region of the alloy surrounding the oxide

inclusion undergoing severe grmvth stresses. If the inclusion is formed

near the surface of the alloy, the growth-induced stresses may be

sufficient to break up the structure of the surface. This process

presents fresh alloy to the environment and hastens ultimate material

failure.

Not all oxides have this effect on iron-base alloys. SOIne oxides,

in particular CrZ0
3

and AI
Z

0
3

' not only grmv rapidly but are very

stable. Their lattice structures are dense, regular, and do not have

~he large concentrations of vacancies ~nd defects which characterize

non-stoichiometric oxides (16). Diffusion in these oxides proceeds by

a lattice mechanism r2.ther than by a defect mechanism. In solids,

lattice diffusion coefficients are of the order of 10-lZ - 10-14 m2 js

at 900°C \Vhereas defect diffusion coefficients can be as large as

10- 7 - 10-8 m2js at thp ( )_ same temperature 17.

that diffusion through CrZ0
3

and. A1
Z

0
3

will be much slmver than
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through FeO ~ Fe20
3

~ NiO ~ and other common oxides.

The forrtk1.tion of uniform CrZ03 and Alz03 layers begins to occur

on ~le surface above certain bulk concentrat~ons of Cr or Al .

For Cr the level is about 18 to 20% (wt.) for Fe-base alloys (18)

and for Al it is about 5% (wt.) (19). This is an important advantage.

Once the oxide is formed~ it creates a barrier to further inward

diffusion of oxygen. These protective A1 20
3

and Cr20
3

scales

are responsible for the generally good corrosion resistance of high-Cr

and high-AI content alloys.

Sulfides provide no such protection. All have very defective~

non-stoichiometric structures~ and all grow fairly rapidly. A

protective oxide barrier can slow dm·m the process, but eventually

sufficient sulfur can get through the surface scale to attack the alloy.

Figure 5 shows a possible mechanism for the internal sulfidation of an

alloy through a protective scale. Once the rapidly-grmving oxide scale

is formed (Figure 5a), inward diffusion of sulfur is considerably

hindered. But sulfur diffusion by the lattice or volume mechanism or

down oxide grain boundaries can still occur (Figure 5b). Eventually

as Figure 5c shows, just beneath the oxide layer a sulfide inclusion

can form. Since the lattice structure of the sulfide is very defective,

• the formation of the inclusion results in a very large increase in local

volume. In Figure Sd, this fractures the oxide scale and presents

fresh alloy for attack. The formation of the Cr20
3

or A1
2
0

3
layer

results in the depletion of Cr or Al from the alloy at the oxide/

alloy interface. There may be insufficient Al or Cr to reform an

oxide scale as a result, leaving the alloy particularly vulnerable to

internal attack.
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Figure 5 (a). Formation of a compact oxide side in an environment
containing both oxygen and sulfur. The surface oxidi.7.L'S
more rapidly than it sulf:LcUzes.

Figure 5 (b). Diffusion of sulfur down grain boundarie.s. At the <llloy/
scale interface, there is insufficient oxygen to continue
tllC fo.rlnatJon of :ill oxic1(~ scalc~.

Figure 5 (c). After a sufficient period has passed, sulfide inclusions
can form at alloy/scale interface.

Figure 5 Cd). These inclusions can become large enough to fracture
the oxide scale and severely disrupt the integrity of
the protective barrier.
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There is an additional problem that arisefJ as a conseq\lenc'c~ of

su1fidation of iron-base a110y~}: some sulfides are liquid. Tab:1 (' If

8hO\"8 the typical sulLLd('s that can lw cOllllllonly found on :iron--ll;lr;('

alloys ancl their melting points. Nost melt in the 1100-l300 D C range,

\.,ell above 1000°C. But the nickel sulfides, 1'1iS and Ni
3

S
2

' melt

at less than 800 D C. This is of particular concern in the Fe-Cr-1'1i

ternary (300 series stainless steels) Hhich has sufficient Ni to

provide considerable high temperature strength. If a liquid sulfide

can form underneath a protective Cr 20
3

scale, it can conceivably

~loat the scale off on a layer of liquid, ruining the protection that

the alloy obtained from the Cr
2

0
3

scale. Even if 1'1i is eliminated

entirely from the alloy system, as in the Fe-C~-Al system, the problem

of liquid layer formation is not eliminated. The FeO-FeS eutectic

melts at about 950°C. This is a more difficult problem to deal lvith.

Iron cannot be eliminated as a practical base for economical high--

temperature alloys.

If, as it appears, it is impossible to develop a su1ficlation

resistant iron-base alloy, the next best approach is to be able to

predict the sulfides and oxides that \vi1l be formed under specific

conditions. This can be approximated by using a thermodynamic approach.

B. Equilibrium Therm0cl.Y~af!l..:!:..cs of _Gas-Phase Corr?sLon

For a general chemical reaction of the form

aA + bB t cC + dD (2-1)

there is associated a Gibbs energy such that (20)

-RT1nK
eq (2-2)



Table 4. He1ting points of sulfides important in iron-base n11oY8
containing Al , Cr ,and/or Ni.
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Compound H. P. (OC) 1
I

FeS 1195 :J
"I

FeS2
1171 I
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1100

I
I
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CrS 1550 I
I"

Cr2S3
1350 I

I
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3
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790

I
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I.
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i
I
I
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where K is the equilibrium constant and i.s defined by the equation
eq

K
eq

c d
(a

C
) (a])

_._---~----_._--

(a
A

) a (1\)) b
(2-3)

where the a's are the activities of the various species.

Consider a general oxidation reaction occurring be.tween a gas

phase and an alloy. In this case, eq. (2--1) becomes

xH + y/2 02 t
1'1 °x Y

I
The fol1ml1ing result is obtained from equations (2-2) and (2-3):

--RTln (2-5)

equal the oxygen partial pressure,

In order to describe this system completely, it is necessary to have

information on the. activities of the various species at the reaction

conditions. This inform<1.l:ion is usually not available, but it is

possible to ma.ke some reasonable assumptions.

The vapor phase can be assumed to be ideal since the total

pressure is low and the temperature is high in these. experiments.

Therefore, for a first .approximation the oxygen activity is assumed to

P
°2

Some information on the activities of the solid phases (alloy

and scale) is required. Some is available for specific systems (21,22),

but in general there is no way to predict the activity of a metal in

an alloy. Even when data are avai.lable, assumptions have to be Dk1.cle to

just:lfytheir use i.n equation (2-.5). If the activity a
H

is defined by



\17here

a
m

is the activity coefficient and
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(2-6)

is the mole fraction

of M in the alloy, then it is necessary to determine Y
N

.

Such data are not complete and, \vhen available for ternary alloy

systems, are often calculated from binary systems. For a first

approximation, it is often sufficient to treat the solid solution as

ideal and the activity is taken to be equal either to the mole fraction

of the metal in the alloy, or to 1. As \vill be shown in the next

section, this does not invalidate the use of thermodynamics in predicting

gas-phase corrosion.

If the metal and the oxide are insoluble in each other and the

fugacity of the oxygen is equal to its partial pressure, Po ,then
2

equation (2-5) can be rearranged to give

(2-7)

The dissociation pressure for a given oxide can then be determined

from the Gibbs energy and temperature of the reaction. At a partial

pressure of oxygen greater than that determined by equation (2-7)

the oxide uill be stable, and at a lmver Po the oxide will be unstable.
2

Similar calculations can be performed using Gibbs energy data for the

formation of sulfides and replacing Po by Ps
2 2

These calculations can be combined in a two-dimensional isotherm

that plots the stable phases as a function of oxygen and sulfur partial
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pressures. Such a plot is called a thermodynamic stability diagram.

'.rhese diagrams have been Uf>E~J by a number of investigator.s as precUctive

devices for high-temperature corrosion in aggr.essive environments

(Z5-27) . Given reliable and consistent thermodynamic data for th(~

fornBtion of the oxides and sulfides, stability diagrams are easy to

construct for pure metals. For alloys, the situation is morc complicated.

Bimetallic oxides (spinels) may be formed as a result of interaction

between phases. For the Fe-Cr-AI system:

Fe + l/Z 0z + CrZ03
-r Fecr

2
0

4
(Z-8)+-

Fe + l/Z 0z + AlZ0 3
-->- FeAl

Z
0

4
(Z-9)-<-

FeO + Cr
Z

0
3

-r FeCr ° (2-10)-<-. Z l~

FeO + A120
3

->- FeAl
Z

0
4

(2-11)-<--

FeS + Cr ° + l/Z °z
.)- FeCr

Z
0

4
(Z--1Z)

Z 3 -<-

FeS + A120 3 + l/Z 0z -r FeAI
Z

0
4

(2-13)-<-

Since the data for the spinels are available but not complete, such

interactions are often i b'1lOred in the prediction of alloy behavior from

the stability diagrams.

Figure 6 shm;ls the result of the above procedure (27). It

represents the Fe-Cr-AI system at 98ZoC (1800°F). Since the vertical

axis represents Ps and the horizontal axis Po ' horizontal lines
Z Z

represent metal-sulfide or sulfide-sulfide equilibria and vertical

lines metal-oxide or oxide-oxide equilibria. Lines with a slope

between zero and infinity represent equilibria between phases containing

oxygen and/or sulfur. The arrm.,rs on the. diagram indicate the line at

which the particular phase becomes stable, and where the arrows overlap,
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andThe rectangular region indicates

and P
S2

becomes stable.

Thermodynamic stability diagram for the Fe-Cr-Al system
represented at 982°C (1800°F). The arrows indicate P

°2
lines at Ylhich the specific oxide or sulfide phase

Figure 6.

Ps ranges of typical coal gasifiers.
2

Key: -- ----- phase boundaries involving only Fe

-----_ ..----- phase boundaries involving Al

------- phase boundaries involving Cr
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the phase stabilities overlap. Oxides of iron higher than feO have

not been considered on this diagram.

It appears on the diagram that at high PO's five phases can
Z

coexist: FeO, A120 3 ' FcCrZO
lf

' CrZ0 3 ' and 17eAIZ0
1f

• From sLoichiometric

considerations, some of these phases may not be possible since the

phases. Figure 7 illustrates that a maximum of three phases can coo-exist

in a given rer;ion on the diagram. If there is a stoichiometric excess

of FeO (or FeS) then Figure 7a shows that only FeO (FeS) , FeA1
Z

0
4

and FeCr204 ' will coexist. If there is insufficient iron, then the

as Po decreases into a region \~lere FeA1
2

0
4

is not stable. Here
2

Fe and Cr
Z

0
3

cannot coexist, and which is present depends on whether

there is an excess of Fe or Cr If there is insufficient oxygen

to form either FeCrZO
lf

or FeA1
2

0
4

, then Figure 7c applies. This

is me.rely a non-interacting mixture of the stable forms of the three

metals.

Similar constructions can be made for the Fe-Cr'-Ni system.

Figures 8 and 9 present the stability and stoichiometric diagrams at

98Z0C for this ternary system.

The rectangular region in the diagram represents Po and Ps
2 2

ranges for typical gasifier gas compositions (Table 2). The "x"

mark in the middle of the rectangle indicates the experimental gas

composition at which the stable phases predicted in the diagrams were

correlated vJith experiment (27). From Figures 6 and 7, the predicted

sufficient Al to form an Al20
3

layer. Representative samples from



o u v ;j £)
31

Figure 7 (a). Triangular diagram shm-ling hm" the stoichiometry
determines ",hlch phases are actually present when the
stability diagram indicates that five phases are possible.
The scales are intended to represent atomic percent of
the metals on an oxygen- and sulfur-free basis. A
point v7ithin a region on the diagram indicates a mixture
of the three phases at the corners of the region. A
point on a line indicates a mixture of the two phases
at the ends of the line. As dra~m, this figure applies
to the right side of the stability diagram. It could
represent the other two regions \"here five phases are
possible if FeO is replaced by either Fe or FeS .

Figure 7 (b). Triangular diagram 81101"ing hm" the stoichiometry determines
which phases are actually present \"hen the stahility
diagram indicates that four phases are possible. As
drmm, this figure applies to the bottom of the stal>ility
diagram in a region ",here FeA1

2
0

4
is no longer stable.

For a similar region tmv-ard the top of the stability
diagram, this figure applies "'ith Fe replaced by FeS

Figure 7 (c). Triangular diagram sholVing ho\" the stoichiometry dC:'.termines
which phases are actually present when the. stability
diagram indicates that three phases are possible. As
drawn, this figure applies to the bottom of the diagram
in a region where F,:,-Cr2°4 is no longer stable.
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Figure 8. Thermodynamic stability diagram for the Fe-Cr-Ni system
represented at 982°C (1800°F). The arrows indicate Po

2
and P lines at \vhich the specific oxi.de or sulfide

8
2

phase becomes stable. The rectangular region incl-jcatC'~,

Po and Ps ranges of typical coal gasifiers.
2 2

Key: phase boundaries involving Fe

----------- phase boundaries involving Ni

phase boundaries involving only Cr
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Ni

Feo<----"'---Jl.-~-.....I--~......__:. Cr2°3
FeCr20 4

(a)

Ni

F"eO<---->'---~--1L-....Il:--..Y..-~Cr203
FeCr204

(b) (e)

XBL 781-4444

Figure 9. Triangular diagrams showing how the stoichiometry determines
\-Jhich phases are actually present when the stability diagram
indicates that 3 or more are possible.

a) Applies in a region where five phases are possible, i.e.
the right side of the Fe-Cr-Ni diagram. It could
represent the other two regions where five phases are
possible if NiO is replaced by either Ni or NiS(~)

b) Applies in a region where four phases are possible.
As drawn, this figure applies to the bottom of the
s~ability diagram in a region where NiCrZ04 is no

longer stable. For a similar region toward the top
of the diagram, this figure applies with Ni replaced
by NiS CO

c) Applies in a region where three phases are possible.
As drawn, this figure applies to the bottom of the
diagram in a region where FeCr

Z
0

4
is no longer stahle.



the Fe-Cr-AI system were exposed for 48 hours (see Table 5 for

compositIons). Only on the Fe-10Al binary vas any FeA1
2

0
4

observed.

All others showed only the presence of AI
Z

0
3

scales. However,

powder mixtures of FeS/Al
Z

0
3

and 1<'eS/Cr
2

0
3

shOllfed the presenc(~ of

both spinels as predicted by the diagrams. There may be severe kinetic

limitations all the formation of the spinels, or FeS , which is

uns~table at the experimental conditiops, may be a necessary precul~sor

to the formation of the spinels via reactions (2-12) and (2-13).

Thermodynamic stability diagrams have a definite use as predictive

devices for high-temperature gas-phase corrosion as long as their

limitations are understood. :For corrosion by coal char, they are not

nearly so useful. Conditions at the char/alloy interface may be

signi.ficantly different from those in the gas phase.
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Table 5. Alloys used in comparison of predicted phases \\lith obf:erved
phases.

_____-1 _
(1) Fe-lOAl

(2) Fe-lOAl-5Cr

(3) Fe-lOAl-lOCr

(If) Ee-1OAl--15Cr

(5) Fe-18Cr-5Al

(6) Fe-18Cr-7Al
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CHAPTER 3

Experimental and Results

A. l~.9uipment

The furnace used \;ras a vertical tube-type furnace designed to

isolate the specimens from each other. Figure 10 shmvs the complete

furnace. It is a triple tube furnace using wound and potted Kanthal

tube heaters. They maintained the temperature to within :t 2°C of the

setpoint. The tubes are high purity quartz glass fitted \vith standard

taper fittings and held together with springs. Figure 11 shmvs the

furnace with two tubes withdrawn from the furnace and one disassembled

to reIfiove the sample. The samples are held in a quartz cup and covered

\'lith char or char substitute and placed in the sample tubes (see Figure 11).

The sample tubes are then hung by springs from the top' portion of the

furnace.

All the specimens, about 1 em x 1 em x 0.1 em, were ground to

600 grit with silicon carbide paper and cleaned with alcohol and acetone.

They were placed in the sample tubes, \,rhieh were then assembled onto

the furnace. The tubes were first flushed with argon for ten minutes

to remove all traces of atmospheric oxygen and then flushed with

either CO or CO/C02 to remove the argon. The sample tubes were

inserted into the furnace, and the temperature adjusted, which requires

about ten minutes. After the desired exposure time, the sample tubes

\vere pulled out of the furnace heat zone, flushed with argon, and allowed

to drop to a suitably low temperature for handling. This requires less

than ten minutes due to the low mass of the furnace tubes. The samples

were then removed for analysis.
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Figure 10. Overall picture of furnace with sample tubes inserted
into heat zone.



Fig\lre 11. Furnace tubes showing arrangement of samples.

-40-
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A constant Po in the gas mixture was maintained using either
2

pure co gas or pre-mixed CO/co
2

containing 38.42% co and 61.58% CO2 ,

'The r 0 was determined using either reactions (1-3) or (1-8). To
2

insure a sufficient residence time for equilibration, the gas flow

rate was kept to less than 20 cm3/min. Uniform mixing was maintained

by natural convection resulting from half the tube being held in the

heat zone and half at room temperature (see Figure 12). Table 6

These are calculated results based on Gibbs

shows P 's determined by either the
O

2
at both temperatures.

C/CO or the equilibrium

energy data available in the JANAF tables (28) and are not measured

values.

Following exposure, the samples were examined by scanning electron

microscopy (SEN) for surface corrosion morphology. }'hey were then

mounted in a mixture of bakelite and phenolic plastic" ("Klarmount,"

supplied by Klarnell Corp.) especially designed for retention of scale

and edges. The samples Here cross-sectioned by grinding through the

surface with 320 grit silicon carbide paper and then smoothing with

600 grit silicon carbide paper. They were next mounted in a rotary

polishing unit (LECO Corp.) and polished for 2-6 hours on a nylon

cloth \vith cerium oxide paste thinned \vith distilled water. The final

polish was done with cerium oxide on microcloth for ten minutes. This

technique insured maximum retention of edges plus a uniformly polished

flat surface.

The purpose of this research is to isolate the attack of the

alloys by coal char from the attack by a reactive gas. It is therefore

necessary to isolate those species in the char which are responsible
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:"li~url: 12. Cross-section of furnace.
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Table 6. PO's determined by either C/CO or CO/C0
2

equilibria
2

at the indicated temperatures (in atmospheres).

c/co 4.0XlO-20

4.8XlO-17

1. OXlO-19

4.2xIO-lS



for t.he at.tack. It has already been mentioned that coal and coal

char both contain inorganic sulfides and sulfates (lZ) in sufficient

amounts to cause sulfidation of iron-base alloys (6). Next it is

necessary to determine the principal species present in the char that

is responsible for the observed corrosion.

To this end, several synthetic mixtures were made. It is

postulated that the probable species responsible for the corrosive

sulfur attack is either FeS or CaS04 Both of these are present

in coal char, but it is uncertain which is responsible for the observed

corrosion. Therefore, the synthetic chars contained either CaS04 or

FeS in an amount typical of a char from a high sulfur coal - about

5 mole %sulfur. A neutral filler, AlZ0
3

, was used to make up the

bulk for those samples to be tested at P = 10-
15

°z
(CO/CO

Z
equilibrium). For those samples to be run

10-ZO (C/CO equilibrium), high purity graphite plus

to 10-17 atmosphere

= 10-19 to

were llsed

as fillers. The synthetic char mixtures used and the calculated

P 's are shown in Table 7. Although these mixtures are designed to
°z

simulate the behavior of only one component present in coal char and

not the behavior of cha~ itself, those mixtures containing FeS will

be called FeS-char and those containing CaS0
4

will be called

'CaSO!~-char.

The alloys used in these experiments were Fe-IOAI, Fe-IOAI-15Cr ,

commercial 310 stainless steel (Fe-Z5Cr-20Ni) , and pure 310 stainless

steel (no Si or }fu). It has already been observed that the binary

corrodes relatively rapidly even though it has sufficient Al to

form an AlZ03 layer (6). The addition of Cr appears to stabilize

the AlZ03 layer and increase the ·corrosion resistance (6,27). The
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Table 7. Char and synthetic char mixtures and the calculated oxygen
partial pressures (in atmospheres).

Po Po
Z 2

Char mixture/gas phase 871 °c 98ZoC
---_.._-----------

coal char/CO 4.0xlO-ZO 1. OXlO-19

PeS + AIZ0
3

/CO/COZ
-17 4.2xIO-154.8xIO

CaS04 + AIZ0
3

/CO/C02
4.8XlO-17 -15Lf .2xlO

FeS -I- AI
Z
03 + graphite/CO

-20 1. OXIO-19
L}, OxlO

CaS0
4

+ AlZ0
3

+ graphite/CO 4.0xlO-ZO 1.0xIO-19 "
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addition of 15 wt% Cr is just less than that required for the

formation of a Cr
2

0
3

layer (18) • These t,vo alloys ,,'ill test 1) rapid

corrosion of the alloy and 2) stabilization of the. A1
2

0
3

layer. The

other two alloys are Cr
2

0
3

layer formers and represent a commonly

used alloy system (Fe-Cr-Ni) for use in corrosive environments. 'They

permit a comparison Hith the Fe-Cr-Al system in high temperature

corrosion.

C. Experiments

Table 8 shows the experimental condition at which each test Has

run. The two 310 8.S. saluples were placed in one tube such that they

were not touching. The temperatures, 871°C and 982°C, Here chosen to

represent mean and maximum anticipated operating temperatures for

coal gasifiers.

An additional short--term run ,vas performed. This consisted of

three separate Fe-lOAl samples, each in AI
Z

0
3

+ lieS in the CO/COZ

mixture. They ,,,ere held at 982°C for 1 hour, 2 hours, and 5 hours

to observe the short term corrosion behavior of the alloy.

-15 -19
The oxygen potentials, ranging from 10· to 10· atmospheres

at 982°C and from 10-17 to 10-20 atmospheres at 871°C, represent high

?and low values for Po typical of coal gasifiers. These have an
2

additional effect of providing a comparison of sulfidation by CaS0
4

and by FeS. CaS0
4

can provide sulfur for attack by reduction of

the sulfate:

,
_• i

CaS04 ~ CaO + 1/2 S2 + 3/2 02 • (3-1)
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Table 8. Experiments run using both coal char and synthetic substitution.
Carbon is present as high purity graphite.

Char or Gas Temperature Exposure
Substitute Phase (OC) Time (hours)

--------
coal char CO 982 100

coal char CO 982 50

coal char CO 871 100

coal char CO 871 50

5.91 mole % FeS -I- Al20
3

CO/CO
2

982 50

pure Al203
CO/CO

2
982 50

4.07 mole % CaS0
4

+ A1 203
CO/CO2

982 50

5.91 mole % FeS -I- Al20
3

CO/CO2
982 1, 2, .5

5.91 mole % FeS -I- Al
2

0
3

CO/CO
2

871 50

Lf. 07 mole % CaS0
4

+ AlZ0
3 CO/COZ 871 50

5.09 mole % l"eS -I- AI
Z

0
3

-I- C CO 982 50

5.00 mole % FeS -I- AI
Z

0
3 +- C CO 871 50

5.0Z mole % CaSOL
f

+ AIZ0
3

+ C CO 98Z 50

5.02 mole % CaS0
4

+ AIZ0
3

-I- C CO 871 50



As the Po decreases, the activity of the sulfur should increase.
2

FeS can provide sulfur for internal attack by oxidation of the fwlfide:
t

PeS + 1/2 02 t FeO + 1/2 S2 . (3-2)

As the Po increases, the activity of the sulfur should increase.
2

The important consideration here is the comparison of morphologies of

corrosion by CaSOIf and FeS and how these in turn compare with the

morphology of corrosion by coal char.

D. Results

After 100 hours exposure in char and co atmosphere at 982°C,

considerable penetration into the alloy was observed on the Fe-IOAl

alloy. Figure l3a shows an optical cross-section of the alloy. Although

there was no external growth of scale, the penetration looks like

that in Figure 14, optical cross-sections of Fe-IOAI and Fe-IOAl-5Cr

in char, argon, and 6 to 10 ppm 02 (6). Note in particular (Figure l3a)

the long, thin needles pointing in tOHard the bulk of the alloy.

Another portion of the same cross-section is sho'vn in Figure l3b

along ~"ith energy dispersive x-ray analyses (EDAX) of the outer, middle,

and inner portions of the penetrated region. The outer region as

indicated by l3c appears to be a mixture of iron oxide and aluminum

oxide. A more detailed analysis 'muld have to be done to determine

whether these ,,,ere present as discrete compounds or as an iron-alumina

spinel, Le. FeA1204 • Hoving further in, l3d represents the large

black inclusions. These appear to be entirely A1 203 . At the inner

edge of the penetration, a few of the elongated inclusions appear.

These are analyzed in Figure l3e and contain a relatively large amount

- 1

~ ..
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Figure 13. Cross section of JTe-10Al alloy exposed to coal char
for 100 hours at 982°e in pure CO.

a) Optical micrograph

h) Scanning electron photomicrograph

c) EDAX analysis of outer region of inclusions: Fe and AI-rich

d) EDAX analysis of dark gray inclusion in center region: AI-rich

e) EDAX analysis of innermost inclusions: Al and S-rich.



(a) Optical cross-section

(b) Electron image

EDAX analyses:

XBB 782.. 2453

- 50-
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Figure 14. Optical micrographs of cross-sections; of alloys from the
screening tests (b) after 100 hours exposure in argon
containing 6 to 10 ppm oxygen. (a) Fe-10A1. (b) Fe-10Al-5Cr.
In both, the dark needles represent internal formation of
aluminum-rich sulfides within the alloy itself. This
region is covered by a scale which is predominantly iron
oxide.
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of aluminum and sulfur. Since that region is also rich in aluminum,

such needles may consist of aluminum-rich sulfides. Figure 15 8ho"7s

one such needle with Al and S x-ray maps. The two maps correspond

to the extent that the long black needle in the center of the photomicrograph

consists of Al and S. The other dark areas towards the top of the

picture contain no sulfur although they are rich in aluminum.

Figure 16 shows a similar cross section and EDAX analysis of the scale

formed on the Fe-lOAl-SCr' alloy. Note that it is almost entirely

AlZ0
3

. It is thin and dense with no visible microstructure and no

evidence of internal penetration. The stainless steel alloys under all

conditions used during these experiments showed only evidence of

external CrZ03 formation. The commercial 310 stainless steel with

1.°- 1. 5% Si shmved the formation of internal silicon oxide

inclusions (~igure 17). In spite of the appearance of these inclusions,

the addition of silicon is used to improve oxidation resistance by

serving as a getter for oxygen (29). In all of the tests performed,

both of these alloys showed identical corrosion behavior: formation of

external Cr203 layers and no internal penetration. Only the formation

of the silicon oxide inclusions differentiated bet\veen the t\vo.

Exposure of the samples for 50 hours resulted in considerably less

penetration on the Fe-lOAl alloy, although the appearance of the

penetrated region was identical to that observed after 100 hours exposure.

When the samples were exposed to the same environment for 50 and

100 hours at S7loC, no penetration was observed on any of the alloys,

only the formation of a thin AlZ03 scale on the Fe-IOAI and

Fe-10Al-15Cr alloys. Both 310 stainless steels formed Cr
Z

0
3

layers

identical in appearance and composition to those formed at 982°C.
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Figure 15. Photomi.crograph and X-ray maps of sulfur containing
inclusion on 1"e-lOAl exposed to coal char for 100 hours
at 982°C in pure CO.

a) Scanning electron photomicrograph

b) Aluminum X-ray Iilap

c) Sulfur X-ray map

Note that inclusion is aluminum and sulfur rich while
other inclusions are aluminum-rich.



AI x-ray map

XBB 782-2467

(e)
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Figure 16. Cross section of scale formed on Fe-10A1~15Cr exposed
to coal char for 100 hours at 982°C in pure CO.

a) Scanning electron image. Note thin, dense scale

b) EDAX analysis. Scale is Al
2

0
3

. V1
V1
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image 15 11m I

Si Cr Fe Ni

(e) EDAX analysis XBB 782-2465

Figure 17. Cross section of scale formed on commercial 310 stainless
steel exposed to coal char for 100 hours at 982°C in pure CO.

a) Electron image

b) High magnification of silicon~rich inclusion

c) EDAX analysis of inclusion
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The samples Here exposed to pure AI
Z

0
3

in CO/COZ at 98ZoC,

and Figures 18-20 show that all of the alloys form adherent protectivp

scales. Figure 18a-c shaHs the scale and the EDAX analysis for hoth

Fe-lOAl and Fe-10Al-15Cr. The AI Z0
3

scale shows up as a clark grey

region spread uniformly over the alloy. The small trace of iron

present is dUE~ to the uncertainty of penetration depth inhere~nt in

x-ray analysis and not to the presence of Fe in the scale.. Figure

19a, b shmvs the pure 310 stainless steel and its EDAX analysis. The

light grey scale is Cr
Z

0
3

with some Al present, probably from the

Al
Z

0
3

powder to \'1hic11 the alloy ,-/8S exposed. The commercial 310 alloy

also develops a Cr
Z

0
3

scale, but as Figure ZOa-c shows, it contains

silicon oxide inclusions. As stated previously, only these inclusions

differentiate bet\veen the commercial and pure melts of 310 stainlens

steel. There is, then, no attack by Al
Z

0
3

on any of the alloys.

Thus any attack that is observed in the other tests must be from the

sulfur-containing species.

If the overall morphologies of attack by the FeS-containing

mixture (FeS-char) and the CaSOLf-containing mixture (CaSOLf-char) arc

examined, some important. observations can be made. At low oxygen

partial pressures P == 10-19
·0

Z
,CaS0

4
is much more reactive than

~eS. Figure Zl shows the relative extent of attack by the two. Note

that attack by the CaS0
4
-char is massive and has affected a large

portion of the surface of the Fe-lOAl alloy. Attack by the FeS-char,

even at a temperature above the melting point of the FeS-FeG eutectic

appears to be confined to the formation of a thick, largely non-adherent

scale. Analysis of this scale (Figure 22) shmvs it to be primarily

AIZ03 · The scale resulting from .CaS0
4

attack is more complex,



Figure 18. Cross-section of Fe-lOAl and Fe-lOAl-l5Cr
pure AIZ03 at 98ZoC for 50 hours in 38.4%

CO
Z

plus EDAX analysis.

a) Fe-lOAl electron image

b) Fe-lOAl-l5Cr electron image

exposed to
CO -I- 61.6%

58

Note that both scales are identical AI
Z

0
3

layers with

that on the Fe-10Al being slightly thicker.
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(a) Fe·10Alelectron image

(b) Fe·l0AI·15Cr electron image

l Region of EDAX analysis

(e) EDAX analysis

l Region of EDAX analysis

XBB 782-2455



Figure 19. Cross section of pure 310 stainless steel exposed to pure
A1

Z
0

3
at 982°C for 50 hours in CO/C0

2
mixture.

a) Electron image. Note thin, adherent Cr
Z

0
3

scale

b) EDAX analysis of scale.

60
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"'1t:>Ir.TrCIII image

l Region of
r EDAX analysis

61

(b) EDAX analysis

XBB 782-2460



Figure 20.
,

Cross section of commercial 310 s.s. exposed to pure
A1

2
0

3
at 982°C for 50 hours in CO/C0

2
mixture.

a) Electron illk'lge showing thin, adherent Cr. 203 scale

h) HLr,h magnification of incll1bion~;

c) Silicon x-ray map of inclusions.

62
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(a) Commercial 310 stainless steel

(b) High magnification of (a)

'---1
.p
~l -63-

(c) Si x-ray map of (b)

XBB 782-2459



Figure 21.

64

Fe-IOA1 exposed to synthetic char mixtures for 50 hours
at 982°C aud a Po = 10-19 atmosphere.

2

a) Sample in CaS0
4

containing mixture (CaSO/t-char)

h) Sample in FeS-containing mixture (FeS-char). The
heavy black layer in (b) is an A1 20

3
layer containing

sufficient graphite and FeS to give it a dark
appearance. Note the extensive scaling in (a) that
does not appear in (b).

.;
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Fe-10AI in CaS04-char.

(b) Fe-10AI in FeS-char.

XBB 782-2474



Figure 22. Fe-10Al exposed to FeS-char for 50 hours at 982°C
and a Po 10-19 atmosphere.

2

a) Electron image

b) EDAX analysis of scale

Note that the EDAX analysis shows scale to be A1
2

0
3

.

66
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consisting of a large amollnt iron-rich oxides. Figure 23a shows tlw

Bcale to be thick \'lith cancer-like growths. Under high magnification,

these take on the appearance of rope-like extrusions and consist almost

entirely of iron as iron oxide (Figure 23c). Although the appearance

is quite different from the scale formed under char in the preliminary

experiments, the chemical analysis is almost 'identical. A cross-section

of this scale is shm-m in Figure 2/+a, revealing extensive external

growth and internal penetration. Under high magnification, the scale

region has a two-phase microstructure (Figure 24b) which x-ray mapping

shows is made up of iron-rich and aluminum-rich regions (Figures 24c

and d). Figure 25 shows that at the innermost limit of attack there

are a number of small but identifiable aluminum-rich sulfide inclusions,

reminiscent of char attack.

Scale formation on the other three alloys was confined to formation

of ,A120
3

or er20
3

layers with no internal penetration. Under

similar conditions at 87l o e, no internal attack was observed on any

of the alloys, including the Fe-lOAl alloy. This pattern was

observed in all of the runs at 87l o e except ,-lhere specified otherwise.

Where no significant morphologies were observed, the results are

not explicitly discussed. For example, after 50 hours exposure at

982°e to coal char, the morphology of the corrosion observed on the

Fe-IOAl alloy was identical in all respects to that observed after

100 hours. It \yas, however, confined to localized regions rather than

the entire alloy surface. Table 9 at the end of chapter 3 references

the figures in which specific results are sho\Yll. Where there are

no figure references, no significant results were observed.
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Figure 23. Fe-lOAl

and a Po
2

exposed to CaS0
4
-char for 50 hours at 982°C

-19= 10 atmosphere.

a) Overall elec.tron :LTTlIlge of scale

b) High magnification of scale

c) EDAX analysis of scale

Note spaghetti-like structure of scale and the composition,
which appears to ~ron oxide, possibly FeO.
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(a) Fe·' OAI in CaS04·char.
f----j

0.5mm

(b) High magnification of (a)
I---l
20 pm (c) EDAX analysis.

XBB 782~2461
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Figure 2!f. Cross section of Fe-10A1 exposed to CaSO4-char for

50 hours at 982°C and a Po = 10-
19

atmosphere.
2

a) OveraLL electron image of scale. Protrusions arE~

polishing particles that have been imbedded in the scale

b) High magnification of two-phase region

c) Aluminum X-ray map

d) Iron X-ray map

Note that aluminum-rich regions correspond to iron-poor
regions.
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Cross section of Fe-10Al

50 hours at 982°C and a

Figure 25. exposed to CaS0
4
-char for

-19Po = 10 atmosphere.
2

a) Electron image of sulfide containing-inclusions at
alloy-scale interface

b) EDAX analysis of inclusions showing high alumInum
and sulfur concentrations

Note that inclusions are round rather than needle-shaped.
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-15
At the higher oxygen partial pressure (~4.2xIO atmosphere) the

situation is -reversed. Attack by PeS is so aggressive that after

50 hours the Fe-10Al alloy had completely reacted, leaving hohind a

residue of 1\.1
2
°3 and iron oxides. The effect of CaS0

4
on the

Fe-10Al and Fe-lOAl-SCr alloys is shown in Figure 26. Both have

obviously corroded but not nearly to the extent that occurs at the

lower oxygen potential. It is interesting to note that the Fe-lOAl-lSCr

alloy also underwent fairly extensive attack, something \vhich did not

occur under any other set of conditions. The morphology of this attack

is quite complicated (Figure 27). This figure shows a complex,

multilayered scale on which are superimposed x-ray line scans. These

line scans, for iron and aluminum, plot concentration as a function

of position across the center of the photomicrograph. The protrusion

plotted in Figure 27 consists of dark grey aluminum-rich regions and

light grey iron-rich regions. The center region appears to be a

uniform region of constant iron and aluminum composition and perhaps

is an uncorroded piece of the alloy itself. This is the only sample

which underwent internal attack in which no sulfur was observed.

Because exposure fa FeS resulted in such rapid attack, tests

were performed using only the Fe-lOAl binary and exposures of 1, 2,

and 5 hours (see Tables 7 and 8). Figure 28 graphically illuslTates

the rapidity with which the FeS-char induced attack spreads out from

the edges and corners. After two hours the surface growths already

begin to show a needle-like structure. EDAX analysis shows these

peaks to be rich in sulfur and iron (Figure 29a,b). Under high magnifi-

cation (2000x) an interesting microstructure shows up (Figure 30).

Figure 300. shmvs the electron image. Note the two separate and distinct

phases - one consisting of light grey stringers imbedded in the otlwr.



Sample exposed to CaS04-char.

FE-IOAL

XBB 782-2463

76

Figure 26. Surface macrophotographs of Fe-lOAl and Fe-lOAl-15Cr
samples exposed to CaS04-char for 50 hours at 982°c and

-15a Po = 4.2xIO atmosphere. Note scaling on both alloys.
2
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Figure 27. Cross sectJ.on of protrusion on Fe-IOAl-15Cr alloy
exposed to CaS0

4
-char for 50 hours at 982°C and a

-15Po =c: 4.2XIO atmosphere. X-ray line scans are
2

superposed. Top: iron scan, bottom: aluminum scan.
Note in particular that the dark grey regions are alurn:Lnum
rich and the light grey are iron-rich. Smooth uniform
region appears to be unattached alloy.
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Figure 28. Macrophotographs of Fe-10Al
982°C and a Po ~ 4.2XIO-1S

2

a) 1 hour exposure

b) 2 hour exposure

c) 5 hour exposure

exposed to Fe-S-char at
atmosphere.

Note rapidity with \-,hich attack spreads out over surface.



(a) Fe-10AI...., 1 hour exposu re

(b) Fe-10AI - 2 hour exposure

(c) Fe-10AI - 5 hour exposure

XBB 782 0 2456

80
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Figure 29. Fe-lOAl exposed to FeS-char for 2 hours at 982°C and a
Po = 4.2xlO-15 atmosphere.

2

a) Electron image of suiface protrusion

b) EDAX analysis showing high sulfur concentration of peaks.



Figllt'C~ 30. Fe-lOAl exposed to FeS-char for 2 hours at 982°C and a

Po ~ 4.2xlO-l5 atmosphere.
2

a) Electron image of surface protrusion. Note smooth,
molten appearance with needles of a second phase

b) Sulfur X-ray'map shows needles are sulfur-rich

c) Iron X-ray map shows uniform iron concentration.

82

:. ~ i
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(a)

(e) Fe x-ray map
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Figures 30b, c 8hmv that these stringers are predominantly iron-rich

sulfide, probably FeS. This structure is most likely due to oxidation

of the sulfide and is typical of the formation of a eutectic.

On cross-sectioning, a familiar structure appears, seen in

Figure 31. In Figure 3la, a multilayered scale structure is obvious,

with long narrow dark grey stringers at the scale-alloy interface.

Under high magnification (Figure 31b) and using the technique of x-ray

mapping (Figures 3lc-e), these stringers are recognizable as aluminum-rich

sulfides, similar in appearance to those in Figure 14.

Thus far, most of the discussion has involved corrosion at 982°C.

This is because the attack is most rapid at this temperature, and the

results are easier to observe. A brief discussion Hill give an idea-

of the relative magnitudes of the attack. Figures 32 and 33 show

macrophotographs of eight samples exposed for 50 hours at 871°C.

Figure 32 shows those in FeS at P == Lf.8xlO....1 7- and Figure 33 shows
°2

,

those in CaSOLf at Po 4.8xlO-17 . Both sets show considerably less
2

attack than at the higher temperature, with the PeS char-exposed

alloys shoHing virtually no surface scaling and, on cross-sectioning,

no penetration except for thin A1
2

0
3

or Cr
Z

0
3

layers. The CaS0
4

char-exposed samples, however, do show some external growths on the

Fe~lOAl and Fe-10Al-15Cr alloys, reminiscent of those in Figure 2la.

At a higher magnification (Figure 34), the surface protrusions on the

Fe-IOAI alloy turn out to be iron- and sulfur- rich and aluminum-poor

while the surrounding scale is predominantly A1
2

0
3

. Cross-sectioning

reveals no internal penetration except on the Fe-lOAl-15Cr alloy

which, as Figure 35 shows, has a small amount of penetration by sulfur.

Figure 35c shows the dark grey regions contain some aluminum-rich
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Cross section at'Figure 31.

at 982"C arrd a

Fe-10Al expo;.;ecl to FeS-cllar for 2 !tour,,;

P _.. 4.2xlO-15 ,- atmospnere.
°2

a) Electron image of corroded alloy. Note needles at
alloy/scale interface

b) High magnification of (a)

c) Sulfur X-ray map

d) Aluminum X-ray map

e) Iron X-ray map

Note that needles are aluminum and sulfur-rich. Figure
is inverted fT:om normal orientation, i. e., scale is at
bottom of image.



(b) Electron image

(a) Fe-l0N Electron image

(c) S x-ray map

86

(d) AI x-ray map (e) Fe x-ray map

XBB 782-2454
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Figure 32. Samples exposed to FeS-char for 50 hours at 871°C and a

p "-' 11.8xlO-17

°2

a) Fe-lOAl

h) Fe·-l0Al-lSCr

c) Pure 310 stainless steel

d) CODMercial 310 stainless steel

Note relative lack of scaling.



88

(a) Fe-l0AI Fe-l0AI-15Cr

(c) Pure 3105.5. Commercial 310 s.s.

XBB 782-2473
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Figure 33. Samples exposed to CaSal-char for 50 hours at 87l D c
-17 ;

and a Po = 4.8xIO -
2

a) Fe-10Al

b) Fe-lOAI-lSCr

c) Pure 310 stainless steel

d) COTI@ercial 310 stainless steel

Note occasional protrusions but overall lack of corrosion.
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(a) Fe-l0AI 5Cr

(e) Pure 3105.5. COlllmerci'al 310 5.5.

XBB 782-2472
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Fe-lOAl

and a

exposed to CaSaL-char for 50
-17 f

Po := 4.8x10 atmosphere.
2

hours at 811°C

a) Electron image

b) Sulfur X-ray map

c) Aluminum X-ray map

d) Iron X-ray map.
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Figure 35. Cross section of Fe-lOAl-l5Cr

for 50 hours at 87I De and a

alloy exposed to CaS0
4
-char

-17
4.8xlO atmosphere.

a) Electron image. Note dark grey inclusi.ons

b) EDAX Analysis of inclusions 8hO'..,s them to be aluminum
and sulfur rich with a trace of calcium

c) EDAX of bulk alloy.
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sulfides, but there are none of the sulfide inclusions observed on

the alloys exposed to CaS0
4
-char at 982°C. There also \"ere none of

the 112f~dle-shapecl inclusions of aluminum-rich sulfides that \"ere

FeS

and

orPo
2

Those were similar in morphologyP , both at 982°C.
°2

composition to the sulfide inclusions observed in the screening runs.

observed follOlving exposure to either coal-char at a 10vl

at a high

Table 9 gives a summary of the experimental conditions to \"hich

the alloys were and the figures in which they are represented. Except

as indicated, the low temperature runs \"ere not discussed because

scaling was confined to formation of Al
Z

0
3

or Cr
Z

0
3

layers.



Table. 9. Xatrix of results discussed.

r

Po i i I I I 310 s. s. 310 S.s.i

I I Fe-10Al-15CrI
I

IChar or Substitute 2 I, Temp. Time Fe-lOAl I pure COI!1."'TI..I

I

Screening runs (char)
I I 24,100 I 3,Ht very high i 982 3"',4"', 14 ~',

Coal char I 10"1 I 982 i 100 I 13,15 16 I 17

Coal char I Imv I 982 I 50,

Coal char i 1mv I 871 i 100 I

Coal char I Imv I 871 I 50 II

Pure A120
3

, high 982 i 50 I 18 18 I 19 ! 20
I

FeS I high 982 SO

CaS0
4 high 982 50 26 26,27

FeS high 982 1,2,5 28,29,30,31

FeS I high I 871 I o;;n I 32 32 I 32 I 32
I I ~v

CaS04 high 871 50 33,34 33,35 I 33 i 33

FeS low 982 50 21,22

FeS i low ! 871 50I

CaS04 Imv 982 50 21,23,24,25

CaS04 1m; 871 I 50

*Fe-10Al-5Cr in screening runs only.
\.0
0'\
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CHAPTER 4

Discussion and Conclusions

Table 10 shows a summary of the experimental results at 982°C.

There is sufficient sulfur present in coal char to result in the active

su1fidation of iron-base alloys (Figures 13-15). Even at low oxygen

partial pressures, ample penetration occurred on the Fe-10Al alloy.

The morphology of the attack Has similar to that from the preliminary

screening runs although not nearly as extensive. This attack is

characterized by needles of aluminum-rich sulfides at the alloy/scale

interface Hith a region of A1 20
3

penetration behind this scale

(Figure 13b). Finally, there is usually a region of oxide penetration

in Hhich the oxide inclusions contain both iron and aluminum, possibly

an iron-aluminum spinel. The indication is that a specific, reproducible

pattern of attack is responsible for char-induced corrosion. This

pattern may depend on the availability of sulfur at the specific

conditions as well as the species responsible for the sulfur. In order

to determine ,,,hat species is primarily responsible for this corrosion,

the same mode of attack should be observed.

Those synthetic chars containing 5 mo1e% CaS0
4

resulted in

extensive attack at a calculated oxygen partial pressure of < 10-
19

atmosphere and less substantial attack at higher P 's This attack
°2

shoHs a moderately similar morphology to attack by coal char. Cross-

sectioning shows inclusions of aluminum-rich sulfides (Figure 25),

while the surface analysis shows a predominance of iron oxide

(Figure 23). Both of these have been observed on iron-base alloys



Table 10. SUffilliary of experimental results at 982 9 C.

I pure 310 s. s. Icommercial
Fe-10Al I Fe-lOAl-15Cr L 1310 s. s.

A1
2

0
3
scale A1 203

I Cr20
3

scale ler203 scale

scale lSi-rich inclusions
I

heavy FeS-FeO A120
3

Cr
2

0
3

scale !Cr20
3

scale
scale, extensive

scale lSi-rich inclusions
sulfide inclusions I

heavy FeO scale some surface Cr20
3

scale Cr20
3

scale
some sulfide scaling Si-rich inclusions
inclusions

some surface light surface Cr
2

0
3

scale Cr
2

0
3

scale
scaling and I scaling andI Si-rich inclusionspenetration penetration

light scaling A120 Cr20
3

scale Cr
2

0
3

scale
extensive scale Si-rich inclusionspenetration-some S

I

massive FeO scale not tested not tested Cr20
3

scale
sulfide inclusions -- I

) I Si-rich inclusions
I !

high Po
2

low Po
2

low Po
2

10107 Po
2

high Po
2

high Po
2

(screening eA-pt.

Coal
Char

CaS04

FeS

\.0
CIJ
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in coal char, but the appearance is different. From coal char, the

sulfide inclusions are long and needle-shaped (Figures l3a, 15) and

the surface layer of iron oxide (pro1>ably FeO from thcrmoc1ynanrlc

considerations but no quantitative analysis \\IilS performed to de1yrmine

the precise composition) is smooth and appears to have been molten.

On the other hand, thp. sulfide inclusions from the CaSO't-char are

round, and the surface layer of FeO has a rough, spaghetti-like

appearance.

Corrosion resulting from contact with synthetic char containing

5 mole% FeS has a decidedly different appearance although a similar

morphology to that from CaSOLf-char. The scale grm·JS very rapidly at

an oxygen potential of approxil~~te1y 10-15 atmosphere, and after a few

hours (Figure 28) begins to develop a smooth, molten appearance. These

smooth protrusions have an iron-rich composition and in the early

stages contain a large amount of sulfur. They obviously come from

FeS on the alloy surface and, as Figure 30 shows, they develop a

eutectic structure from oxidation of the sulfide. Once the FeS-FeO

eutectic is formed, the scale can melt as its melting point decreases,

and a more intimate contact Hith the alloy surface is possible. This

probably serves to increase the rate of attack.

The cross-sectioning of the alloys reveals additional similarities

betHeen the corrosion morphologies of coal char-induced and FeS-char

induced corrosion. Th~ appearance of long thin needles consisting

of aluminum-rich sulfides is typical (Figure 31) of the corrosion

morphology at the scale/alloy interface. Behind this front of corrosion

is a large region consisting mostly of oxide inclusions rich in both

aluminum and iron. This indicates the possibility of a spinel-type
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composition. Figure 31c shows from the sulfur map that some of the

sulfide inclusions behind the distinct sulfide region were not yet

oxi<1ized. The implication is that this involves a sequential proc(~ss

rather than a parallel process, i.e., first the internal alloy must

be sulfielized before it can be oxidized. Such a structure was not

observed with the CaS0
4
-char.

Since the alloys were not exposed to coal ehar at a

from that determined by the C/co

P
°2

equilibrium, the effect of

different

gas

COTIlposition on coal char-indueed corrosion can only be speculated on.

A . 1 f 10-19 1 (T bl 1:.)t an oA7gen potentla 0 atmosplere a e u at a ten~erature

of 982°C, penetration into the Fe-lOAl alloy was considerable, but

no extensive scaling occurred. Extensive scaling did occur on both

the Fe-10Al and Fe-10A1-SCr alloys in the preliminary screening

runs (Figures 4 and 14). During these experiments, the oxygen partial

-6 -5
pressure was about 10 to 10 atmosphere in the argon. However, at

the char/alloy interface, the amount of oxygen can be much lQ\o]er than

in the gas phase due to the presence of the porous layer. It is

reasonable to assume, therefore, that the limits of the oxygen concen-

tration at the alloy surface are determined by the Po in the gas
2

and by the C/CO equilibrium at the surface. As discussed in

Chapter 1, eventually the carbon would be oxidized and the P. at the
°2

alloy surface \wald rise to that present in the gas. This coincided

\Vith the massive grO\vth of scale on the alloys and may, in fact, be

responsible for it.
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Such a phenomenon is corroborated by the lack of external scaling

\VlIcn the alloys Here exposed to coal char and the \Vas held to less

-18
than 10 atmosphere. Although there was

Po
2

considerable penetration

into the Fe-lOAl alloy after both 50 and 100 hours exposure, the

implication is that the oxygen partial pressure Has insufficient to

promote external grovth of scale as in the screening experiments.

Exposure to CaS0
4
-char at 10"1 pIS revealed a different bl~havior.O2

Figure 21a shows the overall appearance of the IMssive scale forn~d at

Po :=: 10-19 atmosphere and 982°C. Figure 24 shows the cross-section
2

of this scale and the resulting two-phase structure of discrete AI-poor

and AI-rich regions. At the same temperature and gas composition,

exposure to }'eS-char results in the formation of A1
2

0
3

only (Figure 22).

No internal penetration and no formation Dr depos:Lt of external

sulfides were observed. This indicates that the Po was insufficient
2

to promote internal attack.

Hhen the

exposed to the same

-15
w-as raised to 10 atmosphere and the alloy::;

synthetic char compositions, a reversal of the

previous trend was o~served. Attack by FeS-char was rapid and resulted

not only in extensive internal pe.netration but also external scaling

(Figure 28). As previously described, this external scale began to

show the smooth, nlolten appearance observed in the screening runs

(Figure 29a and 30a), and after only five hours exposure the external

scale was predominantly FeO with some FeS needles reDIaining. Only

the Fe-10Al alloy underwent major corrosion. Considerable scaling

"as observed with CaS04-char on both Fe-lOAl and Fe-10Al-15Cr

(Figure 26). It had a considerably different appearance from either

attack by FeS-char or by CaS0
4
-char at the lower The cross-
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section of the Fe-10Al--15Cr alloy shmvs a smooth region of constant

iron and aluminum CL'lllposition surrounded by regions of very different

compositions. It appears almost as if a portion of the alloy itself

was lifted off the surface by iron oxide and A1
2

0
3
-regions underneath.

i
':

Here no sulfur penetration was obsf~rved. It appears from this that

corrosion by CaSOL}-char at the higher oxygen partial pressures provided

by the CO/C0
2

equilibrium occurs by a different mechanism from

either corrosion induced by FeS-char or by CaS0
4

--char at the lower

partial pressures.

C. Effects of Alloy Composi~io~)n_~orrosion

It was observed both here and in the preliminary screening runs

that the addition of chromium greatly enhanced the corrosion resistance

of the iron-aluminum alloys. The reasons for this are not precisely

clear, but it is speculated (27) that thermodynamically both alnminum

and chromium serve as a getter for sulfur. This means that prior to

the internal formation of FeS , both the aluminum and chromium mllst

be sufficiently depleted by the formation A1
2

S
J

and/or CrS or

Cr
Z

S
3

to deplete the alloy of aluminum and chromium. This takes time,

and the amount of time required for such depletion depends on the

kinetics of for~~tion of the respective sulfides.

It now becomes increasingly possible that two different mechanisms

responsible for the observed attack by CaS04-char at high

and that observed from CaSOIf -char at a 10117

In one case, CaS0
4
-char at low

Po's
2

and FeS-char at a high

Po '
2

alloy \vhile in the other

Po
2

and FeS-char at highPo
Z

Fe-10A1-lSCr

are

Po
Z

no attack was observed on the

case, fairly extensive attack was observed on the chromium-containing
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tern::try. If the same mechanism \\Tas responsible for corrosion under all

circumstances, the same relation bet\\Teen the extents of attack

should have been observed for both the binary and the ternary.

Neither of the 310 stainless steels underwent serious attack.

On cross-sectioning, no sulfide inclusions were observed. It is

possible that the lack of internal attack \<JaS not due to gettering of

the sulfur by chromium but rather to the greater relative protection

of the alloy by a Cr
2

0
3

layer than by an AI Z0
3

layer.

It is now apparent the FeS is the main corrosive agent in

coal char. Two observed phenomena a.ccount for this: 1) the morphology

of attack by FeS-(~ar is very similar to that observed for coal char

and 2) the relative magnitude of attack increases as the oxygen

partial pressure increases. This is due to oxidation of the FeS

via equation 3-2 rather than reduction of CaS0
4

(equation 3-1)

which increases as the Po decreases. The precise mechanism of the
Z

attack is uncertain, but some conclusions can be drawn. Assuming the

appropriate conditions exist, the first step may be contact of PeS

with the surface. The FeS is then oxidized to Pea During this

process, the FeS-FeO eutectic is formed, and if the operating

temperature is sufficiently high, the eutectic will melt onto the

surface. As oxidation increases, the increased surface contact area

\\Till offer a large region where the sulfur released by oxidation of

the sulfide can penetrate the surface. Alloys that contain aluminum

and chromium then begin to undergo the formation of internal sulfides.

These sulfides can be oxidized, and the sulfur released for further
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internal attack. The form the attack will take \vill depend 0[1 the

Po and the relative concentrations of aluTJinum and chromium in the
Z

alloys.

This is not to say that there \-rill br- no attack from CaS0
4

.

CaSO4 has been reported in coal and coal chars and a.t Im-1 oxygen

-]8
partial pressure (-::. 10 . atmosphere) can provide ample sulfur for

internal attack. The observations from this Hark are that compared

to PeS, CaS0
4

is a minor contributor to internal sul£idation of

these alloys. Nonetheless, the mechanism of the attack by CaSO
Lf

:U3

sufficiently different from that by FeS that protecting against

one (i.e., by additions of chromium to the alloy) may not be sufficient

to protect against attack by the other.

E. Sug~estions for Future Work

Much more Hork needs to be done to elucidate the preeise meChillYLSm

of attack by FeS. The conclusions from this investigation are not

definitive. Short term tests combined \vith quantitative analysis of

the. corrosion morphologies will help to determine the mechanism. A

theo'retical model of corrosion in relation to diffusion through

porous layers \-lould be useful to correlate predicted \-lith observed

results.

As yet, no technique exists to determine the kinetics of attack

by coal char. Conventional quartz-spring thermobalances cannot be

used because of the presence of a solid reactant. The d~velopment

of a similar technique would be an invaluable tool to study kinetics

of solid phase-induced corrosion.

Finally, ~ study of the effect of pre-oxidation on the rates of

corrosion will be useful. As discussed, Cr
Z

0
3

and Al
Z

0
3

layers

i. :~
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are used as protective barriers to corrosion, but no data are available

on the effect that char can have on these layers. Such experil1lr~nu;

\voulcl he relatively simple and would help to flesh out the skelet<:!l

knowledge currently available on coal-char induced corrosion.
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