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EXPOSURE OF HIGH TEMPERATURE ALLOYS IN CARBONACEOUS
GAS ATMOSPHERES

Abstract

We used light and scanning electron
microscopy to evaluate changes resulting
from exposure of elght commercial high
temperature alloys in carbonaceous atmos-
pheres.
or CO/CH, mixtures up to 900°C and 6.2 MPa.

Samples were exposed in €O, CHA,

All alloys were actively acttacked. Surface

finish and preoxidation influenced the
extent of corroslon. Reduction of Mil,
giving a high surface concentratior of Ni,
promoted catalytic derumposition of CHA'
Further work is indicated before the
performance of these allovs may ba ranked

with confidence.

Summary

Although much information exists on
the behavior of high-temperature, corrosion-

resistant alloys in oxygen-rich environ-

ments, information un the behavior of these
materials in carb pheres is
scarce. The corrosion regiastance of these

alloys is due to the protection offered

by their oxide surface films. The
stability of such films in carbonaceous

at pheres will d d on the gas composi~
tion {(e.8., CO/CO2 ratio), temperature,

and pressure with the oxides of Ni, Fe,

Cr, and Al tending to be more stable, in

that order.

In the present itudy we evaluated the
metallurgical changes resulting from ex-
posure of elght commercial allcys (Table 1)
in high-temperature, high-pressure, car-

b gas pheres (Table 2),
Either pure CO, pure CH,, or a COICHA
mixture was charged into a pressure vessel
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cuntdining the exposed samples. On rais-
ing the temperature these charges decompos—
ed to C0/CO,, CHAIH2 and CO/COZICH4/H2

mixtures, respectively.

For the combination of pressavre,
temperature, and CO/CO2 ratios obtained,
Ni0 would be unstable and it should be

reduced 1f at the surface. Some form of

iron oxide will be stable with the exact
oxide apecies depending upon the particular
Both CrZO3 and
Crnc6 gshould be stable in all cases.

A1,0, will be the most stable of these

273
oxides and the Al will not form a carbide.

environmental conditions.

Neither Ni nor Fe should form carbides in

the environments examined.

We investigated both the effect of
surface roughness and a preoxidation treat-

ment, The exposed samples were evaluated



Table 1 =~ Nominal Alloy Compostitions (wtl)

Alloy Fe Cr N C Al Mo Other
304 sS Bal 218 >8 <0.09 - - -
310 ss Bal 26 20 <0.25 - - -
Inconel 601 Bal 23 60 0.05 1.35 - -
Incoloy 800 Bal 20 34 0.07 0.5 -~ -
Incoloy 811 Bal 20 34 0.06 1.85 Tt(0.5)
Haynes 188 1.5 22 22 0.08 - - Co(Bal) ,W(14)
E-brite 26-1 Bal 26 - <0,01 - 1 -
Hastelloy X 19 22 Bal 0.1 - 9 Co(2)

Table 2.

High~temperature, high-pressure carbonaceous mixed gas ntmospheres.

Gas _analysis

Run N “Tnfeial Final Temp,  Press.  Time
o CHA co CD2 CHA H2 “cy (MPa) (n)
1 - 100 0.2 0.15 9B.1 1.07 600 4.8 1720
2 - 100 - - 46.1 53.8 800 4.1 100
3 - 100 - -~ 42.2 57.6 900 4.8 50
4 100 - 17.7 74.7 4.39 1.39 600 4.5 170
S 100 - 34.8 63.4 0,06 0.91 800 4.5 170
G - 100 0.06 0.06 75.8 24.1 700 4.8 100
7 50 50 14.1 20.7 52.3 12.8 700 4.1 100
8 50 50 15.2 21.6 52.5 10.6 700 5.5 100
9 50 50 13.2 18.7 52.3 15.8 700 6.2 100
10 100 - 18.14  80.5 ] 0.41 700 6.2 100




using primarily light mi.rosenpy and scan-
ning electron microscopy. Light micro=-
scopy generally revealed that three cor-
rosfon/dtffuslon zones had developed in all
of the atmospheres examined. These were
usually seen as 1)} a structureless grey
etching layer, 2) a sublayer consisting
of smull equiaxed light-etching grains;
aud 3) below this a region of general
precipitation and/or grain boundary
precipitation in the base metal.

Whether preoxidation reduczed the ex-
tent of penetration of corroslve products
into the base metal depended upon the pre-

oxidatfon temperature (in air) und the

ably forms. A possible :;ause of soot
formation may be catalytic action of
Detailed

examination of the surface filas in-

tickel &n cracking the gas.

dicates that carbonaceous gases may
have a devascuting effect on the per-
formance of contemporary alloys.

Although the limited scope of the
present investigation prevents ranking the
various alloys examined, it did provide
information on the type of corrosion caused

by simple carb 8 P
The observations will serve as a basis for
future studies on corrosion in the more
complex coal gasification environments.
dequately undcrstand the

alloy. An increase in surface r

(as-machined vs 600-gric polish) greatly

increased the extent of penetration and

density of corrosion products. Details

of the surface films are described with

reference to scanning electron mlvroscopy.
N{Q, first formed by preoxidetion,

is selectively reduced when cxposed to the

carbonacwous atmusphere and soot fnvari-

H , to
corrosfon behavior r+d to accurately rank
tested materials, thc corrosion products
must be identified and the extent of solute
depletion as a function of substrate depth
must be obtained. Finally, changes in
mechanical properties due to synergistic
effects of stress and corrosion will have

to be assessed.

Introduction

Much of our knowledge concerning the
resistance of stainlese steels and heat~
resistant alloys to high-temperature gaseous
corrosion is derived from studies of simple
oxidstion behavior, genernlly related to
furnace and gse-turbine applications.

A number of excellent reviews on various
aspects of corroaion behaviaor for thesec
materials have been publtahed.l-ﬁ
However, little research has been done on
their behavior in carbonaceous reducing
atmospherea such as those encountered in
coal burning and conl guslficatlnn.7—9

-3

These atmospheres may contain, for example,
co, cub. coz. H, and uzo in various pro-
portions at high temperature.

Clasaical approaches to corrosion

resistance in oxidizing atmospheres may
h

not apply for carb pherea,
The approach to high temperature corrosion
reaistance has centered on formation of

4.10-12 Carrosive

protective surface films.
attack by high-temperature gases depends

atrongly on the nature of the films formed
by these gases. This relates particularly

to the reaction of the base alloy with



components that may diffuse through the
films,
film formed on Fe=Cr-Ni alloys is primarity

For example, the protective surface

Crzoa.l'A In alloys of thias type that
also contain aluminum, A1,0. may form
4,8,13-15

beneath the Lr203 layer * with
oxygen di ffusfng through tiie cr203 ‘:tis W
the base metal and reacting with Al, "'
A protective film may fail io service
or be degraded by loading stresscs, therm-
ally induced stresses, intcrnal growth
stressea, abrasion, chemical attack, and
changes In the base alloy resulting from
diffusion of certaln specles through the
film. For example, A1203 is considered to
be generally more resistant than Cr203 to
these kinds of attack.l'a However, a
protective oxide film must depend on in situ
reaction to repair itself {f ruptured by
any means; in this regard, the kinetics

of Cr,0. reformation are considersd super-

1233
{for, *° Healing, as well as the arfgfinal
development of a proteccive film, wili also
¥Where

the gas phase 1s devoid of oxygen sources,

depend on the environmental specles.

or 13 thermodynamically reducing. the
protectlve oxide films normally associnted
with specific alloys will not form (or
reform) ~- and §f present, they may de-
compote. Therefore, protection from gasecous
reducing atmospheres by protective films

.

may not be generally expected. The applica-

tion of artificial surfece coatings offers
a partlal solution to the pruhlem.’s'lq
but this may not always be a practical
approach.

in this study we evaluated the metal-
Jurgicnl changes caused by exposure of
several corroglon-resistant alloys to
Wigh-temperature, high-pressure, simple

Since thesc

carb: ga8 at res,
materials normally owe their corrosion
resistance to protective oxide filma, we
examined the influence of prior surface
conditions, i.e., as-machined, as-prepollsi-
ed, and with various preoxidized surfaces.
Controlled expesures were conducted (n
either C“A' €0, or mixtures oi the two
gases (and their decomposition products)

at varfous temperatures and pressures.
Performance was evaluated by examining
sample structure and morphology using )ight
microscopy and scanning electron mleroscopy
augumented by some x-ray diffraction and
energy-Jdispersive x-ray analyses. A logical
extension of this vork would Include further
analynis and orrelation with exposures

in more complex environments more losely
approximat?ag the actual conditfons in

in sity coal-gasificatlon processes, for
example, gases containing snlfur specles

or chlorldes.



Experimental

Coupons of eight commercial candidate
alloys (Table 1) were exposed to

nya
<

carbhonaceous gas mixtures (Table ina
pressure vessel at pressures up to 6,2 MPa
and temperatures up to 900°C, The vessel
was made of René-41 and had a working
cavity 12.8 nm In diameter by 305 mm deep.
It was heated by an e¢xternal, resigtance~
wound tube furnace. Some 10-12 coupons
were exposed during each run by suspending
them on o wire (Table 1), Duplicate
sampler were included to fac{litate use of
The
coupons were about 2-3 mm thick by 7.5 mm
syuare, and suspended on a wire through a
0.90-rm~diam hole drilled in the center

The samples were

differeat analytical techniques.

of the s.aple face.
separated from each other by 3-ma~thick
ceramic~bead insulators (Fig. 1).

Tﬁ; faces of the coupons were polished
to a 600-grit lapped finish, while the
four sides were expused in the as-pilled
surface finish, Selected polished coupons
were preoxidized in air at elevated
temperatures, Except for the latter heat
treatment, all samples were in the as-
roeceived, mill-annealed-and~pnlished
condition. Prior to exposure all samples

were cleaned with CCl,.

#Differences between the measured and
operating gas analyses depend on the
chilling effect during gas sample with-
drawal. For example, based on thermo-
dynamic calculations, expoaure No. 5
should have contained PCOIPCMOZ =0,31

as compared to the chserved ratio of
0,35, The difference {s small.

Table 3. Alloys exposed in the various runs,
Run Ne. Stainless Inconel Incolo” Haynes E-brite Hastelloy

304 310 601 800 811 188 26-1 X
1 pa,a® - p.a paa pea - a -
2 a .- pP.a paa p,a a a -
3 a - a a a & a -
4 a ~-- a a & a a -
5 a p.a a a a a a -—
6 a pa a a a a a8 -
7 -~  pya a B a4 a a -
] ==  Ppea a - a a [} -
9 -~  P,a P.a - a - - a
10 =  Pp.a A -~ - - —— -

"Expoued 1In some preoxidized form - designated by p.

beposcd in the as=polished form - designated by a.

5



Fig. 1.

Suspended arrays of samples,

in Run No. &

a) before exposure

b) after exposure in Run No. 5.

Cabonaceous gases of commercial purity
were introduced intu the pressure vessel
at room temperature at relatively low
pressurzs in order to allow for expansion
and various decomposition reactions that
occur on heating to tl'e exposure temper-
ature, Either pure CU, pure CHA, ar a
COICH4 mixture was charged Initially. Ac
the elevated temperatures, these charnes
decomposed to CO/COz, CHAICZ' and CO/uDYI
cHl'IC2 mi>:ures, resp~rtively. A graphite
rod, 12.7-tm in diameter and about ?137-mm
long, was inserted inte the furnace tube
to reduce the ges-plase volume and to
offset the above decomposition reactions.
The resulting pases were, therefore, always
en:ilibrated with respect to carbon

(graphite). The vessel typically reached

~6-

a stable temperature within 2 h, with
pressure equilibrated within 3 h.

At the completion of a run (5G, [0Q,
or 170 h), a gas sample for composition
analysis was withdrawn from the pressure
vessel while at the elevated temperature,
reducing the pressure by approximately 50%.
The furnace was then immediately shut
aff, cooling to roam temperature in
about 4 h. Samples were removed taking
care not to disturb the surface films.

The cxposed samples were evaluated
by one or more techniques; these [ncluded
visual examination, weight-change, x-ray
diffraction of the in situ film, scanning
electron microscopy, energy dispersive x~
ray analysis, and light metallography.
Weight-change proved to be an insensitive



measure of corrosion for these exposure
conditions, with changes rarely greater
than 0.03%; in additfon, carben (soot)}
deposition on sample surfaces confused
the weight measurements. Therefore, the
primary measure of corrosion resistance

was penetratfon by corrosion products and
changes in the alloy substrate as determined

qualitarively by metallographic examina-

tion of cross sections. The tops and
bottoms of samples tended to collect differ-
ing amounts of loose soot because of the
sample~handling arrangement. Thorough
comparison of morphology and metallography
of top and bottom sample faces assured
that the tops and bottoms were equivalentf
lcose soot did not appear to affect

corrosion behavioer.

Results and Discussion

The macroscoplc appearance nf the
exposed coupotss varied from li{ght-colored
Not

alt of the exposed samples were examined

tarnishes to black-soot deposits.

metatlographically, but the 310 stainless
steel (310 SS) and Inconel 601 coupons
were examined In great detail. No general
correlation wes found between the micro-

scapic and exi -raal macroscoplc appearances.

CARBON-MONOX1DE/METHANE EXPOSURES --
LIGHT MICROSCOPY

Mctallographic examination of cross
sections of samples expcsed to CQ or CO/
CHA (initial) gas mixtures generally reveal-
ed the deveilopment of three diffusion~
corroalon zones: (1) a structureless,
grey-etching, usually continuous surface
layer, (2) a light-etching sublayer usually
consisting of asmall equiaxed light-etching
grains about 1-3 gr ’ns thiack and at times
peppered with precip: ates, and (3) below
this a region of generul precipitation
and/or grain boundary precipitation in
the base metal. At times the grain boundary
precipitation extended to the surface

-7-

layer, and solute depletion was also appara-
ent in the sublaye:.

No attempt was made to identify the
constituents (oxides or carbides) present.
On the basis of the Bondouard reaction
(2€0 » C + 602) which reached equilibrium
as evidenced by soot deposition, Ni0 could
not have formed at the surface, and if
present there originally (due to preoxida-
tion), it should have decomposed.

Oxides of irons are probably stable
under the conditions used; e.g., calcula-
tions using the free energy data for the
Boudousrd reaction shows that for run No.

10 (S0 addition at 700°C, 5.2 MPa) the
equilibrate] cO/CO2 ratio is 0.11 which
falis within the region where FeSOA is

the stable phase. If the temperature
were increas d to 900°C, Fe.0 would be the
more sitable phase} if it were increased
to 1000°C, the CO/CO2 ratio becomes 0.720
and nwo oxide of iron should farm.

With respect to chromjum, Crzo3 should
readily form in all of the exposures
The formation of a carbidey
23 The
cO/cD2 ratios obtained are reducing towards

containing CO.

possibly Cr. CG' should also occur.



the carbide but oxidizing relative to the
oxide, 1.e., both species may coexist.
Finally, A1203 will always form. Carbides
of N1 and Al will not be stable and should
not form, also Fe3C should not form from
the gas phase under the conditions used.
Therefore we assume that, in geuneral, the
surface oxides are predominantly CrZO3
with some A1203 together with various

oxides of iron.

Precipitates at the grain boundaries
and within the grains are probably pre-
dominantly carbides. Some internal oxide-
tion, eapecially for the preoxidized samples,
would also be expected, As will be shown,
the light-etching granular sublayer could
be ascribed to either oxides or carbides
d dirg on the exp e conditions.

P

The general features described in the

above may be seen 1n Fig. 2, which contains

Fig. 2.

in Run No. 8, a) Haynea 188,

Microstructures illustrating typical surface attack,
b) Incoloy 811,

All samples exposed
d) Inconel 6Q1.

c) 310 ss,

-8



cross sections* of several alloys showing
corrosion attack of as-polished, nonpre-
oxidized coupons exposed to Run No. 8

(50 C0/50 C"A charge at 700°C, 5,5 MPa).
We could not observe any systematic trends
with respect to temperature or pressure

or to the addition of CHA to CO.
however, that the sides (milled finish)

We noted,

invariably suffered deeper penetration
by the corrosion products than did the
polished surfaces.

Figure 3 contains micrographs of 310
S§S samples: (a) as preoxidized 100 h ac
700°G;  (b) preoxidized plus exposure to
Run No, 10 (CO charge at 700°C, 6.2 MPa);
and (¢) Run No. 10 only. The top edge
of each view correspcnds to the polished
surface while the right-hand side corres—
ponds to the as-machined milled surface.
Although the preoxidation treatment appeared
to accentuate the penetration at the milled
surfaces, the amount of Internal precipi-
tation below the polished surface was
decreased by this trezatment (compare views
3b and 3c).
ac a lower temperature of 500°C had no

We noted that preoxidation

sipnificant affect on corrosion attack.
Au intermediate preoxidation temperature
(700°C) usually improved the resistance
to corrosion at polished surfaces, and
high preoxidation temperatures (> 1006°C)
were always detrimental.

Differences due to the preoxidation
treatments observed on the polished surfaces
of 310 $5 may be seen more clearly in
Fig, 4 which contains photomicrographa

w
Unless otherwise indicated, all cross
sections show the effect of exposure
of the as-polished surface.

TPreoxidation wae accomplished by heating
in air.

-9-

Fig. 3.

Photomicrographs of 310 S§ ex-

posed to various combinations
of environments, a) 100 h at
700°C in air, b) 100 h at 700°C
in air followed by Rua No, 10,
c) Run No. 10 alone. Top of
each view 1s original polished
surface, right side is original

machined surface.



Fig. 4.

Photomicrographs showing
differences obtained in 310 SS
samples as a result of pre-
oxidation, a) as preoxidized
100 h at 700°C in air, b) pre-
axidized plus exposure ta Run
No. 10,
posed only to Run Wo. 10, all a
higher magnification than Fig. 3.

c) not preowidized, exe

wlQ=

of the samples shown in Fig, 3 but at a
higher magnification. The grenular sub-
layer appears thickest For the combined
prevxidized and carbonacecus expusure and
finest for the carbonacecus exposure alone.
This would suggest that this sublayer
probably contains some oxide. 1In the
absence of the preoxidation treatment,
carbilde precipitates formed which are
arranged in crystallographically orlented
arrays penetrating some 20 um below the
surface {view 4c). This was alsc Seen in
tﬁe preoxidized sample but to a much lesser
extent and with less penetration. Such
differences between preoxidized and non-
preoxidized samples can be ascribed to
the oxides acting as diffusion barriers
between the carbon supplied by the gas
phase and the matrix alloy elemenis
(especially Cr).

The effect of an excessive preoxida~
tion temperature is seen in Fig. 5 for
310 SS exposed 1 h in air at 1121°¢ and
water quenched. A segmented, relativelv
thick, irregular surface film is obtaine:?,
No granular pxide sublayer developed
although grain boundary and internal oxida-
tion had occurred (the water quench should
have prevented carbide precipitatien on
cooling from 1121°C), as may be seen in the
as-polished (5a) and lightly etched (5b)
views. Etching sufficient to bring out
the austenitic allov structure (view 5c)
results in a severly overetched zone below
the surface film suggesting extensive Cr
depletion in that zone.

The effact of an excessive preoxida-
tion temperature for inconel 601 iz showm
at two magnifications (200 and 750X) in
Tig. 6.
3 h at 1000°C in air; the carbonact s

The preoxidation treatment was

exposure Wag in Run No. 10 (CO charge,



700°C, 6.2 MPa). Two of the structures,
(a) preoxidized and (b) preoxidized and
carbonaceous exposure, appear very similar
with respect to the formation of a surface
film and internal oxidatlon and/or carbide
precipitation. Both samples also contain
a thin sublayer of very fine graine, about
one grain thick, just below the surface
film. Evidence of a soiute-depleted zone,
about 27 ym thick, can be seen in both
samples, but of the two this appears to be
most evident in the preoxidized and car-
bonacecus-exposed sample, The sample
exposed only to the carbonaceous atmosphere
(view 6¢) showed considerably less penetra-
tion of the corrosion products than did
either of the other two, particularly with
reference to thickness of surface film,
depth of solute depletion, and extent of
precipitation or internal oxidation. In
comparing the three samples in Fig. 6, it
appears that the main differences arise

as a result of the test temperatures,
i.e., the 1000°C preoxidation versus the
700°C carbonaceous exposure, the former
causing much deeper penetration of the
corrosion products including solute deple-
tion. 7The surface film of the preoxidized
aample may have played a role inm limiting
the growth of the granular sublayer since
it is thickest for the carbonaceous expo-

sure only.

We next examined whether preoxidation
of Inconel 601 at the same temperature

gs that used in the subsequent carbona-

Fig. 5. Photomicrographs showing the ceous exposure would minimize the carbona-
formation of a discontinuous crous atmosphere attack, Figure 7 shows
oxide film and substrate views of three samples of Inconel 601
precipication in 310 85 exposed exposed to three different 700°C treat-
for 1 h at 1121°C in air, menta: (&) 100 h in air, (b) run No. 10

a) as-palished, b) light etch, (100 h in CO charge at 700°C, 6.2 MPa),
c) heavy etch of exposed samples. and (e¢) 100 h in air followed by rum No. 10.

-l1-



Oxd surfac film

M Granular sublayer

Depleted zone

Fig., 6. Photomicrographs of Inconel 601 samples exposed to various conditions,
a) 3 h in air at 1000°C, b) 3 h in air at 1000°C followed by exposure in
Run No. 10, «c¢) exposed in Run No., 10 only.

-12=



Fig, 7.

Photomicrographa of Inconel 601
samples expnazed to three
differan: 700°C treatments, a)
100 h in air at 700°C, b) Run
No. 10 only, c¢) 100 h in afr at
700°C followad by exposure tn
Run Ne. 10.

Very little difference is seen in the micro-
otructurey between the preoxidized and
carbonaceous exposures (views 7a, b).

The two Syccesaive exposures (view 7e)
resulted {n additional penetration by
corrosion products especially with respect
to the degree of precipitation. Thus,

in contrast to the beneficial effects
obtained yith the 700°C preoxidation treat-
ment for 310 SS, no visual evidence of
improvement appeared for Inconel 601,

METHANE EXPOSURES —- LIGHT MICROSCOPY

Figure 8 shows the microstructyres
of Incomel 601 samples that were obtained
following exposure to (a) Run No. 1 (CH
charge at 600°C, 4.8 MPa), (b) No. ¢
(CH4 charge at 700°C, 41 MPa) and (c)
No. 2 (CHA charge at 800°C, 4.8 MPa),
These samples were not preoxidized, As
with those gamples exposed to CO and ¢O/
CH4 charges, three main corrosion zones
were obseryed in the microstructure:

(a) a grey-etching structurelees Surface
film, (b) a light-etching grunualr guh-
layer, aond (c) precipitation penetrating
into the substrate. The degree of
penetration or thickness of each of
these zones increases with an increage
in temperature. This is especially go
with vespect tn (carbide) precipitation.

The effects of a preoxidation treat-
ment are further flluatrated in Fig, g,
Exposure for 24 h at 1000°C in air regulted
in the formation of a thick, irregular,
grey film {view 9a) which was partially
reduced and/or F d on subsequer
exposure to the CHAIH2 gas mixture of run
No. 1 (view 9b). In comparing the tyo
samples, several interesting features nay

be seen. 1In both samples, intrusfong from



Fig, 8.

Photomicrographa of

Inconel 601 samples exposed

ta CH,‘/H2 gas mirtures, a) Run
Na. 1, 600°C, 170 h, 4.8 MPa,

b) Run Na, 6, 700°C, 100 h, 4.8
MPa, c¢) .n No. 2, 800°C, 100 h,
4,1 Wa. _amplss were not pre-
caidized,

-1b=

Photomicrographs of Inconel 601
samples, a) as preoxidized at
1000°C in air for 24 h, b) pre-
oxidized at 1000°C in air for
24 h and exposed to Run No. 1.

the grey oxide film into the substrate
were noted, especlally at the austenite
grain boundaries. In comparing views (9a)
and (9b), these intrusions obviously oc~
curred during the preoxidation treatment.
The austenite grain boundaries could not
readily be detected in the preoxidized
sample for a depth of about 30 um below



the surface. Evidently, the carbides de~
lineating rhese grain boundaries had been
eliminated by the oxidation process, either
by being directly oxidized or through the
reaction of oxygen with Cr yielding a Cr-
depleted zone and resulting in the Crxcy
going into solution. However, the intrusion
of the oxide at the top of view 9a reason~
ably corresponds to the extension of a grain
boundary from what would appear to be a
triple point of the austenite grain bound-
aries. Upon subsequent expusure to the car-
bonaceous atmusphere of Run No. 1 (CHA
charge, 600°C, 4.8 MPa), the enrichment of
carbon and the arrival of Cr, either from
the interior of the sample or by the reduc-
tion of Cr203. again result in Crxcy grain
boundary precipitation with the complete
delineation of the austenite grain
boundaries. 1In comparing Fig. 9 with

Fig. 8a (both samples were exposed to

Run WNo. 1), it is observed that the preoxi-
dation treatment has resulted in more
extensive asublayer growth (light-etching
granular structwre). Evidence of sublayer
activity is seen in the preoxldized sample
of Fig. 9a.
prior Cr-depletion (i.e., Crzo3
permitted more rapid attack on subaequent

exposure to the CHAIH2 atmosphere.

Thus, one may conclude that
formation)

SCANNING ELECTROM MICROSCOPE EXAMINATION
OF SURFACES

Selected sample surfaces were examined
by Scanning Electron Microscopy (SEM)
to determine through recognizable morphology,
the type of outer-layer compounds and to
reveal surface features such as film
continuity, cracks, soot, and the
distribution of various phases.

As noted earlier, varying the preoxi-
dation temperature may produce significant
differences in the initial film and in
its performance in cutyonuceous gases.,

For example 310 S5, when preoxidized at
700°C, develops a macroscopically coherent
film (Fig. 10a) including an outer layer
consisting of numerous microscopic Ni0
{111}~faced hillock crystals.
pretreatment at 1000°C leads to scale

However,

cracking and spalling (upon cooling) with
subsequent exposure of the base metal

(Fig. 10b).
1000°C~exposed 310 SS samples also reflect-

The visual appearance of the

ed this fine-scale cracking; the 1000°C-
oxidized surface had a dull gray “pocked"
or “sand-blasted" appearance while the
700°C oxide fiim wae smooth and coherent.
A further undesirable manifestation of the
1000°C preoxidation exposure of 310 SS

waa a tendency to promote significantly
more surface carbon (eoot) deposition than
that resulting from preoxidatfon at lower
temperatures. This behavior may be related
to increased Ni0 external acale formation
at 1000°C, which on subasequent decomposi-
tion en exposure to reducing conditions
would give rise to a high surface concen-
tration of nickel as a catalytic cracking
Such
enhanced methane decomposition may have

agent for the carbonaceous gases,

a significant effect on the efficiency of
gas production for a coal gasification
process. Thus, in addition to corrosion
protection, the specific nature and
distribution of film cowpounds should also

be considered.

Spalling of initially coherent surface
f1lms was also observed in wmany cases after
carb Ban exp «  Evidi of
spalling 1s shown in Fig, 11 for a sample
of 310 88 preoxidlzed iu atlr 3 h at 500°C




Fig. 10.

Surface topography of 310 SS

samples following exposure in
air (pseoxidation), a) 100 h
at 700°C, b) 3 h at 1000°C,

and then exposed to Run No. 6 (cllA charge,
700°C, 4.8 MPa).
scopically "pebhled" external scalce struce
ture In vicw 1)a can bhe deduced from higher
magnificatfon SEN cxaminatlon of the scale
upderside {(vlew l1b) ubtained from u piece
of spalled scale mounted to expose the

The areay of

The origin of the macro-

scale/bone metal incerface.
holes {n the scale (a hilgher magnification

~16=

view of one hole is shown In view lle)
corresponds to the points where the scale
adhered to the base metal, with the
nonadherent scale "ballooning” or “tenting"
between these fixed points., The missing
patches of acale can be observed on the
exposed base metal surface of the sample
(view 11d).
obviously too small to prevent general
This

spalling may result from the development

These adherent patches were
macroscopic [laking of the scale.

of growth stresses in the surface film
at high temperature or from differential
thermal contraction on cooling from the
exposure temperature. In either case,

310 5§ is unlikely to malntain a natural
protective film under these conditions,
Additional examination at high magnification
of the samples shown in Fig. 11 indicates
that the originally coherent preoxidation
film {such as in view a) has become micro-
acopically porous from reduction of the
ariginal film compounds. These observatlons
indicate that carbonaceous gases may have a
devasting effect on the performance of
contemporary alloys at normally servicable
temperatures. Furthermore, the conditions

to which materiales have been subjected in
these preliminary exposures are compara=-
tively mild compared with many actual service
environments (such as in coal conversion
processes) where gas flow, stress, abrasion,
and other environmental agents arc added
factars.

Other allays have siailar film reac-
tions with carbonaccous gases. Figure 12
domonstrates the effect of carhonaceous
gas sxposure an preoxidized Inconel 601.
The indlvidual particles of the preoxidlzed
aurface oxide seen in view 12a appear in
view 12b to be eroded hy the exposure to
Run Ko, 9 (snco/sncu‘ charge, 700°C, 6.2



Fig. i1, Surface and undersurface topography of fiims from a sample of 310 S5, first
preoxidized by heating for 3 h at 500°C in air and then exposed to Run No.
6, a) partially spalled film surface, b) underside of piece of spalled

scale, ) view of one hole seen in b), d) patch of film corresponding to
hole of view c¢) retained on metal surface,

MPa), Under these conditfons one of the as in the cage of 310 88, This is conaie-
initinl scale oxiden has been apparently tent with the relative thermodynamic stabi-
select fvely reduced and, therefore, removerd litiea of various oxides,

from the fllm, The absonce of the famtliar The white globular areas in view 12b
triangular-faced Ni0 hfllocks suggesta probably are Alzoz. In Incaenel 601, Alzoa
that the extornul) NiC phase was reduced ta farmed in greater proportion at grain

=17=



Surface copography of two
Inconel samples showing attack
of a prevxidized surface,

a) as preoxidized 3 h at 1000°C
in air, b) subsequently exposed
to Run No. 9.

boundaries as seen in Fig. 13, views a and

b, ‘lherefore, while A1203 may form a use- Fig, 13. ‘Views {llustrating relatfon of
ful surface film in terms of resiatance film characteriatlcs to aub-

to reduction hy carbonaceous gus atrate grain boundsries for
atmospheres, the alloy compoaition of Inconel 601 preoxidiaed by heating
Inconel 601 (1,35 wtX Al) contains in- for 3 h at 1000°C (a air followed
sufficient Al for a complete layer at by exposure in: a) and b) Run
61203. S5§milarly, Incoloy 800 (0.5 wt2 A)) No. 9, c¢) Run No, 2,

18~




and Incoloy 811 {1.75 wtZ Al) probably the "bare patch" (MC carbide) showed that

would not retain or Form compact l‘lzﬂ3 the film over ¥ and ¥Y' is richer in Ti and

films in carbon-rich atmospherea. poorer in Al than is the film coverisg the
Nonuniform film formation resulting MC earbide.

from underlying microstructural features Figure 14 illustrates the relative

is demonstrated in Fig. 13, view c¢. The surface deterioration suffered by nonpre-

"bare patch" evident near the grain boundary oxidized samples ir Inconel 601 (a), Incoloy

obviously corresponds to an underlying 811 (b), 310 SS (c) and (d) expoced in

MC-type carbide particle, Energy disper- Run No. 8 (50 €0/50 CcH,, 700°C, 5.5 MPa).

sive x-ray anolysis (EDA) of films on the The former two Ni-rich alloys seem to be

normal internnl groina (y and ¥') and on somewhat less prone to deterioration in the

Fig, 14, Relative surface detsrioration é! wnpreoxidized samples, a) Inconel 601,
b) Incoloy 811, &) 310 88, d) 310 8§ enlmrged, All sxpossd to Run No, 8.

»ige



b atmogphere than the 310 SS.

The 310 SS at low magnification {c¢) shouws
an eroded-like surface which at higher

car

magnification (d) indicaies an apparent
conversion to filamentary carbides. The
"debris" on the surface in views l4s and 14b

1s deposited soot. Note that the exposure

q

behavier was observed only in the CO/C07-
in the CHh/}l2

mixture the surfaces were "reduction-

containipg atmospheres.

etched," producing a Flake-1like scale (see
Fig. 13).

of the unalloyed steels in carbonaceocus

Thus the rate of destruction

atmospheres 1s greatly dependent on the

conditions for these samples corresp
closely to those associated with the deter-
ioration phenomena known as 'metal dusting"
which proceeds apparently by a conjoint
oxidation-reduction reaction.20_27 In this
cagse, the gas analysis (CO/CDz/CHAIHz,
15,2/21,6/52.5/10.6) supports the possibil-
ity of such a mechanism.

The superior performance of Inconel
601 and Incoloy 811 in these environments
may be realted to the presence of the more
stable A1203 phase in the film, as
discussed earlier. 1In this regard, Incoloy
811 might be expected to be more satis-
factory than Inconel 601 because of the
higher Al content (1.75 wtZ vs. 1.35 wtk)
although in botl alloys the Al content is
inadequate.
tions indicate sovmewhat more nonuniform
films for Incoloy 811, indicating that these
low Al contentr in the compositions alone
are not the determining factor, and that
the relative rates of diffusion and reac-
tion and the distribution of various phases
are particularly important.

The possibility of using a less expen~
sive material such as low-carbon steel in
high temp
uas dramatically showm to be inappropriate.
In one case a sample of a plain low-carbon
steel, exposed to Run No, 4 (CO charge
600°C, 4.5 MPa for 170 b, exhibited a re-
markable transformation to & very carbon-
rich friable material, which is a manifes-
tation of advanced graphitization. Thia

e carbor

20~

However, metallographic examina~" |

Fig. 15,

at pheric position and such destruc-

tion may be catastrophic.

Flake-like topography resulting
from exposure of a SAE 1018
steel in Rw No, 3 (CH“ charge),

two different magnifications.



Some Concluding Comments

The original purpose o this study
was to become familiar with the types of
film formation and corrosive attack that
might be encountered when particular alloye
are exposed to carbopaceous environments;
this goal was accomplished. Further, some
ranking of these materials was anticipated.
The limited scope of the investipgation to
date did not provide sufficient information
to adequately do this, although the
observations indicate that Al may be an
important and necessary alloying
constituent for resisting attack under
reduring conditions,

Most Importantly, surface films and
subsurface precipitates need to be
identified by x-ray and electron dif-
fraction. Chemical analysis as a
function of substrate depth would
have to be obtained to determine the
extent of solute depletion. One must
decide what is more aignificant in
degrading the material: solute
depletion, precipitation, grain

boundary attack, or general metal

extensive surface and substrate
analyses, one must also resort to
mechanical testing.

From a practical point of view, the
reaction of these materials to actual burn-
ing-coal and gas-product environments
may be quite different than the behavior
observed in this study. This was drama-
tically demonstrated for a low-carbon steel,
which shou: 1 catastrophic attack in the
CO/CO2 atmosphere in contrast to the much
slower attack obtained in the CHA/H2
atmosphere, both relatively nild compared
to the anticipated coal gasification
environments, A variety of morphologies,
both in the cross sections and in the
topographic views were obtained for the
high-temperature alloys. These were
affected by the preoxidation, the carbona-
ceous cxposure environme~t, and the alloy
composition. Although we hesitate to rate
these materials on the basis of our
limited observations, nevertheless, this
study shculd provide some background for

future work involving materials screening,

losa. To adequately answer these materials mechanic: ties evaluation,
questions, in addition to more and basic corrosion RN
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