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Experimental Evaluation of Fe-Al Claddings in
High-Temperature Sulfidizing Environments

Assessment of Fe-Al claddings in aggressive reducing environments
showed compositions with properties of weldability and
high-temperature corrosion resistance

BY S. W. BANOVIC, J. N. DUPONT AND A. R. MARDER

ABSTRACT. The corrosion behavior of
iron-aluminum alloys and their potential
as protective corrosion claddings in sul-
fidizing environments were investigated.
As-solidified castings of Fe-Al alloys with
0-20 wt-% Al were isothermally held at
temperatures between 500 and 700°C for
up to 100 h in a reducing atmosphere
using thermogravimetric techniques.
Specially tailored gases maintained par-
tial pressures of oxygen and sulfur at each
temperature [p(O,) = 10-25 atm, p(S,) =
10-4 atm]. Postexposure characterization
of the corrosion scales consisted of sur-
face and cross-sectional microscopy in
combination with energy-dispersive
spectroscopy and electron probe micro-
analysis. From these results, it was found
the corrosion behavior was directly re-
lated to the alloys’ aluminum content.
For high aluminum compositions (10 wt-
% Al and above), protection was afforded
due to the development of a thin, contin-
uous alumina scale that inhibited rapid
attack of the alloy. Increasing the alu-
minum content of the alloy was found to
promote the formation and maintenance
of this scale, leading to excellent corro-
sion behavior. For low aluminum con-
tents (<10 wt-% Al), the ability to form
and/or maintain the alumina scale was
not observed. Instead, thick sulfide
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phases developed either in the form of lo-
calized nodules (7.5 wt-% Al) or as a
continuous surface scale (5 wt-% Al and
below). Formation of these fast growing,
nonadherent sulfide phases resulted in
accelerated degradation of the alloy and
unacceptable waste. With both good
weldability and corrosion characteris-
tics, alloys approaching 10 wt-% Al have
excellent promise for providing protec-
tion as claddings in aggressive reducing
environments.

Introduction

The choice of Fe-Al alloys in cladding
applications requiring good corrosion
resistance (e.g., waterwall structures of
coal-fired boilers with low NOx burners)
is attractive due to their low cost, the
lack of macro- or microsegregation upon
solidification during welding (Ref. 1) and
better corrosion resistance compared to
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conventional Ni-based and stainless
steel-type compositions presently in use
(Refs. 1-11). In addition, it would elimi-
nate the brittle martensitic region that
develops in the partially mixed zones of
the above-mentioned austenitic alloys
(Ref. 12). To date, their use is limited due
to weldability issues stemming from cold
cracking (Refs. 1, 13-16) and their lack
of corrosion characterization in aggres-
sive reducing environments at boiler ser-
vice temperatures (typically below
700°C). In light of these facts, research
was initiated to examine the sulfidation
behavior of weldable Fe-Al composi-
tions in highly aggressive reducing at-
mospheres. From a previous study (Ref.
1), alloys with 10 wt-% Al were identi-
fied as being readily weldable under
normal field applications (Fig. 1) and
had excellent corrosion behavior in
moderately reducing atmospheres (Refs.
1, 13). While increasing the aluminum
content has been shown to improve the
corrosion resistance (Refs. 1-11), these
compositions were not weldable. Some
investigations (Refs. 15, 17) have cited
the use of preheat and postweld heat
treatments (PWHT) to relieve part of the
hydrogen cracking problems, thus al-
lowing for crack-free claddings with
higher aluminum contents; however, the
employment of such extensive treat-
ments is not practical when coating
large-scale structures such as utility boil-
ers. Therefore, the objective of this work
was to further characterize the corrosion
behavior of weldable Fe-Al composi-

WELDING RESEARCH SUPPLEMENT | 63-s

RESEARCH/DEVELOPMENT/RESEARCH/DEVELOPMENT/RESEARCH/DEVELOPMENT/RESEARCH/DEVELOPMENT



NMECOCARVI/UEVELVFENIEN I /HEDCANRVMN/VUECEVELVFIENIEN I /HEDCARUVI/UCVELVFNIENI/HEDCARUVIT/UCVELVENIEN |

.40 14 =
] OCracked X X
K HNo crack } [} = =

E - o 127 4 &
E 30 16.1 X6 g
3 232 XM 162 ®IM 141 K4 2 ol ™ 27 wit Alin filler metal

™ 20 134 X3 1323 102 W ° T Cracked 13 wi% Al in filler metal
g ‘ £

— 1/ mNoe crack

8 145 K1 ool 75 < 8 I- .
™ 5}

1]
E’ 10 95 5.8 = - [ |
5 g . m
E o - . ‘ ‘ 4 , ‘ ,

1100 1200 1300 1400 1500 1600 400 600 800 1000 1200
2 Energy input (J/mm)} b) Energy input (J/mm)

Fig. 1 — Sample matrix of multiple-pass welds. A — Gas tungsten arc welding (GTAW); B — gas metal arc welding (GMAW). Each box represents
a sample deposited at that processing condition and was subsequently labeled as cracked or not cracked. For GTAW, numbers to the right of the
cracked data points signify the number of cracks that occurred, with M being more than 15. The numbers to the left denote the wt-% of aluminum

in the deposit (Ref. 1).
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study the high-tempera-
ture sulfidation behavior

Fig. 2 — Superimposed thermostability diagrams for Fe and Al at
600°C. The solid lines represent equilibrium boundaries between
the iron-based phases and the dashed line between the alu-
minum-based phases. The partial pressure of oxygen and sulfur
place the testing environment in a region of aluminum oxide and
iron sulfide (Fe;.,S), as indicated by X. (Diagrams calculated using

Ref. 21.)

instead of actual
cladding material in
order to eliminate the
timely procedure of ex-
tracting a corrosion
coupon from a deposited
cladding. In addition, the
aluminum-depleted re-
gion near the cladding-

tions in more aggressive reducing envi-
ronments at service temperatures. The
results of this work permitted these al-
loys to be evaluated for possible use in
cladding applications that require a
combination of good weldability and
corrosion protection in aggressive sul-
fidizing atmospheres.

Experimental Procedure

The materials used in this study were
a series of monolithic, iron-based alloys
with varying amounts of aluminum (5,
7.5, 10, 12.5, 15 and 20 wt-% Al). These
compositions were chosen based upon
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substrate interface, pro-
duced due to poor mixing during the
welding process (Ref. 1), will be avoided.
Prior research (Ref. 7) demonstrated that
the corrosion products more readily
formed on the specimen face located
closer to the substrate due to the inho-
mogeneous composition (lower alu-
minum content) in this area. This was
found to result in higher corrosion rates
of the specimen. Furthermore, it was also
shown the sulfidation behavior of Fe-Al
claddings in reducing environments
could be explained on the basis of what
was known from cast alloys of equivalent
compositions (Ref. 7). The reason for this
stems from the fact the microstructure

and distribution of alloying elements in
the monolithic alloys and the claddings
are essentially identical (Ref. 1) and,
therefore, should have similar behav-
ior/reactions in the corrosive atmos-
phere. Thus, based upon these experi-
mental observations, the use of as-cast
alloys to study the corrosion behavior of
claddings of identical compositions is
clearly justified.

For the corrosion testing, substrates
with dimensions of 1 cm x 1 cm x 2 mm
were sectioned from the bulk using a
high-speed diamond saw. Subsequent
grinding of the surface to 600 grit was
also conducted. Specimens were pre-
pared immediately before insertion into
the balance with prior steps of ultrasonic
cleaning in soapy water and methanol. A
Netzsch STA 409 high-temperature ther-
mogravimetric balance was used to mea-
sure weight gain as a function of time,
with the gas compositions and tempera-
tures chosen so as to produce a highly re-
ducing environment indicative of low
NOXx gas conditions (Refs. 18-20). Sam-
ples were heated at a rate of 50°C/min
and isothermally held at temperatures of
500, 600 and 700°C for various times (1,
5, 15, 25, 50 and/or 100 h). Mixtures of
H,-H,S-O,-Ar gases were determined so
as to maintain equivalent partial pres-
sures for oxygen, p(O,), and sulfur, p(S,),
at different temperatures. Table 1 shows
the gas compositions, as reported by
Scott Specialty Gases, and the corre-
sponding p(O,) and p(S,) values for each
temperature. The p(O,) was determined
using a solid-state oxygen detector and
the p(S,) was calculated using the Sol-
GasMix program (Ref. 21). According to
superimposed thermostability diagrams
for iron and aluminum at test tempera-



tures, the location of the testing environ-
ment was found to lie in a region of alu-
minum oxide and iron sulfide (Fe{.,S).
These stability diagrams will indicate
which phases (e.g., Fe, Al, alumina, iron
sulfide) are thermodynamically stable on
all of the alloy’s surface for the given test-
ing parameters; they do not indicate
which scales will actually be observed to
form. An example of one developed at
600°C is shown in Fig. 2, with the loca-
tion of the testing parameters denoted by
X. The present gas mixtures chosen were
more aggressive than those used during
the early study (Ref. 1) in which only
moderately reducing atmospheres were
investigated. For comparison, the com-
position, p(O,), and p(S,) of this previ-
ously used gas is also shown in Table 1.

Postexposure characterization of the
corroded surfaces was conducted using a
JEOL 6300F scanning electron micro-
scope with an Oxford (Link) energy-
dispersive spectroscopy (EDS) system ca-
pable of detecting light elements. Pol-
ished cross-sections were obtained by
mounting in cold setting epoxy with sub-
sequent grinding procedures to 1200 grit
with silicon-carbide papers. A final pol-
ishing step was conducted using 1-pum di-
amond paste on a low-nap cloth. Further
polishing with any type of colloidal alu-
mina or silica was avoided to minimize
the possibility of contamination or pull-
out of the scale. Cross-sectional scale
thicknesses were measured on electron
micrographs using a digitizing pad inter-
faced with a Nikon Optiphot micro-
scope. A minimum of 20 lengths were
taken per layer per sample on various
planes. Quantitative chemical informa-
tion was obtained on polished cross-sec-
tions using a JEOL 733 electron probe mi-
croanalyzer (EPMA) equipped with
wavelength-dispersive spectrometers
(WDS). The accelerating voltage and
probe current were 20 kV and 50 nA, re-
spectively. K, X-ray lines were analyzed
and counts converted to wt-% using a
j (r xz) correction scheme (Ref. 22).

A fracturing technique using liquid ni-
trogen was also employed to view the
scales in cross-section. By notching the
back side (approximately % of the thick-
ness of the substrate) with a low-speed di-
amond saw and submersing the specimen
foraminimum of 3 minin liquid nitrogen,
the samples easily broke. Cross-sectional
micrographs of these samples were also
taken using the JEOL 6300F.

Results
Corrosion Kinetics

Figure 3 displays the kinetic results ob-
tained at each temperature for the longest

Table 1 — Corrosion Gas Compositions and Corresponding Partial Pressures of Oxygen
(Measured) and Sulfur (Calculated) at Temperature

Gas Composition
(by volume)

Temp

(°C)

1.1%H,5-0.0%H,-98.9%Ar (500 ppm O,) 500
0.9%H,5-0.0%H,-99.1%Ar (50 ppm O,) 600
1.0%H,S-0.1%H -98.9%Ar (5 ppm O,) 700
0.1%H,5-3.0%H,-96.9%Ar (5 ppm O) 600

(previous study)(@

p(Oy)
(atm)

9.2 x10-26
7.4 x10-25
3.4x1025
4.5x10-28

P(S2)
(atm)

7.5x104
4.0x 104
5.4 x 104
3.8x10°

(a) From Ref. 1.

exposure time for each
alloy. In all cases, shorter
time exposures (1, 5, 15
and 25 h) followed their
respective weight gain
data curves for the longer
times with good repro-
ducibility. From this data,
a general trend was ob-
served that an increase in
aluminum content pro-
duced a decrease in the
weight gain, and once
above 7.5 wt-% Al, the
increase was relatively
small. It was also noted
that an increase in tem-
perature from 500 to
600°C led to a decrease
in weight gain for alloys
with less than 10 wt-%
Al, while the increase
from 600 to 700°C pro-
duced a significant in-
crease in the weight gain.

Corrosion Morphologies

As a general trend, in-
creasing the aluminum
content led to decreased
amounts of corrosion
product on the surface.
For the low-carbon steel
sample, a thick, bilay-
ered scale was found —
Fig. 4. The outer scale
appeared to be dense
and columnar with the
inner scale being fine-
grained and porous.
EPMA data (Table 2) indi-
cated both layers were
iron sulfide (Fe,_,S), with
separation between
these two morphologies.
This separation indicated
poor adhesion between
these two morphologies
and, on occasion, re-
sulted in scale spallation
prior to mounting. The 5
wt-% Al alloy also grew a
continuous surface scale

Weight Gain (mg/cm?)
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Fig. 3 — Weight gain vs. time for various exposure temperatures
atp(O,) = 1025 atm and p(S,) = 104 atm. A — 500°C; B —

600°C; C — 700°C.
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Table 2 — Representative EPMA Data, Reported in Weight Percentages, for Thick Sulfide

Phases Taken from the Low-Carbon Steel and Fe-5 wt-% Al Alloy

Sample Scale Feature Fe

Low-carbon steel  Outer scale 61.7+05

Low-carbon steel ~ Outer scale 61.7+0.8

Fe-5 wt-% Al Outer scale 61.7+0.5

Fe-5 wt-% Al Scan of inner 45,1+ 0.3
layer

Fe-5 wt-% Al Dark, inner 24.0+0.8
layer plate

Fe-5 wt-% Al Substrate near 95.4+0.3
scale

Fe-5 wt-% Al Alloy at far 95.7+0.3
distances

Al S Phase(s)

0.0 37.7£0.3 Fe,,S

0.0 375105 Feq1,S
0.9+0.2 37.6+£0.4 Fe;,S
8305 43307 t +Fe;.,S
20.7+£0.3 528+1.0 t
49+0.1 0.0 a-(Fe)
49+05 0.0 a-(Fe)

that was bilayered — Fig. 5. Quantitative
chemical analysis (Table 2) showed the
outer scale consisted of irregularly
shaped iron sulfide (Fe,.S) plates, and
the inner scale was found to be a two-
phase mixture of t-phase platelets
(FeAlL,S,), a spinel-type compound (dark
in Fig. 5B) and Fe,_,S particles (light par-
ticles in Fig. 5B). Sampling of the inner
layer as a whole was obtained by scan-
ning areas of approximately 25 pm2. The
results placed it in the two-phase region
of t and Fe,,,S on the ternary phase dia-
gram — Fig. 6. Porosity in the inner scale
was also found (black in Fig. 5B). In the
alloy located next to the inner scale, de-
pletion of either metallic element (Fe, Al)
or the ingress of sulfur into the alloy was
not observed, within the detection limits
of the electron microprobe equipment
(~1 pm). In addition, it was observed that
the sulfide scales of the above-mentioned
samples exhibited poor adherence to the
alloy and easily flaked off during han-
dling.

With compositions of 10 wt-% Al and
above, the samples did not develop the
thick, surface corrosion products that

were found on the previous specimens. In-
stead, electron micrographs of the sur-
faces revealed continuous coverage by a
granular scale (Fig. 7A) that had the ap-
pearance of either a tan, blue or purple
color to the naked eye. Qualitative analy-
sis by EDS indicated high counts of Al and
O with minor amounts of Fe and S — Fig.
7B. Fractured cross-sectional micrographs
inthese areas were also obtained (Fig. 7C)
with arrows denoting the scale. It ap-
peared to be uniform across the sample
with the cross-sectional thickness having
a relationship with both time and temper-
ature — Fig. 8. However, changes in alu-
minum content for a given testing condi-
tion did not lead to significant differences
in scale morphology or thickness.
Samples with 7.5 wt-% Al were found
to develop localized sulfide growths that
were randomly dispersed across the sur-
faces — Fig. 9. These nodules had a sim-
ilar appearance regardless of the expo-
sure time and temperature. Exposures
above 15 h led to the coalescence of
some of the nodules, and, as they were
well dispersed across the sample face, it
did not appear that the substrate grain

boundaries played a major role in their
location. A granular surface scale, simi-
lar to the one found on the higher alu-
minum alloys, was present in the nodule-
free areas — Fig. 9C. Cross-sectional
analysis (Fig. 9D) showed the nodules
consisted of similar phases as seen in the
thick scale growths. The overall appear-
ance had a lenticular shape with further
analysis revealing an outer scale of thick
Fe,.S plates with various growth direc-
tions. The inner scale was also composed
of t-phase platelets and Fe;.,S particles
that developed normal to the surface. In
the substrate directly below the nodules,
EPMA analysis did not indicate the pres-
ence of sulfur or the depletion of either
metallic element. The same can be said
for the alloy located below the thin gran-
ular scale.

Discussion

The corrosion behavior of weldable
Fe-Al alloys, for use as protective corro-
sion claddings in oxidizing-sulfidizing
environments, was studied through ther-
mogravimetric methods with the result-
ing corrosion scales characterized by mi-
croscopy techniques and chemical
analysis. The alloy compositions were
chosen based on previous weldability
studies (Ref. 1) that indicated Fe-Al alloys
with 10 wt-% Al or less were readily
weldable under typical field applications
— Fig. 1. Therefore, compositions on
both sides of this weldability limit were
evaluated with respect to their corrosion
characteristics. From these experiments,
it was found the corrosion behavior of
these alloys was directly related to the
aluminum content of the sample. This
variable dictated the type (oxide/sulfide),
morphology and amount of corrosion
product that formed during high-temper-

a shield

Fe,,S 1 l | 1 [
columnar | | Y

substrate

Feq,S
fine

substrate

Fig. 4 — Light optical micrograph of a polished cross-section showing the scale that developed on the low-carbon steel sample after 50 h at 600°C.
A — Full scale; B — higher magnification of the inner scale with separation between the two morphologies.
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formed (Ref. 24),
and its protective
nature (low
weight gain and
thickness). In
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Fig. 5 — Secondary electron image of a polished cross-section showing
the bilayered scale that formed on the 5 wt-% Al sample after 50 h at
600°C. A — Full scale; B — higher magnification of the inner scale show-

ing t-phase platelets and Fe,_,S particles.

addition, numer-
ous researchers
working on simi-
lar alloys have
also found pro-
tection due to
galumina scales

ature exposure in the reducing atmos-
phere. These growths were typically in
the form of a surface scale or scales that
developed with time. As a general trend,
increasing the amount of aluminum in
the alloy led to decreased corrosion rates
and the amount of corrosion product.
These results are discussed below as they
relate to the prospect of using Fe-Al com-
positions as corrosion protective
claddings.

Additions of aluminum at 10 wt-%
and above were found to decrease the
corrosion rates by promoting the forma-
tion of a slow-growing surface scale on
the alloy during exposure. The low
weight gain data obtained during corro-
sion testing was indicative of this fact —
Fig. 3. The surface scales were com-
posed of tightly packed, equiaxed grains
of an aluminum- and oxygen-rich scale
— Fig. 7. While definitive identification
of the scale could not be made, enough
evidence suggests it is an aluminum
oxide, probably g-alumina, in terms of
the EDS analysis, color (Ref. 23) and
temperature regime in which it has

in these types of mixed oxidizing-sul-
fidizing environments (Refs. 3-5). Other
surface characterization techniques,
such as grazing incidence X-ray diffrac-
tion (GIXRD) and backscatter electron
kikuchi patterns (BEKP), were used in an
attempt to identify the scales. Unfortu-
nately, results from these analyses could
not confirm the crystal structure. In any
event, this scale formed due to preferen-
tial oxidation of the aluminum on the
alloy surface, and the results indicated
that formation of this scale was pro-
moted through increasing the aluminum
content of the alloy.

When the aluminum content was de-
creased to 7.5 wt-% or lower, thick sul-
fide phases were found to develop either
in the form of nodules or a continuous
surface scale due to the lack of aluminum
at the surface. The growth of these corro-
sion products was found to be diffusion
controlled, predominantly through the
outward movement of Fe cations, to form
an external layer of iron sulfide (Fe;_,S),
and the inward diffusion of sulfur, as in-
dicated by the inner scale development

of t-phase platelets and Fe;_,S particles.
For the 7.5 wt-% Al sample, initial for-
mation of the alumina scale was ob-
served, as indicated by the granular scale
in the nodule-free areas — Fig. 9C. At ex-
tended times, mechanical failure of this
scale, and the inability to heal itself due
to the low Al content of the alloy, led to
the short-circuit diffusion of sulfur
through the passive layer (Ref. 25). This
resulted in the subsequent growth of the
sulfide phase at the alumina scale/alloy
interface. The higher nominal aluminum
compositions did not experience this fail-
ure as sufficient amounts of aluminum
were located at the surface to repair the
breakdown in the scale. As the nominal
aluminum content of the alloy was fur-
ther decreased to 5 wt-% and lower, the
formation of a protective alumina scale
was not observed. Instead, thick scale
growths accompanied by relatively high
weight gains were found from the onset
of exposure, which led to excessive
degradation of the alloy. This type of
scale formation would lead to rapid de-
terioration of the cladding as the mor-
phologies were porous and observed to
readily spall. Eventually, this would result
in the corrosive gas having direct access
to the underlying tube material after the
cladding material was completely con-
sumed by the corrosion process.

From these results, it appears the Fe-
Al compositions that perform well in the
reducing environments are alloys that
formed the surface scale of alumina. The
protectiveness of this thermally grown
oxide manifested itself in two ways: 1)
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note the thickness of the
scale providing protec-
tion at temperature. The
alumina scales observed
to grow on the weldable
compositions (10 wt-%
Al) barely attained 100
nm of growth at 600°C
over the 100-h exposure
period, yet were able to
maintain less than 0.5
mg/cm2 in weight gain.
Other alumina scales,
with different crystal

10.3>

structures, also provide

Fig. 7— Characteristic secondary electron image of the granular
surface scale formed on alloys of 10 wt-% Al or higher after 100
h at 600°C. A — Surface morphology; B — the associated EDS
spectrum; C — fractured cross-section with arrows indicating
thickness of alumina scale. Sample shown is Fe-10 wt-% Al.

| @BN .

gna

protection at higher tem-
peratures, but have a ten-
dency to become much
thicker over time even
though their weight gains
are also relatively low. As
an example, another
phase of alumina, a, pro-
vides protection for iron
aluminide compositions
above 1000°C. At expo-
sure temperature, these
scales can grow to a thick-
ness of 8 pm within 100 h
(Ref. 26). Preferential alu-
minum removal through
thick scale growth de-
pletes the alloy of this el-
ement at a relatively fast
rate, and, after long times,
the nominal aluminum
composition of the alloy
can drop to significantly

I i i -

low weight gains and corresponding
thinness of scale and 2) lack of sulfur
ingress into the alloy. While it is intuitive
that formation of a protective scale will
result in lower weight gains from reduced
attack of the alloy, it is also important to
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low levels.

Rapid consumption of
aluminum due to alumina scale growth is
critical when considering the Fe-Al alloys
for use as protective claddings, as the
weldable compositions considered here
have relatively low aluminum reserves to
begin with. In terms of the corrosion re-

sistance, the effectiveness of a cladding
can be defined by the oxidation lifetime,
or the amount of time over which a sur-
face scale (such as alumina) will be main-
tained to provide protection for the un-
derlying material. This concept was
studied and modeled by Quadakkers, et
al. (Refs. 27, 28), and recently reviewed
by Tortorelli and Natesan (Ref. 29). The
time frame for protection has been found
to be a function of the total amount of
aluminum available for reaction (at the
surface and in reserve within the bulk)
and the rate at which it is consumed. The
effective lifetime of a cladding ends when
the aluminum content falls below a com-
position such that continuous formation
of the alumina scale is not possible and
the development of less protective prod-
ucts, such as sulfide phases, can occur,
leading to high wastage rates.

Through the use of Fe-Al alloys as pro-
tective claddings, the reservoir of alu-
minum in the deposit will automatically
be limited due to the thickness of the de-
posited cladding, typically 1-2 mm.
Therefore, it is natural to conclude that in-
creasing the nominal aluminum content
of the deposit will further increase the po-
tential effective lifetime of the protective
coating. However, it has been shown a
limit (approximately 10 wt-% Al) is im-
posed on the system in order to produce
sound claddings deposited under condi-
tions typically utilized in practice — Fig.
1. Aluminum contents above this value
have been found to be susceptible to cold
cracking subsequent to welding (Refs. 1,
13-16), with the severity of the problem
increasing with aluminum content (Refs.
1, 30-32). Cracking of the cladding
would enable the corroding specie to
have direct access to the less corrosion-
resistant substrate, typically a low-alloy
steel, allowing for high corrosion rates.
Consequently, without the option of in-
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Fig. 9 — Secondary electron images of the surface scale developed on alloys with 7.5 wt-% Al after 50 h of exposure at 600°C. A and B
— Nodule sulfide phases on the surface; C — granular scale in the nodule-free region; D — polished cross section of the nodules.

creasing the nominal aluminum content
of the deposit, the other alternative to in-
creasing the effective lifetime of weldable
compositions is by reducing the rate at
which aluminum is consumed. In this
study, it was shown through the thickness
(thinness) of the scale that the rate of alu-
minum consumption at these test temper-
atures was very low — Fig. 8. In addition,
this thinness may be beneficial in that
large growth stresses, which could en-
hance spallation of the scale during ther-
mal cycling, may not have developed.
This spallation is detrimental in that it
would lead to faster consumption rates of
aluminum as the scale must now reform.
While thermal cycling of the specimens
was not conducted nor stress measure-
ments of the scale made during this phase
of the work, at no time was the alumina
scale ever observed to crack, spall or flake
off, even after fracturing in liquid nitrogen
(for samples with 10 wt-% Al or higher).
This suggests an adherent scale. There-
fore, the thinness of the scale over ex-
tended periods of time, combined with
the lack of spallation, results in a very low
rate of aluminum consumption and sug-
gests these alloys will provide protection
for extended periods of time at applica-

tion temperatures (around 500°C).

While the alumina scale was able to
maintain low weight gains for long times,
it was also protective in the fact that in-
ternal sulfidation of the alloy did not
occur. Microprobe traces near the alloy-
scale interface did not detect an increase
in sulfur when compared to far distances
into the substrate, which suggests the
scale was somewhat dense and impervi-
ous to inward diffusion of the anion. This
may be related to the fact that g- alumina
primarily grows via an outward cation
diffusion mechanism (Refs. 24, 33) and
not an inward anion diffusion as pre-
dominately found for a-alumina scale
formation (Ref. 34). Sulfur penetration
can be disastrous to the protective scale
due to the formation of sulfide phases be-
neath its surface, which can lead to me-
chanical degradation of the passive layer,
as found for the 7.5 wt-% Al alloy. How-
ever, the corrosion behavior observed
here suggests this should not be a prob-
lem for these higher-aluminum-content
alloys.

As afinal note, it was observed that in-
creasing the exposure temperature did
not produce a trend in the weight gain
data. Whereas corrosion rates were ac-

celerated by increasing the temperature
from 600 to 700°C, exposures at 500°C
produced higher weight gains than at
600°C. This was unexpected as diffu-
sional processes are thermally activated,
and thus, should decrease in magnitude
as the temperature is decreased (Ref. 35).
Therefore, another mechanism may be
controlling the growth of these sulfide
scales in this temperature regime (500°C)
and work is currently under way to in-
vestigate this apparent anomaly.

Summary

The objective of the present study was
to investigate the corrosion behavior of
weldable compositions of iron-aluminum
alloys in sulfidizing environments indica-
tive of low NOx gas compositions. From
this work, it was observed the corrosion
behavior was directly related to the alu-
minum content of the alloy. For high alu-
minum compositions (10 wt-% Al and
above), protection was afforded due to
the development of a thin, continuous
alumina scale that inhibited rapid degra-
dation of the alloy. Increasing the alu-
minum content facilitated the formation
and maintenance of this scale. Alloy con-
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tents at or below 7.5 wt-% Al led to high
waste rates due to the formation of thick
sulfide phases that were friable. With
these results, weldable compositions of
Fe-Al alloys show the potential promise
for applications requiring a combination
of weldability and corrosion resistance in
aggressive sulfidizing conditions. There-
fore, these alloys are viable candidates for
further evaluation for use as corrosion-
resistant coatings.
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