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A SULFIDATION- AND OXIDATION-RESISTANT FERRITIC STAINLESS
STEEL CONTAINING ALUMINUM

By J. S. Dunning

ABSTRACT

Recent developments 1in energy conversion, mining and minerals pro-
cessing, pollution control, and chemical equipment have placed in-
creased demands on heat-resistant alloys. Higher corrosion rates from
oxidation, hot corrosion, and sulfidation have increased consumption of
materials that contain critical and strategic minerals and in many
cases have limited productivity. The Bureau of Mines is conducting re-
search on substitute materials having greater resistance to high-
temperature corrosive atmospheres above 600° C compared to austenitic
stainless steels such as AISI 304, 316, and 310, with the goal of con-
serving critical metals such as Cr and Ni. The substitute materials
are based on Fe—-Cr-Ni-Al compositions. Aluminum additions to Fe-Cr-Ni
alloys significantly improve high-temperature corrosion resistance,
particularly sulfidation resistance. 1In the alloy, devised by Bureau
researchers, aluminum additions are held in the form of a second-phase
precipitate, B-NiAl. Minor additions of Ti, Mn, and Si improve
workability.

Sulfidation resistance of a 12Cr-5Ni-4Al alloy with minor additions
of Ti, Mn, and Si alloy is four to five times greater than that of AISI
304 (18Cr—-8Ni) and 316 (18Cr-12Ni) stainless steel and three times
greater than that of AISI 310 (25Cr-20Ni) stainless steel. Oxidation
resistance 1s superior to that of types 304 and 316 and equivalent to
that of type 310 stainless steel. Mechanical properties approach those
of type 310 stainless steel.

1Metallurgist, Albany Research Center, Bureau of Mines, Albany, OR.



INTRODUCTION

There are numerous industrial processes
where corrosive sulfur or hydrogen sul-
fide environments are encountered. Envi-
ronments that contain sulfur, hydrogen
sulfide, sour crudes, and synthetic fuel
gasec can cause rapid deterioration of
tubing, catalyst-reactor vessels, and
heat exchangers used in the metallurgical
process, chemical, coal, and refining
industries. In the metals industry high-
sulfur environments are common in the
processing of sulfide ores. Hydrogen re-
duction of metallic sulfides has been
applied to the recovery of Ni, Co, and U.
In many situations productivity, effi-
ciency, and the economics of the process
are materials~limited due to temperature
limitations imposed by severe corrosion,
inherent in high-sulfur environments.

Iron-aluminum alloys have exceptional
corrosion resistance to high-sulfur envi-
ronments (lfg).z However, the tendency
for aluminum to drastically reduce duc-
tility in iron-base alloys limits its use
in commercial alloys. Rather than using
aluminum additions to iron alloys, sul-
furic acid producers and aluminum compa-
nies have used surface layers of diffused
aluminum on conventional steels to re-
sist high-sulfur environments (1). Iron-
aluminum surface layers formed by diffu-
sion of aluminum into steel are also
used to resist high-sulfur environments
in coal gasification plants. However,
aluminum—-diffused steels are expensive
and subject to temperature and welding
limitations.

Bureau of Mines research characterizing
aluminum-diffused austenitic stainless
steels (3) showed that the protection
from high-sulfur environments was pro-
vided by a two—-phase diffusion layer be-
neath an Fe-Al single—-phase surface. An
analysis of this diffusion layer revealed
a microstructure of second-phase precipi-
tate, B-NiAl, dispersed 1in a ferritic
a-Fe matrix. The o-Fe matrix 1is a solid

2underlined numbers in parentheses re-
fer to items in the list of references at
the end of this report.

the in-
some Fe

Cr, Ni, and Al;
~-NiAl had

solution of Fe,
termetallic compound
and Cr in solution.

This paper presents the first stages of
development and characterization of a new
type of stainless steel based on the two-
phase microstructure discussed in the
previous paragraph. The new stainless
steel exhibits significantly higher re-
sistance to high-temperature corrosive
atmospheres than do austenitic stainless
steels such as AISI 304, 316, and 310,
which in turn increases service life and
critical minerals such as Cr

conserves
and Ni. The superior performance of this
alloy should also result in increased

productivity by allowing a greater lati-
tude in the choice of process parameters.

This new stainless steel is based on
the quaternary system Fe—-Cr-Ni-Al. Pri-
marily, it has a two-phase microstructure
of the intermetallic compound B-NiAl dis-
persed in a solid solution of Cr, Ni, and
Al in a-Fe. Both o-Fe and B-NiAl are
cubic and have nearly identical lattice
parameters. While no complete quaternary
phase diagram exists, the Fe—-Ni-Al ter-
nary system shows a two-—phase o-Fe-f-NiAl
region. Figure 1 (4) shows isothermal
sections of the phase diagrams for the
Fe-Ni-Al system at 750° C, 1,050° C, and
1,250° C. The a-Fe + B-N1Al two-phase
region is very small (see heavy arrow in
figure 1) at 1,250° C but expands slight-
ly in the 1,050° C isothermal section.
The two-phase region is located above the
triangular three-phase (a-y—-B) region.
The 750° C isotherm shows that the o + B
region widens out in every direction, and
the three-phase region 1s displaced to-—
ward the Fe-N1 side of the diagram.

describes research toward
Fe—-Cr-Ni-Al system to
of two-phase stain-
excellent high-
resistance charac-
stainless steels.
should be ductile
phase con-
aluminum

This report
utilizing the
develop a new family
less steels having the
temperature corrosion
teristic of aluminized
The two-phase system
since the continous ferritic
tains only a fraction of the
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FIGURE 1. - Isothermal sections of the phase diagram for the Fe-Ni-Al system at various
temperatures.
additions in solid solution. However, for the ferritic matrix, thereby increas-—

the proportion of aluminum in solid solu-
tion can act synergistically with chromi-
um to provide resistance to severe oxi-
dizing and sulfidizing conditions. The
second phase, containing the majority of
the Ni and Al, provides a source of Al

ing corrosion resistance at elevated
temperatures. In the form of a fine dis-
persion the second phase can provide

strengthening at room temperature and, if
stable, at elevated temperature.

PRELIMINARY STUDIES OF THE QUATERNARY Fe-Cr-Ni-Al SYSTEM

To determine whether the ternary Fe-Ni-
Al phase diagram (fig. 1) could be used

to predict microstructure in the quater-
nary Fe-Cr-Ni-Al, a series of five alloy
compositions was selected based on the

ternary phase diagram. The compositions
were selected along an a—-f tie line of
the 750° C isotherm. First, Ni contents
were selected to intersect the a-f tile
line at points that would give 10, 20,
30, 40, and 50 vol pct PB-NiAl. Aluminum
additions were then selected to hold the
atomlc ratio of Ni to Al in the range 0.8
to 1.2 (1.7 to 2.6 wt ratio). An Ni:Al
atomlc ratio of 0.8 to 1.2 1s necessary
to effectively precipitate the immiscible
B-phase. Chromium was assumed to be
equivalent to Fe, but Cr additions were
adjusted such that, if all the Cr was in

solid solution in the continuous oa-phase
matrix, a Cr content of 25 wt pct would
be present in the matrix after full pre-
cipitation of the immiscible PB-phase at
750° C.

selected, together
with the percent B-phase anticipated af-
ter full precipitation at 750° C, are
shown 1in table 1. These compositions
were melted as 100-g ingots by nonconsum-
able electrode vacuum arc melting. The
ingots were homogenized for 20 h at
1,225° C, followed by solution treatment
and aging for 20 h at 750° C. The re-
sulting microstructures for the five al-
loys are shown in figure 2. Clearly, the
phase diagram for Fe-Ni-Al 1s extremely
useful in predicting behavior 1in the

The compositions
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FIGURE 2, - Microstructure of a series of five alloys with amount of second-phcse B-NiAl (white phase) designed to in-
crease from 10 vol pct to 50 vol pet (X 1,400).
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TABLE 1. - Composition of a series of ferritic

stainless steels containing aluminum

e

contents in the range of 17 to 20

Alloy B--NiAl, Composition, wt pct Ni:Al wt pct
designation | vol pct Fe Cr Ni Al ratio
- 10 69.1 17.3 8.6 5.0 1.72
Beeoeooeoss 20 63.6 | 15.9 | 14.0 6.5 2,15
Coverveosnenns 30 58.0 | 14.51 19.0 | 8.5 2,23
Devecossces 40 52.8 | 13.2 | 24,0 | 10.0 2,40
B sonsinevas 50 47.2 | 11,8 | 29.5 | 11.5 2,56
quaternary system. Even though the qua- have Cr
ternary compositions were selected from wt pct. The

the ternary Fe-Ni-Al phase diagram, the
relative proportions of o to B are as
predicted.

To test the assumption that these mate-
rials would exhibit superior corrosion
resistance in severe high-temperature en-
vironments, oxidation test coupons were
cut from the five alloy ingots. One-
inch-square coupons were cut from each
alloy together with samples of commercial
types 304, 316 (18 to 20 wt pct Cr), and
310 (25 wt pct Cr) stainless steels. The
samples were tested in static air at
1,000° C, and oxidation data are tabu-
lated in table 2. The Fe—-Cr-Ni-Al alloys
exhibited superior oxidation resistance,
as 1is clearly seen both in table 2 and in
figure 3, which compares composition A
with type 304 and 316 stainless steel
specimens. All three of these alloys

were heavily scaled,
bright,

retained a
scale.
TABLE 2.

type 304 and 316 specimens
while composition A

adherent surface

- Static oxidation data at

1,100° C for Fe-Ni-Cr-Al alloys and
some commercial stainless steels

Specimen Weight gain after test
designation time, 10~%/cm?

25 h | 70 h 380 h

Asewovusnnmosesene 15 21 40
Bisosssasnnosanss 15 22 43
Cocsvsinsisivonnes 16 24 45
Diai s so50: 410190 10 19 08, 07 05 00 15 22 36
Fie o s o060 6 % 5 0 10 foier v 15 25 42
30bcececanscnnnss 70 555 ND
31660 sosnssansons 56 1,661 9,567
310swanovvosssons 20 122 231

ND Not determined.

FIGURE 3. - Aluminum additions to Fe-Ni-Cr alloys enhance oxidation resistance. A 5-wt-pct Al ad-

dition to composition A (17Cr-8Ni) —~ in center — improves oxidation resistance after 380 h at 1,000°C
compared with that of type 304 (18Cr-8Ni) and type 316 (18Cr-12Ni) stainless steels.



ROLLING CHARACTERISTICS AND MICROSTRUCTURE

0f the five microstructures shown in in the atomic ratio range 0.8 to 1.2,
figure 2, the one on the left with the The alloys were melted as 100-g ingots by
lowest proportion of second phase was

judged the most 1likely to yield wrought TABLE 3. — Composition of a series
alloy compositions. Alloys with higher of ferritic stainless steels
proportions of the second-phase B-NiAl
might find use as cast compositions, but Alloy designation Composition, wt pct
such a proportion of second phase is gen- Fe Cr Ni Al
erally too high for good workability. Alisssoecaassesssses | Bal 12 | 8 4
A2cecesascscssenesss | Bal 12 7 4
A second series of alloys with 6 to 8 A3..ceeccesccensssss| Bal 12 7 3.5
wt pct NI and 3 to 4 wt pct Al was pre~= Ab.iieessssececeaessss | Bal 12 | 6 3
pared to study alloy compositions having AS..eeeeceesscsnssas| Bal 10 8 4
lower proportions of B-NiAl. The alloy Ab6..:isceesencenssenss| Bal 10 7 3.5
compositions are shown in table 3. The A7.ccecccsesscnssess | Bal 10 6 3
Cr content was variled between 10 and 17 AB..vsecessenssseeas | Bal 17 7 3.5
wt pct, and N1 and Al additions were held A9..:cceseseecsesssss | Bal 17 6 3

Series A

LRRLALEL

Series B

FIGURE 4. - Two series of nine alloy compositions (table 3) after rolling at 1,000°C. Top, series A
containing 0,4-wtepct Ti addition; bottom, series B containing ].0Mn-0.7551-0n4T| addition.




nonconsumable electrode vacuum arc melt-
ing and homogenized for 20 h at 1,225° C.
The 100-g alloy buttons were rolled at
1,000° C wusing a 20-pct reduction per
pass; rolling characteristics were poor,
with major edge cracking occurring on the

first pass. It was decided to try minor
additions of Ti, Mn, and Si to improve
workability.

Two more series of the same composition
with these minor additions were melted.
The first series (A) contained a 0.4Ti
addition to tie up any trace carbon in
the material; the second series (B) con-
tained the 0.4Ti addition plus minor ad-
ditions of Mn (1.0 wt pct) and Si (0.75
wt pct) to aid in tying up trace impuri-
ties such as sulfur. These two series
were rolled to 0.l1-in sheet at 1,000° C,
again using a 20 pct reduction per pass
after a reduction of 10 pct on the first
pass. Figure 4 shows the two alloy

series after rolling at 1,000° C. The
upper series 1s the nine alloy composi-
tions from table 3 with an 0.4Ti addition
shown from left to right. The lower se-
ries contain the minor Ti, Si, and Mn ad-
ditions. The favorable effect of Si and
Mn is readily apparent; rolling charac-
teristics were improved over those of the
series with Ti additions alone.

All 12Cr or 17Cr alloys with minor
additions of Si and Mn were successfully
reduced to sheet form. These six com-
positions showed no indication of sur-
face or edge cracking. The 10Cr alloys
(the middle three specimens 1in figure 4)
exhibited improved rolling character-
istics with Si and Mn additions, but
edge and surface cracks were present.
Minor additions of 0.4Ti, 1.0Mn, and
0.758S1 were routinely made to subsequent
test compositions.

SELECTION OF A PRELIMINARY COMPOSITION FOR PROPERTY EVALUATION

A preliminary test composition was se-
lected to characterize the system more
completely. Since it was desirable to
conserve Cr, the Fe-12Cr-8Ni-4A1 compo-—
sition (composition Al, table 3) was
selected as a starting point. The micro-
structure of this alloy after homogeniza-
tion for 20 h at 1,225° C, rolling at
1,100° C, and holding for 20 h at 750° C
to insure full precipitation showed a
dense population of second-phase precipi-
tates 1in an a-Fe matrix (fig 5). The
proportion of second phase appeared
greater than that required for effective
strengthening. To decrease the propor-
tion of second-phase precipitate, the Ni
content was reduced below the atomic ra-
tio required for NiAl; the Al content was
maintained at a minimum of 4 wt pct to
supplement Cr for oxidation and corro-
sion resistance. Thus, a series of al-
loys with the Ni content decreasing from
8 to 4 wt pct was melted as 100-g but-
tons, homogenized at 1,225° C, rolled to
0.100-in sheet at 1,100° C, and held at
750° C in air for 20 h to insure full
precipitation. The microstructures of
this alloy series are shown in figure 5.
As the Ni content declined, the second-
phase precipitates were refined; this was
particularly true for grain boundary

precipitates. The Fe~12Cr-5Ni-4Al compo-
sition exhibited a microstructure of fine
second-phase precipitates in an o-Fe ma-
trix; grain boundary precipitates were
discontinuous, and the intragranular pre-

cipitates were of a size suitable for
dispersion strengthening. This composi-
tion was selected for more complete
characterization.

Of interest at this stage of the inves-
tigation were the ease of scale-up to
larger ingot size and the opportunity to
gather more extensive information on one
composition. The following were of spe-
cific interest:

1. Scale-up potential to 50- to 100-1b
ingot size.

2. A more detailed analysis of precip-
itate size, morphology, and composition.

3. An evaluation of oxidation and sul-
fidation resistance compared with those
of conventional stainless steels.

4, An evaluation of mechanical proper
ties at room temperature and elevated
temperature.



Fe-12Cr-8Ni-4A|
TN RO N Decreasing nickel

Fe-12Cr-7Ni-4Al

Fe-12Cr-6Ni-4Al

Fe-12Cr-5Ni-4Al

Fe-12Cr-4Ni-4Al

FIGURE 5. - Series of Fe-12Cr-4Al alloys with decreasing Ni content. As Ni is reduced, the precipitate structure is
refined (X 1,400).



EVALUATION OF THE Fe-12Cr-5Ni-4A1 ALLOY

An 80-1b charge of the Fe-Cr-Ni-Al
alloy was melted in a vacuum induction
melting furnace and cast in a split steel
mold with an exothermic hot top. The 80-
1b charge was loaded 10 wt pct high on
the Cr and Al additions and 20 wt pct
high on the Mn addition, based on past
experience with similar alloy composi-
tions. After casting, an X-ray examina-
tion indicated that the ingot was sound
throughout, and after scalping and clean-
ing, the ingot was homogenized for 20 h
at 1,225° C. The ingot was forged and
rolled at 1,100° C to sheet form using a
20-pct reduction per pass with intermedi-
ate reheating between each pass.

Prior to final reduction to specimen
sheet thickness, the material was held at
750° C for 20 h to insure full precipita-
tion and given a final 30-pct reduction
to final thickness at 750° C. The final
reduction was conducted at a 10-pct re-
duction per pass to break up any continu-
ous graln boundary precipitation.

Chemlical analysis of the ingot yielded
the following composition:

Fe(bal)-13.1Cr-4.86Ni-3.59A1-1.23Mn~
0.9481-0.39T1-0.019C.

Specimens were prepared for metallograph-
ic, SEM, and TEM examination; sulfidation
testing; oxidaticn testing; and room—
temperature and elevated—-temperature me-
chanical property evaluation.

METALLOGRAPHIC, SEM, AND TEM
EXAMINATIONS

The micreostructure of the nominal Fe-
12Cr-5Ni-4A1 alloy 1is shown 1in figure 6
at magnifications of (4) X 400 and (B)
X 1,400, A very fine wuniform precipi-
tate dispersion was achieved. The pre-
cipitates were difficult to fully re-
solve by optical metallography even at
X 1,400. SEM photographs of the sample
were obtalned to resolve the individual
precipitate particles. An SEM micrograph
taken at X 15,000 magnification and 30 kV
is shown 1in figure 7. The size of the
particles ranges from 0.05 te 0.25 pm,
with an average length of approximately
0.15 um (1,500 A).

FIGURE 6. - Microstructure of nominal Fe-12Cr-5Ni-4Al alloy. 4, At X 400; B, at X 1,400,
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FIGURE 7. - Scanning electron micrograph (SEM)
of Fe-12Cr-5Ni-4Al alloy (X 15,000).

Thin slices of the nominal Fe-12Cr-5Ni-
4A1 alloy were cut with a diamond saw and
then chemically polished and thinned for
study in the transmission electron micro-
scope (5). A transmission electron mi-
crograph is shown in figure 8. A finely
dispersed second-phase precipitate of the
ordered phase g-NiAl was revealed which
was determined to have a B2(CsCl) super-
lattice structure. The semicoherent pre-
cipitates shown in figure 8 contain in-
terfacial dislocations similar to those
recently described for NiAl precipitates
in Fe-19Cr alloys (6). Superlattice-
centered dark field images corresponding
to selected area electron diffraction
patterns showed the precipitates to be
ordered particles with a 1lattice parame-
ter very close to the matrix. Again the
precipitates averaged approximately 0.15
pm (1,500 A) in length.

SULFIDATION RESISTANCE

The sulfidation resistance of the nomi-
nal Fe-12Cr-5Ni-4A1 alloy was compared

with that of three conventional stainless
steels 1n a sulfur vapor plus steam at-
mosphere at 1,250° F. Three alloys were
selected for comparison:

316 stainless steel (Fe-18Cr-12Ni-2Mo).
304 stainless steel (Fe-18Cr-8Ni).
310 stainless steel (Fe-25Cr-20Ni).

Specimens 1/2 in by 6 in by specimen
sheet thickness were prepared, and all
surfaces were ground to a 240-grit metal-
lographic finish, The specimens were
welghed prior to testing and after expo-
sure to sulfur vapor plus steam and care-
ful scale removal. The weight loss was
converted to a corrosion rate in mils per
year. The effectiveness of the Fe-Cr-Ni-
Al alloy in resisting sulfur environments
is most dramatically demonstrated in ta-
ble 4. The data are also plotted graphi-
cally in figure 9. The following conclu-
sions can be drawn from the data:

l. Corrosion rates for types 304 and
316 stalnless steel are four and five
times greater, respectively, than those
for the Fe-Cr-Ni-Al alloy.

2. Corrosion rates for type 310 stain-
less steel are three times greater than
those for the Fe-Cr-Ni-Al alloy.

TABLE 4. — Corrosion properties of
Fe—-Cr-Ni-Al alloy compared with
those of commercial stainless
steels in sulfur vapor with steam

at 1,250° F
Corrosion rate after
Alloy fixed duration test,
designation mpy
9 18 27
days days days
316 stainless steel 66 27 19
304 stainless steel 63 19 15
310 stainless steel 52 15 12
Fe-Cr-Ni-Al.ceeeveo 14 5 4
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FIGURE 8. - Transmission electron micrograph (TEM) of nominal Fe-12Cr-5Ni-4Al alloy;
precipitates are semicoherent (X 60,000).

The data indicate that small additions of
Al can be successfully incorporated into

this type of 1low—-CrNi alloy to yield a
low—-cost stainless steel, and that sig—
nificant advantages can be gained in
these hostile environments in terms of
conservation of critical and strategic
minerals,
OXIDATION RESISTANCE
The oxidation resistance of the Fe-

Cr-Ni-Al alloy was compared with that

of the same three commercial stainless
steels plus a fourth commercial alloy,
29Cr-4Mo, that has high Cr but contains
no Ni. The cyclic oxidation tests were
carried out in static air at 700° C.
Specimens 1 in by 1 in by specimen sheet
thickness were prepared to a 240-grit
finish and weighed prior to testing and
periodically throughout the test, which
was curtailed after 400 h. Data are
plotted in figure 10.
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The nominal Fe—-12Cr-5Ni-4A1 alloy
showed oxidation resistance markedly su-
perior to that of types 304 and 316

stainless steels, which have 1-1/2 times
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FIGURE 10. - Oxidationrate of Fe-12Cr-5Ni-4Al
alloy at 700° C compared with rates for some com-
mercial stainless steels.

The exceptional performance of the al-
loy again demonstrates the effectiveness
of Al additions in achieving comparabil-
ity with alloys of considerably higher Cr
and Ni contents.

MECHANICAL PROPERTIES
Room-temperature and elevated-tempera-

perature mechanical properties and stress
rupture properties of the Fe-Ni-Cr-Al al-

loy are compared with those of type 310
stainless steel in tables 5 and 6. The
room—-temperature yield strength of the

Fe-Ni-Cr-Al alloy i1s considerably higher
than that of type 310 stainless steel,
indicating effective strengthening by the

the Cr content and approximately twice
the Ni content, and was equivalent to second-phase dispersion. The elongation
that of type 310 stainless steel, which at room temperature indicates that some
has twice the Cr and four times the Ni compromise 1is necessary to sacrifice
content. Oxidation was also superior to room-temperature strength to enhance duc-
that of the 29Cr-4Mo alloy. tility to the 10- to 25-pct elongation
TABLE 5. - Tensile properties of Fe-12Cr-5Ni-4Al alloy compared
with those of type 310 stainless steel
Test Ultimate tensile | Yield strength Elongation,
temperature Alloy strength, (0.2-pct offset), pct
psi psi
ROOMe s esses | Fe~Cr-Ni-Al 110,000 92,500 6
Type 310 95,000 45,000 45
700° C..... | Fe—Cr-Ni-Al 24,000 14,000 34
Type 310 45,000 16,000 40
800° C..... | Fe-Cr-Ni-Al 10,000 7,000 39
Type 310 28,000 12,000 40




TABLE 6. -- Stress rupture properties
of Fe-Ni-Cr-Al alloy compared with
those of type 310 stainless steel

Test Stress, Rupture life, h
temp, °C | kg/in? | Fe—-Cr-Ni-Al [ Type 310
600ccesne 30 50 200
7000 00ces 15 2 30

12 31 80

10 102 110
800csevss 6 3 30

4 21 100
range. The yield strengths at 700° C are
roughly equivalent, while at 800° C the
stirength of the Fe-Ni-Cr—-Al falls off
rapidly. It was evident that at 800° C

the strengthening effect of the NiAl dis-
persion was largely ineffective.

700° C
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Specimens of the nominal Fe-12Cr-5Ni-
4A1 alloy, after rolling at 1,100° C,
soaking at 750° C for 20 h, and a final
rolling at 750° C, were heattreated to
study the effect of testing temperature
on elevated-temperature strength. Speci-
mens were soaked at 600°, 700°, 800°, and
900° C and water—quenched to determine
the high-temperature stability of the
precipitates. A series of micrographs,
showing that solution of the B-NiAl phase
begins between 700° C and 800° C, appear
in figure 11. After soaking at 600° and
700° C prior to water quenching, the pre-
cipitate dispersion was unaffected. How—
800° C substantial

ever, after 45 min at
gsolution of the R-NiAl precipitates had
occurred, and after 30 min at 900° C,

Increasing solution heat
treatment temperature

800° C

900° C

FIGURE 11. « Tensile specimens of Fe-12Cr-5Ni-4Al alloy after soaking at various temperatures

prior to quenching (X 1,400).
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re-solution of the precipitate
dispersion had occurred. The decline in
elevated-temperature strength at 800° C
can thus be attributed to solution of the
precipitate dispersion.

complete

Stress rupture properties of the Fe-Ni-
Cir~Al alloy were generally lower than
those of type 310 stainless steel, again
indicating that B-NiAl dispersion was
not particularly effective in providing
strength to 800° C.

To improve high-temperature strength,
it is necessary to prevent complete re-
solution of the B-NiAl at 900° C.

A serles of 46 compositions of Fe-Ni-
Cr-Al alloys was melted 1in the form of
100-g ingots. Aluminum was held constant
at 4 wt pct, Ni was varied between 8 and

12 wt pct, and Cr was varied between 12
and 17 wt pct. Metallographic specimens
were cut from each ingot and held at

600°, 700°, 800°, and 900° C for up to 20
h prior to water quenching. Figure 12 is
a psuedo-phase diagram showing composi-
tions where the a + B microstructure is
stable to 900° C. Metallographic exami-
nation showed that some re-solutlon of
the B-NiAl had occurred in these composi-
tions, but sufficient B-NiAl remained in
the form of fine dispersions to provide
strengthening at temperature. This re-
search will provide the basis for selec-
tion of second-generation compositions
where the strengthening observed at room
temperature should extend to elevated
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FIGURE 12. - Fe-4Al alloys with varying Crand

Ni contents showing compositions where the a + 8
structure is stable to 900°C.

matching or surpassing the
of 310 stainless
superior hot-

temperature,
mechanical properties
steel while retaining the
corrosion properties.

DISCUSSION, SUMMARY, AND CONCLUSIONS

A new concept for a sulfidation-resist-
ant steel with aluminum additions was
devised. Workable alloys with suitable
microstructure were achieved, and a test
composition of Fe—-12Cr-5Ni-4A1 was se-
lected to evaluate properties. While the
composition selected was definitely pre-
liminary, the property evaluation yielded
a very promising combination of proper-—
ties that can be summarized as follows:

l. Sulfidation and oxidation resist-
ance were excellent,

2. Mechanical properties at room tem-
perature indicated that the precipitate
dispersion provides adequate strengthen-
ing, but compromises are in order to mod-
erate strength and increase the room-
temperature ductility.

3. Precipitation hardening was not
sufficiently stable to maintain the
strength at elevated temperature. This
was associated with solution of precipi-
tates within the temperature range of
interest, 600° C to 900° C. Preliminary



studies have indicated that an adjustment
of the Cr and Ni levels can effectively
increase the stability of the precip-
itates and should result in improved
elevated-temperature strength,

4, A goal of surpassing the elevated-
temperature properties of type 310 stain-
less steel has been set.
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Overall, the concept appears viable,
and the chances for a new low-cost, low-
Cr alloy for use in severe corrosion en-
vironments at temperatures to 800° C ap-
pear good. The goal of conservation of
strategic and critical minerals (Cr and
Ni) and the potential for improved pro-
ductivity through the removal of materi-
als limitations should both be furthered.
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