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CONSTITUTION, METALLURGY , AND OXIDATION RESISTANCE
OF
IRON-CHROMIUM~-ALUMINUM ALLOYS

Walston Chubb, Sam Alfant, Arthur A, Bauer, Edward J. Jablonowski,
Fred R. Shober, and Ronald F. Dickerson

The constitution of iron-chromium-aluminum alloys has been investigated
employing high-purity materials. Ternary sections illustrating the results are
presented. The limits of the alpha-plus-sigma region are found to extend from
33 to 63 w/o chromium at 600 C. At 750 C these limits decrease to 38 and 57
w/o chromium. Sigma is found in olloys containing @ maximum of about 9 w/o
aluminum at 600 C and 4 w/o aluminum at 750 C. The limits of the alpha solid-
solution region were investigated between 500 and 900 C. No observable change
in limits occurred between 500 and 750 C. However, between 750 and 900 C the
AlCry phase decomposes resulting in e slightly expanded alpha region in the high-
chkromium alloys. Sigma is found to be unstable below 600 C in alloys of sigma-
phase composition. Sigma formation and decomposition occur reversibly above
and below this temperature. The nature of the products of the reaction below
600 C has not been determined.

4 detailed investigation of the physical metollurgy of iron alloys con-
taining 25 to 35 w/o chromium ond 3 to 8 w/o eluminum has been made in an
attempt to define the limits of usefulness of these materials as structural materials.
It is possible to melt and fabricate all alloys within this composition range, but
extraordinary care must be used to avoid embrittlement from undesirable impurities
such as carbon, from oxide drosses, from unfavorable grain size and structure, and
from internal cracking caused by rapid cooling. Suitable methods for casting and
fabricating these alloys are described. The deformation processes of iron-chromium-
aluminum alloys are reported and a ductility transition which varies with alloy
content is attributed to the interaction of a twinning mode of plastic deformation
and a cleavage mode of fracture.

The oxidation resistances of iron-23.7 u’/o chromium-6.0 w/o aluminum
alloy and of nickel-20.0 w/o chromium-1.1 w/o niobium alloy have been compared
at 1900 and 2100 F (1040 and 1150 C) in air atmospheres containing additions of
{1) water vapor, (2) carbon dioxide, and (3) combinations of water vapor and
carbon dioxide. The iron-chromium-aluminum alloy was more oxidation resistant
than the nickel-chromium-niobium alloy in all atmospheres at 2100 F (1150 C).
Minimum oxidation of both alloys occurred in en atmosphere of air plus 2.5
volume per cent water vapor.

INTRODUCTION

Iron-chromium-aluminum alloys have been used commercially for many years
as electrical-resistance heating elements, In this application, they have distinguished
themselves for superior oxidation resistance at very high temperatures (up to 1300 C).
This oxidation resistance has been attributed to the formation of a dense protective film
of nearly pure alumina on the surface of the alloys. 1- As electrical heating ele~

(1) References at end of report,




ments, iron~chromium=-aluminum alloys have also developed a reputation lor sagging
and becoming brittle in use, Low creep stroength and rapid grain growth are reported
to be the causes of this behavior! 1). The sagging tendency can be corrected by proper
design and support of the heating elements; the grain growth is reported to be retarded
by the addition of certain inhibitors, such as titanium or zirconium( 1},

With structural applications in mind, the engineering properties of iron-
chromium=-aluminum alloys have becn investigated. 2-6) As expected, the high-
temperature strength of the alloys was found to be low, but not prohibitively low for
such an application. More serious, however, was the discovery that the alloys did not
show reproducible cold-rolling ductility at the iron-25 w/o chromium-5 w/o aluminum
level and that the iron-35 w/fo chromium~7.5 w/o aluminum alloy could not be cold
rolled at all, and often showed poor hot~fabrication characteristics, The work re-
ported herein represents a continuation of these studies, The metallurgy of iron~
chromium=~aluminum alloys has been further detailed, and an attempt has been made to
clarify the lack of reproducible fabrication characteristics of the materials,

Because of this lack of reproducibility of the fabrication behavior of iron-
chromium=-aluminum alloys, the character of secondary phascs normally, or even
rarely, present has received special scrutiny., The iron~chromium sigma phase with
its vccasional habit of appearing in steels of compositions far removed from the stoichi-
ometric, FeCr, composition has been the subject of an investigation intended to show
whether sigma or any aluminum~rich compound could be a contributing factor to the
brittle behavior of some alloys. An investigation of the physical metallurgy of iron-
chromium-aluminum alloys was undertaken on the supposition that the irreproducibility
might be caused by some minor impurity or by some chance variation in melting, cast-
ing, or fabrication techniques, Studies of the oxidation behavior of iron=-chromium-
aluminum alloys at very high temperatures represent extensions of previous
studies'“? 72% which were also intended to define the utility and limitations of this re-
markable group of ferritic alloys. Additional work of this type will undoubtedly be re-
quired as the techniques for preparing these materials become more thoroughly under~
stood and as materials of more uniform behavior become available and as engineers
become acquainted with their unusual properties and ranges of application, Recent
studies of the casting, fabrication, mechanical properties, and oxidation resistance of
alloys containing up to 25 w/o chromium and 11 w/o aluminum(7) suggest that these ma-
terials may find use as boiler tubes,

CONSTITUTION OF IRON-CHROMIUM-ALUMINUM ALLOYS

Background

As early as 1927, Chevenard!8) suggested that a compound existed at approxi-
mately 50 a/o chromium in the binary iron-chromium system. In 1927, Bain and
Grifliths confirmed the existence of an intermetallic compound in iron-chromium al-
loys, and called it the sigma phase. Cook and Jones 10), in 1943, investigated the iron-
chromium system and showed that at 600 C, sigma extended from 42 to 48 w/o chro-
mium. They also showed that sigma existed in alloys containing as little as 24 w/o




3 .

chromium, However, it was later shown by Anderson and Jettel11) that the limits of
existence of the sigma i)hase were altered by the presence of silicon and manganese,
According to Vollers(! ), silicon greatly promoted the formation of the sigma constitu-
ent, High=-purity alloys that contained less than 25 w/o chromium after extended heat
treatments showed no sigma phase, and iron-chromium alloys containing between 8 and
10 w/o silicon and only 11 w/o chromium showed definite evidences of sigma phase,
Nicholson, Samans, and Shortsleeve reporied that an increase in carbon content
accelerated the formation of the sigma phase., The effect of carbon was determined by
comparing the threshold time of two alloys which contained the same amount of chro-
mium in solid solution, but which contained different amounts of carbon. (They defined
"threshold time'" as the minimum time required to develop enough sigma to produce de-
tectable X~ray diffraction lines.) The threshold time for both of these alloys was deter-
mined for a series of temperatures between 595 and 745 C. In every case the threshold
time for the higher carbon alloy was less than the ithreshold time for the lower carbon
alloy.

In previous work it was found that the precipitation of cubic chromium carbide was
complete before sigma began to form. It appears that the primary influence of carbon
was to combine with chromium and iron, and. thereby, to reduce the "effective! amount
of chromium, that is, the chromium in solid solution., According to Tofaute, Kuttner,
and Bittenghaus , the cubic carbide for these alloys should contain 68 w/o chromium,
26,5 wfo iron., and 5, 5 w/o carbon,

With regard to the ternary iron-chromium-aluminumn system, the only reported
original work was completed in 1940 by I. I. Kornilov 1 . This study was subsequently
discussed by Case and Van Horn'"’', Kornilov reported an incomplete phase diagram at
room temperature, as shown in Figure 1, and a similar section for the same alloys
after quenching from 1150 C, shown in Figure 24, In regard to the nomenclature used by
Kornilov, o3 designated an iron-chromium=-aluminum solid solution; ¢3 was a product of
a peritectic reaction, liquid plus «j » «3; and sigma, ¢, designated the compound FeCr,
He also reported that alloys quenched from 1150 C and containing approximately 30 to
40 w/o aluminum produced two phases, u; and =3, and, as the concentration of alumi-
num was increased, the quantity of €3 was increased, with the disappearance of 3 in
alloys above 40 w/o aluminum.

The problem of the hardening and embrittlement of ferritic chromium stainless
steels at temperatures below 600 C has not been clearly resolved in spite of extensive
investigations., Fisher, Dulis, and Carroll10) discovered a chromium-rich body-
centered=-cubic precipitate in alloys annealed below 600 C, Williams and Paxton(17,18)
reported that a miscibility gap existed below 600 C and was joined by one or two eutec-
toid reactions to the sigma-forming regions, and that this gap resulted in the precipita-
tion of a chromium-rich phase which was always coherent with the matrix, Tisinai and
Samans{19) studied the hardening effects of several 24 to 30 w/o chromium steels at
475 C, and found that hardening at that temperature was the result of coherent precipi-
tation of a chromium-rich phase, the nature of which was not entirely clear. They
showed that in alloys containing normal amounts of carbon, the temperature and time of
prior heat treatments affected the hardening, apparently because of destruction of po-
tential hardening nuclei by carbide nucleation. And in corroboration of these observa-
tions, Wright(2 and Lorrell21) showed that 475 C hardening occurred in relatively pure
iron~-chromium alloys, but that the rate of hardening in high-purity alloys seemed to be
appreciably lower, due probably to the absence of hardening and straining effects from
precipitated carbides,
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. alumunum alloy contaimng 220 ppm oxygen, U ppmn carbon,
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nium will usually fabricate to sound wrought material; whereas a perfect ingot of purer
metal of the same nominal composition but large grained will often crack into fragments
in the initial breakdown, Figure 38 suggests that the iron~-35 w/fo chromium~-7 w/o
aluminum alloy can be forged at 1100 to 1200 C and hot rolled at 850 to 1000 C. The
materials prepared in this research were usually forged from a furnace at 1260 C and
rolled from a furnace at 1000 C., Once the initial breakdown was achieved, it was often
found best to continue fabrication as rapidly as possible down to finished size without
reheating to take advantage of the smaller grain size produced by working, Tempera-
tures above 1260 C and lengthy reheating schedules were found undesirable because of
rapid grain growth and resultant aggravation of any tendency for hot shortness from
trace impurities, Some of the first ingots prepared of iron-25 w/o chromium-5 w/o
aluminum alloy were hot rolled from a furnace at 800 C with excellent results except
that the hot-rolled structures were excessively elongated in the rolling direction.

Figure 44 suggests that fabrication procedures may have some effect on the grain
size and impact transition temperature of iron-chromiume-aluminum alloys; because of
this rolling procedures were standardized as much as possible by specifying 1000 C as
the hot-rolling temperature regardless of composition. With the exception of the sam-~
ples reported in Figure 44, all impact specimens were machined directly from hot-
rolled stock, and were tested without further treatment, Figure 44 is believed to show
a correlation with the grain-size data of Table 6. That is, it is very likely that the in-
crease in transition temperature shown in Figure 44 was caused by the same increase
in grain size and agglomeration of impurities in the grain boundaries as described in
Table 6. It is not possible to separate these two effects of annealing at this time. Con~
versely, it is believed that the change in bend ductility in increasing the annealing tem-
perature from 800 to 1000 C is related to a change in what might be called a transition
temperature for bending; i. e, , the sample in Table 6 annealed at 1000 C which cracked
in bending at room temperature probably would not have cracked in bending at 50 or
75 C. This line of reasoning suggests that the impact transition temperature can be
used to predict bending or cold-rolling ductility transitions, provided that a small tem~
perature correction for the difference in deformation rates is applied. This deduced
relation was used to predict a temperature for successful warm rolling of iron-35 w/o
chromium-7 w/o aluminum alloys which are brittle at room temperature.

Because of the high thermal-expansion coefficients of iron=chromium-~aluminum
alloys, particularly the higher aluminum alloys, and because of the possibility of hot
shortness of ingots, it is not desirable to chill cast iron-chromium-aluminum alloys for
any reason., Chill casting promotes columnar grain growth and internal cracking from
differential contraction, Ingots cast in copper during this research often showed co-
lumnar grains to the center, and some broke in half on removal from the mold. Ingots
cast in fairly thin~walled steel or cast iron or graphite or zirconite molds are usually
sound and show only an outer layer of columnar grains. It is very desirable to provide
the ingot with a hot top of suitable heat content and capacity since these alloys are fully
"killed" and show considerable solidification shrinkage and a pronounced tendency to
pipe. Severe piping has very little effect on the fabrication behavior of these alloys,
and is important only to the extent that it affects the internal soundness of the product.
Heating of the mold and hot top to a red heat may be useful in cases where chill cracking
seems to occur,
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FIGURE 44. EFFECT OF AN ANNEALING TREATMENT ON THE IMPACT TRANSITION
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Effect of Basic Alloying Elements

Ham and Carr{%8) have shown that vacuum-melted binary iron-chromium alloys
containing 20 to 35 w/o chromium and 50 to 160 ppm carbon have impact transition tem-
peratures in the range from -50 to +10 C. Figures 45 through 47 show the effect of
increasing aluminum content upon these alloys. The data show that in the range of 25
to 35 w/o chromium and 3 to 8 w/o aluminum each per cent of aluminum added to the
alloy raises the impact transition temperature by about 50 C, On the other hand, a
comparison of these figures suggests that increasing the chromium content from 25 to
35 w/o has no appreciable effect on the impact transition temperature. This is in
agreement with the work of Ham and Carr who showed no significant change in the
impact transition of binary iron-chromium alloys from 20 to 35 w/o chromium.

The behavior of iron~35 w/o chromium~7 to 8 w/o aluminum alloys in impact tests
at temperatures above the brittle-ductile transition temperature was interesting, and
suggests a problem in handling of this alloy in manufacturing of parts, Figure 48 shows
an impact specimen of iron-35 w/o chromium-8 w/o aluminum alloy containing 50 ppm
carbon and which absorbed 100 ft-1b of energy in an impact test at 275 C. This alloy is
definitely ductile at 275 C, yet the ground surfaces show signs of brittle cracking., It is
believed that these cracks are grinding cracks produced by the high thermal~-expansion
coefficient of the metal combined with local heating by the grinding wheel while the
mass of the material was at some temperature below 275 C, While this type of cracking
is evidently not serious for a thick specimen such as an impact bar, cracks of this mag-
nitude could have serious effects on thin sheet,

Effects of Special Alloying Additions

Carbon., Attempts to define the effect of carbon upon the impact strength of iron-
chromium-aluminum alloys in the range from 20 to 100 ppm carbon have been futile,
However, significant results have been achieved by adding carbon to these alloys. The
results shown in Figure 49 seem to indicate a steady increase in transition temperature
with increasing carbon content from 30 to 700 ppm. However, reference to Figure 45
shows that the iron-25 w/o chromium-5 w/o aluminum alloys containing 40 to 60 ppm
carbon may have transition temperatures between 70 and 150 C., It is not clear, there-
fore, that carbon is responsible for the trend of increasing transition temperatures from
30 to 290 ppm carbon, It is clear, however, that 600 to 700 ppm carbon does signifi-
cantly embrittle iron-25 w/o chromium~5 w/o aluminum alloys. The results suggest
that for best results these alloys should contain a maximum of 100 ppm carbon if only
because this represents a high level of alloy cleanliness,

Oxygen. The results shown in Figure 41 suggested that oxygen additions might
aid in producing more ductile iron-chromium-~aluminum alloys. Attempts to add oxygen
in the form of Fe 304 were unsuccessful, and it scon became clear that the raw electro-
lytic chromium contained more than enough oxygen to produce a voluminous dross which
resulted in heavy skulls in the crucibles, and greatly reduced metal yields. Some of
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0 Fe+24-25 w/o Cr+4 w/o Al+90-220 ppm O+20ppm C
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FIGURE 45. EFFECT OF ALUMINUM ON THE TRANSITION TEMPERATURE OF IRON-25 w/o CHROMIUM ALLOYS
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Symbol Composition
VvV Fe+ 30 w/o Cr+5 w/o Al +250 ppm O+ 60 ppm C
OO0 Fe+ 30 w/oCr+6w/o Al +320 ppm O + 50 ppm C
O Fe+ 30 w/o Cr+7w/o Al+420 ppm O+40ppm C
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FIGURE 46. EFFECT OF ALUMINUM ON THE TRANSITION TEMPERATURE OF IRON-30 w/0 CHROMIUM ALLOYS
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Symbol Composition
v Fe+35wh Cr+5wlh Al+680 ppm 0+60 ppm C
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RM9342

GRINDING CRACKS OPENED DURING IMPAGCT TESTING
OF AN IRON-35 w/0 CHROMIUM-8 w/0o ALUMINUM
ALLOY

Sample absorbed 100 ft-1b at 275 C. Hardness 240 DPH
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Fe+24 w/o Cr+5w/o Al +1120ppm O+700ppmC
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these drosses were examined and were found to be mixtures of oxide (of unknown com~
position) and metal. A distinct sulfurous odor was given off when the dross was wet.

To eliminate this dross and to increase metal fluidity and yields, a high calcium slag,
corresponding to 3Ca0C:Al120 3and melting at about 1500 C, was added to a number of
melts just before pouring. The benefits of this procedure were manifold, Skulls and
dross were almost completely eliminated and metal fluidity was noticeably improved,
The cleanliness of the resultant metal with respect to oxide clusters and stringers was
noticeably improved, and in some cases the oxygen content was reduced to less than 10
ppm. By observing the rate of melting of the artificial slag, the temperature of the
molten bath could be judged and adjusted up, or more often down, just before pouring.
No ill effects on ingot quality were observed from the use of this slag, but the amount of
slag used had to be minimized to avoid crucible erosion. One-pound heats were ob-
served to need about 1 w/o of slag to remove the dross without causing crucible erosion.
It has been found desirable to use only about 1/2 w/o of slag on larger heats to avoid
excessive crucible erosion,

It was shown earlier that when the aluminum alloy addition is made to the iron-
chromium melt, all the oxygen present is removed as alumina, and most of this alu-
mina can be removed as calcium aluminate slag, However, until the aluminum is
added, the activity of oxygen in the iron-chromium melt may be very high, and it is
possible to use this oxygen to form volatile gas molecules such as carbon monoxide and
sulfur dioxide and phosphorus pentoxide. As a result of the reaction of carbon and oxy-
gen to form volatile carbon monoxide, alloys containing as little as 20 ppm of carbon
have been produced on occasion (see analyses, Figures 41 and 45). Attempts to use
this refining process to produce alloys of superpurity have been unsuccessful. It was
found that a 60-min vacuum-refining period readily reduced the carbon content of iron~
chromium melts from about 100 ppm to about 10 ppm, but chromium losses were high,
and after adding aluminum the carbon content was found to be at least 30 ppm. This
result suggests that the aluminum, chromium, and iron should be melted and refined
separately and combined in the molten state to avoid contamination by normal handling.

Nitrogen, Sulfur, Silicon, Boron, and Hydrogen., No nitrogen, sulfur, silicon,
boron, or hydrogen has been intentionally added to any of the alloys investigated during
this research. The raw materials each contained less than 10 ppm nitrogen, and six
ingots analyzed for nitrogen all contained 10 ppm or less nitrogen, Electrolytic chro~
mium contains variable amounts of sulfur, typically 100 to 300 ppm, and analyses of 14
ingots showed sulfur ranging from 50 to 90 ppm. No noticeable effect of this range of
sulfur variation upon fabricability or impact behavior was observed, Analyses of 15
ingots for silicon showed amounts ranging from less than 100 ppm to 600 ppm, and no
effect of this range of silicon was detected. A spot check for boron on two ingots of the
same nominal alloy content but of vastly different properties disclosed that both con-
tained less than 30 ppm boron, and it was assumed that boron could not be causing the
difference between these alloys. Hydrogen analyses on over 50 ingots disclosed amounts
ranging from 0,1 to 60 ppm, and no effect of this variation was observed. Most hydro-
gen analyses were less than 10 ppm, and it is suspected that the higher analyses repre-
sent water or hydrocarbons picked up in handling the specimens used for chemical
analysis,
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Manganese, Titanium, and Vanadium, It has been observed that the fabricability
of many materials is very favorably affected by the addition of powerful deoxidants or
carbide formers, generically falling in the category of '"gettering agents'., The possi~
bility, however remote, that such agents might have utility in iron-chromium-=-aluminum
alloys cannot be overlooked, Analyses for manganese on four ingots containing no added
manganese disclosed less than 100 ppm., Typical results on a series of alloys to which
1 w/o manganese was added are shown in Figure 50, Analyses showed that each of the
alloys intended to contain 1 w/o manganese actually contained between 0.9 and 1.0 w/o
manganese, Figure 50 suggests that 1 w/o manganese has no effect on the ductility of
iron~chromium-aluminum alloys. Actually, the fabrication behavior of some of these
alloys suggests that manganese may have reduced hot shortness in forging at about
1100 C.

The addition of 0.1 w/o titanium and 1 w/o vanadium to a series of iron-35 w/o
chromium-8 w/o aluminum alloys produced results similar to those shown for manga~
nese in Figure 50, There was no significant effect of these additions upon transition
temperature, hardness, or fabrication behavior. Neither manganese, titanium, nor
vanadium produced any grain-refining effect in the castings.

Results of Arc-Melting Tests

Iron-chromium-aluminum alloys tend to be contaminated and embrittled by contact
with most common refractory materials at temperatures above 1500 C. While pure
alumina will not embrittle these alloys, the impurities present in all but the purest
alumina refractories will cause some embrittlement., Since arc melting can be done in
an inert atmosphere and involves almost no contact of molten metal with the crucible,
it represents a method by which crucible contamination can be minimized, In an at-
tempt to use this advantage of arc melting, six ingots were prepared by consumable~
electrode arc melting. The first two ingots were prepared by cold pressing electrodes
from electrolytic chromium, electrolytic iron, andhigh-purity aluminum shot. The
metal appeared mushy and sluggish during melting, but produced satisfactory ingots,
one of which is shown in Figure 31, Neither of these ingots could be forged at 1230 C,
and both were sectioned and remelted., The remelted ingots appeared cleaner, but again
both failed in forging at 1230 C, Figure 51 shows a vertical section of one of these
ingots and the nature of the failure in forging. It is apparent that arc melting consoli-
dates the few impurities in the metal into massive slag pockets in the ingot, and that the
rapid cooling inherent in arc melting results in a pronounced columnar structure in the
ingot, Both of these conditions are believed to contribute to the failure shown in Figure
51. These ingots which were nominally 35 w/o chromium-7 w/o aluminum contained
6.0 to 6. 2 w/o aluminum and 200 to 300 ppm carbon,

Four additional ingots prepared from materials of different types, both with and
without aluminum, produced essentially the same results. One ingot containing alumi-
num was badly cracked in the as-cast condition, probably from the rapid shrinkage
produced by the chill-casting effect of the water~cooled copper mold, One ingot of iron-
38 wfo chromium alloy was fabricated to bar stock for remelting, but the remelted ingot
still contained slag pockets and showed a carbon content of 170 ppm, Two ingots of
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iron~38 w/o chromium alloy were prepared by vacuum arc melting rather than under a
helium atmosphere. Both of these had extremely poor surfaces covered with pockets of
dirt or slag, and one of them contained a deep center cavity from which it looked as if
gases formed during solidification had been expelled explosively, These later two ingots
showed carbon contents of 100 ppm.,

These results show that while arc melting may eliminate crucible reactions, the
process does not allow for liquation of slags and drosses normally formed during melt-
ing of iron-chromium=~-aluminum alloys, nor does it allow for removal of volatile impu~
rities in a single melting operation; moreover, it results in a chill-cast structure which
is difficult, if not impossible, to fabricate,

Conclusions and Recommendations

Iron-~25 to 35 w/o chromium-3 to 8 w/o aluminum alloys are ferritic solid-
solution type alloys which differ one from the other only in degree,

For alloys of the purity described in this report (alloys containing about 200 ppm
oxygen and 50 ppm carbon), there appears to exist a ductility transition temperature
which is a fundamental property of the solid solution and which is dependent primarily
upon the aluminum content of the alloy, This ductility transition appears to be associ-
ated with the deformation mechanisms of the solid solution; plastic deformation occurs
by twinning on definite crystallographic planes; brittle fracture occurs by cleavage on
similar crystallographic planes. The ductility transition temperature for a particular
mode of deformation, such as by the impact test, apparently may be defined as that
temperature at which the critical stress for cleavage becomes equal to the critical
stress for twinning.

Because of the tendency of the various alloying elements to combine with nearly
all other elements, iron-chromium-aluminum alloys have very low solubilities for most
impurity atoms, Those impurities, such as carbon, which are slightly soluble and
which tend to concentrate at grain boundaries are particularly detrimental to the hot and
cold ductility of iron~-chromium-aluminum alloys. Because of the notch sensitivity of
iron-chromiume-aluminum alloys, grain~boundary impurities tend to promote hrittleness
and to raise the brittle~ductile transition temperature, It is not known whether or not a
further increase in the purity of these alloys (to a level corresponding to perhaps 5 ppm
carbon) would have an additional effect on the brittle-ductile transition temperature such
as that described by Figures 20 and 49. Grain growth and the associated redistribution
of impurities at the grain boundaries could not be separated as a cause of raised transi-
tion temperatures, Recrystallization, however, does not cause embrittlement,

Iron-chromium-aluminum alloys containing up to 35 w/o chromium and 8 w/o
aluminum are fabricable both hot and cold, However, hot fabrication of these alloys is
strongly dependent upon ingot cleanliness and grain structure, Dirt and columnar grain
structures must be avoided. Fine-grained structures are desirable and are promoted
by low casting temperatures. Recommended forging temperature is 1200 C for the iron-
35 w/o chromium~7 w/o aluminum alloy; recommended rolling temperature is 1000 C.
Slightly lower temperatures may be used for leaner alloys. Reheating for hot fabrica-
tion should be minimized,
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The iron-25 w/o chromium-5 w/o aluminum alloy can be cold rolled more than
50 per cent at room temperature. The iron-35 w/o chromium-7 w/o aluminum alloy
can be cold rolled in similar fashion at 350 C, but is brittle at room temperature,

Iron-chromium-aluminum alloys are highly reactive materials at temperatures
above 1500 C. These alloys should be melted in a vacuum (approximately 10 u absolute
pressure or less). High-density high-purity alumina crucibles have proved to be most
satisfactory for melting these alloys. Magnesia crucibles of similar purity, if avail-
able, are presumed to be equally satisfactory. The iron and chromium should be
melted and thoroughly outgassed before any aluminum is added. It is not necessary to
add the aluminum under vacuum; an inert atmosphere is equally satisfactory. After
adding the aluminum to deoxidize the melt, it is desirable to remove the resultant dross
by means of a high~calcium slag of the type 3CaO- Al)03. The use of a slag of this type
(melting at about 1500 C} increases melt fluidity and metal yields, reduces the oxide
content of the metal, and allows the temperature of the melt to be reduced to the mini~
mum desired for producing fine-grained ingots.

Arc melting is not a satisfactory method for obtaining high~purity iron-chromium-
aluminum alloys. Arc melting provides no method for removal of oxide drosses, and
the water-cooled copper hearth tends to produce columnar grain structures and internal
cracking.

OXIDATION RESISTANCE OF IRON-23,7 w/o CHROMIUM=-6, 0 w/o
ALUMINUM IN VARIOUS GAS ATMOSPHERES AT 1900 AND 2100 F

Background

The excellent oxidation resistance of iron-chromium-aluminum alloys makes them
attractive for many applications requiring oxidation-corrosion resistance at very high
temperatures, The behavior of these ferritic alloys from 1400 to 2300 F (760 to 1260 C)
in air has been reported in previous investigations(Z2, 3,4,44,07),and it has been con-
cluded that optimum oxidation resistance is obtained with iron-chromium-aluminum al~
loys containing about 6 w/o aluminum,

In commercial furnace atmospheres, small amounts of moisture, metal oxides,
sulfur dioxide, carbon dioxide, and other gases are often encountered., To evaluate the
usefulness of a high~temperature alloy in commercial air atmospheres, it is necessary
to determine the effect of such trace gases present in the atmosphere, Data on the
oxidation resistance of iron-30 w/o chromium-5 w/o aluminum and nickel-20 w/o chro-
mium alloys at 1920 and 2190 F (1048 and 1199 C), respectively, in atmospheres of air,
carbon dioxide, nitrogen, oxygen, and hydrogen, water gas, and city gas have been re-
ported by Hessenbruch, et al, 45 They found that only a hydrogen atmosphere leaves
the alloys entirely unchanged. With carbon-containing gases, e, g., water gas, a
marked carburizing effect was observed., Nitrogen reacts with the alloys, forming ni~-
trides of aluminum and/or chromium, and shortens the useful life of the alloy, Other
data(@6 through 66} serve to complement these results,
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Data from oxidation tests of an iron=-23.7 w/o chromium~6, 0 w/o aluminum and a
nickel-20.0 w/o chromium~1.1 w/o niobium alloy (tested for comparison purposes) at
1900 and 2100 F (1038 and 1150 C) in an air atmosphere containing various amounts of
moisture and carbon dioxide were obtained, Alloy sheet specimens were exposed for
100 hr at temperature in the various gas atmospheres, Weight-gain and oxide-
penetration measurements were chosen as a basis for evaluating the oxidation resist-
ance of the alloys, Oxidation tests were made in the following atmospheres flowing at
the rate of 1 liter per min;

(1) Dry air (0, 005 volume per cent H20)

(2) Normal atmosphere {air plus 0. 76 volume per cent Hz20)

(3) Air plus 2.5 volume per cent HO

(4) Air plus 2.5 volume per cent H20 plus 2.5 volume per cent CO2

(5) Air plus 5 volume per cent HO

(6) Dry air plus 5 volume per cent COp

(7) Air plus 5 volume per cent H»0 plus 5 volume per cent CO)

(8) Nitrogen plus 9 volume per cent H3O plus 6. 3 volume per cent COp plus

8. 2 volume per cent oxygen.,

Alloy Preparation and Testing

The iron-chromium-aluminum and nickel-chromium-niobium alloys used in this
investigation were obtained in the form of 0. 060-in, cold-rolled sheet. Chemical analy-
ges of the sheet showed that the iron-chromium=-aluminum alloy contained 23,7 w/o
chromium, 6.0 w/o aluminum, 0,03 w/o carbon, 0.0 w/o silicon, and 0.01 w/o man-
ganese and that the nickel-chromium-niobium alloy contained 78,9 w/o nickel, 20.0 w/o
chromium, and 1,1 w/o niobium,

Both alloys were rolled to 0,030-in, sheet at 1500 F (815 C), water quenched, and
cold rolled to 0, 015-in. sheet, The iron-chromiume=-aluminum sheet was annealed at
1400 F (760 C) for 15 min, water quenched, and vapor blasted, The nickel-chromium-
niobium sheet was annealed for 15 min at 1700 F (926 C) air cooled, and vapor blasted,
Specimens about 1 by 0.5 by 0.015 in, were cut from the alloy sheets, The length,
width, and thickness of each specimen were accurately measured with a micrometer and
the dimensions subsequently used to calculate the surface area, The specimens were
cleaned in acetone, dried, and weighed. They were placed in individual Alundum tubes
and a combined weight was recorded,

Tests were conducted at 1900 and 2100 F (1038 and 1150 C) for 100 hr, Duplicate
specimens were tested. At the conclusion of a 100~-hr run each specimen was cooled
and weighed with the accumulated oxide in the Alundum container, and weight-gain
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values were determined., Each specimen was sheared in four parts and mounted in
Bakelite such that the freshly cut edges were exposed for examination. The minimum
and average thicknesses of the unaffected metal, measured with a micrometer eyepiece
at suitable magnification, were subtracted from the original thickness of the specimen,
The differences, divided by two, were taken as the maximum and average oxide pene-
trations into the specimen, These measurements were made with a filar micrometer
eyepiece accurate to 0, 0001 in,

Photomicrographs were taken of representative areas of the as-polished edges of
each specimen,

The test apparatus used in this work is shown schematically in Figure 52, It con-
sisted of a gas flowmeter, water bath with heater and thermostat, dew pointer, and
horizontal Globar furnace. For tests in normal air, a small fan was used to obtain a
flow rate of 1 liter of air per min,

Cylinders of dry air, dry air plus 5 volume per cent CO2 mixture, and nitrogen
plus 9 volume per cent H20 plus 6. 3 volume per cent CO plus 8. 2 volume per cent O3
mixture, were purchased and supplied the various combinations of atmospheres used in
the tests. A flow rate of 1 liter of gas per min at 70 F (21 C} and atmospheric pressure
was obtained by manually operating the pressure regulators on the gas cylinders.

For atmospheres containing water vapor, the gas was passed through a frit bub-
bler into water, The amount of water vapor obtained was dependent on the temperature
of the water, which was controlled by a water immersion thermostat and heater, Once
it had passed through the water, the gas was maintained at a temperature above the
dew point of the desired atmosphere, Four or five dew-point measurements were made
each day to determine the amount of water vapor in the atmosphere prior to its passing
through the Globar furnace, Accuracy of the dew-point determinationwas + 0, 5 volume
per cent HpO, The Alundum tubes containing the test specimen were fit snugly into a
K-brick plug which was inserted in the Inconel sleeve,

Results and Discussion

Evaluation of the oxidation resistance of the iron-chromium=-aluminum alloy (and
the nickel-chromium-niobium alloy) has been made both on the basis of weight gain per
unit area per 100 hr and on the basis of maximum and average oxide penetration follow=-
ing the 100-hr test. Since iron-chromium=~aluminum alloys are being considered for
engineering applications where the amount of sound, residual metal is of prime impor-
tance, discussion of the experimental data is based only on the maximum values of
weight gain and oxide penetration.

The data of Table 10 indicate that the iron-chromium-aluminum alloy had much
better oxidation resistance than the concurrently tested nickel-chromium-niobium alloy
in all atmospheres at temperatures of 1900 and 2100 F (1037 and 1150 C). Weight-gain
and oxide~penetration values for the nickel-chromium-niobium alloy were approximately
50 per cent greater in all atmospheres at both temperatures. One exception to this
generalization was noted for certain tests in air containing 5 volume per cent water
vapor at 1900 F, In these tests the iron-chromium-aluminum alloy exhibited a higher
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TABLE 10. OXIDATION TESTS OF IRON-23.7 w/o CHROMIUM-6.0 w/o
ALUMINUM AND NICKEL-20.0 w/o CHROMIUM-1.1 w/o
NIOBIUM ALLOYS IN VARIOUS GAS ATMOSPHERES AT
1900 AND 2100 F (1038 AND 1150 C)
Temperature, Weight Gain, Penetration, 10-5 in.
Alloy F g/(cmz)(IOO hr) Maximum Average
Dry Air (0,005 Volume Per Cent H20)
Fe-Cr-Al 1900 . 0016 125 57
1900 L0022 99 33
2100 . 0037 98 27
2100 .0031 141 36
Ni-Cr-Nb 1900 . 0041 240 195
1900 . 0024 102 74
2100 .0051 166 128
2100 . 0037 273 204
Normal Air (0.76 Volume Per Cent H20)
Fe-Cr-Al 1900 . 0014 175(2) 55
1900 .0014 55 20
2100 . 0027 70 40
2100 . 0031 65 10
Ni-Cr-Nb 1900 .0030 160 70
1900 . 0025 165 60
2100 .0066 190 85
2100 . 0050 215 75
Air Plus 2.5 Volume Per Cent H20
Fe-Cr-Al 1900 .0020 41 14
1900 L0017 45 26
2100 . 0028 42 34
2100 .0023 45 12
Ni-Cr-Nb 1900 . 0024 102 26
1900 .0020 87 29
2100 . 0047 130 98
2100 . 0050 149 113
Air Plus 2.5 Volume Per Cent H20 Plus 2.5 Volume Per Cent CO2
Fe-Cr-Al 1900 .0031 29 16
1900 . 0036 115 77
2100 . 0064 45 27
2100 . 0051 109 86
Ni-Cr-Nb 1900 . 0051 151 103
1900 .0027 77 42
2100 . 0081 269 215
2100 . 0099 269 218
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TABLE 10. (Continued)

Temperature, Weight Gain, Penetration, 10-5 in,
Alloy F g/(cm?){100 hr) Maximum Average

Air Plus 5 Volume Per Cent H20

Fe-Cr-Al 1900 . 0031 74 56
1900 . 0040 72 51
2100 . 0057 41 16
2100 . 0081 112 48
Ni-Cr-Nb 1900 . 0028 96 51
1900 . 0026 131 66
2100 .0190 250 220
2100 . 0207 269 238

Dry Air Plus 5 Volume Per Cent CO2

Fe-Cr-Al 1900 . 0022 133 51
1900 .0022 48 9
2100 ,0021 149 32
2100 ,0022 114 25
Ni-Cr-Nb 1900 .0032 215 98
1900 .0025 246 125
2100 . 0067 299 198
2100 . 0059 208 166

Air Plus 5 Volume Per Cent H20 Plus 5 Volume Per Cent CO2

Fe-Cr-Al 1900 .0038 125 112
1900 L0027 123 41
2100 . 0039 143 86
2100 . 0029 29 22
Ni-Cr-Nb 1900 . 0029 141 71
1900 . 0042 109 82
2100 . 0059 176 141
2100 . 0058 197 157

Nitrogen Plus 9 Volume Per Cent H2O Plus 6,3 Volume Per Cent CO;
Plus 8, 2 Volume Per Cent Oxygen

Fe-Cr-Al 2100 . 0086 113 45
2100 . 0061 97 45
2100 .0073 58 40
2100 . 0062 51 33
Ni-Cr-~-Nb 1900 . 0036 115 83
1900 .0021 84 65
1900 . 0029 121 89
1900 .0023 139 97

(2) The high value for oxide penetration probably resulted from a defect in the specimen prior to oxidation testing.
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TABLE 11. PERFORMANCE RATINGS(® OF IRON-23.7 w/0 CHROMIUM-6/0 w/0o ALUMINUM AND
NICKEL~-20.0 w/0o CHROMIUM-1.1 w/o NIOBIUM ALLOYS IN VARIOUS GAS ATMOS-
PHERES AT 1800 AND 2100 F (1038 AND 1150 C)

Fe-Cr-Al Ni-Cr-Nb
Aumnosphere 1900 F 2100 F 1800 F 2100 F
Normal air A A B C
Dry air (0. 005 volume per cent HoO) B B C D
Air plus 2,5 volume per cent HoO A A A B
Afr plus 5 volume per cent HoO A A B D
Air plus 2.5 volume per cent HoO B B B D
plus 2.5 volume per cent COq
Air plus & volume per cent HoO B B B Cc
plus 5 volume per cent COg
Dry air plus 5 volume per cent COq B B D D
Nitrogen plus 9 volume per cent HoO (b) A B (b)

plus 6 volume per cent COg plus
8 volume per cent oxygen

(a) Based on maximum oxide penetration:

Maximum Oxide Penetration,

Rating 109 in,
A 45 to 110
B 111 to 176
C 177 to 242
D 243 1o 299

(b) Not tested,
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weight gain than the nickel=-chromiume-niobium alloy. No apparent reason was noted for
this exceptional behavior. Weight gain and oxide penetration were slightly higher at
2100 F than at 1900 F for both alloys in all atmospheres, These data suggest increased
diffusion rates at 2100 F for aluminum and chromium which provide the oxidation re-
sistance of the alloys. (45) Table 11 shows performance ratings assigned to both alloys
on the basis of maximume-~oxide~penetration data obtained from the tests in all atmos-
pheres at 1900 and 2100 F, These ratings form a basis for comparison of the oxidation
resistance of the alloys as affected by test temperatures and test atmosphere, Maxi~
mum values of oxide penetration and weight gain have been plotted against volume per
cent water vapor and volume per cent water vapor plus carbon dioxide in the test
atmospheres at 1400 and 2100 F in Figures 53 through 56,

Figures 53 and 54 show that the minimum rate of oxidation occurs in atmospheres
containing 2, 5 volume per cent water vapor. More or less water vapor in the test
atmosphere increases the oxidation rates of both alloys at each temperature. Addition
of a like amount of CO;, to atmospheres containing HpO reverses the curves as shown in
Figures 55 and 56; the maximum rates of oxidation were observed in an atmosphere of
2.5 volume per cent H20 plus 2.5 volume per cent CO,. The presence of CO in the
test atmosphere increased the rate of weight gain and the rate of oxide penetration into
the alloys at both temperatures, The deleterious effects of CO2 in the test atmospheres
suggest a possible reaction of CO2 and H20 to form an acid environment which may tend
to change the form or density of the oxidation products on the alloys. Deterioration of
the protective aluminum oxide and chromium oxide films results in depletion of the
aluminum and chromium content of the alloys near the surface with resultant acceler-
ated corrosion,

The oxidation resistance of the alloy in dry air showed improvement with additions
of water vapor., These results suggest a possible beneficial effect from free oxygen
available from decomposed water vapor., The oxygen may serve to enhance the forma-
tion of a protective oxide coating on the alloys,

Photomicrographs were taken of the as~polished surface edge of each tested
specimen with the exception of those tested in air plus 9 volume per cent HpO plus 6
volume per cent CO2. As seen in Figures 57 and 58, oxidation of the iron-~chromium-
aluminum alloys proceeded from the surface to the center of each specimen in a uniform
manner, Ferritic alloys are not susceptible to intergranular attack by gases at high
temperatures. However, Figures 59 and 60 show some evidence of an intergranular
attack on the nickel-chromium«-niobium alloy which may account for the higher rates of
weight gain and oxide penetration noted for this material,
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