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CONSTITUTION J M E T A L L U R G Y , AND OXIDATION R E S I S T A N C E 

O F 

I R O N - C H R O M I U M - A L U M I N U M A L L O Y S 

W a l s t o n C h u b b , S a m Al f an t , A r t h u r A. B a u e r , E d w a r d J . J a b l o n o w s k i , 
F r e d R. S h o b e r , and R o n a l d F . D i c k e r s o n 

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 alloys containing a 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 
AlCrtj phase decomposes resulting in a slightly expanded alpha region in the high-
chromium 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. 

A detailed investigation of the physical metallurgy of iron alloys con­
taining 25 to 35 w/o chromium and 3 to 8 w/o aluminum 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 ttcinning 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-X.O 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 an atmosphere of air plus 2.5 
volume per cent water vapor. 

INTRODUCTION 

I r o n - c h r o m i u m - a l u m i n u m a l l o y s have b e e n u s e d c o m m e r c i a U y for m a n y y e a r s 

a s e l e c t r i c a l - r e s i s t a n c e h e a t i n g e l e m e n t s . In t h i s a p p l i c a t i o n , t h e y h a v e d i s t i n g u i s h e d 

t h e m s e l v e s for s u p e r i o r ox ida t ion r e s i s t a n c e at v e r y h igh t e m p e r a t u r e s (up to 1300 C) . 

T h i s o x i d a t i o n r e s i s t a n c e h a s b e e n a t t r i b u t e d to the f o r m a t i o n of a d e n s e p r o t e c t i v e f i lm 

of n e a r l y p u r e a l u m i n a on the s u r f a c e of t he a l l o y s . ' ~ ' As e l e c t r i c a l h e a t i n g e l e -
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m e n t s , i ron-chroni ium-alui i i inum alloys have also developed a reputation lor sagging 
and becoming bri t t le in use . Low creep strength and rapid grain growth are reported 
to be the causes of this behavior*^ . The sagging tendency can be cor rec ted by proper 
design and s\ipport of the heating e lements ; the gra in growth is reported to be re ta rded 
by the addition of cer tain inh ib i to rs , such as titanium or zirconium'-^). 

With s t ruc tu ra l applications in ixiind, the engineering p roper t i e s of i ron-
chromium-a luminum alloys have been investigated. 1* "̂°/ As expected, the high-
t empera tu re strength of the alloys was found to be low, but not prohibit ively low for 
such an application. More s e r i o u s , however , was the discovery that the alloys did not 
show reproducible cold-rol l ing ductility at the i ron-25 w/o chromium-5 w/o aluminum 
level and that the i ron-35 w/o ch romium-7 . 5 w/o aluminum alloy could not be cold 
rol led at a l l , and often showed poor hot-fabricat ion c h a r a c t e r i s t i c s , ' ° ' The work r e ­
por ted herein r ep re sen t s a continuation of these studies. The metal lurgy of i ron-
chromium-aluminum alloys has been further detai led, and an attempt has been made to 
clarify the lack of reproducible fabrication cha rac t e r i s t i c s of the m a t e r i a l s . 

Because of this lack of reproducibi l i ty of the fabrication behavior of i ron-
chromium-aluminum a l loys , the cha rac te r of secondary phases normal ly , or even 
r a r e l y , p resen t ha& received special scrutiny. The iron-chroniiun-i s igma phase with 
its occasional habit of appearing in s teels of compositions far removed from the stoichi-
oixietric, F e C r , composition has been the subject of an investigation intended to show 
whether sigma or any a luminum-r ich compound could be a contributing factor to the 
br i t t le behavior of some al loys. An investigation of the physical metal lurgy of i ron-
chromium-aluminum alloys was undertaken on the supposition that the i r reproducibi l i ty 
naight be caused by some ininor impuri ty or by some chance var ia t ion in mel t ing , cas t ­
ing, or fabrication techniques. Studies of the oxidation behavior of i r on -ch romium-
aluminum alloys at very high t e m p e r a t u r e s r ep re sen t extensions of previous 
studies'' ' ' ' which were also intended to define the utility and l imitat ions of this r e ­
markable group of fe r r i t ic a l loys. Additional work of this type will undoubtedly be r e ­
quired as the techniques for p repar ing these m a t e r i a l s become more thoroughly under­
stood and as m a t e r i a l s of m o r e uniforin behavior become available and as engineers 
become acquainted with their unusual p rope r t i e s and ranges of application. Recent 
studies of the cas t ing , fabr icat ion, mechanical p r o p e r t i e s , and oxidation res i s tance of 
alloys containing up to 25 w/o chromium and 11 w/o alunninum^'^ suggest that these m a ­
t e r i a l s may find use as boiler tubes . 

CONSTITUTION O F IRON-CHROMIUM-ALUMINUM ALLOYS 

Background 

As ear ly as 1927, Chevenard' ' suggested that a compound existed at approxi­
mately 50 a /o chromium in the binary i ron -chromium sys tem. In 1927, Bain and 
Griff i ths ' '^ confirmed the existence of an in te rmeta l l ic corapound in i ron-chromium a l ­
loys , and called it the s igma phase . Cook and Jones^ ' , in 1943, investigated the iron-
chromium sys tem and showed that at 600 C, s igma extended from 42 to 48 w/o ch ro ­
mium. They also showed that s igma exis ted in alloys containing as lit t le as 24 w/o 
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chromium. However, it was la ter shown by Anderson and Jette"-'^' that the l imits of 
existence of the s igma phase were a l t e red by the p resence of silicon and manganese . 
According to Vollers^-'- ' , silicon grea t ly promoted the formation of the sigma const i tu­
ent. High-puri ty alloys that contained l e s s than 25 w/o chromium after extended heat 
t r ea tmen t s showed no s igma p h a s e , and i ron -ch romium alloys containing between 8 and 
10 w/o sil icon and only 11 w/o chromium showed definite evidences of sigma phase , 
Nicholson, Samans , and Shortsleeve^ ' r epor ted that an inc rease in carbon content 
acce le ra ted the formation of the s igma phase . The effect of carbon was determined by 
comparing the threshold time of two alloys wMch contained the sarxie amount of ch ro ­
mium in solid solution, but which contained different amounts of carbon. (They defined 
" threshold t i m e " as the iiiinimum t ime requ i red to develop enough sigixia to produce de ­
tectable X - r a y diffraction l ines, ) The threshold t ime for both of these alloys was de te r ­
mined for a s e r i e s of t e m p e r a t u r e s between 595 and 745 C. In every case the threshold 
t ime for the higher carbon alloy was l e s s than the threshold t ime for the lower carbon 
alloy. 

In previous work it was found that the precipi ta t ion of cubic chromium carbide was 
complete before s igma began to form. It appears that the priir iary influence of carbon 
was to combine with chromium and i ron , and, the reby , to reduce the "effective" amount 
of ch romium, that i s , the chromium in solid solution. According to Tofaute , Kuttner , 
and Biittenghaus^ , the cubic carbide for these alloys should contain 68 w/o chromium, 
26. 5 w/o i ron , and 5. 5 w/o carbon. 

With r ega rd to the t e rna ry i ron-chromium-a lun i inum sys t em, the only repor ted 
original work was completed in 1940 by I. I. Kornilov^ ' . This study was subsequently 
d iscussed by Case and Van Horn^ ' . Kornilov repor ted an inconnplete phase diagram at 
room teiTiperature, as shown in Figure 1, and a s imi la r section for the same alloys 
after quenching from 1150 C, shown in Figure 2, In r e g a r d to the nomenclature used by 
Kornilov. cij designated an i ron -chromium-a luminum solid solution; t j was a product of 
a per i t ec t i c reac t ion , liquid plus cij ^ t j ; and s igma, o-, designated the compound FeCr . 
He also repor ted that alloys quenched from 1150 C and containing approxinaalely 30 to 
40 w/o aluminum produced two p h a s e s , u^ and t 3 , and, as the concentrat ion of a lumi-
niuiiwas i nc r ea sed , the quantity of £3 was inc reased , with the disappearance of 1x3 in 
alloys above 40 w/o aluminum. 

The problemi of the hardening and embr i t t l ement of fe r r i t i c chromium s ta in less 
s teels at t e m p e r a t u r e s below 600 C has not been c lear ly resolved in spite of extensive 
invest igat ions. F i s h e r , Dul is , and Car ro l ' ^ ' d iscovered a ch romium-r i ch body-
centered-cubic precipi ta te in alloys annealed below 600 C. Williams and PaxtotS'-'>'-°l 
repor ted that a miscibi l i ty gap existed below 600 C and was joined by one or two eu tec-
toid reac t ions to the sigma-formiing r eg ions , and that this gap resu l ted in the p rec ip i t a ­
tion of a ch romium- r i ch phase which was always coherent with the n ia t r ix . Tisinai and 
Samans'-^') studied the hardening effects of severa l 24 to 30 w/o chromium steels at 
475 C, and found that hardening at that t empera tu re was the resu l t of coherent p r e c i p i ­
tation of a ch romium- r i ch p h a s e , the nature of which was not ent i rely c lear . They 
showed that in alloys containing no rma l amounts of carbon, the t empera tu re and t ime of 
p r io r heat t r ea tmen t s affected the hardening, apparently because of destruct ion of po­
tential hardening nuclei by carbide nucleation. And in corrobora t ion of these obse rva ­
t ions , Wright^'^"' and L o r r e l ' ^ ^ showed that 475 C hardening occur red in relat ively pure 
i ron -chromium al loys , but that the ra te of hardening in high-puri ty alloys seemed to be 
appreciably lower , due probably to the absence of hardening and straining effects from 
precip i ta ted carb ides . 
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Effect of Crucible Mate r ia l s 

Because z i rconia was known to be an ex t remely re f rac tory m a t e r i a l and has been 
used in melt ing of i ron and i ron -ch romium alloys without difficulty, it was used as the 
crucible m a t e r i a l for melt ing about 20 of the f i rs t exper imenta l i r o n - c h r o m i u m -
aluminum alloys. This has been shown to be an unfortunate choice. It appears that at 
t e m p e r a t u r e s only slightly above the r equ i red pouring t empera tu re for i r on -ch romium-
aluminum alloys (about 1600 C) z i rconia is dissolved by the react ion: 4A1 + 3 Z r 0 2 * 
3 Zr + ZAI2O3, Zirconium is apparently very insoluble in solid i ron; it appears as 
shown in Figure 42 in an i ron-24 w/o chromium-5 w/o aluminum alloy containing 10 
ppm carbon , 39 ppm oxygen, and 0. 54 w/o zi rconium. No zirconium was added to this 
alloy; however , it was mel ted in a z i rconia crucible and was heated to 1650 C or higher 
just before pouring. The insoluble constituent observed in this sample mus t be the 
in te rmeta l l i c compound Z r F e z . The p re sence of this compound was indicated by X - r a y 
diffraction m e a s u r e m e n t s . This alloy showed ra the r poor fabrication cha rac t e r i s t i c s 
in hot rolling at 800 C, failed in cold rolling at l e ss than 10 per cent reduction in thick­
n e s s , showed an impact t rans i t ion t empera tu re about 100 C above that of s imi la r alloys 
containing no z i rconium, and showed l e s s than one-fourth the impact s t rength of s imi la r 
alloys above the t rans i t ion t e m p e r a t u r e . Figure 43 shows an impact specimen of this 
alloy which absorbed only 38 ft-lb of energy in breaking in half at 200 C. Next to it is 
the specimen of Alloy 1 (see Figure 41) which absorbed 170 ft-lb of energy at 25 C 
without breaking. 

This r e su l t emphasized the impor tance of the role of crucible react ions in r e g a r d 
to ingot c leanl iness and hot and cold fabricabil i ty. To avoid the problem of crucible 
r e a c t i o n s , alumina crucib les have been used for all heats mel ted subsequent to the 
above-mentioned discovery. Porous and low-fired alumina crucibles a re not sa t i s fac­
tory because of impur i t ies p r e s e n t in the alumina. Only high-density high-fired high-
puri ty alumina crucib les (or s imi la r ly high-puri ty magnes ia crucibles) a re believed to 
be suitable for melt ing i ron -ch romium-a luminum alloys. 

Effect of Casting and Fabr ica t ion P r o c e d u r e s 

Kornilov^ •* ' and Jus tus son, Zackay, and Morgan'-^^^ have demonst ra ted the 
ex t reme dependence of the cas t gra in size of alloys of this type upon casting t e m p e r a ­
tu re . The lower the pouring t e m p e r a t u r e , the sma l l e r the cast gra in size will be. In 
p rac t ice this means that the pouring t empera tu re mus t be closely controlled and held at 
or just below I6OO C if a f ine-gra ined ingot i s to be obtained. This is not an easy thing 
to do for vacuum-mel ted alloys containing chromium or aluminum because t h e r m o ­
couples tend to dissolve in the nnelt and me ta l vapors tend to obs t ruc t optical m e a s u r e ­
men t s . Observat ion of the behavior of s lags of known composition has been an aid to 
t empera tu re control in this r e s e a r c h and is descr ibed in detail l a t e r . In the absence of 
la rge quantit ies of embri t t l ing i m p u r i t i e s , the hot-fabricat ion cha rac t e r i s t i c s of i r on -
chromium-a luminum alloys a re dependent upon ingot quali ty, alloy composit ion, and 
ingot gra in s ize . A f ine-grained i ron -ch romium-a luminum alloy ingot containing ingot 
defects and smal l quantit ies of embri t t l ing m a t e r i a l s such as carbon, sulfur, or z i r co -
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500X 10 Per Cent 0 \a lK Acid, Elet t iol>uc Etch N38270 

FIGURE 42. lRON-24 w/o CHROMIUM-5 w/o ALUx\HNLM ALLO^ CONTAINING 

10 PPM CARBON, 39 PPM 0 X \ GEN, AND 0 64 w o ZIRCONIUM 

The insoluble phase is probabl) ZiFi. .. Sample as hot lulk-d. 
TT.. 1, . . , ".".7 - . r r i 

RM62o8 

FIGURE 43. EXTREMES OF BEHAVIOR OF IMPACT BARS OF IRON-25 w/o 

CHROMIUM-5 w, o ALUMINUM ALLOY 

Left Iron-24 w, o chromium-5 w/o aluminum allov contain­
ing about 0.54 W/o zirconium. Broken at 200 C with 36 It-lb 
of eneig) absorbed. Right Iron-24 w/o chromium-4 w/o 
aluminum alloy containing 220 ppm o.\ygen, 2u ppm carbon, 
and lest, than 100 ppm zirconium. Broken at 25 C with 170 
ft-lb of energy absorbed. 
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nium will usually fabricate to sound wrought m a t e r i a l ; whereas a perfect ingot of pu re r 
me ta l of the same nominal composition but la rge gra ined will often crack into fragmients 
in the init ial breakdown. Figure 38 suggests that the i ron-35 w/o chromium-7 w/o 
aluminum alloy can be forged at 1100 to 1200 C and hot rol led at 850 to 1000 C, The 
m a t e r i a l s p r e p a r e d in this r e s e a r c h were usually forged from a furnace at 1260 C and 
rol led from a furnace at 1000 C. Once the ini t ial breakdown was achieved, it was often 
found bes t to continue fabrication as rapidly as possible down to finished size without 
reheating to take advantage of the sma l l e r gra in size produced by working. T e m p e r a ­
tu r e s above 1260 C and lengthy reheat ing schedules were found undesirable because of 
rapid gra in growth and resu l tan t aggravation of any tendency for hot shor tness from 
t r ace impur i t i e s . Some of the f i r s t ingots p r e p a r e d of i ron-25 w/o chromium-5 w/o 
aluminum alloy were hot rol led from a furnace at 800 C with excellent r e su l t s except 
that the hot - ro l led s t ruc tu res were excess ively elongated in the rolling direction. 

Figure 44 suggests that fabrication p rocedu re s may have some effect on the gra in 
size and impact t rans i t ion t empera tu re of i ron-chromium-a luminum alloys; because of 
this roll ing p rocedures were s tandardized as much as possible by specifying 1000 C as 
the hot-roUing t empera tu re r e g a r d l e s s of composition. With the exception of the s a m ­
ples r epor t ed in Figure 44, all impact specimens were machined direct ly from hot-
rol led stock, and were tes ted without further t rea tment . Figure 44 is believed to show 
a cor re la t ion with the g r a in - s i ze data of Table 6. That i s , it is ve ry likely that the in­
c r ea se in t rans i t ion t empera tu re shown in Figure 44 was caused by the same increase 
in gra in size and agglomerat ion of impur i t ies in the gra in boundaries as descr ibed in 
Table 6. It is not possible to separa te these two effects of annealing at this t ime. Con­
v e r s e l y , it is believed that the change in bend ductility in increas ing the annealing t e m ­
pe ra tu re from 800 to 1000 C is re la ted to a change in what might be called a t rans i t ion 
t empera tu re for bending; i. e, , the sample in Table 6 annealed at 1000 C which cracked 
in bending at room t empera tu re probably would not have c racked in bending at 50 or 
75 C, This line of reasoning suggests that the inapact t rans i t ion t empera tu re can be 
used to pred ic t bending or cold-rol l ing ductility t r ans i t i ons , provided that a smal l t e m ­
pe ra tu re cor rec t ion for the difference in deformation r a t e s is applied. This deduced 
re la t ion was used to pred ic t a t empera tu re for successful w a r m rolling of i ron-35 w/o 
chromiium-? w/o aluminum alloys which a re br i t t le at room t empera tu re . 

Because of the high thermal -expans ion coefficients of i ron-chromiuna-aluminum 
a l loys , pa r t i cu la r ly the higher aluminum a l loys , and because of the possibi l i ty of hot 
shor tness of ingots , it is not des i rable to chill cas t i ron-chromium-a luminum alloys for 
any reason. Chill casting p romotes columnar gra in growth and in ternal cracking from 
differential contract ion. Ingots cas t in copper during this r e s e a r c h often showed co­
lumnar g ra ins to the cen t e r , and some broke in half on removal from the mold. Ingots 
cast in fairly thin-walled s tee l or cas t i ron or graphite or zirconite molds a re usually 
sound eind show only an outer layer of columnar g ra ins . It is very des i rable to provide 
the ingot with a hot top of suitable heat content and capacity since these alloys a re fully 
"kil led" and show considerable solidification shrinkage and a pronounced tendency to 
pipe. Severe piping has very li t t le effect on the fabrication behavior of these a l loys , 
and is important only to the extent that it affects the in ternal soundness of the product . 
Heating of the mold and hot top to a r ed heat may be useful in cases where chill cracking 
seems to occur . 
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Effect of Basic Alloying Elements 

Ham and Carr^ ' have shown that vacuum-mel ted binary i ron-chromium alloys 
containing 20 to 35 w/o chromium and 50 to 160 ppm carbon have impact t ransi t ion t e m ­
pe ra tu r e s in the range from -50 to +10 C. F igures 45 through 47 show the effect of 
increas ing aluminum content upon these al loys. The data show that in the range of 25 
to 35 w/o chroi-nium and 3 to 8 w/o aluminum each per cent of aluminum added to the 
alloy r a i s e s the impact t rans i t ion t empera tu re by about 50 C. On the other hand, a 
compar ison of these figures suggests that increas ing the chromium content from 25 to 
35 w/o has no appreciable effect on the impact t rans i t ion t empera tu re . This is in 
agreement with the work of Ham and C a r r who showed no significant change in the 
impact t rans i t ion of binary i ron -ch romium alloys from 20 to 35 w/o chromium. 

The behavior of i ron-35 w/o chromium-7 to 8 w/o aluminum alloys in impact tes t s 
at t e m p e r a t u r e s above the br i t t le -duct i le t rans i t ion t empera tu re was in te res t ing , and 
suggests a problem in handling of this alloy in manufacturing of p a r t s . Figure 48 shows 
an iiTipact specimen of i ron-35 w/o chromium-8 w/o aluminum alloy containing 50 ppm 
carbon and which absorbed 100 ft-lb of energy in an impact tes t at 275 C. This alloy is 
definitely ductile at 275 C, yet the ground surfaces show signs of br i t t le cracking. It is 
believed that these c r acks are grinding c racks produced by the high ther inal-expansion 
coefficient of the meta l combined with local heating by the grinding wheel while the 
m a s s of the m a t e r i a l was at some t empera tu re below 275 C. While this type of cracking 
is evidently not ser ious for a thick specimen such as an impact b a r , c racks of this mag ­
nitude could have ser ious effects on thin sheet. 

Effects of Special Alloying Additions 

Carbon. Attempts to define the effect of carbon upon the iinpact strength of i ron-
chromium-aluminum alloys in the range from 20 to 100 ppm carbon have been futile. 
However, significant r e su l t s have been achieved by adding carbon to these alloys. The 
r e su l t s shown in Figure 49 seem to indicate a steady inc rease in t ransi t ion t empera tu re 
with increas ing carbon content from 30 to 700 ppm. However, reference to Figure 45 
shows that the i ron-25 w/o ch romium-5 w/o aluminum alloys containing 40 to 60 ppm 
carbon may have t rans i t ion t empera tu re s between 70 and 150 C. It is not c l e a r , t h e r e ­
fore , that carbon is responsible for the t rend of increas ing t rans i t ion t empera tu re s from 
30 to 290 ppm carbon. It is c l e a r , however , that 600 to 700 ppm carbon does signifi­
cantly embri t t le i ron-25 w/o chromium-5 w/o aluminum alloys. The resu l t s suggest 
that for best r esu l t s these alloys should contain a maximum of 100 ppm carbon if only 
because this r ep re sen t s a high level of alloy c leanl iness . 

Oxygen. The re su l t s shown in Figure 41 suggested that oxygen additions might 
aid in producing m o r e ductile i ron -chromium-a luminum alloys. Attempts to add oxygen 
in the form of Fe304 were unsuccessful , and it soon became c lear that the raw e l ec t ro ­
lytic chromium contained m o r e than enough oxygen to produce a voluminous dross which 
resu l ted in heavy skulls in the c ruc ib l e s , and great ly reduced meta l yie lds . Some of 
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X Fe + 24 w/o Cr+3w/o Al+250ppm 0 + 20ppmC 
o Fe+24-25 w/oCr+4w/oAI-i-90-220ppmO+20ppmC 
V Fe4-23-25 w^ Cr+5 w/o AI +80-400ppm 0 + 40-60ppmC 
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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 C o m p o s i t i o n 

V Fe + 3 0 w/o Cr+ 5 w/o AI + 250 ppm 0 + 6 0 ppm C 
D Fe+ 3 0 w/oCr +6 w/o AI +320 ppm 0 + 50 ppm C 
O Fe-S-30 w/o Or+7 w/o AI + 4 2 0 ppm 0 + 4 0 ppm C 
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FIGURE 46. EFFECT OF ALUMINUM ON THE TRANSITION TEMPERATURE OF IRON-30 w/o CHROMIUM ALLOYS 
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Fe + 35 w/o Cr + 5 w/o AI + 680 ppm 0 + 60 ppm C 
Fe + 35 w/o Cr + 6 w/o AI + 24-420ppm 0 +100 ppm C 
Fe + 35 vy/o Cr+ 7 w/o AI + 70 -290 ppm 0 + 60 -90 ppm C 
Fe + 35w/o Cr + 8 w/o AI + 250 ppm 0 + 5 0 - 7 0 ppm C 
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FIGURE 47. EFFECT OF ALUMINUM ON THE TRANSITION TEMPERATURE OF IRON-35 w/o CHROMIUM ALLOYS 
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2X RM9342 

FIGURE 48. GRINDING CRACKS OPENED DURING IMPACT TESTING 
OF AN IRON-35 w/o CHROMIUM-8 w/o ALUMINUM 
ALLOY 

Sample absorbed 100 ft-lb at 275 C. Hardness 240 DPH 
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X Fe + 24 w/o Cr + 5 w/o AI+340 ppm 0+30ppmC 
o Fe + 24 w/o Cr + 5 w/o Al + 2ppm 0+90ppm C 
D Fe + 24w/o Cr+5w/oAI+62ppm 0+IIOppm C 
V Fe+24 w/o Cr+5w/oAI +156 ppm 0+ 290 ppm C 
• Fe+25w/o Cr + 5w/oAI +270ppm 0+600ppmC 
• Fe+24 w/o Cr+5w/oAI +!l20ppmO+700ppmC 

100 

Temperoture,C 

200 
A-29307 

FIGURE 49. EFFECT OF CARBON ON THE TRANSITION TEMPERATURE OF IRON-25 w/o CHROMIUM-5 w/o 

ALUMINUM ALLOYS 
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these d ros se s were examined and were found to be mix tu res of oxide (of unknown com­
position) and naetal. A distinct sulfurous odor was given off when the dross was wet. 
To el iminate this d ross and to inc rease me ta l fluidity and yields5 a high calcium slag, 
corresponding to iCaO*Al20 3 and melt ing at about 1500 C, was added to a number of 
rnelts jus t before pouring. The benefits of this p rocedure were manifold. Skulls and 
dross were a lmost completely el iminated and meta l fluidity was noticeably improved. 
The c leanl iness of the resu l tan t meta l with respec t to oxide c lus te r s and s t r ingers was 
noticeably iiTiproved, and in some cases the oxygen content was reduced to l ess than 10 
ppm. By observing the ra te of melt ing of the ar t i f icial s lag , the t empera tu re of the 
molten bath could be judged and adjusted up , or m o r e often down, just before pouring. 
No ill effects on ingot quality were observed from the use of this s lag , but the amount of 
slag used had to be min imized to avoid crticible erosion. One-pound heats were ob­
se rved to need about 1 w/o of slag to remove the dross without causing crucible erosion. 
It has been found desi rable to use only about 1/2 w/o of slag on l a r g e r heats to avoid 
excess ive crucible eros ion . 

It was shown e a r l i e r that when the aluminum alloy addition is made to the i ron-
chromium ine l t , all the oxygen p re sen t is removed as a lumina, and mos t of this alu­
mina can be removed as calcium aluminate slag. However, until the aluminum is 
added, the activity of oxygen in the i ron -ch romium mel t i-nay 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 resu l t of the react ion 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 ana ly se s . F igures 41 and 45). Attempts to use 
this refining p roces s to produce alloys of superpuri ty have been unsuccessful . It was 
foixnd that a 60-min vacuuin-refining per iod readily reduced the carbon content of i ron-
chromium mel t s 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 leas t 30 ppm. This 
resu l t suggests that the a luminum, ch romium, and i ron should be mel ted and refined 
separate ly and combined in the molten state to avoid contamination by normal handling. 

Ni t rogen, Sulfur, Sil icon, Boron, and Hydrogen. No ni t rogen, sulfur, s i l icon, 
boron , or hydrogen has been intentionally added to any of the alloys investigated during 
this r e s e a r c h . The raw m a t e r i a l s each contained less than 10 ppm ni t rogen, and six 
ingots analyzed for ni trogen all contained 10 ppm or l e s s ni trogen. Elect rolyt ic ch ro ­
mium contains var iable 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 variat ion upon fabricabil i ty 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 vast ly different p rope r t i e s disclosed that both con­
tained less than 30 ppm boron , and it was assumed that boron could not be causing the 
difference between these al loys. Hydrogen analyses on over 50 ingots disclosed amounts 
ranging from 0. 1 to 60 ppm, and no effect of this var ia t ion was observed. Most hydro­
gen analyses were l e s s than 10 p p m , and it is suspected that the higher analyses r e p r e ­
sent water or hydrocarbons picked up in handling the specimens used for chemical 
analys is . 
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Manganese , Ti tanium, and VanadiuiTi. It has been observed that the fabricability 
of many ma te r i a l s is very favorably affected by the addition of powerful deoxidants or 
carbide f o r m e r s , generical ly falling in the category of "gettering agents" . The p o s s i ­
bility, however r e m o t e , that such agents might have utility in i ron-chromium-a luminum 
alloys cannot be overlooked. Analyses for manganese on four ingots containing no added 
manganese disclosed less than 100 ppm. Typical r e su l t s on a se r i e s of alloys to which 
1 w/o manganese was added a re 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 
i ron-chromium-a luminum alloys. Actually, the fabrication behavior of some of these 
alloys suggests that manganese may have reduced hot shor tness in forging at about 
1100 C. 

The addition of 0. 1 w/o t i tanium and 1 w/o vanadium to a s e r i e s of i ron-35 w/o 
chromium-8 w/o aluminum alloys produced resu l t s s imi la r to those shown for manga­
nese in Figure 50. There was no significant effect of these additions upon t rans i t ion 
t e m p e r a t u r e , h a r d n e s s , or fabrication behavior. Neither manganese , t i tanium, nor 
vanadium produced any grain-ref ining effect in the cas t ings . 

Resul ts of Arc-Melting Tes ts 

I ron-chromiimi-a luminum alloys tend to be contaminated and embri t t led by contact 
with mos t common re f rac tory m a t e r i a l s at t e m p e r a t u r e s above 1500 C. While pure 
alumina will not embri t t le these a l loys , the impur i t ies p re sen t in all but the pu res t 
alumina re f rac to r ies will cause some embr i t t l ement . Since a rc melting can be done in 
an iner t a tmosphere and involves a lmost no contact of molten meta l with the c ruc ib le , 
it r e p r e s e n t s a method by -which crucible contamination can be minimized. In an a t ­
tempt to use this advantage of a rc mel t ing , six ingots were p r epa red by consumable-
electrode a rc iTielting. The f i rs t two ingots were p r e p a r e d by cold p ress ing e lec t rodes 
from electrolyt ic ch romium, e lect rolyt ic i ron , and high-purity aluminum shot. The 
meta l appeared mushy and sluggish during mel t ing , but produced sat isfactory ingots , 
one of which is shown in Figure 31, Neither of these ingots could be forged at 1230 C, 
and both were sectioned and remel ted . The remel ted ingots appeared c l eaner , but again 
both failed in forging at 1230 C, Figure 51 shows a ver t i ca l section of one of these 
ingots and the nature of the failure in forging. It is apparent that a r c melt ing consoli­
dates the few impur i t ies in the me ta l into mass ive slag pockets in the ingot, and that the 
rapid cooling inherent in a r c melt ing r e su l t s in a pronounced columnar s t ruc ture in the 
ingot. Both of these conditions a re 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 p r e p a r e d from m a t e r i a l s of different types , both with and 
without aluminuixL, produced essent ia l ly the same r e s u l t s . One ingot containing a lumi­
num was badly c racked in the a s - c a s t condition, probably from the rapid shrinkage 
produced by the chi l l -cast ing effect of the wate r -cooled copper mold. One ingot of i ron-
38 w/o chromium alloy was fabricated to bar stock for r emel t ing , but the remel ted ingot 
still contained slag pockets and showed a carbon content of 170 ppm. Two ingots of 



80 

250 

200 

5 
I 

4 -< * -
XJ 
01 

o 
OS 

< 
0) 
c 
UJ 
4— 
o 
o 
Q. 

150 

Symbol 

X 

o 

Composition 

Fe-24 w/o Cr-5 w/o AI 
Fe-24 w/o Cr -5 w/o AI-1 w/o Mn 
Fe-34 w/o Cr- 7 w/o AI 
Fe-34 w/o Cr -7 w/o Al - I w/o Mn 

100 

50 

0 

7AI 

m. 
100 200 

Temperature, C A 29308 

FIGURE 50. EFFECT OF MANGANESE ON THE TRANSITION TEMPERATURE OF IRON-CHROMIUM-ALUMINUM ALLOYS 
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IX 

a. Top of Ingot as Forged 

iX RM8794 

b . Vertical St.ction of same Ingot, Etched 

FIGURE 5 1 . IRON-3& W/o CfIROMUM-7 W/O ALU^HNUM ALLOl PREPAÎ ED B\ DOUBLE CONSUMABLE-ELECTRODE 
ARC MELTING IN A WATER-COOLED COPPER CRUCIBLE AND FORGED AT itiSO C 
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i ron-38 w/o chromium alloy were p r e p a r e d by vacuum a r c melting ra ther than under a 
helium a tmosphere . Both of these had ext remely poor surfaces covered with pockets of 
d i r t or s l ag , and one of them contained a deep center cavity from which it looked as if 
gases formed during solidification had been expelled explosively. These la ter two ingots 
showed carbon contents of 100 ppm. 

These resu l t s show that while a rc melt ing may el iminate crucible r eac t ions , the 
p r o c e s s does not allow for liquation of s lags and d rosses normal ly formed during me l t ­
ing of i ron -chromium-a luminum a l loys , nor does it allow for removal of volatile impu­
r i t i es in a single melt ing operat ion; m o r e o v e r , it r e su l t s in a ch i l l -cas t s t ruc ture which 
is difficult, if not imposs ib le , to fabr icate . 

Conclusions and Recomnaendations 

I ron-25 to 35 w/o ch romium-3 to 8 w/o alunninum alloys a re fe r r i t i c solid-
solution type alloys which differ one from the other only in degree . 

For alloys of the puri ty descr ibed in this repor t (alloys containing about 200 ppm 
oxygen and 50 ppm carbon) , there appears to exist a ductility t rans i t ion temperatvire 
which is a fundamental p rope r ty of the solid solution and which is dependent p r i m a r i l y 
upon the aluminum content of the alloy. This ductility t rans i t ion appears to be a s soc i ­
ated with the deformation mechan i sms of the solid solution; plas t ic deformation occurs 
by twinning on definite c rys ta l lographic p lanes ; br i t t le f rac ture occurs by cleavage on 
s imi la r c rys ta l lographic p lanes . The ductility t rans i t ion t empera tu re for a par t i cu la r 
mode of deformation, such as by the impact t e s t , apparently may be defined as that 
t empera tu re at which the c r i t i ca l s t r e s s for cleavage becomes equal to the c r i t i ca l 
s t r e s s for twinning. 

Because of the tendency of the var ious alloying e lements to combine with near ly 
all other e l emen t s , i ron -ch romium-a luminum alloys have very low solubili t ies for most 
impuri ty a toms . Those i m p u r i t i e s , such as carbon, which a re slightly soluble and 
which tend to concentrate at grain boundaries a re par t i cu la r ly det r imental to the hot and 
cold ductility of i ron -ch romium-a luminum alloys. Because of the notch sensit ivity of 
i ron -ch romium-a luminum al loys , gra in-boundary impur i t ies tend to promote br i t t l eness 
and to ra i se the br i t t le -duct i le t rans i t ion t empe ra tu r e . It is not known whether or not a 
further inc rease in the puri ty of these alloys (to a level corresponding to perhaps 5 ppm 
carbon) would have an additional effect on the br i t t le -duct i le t rans i t ion t empera tu re such 
as that descr ibed by F igures 20 and 49, Grain growth and the associa ted redis t r ibut ion 
of impur i t ies at the gra in boundaries could not be separa ted as a cause of r a i sed t r a n s i ­
tion t e m p e r a t u r e s . Re crys ta l l iza t ion , however , does not cause embri t t lement . 

I ron-chromium-a luminum alloys containing up to 35 w/o chromiuin and 8 w/o 
aluminum are fabricable both hot and cold. However, hot fabrication of these alloys is 
s trongly dependent upon ingot c leanl iness and gra in s t ruc tu re . Dirt and columnar grain 
s t ruc tu res mus t be avoided. F ine -g ra ined s t ruc tu re s a re des i rable and a re promoted 
by low casting t e m p e r a t u r e s . Recommended forging t empera tu re is 1200 C for the i ron-
35 w/o chromium-7 w/o aluminum alloy; recommended rolling t empera tu re is 1000 C. 
Slightly lower t e m p e r a t u r e s may be used for leaner al loys. Reheating for hot fabr ica­
tion should be minimized. 
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The i ron-25 w/o ch romium-5 w/o aluminum alloy can be cold rol led more than 
50 per cent at room t empera tu re . The i ron-35 w/o chromium-7 w/o aluminum alloy 
can be cold rol led in s imi la r fashion at 350 C, but is br i t t le at room t empera tu re . 

I ron-chromium-alum.inum alloys a re highly react ive m a te r i a l s at t empera tu re s 
above 1500 C. These alloys should be mel ted in a vacuum (approximately 10 /i absolute 
p r e s s u r e or l e ss ) . High-density high-puri ty alumina crucibles have proved to be mos t 
sat isfactory for melt ing these al loys. Magnesia crucibles of s imi la r pur i ty , if avai l­
ab le , a re p r e s u m e d to be equally sat isfactory. The i ron and chromium should be 
mel ted and thoroughly outgassed before any aluminum is added. It is not neces sa ry to 
add the aluminum under vacuum; an iner t a tmosphere is equally sat isfactory. After 
adding the aluminum to deoxidize the m e l t , it is desi rable to remove the resul tant dross 
by means of a high-calcium slag of the type 3CaO° AI2O3. The use of a slag of this type 
(naelting at about 1500 C) i nc rea se s mel t fluidity and meta l y ie lds , reduces the oxide 
content of the m e t a l , and allows the t empera tu re of the mel t to be reduced to the min i ­
mum des i red for producing f ine-grained ingots. 

Arc melt ing is not a sat isfactory method for obtaining high-puri ty i ron -ch romium-
aluminum alloys. Arc melting provides no method for removal of oxide d r o s s e s , and 
the water -cooled copper hear th tends to produce columnar grain s t ruc tu re s and in ternal 
cracking. 

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

Background 

The excellent oxidation res i s t ance of i ron-chromium-al i tminum alloys makes them 
at t ract ive for many applications requir ing oxidat ion-corros ion r e s i s t ance at ve ry high 
t e m p e r a t u r e s . The behavior of these fe r r i t i c alloys from 1400 to 2300 F (760 to 1260 C) 
in air has been repor ted in previous investigations( ^j-3^4,44, 67) .ĝ ĵ ĵ ^^ -^^^ been con­
cluded that optimum oxidation res i s t ance is obtained with i ron-chromium-a luminum a l ­
loys containing about 6 w/o aluminum. 

In commerc ia l furnace a t m o s p h e r e s , smal l amounts of m o i s t u r e , me ta l ox ides , 
sulfur dioxide, carbon dioxide, and other gases a re often encountered. To evaluate the 
usefulness of a h igh- tempera ture alloy in commerc i a l a ir a t m o s p h e r e s , it is n e c e s s a r y 
to determine the effect of such t r ace gases p re sen t in the a tmosphere . Data on the 
oxidation res i s t ance of i ron-30 w/o chromium-5 w/o aluminum and nickel-20 w/o ch ro -
miunn alloys at 1920 and 2190 F (1048 and 1199 C), respect ively, in a tmospheres of a i r , 
carbon dioxide, n i t rogen , oxygen, and hydrogen, water g a s , and city gas have been r e ­
por ted by Hessenbruch , et a l , ' ' They found that only a hydrogen a tmosphere leaves 
the alloys ent i re ly unchanged. With carbon-containing g a s e s , e .g . , water g a s , a 
m a r k e d carbur iz ing effect was observed. Nitrogen r eac t s with the a l loys , forming n i ­
t r ides of aluminum and/or chromium, and shortens the useful life of the alloy. Other 
data(46 through 66) se rve to complement these r e s u l t s . 
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Data from oxidation t es t s of an i r o n - 2 3 . 7 "w/o chromium-6 . 0 w/o aluminum and a 
nickel-20, 0 w/o c h r o m i u m - 1 . 1 w/o niobium alloy ( tested for comparison purposes) at 
1900 and 2100 F (1038 and 1150 C) in an a i r a tmosphere containing var ious amounts of 
mois tu re and carbon dioxide were obtained. Alloy sheet specimens were exposed for 
100 hr at t empera tu re in the var ious gas a tmospheres . Weight-gain and oxide-
penetrat ion m e a s u r e m e n t s were chosen as a bas is for evaluating the oxidation r e s i s t ­
ance of the al loys. Oxidation t e s t s were made in the following a tmospheres flowing at 
the ra te of 1 l i ter per min: 

(1) Dry air (0, 005 volume pe r cent HzO) 

(2) Normal a tmosphere (air plus 0. 76 volume per cent H2O) 

(3) Air plus 2. 5 volume pe r cent H2O 

(4) Air plus 2. 5 volume per cent H2O plus 2. 5 volume per cent CO2 

(5) Air plus 5 volume pe r cent H2O 

(6) Dry air plus 5 volume per cent CO2 

(7) Air plus 5 volume p e r cent H2O plus 5 volume pe r cent CO2 

(8) Nitrogen plus 9 volume per cent H2O plus 6. 3 volume per cent CO2 plus 
8. 2 volume per cent oxygen. 

Alloy P repa ra t ion and Testing 

The i ron -ch romium-a luminum and n ickel -chromium-niobium alloys used in this 
investigation were obtained in the form of 0. 060-in. cold-rol led sheet. Chemical analy­
ses of the sheet showed that the i ron-chromium-a luminum alloy contained 23. 7 w/o 
chromium, 6. 0 w/o a luminum, 0. 03 w/o carbon, 0. 01 w/o si l icon, and 0. 01 w/o m a n ­
ganese and that the n icke l -chromium-niobium alloy contained 78.9 w/o nickel , 20. 0 w/o 
chromium, and 1. 1 w/o niobium. 

Both alloys were rol led to 0, 030-in. sheet at 1500 F (815 C), water quenched, and 
cold rol led to 0. 015-in. sheet . The i ron-chromium-a luminum sheet was annealed at 
1400 F (760 C) for 15 m i n , water quenched, and vapor blasted. The n icke l -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 shee ts . The length, 
width, and thickness of each speciinen were accura te ly m e a s u r e d with a m i c r o m e t e r and 
the dimensions subsequently used to calculate the surface a rea . The specimens were 
cleaned in acetone, dr ied , and weighed. They were placed in individual Alundum tubes 
and a combined Aveight 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 conta iner , and weight-gain 
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values were determined. Each specimen was sheared in four pa r t s and mounted in 
Bakelite such that the freshly cut edges were exposed for examination. The minimum 
and average th icknesses of the unaffected m e t a l , m e a s u r e d with a m i c r o m e t e r eyepiece 
at suitable magnificat ion, were subtracted from the or iginal thickness of the specimen. 
The differences , divided by two, were taken as the maximum and average oxide pene­
t ra t ions into the specimen. These m e a s u r e m e n t s were made with a filar micronaeter 
eyepiece accura te to 0. 0001 in. 

Photomicrographs were taken of represen ta t ive a r e a s of the as -pol i shed edges of 
each specimen. 

The tes t apparatus used in this work is shown schematical ly in Figure 52, It con­
s is ted of a gas f lowmeter , water bath with heater and t he rmos t a t , dew po in te r , and 
horizontal Globar furnace. For t e s t s in normal a i r , a smal l fan was used to obtain a 
flow ra te of 1 l i ter of air per min . 

Cylinders of dry a i r , dry a i r plus 5 volume per cent CO2 m i x t u r e , and nitrogen 
plus 9 volume pe r cent H2O plus 6, 3 volume pe r cent CO2 plus 8. 2 volume pe r cent O2 
m i x t u r e , were purcha,sed and supplied the var ious combinations of a tmospheres used in 
the t e s t s , A flow ra te of 1 l i ter of gas pe r min at 70 F (21 C) and a tmospher ic p r e s s u r e 
was obtained by manual ly operating the p r e s s u r e regu la to rs on the gas cyl inders . 

For a tmospheres containing water vapor , the gas was passed through a frit bub­
bler into water . The amount of water vapor obtained was dependent on the t empera tu re 
of the w a t e r , which was controlled by a water imniers ion the rmos ta t and heater . Once 
it had pas sed through the w a t e r , the gas was maintained at a t empera tu re above the 
dew point of the des i red a tmosphere . Four or five dew-point m e a s u r e m e n t s were made 
each day to determine the amount of water vapor in the a tmosphere p r io r to i ts passing 
through the Globar furnace. Accuracy of the dew-point deterra inat ionwas ± 0. 5 volume 
per cent H2O. The Alundum tubes containing the tes t specimen were fit snugly into a 
K-br ick plug which was inse r t ed in the Inconel s leeve. 

Resul ts and Discussion 

Evaluation of the oxidation r e s i s t ance of the i ron-chroraium-aluminumi alloy (and 
the n icke l -chromium-niobium alloy) has been made both on the bas is of weight gain pe r 
unit a r e a pe r 100 hr and on the bas i s of maximum and average oxide penetrat ion follow­
ing the 100-hr tes t . Since i ron -chromium-a luminum alloys a re being considered for 
engineering applications where the amount of sound, res idua l me ta l is of p r ime impor ­
t ance , discussion of the exper imenta l data is based only on the maximum values of 
weight gain and oxide penetrat ion. 

The data of Table 10 indicate that the i ron-chromium-a luminum alloy had much 
bet ter oxidation r e s i s t ance than the concurrent ly t es ted n icke l -chromium-niobium alloy 
in all a tmospheres at t e m p e r a t u r e s of 1900 and 2100 F (1037 and 1150 C). Weight-gain 
and oxide-penetrat ion values for the n icke l -chromium-niobium alloy were approximately 
50 per cent g r ea t e r in all a tmospheres at both t e m p e r a t u r e s . One exception to this 
general izat ion was noted for cer ta in t e s t s in a i r containing 5 volume p e r cent water 
vapor at 1900 F . In these t e s t s the i ron-chromium-a luminum 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) 

Alloy 
T e m p e r a t u r e , 

F 
Weight Gain, 

g/(cm2)(100 hr) 
Pene t ra t ion , 10~^ in. 
Maximum Average 

Dry Air (0, 005'Volume P e r Cent H2O) 

Fe-Cr-Al 

Ni-Cr-Nb 

Fe-Cr-Al 

Ni-Cr-Nb 

1900 
1900 
2100 
2100 
1900 
1900 
2100 
2100 

0016 
0022 
0037 
0031 
0041 
0024 
0051 
0037 

Normal Air (0. 76 Volume P e r Cent H2O) 

1900 
1900 
2100 
2100 
1900 
1900 
2100 
2100 

.0014 

.0014 

.0027 

.0031 

.0030 

.0025 

.0066 

.0050 

125 
99 
98 
141 
240 
102 
166 
273 

175(a) 

55 
70 
65 
160 
165 
190 
215 

57 
33 
27 
36 
195 
74 
128 
204 

55 
20 
40 
10 
70 
60 
85 
75 

Air Plus 2. 5 Volume P e r Cent H2O 

Fe-Cr-Al 

Ni-Cr-Nb 

1900 
1900 
2100 
2100 
1900 
1900 
2100 
2100 

0020 
0017 
0028 
0023 
0024 
0020 
0047 
0050 

Air Plus 2. 5 Volume P e r Cent H2O Plus 2. 5 Volume P e r Cent CO2 

Fe-Cr-Al 

Ni-Cr-Nb 

1900 
1900 
2100 
2100 
1900 
1900 
2100 
2100 

0031 
0036 
0064 
0051 
0051 
0027 
0081 
0099 

41 
45 
42 
45 
102 
87 
130 
149 

Cent CO2 

29 
115 
45 
109 
151 
77 
269 
269 

14 
26 
34 
12 
26 
29 
98 
113 

16 
77 
27 
86 
103 
42 
215 
218 
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TABLE 10. (Continued) 

Alloy 
T e m p e r a t u r e , 

F 
Weight Gain, 

g/(cm2)(100 hr) 
Pene t ra t ion , 10"-' in. 
Maximum Average 

Fe-Cr-Al 

Ni-Cr-Nb 

Air Plus 5 Volume Per Cent H2O 

1900 .0031 
1900 .0040 
2100 .0057 
2100 .0081 
1900 ,0028 
1900 .0026 
2100 .0190 
2100 .0207 

74 
72 
41 
112 
96 
131 
250 
269 

56 
51 
16 
48 
51 
66 
220 
238 

Dry Air Plus 5 Volume Per Cent CO2 

Fe-Cr-Al 

Ni-Cr-Nb 

1900 
1900 
2100 
2100 
1900 
1900 
2100 
2100 

0022 
0022 
0021 
0022 
0032 
0025 
0067 
0059 

133 
48 
149 
114 
215 
246 
299 
208 

51 
9 
32 
25 
98 
125 
198 
166 

Air Plus 5 Volume P e r Cent H2O Plus 5 Volume P e r Cent CO2 

Fe-Cr-Al 

Ni-Cr-Nb 

1900 
1900 
2100 
2100 
1900 
1900 
2100 
2100 

0038 
0027 
0039 
0029 
0029 
0042 
0059 
0058 

125 
123 
143 
29 
141 
109 
176 
197 

IIZ 
41 
86 
22 
71 
82 
141 
157 

Nitrogen P lus 9 Volume P e r Cent H2O Plus 6. 3 Volume P e r Cent CO2 
Plus 8. 2 Volume P e r Cent Oxygen 

Fe-Cr-Al 

Ni-Cr-Nb 

2100 
2100 
2100 
2100 
1900 
1900 
1900 
1900 

0086 
0061 
0073 
0062 
0036 
0021 
0029 
0023 

113 
97 
58 
51 
115 
84 
121 
139 

45 
45 
40 
33 
83 
65 
89 
97 

(a) 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/o CHROMIUM-6/0 w/o ALUMINUM AND 
NICKEL-20.0 w/o CHROMIUM-1.1 w/o NIOBIUM ALLOYS IN VARIOUS GAS ATMOS-
PHERK AT 1900 AND 2100 F (1038 AND 1150 C) 

Atmosphere 
Fe-Cr-Al Ni-Ct-Nb 

1900 F 

A 
B 

A 
A 

B 

2100 F 

A 
B 
A 
A 
B 

1900 F 

B 
C 
A 
B 

B 

2100 F 

C 
D 
B 
D 
D 

Normal air 
Dry ait (0.005 volume per cent H2O) 
Air plus 2,5 volume per cent H2O 
Ait plus 5 volume per cent H2O 
Ait plus 2.5 volume pet cent HgO 

plus 2.5 volume per cent CO2 
Air plus 5 volume per cent H2O 

plus 5 volume per cent CO2 
Dry air plus 5 volume per cent CO2 
Nitrogen plus 9 volume per cent H2O 

plus 6 volume pet cent CO2 plus 
8 volume per cent oxygen 

B 
(b) 

B 
A 

D 
B 

D 
(b) 

(a) Based on maximum oxide penetration; 

Rating 

A 
B 

C 
D 

Maximum Oxide Penetration, 
10-5 ia. 

45 to 110 
111 to 176 
177 to 242 
243 to 299 

(b) Not tested. 
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nCURE 53. THE EFFECT OF WATER VAPOR ON THE OXIDATION BEHAVIOR OF IRON-23. 8 w/o CHROMIUM-6. 0 w/o 
ALUMINUM AND NICKEL-20. 0 w/o CHROMIUM-1.1 w/o NIOBIUM ALLOYS AT 1900 F 
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FIGURE 54. THE EFFECT OF WATER VAPOR ON THE OXIDATION BEHAVIOR OF mON-23. 8 w/o CHROMIUM-6. 0 w/o 
ALUNUNUM AND NICKEL-20. 0 w/o CHROMIUM-1.1 w/o NIOBIUM ALLOYS AT 2100 F 



92 

2 3 4 
H2O, volume per cent 
CO2, volume per cent 

5 
A 29313 

FIGURE 56. THE EFFECT OF H2O AND CO2 ON THE OXIDATION BEHAVIOR OF IRON-23. 8 w/o CHROMIUM-6. 0 w/o 
ALUMINUM ANDNICKEL~20. 0 w/o CHROMIUM-1.1 w/o NIOBIUM ALLOYS AT 1900 F 
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FIGURE 56. THE EFFECT OF H2O AND COg ON THE OXIDATION BEHAVIOR OF IRON-23. 8 w/o CHROMIUM-6. 0 w/o 
ALUMINUM AND NICKEL-20. 0 w/o CHROMIUM-1.1 w/o NIOBIUM ALLOYS AT 2100 F 
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Untested Specimen Normal Atmosphere 

V t l . . A ••.••'••.!•*'• •• 

Air Plus 2.5 Volume 
Per Cent H,;,0 

Air Plus 2.5 Volume 
Per Cent H2O Plus 
2. 5 Volume Per Cent 
CO2 

Air Plus 5 Volume 
Per Cent HgO 

I * . » * . • * » 

Air Plus 5 Volume 
Per Cent COn 

Air Plus 5 Volume 
Per Cent H O Plus 
5 Volume Per Cent 
CO,, 

N43251 

FIGURE 57. OXIDATION OF IRON-23, 7 w/o CHROKDUM-ti. 0 w/o ALUKBNUM ALLOY AT 1900 F IN VAMOUS 
GAS ATMOSPHERES 

Duration of test, 100 hr. Original magnification 250X, reduced for presentation. 
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Untested SpeciiiK'i) Dr> Air Normal Atmosphere 

Air Plui 'J. 6 Volumt.- Air Plus -Jj Volume 
Per Cent II.jO Plus 
2, & Volume Pet Cent 
COv 

Air Piub f) Volume 
Per Cent H-)0 

n 

Air Plus 5 Volume 

Per Cent CO. 2 

Air Pius 5 Volume 

Per Cent HoO Plus 

5 Volume Per Cent 
COn 

N43247 

FIGUF^E 58. OXIDATION OF IRON-^3. 7 w/o CI!ROMIUM-6. 0 w/o ALUKENUM ALLOY AT 210n F IN VAMOUS 
GAS ATMOSPHERES 

Duration of test, 100 hr. Original magnification 'JSOX, reduced for presentation. 
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Untested Specimen Dry Air Normal Atmosphere 

Air Plus 2.5 Volume 

Per Cent H.,0 
Air Plus 2.5 Volume 
Per Cent HoO Plus 
2.5 Volume Per Cent 

CO2 

Air Pius 5 Volume 

Per Cent HoO 

Air Plus 5 Volume 
Per Cent CO9 

• ' , - - 'W , 

ir Plus 5 Volume 
Per Cent HgO Plus 
5 Volume Per Cent 
COo 

N4324y 

FIGURE 59. OXIDATION OF NICKEL-19. 9 w/o CHROMIUM-1.1 w/o NIOBIUM ALLOY AT 1900 F IN VARIOUS 
GAS ATMOSPHERES 

Duration of test, 100 hr. Original magnification 250X, reduced for presentation. 
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Untested Specimen Dry Air 

-h 
Normal Atmosphere 

« 3* e TrTT'T* >.m«f:«^ 

Air Plus 2.5 Volume 
Per Cent H2O 

•̂ > t . « 

Air Plus 2.5 Volume 
Pet Cent H2O Plus 
2.5 Volume Per Cen* 
CO2 

_ ^ ^ ^ ^ , 

"^2^23^ *^ *''* **""'> 

Air Plus 5 Volume 
Per Cent HgO 

Alt Plus 5 Volume 
Per Cent COn 

Air Plus 6 Volume 
Per Cent H2O Plus 
5 Volume Per Cent 
CO2 

N4325'; 

FIGURE 60. OXIDATION OF NICKEL-19. 9 w/o CHROMIUM-1.1 W/o NIOBIUM ALLOi AT 2100 F IN VARIOUS 
GAS ATMOSPHERES 
Duration of test, 100 hr. Original magnification 250X, reduced for presentation. 
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weight gain than the n icke l -chromium-niobium alloy. No apparent reason was noted for 
this exceptional behavior. Weight gain and oxide penetrat ion were slightly higher at 
2100 F than at 1900 F for both alloys in all a tmospheres . These data suggest increased 
diffusion ra t e s at 2100 F for aluminum and chronnium which provide the oxidation r e ­
s is tance of the alloys.* ' Table 11 shows per formance rat ings assigned to both alloys 
on the bas is of maximum-oxide-pene t ra t ion data obtained from the t es t s in all atmos~ 
pheres at 1900 and 2100 F, These ra t ings form a bas i s for comparison of the oxidation 
res i s t ance of the alloys as affected by tes t t e m p e r a t u r e s and tes t a tmosphere . Maxi­
mum values of oxide penetrat ion and weight gain have been plotted against volume per 
cent water vapor and volume per cent water vapor plus carbon dioxide in the tes t 
a tmospheres at 1400 and 2100 F in F igures 53 through 56. 

F igures 53 and 54 show that the minimum ra te of oxidation occurs in a tmospheres 
containing 2. 5 volume p e r cent water vapor. More or l ess water vapor in the tes t 
a tmosphere i nc rea se s the oxidation r a t e s of both alloys at each t empe ra tu r e . Addition 
of a like amount of CO2 to a tmospheres containing H2O r e v e r s e s the curves as shown in 
F igures 55 and 56; the maximum ra te s of oxidation were observed in an a tmosphere of 
2. 5 volume per cent H2O plus 2. 5 volume pe r cent CO2. The p resence of CO2 in the 
tes t a tmosphere inc reased the ra te of weight gain and the ra te of oxide penetrat ion into 
the alloys at both t e m p e r a t u r e s . The deleter ious effects of CO2 in the tes t a tmospheres 
suggest a possible react ion of CO2 and H2O to form an acid environment which inay tend 
to change the form or density of the oxidation products on the al loys. Deter iorat ion of 
the protect ive aluminum oxide and chromium oxide films re su l t s in depletion of the 
aluminum and chromiium content of the alloys near the surface with resul tant a c c e l e r ­
ated cor ros ion . 

The oxidation r e s i s t ance of the alloy in dry air showed improvement with additions 
of water vapor. These resu l t s suggest a possible beneficial effect from free oxygen 
available from decomposed water vapor . The oxygen may serve to enhance the fo rma­
tion of a protect ive oxide coating on the al loys. 

Photomicrographs were taken of the as-pol i shed surface edge of each tes ted 
specimen with the exception of those tes ted in a i r plus 9 volume per cent H2O plus 6 
volume pe r cent CO2. As seen in F igures 57 and 58, oxidation of the i r on -ch romium-
aluminum alloys proceeded from the surface to the center of each specimen in a uniform 
manner . F e r r i t i c alloys a re not susceptible to in te rgranula r attack by gases at high 
t e m p e r a t u r e s . However, F igures 59 and 60 show some evidence of an in te rgranula r 
attack on the n icke l -chromium-niobium alloy which may account for the higher r a t e s of 
weight gain and oxide penetrat ion noted for this m a t e r i a l . 
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