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The cyclical oxidation behavior of  an austenitic stainless steel (24% Ni, 10% 
Cr, 5% Al, and balance Fe) has been evaluated in the temperature range 
800-1300~ The effects of  trace elements such as S, Y, Zr, and Ti on the 
oxidation of  the austenitic stainless steel have also been evaluated. The results 
indicate that Fe-Ni-Cr-A1 stainless steels exhibit superior oxidation resistance 
up to 1300~ due to the formation of  a very adherent and thin film of  a-Al203. 
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INTRODUCTION 

Since chromium is a strategically critical metal, it is important to consider 
ways to reduce the use of chromium in austenitic stainless steels. In this 
regard, McGurty and co-workers I have done significant alloy development 
work to replace chromium partially with aluminum in austenitic stainless 
steels. Several alloys with different compositions were examined for oxida- 
tion behavior, mechanical behavior, microstructure, welding properties and 
aqueous corrosion. Their important findings may be summarized as follows: 

1. The high-A1, low-Cr stainless steels form a thin, adherent aluminum 
oxide film 2 during high-temperature oxidation, which is nonspalling 
and extraordinarily protective of the base metal. 

2. These alloys contain only 10%Cr, 3 as compared with the 18-20% 
found normally in 300 series stainless steels (more than 40% savings 
on the strategically important Cr). 
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3. The  alloys conta in ing  20% or more  Ni are stable austeni t ic  steels, 4 

whereas  the co r respond ing  300 series stainless steels are metastable ,  

with reference  to s t ra in- induced mar tens i t ic  t r ans fo rmat ion  and 

sensi t izat ion in the t empera tu re  range o f  450-800~ 

4. The  h igh-Ni  conten t  in this alloy enables  the steel to be a precipi ta-  

t i on -ha rdenab le  al loy by fo rmat ion  o f  /3-(Fe,Ni)A15 precipi ta tes ,  

which  can be op t imized  to p roduce  supera l loy  propert ies .  

5. These  alloys have  good  aqueous  cor ros ion  resistance 4 under  nitric 

acid envi ronments .  

6. These  alloys can be air induct ion  melted.  For  example ,  85 lb labora-  

tory heats are rout ine ly  p roduced  with bet ter  than 99% yield, and 

a yield o f  bet ter  than 97% is ob ta ined  for  1600 lb commerc ia l  heats. 

This pape r  describes the ox ida t ion  o f  the F e - 2 4 % N i - 1 0 % C r - 5 % A 1  

alloy. The effects of  varying the Y, Zr, Ti, and S contents  on the ox ida t ion  

behav ior  are also examined .  

M A T E R I A L S  AND M E T H O D S  

Alloy Composit ions 

The chemica l  compos i t ions  o f  the alloys s tudied are shown in Table  

I. The al loy des ignated  880-4 is a stable austeni t ic  al loy with 24 .4%Ni ,  

9 .73%Cr,  4.77% A1, and trace amounts  o f  Zr(0 .026%) and Y(0.094% ); it is 

used here as a basel ine al loy for ox ida t ion  studies. Alloy 880-5 has a 

chemistry s imilar  to that  o f  880-4, except  for  its Y(0%)  content .  Alloys 

896-1, -2, and -4 have slightly lower  Ni (22 .1%)  and higher  Zr (0 .1%);  they 

Table I. Chemical Compositions of Alloys (wt.%) 

Alloy Ni Cr AI Mn Si C N Zr Y Ca S Fe 

880-4 24 .4  9.73 4.77 0.14 0.41 0.027 0.021 0.026 0.094 0.003 - -  Bal 
880-5 25 .4  9.95 4.90 0.14 0.12 0.023 0.010 0.034 0.000 0.004 21 ~ Bal 
881-1 34 .2  9.76 4.98 0.14 0.41 0.019 0.003 0.022 0.005 0.003 - -  Bal 
894-1 24.2 16.20 5.04 0.23 1.04 0.031 0.026 0.280 0.000 0.008 - -  Bal 
894-7 26.6 15.70 4.97 0.25 1.00 0.033 0.014 0.477 0.000 0.024 - -  Ba! 
896-1 22.1 10.60 4.15 0.20 0.75 0.025 0.019 0.100 0.000 0.002 - -  Ba! 
896-2 22.1 10.60 4.15 0.20 0.75 0.030 0.016 0.100 0.024 0.002 - -  Bal 
896-4 22.1 10.60 4.15 0.20 0.75 0.030 0.016 0.100 0.344 0.002 - -  Bal 
898-1 25.6 14.20 4.81 0.17 0.55 0.024 0.018 0.063 0.010 0.001 - -  Bal 
899-1 20.9 10.60 5.18 0.21 0.53 0.030 0.030 0.065 0.009 0.001 22 a Bal 

14-1 22.0 10.00 5.10 0.03 169 a 150 a - -  23 a - -  - -  51 a Bal 

~Denotes values in parts per million (ppm). 
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have progressively increasing Y contents (0, 0.024, and 0.344%, respectively) 
than does alloy 880-4. Alloy 898-1 has higher Cr(14.2%) than does 880-4. 
Alloy 899-1 has lower Ni(20.9%) and lower Y(0.009%). Alloy 881-1 has 
significantly higher Ni(34.2%) than does alloy 880-4. Alloys 894-4 and 894-7 
have significantly higher Cr(16.2 and 15.7%, respectively) and higher 
Zr(0.280 and 0.477%, respectively) than does alloy 880-4. Finally, a rela- 
tively pure alloy, 14-1, was also examined. Extensive cyclic oxidation 
experiments over the temperature range of 800-1300~ were carried out on 
base alloy 880-4. On all the other alloys, cyclic-oxidation experiments were 
done only at an intermediate temperature of l l00~ These experiments 
enabled us to evaluate not only the oxidation behavior over the temperature 
range but the effects of different alloying elements on the oxidation of this 
class of materials as well. 

Oxidation Tests 

Test coupons of dimensions 2.5 cm • 7.5 cm • 1.25 mm were used for 
the oxidation tests. The surfaces of these test coupons were mechanically 
polished to 600-grit finish and then ultrasonically cleaned. The specimen 
dimensions to within 0.02mm and its weight to within 0.01 mg were 
measured before oxidation. Cyclic oxidation (between room temperature 
and the oxidation temperature) experiments were performed in air in resist- 
ance-heated tube furnaces kept at different oxidation temperatures in the 
range of 800-1300~ The coupons were hung freely in the furnace using 
a thin alumina rod inserted through a small hole in each coupon. During 
each cycle, the coupons were exposed to the oxidation temperature for 
20 hrs and cooled to room temperature. Weight-change measurements were 
made after each cycle. The experiments were done for 2500 hr at oxidation 
temperatures up to ll00~ The higher-temperature tests were stopped at 
shorter times, depending on the extent of oxidation. 

Metallography, Scanning Electron Microscopy, and X-Ray Diffraction 

The oxidized specimens were subjected to optical metallography and 
X-ray diffraction (XRD). Small sections of the specimens were prepared 
by standard metallographic procedures for optical microstructural 
examination of the cross section and the oxide-metal  interface. Scanning 
electron microscopy (SEM) was performed on the samples using a Cam- 
bridge 600 Stereoscan fitted with an energy-dispersive X-ray analyzer 
(EDAX). Another part of  the oxidized specimens was subjected to qualita- 
tive phase analysis by XRD. A Philips-Norelco powder diffractometer with 
a graphite-crystal, diffracted-beam monochromator  was used. CuK~ radi- 
ation with the X-ray tube operating conditions of 40 kV and 20 mA was used. 
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RESULTS 

Weight-Change Measurements 

Figure 1 plots the weight change of the oxidized samples vs the number 
of oxidation cycles at temperature. These plots show that alloy 880-4 has 
very little weight change, even at 1300~ Parabolic rate constants were 
determined from these weight-change measurements, which were sub- 
sequently used for determining an apparent activation energy for the process 
of oxidation. Figure 2 shows the photographs of the six 880-4 samples at 
the completion of the cyclic oxidation tests. For the sake of comparison, 
samples of 80Ni-20Cr (Nichrome V) alloy oxidized under similar conditions 
are included. The alloy 880-4 showed much superior oxidation resistance 
as compared with the 80Ni-20Cr alloy. 

Figure 3 shows the effect of alloying elements on the oxidation behavior 
of the Fe-Ni-Cr-A1 alloy. The effect of yttrium addition on oxidation 
resistance is shown in Fig. 3a, which compares the weight-change charac- 
teristics of the 896-1(0% Y), 896-2 (0.024% Y), 880-4 (0.094% Y), and 896-4 
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Fig. 1. Weight-change data for the samples of alloy 880-4 plotted against the 
number of oxidation cycles at temperature. 
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Fig. 2. Appearance of the alloys 880-4 and 80 Ni-20 Cr alloys after cyclical oxidation at the 
temperature indicated for the indicated period of time. 

(0.344% Y) alloys. These data show that the addition of yttrium in amounts 
greater than 0.1% increases the rate of oxidation. Figure 3b compares the 
oxidation resistance of the 880-4 (0.026% Zr), 894-4 (0.280% Zr), and the 
894-7 (0.477% Zr) alloys, to study the effects of zirconium on the oxidation 
resistance of  these alloys. As shown, increasing the amount of zirconium 
increases the rate of oxidation of these alloys. Figure 3c compares the 
weight-gain characteristics of the 881-1 (0% Ti) and the 881-8 (1% Ti) alloys 
to obtain the effects of titanium on these alloys. The presence of 1% titanium 
in the 881-8 alloy substantially increases the oxidation rate of the alloy. 
The data shown in Fig. 3d compare the weight-change characteristics of 
the 14-1 (51 ppm S), 899 (22 ppm S), and 880-5 (21 ppm S) alloys to study 
the effect of sulfur content on the oxidation resistance of these alloys. Figure 
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Fig. 3. Comparisons of weight-gain data. (a) To obtain the effect of Y on 
oxidation resistance by 896-1 (0%Y), 896-2 (0.024%Y), 880-4 (0.094%Y), 
and 896-4 (0.344% Y). (b) To obtain the effect of Zr on oxidation resistance 
894-7 (0.477%Zr), 880-4 (0.026% Zr) and 894-4 (0.280% Zr) alloys. (c) To 
obtain the effect of Ti on oxidation resistance by 881-1 (0% Ti) and the 
881-8 (1% Ti). (d) To obtain the effect of S on oxidation resistance by 14-1 
(51 ppm S), 899 (22 ppm S) and 880-5 (21 ppm S). 
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Fig. 3. Continued. 
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3c demonstrates that sulfur has a catastrophic effect on the oxidation 
resistance as shown by the catastrophic spalling of the oxide film that forms 
on the 14-1 high-sulfur-content alloy. 

Metallographic Evaluations 

Figure 4a-h shows optical micrographs of the specimens of alloy 880-4 
oxidized in the range 800-1300~ In general, the oxide-metal interface is 
straight in the temperature range 800-1100~ (Fig. 4a-d) and very irregular 
at higher temperatures (Fig. 4e, h). Large fl-phase precipitates [(Fe,Ni)A1] 
can be seen in these micrographs, as these precipitates tend to overage even 
at lower temperatures. The /3-depletion zone, which is an indication of 
depletion of A1 near the oxide-metal interface can be seen in these micro- 
graphs to increase in size with increasing oxidation temperature. The oxide 
scale, the fl-depletion zone, and the fl-phase precipitates are indicated on 
the micrographs. 

Precise oxide-scale thickness and depletion-zone widths were deter- 
mined using SEM. The data were then used to determine the apparent 
activation energy for the process of oxidation and depletion of A1 in the 
metal. 

X-Ray Diffraction 

Complete XRD scans for typical 880-4 samples oxidized at tem- 
peratures 800, 1100, and 1300~ are shown in Fig. 5a-c. Phases such as 
Fe(y),  a-Al203, and/~- (Ni-A1) were identified in these X-ray scans, a-A1203 
is the only oxide phase detected on the surface, and the relative amount of 
aA1203 increases with increasing oxidation temperature. 

DISCUSSION 

Oxidation of Fe-24.5Ni-9.73Cr-5A1 Alloy 

The weight-gain data obtained for the 880-4 alloy for oxidation in the 
temperature range 800-1100~ were analyzed using regression analysis and 
determined to be parabolic. The parabolic rate constant, Kp was found to 
increase with increasing oxidation temperature from about 10 15 ga.cm4/sec 
at 800~ to 10 -11 g2-cma/sec at 1300~ 

Hindam and Whittle 6 compiled data on the growth kinetics of A1203 
on several Al-containing alloys. Figure 6 compares the Kp values for the 
alloy 880-4 with other aluminum-containing alloys described by Hindam 
and Whittle. It can be seen that the alloy 880-4 has a considerably lower 
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Fig. 6. Kp values for alloy 880-4 compared with alloys described by Hindam and Whittle. 6 
Kp values for alloys from the latter lie on the band indicated; those for alloy 880-4 are 
indicated by the triangle. 

parabolic rate constant compared with that of all the alloys reported by 
these investigations over the entire range. This is particularly impressive 
considering the fact that the alloys showing superior oxidation resistance 
in Fig. 6 are noble metal-based alloys. Using the weight-gain data for alloy 
880-4, an apparent activation energy oxidation in the temperature range 
800-1100~ was determined to be 65 kcal/mole. 

Using the oxide-film thickness and the fl-depletion-zone widths deter- 
mined from SEM analysis, the effective diffusion coefficients (Def0 for the 
oxidation and Al-depletion processes were determined using the following 
equation suggested by Hindam and Whittle6: 

X 2 = Def  ~ * t 

where x is the oxide-scale thickness (or depletion-zone width) at the given 
temperature, t is the oxidation time in seconds, and De~ is the effective 
diffusion coefficient for the oxide-film growth process or the Al-depletion 
process. 

Apparent activation energies for the above two processes were deter- 
mined by fitting the data to Arrhenius rate equations. All of  these data are 
listed in Table II. The data presented in the table are restricted to the 
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Table II. Kp and De~ Values Calculated from Weight Gain, Oxide-Scale Thickness, and 
AI-Depletion-Zone Size Measurements. a 

Kp (from weight- Def r (from A1203 De~ (from A1- 
Temperature gain data) thickness) depletion zone) 

(~ (gZ-cm4/see) (cm2/sec) (cmZ/sec) 

900 3.0 • 10 -15 1.2 x 10 -15 1.8 x 10 -15 
1000 2.4• 10 14 l a x  10 -14 4.4• 10 -13 

1100 1.7 • 10 -13 8.4 • 10 -14 1.0 • 10 -11 
Pre-exponential factor, A 3.8 x 10 -3 6.5 • 10 -3 1.6 • 10 H 
Apparent Q, kcal/mole 65 68 138 

~The apparent activation energy Q values were determined by fitting the Kp and De~ data to 
an Arrhenius-type relationship; in all instances, the fitting was excellent, yielding a correlation 
coefficient of better than 99.9%. The pre-exponential factors A have the same units as Kp 
and D~. 

t empe ra tu r e  range 900-1100~ since prec ise  m e a s u r e m e n t  of  the ox ide  scale 
th ickness  and  o f  the  dep l e t i on  zone wid th  was not  poss ib le  at o ther  tem- 

pera tures .  At  800~ the ox ide  scale and  the dep l e t i on  zone were too  smal l  
to detect ;  at 1200 and  1300~ the o x i d e - m e t a l  in ter face  was i r regular  and  
therefore  i n t roduced  a large error  in measurement .  

We can  see f rom Table  II  tha t  the a p p a r e n t  ac t iva t ion  energy for  the 
weight -ga in  da t a  and  for  the  ox ide - sca le -g rowth  da t a  are  a lmos t  the  same,  
while  the a l u m i n u m  dep l e t i on  process  has  a h igher  a p p a r e n t  ac t iva t ion  
energy. Unfo r tuna te ly ,  no re l iable  diffusion da ta  are ava i lab le  for  A1 or  
oxygen dif fus ion in A1203 or  A1 diffusion in y - i ron  at the  t e m p e r a t u r e  ranges  
o f  this s tudy.  Therefore ,  any  mechan i sm p r o p o s e d  for  the ox ida t i on  process  
based  on  the above  observa t ions  can at  bes t  be specula t ive  in nature .  The  
re la t ive ly  high a p p a r e n t  ac t iva t ion  energy and  p r e - e xpone n t i a l  fac tor  for  
the A l -dep l e t i on  process  may  be a t t r ibu ted  to the fact  that  the process  o f  
Al  dep le t i on  involves r e so lu t ion  o f  t h e / 3 - ( F e , N i ) A 1  prec ip i t a tes  and  sub- 
sequent  di f fus ion o f  A1 to the o x i d e - m e t a l  in terface .  I t  shou ld  be no ted  tha t  
t h e / 3 - p r e c i p i t a t e s  are o therwise  s table at  these  t empera tu res .  

Because  the  a-A1203 ox ide  film is very a d h e r e n t  and  the ox ida t i on  rate  
very small ,  the  growth  o f  the ox ide  film appea r s  to be con t ro l l ed  by  the 
ou tward  d i f fus ion o f  AI cat ions.  This wou ld  imp ly  that  the f reshly fo rming  
oxide  w o u l d  form at the  o x i d e - a i r  interface,  as o p p o s e d  to the m e t a l - o x i d e  
interface  by  the i nward  diffusion of  oxygen  anions .  The fo rma t ion  o f  the 
new oxide  l a y e r  at the  o x i d e - a i r  in terface ,  which  is a free surface  w o u l d  
exp la in  the  ex t r ao rd ina ry  adhe rence  o f  the ox ide  film to the base  meta l  and  
the absence  o f  any  b reaks  in the ox ide  f i lm-me ta l  in ter face  desp i te  the large 
vo lume change  as soc ia t ed  with the f o r m a t i o n  o f  A1203 f rom A1. 
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Effect of Alloying Elements on Oxidation Rate 

The effects of various alloying elements on the oxidation behavior of 
the Fe-Ni-Cr-A1 alloy are consistent with observations made by previous 
researchers. For example, Mrowec and Werber 7 observed that small addi- 
tions of yttrium improved oxidation resistance in Cr steels. Observations 
from the present study on the alloys 896-1 and 896-2 are consistent with 
this finding. Tien and Pettit 8 observed that larger additions of Y increased 
the oxidation rate of Cr steels. Again, in comparison with alloys 896-1 and 
896-2, alloys 880-4 and 896-4 showed higher oxidation rates. Truman and 
Pitt 9 observed that the addition of Ti increased the oxidation rate of Cr 
steels, which is consistent with observations in this study in alloys 881-1 
and 881-8 (1% Ti). Kahn e t  al. a~ observed that the addition of Zr generally 
increased the oxidation rate, which is consistent with the present observa- 
tions in alloys 894-4 and 894-7. The effect of increasing S from 21 to 51 ppm 
seemed to affect the oxidation very drastically and the mechanism proposed 
by Mrowec and Werber 11, that of formation of low-melting, sulfide-oxide 
eutectics, could offer an explanation for this effect. 

CONCLUSIONS 

Fe-24Ni-10Cr-5A1 alloy shows excellent oxidation resistance up to 
ll00~ and is moderately oxidation resistant up to 1300~ The excellent 
oxidation resistance is attributed to the formation of a nonspalling ~A1203 
oxide film. There was no internal oxidation up to 1300~ The addition of 
alloying elements, such as zi, rconium, yttrium, titanium, and sulfur, generally 
increased the oxidation rate. However, when added in small quantities (up 
to 0.02%), yttrium has a beneficial effect. 
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