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AISI 304L stainless steel powder compacts containing 2 vol% high purity rare earth oxides were prepared by 
mixing the different powders in a vibratory mill followed by pressing. The compacts thus obtained were sintered 
in a vacuum furnace and isothermal oxidation measurements were carried out in a muffle furnace, in air, up to 
200 hours at 900 °C. The oxidized surfaces were examined in a scanning electron microscope and micro regions 
of the reaction products were studied using energy dispersive analysis. The addition of rare earth oxides decreased 
the oxidation rate of the stainless steel. Further evidence of predominant oxygen ion diffusion controlling the 
overall oxidation process in rare earth containing chromium oxide forming alloys has been observed.
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1. Introduction

Alloys for use at high temperatures should have adequate me-
chanical strength and resistance to chemical degradation caused by 
reactions between the alloy and the environment1,2. Most structural 
alloys are Fe, Ni or Co based alloys and the oxides formed on their 
surfaces are not sufficiently protective above 550 °C. Therefore these 
alloys contain Cr and/or Al to form more protective oxide scales 
of chromium oxide or alumina respectively3. The addition of other 
reactive elements such as yttrium, zirconium or cerium, to these 
alloys improves the protective properties of the surface oxides even 
more4-8. Rare earth (RE) oxides in the form of dispersions have also 
been added to these alloys to form protective surface oxides9. Vari-
ous mechanisms have been proposed to explain the improvements 
in oxidation resistance brought about by addition of RE elements 
or their oxides. The mechanism most widely accepted attributes the 
improvements to diffusion of the RE ions to oxide grain boundaries 
and blocking of alloy cation diffusion from the metal/oxide to the 
oxide/air interface10. This paper presents the effect of neodymium, 
yttrium, lanthanum and ytterbium oxide additions on oxidation be-
havior of AISI 304L stainless steel.

2. Materials and Methods

Powders of AISI 304L (0.01 C, 0.01 S, 11.3 Ni, 19.1 Cr, 0.9 Si, 
0.159 O, 0.056 N, 0.2 Mn and balance Fe) and 2 vol.% high purity 
oxides of neodymium, ytterbium, lanthanum and yttrium were mixed 
for 1 hour in a vibratory mill to obtain the powder mix. This powder 
mix was compacted in a uniaxial press and the compacts sintered 
in vacuum for 1 hour at 1250 °C. Specimens of the compacts for 
optical microscopy were polished and etched by immersion for 
5 seconds in a solution containing 30 mL hydrochloric acid and 
20 mL ethanol. Isothermal oxidation was carried out in a muffle 
furnace for 200 hours at 900 °C. Weight gains vs. time curves were 
obtained and the weight gains took into account the weight of the 
spalled oxide, where pertinent. The surfaces and cross sections of 
specimens oxidized for 20 hours and 200 hours were examined in a 
scanning electron microscope and energy dispersive spectroscopic 
analysis of micro-regions carried out.

3. Results and Discussion

The hydrostatic density of the various sintered materials did not 
vary much and was in the range 86.2 to 89.1% of the theoretical 
density.

Figure 1 shows micrographs of longitudinal sections of sintered 
AISI 304L. Neck formation between alloy particles and irregular 
shaped pores can be seen in Figure 1a. Twinned austenite grains are 
shown in Figure 1b. The cross-section and longitudinal section of the 
Yb

2
O

3
 containing specimen are shown in Figure 2a and b. Embedded 

RE oxide particles at metal particle interfaces(arrows) and twinned 
austenite grains can be observed.

The weight gain vs. time curves of specimens oxidized in the muf-
fle furnace are shown in Figure 3. Addition of RE oxides decreased 
the overall weight gain compared to the stainless steel without any 
additions. After 20 hours at 900 °C, none of the specimens spalled. 
After 50 hours, among all the samples, only the oxides on specimens 
without RE additions and with Y

2
O

3
 started spalling. Oxide spalling on 

Y
2
O

3
 containing specimen was slight and in the form of a fine powder, 

where as that on the specimen without additions of RE oxides was in 
the form of large scales. During the first 20 hours of oxidation, the 
effect of adding the different RE oxides was similar.

Figure 4a shows the surface of AISI 304L oxidized for 20 hours. 
Acicular oxides can be seen in region 1 and this was rich in Fe and Ni. 
Region 2 was rich in Fe and contained traces of Cr and Ni. A cross-sec-
tion of the same material is shown in Figure 4b and an irregular oxide 
layer is seen. The oxide/metal interface is undulating and regions with 
internal oxidation can also be observed besides cracks and pores. The 
outer part of the oxide layer (region 1) consists essentially of Fe and 
some Cr. In the lighter intermediate region (region 2), Ni was also 
observed. The internal oxidation zone (region 3) revealed Cr and Ni, 
and region 4, close to the metal/oxide interface was rich in Cr.

The surface of AISI 304L oxidized for 200 hours is shown in 
Figure 5a. The specimens revealed severe spalling. Oxides with vary-
ing morphologies can be observed. EDS analysis revealed that in spite 
of the differing morphologies, they were all rich in Fe. In the oxides 
shown with numbers 1 and 2, small quantities of Cr was detected, and 
in the oxide shown with number 3, besides Fe and Cr, Ni was also 
present. Figure 5b shows a region of the oxide that was still adhering 
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Figure 1. Longitudinal sections of sintered AISI 304L. a) not etched; and b) etched.
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Figure 2. Microstructure of sintered AISI 304L + Yb
2
O

3
. a) cross-section without etching; and b) longitudinal section etched.

to the alloy and revealed high Cr content. The cross section of the 
same material is shown in Figure 5c and high Fe with traces of Cr 
was noted in region 1 and high Ni in region 2. Figure 5d is a higher 
magnification micrograph of a part of the oxide still adhering to the 

base metal and it reveals zones of internal oxidation. Region 1 was 
found to be rich in Cr and Fe, region 2 contained high Ni besides Cr 
and Fe and region 3, revealed large amounts of Cr and Fe.

Figure 6a presents the surface of Yb
2
O

3
 containing AISI304L 

oxidized for 20 hours. The light colored regions are Yb
2
O

3
. The mor-

phology of the oxide formed on the surface is quite distinct from that 
formed on the RE oxide free steel (Figure 4a). Figure 6b is a cross 
section of the same material and reveals an oxide layer that is thinner 
than that formed on RE oxide free steel. Pores can also be observed 
in the oxide. The light regions within the oxide layer were identified 
as Yb

2
O

3
 particles and serve as a marker, indicating the oxide growth 

direction, that is, towards the alloy. This lends further proof to oxide 
growth mechanism in the presence of RE being by anion diffusion. 
On the outer regions of the oxide, close to the oxide/gas interface, 
indicated in the micrograph as 1, Cr and Ni were detected, besides 
Fe. In the intermediate lighter region 2, the Ni level was higher and 
in region 3, close to the oxide/metal interface, the Cr level was high. 
Region 4 is a Yb

2
O

3
 agglomerate.

The surface and cross section of AISI 304L + Yb
2
O

3
 oxidized 

for 200 hours are shown in Figures 7a and 7b. Region 1, close to the 
oxide/gas interface showed only Fe and region 2, large amounts of 
Ni and Cr, besides Fe. The intermediate light region 3, was rich in Ni 

Figure 3. Oxidation Curves at 900 °C.
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Figure 5. AISI 304L oxidized for 200 hours at 900 °C. a) surface (not spalled region); b) surface (spalled region); c) cross-section; and d) higher magnifica-
tion in a region of (c).
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Figure 4. AISI 304L oxidized for 20 hours at 900 °C. a) surface; b) cross-section.



378 Pillis et al. Materials Research

Det   20 m
BSE

(a)

1 m Detector= QBSD

metal

resin

1
2

3

oxide

4

(b)

Figure 6. AISI 304L + Yb
2
O

3
 oxidized for 20 hours at 900 °C. a) surface; and b) cross-section.

Figure 7. AISI 304L + Yb
2
O

3
 oxidized for 200 hours at 900 °C. a) surface; and b) cross-section.
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and region 4 is a particle of Yb
2
O

3
 present at alloy particle boundaries. 

Region 5, close to the oxide/metal interface is rich in Cr.
Similar microstructures were observed in the case of the other RE 

oxide dispersion containing steels. The mechanism most widely ac-
cepted at present, among those that have been put forth3,10-19, to explain 
the reactive element effect, especially in so far as its effect on chromia 
growth, is the change in the ion species that diffuses predominantly. In 
rare earth free FeCr alloys, chromia growth takes place as a result of 
diffusion, of both oxygen and chromium19, along grain boundaries, and 
the oxide layer is thick. On the other hand, in RE containing FeCr al-
loys, chromia growth is due to predominant oxygen ion diffusion10. The 
oxide layer is thin and plastic. Consequently the oxide layer is more 
adherent. The rare earth ions segregate to grain boundaries in the alloy 
and the oxide, close to the metal/oxide interface or to grain boundaries 
of the oxide. The ionic radii of the rare earths are significantly higher 
than that of the elements in the steel, Fe and Cr, and their presence at 
the alloy or oxide grain boundaries impedes cation diffusion. This in 
turn transforms regular anion diffusion into the predominant diffusing 
species and thus determines oxide growth.

4. Conclusions

Rare earth oxide additions to AISI 304L stainless steels decreased 
overall weight gain due to oxidation. The influence of RE additions 
on oxidation behavior remained effective for up to 200 hours. The 
results of microscopic examination of oxidized surfaces and sections 
gave further evidence that oxide growth on RE containing steels was 
by predominant oxygen diffusion.
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