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Abstract  The influence of rare-earth e lements  (REEs)  on oxidation behavior of Fe-Cr-Ni ,  Fe-Cr  and 
Ni-Cr  alloys has been studied and the role of REEs  on oxidation behavior of chromia forming alloys 
discussed. The REEs  were (a) applied superficially to Fe-18Cr-8Ni (AIS1304) and Fe-25Cr-20Ni (AISI 
310) alloys, and (b) added as alloying additions or as oxide dispersions to Fe-20Cr and Ni-20Cr alloys. 
Superficial application of rare-earth oxides (REOs)  and concentrates of Y and Ce improved the 
isothermal and cyclic oxidation resistance of the low Cr alloys, but not that of the high Cr alloy. The oxides 
of Y. Ce, Nd, La, Sm and Gd influenced oxidation resistance in decreasing ordcr. The addition of 0.1% Cc 
and Y as well as 1% CeO 2 or Y203 as dispersoids to Fe-Cr  and Ni-Cr  alloys improved thcir oxidation 
resistance and the alloy with A1 and Y was found to be the most  resistant. In the presence of Y or Ce (as 
alloying addition or as oxide on the surface) the oxide formed on the surface was convoluted and fine 
grained chromia.  The increase in oxidation resistance of chromia forming alloys in the presence of REEs  is 
due to changes in the cation diffusion process. This is brought  about by segregation of REEs  to the grain 
boundaries  of the scale, and consequent  variations in ionic defect concentrations.  

I N T R O D U C T I O N  

TrtE ADDmON of lOW levels (0.1%) of certain oxygen reactive elements such as 
rare-earths to alloys used in high temperature oxidative atmospheres, has been 
known to reduce oxidation rates and increase scale adhesion. Various explanations 
have been put forth to account for the beneficial effects of active metal addition. 
These include: (a) mechanical keying through formation of oxide pegs into the 
alloy; 1~ (b) promotion of preferential cationic or anionic diffusion in the scale and 
thus inducing the formation of oxide at one preferential interface ;5-111 (c) formation 
of graded oxide or interlayers containing the reactive element; 11'12 (d) reduction in 
accumulation of voids at the alloy/scale interface; 3'13-16 (e) enhancement of scale 
plasticity by modification of the structure 17't8 and (f) inhibition of segregation of 
sulphur to the alloy/scale interface. 19 Some of these explanations have been verified 
for specific alloys doped under specific conditions. In most of the investigations the 
rare-earth elements (REEs) have been added either in metallic form or as oxides to 
the alloy. 2°'2~ In some investigations REEs have been introduced into the surface by 
ion implantation techniques or applied to the surface using various 
techniques. 7-1°'22-27 Application of REEs as oxides to alloy substrates has the 
advantage of not altering the microstructure of the substrate. This paper presents the 
main results of an investigation where the superficial application of various rare- 
earth oxides (REOs) to Fe-Cr-Ni alloys and addition of rare-earths in metallic form 
or as oxides to Fe-Cr and Ni-Cr alloys on oxidation behavior has been studied, and 
discusses the role of REEs on oxidation behavior of chromia forming alloys. 
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FIG. 1. Isothermal oxidation behavior of Fe-18Cr-8Ni (AISI 304) with superficially 
applied rare-earth oxides at 1000°C. 

E X P E R I M E N T A L  M E T H O D  

Preliminary experiments were carried out to establish (a) the method for applying rare-earth oxides to 
metallic substrates and (b) the substrate preparation procedure. 2s On the basis of these tests, specimen 
preparation procedure consisted of grinding to 400 grit followed by rinsing, degreasing and drying. The 
REO was applied by heating the specimen to 200°C followed by immersion in saturated rare-earth nitrate 
solutions and drying at 200°C for 10 min. A number of sets of experiments were carried out. 

(1) Oxides ofCe, La, Gd, Nd, Sm and Y as well as concentrates of Ce (40%) and Y (80%) were applied 
to surfaces of specimens 10 x 10 x 3 mm of Fe-18Cr-8Ni (AISI 304) and Fe-25Cr-20NI (AIS1310) alloys. 
These specimens were isothermally oxidized in air at 900 and 1000°C for up to 100 h. 

(2) Specimens covered with oxides of Nd, La, Ce and Y were tested for cyclic oxidation resistance. 
Each cycle consists of 6 h at 1000°C followed by cooling to 25°C. 

(3) The conjoint influence of Si and REO on oxidation behavior of Fe-Cr-Ni alloy was studied. In this 
test, CeO 2 was superficially applied to Fe-18Cr-SNi alloys containing 0.6 to 4.7 wt% Si, and the oxidation 
behavior at 1000°C in air for 20 h verified. 

(4) The effect of REE and REO addition to various alloys on oxidation behavior was also studied. 
Alloys of Fe-20Cr, Ni-20Cr and Ni-20Cr-2AI containing (a) 0.1% Ce and Y were prepared by vacuum 
induction melting and (b) l% CeO 2 and Y203 dispersoids were prepared by cold compaction from 
elemental powders and sintered. The alloys were subsequently homogenized in vacuum at 10(10°C for 20 h, 
2 mm thick specimens cut, ground, rinsed, dried and oxidized in air at 1000°C for 20 h. 

In all experiments, oxidation kinetics were determined by weight gain measurements. The surface 
morphology of the oxidized specimens was examined by SEM coupled to a quantitative EDS system. 

E X P E R I M E N T A L  R E S U L T S  A N D  D I S C U S S I O N  

Superficial addition of rare-earth oxides 
T h e  o x i d a t i o n  b e h a v i o r  o f  F e - 1 8 C r - 8 N i  c o v e r e d  w i t h  R E O  a n d  C e  a n d  Y 

c o n c e n t r a t e s  a t  1000°C a r e  s h o w n  in  Fig .  1. S t r a i g h t  l i ne s  h a v e  b e e n  u s e d  to  j o i n  t h e  

p o i n t s  as t h e  m e a s u r e m e n t s  w e r e  d i s c o n t i n u o u s .  S u p e r f i c i a l  a p p l i c a t i o n  o f  R E O  

r e d u c e d  t h e  e x t e n t  o f  o x i d a t i o n  a n d  Y a n d  C e  o x i d e s  r e s u l t e d  in  h i g h e s t  o v e r a l l  

o x i d a t i o n  r e s i s t a n c e .  T h e  Y a n d  C e  c o n c e n t r a t e s  a l so  r e d u c e d  t h e  e x t e n t  o f  

o x i d a t i o n .  T h e  r e d u c e d  i n f l u e n c e  o f  t h e  c o n c e n t r a t e s  is d u e  to  t h e  p r e s e n c e  a n d  

d i s t r i b u t i o n  o f  t h e  o t h e r  R E  e l e m e n t s  w i t h  r e d u c e d  a n d / o r  d e t r i m e n t a l  i n f l u e n c e  o n  

a l l oy  o x i d a t i o n .  T h e  o x i d e s  o f L a ,  N d ,  S m  a n d  G d  i n f l u e n c e d  o x i d a t i o n  r a t e s  to  l e s s e r  
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extents and in decreasing order. From the isothermal oxidation curves of the REO  
covered Fe-18Cr-8Ni and Fe-25Cr-20Ni,  it was observed that the influence of REO  
on oxidation of AISI 304 is quite marked whereas that of AISI 310 is influenced very 
little. This difference in behavior is attributable to the formation of a fine grained and 
continuous layer of Cr20 3 on the REO free and REO covered AISI 310. 

The cyclic oxidation behavior of AISI 304 covered with oxides of Y, Ce, Nd and 
La is summarized in Table 1. In the presence of Y or Ce oxides, the scale is more 
resistant to spalling and is due mainly to the formation of thin fine grained Cr20~ on 
the surface. 

In the presence of Si, the oxidation behavior of AISI 304 at 1000°C did not vary 
appreciably. However,  at higher temperatures,  the oxidation rate decreased with 
increasing silicon. The superficial application of CeO2 to these alloys did not result in 
any notable change in weight gains. The increase in oxidation resistance with 
increasing Si can be considered to be due to the presence of increasing amounts of the 
ferrite phase in the alloy. Since the ferrite phase is richer in Cr, it promotes the 
formation of a more continuous and defect free film of either Cr203 or Cr20: and 
SiO,. 

Alloy addition of rare-earths 
The effect of REEs  and REO dispersoids in Fe-20Cr and Ni-20Cr on oxidation at 

1000°C are shown in Figs 2 and 3. Ce or Y has greater influence on reducing the 
oxidation rate of the alloys as compared to CeO2 or Y203 dispersoids. In either form 
(elemental or as oxides) Y influenced oxidation rate more than Ce. In the presence of 
2% AI and 0.1% Y the alloy Ni-20Cr exhibited the highest overall oxidation 
resistance. Similar results were reported by Nagai et al. 2~ 

Oxide morphology 
The outer oxide surface on RE free Fe-18Cr-8Ni oxidized for 20 h at 1000°C 

revealed spikes of iron rich oxide (Fig. 4a), whereas close to the M/MO interface a 
fine grained structure was seen. Often the REO added to the alloy surface was 
observed on the outer oxide surface indicating that they were pushed outwards by the 
growing scale. The marked improvement in the overall oxidation behavior upon 
addition of Y, Ce or Nd is due to the formation of fine convoluted and relatively thin 
Cr203 on the alloy surface as shown in Fig. 4(b). On Fe-25Cr-20Ni similar 
convoluted Cr203 was observed even in the absence of REE.  The oxide formed on 

TABLE 1. CYCLIC OXIDATION RESISTANCE OF RARE-EARTH 

OXIDE COATED Fe-18Cr-8Ni (AISI 304). EACH CYCLE 

CONSISTED OF 20 h AT 1000°C. S--SPALLING; NS--NO 
SPALLING 

Rare-earth 

oxide Specimen after cycle 

1 2 3 4 5 6 

Y NS NS NS NS S S 

Ce NS NS NS S S S 
La NS S S S S S 

Nd S S S S S S 
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FIG. 4. Scanning electron micrographs of AIS1304 specimens oxidized at 1000°C for 20 h: 
(a) outer  oxide surface on R E O  free specimen, (b) convoluted oxide on Nd203 covered 

specimen, (c) outer  oxide on cerium concentrate covered specimen. 
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alloys covered with Y and Ce concentrates revealed both iron oxide spikes and 
rounded Cr oxides as shown in Fig. 4(c). This is due to the presence of other REEs  in 
the concentrate which have varying influence on oxide growth rate and morphology. 
Scanning electron microscopy of metal/oxide sections revealed oxide intrusions into 
the alloy and internal oxides. The improved adhesion of the surface scales to the 
substrate in the presence of R E E  may be attributed to formation of intrusions, 
convolutes and finer grain size. In Si containing alloys an inner Si rich layer was 
observed. Similar results were observed for the AI containing Ni-20Cr alloys. The 
morphology of the surface oxide on Ni-20Cr alloys with and without R E E  was fine 
grained Cr20 3, especially on specimens oxidized for sufficiently long times. 

GENERAL DISCUSSION 
Superficial application of REOs to Fe-18Cr-8Ni alloy improves the overall 

oxidation resistance. The REEs in increasing order of influence on the oxidation 
behavior are Gd, Sm, Nd, La, Ce and Y. The scale formed on (a) the Y203 covered 
alloy consisted of a thin layer of fine grained chromia, (b) the CeO2 covered alloy, 
predominantly chromia with some iron oxide and (c) the other REO  covered alloys, 
mostly chromia with increasing amounts of iron oxide. The morphology and 
thickness of the scales on both REO covered as well as REO  free Fe-25Cr-20Ni were 
similar. Hence,  superficial application of REO exercised greater influence on the 
oxidation behavior of low Cr alloy. Although a significant part of the superficially 
applied R EO was found at the scale/gas interface, the modifications in the scale 
characteristics can be attributed to the REOs. These not only acted as the scale 
nucleation sites, as evidenced by the fine grained scale, but were also found in the 
growing chromia scale. 27 The surface applied RE O  entrapped in the scale influences 
scale growth in the same manner as when REO dispersoids or REEs  were added to 
the alloy. The REOs in the scale have been shown to form spinels (depending on 
their solubility) followed by dissociation to the RE ion and its segregation to the scale 
grain boundaries (g.b.s). ~ The segregated RE ions alter outward cation movement 
and cause changes in the oxidation behavior of chromia and possibly alumina 
forming alloys. 6"7"29 On Y implanted Cr and Co-Cr alloys, the accumulation of Y at 
the scale g.b. has been shown to reduce the outward diffusion of Cr ions along g.b., 
even to the extent of making the inward diffusion of O e- ions the predominant 
process. 7-I° The exact mechanism by which Cr ion diffusion is hindered by REE at 
g.b.s is as yet not clear. The formation of segregant-defect pairs near g.b.s and 
consequent increase in the activation energy for cation diffusion is a probable 
mechanism. 7 The reduced influence of certain REOs like Gd20  3 and Sm20 3 on 
chromia scale formation can be attributed to limited segregation of Gd/Sm ions to the 
scale g.b.s and availability of sufficient cation defects near g.b. s for scale growth. The 
morphology of the scale formed on Ce and Y concentrate covered Fe-18Cr-8Ni alloy 
varied from one region to another.  This behavior can be explained to be due to the 
incorporation of different REO from the concentrate into the scale, and consequent 
differences in the segregated RE ions at the scale g.b. This in turn results in different 
cation defect concentration from one region of the scale to another. Hence,  the 
manner  in which REEs affect chromia scale growth is by segregation to g.b.s 
followed by alteration of the defect concentration near g.b.s for chromium ion 
diffusion. 

Increased adhesion of the scale is probably due to a combination of effects which 
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include (a) mechanica l  keying at the t roughs of the convolutes ,  and by the oxide 

in t rus ions  into the alloy and  (b) reduced  oxide grain size and  thereby  increased 
plasticity. 

CONCLUSIONS 

(1) Superficial appl icat ion of R E O  and  concent ra tes  of Y and  Ce to AISI  304 
stainless steel improves  oxidat ion resistance.  

(2) Cer ium and  y t t r ium oxides resul ted in highest  i so thermal  and cyclic oxidat ion 
resistance.  They  p romo te  the fo rmat ion  of convolu ted  and fine gra ined  ch romium 
oxide on AISI  304 SS surface. 

(3) The  oxidat ion behav ior  of Si con ta in ing  F e - 1 8 C r - 8 N i  alloy was not  affected 
by superficially appl ied CeO2. 

(4) The  addi t ion  of 0 .1% Ce or Y or 1% of their  oxides as dispersions to F e - 2 0 C r  
and  Ni -20Cr  alloys improved  the oxidat ion resis tance of these alloys. The  Ni -20Cr  

alloy con ta in ing  both  A1 and  Y exhibi ted the highest overall  resistance.  

(5) The  increase in oxida t ion  resistance of chromia  forming alloys in the presence  
of R E E s ,  e i ther  in the alloy or on the surface,  is b rought  abou t  by segregat ion of 
R E E s  to the scale grain boundar i e s ,  and consequen t  reduc t ion  in ch romium ion 
diffusion a long grain b o u n d a r y  cat ion defects. 
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