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A B S T R A C T

The present work focusses on the effect of nanocrystalline xCeO2 – (1-x)ZrO2 (x = 1, 0.75, 0.5, 0.25 and 0 in wt
% abbreviated as C100, C75Z25, C50Z50, C25Z75 and Z100) coated by electron beam physical vapour de-
position (EBPVD) on AISI 304 and its implication on the high-temperature oxidation protection. The oxidation
kinetics indicate that the samples C100, C75Z25 and C50Z50 show 3–4 orders better oxidation protection than
uncoated AISI 304. Coating morphology and composition play an important role in developing superior na-
nostructures against high temperature oxidation. The development of ceria-zirconia coating helps in the reali-
zation of structural materials for elevated temperature application.

1. Introduction

Austenitic stainless steels are used as structural materials at elevated
temperature oxidation. In particular, AISI 304 has been in power plants,
petroleum refineries and fast breeder reactors [1–3]. At higher tem-
peratures, these materials are subjected to oxidation that leads to de-
gradation of the material and its lifetime is significantly reduced. On
oxidation, AISI 304 develops protective chromia layer on the surface
but fails above 870 °C due to the thermal expansion coefficient mis-
match caused by thermal stress and the formation of iron oxides, iron
chromate (Fe2Cr2O4) and manganese chromate (Mn1.5Cr1.5O4) through
the initially formed chromia layer [3,4].

Ceria based materials are the potential candidate in the field of
high-temperature oxidation protection [1]. The success of ceria-based
materials is mainly ascribed to the unique combination of high oxygen
diffusivity coupled with the ability to shift easily between reduced Ce3+

and oxidized Ce4+ [5]. The formation of oxygen vacancy in ceria can be
represented using Kröger-Vink equation.

+ → + +⋅⋅Ce O O V Ce2 1
2

2Ce O O Ce2
'

(1)

where CeCe denotes Ce4+ in cerium lattice, Oo represents oxygen in
oxygen lattice, ⋅⋅VO indicates oxygen vacancy and Ce'Ce signifies Ce3+ in
cerium lattice.

Ceria or cerium is successfully incorporated using alloying, oxide
particle dispersion, ion implantation and surface coating [6,7]. Cerium
in the alloying process and oxide particle dispersion changes the alloy

properties as well as its processing such as hot working [8]. In above-
mentioned methods, the surface coating is reported as simple, eco-
nomical and it does not affect its underlying alloy properties. Micron
sized ceria coating using dip coating reportedly renders protection of
stainless steels such as AISI 304, 316 and 321 against oxidation at
1423 K by changing in the diffusion process from outward cation to the
inward anion [1]. But micron-sized ceria has been found to be less
protective than its nano-sized counterpart [9]. Microceria and nano-
ceria coated by sol-gel/micro emulsion technique influencing the oxi-
dation protection of AISI 304 at 1260 K have been matched and re-
ported that the effectiveness of nanoceria is better in inhibiting
oxidation [8]. It has been proved that particle size and the role of
oxygen vacancy in nanoceria play substantial effect in oxidation pro-
tection. Thus, the nanostructures with higher oxygen vacancy con-
centration are shown to have the profound influence in high-tempera-
ture oxidation protection [8,9]. The presence of 30–40% oxygen
vacancy in CeO2 is shown to be beneficial for the protection of alloy
thereby showing 3–4 orders of reduction in mass gain. The role of Ce3+

or oxygen vacancy concentration in nanostructured ceria has been en-
visaged to provide an additional effect on improving high-temperature
oxidation protection [10]. Despite the positive influence of nanoceria
on the high-temperature oxidation protection of AISI 304, nanoceria
coating using surface coating techniques such as dip coating, thermal
spraying, modified CVD and electron beam physical vapour deposition
(EBPVD) also play a significant role in the oxidation protection [10,11].
B. Bouchaud et al. (2014) reported that ceria films coated by electro-
deposition method enhance the oxidation resistance by decreasing
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