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Using nano-crystalline powders, activation energies increased as a function of
grain size. Conductivity measurements on ceria-stabilized zirconia have been
conducted as a function of temperature, composition, and oxygen activity. At low
oxygen activities, Zr0,-Ce0, samples evidenced n-type behavior. At more moderate
oxygen partial pressures, oxygen vacancies were the dominant charge carriers.




ABSTRACT

Thermal barrier coatings are vulnerable to certain types of hot corrosion:
sulfidation and vanadic attack. Stabilized zirconia, an often used thermal barrier
coating, is degraded by dissolution of the stabilizing component (e.g. Y,0,).
To obtain the dissolution of the stabilizing components, mass transport in the
coating must occur. The presence of point defects in a crystalline solid greatly
affect the transport properties in that solid. The nature and concentration of
these defects can be altered which, in turn, can impart large changes in the
transport properties of a material (eg. ionic conductivity and diffusion). In this
study, we are determining the defect structures of yttria and ceria-stabilized
zirconium oxides. Using electrical conductivity measurements, the activation
energies of yttria-stabilized zirconia have been examined as a function of grain
size and composition. Using nano-crystalline powders, activation energies

increased as a function of grain size. Conductivity measurements on ceria-
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composition, and oxygen activity. At low oxygen activities, ZrO,-CeO, samples
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INTRODUCTION

Due to the severity of their operating environments, marine turbines are
subject to a variety of corrosive mechanisms. One of the most formidable
forms of attack is hot corrosion, a chemical interaction leading to a breakdown
of a protective oxide scale.(1) There are two dominant types of hot corrosion:
sulfidation and vanadium attack.

In sulfidation, NaCl reacts with sulfur found in the fuel to form Na,SO,.
The sodium sulfate reacts with the protective oxide scale resulting in scale
failure.(1,2) A large body of work details the roles of Na,SO, and NaCl in the
destruction of the oxide scale.(1-8)

Vanadium enters the turbine as a fuel impurity in organic and inorganic
forms. These compounds react with oxygen to form oxides (VO, VO,, VO,
and V,0,) and hydroxides (V,0,H,, VO(OH);, and VO,(OH),).(9) These
gases either condense onto the turbine blades and react with sodium
compounds to form sodium vanadates as in equations 1-3),

2VO(OH)4(g) = V,04(l) + 3H,0(g) 1)
V,05(g) = V,04() 2)
V,04(l) + NaO() = 2NaVO,() 3)

or react with sodium compounds in the gas phase forming sodium vanadates
which condense onto the turbine blades as in equation 4).

VO(OH)5(g) + NaOH(g) = NaVOg,(l) + 2H,0(g) 4)

In addition to Na,SO,, Luthra and Spacil found both V,04 and NavQ, in the
condensate; therefore, it is difficult to determine which compound is more
destructive to the oxide.(9) Further, one can not ignore the effects of Na,SO,
in a separate or combined attack on the oxide scale.
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The mechanisms by which the sulfur or vanadium compounds disrupt
protective oxide scales of nickel-based superalloys in marine turbine hot zones
are detailed in several literature surveys.(1,7,10) Bornstein and DeCrescente (2)
and Jones (8) describe a general mechanism referred to as the sait fluxing or
acid-base reaction model. In sulfidation, Bornstein explains that the oxide
scales are insoluble in stoichiometric sodium sulfate, but due to the reaction,

Na,SO,() = Na,0 + SOj 5)
(molten salt) (base) (acid)

the oxide may dissolve in the base as an anion or in the acid as a cation.(1)
From the Lux-Flood theory (11), the activities of the acidic and basic
components in the molten salt are fixed by the dissociation constant of the
reversible reaction 5).(8) In vanadium attack, a similar dissolution mechanism
utilizes the Lewis definition of acids (electron acceptors) and bases (electron
donors). Jones describes the ability of vanadium pentoxide to behave as a
Lewis acid and react with a protective oxide.(8)

Y,05(s) + V,05() = 2YVO,()) 6)
(base) (acid) (salt)

This dissolution mechanism involves the transport of electrons from the
stabilizing component to the corrosive V,0,. A greater understanding of this
transport phenomenon could yield the ability to retard or halt this dissolution.

Defect Chemistry

Rarely in nature does one find a perfect crystal. Instead, a number of
disruptions occur in the periodic array of atoms. There are four general types
of structural imperfections: point defects, line defects, plane defects, and
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volume defects.(12) in crystalline solids, the nature and concentration of point
defects greatly affect transport properties.

The type and concentration of point defects in an oxide is often
dependent on the temperature, pressure, and chemical potentials of the oxide
components.(13) Atomic defects (vacancies, interstitials, impurities, or
misplaced atoms) affect solid state diffusion and non-stoichiometry of
compounds. Changes in these properties, in turn, alter reaction rates, ionic
conductivities, and sintering rates. Electronic defects (electrons and electron
holes) determine electrical conductivities as well as other properties.(14,15)
Therefore, a detailed understanding of the point defect behavior of a compound
would provide great insight or even allow one to predict the transport
phenomena in that material. Additionally, one may alter the transport properties
of a compound by changing the nature or concentration of the point defects
within it.

The effects of point defects on hydrometallurgical processes, such as
flotation and dissolution, have been the subject of many studies.(16) In lead
sulfide (PbS) which shows p-type conduction at high S, partial pressures and
n-type at low S, partial pressures, additions of Ag,S impart more p-type
behavior while Bi,S; doping creates a larger n-type contribution.(17) When the
reaction rate is controlled by the interfacial reaction, Simkovich and Wagner
found that the dissolution rates in nitric acid of PbS containing Ag,S are greater
than both pure PbS and Bi,S;-doped PbS.(16) Similar effects of dopant-
induced changes in dissolution rates in NiO (17) and ZnO (18) have been
documented. Some alterations in the defect structure of a base material which
result in changes in dissolution behavior are an increased concentration of
electron holes in Li,O-doped NiO (19) and an increase in zinc interstitials in
Li,O-doped Zn0 (20). Simkovich and Wagner detail other systems and the
mechanisms by which changes in defect concentration directly affect dissolution
rates.(21-26)




ermal Barrier Coatings

In recent years, efforts have been made to apply protective ceramic
coatings to turbine blades to improve resistance to hot corrosion as well as to
increase engine operating temperatures.(27-29) These higher operating
temperatures are attained because these coatings have high melting points and
low thermal conductivities, thus protecting the more temperature sensitive alloy
beneath. These materials are referred to as thermal barrier coatings.

With additions of various stabilizers, zirconia has been used as a thermal
barrier coating. Due to a relatively high coefficient of thermal expansion (as
compared to other ceramics), ZrO, minimizes thermal expansion differences
between metal substrate and coating. However, the primary reason for
considering stabilized ZrO, as a thermal barrier coating is its resistance to
many forms of corrosion.

Pure zirconium oxide is a polymorphic compound. Three different stable
forms of zirconia exist: cubic (fluorite structure, 2370 - 2680°C), tetragonal
(1170 - 2370°C), and monoclinic (below 1170°C).(30) The phase transition from
tetragonal to monoclinic has caused considerable concern. Early studies have
determined that the transformation is martensitic (31) and does not occur at a
fixed temperature, but over a temperature range, and involves a large (about
9%) volume expansion. This volume increase causes cracking in the ZrO,
when cooled below the transition; there ore, traditional cooling methods to
below 1170°C can result in crumbling of the zirconia.

The addition of CaO, MgO, Y,05, and CeO, to zirconia lowers the
transition temperatures of both solid state phase transformations.(30) Stubican
and Hellmann (32) have reviewed the binary oxide phase diagrams and have
shown a partially stabilized form (a mixture of cubic and tetragonal or
monoclinic phases) and a fully stabilized zirconia (cubic phase). Both the cubic
and mixed phases are stable at room temperature.

Wagner demonstrated that stabilized zirconia contains oxygen ion
vacancies.(33) In calcia-stabilized zirconia, Hund (34) discovered that calcium
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and zirconium ions are distributed statistically in the cation sites while an
oxygen vacancy concentration equal to the calcium dopant concentration
provides electroneutrality. Using x-ray diffraction methods, Tien and Subbarao
have determined similar defect behavior in other stabilized zirconias.(35) Other
investigators have concluded that the defect structure and concentration are
fixed by dopant content.(36-40) Alcock has found that the electronic defect
structure of stabilized zirconia is affected by changes in atmosphere and
temperature.(41)

The primary thrust of this work is to determine the effect of point defects
on the mechanisms and transport properties involved in the hot corrosion of
zirconia coatings. It is prudent to briefly review the recent efforts to study these
mechanisms by other methods.(5,42,43) The sulfidation and vanadium attack
studies by Jones and Williams (44,45) demonstrated that ZrO, is substantially
more resistant to hot corrosion than the dopants, Y,0,, CeO,, and HfO,. In
other work, Jones discusses the degradation of the coating with respect to the
acid-base reaction model.(5) The V,0; reacts with the Y, 03 in the zirconia and
forms a yttrium vanadate (equation 5)). The removal of yttria destabilizes the
zirconia allowing the more voluminous monoclinic phase to form and leading to
surface cracking of the coating. As the protective scale is thermally cycled, the
cracks propagate and extend into the coating causing spallation. This
mechanism has been put forth by a number of other investigators.(46-48)

EXPERIME™NTAL

Electrical and lonic Conductivity

The electrical conductivity will be measured by a digital bridge using a
two-point probe or a four-wire technique. The conductivity measurements will
be taken at a number of temperatures (700-1100°C) and oxygen partial
pressures. In addition, an Arrhenius plot of conductivity and temperature can
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estimate the activation energy of conduction.(7) By definition, conductivity is
the product of the charge, the concentration of charge carriers, and the
mobilities of those carriers. In an electrical conductivity measurement, the
carriers can be either electronic or ionic.

Materials

in order to accurately describe the point defect structure of a material, the
effects of macroscopic flaws such as pores and cracks should be reduced or, if
possible, eliminated. As stated earlier, most commercial zirconia powders that
were available did not fully densify during sintering. After a number of attempts,
only one commercial powder had the necessary purity and could be fully
densified (achieve densities 95% of theoretical values). Samples fabricated from
other powders gave unreliable results. In order to control densities,
composition, and purity, powders were synthesized by coprecipitation
reactions. Using a protocol adapted from the work by Ciftcioglu and Mayo
(49), nano-crystalline powders were prepared. By controlling sintering
temperatures and times, one can fix sample grain size. A coprecipitation
procedure for CeO,-ZrO, by Duh et al. (50) may also be adapted to yield nano-
crystalline powders.

RESULTS

Electrical Measurements

In the past year, efforts were concentrated on three materials: Y,05-ZrO,,
CeO,-Zr0O,, and nano-crystalline Y,04-ZrO,,. Electrical conductivity
measurements as a function of oxygen activity and temperature were
performed on large grained yttria-stabilized zirconia. Plots of conductivity
versus 1/T for these samples evidenced linear behavior indicating single
activation energies. This suggested only a single conduction mechanism.

Electrical conductivity measurements for 3 mole percent yttria-stabilized
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zirconia provided some interesting results. For large-grained samples,
conductivity behaved in accordance with the literature values (the activation
energies were approximately 1 eV)(30); however, nanocrystalline powders
produced samples with activation energies which were lower than expected.
These nano-powders successfully sintered to high densities at temperatures
well below commercia! powders (Tosoh powder has a grain size of 300 nm). In
addition, samples were obtained from Drs. Mayo (Penn State) and Ciftcioglu
(University of New Mexico) which were sintered at 1100°C to form very small
grains (60 nm). (These materials are designated as sample UNM.) As the
sintering temperature increases, the grain size increases. Table | lists the
activation energies of a commercial powder (Tosoh) and a nano-powder

sintered at three different temperatures.

TABLE |
Composition Activation Energy
(eV)

3m/o Y,0,-Zr0, (Tosoh) .989 + .093
sintered at 1600°C

3m/o Y,045-ZrO, (nanocrystalline) 827 = .048
sintered at 1350°C

3m/o Y,04-ZrO, (nanocrystalline) .838 = .052
sintereé at 1300°C

3m/o Y,05-ZrO, (nanocrystalline) .720 = .019
sintered at 1100°C (UNM)

The grain sizes for the samples sintered at 1300 and 1350°C have not yet been
measured, but are certainly larger than the 1100°C material. It seems evident
that large- and nano-grained yttria-stabilized zirconias have different conduction
mechanisms. Impedance spectroscopy measurements have been undertaken
to determine the influence of grain boundary conduction, but the results are
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‘acomplete at present.

In two ceria-stabilized samples, 12 and 15 mole percent CeO,, the
temperature-conductivity behavior was quite unusual. The conductivity curves
during heating and cooling do not match (Fig.1 and 2). This behavior was
reproducible over three cycles. This phenomenon may suggest ordering and
disordering of the oxygen vacancies. High temperature x-ray measurements
are currently underway to explain these results. In contrast, the 20m/o CeO,-
ZrO, (Fig.3) showed a single slope during heating and cooling. As a function
of oxygen activity, three distinct conduction regions were found: at low Py,'s,
n-type; at medium Pg,'s, anti-Frenkel, and at high Py,'s, an as yet
undetermined conduction mechanism (Fig.4). Impedance spectroscopy data
showed some evidence of grain boundary conduction at low oxygen partial
pressures while results in air indicated that bulk conduction dominated.

CONCLUSIONS

The aim of this research is to characterize the conduction mechanisms
and defect behavior of yttria- and ceria-stabilized zirconia. Using temperature-
conductivity measurements supported with impedance spectroscopy, the
activation energies of large-grained and nano-grained Y,05-ZrO, samples have
been found to differ greatly. It is believed that bulk conduction dominates in
the larger-grained system while grain boundary conduction provides the
primary conduction mechanism for the nano-powder materials.

In the 12 and 15 m/o ceria-stabilized systems, two distinct conductivity
curves occur during thermal cycling. This difference between heating and
cooling behavior may be the result of an ordering and disordering of oxygen
vacancies. In the 20 mole percent CeO,-ZrO, samples, thermal cycling
produced a single-sioped curve. High temperature x-ray diffraction should
provide a reasonable explanation for this behavior. Conductivity-oxygen activity
measurements detailed three regions in the ceria-zirconia system: n-type
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semiconductor behavior at low oxygen partial pressures, anti-Frenkel disorder
at more moderate Pn,'s, and an unknown defect near ambient conditions.
Impedance spectroscopy experiments conducted in air indicate that there is a
grain boundary contribution to the electrical conductivity.
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Figure 1 Thermal cycling behavior for 12m/o CeO,-ZrO,
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Figure 2 Thermal cycling behavior for 15m/o CeO,-2rO,
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Figure 3 Thermal cycling behavior for 20m/o CeO,-ZrO,
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Figure 4 Electrical conductivity versus oxygen partial pressure for

12m/o Ce02-2r02
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