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ABSTRACT
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Ceria (Ceg&) nanoparticles were synthesized by the microenarisnethod with
Bis(2ethylhexyl) Sulfosuccinate Sodium Salt (A&3Tthe surfactantStirring speed during
synthesis was used to optimize the process andegipitation process was applied to dilute
the surfactan. The prepared cerinanoparticlesvere characterized by-ray diffraction KRD
andtransmission electron microscopyEM. As the result, noagglomerated and
time-stable ceria nanoparticles were obtained with the average partsie=of 2-3
nanometers.Sainless steel 316L substrates were coatedloypping method with the help
of a slide motor which provided constant speed and uniform coating $ai&th coated and
uncoated SS316L samples were oxidized in dry air and combustion atmospiere
determinethe effect of the nanoparticles on oxidation performandéeoxidation
temperature of dry air was 80C-900°Cand that of combustion atmosphere was 68D
-850°C The kinetic mass gaining was recorded blyesimo-gravimetricanalysis system and

the sampés after tests were characterized bganning electron microscop$EN and XRD.



According to the TGA data, the effectiveness of ceria coating was verified in the dry air.
However in the combustion atmosphere, the oxidation was complicated and the whole
process could be divided into three par&initial slow oxidation stagegnaccelerating
stage andathird parabolic stage. The possible reason could bdrthel protection and
subsequentolatilization of GiOsz. A hypothesis of the mechanism was prepd in this
study to explain the formation of these three stages. The effect of ceria nanopatrticles in
combustion atmosphere was highly depeami on temperaturewith a benefit observed only
at low temperature. Mechanisms responsible for the influence ofacen oxidation in

combustion atmosphere remained unclear.
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1 Introduction

Cerium oxide as a coating material has shaignificantbenefit for protection of high
temperature oxidation[1-3]. On this basis, varioustudies of cerium oxide have been
performedto study the property of this coating in different synthetic methods and oxidation
situations. Patil and Seal's grougtudied the synthesis of nanmmrystalline ceria by
microemulsion method [4] and the effect of trivalent rare earth dopants [5]. Murray's group
studied the ceria used in the anode of high temperature fullweich improved the power
density at operationtemperaturg6] and Rotavera's group studied theEffect of ceria
nanoparticles on soot inceptiowhich found ceria can delay the growing of spgt As well
as the oxidation tests, the mechanisms also have beergruiarded by various researchers.
Peakadls group suggest that ceria remit the stress between substrate and oxide scale causing
by different thermal expansion coefficients [8]. Stringer's group suggest thatreeetive
element effect (REE) of ceria accelerates the formatiorctlmfomiumoxideon the surface of
stainless steel [9]. Some other groups believe the improvement of oxida@ieistance
shouldcontribute to the diffusion mechanism: ceria coating reverses the diffusion speed for
both iron and oxygen [1Q1].

However, high temperatureoxidation in the presence ofater vapor can result in
volatilizationof CeOzwhich could cause serious oxidation ameerturnthe theoretical basis
of protection mechanisnfor CeQOs in dry air [1214]. Besides, water vapor enhances the
oxygen transport in the oxide layer and the internal oxidation rate[6h Under a different

atmosphere and switched mechanism, the performance of cerium oxide coating is still

1



unclear. The coating mieod of high temperature oxidation protection is under suspicion.

This study focusson the ceriacoating performance in combustion atmosphere, which is
a possible atrasphere for high temperature fuecells power generation equipmentsr
turbines. By diectly burning CH both water vapor and carbon dioxide are involved at their
initial presence. Coated and uncoated samples are tested domparison A
Thermogravimetric AnalysiFGA) systenms used to record the kinetic data. By using TGA
system, more dtails of oxidation mechanism can be revealed.

Theimprovementof cerium oxide synthesis and coating preseés also a part of this study
The goalis to obtain noragglomeratedceria nanopatrticlesthat are stabile for long time
periods, and easily apph to a coating proces8ased on microemulsion method, repetitive
precipitation is used to purify the ceria frothe surfactant ratherremoving the surfactant
through heating anddecompae it which would also induce unwanted particle grow

slidemotor is used in dip coating as well to reduce the agglomeration during coating



2 Background

2.1 Thermodynamics of high temperature oxidation
For all the chemical reactions, the second law of thermodynamics can predict whether it
can happen or not. One of the most conveniently written of second law is the equation of
Gibbs free energy, equation 1.
‘e (e 4 & eq.1l
WhereG'is the Gibbs free energl]' is the enthalpy and'is the entropy of the system. A
general oxidation reaction can be written in equation 2.
@-AO I ¢ --A_0O eq.2
Where Me is metal anthe change of Gibbs free energy can be expressed as in equation 3.
YeVy 2 4—7,TT eq.3
WherenGis the Gibbs free energy change when all species at their standard statesiand
the thermodynamic activity. When the reaction reaches balangg&=0. If the
thermodynamic activities of medal and medal oxide are constant. Then the equation 3 can
be written as equation 4:
y 2 4— eq.4
In dry air, a(Q=pQ. Then the equation 4 is written in equation 5:
y 2 4— eq.5
or equation 6:

Y 248 eq.6



Thus theY"O can be plated as the variation of temperature. The Ellingham diagram of
Y'O and temperature is shown in Figure 1, Standard free energy of formation of selected
oxides as a function of temperature. According to the Ellingham, the decomposition

pressure of each oxé&b can be predicted at given temperat{t@].
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Figure 1, Standard free energy of formation of selected oxides as a function of

temperature[17]



2.2 Mechanisms of high temperature oxidation
2.2.1 Diffusion controlled oxidation

If the metal ion transport across the growing oxide layer controls the rate of oxidation and
the thermodynamic equilibrium is established at each interface, the process can be

expressed as in equation[X7]:

A

E E $ — eq.7
Wherex is the oxide thicknessQ s the outward metal ion fluxQO s the diffusion
coefficient for metal vacancies, andl and 6 are the vacancy concentration at the
scalemetal and scalgas interfacestespectivelyOnce the equilibrium reaches, in equation
8:
E $ # # Eee eq.8

kis a constant and we have equation 9:

E - - eq.9

The integration okéquation 9 withx andt can't be 0 is in equation 10:

@ CcEO eq.10
which is the common parabolic rate law. Furthermore, g can be replaced by oxygen

partial pressure in equation 11:

~

# Al 1©D0O eq.11

Thus, in equation 12:

E ATTe0” o 7 eq.12
and we neglect the small quantity n 4 , the equation can be expressed in equation 13:

o cke O eq.13



2.2.2 \Wagner theory of oxidation

Wagner theory is based on the assumptions listed bgom18]
The oxide layer is a compact, perfectly adherent scale.
Migrations of ions or electronacross the scale is the rag®ntrolling process.
Thermodynamic equilibrium i®stablishedat both the metalscale and scaigas
interfaces.
The oxide scale shows only small deviations from stoichiometry and, hence, the ionic
fluxes are independent of pdsn within the scale.
Thermodynamic equilibrium is established locally throughout the scale.
The scale is thick compared with the distance over which space charge effects occur.
Oxygen solubility in the metal may be neglected.

Figure 2 shows the diagraof scale formation according to Wagner's model. Both metal
ions and oxygen ions have tendency to cross the oxide scale. This migration will cause an
electric field and at last a balanced and no net charge transfer is obtained. Being charged
particles, ims will under the influence of both chemical and electrical potential gradients,
and the whole driving force can be expressed as equation 14:

E #0 — — & eq.14

wherejiis the flux of particlesGis the concentrationof ioni, viis the proportional to the
acting force andB is the particle mobilityNaand F are Avogadro's constant and Faraday
constant, respectively.

Besides, the balance of electrical neutrality is given by equation 15:

" E ' E T eq.15



where Z and Z are the charge on cations and electrons respectively. The balance of
ionization of metal is given by equation 16:
eq.16

so the combination of equation 146 finally reach the conclusive equation:17

P

&
24

$ A

E — $ A eq.17

wherek is partialelectricalconductivity of anion$w and Dxare the diffusion coefficient for
metal and oxygen, respectively. According to equation 17, a parabolic relationship between
D and > can be obtained. As well as that in diffusion controlled oxidation, the high

temperature oxidation in dry air can begarded as a parabolic form process-Ad.

Wagner theory of oxidation

Metal Oxide Gas
M MO (O]}
Cations
Cation vacancies
Electrons
Anions

a'M=1-\_ ‘.'—,DE)Q
~ -’
' ~ . .o"’
\ . 0"
'I".\ -
o~ ~.
Q ,-" g ?

(Po,) wmo= exp (2GMo) L ~L.._ 1 AGRo
02 MMO e"p( AT ) M= (05,)2 e"p( RT )
L X I
I 1

M = M2++ 2e- M2++2e‘+%02=l‘v10

or
M+ Q% = MO+ 2e-

or
505 +207= 02"

Overall reaction: 2M + O, = 2MO; AG {0

Figure 2, diagram of scale formation according to Wagner's nja8¢l.



2.3 Protective Cr 20z and its volatilization
In dry air atmosphere, Cr in the stainless steel can form a den€® [@otective layer.
This CiOzis usually considered to be the main reason of the outstanding high temperature
oxidation resistance of stainless steel {22]. CpOz acts as a physical barrier protect the
further oxidation of ironrich substrate. At higher temperature, L% transforms to spinel
oxide FeGOs . During oxidation, Fe&Ds becomes progressively richer in iron up to the
transformationin hematite. The growth of oxide layer obey the Wagner model and parabolic
law [23-24].
Some oxides including Lk volatilize athigh temperature when water vapor is presence.
The general reaction of volatilization is shown in equation 18:
-/ 11 11 -/ ( C eq.18
and the reaction for GOz is equation 19:
¢#0 1(/ o WO/l ( C eqg.19
ThenpH’ 2950f reaction is 55.34 kJ/mol and te; 29sis -41.51J/mol K. The partial
pressure of# O// ( is 1.97x1@at 873K when go=1 and p=0.5.
Another possible reaction &@rOsvolatilization isshown in equation 20:
¢#3 o #O/C eq.20
The Cs#Ozvolatilization becomes dominating only when the temperature higher than

1200°C The formation of# O/ in dry air can be neglected at 8@00°C when cmparing

with # O// ( formation in water vapor atmosphere [12].



2.4 Austenitic Stainless Steel 316L

Stainless steel contains chromium which provides the unique stainless and corrosion
resisting properties. There are five major types of stainless.steel
Austenitic stainless steetgse 200 series or 300 series. They are non magnetic and have
high corrosion resistance. They can be hardened only by cold wenkotdy heat
treatment. They are highly formable. But, they are prone to stress corrasaoking.
Ferritestainless steelare 400 series. They are magnetic. They have lower ductility and
lower corrosion resistance than the austenitic grades. But, they offer high resistance to
stress corrosion cracking. They are hardened by cold workingr@nadot heat treatable.
Martensitic stainless steebye 400 series and 500 series. They are magnetic. They have
higher strength, higher wear resistance and higher fatigue resistance than the austenitic
andferrite grades. They can also be heat treatedt, Borrosion resistance is moderate
and lower than the austenitic arfdrrite grades.
Precipitation Hardening Grade Stainless Stasdsalso called PH types. Their corrosion
resistance is equivalent to that of austenitic grades and strength is genkeigttlgr than
that of martensitic grades. They also retain high strength at elevated temperatures.
Duplex stainless steedse mixture of austenitic antérrite. They provide higher
corrosion resistance than the austenitic stainless steels. They are algoresistant to
stress corrosion cracking than the austenitic stainless steels. They have higher strength

than the austenitic grades.

Alloy austeniticstainless steeB16/316L is a chromiumickelmolybdenum stainless steel



developed to provide improvedtorrosion resistance to Alloy 304/304L in moderately
corrosive environmentdt also provides higher creep, stresrupture and tensile strength
at elevated temperatures.

SS 316L has good oxidation resistance performance up to the temperature ‘@ &&h
though it is not recommended for a continuous use above 42586. 316L are
non-hardenable by heat treatment but the common cold working operations can be applied
on the SS 316lPost work annealing should be carried out to remove internal stresses.
Machining and formin&S 316L is recommendtdbe downat low speed and constant feed

rate to avoiding work hardeng.

2.5 Cerium oxide

Cerium(lV) oxide is an oxide of rare earth metal cerium, the chemical formula of cerium(lV)
oxide is C#. Cerium is the most abundant the rare earth elements and is found in a
number of minerals including allanite, monazite, bastnasite and synchysite. The production
of cerium involves separation from other rare earth metals and chemical treatment. Pure
cerium can be obtained by reduction of cerium (lll) chloride.

As a typically rare earth metal, the energies of 4f, 5d andrétal are very close.
Therefore cerium has 3 possible oxidation states +2, +3 and +4. The oxidation state of +2 is
rare as the materials including CeBeS and Cel Ce(lll) and Ce(lV) are common and the
most stable compound is Ce[25].

In this research,CeQ is been chosen as the coating material for high temperature
oxidation. Figure 3 shows the FFC structure forACe@tal [26].

10



Figure 3, FC structure for Ce

The Ce®is synthesizedfrom Ce(NG@)s to obtain nano scalgarticles The C&ions in
solution are oxidized by NBH and form Ce(OkHolid. Then the Ce(OHjehydrate to form
CeQ. The wholechemicalreaction of this process is too complicate to write down due to
the involving olurfactant and thencompletionof the reaction [67].

The prefect Cegxrystal has a ®& structure with the oxygen atom has four coordinated
and cerium atom has eight coordinated. Usually, £e@pared for coating presences as a
non-stoichiometric oxide that is a mixture of Ce(lll) oxide and Ce(lV) owbse still
retaining the BEC structurg27].

A hypothesis was supposed to explain the improvement high temperature oxidation
protection by using nano CeOrlhe oxidation rate is controlled by the outward diffusion of
chromium layer. This hypothesis asses that large Ce&ions form pairs with metal vacancies
in oxide grain boundaries. These dense array of pairs block the metal cation diffusion while

allowing oxygen ion diffusion to continue. As a result, #vdtch of dominant oxidation
11



mechanism from outward metal diffusion to inward oxygen diffusion and the oxidation rate

reduced by 12 orders of magnitude [28].

2.6 Coating
Coating technology has been widely used in the engineering as important part of surface

treatment. The purpos of functional coating can be light reflecting improvement, physical

protecting, anticorrosion or changing adhesion properties. Hundreds of coating methods
are been using for various coating propose. In this part, only high temperature coating is
discused because this coating has more strict requirements and nuifeculties in
engineering29-31]

For high temperature coating, fignificantengineering factors must be considered:
Metallurgical compatibility. The interdiffusion and chemicgction between coating
materials and substrates must be at a acceptable degree. The excessive reaction can
result in the degradation of both aspects and reduce the lifetime of materials.

Coating process compatibility. As well as in the metallurgical etibvifity, the
compatibility during the process also must be controlled. This would happen in the
process of high temperature or special coating treatments.

Mechanicakompatibility For high temperature, the coefficient of thermal expansion
can be the masimportant factor. Besides, the internal from thermal cycle is also a
challengefor the coatingadhesion

Component coatability. This technologyissue that the coating process must match the
geometry and size of the component. Sometime the processest i done inside an
enclosed tank or reactor.

12



5

Atmosphere compatibility. The atmosphere for high temperature use is muchérarsh

than room temperature. Sometimeorrosiveor active components cape presert in

the atmosphere. The coating material shoulalvecompatibilityfor all possible

atmospheres.

Processing

Features

Evaporation

Sputtering
Deposition

CvVD

Electrodeposition

Thermal Spraying

Mechanism to
produce depositing
species

Thermal energy

Momentum transfer

Chemical reaction

Solution

Flames or plasmas

Deposition rate Moderate (up to Low Moderate Low to high Very high
750,000 A/min.)

Deposition species Atoms Atoms/ions Atms/fions lons Droplets

Complex shapes Poor line of sight Good but Good Good Poor resolution

nonuniform

Deposits in small, Poor Poor Limited Limited Very limited

blind holes

Metal/alloy Yes Yes Yes Yes Yes

deposition

Refractory Yes Yes Yes Limited Yes

compounds and

ceramics

Energy of deposit- Low Can be high Can be high Can be high Can be high

species

Growth interface Mot normally Yes Yes No No

perturbation

Substrate heating Yes, normally Not generally Yes No Not normally

Figure 4, the benefits and limitations of different kinds of coating methj3ak.

In this part, several kinds of important coating methods will discussedand the
benefits/limitations of each coating methods are summarized in figure 4. Evaporation
process is an atomistic deposition method that involves ¥hpolizaions and deposition.

The advarage of evaporation is its widange of materials and substeshapes, while the
limitationsare only complete coating can be applied by this method. Sputtering deposition is
another physical deposition without evaporation. The advantafesputtering is also its
wide range of coating materials and the limitation tlse lack of interdiffusion during
deposition. The benefits of chemical vapor deposition process is the coating can be fixed at
the part of substrate however it requires the chemical reaction or strong interdiffusion
between coating materials and substrate Thermal spraying has a high deposition rate and
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has a thick coating layat meanwhile.

3 Experimental procedures

3.1 Synthesis of ceria nanoparticles.

Ceria nanoparticles were synthesizedrbigroemulsion methodvith the Bis(2ethylhexyl)
Sulfosuccinate Sodium Salt (A@%the surfactant. Céions were oxidized to Ctby NHOH
and then formed Ce(OHl)At last Ce(OHljlehydrated and Cefvas obtained.

The main chemicals used in the experiment were: cerium(lll) nitrate hexahydrate
(Ce(ND3)-6H20), 99%, purchased from Aldrich Chemicals Company, Inc. Toluene, 99.9%,
purchased from Aldrich Chemicals Company, Inc. Ammonium hydroxide, 30% wi/w,
purchased from Aldrich Chemicals Company, Inc. Bib{@hexyl) Sulfosuccinate Sodium
Salt (AOT), 96, purchased from Tokyo Chemical Industry co., LTD.

Using the characteristics of precipitation in the synthesis prqocas$actant AOT was
diluted by removing upper toluene layer and the Ce@as purified successfully. Some
important synthesis proceduréactors such as temperature, stirring speed, stirring time and
the amount of chemistry reagemere also tested to find a preferable agglomeration degree
and particle size. The prepared ceria nanoparticles were stored in toluene solution for
further use. Additional details of procedure specific to the processing variables used are

embedded in the results section.

3.2 Preparation of SS 316L substrate.

Stainless steel 316L was chosen to be the oxidation material for its wide use and good
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high temperature performance. Table 1 shows the composition ranges for SS 316L.

composition| Fe C Mn Si P S Cr Mo Ni N
Min Bal - - - - - 16 2 10 -
Max Bal | 0.03 2 0.75 | 0.045| 0.03 | 18 3 14 | 0.10

Table 1, Composition ranges for 316L stainless steel (%).

The purchased SS 316L thin plate was cut into small size pieces of 20mm x 10mm. Then
the SS 316 small substratesre grindedand polishedvith SiC sand papemtil 2000 grit
One or two small holes were punched on the polished substrates. There halesised for
hanging during the coating or oxidation test. At last, substratesvere washed by

ultrasonic cleaner and dried in air.

3.3 Coating

The propose of coating was to form a thin (nano level), uniform andagglomerated
CeQfilm on the SS 6L substrates. In this study, dip coating was chosen to be the coating
method by using a slide motor. A coated substrate was hungfaame, with elevating or
descending the Ce@olution referred above, the substrate was immedand then
removed fromthe CeQ@solution.The dipping speed was controlled to be 0.05mm/second.
The residual solution on the substrate dried quickly in the air and (fd@ was formed.
The repeating of this proces@th multiple immersion / removal cyclepuld increase the
thickness of filncoating

Comparing with manual dip coating, this improved coating by using slide motor could
15



provide a slow and constant motiofhishas great benefit on uniformity of coating film and
the agglomeration degree. Besides, the coatingcpss was much momntrollableon film

thickness and agglomeration size.

3.4 High temperature oxidation test and  Thermo gravimetric
Analysis (TGA) system

The weight of substrate would increase when the metal was oxidized, so it was a effective
way bymeasuring the weight increasing to evaluate the oxidation degree. To record the
kinetic weightchange the high temperature oxidation tests weperformendin a TGA
system. Twelve samples at different temperatsieand different coating statewere tested n
2 atmosphers: dry air and combustion atmosphere. The combustion atmosphere was the
chemical products of GHurning in dry air. The composition of combustion atmosphere
included N, @, BO, CQand other component in the air.

Generally, water vapgoresent in an exhaust steamessily condensed somewhere on
the tubes or devices. So in this study, the;@bis ignited and burned directly in the TGA
system to obtain the whole composition. A special gas inlet port was used {tmu@tihg
and will be discussed in resskction

Oxidation tests in dry air were 5 hours and in combustion atmosphere were 120 hours.
Because the oxidation in dry air was a simple reaction and that in combustion atmosphere

had several stages and must &eplained by more than one mechanisms.
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3.5 X-ray diffraction (XRD) characterization

XRD technique was used to characterize the dried.@Gabparticles and the samples
after oxidation. The possible existence of substances can be determined accardg t
XRDspectrum XRD was performed using a Bruker D8 Discover withdphK radiation.
Scans were generally made from 20 to 70 degrees two theta with a scan rate of 2 degrees
two theta per minute Thecrystalsizeof CeQnanoparticles was also estimated by usiyg

Scherrer Equation

3.6 Transmission Electron Microscope (TEM) characterization
TBM technique was used to measuttee size of Ceghanoparticles because other
characterizations (XRD and SEM) could not atelyrmeasure the size phrticlesthat

small The ceria was dipped on the holder and dried at room temperature.

3.7 Scanning Electron Microscopy (SEM) characterization

SEM technique was used to observe the coating film on SS 316L substrates before
oxidation and surface/cross section of oxidized samples. The SEM photos could reveal the
agglomeratiorstate of coating film and thenorphologyof oxidation structuresThe &M

used in this study was a TopCon-300 and the operating voltages ranged from 8I0kv.
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4 Experiment al results

4.1 Synthesis of ceria hanoparticles
In this research, ceria nanoparticles were prepared by the microemulsion method. The
earlier study ks proved that noragglomerated ceria nanoparticles can be efficiently
synthesized by means of the microemulsion method [1]. And heeefurther improved the
previous method to get a longrm stable ceria nanopatrticles.
The details of synthesis steps are listed below:

1) 4.446g AOT was dissolved in 100 ml toluene to form a 0.1 ”AQILintoluene solution.

2) 0.0434g Ce(N£§6HO was dissolved in 10 ml distilled water to form a 0.1 mol/L
agueous solution.

3) 1.67 ml ammoniurhydroxide was dissolved in distilled water to form a 10 ml 5% w/w
dilute agueous ammonia solution.

4) Ce(N@)-6HO aueous solution in step (2) wasldeddropwiseinto toluene solution in
step (1). The toluene was stirred by magnetic stidering the additon.

5) The mixed solution in step (4) was stirred for 1 hour. The stirring speed here is a critical
parameter and will be discussed later.

6) The dilute aqueous ammonia solution in step (3) was slowly adilepwiseinto the
mixed solution in step (5A speal of 1215 drops per minutevas maintainedand the
whole step (6) lasted for about 10 minutes.

7) The mixed solution in step (6) was stirred for 1 hour with a proper stirring speed and a
pale brown emulsion was obtained

8) The emulsion in step (7) wadlowed b standfor 30 minutes and the emulsion was
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9)

allowed to separate into 2 layers. The upper layer was toluene containing
non-agglomerated ceria and AOT. The bottom layer was water containing ammonia and
a small amount oferium

Not a agglomerated cerium lay or structure was observed by naked eye. The color of
upper toluene layer became bright brown or yellow during the step. In this stefd, Ce

was oxidized to the Ce(QH)

10) The upper layer of toluene with nemgglomerated ceria and AOT was extracted by

transfer pipet. The solution was reserved in refrigerator which the temperature was a
little above 0°C A lower temperature can slow down the further agglomeration of ceria
and make a possibility for lorigrm storage. However, in step (9), the solution wag n
stable and the ceria precipitated in a few hours. Up to here, theagglomerated ceria
nanoparticles had been made . The steps (10) to (12) were tried to remove the excess

AOT and stabilize the ceria in the solution.

11) The toluene solutiorstoredin refrigerator (little aboveO °Q for 12 hours and due to the

precipitation the solution was divided into two parts by gravity. The upper layer was
toluene and AOT, almost transparent. The bottom layer was precipitation ceria with
toluene and AOT, light yellow. The upper layer was remaretl the rest solution was

refilled with pure toluene to the same volume. New solution was stirred for 5 minutes.
Through this step, the concentration of AOT was reduced without hurting that of ceria.
However, the ceria did not precipitate as solid. Actyate precipitation of ceria much

more like a liquid separation: the precipitation occupied a considerable part of the
volume, usually was 1/3 or 1/4. This volume could be kept for a time and further volume
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reduction was very slow. So an assumption camliaee that ceria nanoparticles formed

an unstable agglomeration with AOT. This special agglomeration made the ceria still
soluble in the toluene and prevent the further agglomeration. What is more important,
ultrasonic treatment can destory this specialgégmeration and cause the ceria
re-dispersed in solution with tiny particles.

12) It should be noted that the AOT was not averagely distributed into two layers in step
(10). More AOT was distributed into the bottom layer because part of AOT participated
in the formation of the sol. So only a small amount of AOT is removed in a dilugien
operation. On the other hand, the dilution of AOT cordchovethe AOT that adsorbed
on the ceria, which played a critical role on aafjglomeration. Because of the igmns
above, appropriate repetition of step (10) was required and in this research the step (10)
was repeated for 5 times to obtaimacceptable AOT leval ceria product

13) After several repetitions of step (10), most of AOT had been removed. Then thi@solu
was treated by ultrasonic treatment for 5 min. The ceria after ultrasonic treatment
became stable and no longer precipitated. In this research, all the coated tests were
based on the same set of ceria samples anabvious separation or precipitatiowmas

recorded for more than 6 months.
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4.1.1 The relationship between stirring speed and agglomeration degree

The agglomeration degree @kria nanoparticlehasgreat impact on high temperature
oxidation resistant performance. Several factorerev studied inthe synthesissuch as
stirring speed, temperature, stirring time, and the amount of chemistry reagent. The result
showed that stirring speed had much more significant effect than any other factors on the
agglomeration degree.

The magneticstirring was used widely in the whole synthesis process: mixing of toluene
solution and Ce(N§)6HO aqueous solution (step 4 and 5), mixing of toluene solution and
dilute aqueous ammonia (step 6 and 7), stirring of refilled solution (step 9 andH&e3,
long time stirring are discussed to reveal how stirring speed influence the ceria synthesis.

In the test the stirring speed was set at sample A: 300 rpwo(utions per minute),
sample B: 500 rpm and sample C: 700 rpm respectively. Flgesh®ws he solution just

after stirring with NH(OH) for 30 minutes ( step 8).
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Figureb, 3 minutes after stirring with NOH), the speed of sample A, B and C were 300

rpm/500 rpm /700 rpm respectively.
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All three samples looked similar as the toluene phase and water phase separated quickly.
The upper layer was toluene with Ce(@Hhd AOT. The color of pure Ce(®@thould be
bright brown but in this stage it was pale because of surrounding of AOT. Part of AOT was
distributed into the water phase so the bottom layer looked white. The only difference can
be figured out was a middleayer forming in sample of 300 rpm. This middle layer was
agglomerated Ce(OKWith large amount of AOT.

Figure6 shows the solution after 30 minutes standing. Sample B of 500 rpm and C of 700
rom had no significantly change. However for the sample Mostl all the cerium
agglomerated and precipitated. Part of cerium was pushed into the water phase due to the
gravity. The middle layer disappeared and the boundary of toluene phase and water phase
was blurry. Then the toluene part was extracted as muchassible and stood for another
12 hours in refrigerator which was referred in step 9.

Figure7 shows the upper layer after another 12 hours standing in refrigerator. The sample
A at 300 rpm revealed the further volume reduction of cerium part. All teeum was
gathered at the bottom of the beaker which only occupied a very thin brown layer. Some
AOT adhered to the surface of cerium layer. In this stage, the form of element cerium
changed from Ce(OKHp CeQand the color of cerium also changed fronown to yellow
or bright yellow. To the sample B at 500 rpm, the transformation of Ce{@bteed faster.

All the cerium part appeared as a bright yellow. What more important was the precipitation
seems didn't occur completely and it stopped somewherehi@ middle. From the figure

cerium part occupied about 2/3 of the whole volume. However in the sample C, the
precipitation of cerium did not happen at all. As well as that in the sample B, the most
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Ce(OHytransformed to Ce®. Because of the maintain ofngle layer, the AOT can't be
diluted by exchanging upper AOT rich layer, so the test of sample stopped in this stage but
sample A and B finished the AOT diluting process (step 11 and 12).

Figure8 shows sample A at 300 rpm and sample B at 500 rpm afteshing the AOT
diluting by 5 repetition of exchanging process. All the Ce{fdd) transformed to CefO for
both 300 and 500 rpm. The difference between each samples was the precipitation or the
agglomeration state. In sample A, the precipitation stdtwpied a small volume and the
appeared as a solid phase. For the sample B, the precipitation occupied about 2/5 of the

whole volume and appeared as a liquid phase.
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Figure6, 30 minutes aftestirring with NH(OH), the speed of sample A, B and C were 300

rpm, 500 rpm, 700 rpm respectively.
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A, 300 rpm

B, 500 rpm

C, 700 rpm

Figure7, upper layer, 12 hours after stirring with NBH), the speed of sample A, B and C

were 300 rpm, 500pm, 700 rpm respectively.
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B, 500 rpm

Figure8, upper layer, after diluting the AOT for 5 times, the speed of sample A, B and were

300 rpm,500 rpm respectively.

In summary, stirring speed had a significant influence on the ceria synthesis. This
influence was mainly reflected by the degree of agglomeration and precipitation. A higher
stirring speed could cause less agglomeration and less precipitation. We caneatbat the
overall cerium compound particle size and the precipitation have a positive correlation. So
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the conclusion is that the stirring speadfectsthe initial particle size or the agglomeration
degree. Lower stirring speed cause larger initial sizeerious agglomeration. The cerium
compound can remain at a small size the stirring speed is high enough. Howeegcess
stirring speed can prevent the layering of the solution which means the diluting of AOT is
impossible in this synthesis metholeh this synthesis, a moderate stirring speed is required
and according to the test this speed can be 500 rpm. If we can separate the AOT from
cerium compound in a homogeneous solution without hurting the separation of the ceria

nanoparticles, in that case higher stirring speed is preferred.

4.1.2 Xray diffraction

The toluene in prepared solution was evaporated at°@and the ceria nanoparticels
were collected for characterization. Figu@ shows the XRD spectrum of dried ceria
nanoparticles. Peaksf Ce(OHyor AOT were not found in the spectrum. Four main peaks of
CeQwere marked in the spectrum.

The crystal size of ceria was calculatedbyerrer Equation:
+<
- TATO

where K is the shape factorg is the X ray wavelength, is the full width for the half
maximum intensity for the peak (FMHM) ahds the Bragg angle ands mean size.

Here the(111) peak was used to calculated the crystal size, theoRpeak (111) was
288 yR 02a‘ o a n ®dkovgsd.9ahKiBe<wiak 0.15818 . ArcorliNg
to the figure, the FMHM was about®5° or 0.05230.0611radians So the main crystal size

was about 2.342.73 nm by XRD spectrum.
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Figure9, XRD spectrurof the dried ceria nanoparticles.
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4.1.3 Transmission Electron Microscope.

FigurelOshows the TEM micrographs of dried ceria (§efanoparticles. The test sample
was dipped on the substrate and dried at room temperature. FigOrb clearly shows the
particle size of Cevas about 24 in diameter, the result of TEM basically consist with that
of XRD analysis. In figut8-a, Ce@nanoparticles were agglomerated. However, by
analyzing the morphology of agglomeration, we have enough reasons to believe that the
agglomeratiorwas formed during the drying on substrate rather than in the solution. Firstly,
the brightness of particles were uniform in figut8-a. Not a particular bright or dark zone
was found in the figur@. This means the thickness of the whole agglomerationsivagar
and the thickness itself was pretty small. If the agglomeration was formed in the solution,
the general morphology should be a dark spherical center and bright surrounding. Secondly,
the morphology of agglomeration has complex net structure, whigfans this was not a
possible structure in the solution. In summary, we think the possible mechanism of the
agglomeration in TEM is the particle flowing with the liquid, colliding and stopped by other
particles during the drying. Even though the agglortierawas formed in the solution, the

agglomeration size should be much smaller than the structure in the fiee
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FigurelO, TEM micrographs of Ce@anopatrticles, dipped on the holder and dried at room
temperature.
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4.2 Substrate preparation and coating .
4.2.1 Substrate preparation

The 316L austenitic stainless steelsvere purchased from Speedy Metals with the
thickness of @3 inch (0.76mm). The samples were cut into slices of 20mm x 10mm X
0.76mm. Then the samples were grinded by 1000 SiC sand paper and the thickness was
reduced to about 0.58.62mm. Two holes were punched on the samples for hanging and
at last the samples &re washed by ultrasonic cleaner for 5 minutes. Figlteshows the

samples before and after the preparation.

Figurell, stainless steel 316L samples before (a) and after (b) the preparation.
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4.2.2 (Qoating procedure
Dip coating method @as chosen to apply the combination of Ce@d SS 316L substrates.
In the experiment, a slide motor was introduced to overcome instability of manual operation.

Figurel2 shows the slide motor and its fixing on the frame.

Figurel2, Slidemotor used for coating (a) and its fixing on the frame (b).

In the coating procedure, the SS 316L substrate was hung on the hook above and keep
static. Slide motor drove the breaker to achieve relative motion between substrate and
coating materials. Thmllowing is a detailed operation process: Vertically hung SS 316
substrate was immerged into the coating solution at the speed of 0.05mm/second. Then the
substrate was elevated from the solution at the same speed after 1 minute suspension. By
using the hgh volatility of toluene, the dip coating dried rapidly after leaving the solution.
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Repeating of operation above could increase the thickness of coating layer.

Through this method, the traditional dip coating received a considerable improvement.
Firstly the thickness of coating layer was more uniform and controllable. The constant
elevating speed made same amount of solution adhering on the substrate and the coating
layer remain a highly uniform except upper and lower ends. By controlling the speed and
repeating times the thickness the coating could be controlleeliably. Secondly, a
dynamic and transient drying coutdducethe secondary agglomeration during the liquid
evaporation.

In this experiment, the coating layer was very thin and there measisible difference
between coated and uncoated sample by naked eye so the regular photographs were not
showed. Figurd3 shows the SEM micrographs of G&{n coated on the SS 316L substrate.
At lower magnification (A and B), the bright area was thatiog film and the dark area was
uncoated part or very thin coated. From the figure, most part of surface was coated and the
uncoated part was less than 10% of the whole surface. Some large agglomerated particles
about 23>m can be founded in figure-B. h figure 9C, the fewer agglomerated particles
were distributed on the substrate uniformly. The average size of these particles were about

50-100 nm.
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Figurel3, SEMmicrographs of CefdIm coated on the SS 316L substrate. A,B anei@
x500, x2000 and x50000 magnification respectively.
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4.3 High temperature oxidation
4.3.1 Thermagravimetric Analyss System

All the oxidation tests werperformedin acustomthermogravimetricanalysigTGA)
system. Figurd4 shows the shematic diagranof the TGA system used in this syulfigure

15 showsa photograph of the TGA system.

TGA balance —>

Connect to computer

Gas outlet >

Sample hanging hook

Ceramic heat preventer El
Sample > I Connect to computer
thermocouple >
— | ./
Quartz tube ——> Fu}rll\wace Furnace controller

L

Connect to computer

—— T
1‘ Gasinlet 2
Gasinlet 1

Figurel4, the £hematic diagranof the TGA system
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Figurel5, photograph of the TG8ystem.
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Thethermogravimetricanalysis systemonsisted of software and hardware part. All the
software part including furnace controlling, balance controlling and data display was
controlled by computer directly. The main parts of hardware were:

1) A7 digitssensitivity microbalancat the top of the system.
2) High temperature tube furnace of type Thermolyne 54500.
3) Quartz tube and ceramic heat preventer

4) Ni-Crsample hanging hook.

5) A thermocouple for temperature detecting and controlling.

There were wo gas inlets and one gas outlet on the quartz tube. Gas inlet 1 was used for
dry air input and Gas inlet 2 with a turning was usedlamnmablegas. Flammable gas could
be ignited at the exit of gas inlet 2 aadstable flameamaintained. The sample was
suspendedby a sample hanging hookith no touching with any part in the quartz tube
except the balancenechanism The ceramic heat preventer could slow down the air/heat

flow which would interferewith the balance.
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4.3.2 Oxidation atmosphere
Two series of SS 316L samples were oxidizedoidifferent atmosphers: dry air and
combustion gas.

The composition of dry ais shown in table2.

Component| N 07 Ar CO2 Ne He

Volume (%) 78.084| 20.947| 0.934 | 0.033 | 0.00182| 0.00052

Table2, the composition of dry air

In the dry air, 6 samplesere tested at temperaturd00°C 85FCand 900Cfor both
coated and uncoated situation. The gas flow was set at 60naim.

The combustion gas atmosphere was the combustion mixture of dry air and pure
methane (CHl) at the ratio of 40:1, which the gas flow was set at 808/aiim and 20
cm®/min respectively The minimum CHlow to maintain a stable flame was about-1Q
cm®/min. The reaction equation of Gblurning in the air and the ratio of each components

are listed below:

p D C D »p D ¢
And the overall reaction (the ratio of oxygen in the dry air aggroximatel to 20%) :
o¢ W #( o¢ o #/ (/!
c¢c D ¢ D p D o0¢ D ¢ D o D ¢
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The content of each components after burning was78.0%, @14.6%, C&2.43% and
HO 4.88%. The content of oxygen decreased more than 25%aabdndioxide with vapor
were introduced. The humidity of the mixture gas was about 5%83téemperature was
set at 650G 750 Cand 850Cand nocondensatiorwas found around the test samples
during thetest operation. Mostwater vaporwasmaintainedin the gas phase sidethe

quartz tube anda small amount was condensed on the gas outlet tube.
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4.3.3 TGA kineticglata of high temperature oxidation

Twelve samples divided into two groups were oxidized by TGA system and the kinetic
mass data was recordetach sample was oxidized for 5 hours in dry air or 120 hours in
combustion gas. Tab&shows the oxidation conditions for these 12 samples. In the earlier
work, the coating was fountb provideno helpin combustion atmosphere when the
temperature was above 80Q Both coated and uncoated samples had very serious
oxidation. Therefore the test temperature for combustion atmosphere was |l@ameérset in
the range 0650°C-850°C However in dry air, the oxitian was rather faint when the
temperaturewaslower than 750Cand sometimes could not be effectively recorded by the
TGA balance. Therefore the test temperature for dry air was higher frofz83000°C

That is the reason of inconformity dfe two groups test temperaturs.

Coating state uncoated coated
Dry air 800°C/850°C/900°C 800°C/850°C/900°C
Gombustion gas 650°C/750°C/850°C 650°C/750°C/850°C

Table3, test conditions for all 12 oxidation test, grouped by atmosphere or coating state.

Figurel6-18 shows isothermal oxidation kinetic plots and parabolic trend line of

uncoated and coated SS 316L at 8GB50°C 900°Cin dry airrespectively
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Figurel6 Isothermal oxidation kinetic plots and parabolic trend line of uncoated and coated

SS 316L at 80in dry air.
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Figurel7, Isothermal oxidation kinetic plots and parabolic trend line of uncoated and coated
SS 316L at 85in dry air.
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Figurel8, Inthermal oxidation kinetic plots and parabolic trend line of uncoated and coated

SS 316L at 90in dry air.

Figurel9 shows isothermal oxidation kinetic plots and parabolic trend line of uncoated SS
316L at different temperaturen dry air.Figure20 shows isothermal oxidation kinetic plots
and parabolic trend line of coated SS 316L at different temperatudey air.Figure21
showsthe oxidation rate constank; (first term coefficientof trend linefor the uncoated
samplesin dry air. Figur@2 shows theoxidation rate constank; (first term coefficientof

trend line¥or the coated sampkein dry air. Table shows the oxidation rate constagifiolK

both coated and uncoated samples.
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Figure20, Isothermal oxidation kinetic plots and parabolic trend line of coated SS 316L at
different temperaturein dry air.
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Oxidation rate constantK 800°C 850°C 900°C

(k?/m%)/s
uncoated 3.469x10M 1.079x106L0 3.249x100
coated 1.214x1061 3.418x106H 1.047x100

Table4, Matrix ofoxidation rate constant of dry air oxidation.

At each temperature group, the mass gairtted coated sample was about half of that
without coating from figurel6-18. Figurel9-20 revealed that the mass increasf the
coated sampleslowedsignificantlyafter 5 hours. On the contrary, the mass increa$ the
uncoated samples did not have a corresponditayving. Furthermorethe acceleratio
difference was more observabie higher temperaturs: In figurel8, the massncreasing
rate of coated and uncoated sample was alntbstsame forthe first 7000 seconds at
900°C After 7000 seonds, the mass incaee rate ofthe coated samplegraduallyslowed
down and the rate of uncoated sample almssiyedconstant.Eventuallya considerable
mass gain gap at 18000 secondss obtained

By analyzing figueel6-22 and their trend ling, the following conclusions were obtained:
The cerium oxide coating was effective on SS 316L oxidation protection in dry air at the
temperature range of 800C-900°C In a short term oxidation, coating provided similar
protecting level by comparing theamss increasing gap. However, in long term oxidation, the
coating would perform better in higher temperature due to the differences on both

oxidation speed and oxidation acceleration.
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Figure23-25 showisothermal oxidation kinetic plots and parabolientd line of uncoated
and coated SS 31&h.combustion atmospherat 650°CG750°C 850 °Crespectively Figure
26-27 show isothermal oxidation kinetic plots and parabolic trend line at different
temperaturein combustion atmosphere, uncoated and coatedpectivelyFigure28-29
showthe oxidation rate constank; (first term coefficientof trend line) in combustion

atmosphere, uncoated and coatedspectively

;
I,,
C 0028 7
~ v/
@)
=~ ated 650(
®
L o02
@®© .
]
= /
S
5 0.012 ated-650C
£
®
(@)
v 0.004
%)
(qv]
= I
D0 450
-0.004 :
time / x1000 second

Figure23, Isothermal oxidation kinetic plots amérabolictrend line of uncoated and coatl

SS 316L at 68Cin combustion atmosphere.
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Figure24, Isothermal oxidation kinetic plots amérabolictrend line of uncoated and coated

SS 316L at 75in combustion atmosphere
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Figure25, Isothermal oxidation kinetic plots amérabolictrend line of uncoated and coated
SS 316L at 85in combustion atmosphere.
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Figure26, Isothermal oxidation kinetic plots amérabolictrend line of uncoated SS 316t

different temperature in combustion atmosphere.
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Figure27, Isothermal oxidatin kinetic plots angbarabolictrend line of coated SS 316t
different temperature in combustion atmosphere.
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Figure28, Oxidation rate constank; (first term coefficientof trend linefor the uncoated

samplesin combustion atmosphere.
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Oxidation rate constantK 650°C 750°C 850°C
(k?/m%)/s
uncoated 1.978x10P 2.456x16° 5.627x16
coated 4.597x10 1.752x1@ 4.205x16°

Tableb, Matrix ofoxidation rate constant fof combustionatmosphere oxidation.

According to masshangecurves, it was clear that the coating in combustion atmosphere
was not as effective as that in dry air. Coated and uncoated sagaieedroughly thesame

massat 850°C As well as thatit 850°C the mass increadifference was not big enough to

prove the effectiveness of the coating. At the lower temperature of°€@the situation

seemed better, however the trend line showed that the @tidn rate was still high at the

end of the test. Besides, the mass increasing curve was aoonglicatedthan that in the

day air: the curve should be divided into 3 parts and each part should have its particular
mechanism. The oxidation rate consta@t and Rwere given in the figur@8-29 and table

5. However the Kdid not match the curve very well and the reliability gfaas doubtful. In

a word, the oxidation in combustion atmosphere was not a simple procedure as that in dry

air and was dominatedybmore complicated mechanisms. The possible mechanisms will be

discussed later in this paper.
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4.4 XRD characterization of High temperature oxidation

Eightof the 12 samples were characterized by XRD: coated and uncoated samples at
850°Cin dry air and alsixsamples in combustion atmosphere. Fig8eand 31 show the
XRD spectrum of uncoated and coated samples in combustion atmosg@sgrectively

Figure32 shows theXRD spectrum in dry air at the temperature of 880

FesOy
650N uncoated

Fe0 FeO

FeOs
FeO; CrOs FeOs

FeOy

750N uncoated

FeOy

FeO;

FeOy

850N uncoated

FQO4

N2

T T T T T T T T T T T T T T T T T T T 1
20 25 30 35 40 45 50 55 60 65 70

2 theta

Fels FeOs Fels

Figure30, XRD spectrum of uncoated samples in combustion atmosphere. The oxidation

temperature of sample a, b, c were 6%) 750 Cand 850Crespectively.
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Figure31, XRD spectrum of coated samples in combustion atmosphere. The oxidation

temperature of sample a, b, c were 685750 Cand 850Crespectively.
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Figure32,the XRD spectrum in dry air at the temperature of 880
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In dry air for both coated and uncoated samples, the matrix of samples waslstg#nitic
Fe after oxidation. Cr in the stainless steel wascentratel and formed GOz as well as
that Mn formed MnC#Oswith Crin the oxidation productSmall amount of E®swas
detected as the result of iron oxidation. Cef3 coating material was also detected in the
coated sample.

In the combustion atmosphere, all the Fe was oxidized to th®F FeOs in the range

of XRD detecting and no irdrom the base metalvas found Besides, the surface of each
sample waspalledduring the oxidation in varying degree. Therefore, in some samples the
CrOsand MnCsOs were not detected and in others the peak obGywasvery weak. Ce

was only detected in 65Cdue to thelimited spallingof that samples.
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4.5 Macro morphology of High temperature oxidation
Figure33and 34 show the macro photographs of dry air oxidation and combustion

atmosphere oxidation samples. Some surface fragments are included if they were collected.

Figure33, macromorphologyof samples oxidized in the dry air. Sampi€ Are 800C
uncoated, 800Ccoated, 850Cuncoated, 850Ccoated, 900Cuncoated and 90TCcoated,

respectively
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Figure34, macromorphologyof samples oxidized in combustion atephere. Sample G
are 650Cuncoated, 650Ccoated, 750Cuncoated, 750Ccoated, 850Cuncoated and

850°Ccoated,respectively

The samples oxidized in dry air did not haignificantdifferences. The samples oxidized
in combustion atmosphere had surfaspalling tovarying degree The surface of 650C
was almospreserved with only minimal spallingnd the surface of 88Chad significant

spalling
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4.6 SEM morphology of high temperature oxid ation

The surface of dry air oxidized samples anddfusssection of dry air and combustion
atmosphere oxidized samples were characterized by SEM. The sursa@aplkes oxidized in
combustion atmospher®were not characterized because of the rough @&agily peeling off
surface. Figur85 shows surface micrmorphologyof coated sample oxidized at 880in
dry air. Figure 8-37 show thecrosssection micranorphologyof coated and uncoated
samples oxidized at 88Gin dry air,respectively Figure 8-43 show the section micro

morphology of 6 samples oxidized in combustion atmosphere.

Figure B, crosssectionmicro morphologyof coated sample oxidized at 88D
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Figure ®, crosssectionmicro morphologyof coated sample oxidized at 880in dry air.
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Figure 3, crosssectionmicro morphologyof uncoated sample oxidized at 8%Tin dry air
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Figure B, crosssectionmicro morphologyof coated sample oxidized at 680in

combustion atmosphere

crack

oxides

substrate

‘II OOIu mI

00 8.3mm x500 SE

Figure 3, crosssectionmicro morphologyof uncoated sample oxidized at 6%Lin
combustion atmosphere
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Figure40, surface micranorphologyof coated sample oxidized at 780in combustion

atmosphere
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Figure4l, crosssectionmicro morphologyof uncoated sample oxidized at 75@in
combustion atmosphere
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Figure42, crosssectionmicro morphologyof coated sample oxidized at 880in

combustion atmosphere
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Figure43, crosssectionmicro morphologyof uncoated sample oxidized at 8%Lin
combustion atmosphere
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5 Discussions

Generally speaking, it is not difficult ggnthesze 10nm level nano ceria particles thy
microemulsion methodThe difficulties are how to prevetite agglomeration of
nanoparicles and how to remove the surfactant without hurting thepaeation of
nanoparticles. Because of theharentinstability of nanoparticles, agglomeration can occur
at any stage: synthesigreservation, coating or drying. In this research, all these stages were
considered and a possible method to overcome alhekedifficultieswas eventually
founded

Keepinghe solution cold could reduce the aecular thermal motiorand that provided a
part of contribution to antiagglomeration. Stirring speed was the critical factor on
controlling the particle sizandagdomeration during the synthesis. A lower stirring speed
could cause serious agglomeration and a higher stirring speed could completely prevent the
agglomeration. However, excess high stirring speed was not the optimal situation. The
excess high stirring spd could also stop Ce(Qlitansforming to Cegas well as mie it
impossible to remove the surfactant (AOT) from the solution. A moderate stirring speed was
required, and in this research it was about 580olutionsper minute. Essentially it was a
balance between agglomeration degree and precipitation speed. Another balance in the
research was between purity of Ce@hd the agglomeration degree: with more AOT was
extracted, more serious the agglomeration occurredthe research, the time was limited
and the optimal solution was not found. Anyway, an acceptable procedure was obtained, the
particle size was about2 nm and the agglomeration size was under 30 nm which was

proved by XRBpectrumin figure9 and TEM narograph in figurel0. Besides, this method
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made long timepreservation possible, the particles were stable in the solution for more
than 6 months.

Improved coating method also helped the separation of nanoparticles. With using a slide
motor, slow and uiform motion made veryittle liquid left on the substrate at one time.

That held preventing agglomeration during the drying. Slide motor made the coating
thickness controllable by setting the cycle numbers and speed. In this research, a thin
coating lagr was applied with the cycle numbers was 5 and motor speed at 0.05mm/sec.

The oxidation in dry air could be predicaigrabolic law and coating was successful in
improving the oxidation resistance. A-Os film was formed on coated and uncoated
sampes to prevent the further oxidation which was shown by figube33.

On the other hand, the oxidation in combustion atmosphere was much more complicated.
According to vapor watemediated volatilization theofjL 2], CeOswas volatilized into
CrQ(OH»gas in water vapor. Thigolatilizationcould destroy the protectiv€pOsfilm and
substantially altered the oxidation kinetics. The result showing in the figure wadrdneatic
mass increasing and thick oxides layer.

The mass gaining curve in figu®25 shows the whole oxidation process should be
divided into 3 parts. The first part was initial low oxidation rate, it lasted about 30 hours for
650°C 15 hours for 758Cand about 8 hours for 85€ The oxidation rate of this part was
just little higher(about 30% from the 85@data) than that in dry air. The second part was a
dramatic increasing of oxidation rate and lasted about another 40 hours for each samples.
The third part was a constant oxidation rate until the end of the test. Here a possible
assumption is proposedvolatilizationof CeOzproceeds slowly and it takes hours to
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volatilize the whole GOz film. Before all the GOz is consumed, the rest &z film can still
protect the substrate effectively. After volatilization, the iron rich dtéte is exposed and
result in sharp oxidation.

In the research, Cef@oating was applied on the surface to test whether it could help the
protecting. The result showed that the coating retarded the protecting at85@cause the
slow oxidation stage dappearedAt 750°C the nancceriacoating has very limited
influence on the oxidationAt 650°G the nancceriacoating extended the slow oxidation
stage from 30 hours to 60 hours. It seemed that there was a strong temperature relevance
and the coating prformed better at lower temperature.

Up to now, we are still not clear about the mechanism of £e0CpOswhen water vapor
is involved. In some conditions it helps and in some conditions it retards. The meaning of
this research is we find that tcombustion atmosphere, the oxidation of stainless steel has a
initial stage with low oxidation rate. Coating of materials can have some effects on that
initial stage. So it can be a possible method to protect th@®£rom volatilization by
coating someting and just let the stabilized £k to protect the substrate in combustion

atmosphere.
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6 Conclusions

Conclusions based on the experimental result include:
Nonagglomerated Ceria nanoparticlegre synthesze bya microemulsion method
with the averageparticle sizeof 2-3nm.
Stirring speediuringsynthesis haa critical influence of the particle size and
agglomeration degree. Higher stirring speed leads to smaller particle size and fewer
agglomeration
TheAOTsurfactant can be removed laprecipitation method.
Dip coating by using slide motor creates a uniform and-agglomerateccoating film.
Ceria coating can improve the SS 316L oxidation performance in dry air at the
temperature from 80@ Cto 900°C
The oxidation mechanism in combustiam is different from that in dry aiNolatilization
of CpOzcause serious oxidation.
Volatilization of GOz can last for hours and ceria coating has some effect on that stage.
Coating works better at lowdemperature

It can be a possible method tagiect CrOszfrom volatilization by coating something.
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