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OXIDATION BEHAVIOR OF VERY HIGH TEMPERATURE REACTOR (VHTR)
CANDIDATE MATERIALS: 316L STAINLESS STEEL,
ALLOY 617, AND INCOLOY 800-H
Hakan Us

Dr. Tushar K. Ghosland Dr.Sudarshan K. Loyalkdissertation Supervissr

ABSTRACT

High temperaturauclearreactos require alloys to perforrwell attemperatures
around1000 to 140(K. The oxidation behavior of three high temperature reactor
candidate material816L stainless steel, alloy 617, ahttoloy800-H underdifferent
conditionswereinvestigated in the present workor molybdenumbased316L stainless
stee| thetests wergerformed isothermally at temperatures between 7a8d1.,273 K
(in steps of 100 K) for 24 hours in controlled air environmérte. oxidation behavior
followed the parabolic oxidation kinetic rate law. The activatemergy was 149.21
kJ/molat873 K t01273 K. At 773 K a thin external oxide layer was observed, while at
higher temperatures a continuous and relatively irregular and inwardly protruded external
oxide layer was observed. The external layer width and composition depended on
increasing tempatures. At 1073 K a @Dz layer was detected. After 1273 K, a6g
sublayer formed in addition to the €33 layer. Continuous larger external oxide scales
and grain boundary ridges were also observed with increasing temperatures. The oxide
morphology ad structure of 316L stainless steel were strongly affected potiteolled
air environmentsThe kestoxidation resistance of 316L stainless steel was observed at
1073 K with the highest Cr content value. At 1273 K, mass gain was related to iron
oxidation. Increasing oxidation temperatuvesreattributed to the formation of pores,

voids, and grain boundaries.
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Alloy 617 tests were performed isothermally at temperatures between 1073 K to
1473 K (in steps of 100 K) for 24 hours in controlled air enviramsielhe oxidation
behavior followedhe parabolic oxidation kinetic rate law. The activation energy was
found to be 233.46 kJ/mol for 1073 K to 1473 K. At 1073 K to 1473 K, a thin external
oxide layer wasdentifiedasanNiO Cr.Ozdouble layer Theextenal layerhad Cr.Og,
andtheinner layemwas aNiO layer. Mearwhile, a continuous and relatively irregular and
inwardly protruded external oxide layer was obsemw#l anexternal layer width
depeneént onincreasing temperatureBesidegshe NiO-Cr.0z layer, Al.Oz areas were
also detectedrigures sequentially sh@da continuous growth of external oxide scales
and grain boundary ridges with temperatures. The oxide morphology and structure of
alloy 617 were strongly affectdry environmentsAt 1473 K,the increasing mass gain
was relatedo Ti oxidation. The oxidation depth incredses the temperature increased.
Increasing oxidation temperaturnesttributed to the formation of pores, voids, and grain

boundaries.

Incoloy 800H tests were performedathermally at temperatures between 1073 K
to 1473 K (in steps of 100 K) for 24 hours in controlled air environments. The activation
energy was found to be 266.8 kJ/mol for 1073 K to 1473 K Results showed that the
oxidation followeda parabolic oxidation kietic law. Spallation ocectedas a result of
oxidation after 137¥. At 1473 K, the increasing mass gain was relébed oxidation.

As revealed by SEM triplelayered external oxide scale was formed.

A thermogravimetri@nalyzer scanningelectronmicroscopyenergydispersive

X-ray spectroscopyand xRaydiffraction were among the analytical techniques used.
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CHAPTEIRNTRODUCTI ON

1.1. Very High TemperatureReactors (VHTRS)

A very high-temperature reactor (VHTR) is a helitonoled graphitemoderated reactor
with a ceramic core artdstructuratisotropic(TRISO)-coated fuel particlésCoolant
outlet temperatures d273 K (L0O00 °Q or aboveare expeted(eventually slated to reach
1773K (1500°C)). High temperature allow®r more efficient electrical generation and
better thermal conditions for process heat applications.

Two reactor design concepts are being studied for VHTRSs: the prismatic reactor
and the pebble bed reactor. VHTR siga annular core configuration. Irpaismatic
core,thehexagonal moderator and fuel blocks are arranged to form an inner graphite
reflector,a center active fuel core (ringg 8), and an outer replaceable graphite
reflector.The active core is approximately 26 ft in height and consists of 102 fuel
columns, each of which is a stack of ten fuel blocks (1020 fuel blocks total). In addition
to the replaceable graphite components, the prismatic core also includes aepesitin
graphite reflector, vessel coolant channels, and the core'barrel

The main challenge to VHTR is tlaeailability of structural and othenaterials
thatcan perform well unddrigh temperatures and neutron fluxes. Radiation, diffusion,

and chemical reactions can all affdoe microstructure of the material properties.

Theexperience wittvery high temperature reactor technolalgyives fromeight
previously constructed reacsothat vary in size, outlet temperature, primary fluid, and
purpose: Dragon (Prismatic Reactor; United Kingdom), Arbeitsgemeinschaft

Versuchsreaktor (AVR; Pebble Bed Reactor; Germany), Thorium Hochtemperatur



Reaktor (THTR; Pebble Bed Reactor; GermanyyhHiemperature Test Reactor
(HTTR; Prismatic Reactor; Japan), High Temperature Red&t¢HTR-10; Pebble Bed
Reactor; Peopl eds Republic of China), Peac
States), and Fort St. Vrain (FSV; Prismatic Reactor; United $tates
1.2. CandidateM aterials and Challenges

The key outof-core structuresr VHTRsinclude the reactor pressure vessel
(RPV, made of 2¥4 Cr bainitic steel oC9 martensitic steel), the cregsssel
componentandtheintermediate heat exchangers (IHXttdivert heat from the
primary side of the reactor to a hydrogen production plant. Such components place great
demands on their materials of construction. Thin sheretare heat frorB50°C to
950°C and must sustain a differential pressure of 6 to 7 MPiag offnormal events.
Therefore, mechanical strength, creep resistance and corrosion resistance are required for
theirextended lifetime (approximately 20 years). Such temperatures demand the use of
Ni-base alloys rich in chromium (about 2&s86) andarestrengthened by additions of
molybdenum, cobalt and tungsten. Examples include Inconel 61220k 12Cc-8Mo-

0.1C) and Haynes 230 (®2Cr14W-2Mo-0.1CY.

Materialsweresubjected to higher temperatures and irradiation in the VHTR than
in past designs. Larger amounts of irradiation cdusare displacements and
transmutations than in current nuclear service conditions. Higher temperatures increase
the atomic diffusion ras and chemical reaction rates at the surface of and within the
VHTR materials, which affesthe microstructure and material properties. L-oegn
chemical processes such as corrosignexpected tbecome more like direct and

(relatively) instantaneoushemical reactiorts



Candidate materialsonsidered for this VHTR researahenoted in the Table 1,

and the issuesgquirements are noted Trable2 below.

Tablel. VHTR candidatanateriab

Fuel Coolan Contr¢Press Piping/Init I HX/St
cladd Modr at vesse gener a
Uuco Helium Cf/ C, Si ModifiAlloys 61 Ni bas:¢
e Graphit(CIad) 9Cr1—\McX, XR, 23‘Alloys
All oy €&€Steel (All oy
. 602CA, 80! .
Pyrol yNitroge SA508 _ Al l oy :
Carborpmol ten Carthomer Hastell
Gr. 3 ( ;
. . reinforce(XR
Silicc 1, 2 / C
carbi
la1o SA533 gict / si
| @30 Gr. B
2. 2816
steel
* 316

Table2. Candidate VHTR rateriak in different nationg

Nation Candidate materials
Republic of Korea A F/M (Mod.9Cr1Mo) or
reactor vessel,
A htengpérature nickel alloys (Hastelloy X, IN
617 or Haynes 230) for gas ducts and
intermediate heat exchanger;
A c/Cc, SiC/SiC compos
steels (16 GA6Ni-2Mo- 1Nb or 800H) for
control rods;
United States A 1 ow al I-508) or Stade®1 steél BrA
the pressure vessel;
A high alloy stainles
and SiC/SiC or C/C composites for reactor
internals;
A nickel alloys (Hayn
617, Hastelloy X) or ceramider heat transfer
system and heat exchangers.
Japan A graphite or SiC/Sid
reflector;
A 2 .-NMoteal for pressure vessel and high
temperature coaxial tubes, with possible use o
9Cr F/M steel for extended lifetimes;
A stetloy XR for hightemperature coaxial tubg
liner and IHX heapipe;
AAIon 800H for control rod sleeve in the HTTH
and also in VHTR (either, but below 900°C for
years). C/C and SiC/Si€mposites are also
considered

3



Switzerland A Materials of intere
steels, grade 91, IN617, INBOOH and others;
A ODS steels, TiAl or
for high-temperature options.

France A 9%Cr F/M steels (an
the pressure vessel;

A C/ C/SiCrcomBdsites for control rods;
A n ibaskdealloys (Inconel 617, Haynes 230
or ODS alloys for intermediate heat exchanger
A n ibaskdealloys (Haynes 230, Inconel 617
for the primary cooling circuit;

A graphite for the co
A Si C, o&positessas @ell as other
carbides and nitrides) for cladding materials.

The issues addressedthis dissertatiomclude

A re@p fatigue, embrittlement, thermal expansion, thermal fatigue, crack resistance,

oxidation resistance, carburization resistance and thermal conductivity;
A igH-temperature creep (98C-1223 K) for nickel alloys;

A or@sion resistance in impure lded in airor nickel alloys;

A lekural strength for composites;

A xi@ation resistance in impure H&d in airfor composites.

1.2. Objectives andScopeof This Research

Theobjective of the presenésearchwasto investigate the oxidation behavior of
three candidat¢ HTR materials A systematic and comprehensive investigation of the
thermal oxidation othreealloys under varying oxidation conditiswas carried outThe
investigationcontainsstudiesof the dereloping oxide phases, the oxide microstructure,
the oxidation kinetics and tlexidationbehavior of the alloys asfunction of the

oxidation conditiongtemperature, time, and atmosphere)



1.3.Dissertation Organization

This dissertatioris organized a$ollows:

Chapter | providea short background on VHTRs and a summary of the

objectivesof this research work and the organization of this thesis

Chapter Il, presents background informat@mmoxidaton theory at high
temperatureghe pringple of oxidation kinetics, anthe basic theory for growth of

oxides

Chapter Ill describesf theexperimental methods atige various techniques

used inthis study, such as

1 identification of oxidsformed on the surface by-pay diffraction,

1 observation of the surface morphology and microstructure of the layers by
scanning electron microscadeyergy dispersiv-ray spectroscopy
(SEM/EDS)and

1 measure mass change rategliyrmogravimetric analyzer (TGA).

Chapter IV, V, and Vform themainparts ifthis dissertationEach chapter is
devoted to the study aiidationof candidate material§S316L, Alloy 617, and
Incoloy 800H The chaptersncludeliteraturereviews, experimental results, discussions

and conclusions for each candidate mateseparately.



CHAPTE®X|I DATAONHITEEMPERATURE

THEORY

2.1.Theory of Oxidation
Every metal and alloy reaowvith air at elevated temperatures. Oxidation increases
with temperature. Oxidation anelectrochemical procesghe chemicaprocess of metal

oxidation is not simply.

M+% Q%A MO Q)

It actually @nsists of two partialeactions

MA M2+ 2e (metal oxidation at metal scale interface)  (2)
And ¥> O+ 26 A Oz (Oxidant reduction at scale gas interface (3)

and generally XM +( 1/2) yO A MOy 4

Figurel shows that the oxide layer processingumonic conductor (electrolyte),

an electronic conductogndan electrode at which oxygen is reddicEhe diffusion



barrier through which electrons and ions must mig@tatticedefectsites (Vm and Vo).

\N_

e Metal=——s{= Oxide »1+— Oxygen

Figurel. Schematic lllustration of electrochemical processasirring duringgaseous
oxidation.

A metal surface reacts with oxygen at high temperature by initial adsorption of
oxygen Once the chemicagkactionis initiated oxygen starts to dissolve to form the
surface oxidehroughoxide nucleation, anthen formsa continuousiim, that may
protect the underlying metal. The film may also thicken into aprotective scale with

various defects including cavities, microcracks, and porosity, as shdwgure?2.

The chemical and physical properties ar@nportance in determing the rate of

oxidation and the life of equipment exposed to Higperature oxidizing environments.
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2.2. High Temperature Oxidation
2.2.1 Thermodynamic of High Temperature Oxidation

The thermodynamgof oxidation of a metallic material cdoe describé bythe
energy that is lost or gained in heating as the metalseébt other compoursl Two
points are important, first, the motae energyreleased when forming the compound,
such as an oxide, the more stable the comp@ui8kcond, as the temperature is raised,

more ofthe oxidizing species isaquired to maintain the oxide.

Metal is characterized thermodynamically by a standard free \eokagmge
(Gi bbs energy c¢hange)forthGreasttontecgroceadiallt be neg
reactants and produdigingatthe standard state. The second law of thermodynamics
describes the reaction of metal oxidizing. Second law describes standard {@ibs)

energy chaange( pG)

PG= -Tp@S (5)

where H is enthalpy, T is the absolute temperatarglS is the entropy. No reaction will

proceed unless @G is nt¢thgsacoridlawstatét®nder t hese

Whenp G <spo@itaneoureactionis expectedThus,qp G= 0 representsauilibrium,

andgp G  *eprbsents thermodynamically impossible process
For a chemical procedsased orone mole of @, the reaction will be:

(2x1y) M + Q2= (21y) MxOy (6)



For this reaction, reactants and products give adreee r gy c2hoawhighecan bep G
expressed as
s s s ~ ~ 7 ~
Yoo, =¥ ; 24—~ @)
i
whereR is the gas constant and T is absolute temperature. Because activities of pure
solids in the stable form are defined as unity at all temperatures and préssure,

eqguation reduces to

Yy 24 ® . h )

whereY'O | =0 at equilibrium and W , This equation describélse

relationship between the standard state free energy crf'é‘ﬁigg , for formation of
pure oxide, MO, on the base metal, M, and the characteristic equilibrium oxygen
pressureny , andoxide at any temperature, T. The nonstandard state oxygen
dissociation pressures leading to oxide formation or reduction on puasoah be
found fromthe Ellingham/ Richardsotdiagram(Figure3). But notethatthis diagram

cannot predictherate ofoxidation
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Figure3. Ellingham diagram of free energy versus temperature for oxidation of Petals

2.2.2 Pilling- Bedworth Ratio
The volume of the oxide formecklative to the volume of thmetal consumeds

an important pameter in predicting the degreeprotection provided by the oxide scale

11



If the oxide volume iselatively low, tensile stresses will tend to crack the oxide lajfers.
the oxide volume is very high, stresswill tend to lead to a ba&in the adhesion
between the metal and oxideor a high degreef protection, the oxide formed should be
similarto that of the metadeing oxidized. This argument is thieasis for the Pilling

Bedworth ratio.

The Pilling Bedworth ratias givenby

PB ratio = 9
whereW is the molecular weight of oxigdand D the density of the oxide, d is the density

of metal w is the atomic weight of the pure metal, and n is the number of metal atoms in

the oxide molecufé.

If a volume ratio of less than 1 produaesufficient oxide to cover the metal and
are nonprotective and ifthat ratio is around or greater thartl# oxide stressaffectsthe
poor oxidation resistance tife metal due to cracking and spalling. The ideal ratio, would
be close to 1To be protective to oxidation, the oxide must possess a coefficient of
expansion nearly equal to thattbé metal substratdt must also havgood adherence, a
high melting pant, a low vapor pressure, good high temperature plasticity to resist
fracture, a low electrical conductivity or low diffusion coefficient for metal ions and

oxygen, and a volume ratio té*&.

2.2.3 Oxidation Kinetics
The oxidation kinetics lavés linear, parabolic, logarithmic, and cuBidescribe

the oxidation rates. The oxidation rate can be described by measuring weight gain per

12



unit area and thicknesgarious forms of the ratas a function of timare shown in

Figure4:

WEIGHT GAIN

TIME

Figure4. Weight gain versus time for the kinetics laws
2.2.31. Linear Kinetics

Linear oxidation is characteristic of metals which form a porous or cracked scale
suchthat the scale does not represediffusion barrier between the two reactants.
Linear rate law is usually observed under conditions where a phase boundary process is
the rate determining step for the reaction, although other steps in the mechanism of

oxidation can lead to the same result.

The simplest empirical relationship of scale growth with time is

13



( gpm/ @H)C =k (10
where  ( gonlieweightichenge per unit area, t is oxidation times knear rate

constant, C is a constant, apdnts!areunits interm of mass gain measurements.

2.2.32. Parabolic Kinetics
When the rate controlling step in the oxidation process is diffusion of ions
through a compact oxide scale, with chemical potential gradient as the driving force, the

parabolic rate law is usuglbbserved. It islefined by the equatign

( ppm#*katy C (12)

where (gpm/ a) i s weight gai npipparebolcratet ar e a,

constant, C is a constant and units in term of mass gain measuremerss.g.cm

2.2.33. Logarithmic Kinetics

During the oxidation oeveraimetals at low temperature, (below 673 K) the
reaction is initially quite rapid and then drops off to low or negligible values. This
behavior can often be described by the logarithmic rate equations, which include direct

logarithmic and inverse logarithmiate equations

Direct Logarithmic x=kglogt (12
Inverse logarithmic 1/x=H; logt (13
where x=oxide thickness or weight gain, t is the exposure timgg K¢ and B represent

the constants at constant temperatures.

2.2.34. Cubic Kinetics
Cubic kineticgs anintermediatestage between logarithmic and parabolic

kinetics. Undespecific conditions, some metals oxidize according to cubic law.

14

t



( pm¥=laty C (14)
where( gom/ magssgainsper unit area, t is exposure timegiskcubic rate constant, and

C is a constant.

2.2.4 Activation Energy

Experimental studies have shown that the oxidation rate conistahvarious
rate equationsan bedescribed by an Arrhenius equation. Activation energies can be
derived from an analysis of the resulting pletkjch aidin defining oxidation behavior.
The equations th&¢ad to the determination attivation energy adiscussed below.

The rate constank, is normally found to depend upon temperature according to

the Arrhenius equation

k=A exp ¢Q/RT) (15
wherethe preexponential constant A is called the frequency factor, Q is theatiot

energy of the reaction, and T is temperature (K). Taking logarithms

Log k=Log A- (Q/2.3030R) (1/T) (16)
enables a graph to be madevhich log k is plotted against 1{® form theslope ofi Q

in plot. Note R is the gas constant (8.31 J/mol K).

15



2.2.5 High temperatures materials
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Figureb. Effect of chromium content on the corrosion resistance and oxide morphology

of iron-chromium alloys at 1273 K.

Individual elementg an alloy lead to differing structural strengths as asll

high temperature oxidation resistantieus,most alloys designed for high temperature

oxidation resistance contain chromium. Fighighows the effect of increasing chromium

content on thexidationresistance and oxide morphology if-Ee alloysare oxidizedat

1273 K. Oxidation rates decrease sharply as Cr is increased t@@0@&hromium oxide

16



formationincrease until they predominate in the oxide film. Similar effeate alscseen

in nickel and cobaltontainingalloys.

Nickel, with chromium improvesthe high temperaturexidationresistance of the
stainless steels, just as it does aqueous corrosion resistance at lower temperatures. Alone,
nickel has little effect othe oxidation resisince of iron. Nickel stabilizes the austenitic

face centered cubic phase, which is more cresigtanthan ferrite at high temperature.

Adding silicon toalloys leads t@adherent resistance films alone and in
conjunction with chromiunSiliconis addedat 2 to 3% levels to many iron and nickel
based chromium beariradloysto improve corrosion resistance, especially at lower

temperatures.

Adding duminumleadsto protectiveoxides but at a lower rate than chromium.
Also, aluminum forms brittle intermetallic phases with iron, restricting allowable alloy
concentrations. Thus, efforts to replace strategic chromium with aluminum have been
unsuccessful, because aluminum oxidesaldform fast additions to repair mechanical
damage during oxidation. Nevertheless, aluminum additions of a few percent are used
frequently to enhance the oxidation resistance of iron and nickel based chromium bearing

alloys.

Molybdenum, tungsten, and tioim providelittle improvement in oxidation

resistance but are often added to enhance mechanical properties at high temperature.

2.2.51. Oxidation and Alloy Contents Effectson Alloy
Oxidation is generally described aform of hightemperature corrosion. On the

other hand, oxidation is not always damaging to alloys. Most corrosibeat resistant

17



alloysleadsto oxide film and proteain of thealloy surface. Chromium oxide (§3s) is
the most common of such filmidigh-temperature corrosion mechanisms cause material
degradation when contaminants (sulfur, chlorine, vanadium, etc.) are present in the

atmosphere.

The operating temperature assumes a critical role in determining the oxidation
rate. As temperature is incesad, the rate of oxidation also increases. In lower allowable
operating temperatures for some alloys such as austenitic stainlessrstesdsed
chromium content is the most common way of improving oxidation resistance. Also
increasing the nickel comteof the austenitic stainless steels up to about 30% can have a
strong beneficial synergistic effewhen usedvith chromium which also improves

oxidation resistance

Most alloys tend to have increasing penetration rates with increasing temperature
for dl oxygen concentrations. Some exceptions are alloys with 1 to 4% Al. These alloys
require higher temperatures to form®s as the dominant surface oxide, which grows

more slowly than the @Ds that dominates at lower temperatures.

The alloy structure ecaaffectmetal penetratigrwhich occurdy subsurface
oxidation along grain boundaries and within the alloy grains, as shown & Mgst of
the heatresistant alloys are based upon combinations éfliF€r. These alloys show
about 80 to 95% of the @itpenetration as subsurface oxidation. Some allaygin how
much of the total penetration occurs by subsurface oxidation as time passes, until long
term behavior is establishetthis can happeaven though the corrosion product
morphologies may rematonstant. Alloys vary greatly in the extent of surface scaling

and subsurface oxidatian

18
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CHAPTERATERI AL SMEAINHODD S

3.1. Materials
3.1.1. 316L Stainless Steel

Type 316L stainless steel is being considered for core barrel assemblies and other

metallic reactor internal components that would experience temperature8apKY.

Type 316L is an extrlow carbon version of Type 316. Taldeshows the
properties of interest for oxidation studies.

Table3. Properties of SS16L 1314

Density 7.99%3g/cm

Melting F16446K2 K

Canpositi ¢Ni (22), Cr (17), Mo (2.5), Fe (6
UNS NumbeS31603

As received SS16L (nuclear grade UNS S31603) strips were first cut into test
samples with approximate dimensions of 12 mm x 11 mm x 0.4 mm (each sample was
measured separately for calculation of the oxidation rate consfdmng).is the ideal
geometry to fit the sample bucket usedhermalgravimetric analysi§TGA). Sample
surfaces were geound with 400 grit siliconcarbide paper to simulate the surface

roughness of actual components.

3.1.2. Alloy 617
Alloy 617 (UNS N06617) is one of tHeading candidates to meet the structural

material requirements of thvery high temperature reactofsis a solidsolution

20



strengthened, nickedlhromiumcobaltmolybdenumaluminum alloy having an

exceptional creep strength and oxidation resistance eNickromium, and aluminum

provide good cyclic oxidation and carburization resistance at high temperatures, while
cobalt and molybdenum provide sekdlution strengthening. Its excellent craepture

strength even at elevated temperatures and its doiligtain toughness after lotigne

exposure at elevated temperatures makes it a potential candidate material for construction
of the IHX for theVHTR. This alloy exhibits good metallurgical stability and good hot
workability'®. Alloy 617 isanNi base alloy. Tabld shows the properties of interest for

oxidation studies.

Table4. Properties of 617 Alloy1®

Density 8.36%g/cm

Mel ting F1603a6K38 K

Compositi Ni (54), Cr (22), Co (12.5), Mo (
UNS NumbeNO6617

As received Alloy 617 strips was first cut into test samples withensions
approximately they are 1Bm x 12.8mm x 0.4mm, and each sampleras measured
separately for calculation ttie oxidation rate constarbamplesurfacesverereground by

400 grit siliconcarbide paper to simulate the surface roughness of actual components.

3.1.3. Incoloy 806H

Alloy 800-H is an ironbase soliesolution strengthened alloy with large additions
of nickel (30 35 wt. %) and chromium (123 wt %). While nickel and chromium
ensure good oxidation and carburization resistance, carbon imparts high temperature

strength and resistance to creep and rupture. Alloy-8&0currently approved under
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ASME BPVCHII NH for use up td033 K For the pebble be@actor design, Alloy

800H is a candidate material for control rod sheath matéoialsHTR.

Table5. Poperties of Incoloy 80®1. 17

Density 7.943%g/ cm

Melting R163@a6K38 K

Compositi Ni -883p, -T£3) ,( 1Ml . 600).,15Fe (30. 50)mj n) ,
UNS Numbe NO8810

As receivedncoloy 800-H stripswerefirst cut into test samples with dimensions
that are approximately2.86 cm x 1.1cm x 0.15cm, and each sample/as measured
separately for calculation of aovarereg@mund on r a
using 400 grit siliconcarbide paper to imulate the surface roughness of actual
componentsThen samples were cleaned with methanol and acetylene andfairiede
hour with furnace tubes at 373 Khis procedure led tthe ideal geometrpeededo fit

the sample bucket used in tiiermal graimetric apparatus.

3.2. Equipment and Methods
We used TGA to measure the oxidation rate isothermally. Then, we examined the
oxide layer structure with SEM and XRIEquipment, operating conditions and methods

are covered in the following sections.

3.2.1. Thermogravimetric analyzer

A Thermax700 thermogravimetric analyzer from ThermoScientific was used to
obtain the mass change vs. temperature data wimealduring oxidatiorof materialsin
air. The volume of the bucketas35 m. The balanckad a 100 gcapaciy and resolution

of +1.0 pg. Mixtures of dry medicarade air in ultrehigh purity researcigrade helium
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having a total flow rate of 50 mL/min were used in the experiment. Mass flow controllers
were used to control the flow rates. The mass chamgenweasured isothermally once the
desired temperature was reached in the TGA. Mass change data was sent from the TGA to
a computer using automated data collection software. Figusea schematic of the

experimental setup. FiguBxontains some photas the setup.

TGA Analysis
Analytical .
Balance e

T T,
Jj%‘u::- x ; =, \_1-,;'\'
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Reaction Gas

S

Purge

ThermoScientific Thermax 700
Thermeogravemetric Analyzer|TGA)

Figure7. A schematic of the experimental system for studying oxidation of steel

Figure8. Photos of the experimental system for oxidation studies using TGA.
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Samples were first heated uitra-high purity helium at a constant rate of about
5 K/min until the desired oxidation temperature was reached, at whichtpeiitdw was
switched to a 100% dry air environment. T3E6L samples were oxidized @73, 873,
973, 1073, 1173, and 1273fér aduration of 24 h. Thalloy 617 samples were oxidized
at1073, 1173, 1273, 1373 and 14K 3or aduration of 24 hTheIncoloy 80GH samples

were oxidized a1073, 1173, 1273, 1373 and 14 3or aduration of 24 h.

3.2.2. Scanning ElectrorMicroscopy/Energy Dispersive XRay Spectroscopy

SEM and EDS analyses were obtained with FEI QuantaF&#® and the EDS
detectowastheBrukerXFlasH! 6/30. The backscatter detector was used on all the images
thathad BSED indicated along the bottom. In additi@aipw vacuum mode was used at

40 Pa for mostfathe images to reduce charging.

Additionally, high resolution images of pure samples were obtained using a Pioneer
SEM/EDS ina secondary electron mode .higd multiple scanning modes, an accelerating
voltage ranging 15nimage resolutiomf 512 x 440,animage pixel sizef 0.17 pm, and
a magnification of 1500 kV.Energy dispersive spectrosco@yS) quantitative surface

elemental data was simultaneously avaddbbm Pioneer.

3.2.3. X-Ray Diffraction

XRD measurements were performed with PA
Diffractometer utilizing a Cu xay source. The XRD analysis was performed at room
temperature at a scan speed of 0.4°/min and by varymgthh al ue of 2d fron

89.985°. The target was Cu, aad® slit was used for divergence and scaite
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CHAPTE£®X DATI ON OF N3LIEGSLS SSATARHE L

HI GH TEMPERARAURES | N

4.1. Introduction

High-temperature oxidation die nuclear reactocandidate material
molybdenurbased 316L stainless stewhs studied in different atmospheres. The tests
were performed isothermally at temperatures between 773 K to 1273 K (in steps of 100
K) for 24 hours in controlled air environments. The oxidatiomalveor followedthe
parabolic oxidation kinetic rate law. The activation energy was found to be 149.21 kJ/mol
for 873 K to 1273 K. At 773 Ka thin external oxide layer was observed, while at higher
temperatures a continuous and relatively irregular andriily protruded external oxide
layer was observed. The external layer width and composition depended on increasing
temperatures. At 1073,la CepOs layer was detected. After 1273 K, a:Begsublayer
formed in addition to the @Ds layer. Continuous Iger external oxide scales and grain
boundary ridges were also observed with increasing temperatures. The oxide morphology

and structure of 316L stainless steel were strongly affected inyetheronment.

The kestoxidation resistance of 316L stainlessettwas observed at 1073 K with the
highest Cr content value. At 1273 K, mass gain was related to iron oxidation. Increasing
oxidation temperaturesereattributed to the formation of pores, voids, and grain
boundaries. Ahermogravimetri@nalyzer scanningelectronmicroscopyenergy
dispersivex-ray spectroscopyandx-ray diffraction were among the analytical techniques

used.
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Generation IV nuclear reactor systems pose significant challenges to materials
selection and qualification. In these reastastructural components will undergo varied
service conditions such as (a) exposure to higher temperatures, (b) higher neutron doses,
and (c) extremely corrosive environmgfit These new challenges can affect the micro
structure of the materials and hence their propétti€&everal Nibased alloys are under
serious consideratiéh??. Ni-based alloys, such as Alloy G1Raynes 23Dare being
considered for intermediate heat exchanger (IHX) and hot gas duct (HGD) due to excellent
high temperature corrws resistance, carburization, and decarburization conditioims
these alloys, the formation of a protective external Cr oxide layer prevents the direct
interaction between metal and environments. However, despite the excellent oxidation
resistance, when the materials are exposed to higpeteturs for prolonged period of
operation, oxidation at the surface would be signifféafihen, oxidation would contribute
to the mechanical property degradation of the alloys by metal loss, internal oxide

formation, carburization, decarburization, and so forth.

Besides the abovmaterials austenitic stainless steels have been widely used as
structural materials in nuclear power plants with excellent strength at high temperature
and good oxidation/corrosion resistaffc@he 316L stainless steel is an austenitic
chromiumnickelmolybdenum steel. Grade S36L stainless steel (SS) is deemed
suitable for some Generation IV reactor concepts. Itis a candidate material for inner

structural spports and radiation shielding in disposal waste packages

Oxidation behavior depends on tengdare, oxidative environment/surface, alloy

composition, time, etc. Oxidation of austenitic stainless steel has already been studied by
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several authors as a function of alloy compostfidh oxidative environme#nf 3,
temperaturé 2931333816 and timé%3° These works show that such steels can form a
stable, dense, continuous, adherent and protective oxide layer consisting of various

oxides.

The oxidation resistance of stainless steel mainly depends on chromium icontent
thus,oxidation resistance increasgih chromium content in steel compositfarirhe
second factor issinperature. Heating and cooling can cause cracking and spalling of the
steel surface. Alloy compositions have more Ni anavBich increase resistance to
oxidation alsq higher Ni and Mo content improve spalling resistance. 316L stainless
steel is an atenitic chromiurmickelmolybdenum steel, which possesses superior
strength ad adequate resistance to oxidation at high temperatures. Oxidation at high
temperature involves the oxidatiohreactive elements, formation of oxide scales, and
internal oxid&ion®®. Chromium has been shown to be the key element to oxidation
resistanc®. 3161-SS contains greater than 17% Cr content. Chromium has a much
greater affinity for oxygen relative to other elements in the alloy and preferentially forms
chromium oxide, which gives an adherent, stable, and protective layer on the alloy
surface hat fAprotectso from further oxidation.
surface scales formed during oxidation are important for progptiie service life of
alloys in reactor systems and also for evaluating degradation characteristics in high
temperature applicatiof’s Recent studies show that the oxidatiomekics of the
austenitic stainless sté®P? and 3165F°*follows a parabolic law in the high

temperatures.
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The oxidation behaor of moststainless steels follow parabolic kinetics during
high temperature oxidation. The thermal diffuseapabilityof the ionic areas through a
compact oxide film and the driving force is the chemical potential gradient that develops
across the m. The diffusion process enoutward diffusion of cationgninward
diffusion of anions, or botland could possiblynvolve the transport of electrons across

the oxide filny3,

Grade SS316L hasa particularly hidn resistance to pitting and crevice corrosion
in chloride environment$ It also has excellent tolerance to radiation damage. Grade
SS316L is a low carbon version (83%) of Grade&sS316 and is immune from grain
boundary carbide precipitatich High-temperature corrosion studies of Grade338L
are lacking. Elevated temperatures tend to increase corrosion action, heat transfer may
effect corrosivity, and thermal cycling carcirase metal wasting through spallation on

the metal surfac¥.

Corrosion of SS816L as exposed to supercritical waié?, wet argof®® and to
Li.BeFs*¢have been investigated earli@xidation of coated S316L in aif*®? has been

investigated previously also, but the range of conditions studied was limited.

4.2 Results
4.2.1.0xidation Kinetics

4.2.1.1.0xidation Data 316L from TGA

Weight change of the samples was measured isothermally in the rangekofo/r73
1273 K in 100% air. It was found thateight lossoccurredat 773 K and at 873 K.

However, at 973 K and above the samples gained weight. No spallation was observed in
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the range of 773 K to 1073 K, atthigh spallation was detected at 1173 K and 1273He

resultsare plottedn Fig. 9.
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Figure9. Oxidation of 316LSSin dry-medical grade air using TGA at 773 K to 1273 K.

Table6 displays weight loss and weighdin data from TGA. Oxidation runs were

performed more than twice to confirm the reliability aapeatability of the data.

Table6. Total weight loss and weight gain after-Bdur air exposure.

Temperat ulr Wei glthots Wei ght

( mg) ( mg)
773 -1.36
873 0.26
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973 0. 87
1073 1.383
1173 2.23
1273 2.92

At 773 K and 873 K, weight loss was observed. At 773 K, the loss started after 100
min (600 sec) and continued for a duration of 24 hours. Surface morphology images show
some dark grains. No spallation was observed. At 873 K, weight loss startefd@ftein.

The total weight loss is shown in Tal@leAfter 973 K weight gain was observed and the
mass gain increased with increasing temperature. At 1173 K and 1273, scale spallation was

detected.

4.2.1.2 Oxidation Kinetics
TGA plots of mass gain per utnarea vs. time are shown in FitD. Up to 1273 K

the oxidation of SS816L samples appesato follow parabolic kinetics.
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Figure10. Oxidation kinetics for SS16L plot of mass gain per unit area versygosure
time for temperatures in the rangie773 K ~1273 K. (t=0 concerted to the time when the

sample reached set temperature).

Figurellshows the oxidation kinetics of 316L stainles=el as obtained by our

measurements.
Equation 'y =a+b*x
Adj. R-Sq  0.9422 - - - -
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Figurell. Oxidation kinetics for SS16L plot of (mass gain per unit ar&ayersus
exposure time for temperatures in the raogé73 K ~1273 K. (& 0 corverting to the

time when the sample reachibe set temperature).
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Table7. Experimental parabolic oxidation rate constant, kp 6B836L.

Temper at k v ‘s el
773 K 2.096%x10 t< 2000 8. 726%2%7Tx t > 20
873 K 9.0438%x1 - -
973 K 1.989867x1 t < 200 6. 1518%x t > 20
1073 K3.449%27x1 t < 200 5.36638%x t > 20
1173 K5.89769x1 t < 400 7.7640%8x t > 40
1273 K2.541864x1 t < 650 8. 74799x t > 65

Table7 shows the datan parabolic relationshigrherea best fitting lingpassd

through the origimgiving a k value of 773 Kto 1273 K.

4.2.1.3 Activation Energy

The rate constant k normally depsmgbon temperaturperthe Arrhenius
equationFig. 12 shows argph in which In k is plotted against 1/Rith a slope of Q.
The activation energy of oxidation reaction Q for a parabolic rate of oxidatik®1&Sis

149.21 kJ/mol (873 K to 1273 Kin the literature, activation energy values ranging from

83 to 138 kdnol! have been reported for the ldamperature regime in austenitic

stainless steels and high Ni all&y&°,
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Figure12 Arrhenius plot and exhibited activation energy (773X73 K).
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Equation y=a+b*x
Adj. R-Square 0.97396

Value Standard Error
-10.0 + — Intercept | -4.06818 0.60812
-~ Slope -7.79661 0.63533
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Figurel3. Arrhenius plot and exhibited activation energy (873 K to 1273 K).

4.22. Oxidation Microstructure (Surface Analysis) withScanning electron
microscopy/energy dispersive Xay spectroscopy (SEM/EDS)
4.2.21.Room Temperature (297 K)

The SEM images of SS16L exposed to air atmosphere at temperatureof
297K are shown in Figl4.and the corresponding EDi§ures are shown in Fid.5. The

scratchesnthe sampleppeared aftat wasreground with 400 grsilicon-carbide paper
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Figurel4. The SEM images d316L SSsample exposed to air atmosphere at the 297 K

temperatur@are shown here a9 400 pmandb) 30 pm.

Figurel5. EDS spectrum 0816L SSsample at 297 K.
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4.2.22. 773K
The surface morphology of oxidizedmples indicated deposits over the surface as
seen in Figl6. Some of the deposits had less Cr, while the plain surface of the $madple

high Cr content. This clearly indicates the selective outward diffusion of Cr.

15.00 kY

Figurel6. Surface morphology of 316L stainless steel at 773 K and EDS spectrum.

cps/eV

o = NW R

9 10

Energy [keV]
Figurel?. At 773K, EDS spectrum of 3168 ainlesssteel
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Tables8-9 show theatomic and mass percent of different regiasanalyzed by
EDS. Table 8 shows that the sample is composed of mab#y87% Fe, 12.51%r,
7.33%Ni, and11.37% C by atomic percent. According to Ta®lehe sample contained

65.44% Fe, 14.41% Cr, 9.54% Ni, 3.03% C by mass percent.

Table8. Surface morphology atomic percent analysis on the five different losation

the surface at B’K

El ement C O Al Si Cr Mn Fe Cu Ni Mo
R1 10. 17. 0.20.811. ¢- 51. - 7.00.09
R2 15.:10.!/0.20.711. ¢- 52.!- 7.60.09
R3 9.0:15.:i0.30.612. (- 52. - 7.51.0
R4 10.!'12.:i0.10.913. (- 54 - 7.40.09
R5 11.:13.:0.10.812. - 53 - 6. 90. 8
MeaAbgol ull. : :13.'!0.20.812.!- 52. (- 7.30.09
devi ati on

Sigma (St2.3!2.6.0.00.00.5¢1- 1.11- 0.30.0

deviati on

Table9. Surface morphology mass percantlysis on the surface of steel at 773 K.

EIl ement C (0] Al Si Cr Mn Fe Cu Ni Mo
R1 2.9.6.2.0.10.513. ¢- 64. (- 9.32.0
R2 4.1:3.7 0.10.413. - 65. - 10. 2.0
R3 2.3'5.5i0.20.414. - 64. (- 9.82.1
R4 2.7'4.4°0.10.514. - 65. (- 9.51.38
R5 2.94.6:0.10.514. - 66. - 8.91.8
MeaAbéol L3.0:4.9!0.10.514. .- 65. «- 9.5 1.9
deviation

Sigma (St0.6:0.9°0.00.00. 4¢- 0. 6 - 0.40.1
deviati on
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Figurel8. SEM images show surface morphology samples at 773 K, girB080um
and 5um.
Figurel8 shows that at grain boundaries, heginfacerelief protrusionsare present.

Some grain boundaries leaning forward on adjacent grains are also observed. No scale

spallation was observed.

4.223.873K
The SEM surface images and EDS intensity peaks correswptal 873 K are
shown in Figurel9. The EDS intensity peakcorresponding to the develabscale are

dominated by Cr and Fe pedksgure20).
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Figure20. EDS results of 316ktainless steedt 873K.
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EDS analyses performed ¢time surface are given in Figu?® and Tablesl0-11.
Table10 shows that the sample is composed of ma@8lyY0% Fe, 14.94%r, 3.79% Ni,
and 8.35% by atomic percent. According to Tallé, the sample contairz11% Fe,

19.67%Cr, 5.48% Ni, and 2.57% By mass percent.

Table10. Elemental atomic percentages from EDS surface morphology analysis for five

different locatioms on the surface at 873 K.

El ement C O Al Si Cr Mn Fe Cu N i Mo
R1 6.5 24. - 1.2316. 1.9 44 - 4.9 0.6
R2 3.6 52. - 0.¢€11. 2.5 27 - 0.6 0.3
R3 6.2 24. - 1.418. 1.7 43 - 3.9 1.3
R4 8.6 26. - 1.2315. 2.3 39 - 5.5 0.5
R5 16. 26. - 1.£813. 2.2 35 - 3.80.3
MeaAbgol L8. 3 30. - 1.2314. 2.1 38 - 3.7 0.6
deviatior

Sigma (St5.0 12. - 0.22.50.36.7 - 1.9 0. 4

deviatior

Tablell Surface morphology mass percent analysis on the surface at 873 K.

El emerC O Al Si Cr Mn Fe Cu N i Mo
R1 1.828. 9¢- 0.819.¢2.4%t57. ¢- 6. 7:1. 3¢
R2 1.3:25. ¢- 0.718.:34.2747. ¢- 1.1:0. 9¢
R3 1.7¢8. 9¢- 0.921.¢2.2755. ¢- 5.402. 9¢
R4 2.5210. ¢- 0.919.:23.2:54. ¢- 8.0:1. 2¢
R5 5.3¢11. - 1.119.(03.3:t52. ¢- 6. 1C0. 9°¢
Me an 2.5713.1- 0.919.¢3.1153. ¢- 5.4¢1. 4¢
(Absol

devi at

Sigma 1.627.1¢- 0.11.3¢0.8(3.9¢- 2.610. 8¢
(St anc

devi at
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Figure21l. SEM surface morphology at 873 K, at 30@, 30pum and5 pum.

According to Fig21, oxide scale spallation was not observed on the surface in the
SEM imagesThe sirfacewas observed to have nodular grains. Grain regions are untidy

and some grains adistantlyrelative to each otr.

4.22.4. 973 K1073 K
An oxidegrained structure was found after 973 K and 1073 K. Fidgiesd 24
show a scale. At 973 Khescale contained predominantly Cr and Mn peaks. At 1073 K

thescale contained predominantly Cr and Fe péBigures23 and 25)
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Energy [keV]
Figure23. EDS Results of 316&tainless steelt 973K.

Table12 shows that the sample is composed of mainly 26.95% Cr, 7.82% Mn,
and5.8%% Fe by atomic percent. According to Talb& the sample contains 43.16% Cr,

13.53% Mn,and10.12% Fe by mass percent.
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Tablel12 Surface morphology atomic percent analysis in the five different locations on
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Figure24. Surface morphologgf 316L stainlesssteelat 1073 K.
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Figure25. EDS results of 316L stainless steel at 1073K.

Table14 shows that the sample is composed of mainly 31.52% Cr, 3.63&hdre,
5.1P% C.by atomic percent. According to Talifg the sample contairk6.68% Cr,

7.00% Feand 2.18%6 Cby mass percent.
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