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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. Ghosh and Dr. Sudarshan K. Loyalka, Dissertation Supervisors 

ABSTRACT 

High temperature nuclear reactors require alloys to perform well at temperatures 

around 1000 to 1400 K. The oxidation behavior of three high temperature reactor 

candidate materials, 316 L stainless steel, alloy 617, and Incoloy 800-H under different 

conditions were investigated in the present work.  For molybdenum-based 316 L stainless 

steel, the tests were performed isothermally at temperatures between 773 K and 1,273 K 

(in steps of 100 K) for 24 hours in controlled air environments. The oxidation behavior 

followed the parabolic oxidation kinetic rate law. The activation energy was 149.21 

kJ/mol at 873 K to 1273 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 temperatures.  At 1073 K a Cr2O3 layer was detected. After 1273 K, a Fe2O3 

sub-layer formed in addition to the Cr2O3 layer. Continuous larger 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 by the controlled 

air environments. The best oxidation 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 temperatures were attributed 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 environments. The oxidation 

behavior followed the 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 was identified as an NiO Cr2O3 double layer. The external layer had Cr2O3, 

and the inner layer was a NiO layer. Meanwhile, a continuous and relatively irregular and 

inwardly protruded external oxide layer was observed with an external layer width 

dependent on increasing temperatures. Besides the NiO-Cr2O3 layer, Al 2O3 areas were 

also detected. Figures sequentially showed a continuous growth of external oxide scales 

and grain boundary ridges with temperatures. The oxide morphology and structure of 

alloy 617 were strongly affected by environments. At 1473 K, the increasing mass gain 

was related to Ti oxidation. The oxidation depth increased as the temperature increased. 

Increasing oxidation temperatures is attributed to the formation of pores, voids, and grain 

boundaries.  

Incoloy 800H tests were performed isothermally 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 followed a parabolic oxidation kinetic law. Spallation occurred as a result of 

oxidation after 1373 K. At 1473 K, the increasing mass gain was related to Ti oxidation. 

As revealed by SEM, a triple layered external oxide scale was formed.  

A thermogravimetric analyzer, scanning electron microscopy/energy dispersive 

X-ray spectroscopy, and X-Ray diffraction were among the analytical techniques used.  
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CHAPTER 1. INTRODUCTION 

 

1.1. Very High Temperature Reactors (VHTRs) 

A very high-temperature reactor (VHTR) is a helium-cooled, graphite-moderated reactor 

with a ceramic core and tristructural-isotropic (TRISO)-coated fuel particles1. Coolant 

outlet temperatures of 1273 K (1000 °C) or above are expected (eventually slated to reach 

1773 K (1500 °C)). High temperature allows for more efficient electrical generation and 

better thermal conditions for process heat applications. 

Two reactor design concepts are being studied for VHTRs: the prismatic reactor 

and the pebble bed reactor. VHTR uses an annular core configuration. In a prismatic 

core, the hexagonal moderator and fuel blocks are arranged to form an inner graphite 

reflector, a center active fuel core (rings 6 ï8), 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 a permanent side 

graphite reflector, vessel coolant channels, and the core barrel1. 

The main challenge to VHTR is the availability of structural and other materials 

that can perform well under high temperatures and neutron fluxes. Radiation, diffusion, 

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

The experience with very high temperature reactor technology derives from eight 

previously constructed reactors that vary in size, outlet temperature, primary fluid, and 

purpose: Dragon (Prismatic Reactor; United Kingdom), Arbeitsgemeinschaft 

Versuchsreaktor (AVR; Pebble Bed Reactor; Germany), Thorium Hochtemperatur 
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Reaktor (THTR; Pebble Bed Reactor; Germany), High Temperature Test Reactor 

(HTTR; Prismatic Reactor; Japan), High Temperature Reactor-10 (HTR-10; Pebble Bed 

Reactor; Peopleôs Republic of China), Peach Bottom 1 (Prismatic Reactor; United 

States), and Fort St. Vrain (FSV; Prismatic Reactor; United States). 

1.2. Candidate Materials and Challenges 

The key out-of-core structures in VHTRs include the reactor pressure vessel 

(RPV, made of 2¼ Cr bainitic steel or 9 Cr martensitic steel), the cross-vessel 

component, and the intermediate heat exchangers (IHXs) that divert heat from the 

primary side of the reactor to a hydrogen production plant. Such components place great 

demands on their materials of construction. Thin sheets endure heat from 850 °C to 

950 °C and must sustain a differential pressure of 6 to 7 MPa during off-normal events. 

Therefore, mechanical strength, creep resistance and corrosion resistance are required for 

their extended lifetime (approximately 20 years). Such temperatures demand the use of 

Ni-base alloys rich in chromium (about 22 mass%) and are strengthened by additions of 

molybdenum, cobalt and tungsten. Examples include Inconel 617 (Ni-22Cr- 12Co-8Mo-

0.1C) and Haynes 230 (Ni-22Cr-14W-2Mo-0.1C)2.  

Materials were subjected to higher temperatures and irradiation in the VHTR than 

in past designs. Larger amounts of irradiation caused more displacements and 

transmutations than in current nuclear service conditions. Higher temperatures increase 

the atomic diffusion rates and chemical reaction rates at the surface of and within the 

VHTR materials, which affects the microstructure and material properties. Long-term 

chemical processes such as corrosion are expected to become more like direct and 

(relatively) instantaneous chemical reactions1.  
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Candidate materials considered for this VHTR research are noted in the Table 1, 

and the issues/requirements are noted in Table 2 below. 

Table 1. VHTR candidate materials  

Fuel and 

cladding  

Coolant / 

Moderator  

Control  Pressure 

vessel  

Piping/Internals  IHX/Steam 

generator  

UCO  

UO2  

Pyrolytic 

Carbon*  

Silicon 

carbide*  

IG-110 or 

IG-430 

Helium  

Graphite  

Nitrogen  

Molten Salt  

Cf/C,SiCf/SiC  

(Clad)  

Alloy 800H 

Modified 

9Cr1Mo-V 

Steel P91  

SA508 

Gr.3 Class  

1,2  

SA533 

Gr.B  

2.25Cr-Mo 

steel 

Alloys 617  

X, XR, 230,  

602CA, 800H  

Carbon fiber 

reinforced carbon Cf 

/ C  

SiCf / SiC  

Ni base 

Alloys 

(Alloy 617 

Alloy 230) 

Hastelloy 

XR 

  

*3ï6 

Table 2. Candidate VHTR materials in different nations 2 

Nation Candidate materials 
Republic of Korea Å F/M (Mod.9Cr1Mo) or low alloy steel for the 

reactor vessel;  

Å high-temperature nickel alloys (Hastelloy X, IN 

617 or Haynes 230) for gas ducts and 

intermediate heat exchanger;  

Å C/C, SiC/SiC composites or austenitic stainless 

steels (16Cr-16Ni-2Mo- 1Nb or 800H) for 

control rods;  

United States 

 
Å low alloy steel (SA-508) or Grade 91 steel for 

the pressure vessel;  

Å high alloy stainless steels (alloy 800H), graphite 

and SiC/SiC or C/C composites for reactor 

internals;  

Å nickel alloys (Haynes 230, Alloy 800H, Inconel 

617, Hastelloy X) or ceramics for heat transfer 

system and heat exchangers. 
Japan  

 
Å graphite or SiC/SiC composites for the core and 

reflector;  

Å 2.25Cr-Mo steel for pressure vessel and high-

temperature coaxial tubes, with possible use of 

9Cr F/M steel for extended lifetimes;  

Å Hastelloy XR for high-temperature coaxial tube 

liner and IHX heat-pipe;  

Å Alloy 800H for control rod sleeve in the HTTR 

and also in VHTR (either, but below 900°C for 5 

years). C/C and SiC/SiC composites are also 

considered 
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Switzerland  

 
Å Materials of interest are conventional RPV 

steels, grade 91, IN617, IN800H and others;  

Å ODS steels, TiAl or fibre reinforced ceramics 

for high-temperature options. 
France Å 9%Cr F/M steels (and improved versions) for 

the pressure vessel;  

Å C/C or SiC/SiC composites for control rods;  

Å nickel-based alloys (Inconel 617, Haynes 230) 

or ODS alloys for intermediate heat exchangers;  

Å nickel-based alloys (Haynes 230, Inconel 617) 

for the primary cooling circuit;  

Å graphite for the core;  

Å SiC, SiC/SiC composites (as well as other 

carbides and nitrides) for cladding materials.  

 

The issues addressed in this dissertation include: 

Å Creep fatigue, embrittlement, thermal expansion, thermal fatigue, crack resistance, 

oxidation resistance, carburization resistance and thermal conductivity;  

Å High-temperature creep (950 °C-1223 K) for nickel alloys;  

Å Corrosion resistance in impure He and in air or nickel alloys;  

Å Flexural strength for composites; 

 Å Oxidation resistance in impure He and in air for composites. 

1.2. Objectives and Scope of This Research 

The objective of the present research was to investigate the oxidation behavior of 

three candidate VHTR materials. A systematic and comprehensive investigation of the 

thermal oxidation of three alloys under varying oxidation conditions was carried out.  The 

investigation contains studies of the developing oxide phases, the oxide microstructure, 

the oxidation kinetics and the oxidation behavior of the alloys as a function of the 

oxidation conditions (temperature, time, and atmosphere).  
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1.3. Dissertation Organization 

This dissertation is organized as follows: 

Chapter I provides a short background on VHTRs and a summary of the 

objectives of this research work and the organization of this thesis.  

Chapter II, presents background information on oxidation theory at high 

temperatures, the principle of oxidation kinetics, and the basic theory for growth of 

oxides. 

Chapter III describes of the experimental methods and the various techniques 

used in this study, such as: 

¶ identification of oxides formed on the surface by X-ray diffraction, 

¶ observation of the surface morphology and microstructure of the layers by 

scanning electron microscopy/energy dispersive X-ray spectroscopy 

(SEM/EDS) and 

¶ measure mass change rate by thermogravimetric analyzer (TGA).  

Chapter IV, V, and VI form the main parts if this dissertation. Each chapter is 

devoted to the study of oxidation of candidate materials; SS-316L, Alloy 617, and 

Incoloy 800H. The chapters include literature reviews, experimental results, discussions 

and conclusions for each candidate material, separately.  
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CHAPTER 2. OXIDATION AT HIGH-TEMPERATURE 

THEORY 

 

2.1. Theory of Oxidation 

Every metal and alloy reacts with air at elevated temperatures.  Oxidation increases 

with temperature. Oxidation is an electrochemical process. The chemical process of metal 

oxidation is not simply. 

 M + ½ O2 Ą     MO (1) 

It actually consists of two partial reactions; 

 MĄ M2+ 2e- (metal oxidation at metal scale interface) (2) 

And ½ O2 + 2e- Ą O2 (Oxidant reduction at scale gas interface) (3) 

and generally xM +( 1/2) yO2 Ą MxOy (4) 

 

Figure 1 shows that the oxide layer processing in an ionic conductor (electrolyte), 

an electronic conductor, and an electrode at which oxygen is reduced. The diffusion 
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barrier through which electrons and ions must migrate to lattice defect sites (Vm and Vo).

 

Figure 1. Schematic Illustration of electrochemical processes occurring during gaseous 

oxidation. 

A metal surface reacts with oxygen at high temperature by initial adsorption of 

oxygen.  Once the chemical reaction is initiated, oxygen starts to dissolve to form the 

surface oxide through oxide nucleation, and then forms a continuous film, that may 

protect the underlying metal. The film may also thicken into a non-protective scale with 

various defects including cavities, microcracks, and porosity, as shown in Figure 2.  

The chemical and physical properties are of importance in determining the rate of 

oxidation and the life of equipment exposed to high-temperature oxidizing environments.  
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Figure 2. Film and scale formation on metal at high temperature oxidation. 
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2.2. High Temperature Oxidation 

2.2.1. Thermodynamic of High Temperature Oxidation 

The thermodynamics of oxidation of a metallic material can be described by the 

energy that is lost or gained in heating as the metal reacts with other compounds. Two 

points are important, first, the more the energy released when forming the compound, 

such as an oxide, the more stable the compound is. Second, as the temperature is raised, 

more of the oxidizing species is required to maintain the oxide.  

Metal is characterized thermodynamically by a standard free energy change 

(Gibbs energy change) ȹG which must be negative for the reaction to proceed, all 

reactants and products being at the standard state. The second law of thermodynamics 

describes the reaction of metal oxidizing. Second law describes standard (Gibbs) free 

energy change(ȹG)7 as 

 ȹG= ȹH-TȹS (5) 

 

where, H is enthalpy, T is the absolute temperature, and S is the entropy. No reaction will 

proceed unless ȹG is negative. Under these conditions the second law states7,8:  

When ȹG < 0, spontaneous reaction is expected. Thus, ȹG = 0 represents equilibrium, 

and ȹG > 0 represents a thermodynamically impossible process. 

For a chemical process, based on one mole of O2, the reaction will be: 

 (2x/y) M + O2 = (2/y) MxOy (6) 
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For this reaction, reactants and products give a free-energy change, ȹG2MO, which can be 

expressed as 

 ЎὋЎὋ Ⱦ =Ў' Ⱦ 24ÌÎ
Ⱦ

ȟ

ȟ (7) 

where R 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 pressure, this 

equation reduces to 

 Ў'
Ⱦ

24 ÌÎÐ
Ⱦ
ȟ (8) 

 

where ЎὋ
Ⱦ

= 0 at equilibrium and ὴ
Ⱦ

ὥ
Ⱦ

 This equation describes the 

relationship between the standard state free energy change, ЎὋ
Ⱦ

, for formation of 

pure oxide, MO, on the base metal, M, and the characteristic equilibrium oxygen 

pressure, ὴ
Ⱦ

 and oxide at any temperature, T. The nonstandard state oxygen 

dissociation pressures leading to oxide formation or reduction on pure metals can be 

found from the Ellingham/ Richardson9 diagram (Figure 3). But note that this diagram 

cannot predict the rate of oxidation.  
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Figure 3. Ellingham diagram of free energy versus temperature for oxidation of metals9. 

 

2.2.2. Pilling- Bedworth Ratio 

The volume of the oxide formed, relative to the volume of the metal consumed, is 

an important parameter in predicting the degree of protection provided by the oxide scale. 
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If the oxide volume is relatively low, tensile stresses will tend to crack the oxide layers. If  

the oxide volume is very high, stresses will tend to lead to a break in the adhesion 

between the metal and oxide. For a high degree of protection, the oxide formed should be 

similar to that of the metal being oxidized9. This argument is the basis for the Pilling-

Bedworth ratio. 

The Pilling- Bedworth ratio is given by 

 PB ratio = 
   

   
 (9) 

where W is the molecular weight of oxide, and 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 molecule10. 

If a volume ratio of less than 1 produces insufficient oxide to cover the metal and 

are non-protective, and if that ratio is around or greater than 2, the oxide stress affects the 

poor oxidation resistance of the metal due to cracking and spalling. The ideal ratio, would 

be close to 1. To be protective to oxidation, the oxide must possess a coefficient of 

expansion nearly equal to that of the metal substrate. It must also have good adherence, a 

high melting point, 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 to 17,11.  

2.2.3. Oxidation Kinetics 

The oxidation kinetics lawsðlinear, parabolic, logarithmic, and cubicðdescribe 

the oxidation rates. The oxidation rate can be described by measuring weight gain per 
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unit area and thickness. Various forms of the rate as a function of time are shown in 

Figure 4:  

  

Figure 4. Weight gain versus time for the kinetics laws 

2.2.3.1. Linear Kinetics 

Linear oxidation is characteristic of metals which form a porous or cracked scale 

such that the scale does not represent a diffusion 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: 
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 (ȹm/a) =klt+ C (10) 

where, (ȹm/a) is the weight change per unit area, t is oxidation time, kl is linear rate 

constant, C is a constant, and g.cm2s-1 are units in term of mass gain measurements. 

2.2.3.2. 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 usually observed. It is defined by the equation; 

 (ȹm/a)2=kpt+ C (11) 

where, (ȹm/a) is weight gain per unit area, t is exposure time, kp is parabolic rate 

constant, C is a constant and units in term of mass gain measurements g.cm2s-1. 

2.2.3.3. Logarithmic Kinetics  

During the oxidation of several metals 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 logarithmic rate equations 

 Direct Logarithmic x=klog logt (12) 

 Inverse logarithmic 1/x=B-kil logt (13) 

where, x=oxide thickness or weight gain, t is the exposure time, klog, kil and B represent 

the constants at constant temperatures. 

2.2.3.4. Cubic Kinetics 

Cubic kinetics is an intermediate stage between logarithmic and parabolic 

kinetics. Under specific conditions, some metals oxidize according to cubic law. 
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 (ȹm/a)3=kct+ C (14) 

where (ȹm/a) is mass gain per unit area, t is exposure time, kc is cubic rate constant, and 

C is a constant. 

2.2.4. Activation Energy 

Experimental studies have shown that the oxidation rate constant, k, of various 

rate equations can be described by an Arrhenius equation. Activation energies can be 

derived from an analysis of the resulting plots, which aid in defining oxidation behavior. 

The equations that lead to the determination of activation energy are discussed below. 

  The rate constant, k, is normally found to depend upon temperature according to 

the Arrhenius equation  

 k=A exp (-Q/RT) (15) 

where the pre-exponential constant A is called the frequency factor, Q is the activation 

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 made in which log k is plotted against 1/T to form the slope of ïQ 

in plot. Note:  R is the gas constant (8.31 J/mol K).  
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2.2.5. High temperatures materials 

 

Figure 5. Effect of chromium content on the corrosion resistance and oxide morphology 

of iron-chromium alloys at 1273 K. 

Individual elements in an alloy lead to differing structural strengths as well as 

high temperature oxidation resistance; thus, most alloys designed for high temperature 

oxidation resistance contain chromium. Figure 5 shows the effect of increasing chromium 

content on the oxidation resistance and oxide morphology if Fe-Cr alloys are oxidized at 

1273 K. Oxidation rates decrease sharply as Cr is increased to 20%, and chromium oxide 
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formation increases until they predominate in the oxide film. Similar effects are also seen 

in nickel and cobalt containing alloys.  

Nickel, with chromium, improves the high temperature oxidation resistance of the 

stainless steels, just as it does aqueous corrosion resistance at lower temperatures. Alone, 

nickel has little effect on the oxidation resistance of iron. Nickel stabilizes the austenitic 

face centered cubic phase, which is more creep resistant than ferrite at high temperature.  

Adding silicon to alloys leads to adherent resistance films alone and in 

conjunction with chromium. Silicon is added at 2 to 3% levels to many iron and nickel-

based chromium bearing alloys to improve corrosion resistance, especially at lower 

temperatures.  

Adding aluminum leads to protective oxides 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 oxides do not form 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 niobium provide little improvement in oxidation 

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

2.2.5.1. Oxidation and Alloy Contents Effects on Alloy  

Oxidation is generally described as a form of high-temperature corrosion. On the 

other hand, oxidation is not always damaging to alloys. Most corrosion on heat resistant 
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alloys leads to oxide film and protection of the alloy surface. Chromium oxide (Cr2O3) is 

the most common of such films. High-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 increased, the rate of oxidation also increases. In lower allowable 

operating temperatures for some alloys such as austenitic stainless steels, increased 

chromium content is the most common way of improving oxidation resistance. Also. 

increasing the nickel content of the austenitic stainless steels up to about 30% can have a 

strong beneficial synergistic effect when used with chromium, which also improves 

oxidation resistance. 

Most alloys tend to have increasing penetration rates with increasing temperature 

for all oxygen concentrations. Some exceptions are alloys with 1 to 4% Al. These alloys 

require higher temperatures to form Al2O3 as the dominant surface oxide, which grows 

more slowly than the Cr2O3 that dominates at lower temperatures.  

The alloy structure can affect metal penetration, which occurs by subsurface 

oxidation along grain boundaries and within the alloy grains, as shown in Fig. 6. Most of 

the heat-resistant alloys are based upon combinations of Fe-Ni-Cr. These alloys show 

about 80 to 95% of the total penetration as subsurface oxidation. Some alloys vary in how 

much of the total penetration occurs by subsurface oxidation as time passes, until long-

term behavior is established; this can happen even though the corrosion product 

morphologies may remain constant. Alloys vary greatly in the extent of surface scaling 

and subsurface oxidation9.  



19 

 

 

Figure 6. Schematic view of total penetration measurement for a typical corrosion 

product morphology9. 
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CHAPTER 3. MATERIALS AND METHODS 

 

3.1. Materials 

3.1.1. 316L Stainless Steel 

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

metallic reactor internal components that would experience temperatures up to 893 K12.  

Type 316L is an extra-low carbon version of Type 316. Table 3 shows the 

properties of interest for oxidation studies.  

Table 3. Properties of SS-316L 13,14 

   

As received SS-316L (nuclear grade UNS S31603) strips were first cut into test 

samples with approximate dimensions of 12 mm × 11 mm × 0.4 mm (each sample was 

measured separately for calculation of the oxidation rate constant). This is the ideal 

geometry to fit the sample bucket used in thermal gravimetric analysis (TGA). Sample 

surfaces were reground with 400 grit silicon-carbide paper to simulate the surface 

roughness of actual components.  

3.1.2. Alloy 617 

Alloy 617 (UNS N06617) is one of the leading candidates to meet the structural 

material requirements of the very high temperature reactors. It is a solid-solution 

Density 7.99 g/cm3 

Melting Range        1644 K-1672 K 

Composition (%) Ni (12), Cr (17), Mo (2.5), Fe (65), Si (1), Mn (2), C (0.03), P (0.045), S (0.03) 

UNS Number S31603 
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strengthened, nickel-chromium-cobalt-molybdenum-aluminum alloy having an 

exceptional creep strength and oxidation resistance. Nickel, chromium, and aluminum 

provide good cyclic oxidation and carburization resistance at high temperatures, while 

cobalt and molybdenum provide solid-solution strengthening. Its excellent creep-rupture 

strength even at elevated temperatures and its ability to retain toughness after long-time 

exposure at elevated temperatures makes it a potential candidate material for construction 

of the IHX for the VHTR. This alloy exhibits good metallurgical stability and good hot 

workability15.  Alloy 617 is an Ni base alloy. Table 4 shows the properties of interest for 

oxidation studies. 

Table 4. Properties of 617 Alloy.  16             

   

As received Alloy 617 strips was first cut into test samples with dimensions 

approximately they are 15 mm x 12.8 mm x 0.4 mm, and each sample was measured 

separately for calculation of the oxidation rate constant. Sample surfaces were reground by 

400 grit silicon-carbide paper to simulate the surface roughness of actual components.  

3.1.3. Incoloy 800-H 

Alloy 800-H is an iron-base solid-solution strengthened alloy with large additions 

of nickel (30ï35 wt. %) and chromium (19ï23 wt. %). While nickel and chromium 

ensure good oxidation and carburization resistance, carbon imparts high temperature 

strength and resistance to creep and rupture. Alloy 800-H is currently approved under 

Density 8.36 g/cm3 

Melting Range        1603 K-1648 K 

Composition (%) Ni (54), Cr (22), Co (12.5), Mo (9), Fe (1), Ti (0.3), Mn (2), C (0.07),  

UNS Number N06617 
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ASME BPVC-III  NH for use up to 1033 K. For the pebble bed reactor design, Alloy 

800H is a candidate material for control rod sheath materials for VHTR. 

Table 5. Properties of Incoloy 800-H.  17 

   

As received Incoloy 800-H strips were first cut into test samples with dimensions 

that are approximately 2.86 cm x 1.1 cm x 0.15 cm, and each sample was measured 

separately for calculation of oxidation rate constant. The samplesô surfaces were reground 

using 400 grit silicon-carbide paper to simulate the surface roughness of actual 

components. Then, samples were cleaned with methanol and acetylene and dried for one 

hour with furnace tubes at 373 K.  This procedure led to the ideal geometry needed to fit 

the sample bucket used in the thermal gravimetric 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 XRD.  Equipment, 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 in real-time during oxidation of materials in 

air. The volume of the bucket was 35 m. The balance had a 100 g capacity and resolution 

of ±1.0 µg. Mixtures of dry medical-grade air in ultra-high purity research-grade helium 

Density 7.94 g/cm3 

Melting Range        1630 K-1658 K 

Composition (%) Ni (30-35), Cr (19-23), Al (0.15-0.60), Fe (39.5 min), C (0.05-0.10),  

UNS Number N08810 
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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 change was measured 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.  Figure 7 is a schematic of the 

experimental setup.  Figure 8 contains some photos of the setup. 

Figure 7. A schematic of the experimental system for studying oxidation of steel. 

 

Figure 8. Photos of the experimental system for oxidation studies using TGA. 
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Samples were first heated in ultra-high purity helium at a constant rate of about 

5 K/min until the desired oxidation temperature was reached, at which point the flow was 

switched to a 100% dry air environment. The 316L samples were oxidized at 773, 873, 

973, 1073, 1173, and 1273 K for a duration of 24 h. The Alloy 617 samples were oxidized 

at 1073, 1173, 1273, 1373 and 1473 K for a duration of 24 h. The Incoloy 800-H samples 

were oxidized at 1073, 1173, 1273, 1373 and 1473 K for a duration of 24 h.  

3.2.2. Scanning Electron Microscopy/Energy Dispersive X-Ray Spectroscopy 

SEM and EDS analyses were obtained with FEI Quanta 600 FEG and the EDS 

detector was the Bruker XFlashÑ 6|30.  The backscatter detector was used on all the images 

that had BSED indicated along the bottom. In addition, a low vacuum mode was used at 

40 Pa for most of the images to reduce charging. 

Additionally, high resolution images of pure samples were obtained using a Pioneer 

SEM/EDS in a secondary electron mode. It had multiple scanning modes, an accelerating 

voltage ranging 15, an image resolution of 512 × 440, an image pixel size of 0.17 µm, and 

a magnification of 1500 kV. Energy dispersive spectroscopy (EDS) quantitative surface 

elemental data was simultaneously available from Pioneer. 

3.2.3. X-Ray Diffraction  

XRD measurements were performed with PANalytical XôPert Materials Research 

Diffractometer utilizing a Cu x-ray source. The XRD analysis was performed at room 

temperature at a scan speed of 0.4°/min and by varying the value of 2ɗ from 6.015Á to 

89.985°. The target was Cu, and a 1° slit was used for divergence and scattering. 
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CHAPTER 4. OXIDATION OF 316L STAINLESS STEEL AT 

HIGH TEMPERATURES IN AIR 

 

4.1. Introduction  

High-temperature oxidation of the nuclear reactor candidate material, 

molybdenum-based 316L stainless steel, was 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 oxidation behavior followed the 

parabolic oxidation kinetic rate law. The activation energy was found to be 149.21 kJ/mol 

for 873 K to 1273 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 

temperatures.  At 1073 K, a Cr2O3 layer was detected. After 1273 K, a Fe2O3 sub-layer 

formed in addition to the Cr2O3 layer. Continuous larger 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 by their environment.  

The best oxidation 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 temperatures were attributed to the formation of pores, voids, and grain 

boundaries. A thermogravimetric analyzer, scanning electron microscopy/energy 

dispersive x-ray spectroscopy, and x-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 reactors, structural components will undergo varied 

service conditions such as (a) exposure to higher temperatures, (b) higher neutron doses, 

and (c) extremely corrosive environments18.  These new challenges can affect the micro-

structure of the materials and hence their properties19. Several Ni-based alloys are under 

serious consideration20ï22. Ni-based alloys, such as Alloy 617, Haynes 230, are being 

considered for intermediate heat exchanger (IHX) and hot gas duct (HGD) due to excellent 

high temperature corrosion resistance, carburization, and decarburization conditions23. In 

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 high temperatures for prolonged period of 

operation, oxidation at the surface would be significant23. Then, oxidation would contribute 

to the mechanical property degradation of the alloys by metal loss, internal oxide 

formation, carburization, decarburization, and so forth.  

Besides the above materials, austenitic stainless steels have been widely used as 

structural materials in nuclear power plants with excellent strength at high temperature 

and good oxidation/corrosion resistance24. The 316L stainless steel is an austenitic 

chromium-nickel-molybdenum steel. Grade SS-316L stainless steel (SS) is deemed 

suitable for some Generation IV reactor concepts.  It is a candidate material for inner 

structural supports and radiation shielding in disposal waste packages25.   

Oxidation behavior depends on temperature, 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 composition26ï31, oxidative environment32ï35, 

temperature24,29,31,33,36ï46, and time26,30. 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 content; 

thus, oxidation resistance increases with chromium content in steel composition47. The 

second factor is temperature.  Heating and cooling can cause cracking and spalling of the 

steel surface. Alloy compositions have more Ni and Si, which increase resistance to 

oxidation; also, higher Ni and Mo content improve spalling resistance. 316L stainless 

steel is an austenitic chromium-nickel-molybdenum steel, which possesses superior 

strength and adequate resistance to oxidation at high temperatures. Oxidation at high 

temperature involves the oxidation of reactive elements, formation of oxide scales, and 

internal oxidation48. Chromium has been shown to be the key element to oxidation 

resistance49. 316L-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 that ñprotectsò from further oxidation. The reaction kinetics and nature of the 

surface scales formed during oxidation are important for projecting the service life of 

alloys in reactor systems and also for evaluating degradation characteristics in high 

temperature applications47. Recent studies show that the oxidation kinetics of the 

austenitic stainless steel50ï52 and 316-SS26,35 follows a parabolic law in the high 

temperatures. 
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The oxidation behavior of most stainless steels follow parabolic kinetics during 

high temperature oxidation. The thermal diffusion capability of the ionic areas through a 

compact oxide film and the driving force is the chemical potential gradient that develops 

across the film. The diffusion process is an outward diffusion of cations, an inward 

diffusion of anions, or both, and could possibly involve the transport of electrons across 

the oxide film53.  

 Grade SS-316L has a particularly high resistance to pitting and crevice corrosion 

in chloride environments54,55. It also has excellent tolerance to radiation damage.  Grade 

SS-316L is a low carbon version (> .03%) of Grade SS-316 and is immune from grain 

boundary carbide precipitation 56. High-temperature corrosion studies of Grade SS-316L 

are lacking.  Elevated temperatures tend to increase corrosion action, heat transfer may 

effect corrosivity, and thermal cycling can increase metal wasting through spallation on 

the metal surface.57. 

Corrosion of SS-316L as exposed to supercritical water58,59, wet argon60,61, and to 

Li 2BeF4 
36

 have been investigated earlier.  Oxidation of coated SS-316L in air33,62  has been 

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

4.2. Results 

4.2.1. Oxidation Kinetics 

4.2.1.1. Oxidation Data 316L from TGA 

Weight change of the samples was measured isothermally in the range of 773 K to 

1273 K in 100% air. It was found that weight loss occurred at 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, although spallation was detected at 1173 K and 1273 K.  The 

results are plotted in Fig. 9. 
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Figure 9. Oxidation of 316L SS in dry-medical grade air using TGA at 773 K to 1273 K. 

 

Table 6 displays weight loss and weight gain data from TGA. Oxidation runs were 

performed more than twice to confirm the reliability and repeatability of the data. 

Table 6. Total weight loss and weight gain after 24-hour air exposure. 

Temperature (K)  Weight Loss 

(mg) 

Weight Gain 

(mg) 

773         -1.36  

873         -0.26  
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973   0.87 

1073  1.33 

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 started after 400 min. 

The total weight loss is shown in Table 6. After 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 unit area vs. time are shown in Fig. 10. Up to 1273 K 

the oxidation of SS-316L samples appears to follow parabolic kinetics.
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Figure 10. Oxidation kinetics for SS-316L plot of mass gain per unit area versus exposure 

time for temperatures in the range of 773 K ~1273 K. (t=0 concerted to the time when the 

sample reached set temperature). 

 

Figure 11 shows the oxidation kinetics of 316L stainless steel as obtained by our 

measurements. 
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Value Standard Err
or

Value Standard Err
or

773 K Slope 2.096E-11 2.30622E-12 8.72627E-12 4.52694E-13

873 K Slope 9.04385E-14 1.38448E-13 -- --

973 K Slope 1.98967E-11 1.4331E-11 6.15181E-14 8.59251E-14

1073 K Slope 3.44927E-11 1.54588E-11 5.36635E-12 8.03194E-14

1173 K Slope 5.89769E-11 3.44456E-12 7.76408E-12 7.02543E-13

1273 K Slope 2.54164E-11 1.22069E-12 8.74799E-11 7.92994E-12

 

Figure 11. Oxidation kinetics for SS-316L plot of (mass gain per unit area) 2 versus 

exposure time for temperatures in the range of 773 K ~1273 K. (t = 0 converting to the 

time when the sample reached the set temperature). 
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Table 7. Experimental parabolic oxidation rate constant, kp of SS-316L. 

Temperature (K) k value (g2m-4 sec-1)    

773 K 2.096x10-11 t< 20000 sec 8.72627x10-12 t > 20000 sec 

873 K 9.04385x10-14 - - - 

973 K 1.98967x10-11 t < 20000 sec 6.15181x10-14 t > 20000 sec 

1073 K 3.44927x10-11 t < 20000 sec 5.36635x10-12 t > 20000 sec 

1173 K 5.89769x10-11 t < 40000 sec 7.76408x10-12 t > 40000 sec 

1273 K 2.54164x10-11 t < 65000 sec 8.74799x10-11 t > 65000 sec 

 

Table 7 shows the data on parabolic relationship where a best fitting line passed 

through the origin giving a k value of 773 K to 1273 K. 

4.2.1.3. Activation Energy 

The rate constant k normally depends upon temperature per the Arrhenius 

equation. Fig. 12 shows a graph in which ln k is plotted against 1/RT with a slope of ïQ. 

The activation energy of oxidation reaction Q for a parabolic rate of oxidation SS-316L is 

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

83 to 138 kJ mol-1 have been reported for the low-temperature regime in austenitic 

stainless steels and high Ni alloys63ï65. 
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Figure 12. Arrhenius plot and exhibited activation energy (773 K-1273 K). 
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Figure 13. Arrhenius plot and exhibited activation energy (873 K to 1273 K). 

 

 

4.2.2. Oxidation Microstructure  (Surface Analysis) with Scanning electron 

microscopy/energy dispersive X-ray spectroscopy (SEM/EDS) 

4.2.2.1. Room Temperature (297 K) 

The SEM images of SS-316L exposed to air atmosphere at the temperature of 

297 K are shown in Fig. 14. and the corresponding EDS figures are shown in Fig. 15. The 

scratches on the sample appeared after it was reground with 400 grit silicon-carbide paper. 
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Figure 14. The SEM images of 316L SS sample exposed to air atmosphere at the 297 K 

temperature are shown here as a) 400 µm and b) 30 µm. 

 

 

Figure 15. EDS spectrum of 316L SS sample at 297 K. 
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4.2.2.2. 773 K 

The surface morphology of oxidized samples indicated deposits over the surface as 

seen in Fig. 16. Some of the deposits had less Cr, while the plain surface of the sample had 

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

Figure 16. Surface morphology of 316L stainless steel at 773 K and EDS spectrum. 

Figure 17. At 773K, EDS spectrum of 316L stainless steel 
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Tables 8-9 show the atomic and mass percent of different regions as analyzed by 

EDS. Table 8 shows that the sample is composed of mainly 52.87% Fe, 12.51% Cr, 

7.33% Ni, and 11.37% C by atomic percent. According to Table 9, the sample contained 

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

Table 8. Surface morphology atomic percent analysis on the five different locations on 

the surface at 773 K 

Element C O Al Si Cr Mn Fe Cu Ni Mo 

R1 10.78 17.18 0.27 0.80 11.81 - 51.20 - 7.03 0.92 

R2 15.32 10.55 0.25 0.76 11.97 - 52.51 - 7.67 0.97 

R3 9.03 15.84 0.36 0.68 12.80 - 52.70 - 7.58 1.01 

R4 10.51 12.82 0.19 0.91 13.06 - 54.14 - 7.49 0.90 

R5 11.24 13.28 0.17 0.84 12.92 - 53.79 - 6.90 0.86 

Mean (Absolute 

deviation) 

11.37 13.94 0.25 0.80 12.51 - 52.87 - 7.33 0.93 

Sigma (Standard 

deviation) 

2.35 2.61 0.08 0.08 0.58 - 1.16 - 0.35 0.06 

 

Table 9. Surface morphology mass percent analysis on the surface of steel at 773 K. 

Element C O Al Si Cr Mn Fe Cu Ni Mo 

R1 2.94 6.24 0.17 0.51 13.93 - 64.86 - 9.36 2.00 

R2 4.11 3.77 0.15 0.48 13.89 - 65.47 - 10.05 2.08 

R3 2.39 5.58 0.21 0.42 14.65 - 64.81 - 9.80 2.14 

R4 2.75 4.47 0.11 0.56 14.79 - 65.88 - 9.58 1.87 

R5 2.97 4.68 0.10 0.52 14.80 - 66.19 - 8.92 1.82 

Mean (Absolute 

deviation) 

3.03 4.95 0.15 0.50 14.41 - 65.44 - 9.54 1.98 

Sigma (Standard 

deviation) 

0.64 0.97 0.05 0.05 0.46 - 0.61 - 0.43 0.13 
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Figure 18. SEM images show surface morphology samples at 773 K, at 300 µm, 30 µm 

and 5 µm. 

Figure 18 shows that at grain boundaries, high surface relief protrusions are present.  

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

spallation was observed.  

4.2.2.3. 873 K 

The SEM surface images and EDS intensity peaks corresponding to 873 K are 

shown in Figure 19. The EDS intensity peaks corresponding to the developed scale are 

dominated by Cr and Fe peaks (Figure 20).  
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Figure 19. Surface morphology of 316L stainless steel at 873 K. 

 

Figure 20. EDS results of 316L stainless steel at 873K. 
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EDS analyses performed on the surface are given in Figure 20 and Tables 10-11.  

Table 10 shows that the sample is composed of mainly 38.00% Fe, 14.94% Cr, 3.79% Ni, 

and 8.35% C by atomic percent. According to Table 11, the sample contains 3.11% Fe, 

19.67% Cr, 5.48% Ni, and 2.57% C by mass percent. 

Table 10. Elemental atomic percentages from EDS surface morphology analysis for five 

different locations on the surface at 873 K. 

Element C O Al Si Cr Mn Fe Cu Ni Mo 

R1 6.54 24.03 - 1.33 16.32 1.91 44.35 - 4.90 0.60 

R2 3.61 52.79 - 0.82 11.50 2.54 27.78 - 0.63 0.33 

R3 6.24 24.10 - 1.49 18.11 1.78 43.00 - 3.96 1.33 

R4 8.64 26.66 - 1.33 15.14 2.39 39.72 - 5.58 0.53 

R5 16.73 26.44 - 1.54 13.65 2.27 35.13 - 3.87 0.37 

Mean (Absolute 

deviation) 

8.35 30.80 - 1.30 14.94 2.18 38.00 - 3.79 0.63 

Sigma (Standard 

deviation) 

5.01 12.35 - 0.29 2.52 0.32 6.73 - 1.90 0.41 

 

Table 11. Surface morphology mass percent analysis on the surface at 873 K. 

Element C O Al Si Cr Mn Fe Cu Ni Mo 

R1 1.84 8.99 - 0.88 19.85 2.45 57.92 - 6.73 1.35 

R2 1.33 25.84 - 0.71 18.30 4.27 47.47 - 1.13 0.96 

R3 1.74 8.96 - 0.97 21.88 2.27 55.82 - 5.40 2.96 

R4 2.54 10.44 - 0.92 19.28 3.22 54.33 - 8.03 1.25 

R5 5.39 11.35 - 1.16 19.05 3.35 52.65 - 6.10 0.95 

Mean 

(Absolute 

deviation) 

2.57 13.12 - 0.93 19.67 3.11 53.64 - 5.48 1.49 

Sigma 

(Standard 

deviation) 

1.64 7.18 - 0.17 1.36 0.80 3.95 - 2.61 0.84 
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Figure 21. SEM surface morphology at 873 K, at 300 µm, 30 µm and 5 µm. 

According to Fig. 21, oxide scale spallation was not observed on the surface in the 

SEM images. The surface was observed to have nodular grains.  Grain regions are untidy 

and some grains are distantly relative to each other. 

4.2.2.4. 973 K-1073 K 

An oxide grained structure was found after 973 K and 1073 K.  Figures 22 and 24 

show a scale. At 973 K, the scale contained predominantly Cr and Mn peaks. At 1073 K, 

the scale contained predominantly Cr and Fe peaks (Figures 23 and 25). 
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Figure 22. SEM surface morphology of 316L stainless steel at 973 K. 

Figure 23. EDS Results of 316L stainless steel at 973K. 

 

Table 12 shows that the sample is composed of mainly 26.95% Cr, 7.82% Mn, 

and 5.89% Fe by atomic percent. According to Table 13, the sample contains 43.16% Cr, 

13.53% Mn, and 10.12% Fe by mass percent. 
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Table 12. Surface morphology atomic percent analysis in the five different locations on 

the surface at 973 K. 

Element C O Al Si Cr Mn Fe Cu Ni Mo  

R1 1.32 55.00 - 1.14 24.51 10.35 5.45 2.10 - 0.13 

R2 1.15 52.57 - 2.43 24.97 8.33 8.28 2.09 - 0.18 

R3 0.31 50.30 - 1.09 41.56 0.00 6.47 0.03 - 0.24 

R4 3.09 54.26 - 1.90 21.93 9.58 6.77 2.22 - 0.24 

R5 4.72 55.78 - 0.99 21.76 10.86 2.47 3.38 - 0.05 

Mean 

(Absolute 

deviation) 

2.12 53.58 - 1.51 26.95 7.82 5.89 1.96 - 0.17 

Sigma 

(Standard 

deviation) 

1.77 2.19 - 0.63 8.30 4.48 2.17 1.21 - 0.08 

 

Table 13. Surface morphology mass percent analysis on the surface at 973 K. 

Element C O Al Si Cr Mn Fe Cu Ni Mo  

R1 049 27.32 - 0.99 39.57 17.65 9.45 4.14 - 0.40 

R2 0.42 25.55 - 2.07 39.45 13.90 14.05 4.04 - 0.53 

R3 0.11 23.76 - 0.91 63.82 0.00 10.67 0.05 - 0.68 

R4 1.17 27.40 - 1.68 36.00 16.62 11.94 4.45 - 0.74 

R5 1.85 29.15 - 0.90 36.95 19.49 4.50 7.01 - 0.15 

Mean 

(Absolute 

deviation) 

0.81 36.64 - 1.31 43.16 13.53 10.12 3.94 - 0.50 

Sigma 

(Standard 

deviation) 

0.70 2.05 - 0.54 11.65 7.83 3.57 2.49 - 0.23 
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Figure 24. Surface morphology of 316L stainless steel at 1073 K. 

 

Figure 25. EDS results of 316L stainless steel at 1073K. 

 

Table 14 shows that the sample is composed of mainly 31.52% Cr, 3.63% Fe, and 

5.17% C.by atomic percent. According to Table 15, the sample contains 56.68% Cr, 

7.00% Fe, and 2.15% C by mass percent. 




























































































































































































































































































