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ABSTRACT 

 

An experimental system was constructed in accordance with the standard ASTM 

C835-06 to measure the total hemispherical emissivity of structural materials of interest 

in Very High Temperature Reactor (VHTR) systems.  The system was tested with304 

stainless steel as well as for oxidized and un-oxidized nickel, and good reproducibility 

and agreement with the literature data was found.  Emissivity of Hastelloy X was 

measured under different conditions that included:  i) „as received‟ (original sample) from 

the supplier; ii) with increased surface roughness; iii) oxidized, and; iv) graphite coated.  

Measurements were made over a wide range of temperatures.  Hastelloy X, as received 

from the supplier, was cleaned before additional roughening of the surface and coating 

with graphite.  The emissivity of the original samples (cleaned after received) varied from 

around 0.18 to 0.28 in the temperature range of 473 K to 1498 K.  The apparent 

emissivity increased only slightly as the roughness of the surface increased (without 

corrections for the increased surface area due to the increased surface roughness).  When 

Hastelloy X was coated with graphite or oxidized however, its emissivity was observed to 

increase substantially.  With a deposited graphite layer on the Hastelloy, emissivity 

increased from 0.2 to 0.53 at 473 K and from 0.25 to 0.6 at 1473 K;  a finding that has 

strong favorable safety implications in terms of decay heat removal in post-accident 

VHTR environments.  Although initial oxidation of Hastelloy X increased the emissivity 

prolonged oxidation did not significantly increase emissivity.  However as there is some 

oxidation of Hastelloy X used in the construction of VHTRs, this represents an 
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essentially neutral finding in terms of the safety implications in post-accident VHTR 

environments.  

The total hemispherical emissivity of Haynes 230 alloy, which is regarded as a 

leading candidate material for heat exchangers in VHTR systems, was measured under 

various surface conditions.  The emissivity increased from 0.178 at 600 K to 0.235 at 

1375 K for Haynes 230 as received sample. The emissivity increased significantly when 

its surface roughness was increased, or was oxidized in air, or coated with graphite dust, 

as compared to the as received material. The total hemispherical emissivity of Alloy 617 

was measured as a function of temperature.  The total emissivity increased from about 0.2 

at 600 K to about 0.35 at 1275 K. 
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1 INTRODUCTION 

 

 

 

1.1 The Energy Impetus 

The International Atomic Energy Agency (IAEA) recently forecasted that in order 

to meet increasing demands, global nuclear energy capacity could more than double from 

370 GW(e) in 2009 to 810 GW(e) by 2030.  To this end, the Generation IV International 

Forum (GIF) was chartered in July 2001 by the United States and eight other members 

(now twelve others) to identify and research six potential Next Generation Nuclear 

Reactor (NGNP) designs so that they may be commercially available by 2015-2030.  

Barring further extensions, this time frame coincides with the decommissioning of many 

of the 104 plants currently operating in the US fleet. 

The six designs chosen for study were the Gas-Cooled Fast Reactor (GFR), Lead-

Cooled Fast Reactor (LFR), Molten Salt Reactor (MSR), Sodium-Cooled Fast Reactor 

(SFR), Supercritical Water-Cooled Reactor (SCWR), and Very-High-Temperature 

Reactor (VHTR).  

The VHTR is one of the systems being examined by the U.S. Department of 

Energy (DOE) and is the focus of this paper.  One of the benefits of the VHTR is its 

capacity for hydrogen production, which may become a factor in the event the U.S.A. 

moves to hydrogen as an energy source.  The timeline for NGNP availability also 

coincides roughly with the time it would take to deplete the majority of proven world oil 
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reserves.  This is based on January 2010 estimate that world oil reserves total 1.354 

trillion barrels and the consumption rate is growing from 96.3 million barrels per day in 

2009 to a projected 110.6 million barrels per day in 2035. 

 

1.2 Very High Temperature Reactors (VHTRs) 

Other than coal and natural gas, the largest primary source of energy in the U.S.A. 

is nuclear power, which accounts for 19.4% of total energy production.  Conventional 

Light Water Reactors (LWRs) which are currently used in the U.S.A. are proven, reliable 

sources of energy but have a thermal efficiency which is limited by the physical 

characteristics of water (which is used both as a moderator and heat exchange 

mechanism), of about 32%.  This is due to the fact that water may only remain in a liquid 

state under a certain maximum temperature, even under high pressure. 

In order to obtain higher efficiencies, high temperature gas cooled reactors use 

graphite as a neutron moderator, and helium gas as a coolant.  Helium has the advantage 

that there is no associated phase change, and is an inert gas and so will not react with 

fission products.  These design changes allow these reactors to run at much higher 

temperatures (973 K to 1173 K) and thus achieve a higher thermal efficiency (48%), and 

as mentioned earlier also makes the plant a candidate for hydrogen production. 

The current work on VHTRs is based on previous work on HTGRs done at 

DRAGON, Peach Bottom, Albeitsgemeinschaft Versuchsreaktor (AVR), Thorium 

Hochtemperatur Reaktor (THTR), and Fort St. Vrain.  Current NGNP candidates are 

General Atomics‟ (GA)s‟ Gas Turbine-Modular Helium Reactor (GT-MHR), AREVA‟s 

ANTARES, and Westinghouse‟s PBMR.   Also, Japan‟s High Temperature Test Reactor 
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(HTTR) and China‟s High Temperature Reactor (HTR-10) are currently in operation and 

performing tests of NGNP components. 

The two VHTR designs currently under consideration, Prismatic and Pebble Bed, 

differ primarily in their fuel configurations.  In the Prismatic design, Tristructural-

Isotropic (TRISO) fuel particles are embedded in a graphite rod.  In the Pebble Bed 

design, about 15,000 fuel kernels are embedded in a graphite pebble (roughly the size of 

a billiard ball), and several hundred thousand of these pebbles are stacked in a cylindrical 

configuration to comprise the core.  

TRISO fuel is a spherical multiple-shell design which was conceived to trap 

fission products which would otherwise escape into the primary loop, even up to accident 

temperatures of 1873 K.  It consists of the following elements, in turn: 

1) Core [200-1000 µm in diameter] – Fuel, usually low-enriched uranium dioxide 

(UO2) but possibly uranium carbide (UC) or uranium oxycarbide (UCO). 

2) Porous carbon [100 µm thick] – Acts as a buffer for fission fragments, houses 

gases, and allows for thermal expansion of the core. 

3) Dense pyrolitic carbon [40 µm] – Traps fission gases, protects SiC layer from 

internal oxidizers. 

4) Dense silicon carbide [35 µm] – Traps metal fission products. 

5) Dense pyrolitic carbon [40 µm] – Outer layer protects SiC layer from physical 

wear and external oxidizers, and also may trap gases as inner layer. 
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1.3 Candidate Materials and Challenges 

Design requirements stipulate that the plants have an operational life of 60 years.  

This is no small task, considering the extreme working conditions faced by some of these 

materials.  The most critical component in this regard is the Intermediate Heat Exchanger 

(IHX), which despite a shorter operational life (5-20 years) must still withstand core 

outlet temperatures from 1023 K (first design case) up to potentially 1273 K for 

subsequent designs. 

IHX candidate materials include Alloy 617, Haynes 230, Incoloy 800H, and 

Hastelloy X.  Although Alloy 617 is the current candidate of choice due to its physical 

properties and experience base, Haynes 230 may still have potential if its relatively high 

carburization can be addressed.  Incoloy 800H has a large base of data and is the 

preferred material for slightly lower temperatures.  It will most likely be used for the 

control rod cladding and/or the core barrel.  The core barrel may possibly be constructed 

with 316H, but this has not been settled.  Japan has developed a similar alloy Hastelloy 

XR which they are currently testing in the HTTR.  This alloy is not available in the U.S.A 

at this time.  The reactor pressure vessel (RPV) material is constructed/made out of 

A508/A533, which is already certified for lower temperatures for LWRs. 

Of the candidate high temperature materials, only Alloy 800H is currently 

approved by the American Society of Mechanical Engineers (ASME) Boiler and Pressure 

Vessel (B&PV) Code Section III Subsection NH (nuclear use), and then only to 1033 K 

for 300,000 hours.  There has been a great deal of work recently to extend the 

temperature ceiling and life of Alloy 800H, as well as get Alloy 617 approved for 

subsection NH, but some issues remain.  The most notable concern for Alloy 617 is its 



5 
 

reduction in fracture strength after long exposure to high temperatures.  Other NH 

approved materials include 304 stainless steels (SS), 316 SS, annealed 2 ¼ Cr 1Mo steel, 

Grade 91 steel [SA-182 (forgings), SA-213 (small tube), SA-335 (small pipe), and SA-

387 (plate)], and Alloy 718(bolts). 

Many of these materials have undergone extensive testing with regard to high 

temperature strength, corrosion resistance, etc., but less data has been available pertaining 

to emissivity. 

 

1.4 Emissivity 

Emissivity is a physical property which is essentially the ability of a material to 

radiate heat.  For VHTR systems, a material with high surface emissivity is important for 

decay heat removal, particularly under accident conditions in which there may be a loss 

of coolant flow.  Under an accident scenario, structural materials can be subjected to a 

variety of conditions that may change their surface characteristics and thereby their 

emissivities. 

During VHTR operations, air ingress into the reactor is an important issue.  

Oxygen in the air oxidizes structural materials under reactor operating conditions and 

changes the emissivities of the materials.  Similarly, particulates inside the reactor vessel 

can be abrasive changing the surface roughness and, thus, the emissivities.  In VHTRs, 

one issue under consideration is the generation of graphite dust. 

 

Although it is assumed that the expected dust size will be too small (<1 micron) (5) to 

foul the IHX, graphite dust particles may still coat VHTR structural materials altering 
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their emissivities.  Dust should accumulate at the rate of 0.1kg/MW by the end of a 

reactor‟s life. 

 

1.5 Objectives 

The objectives of this work are to construct and test an emissivity measurement 

system according to a standard method (ASTM C835-06)1, and to obtain the total 

hemispherical emissivity data of selected candidate materials as a function of 

temperature, surface oxidation, and surface condition.  Materials include Hastelloy X, 

Haynes 230, and Alloy 617. 
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2 THEORY 

 

 

 

2.1 Emissivity 

Emissivity is defined as the ratio of radiative energy radiated by a material to that 

of a blackbody at the same temperature.  It depends on several factors, including emission 

direction (directional emissivity), emission wavelength (spectral emissivity), material 

composition (resistivity), surface finish (roughness), and oxidation.  The emission may be 

integrated over all wavelengths (total emissivity), all angles (hemispherical emissivity), 

or both (total hemispherical emissivity). 

It should be noted that technically there is a distinction between emissivity (which 

is a physical property of a material) and emittance (which considers emissivity as well as 

the condition (shape, roughness, oxidation, etc) of the material).  However, for our 

purposes, and for the rest of the paper, this distinction will be dropped and the term 

emissivity will be used. 

While it would certainly be advantageous to study directional and/or spectral 

emissivity, in the context of a nuclear reactor what‟s really important is, “In an accident 

scenario how well does this material radiate heat (away from the core)?”  Because the 

dominant heat transfer mechanism is radiation (T4 dependence), this question is best 

answered by knowing the total hemispherical emissivity of the material, and thus this is 

the focus of the present study. 
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As mentioned earlier, total hemispherical emissivity may be determined by integrating 

the hemispherical spectral emissivity over all wavelengths to obtain 
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Where h is the Planck‟s constant, and k is the Boltzmann‟s constant. 

 

2.1.1 Temperature Effects 

For metals, total emissivity tends to increase with temperature.  This can be 

explained by noting the effects of resistivity and wavelength in the Hagen-Rubens 

relation for normal spectral emissivity (valid for λ greater than about 5 µm), 

er
n /0003.0

2)('
, 



   (4) 

For metals, resistivity tends to increase with temperature.  Now according to Wien‟s 

displacement law, 

Tb /max   (5) 
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At higher temperatures the peak of the blackbody curve will shift toward shorter 

wavelengths.  Thus, proportionately more radiation is emitted in the region of higher 

spectral emissivity, and the phenomenon is explained. 

 

2.2 Measuring Emissivity 

The ASTM C835-06 method is based on steady state measurements of power 

supplied to a heated specimen in a large stainless steel vacuum chamber with its internal 

surfaces blackened, and the temperatures of the specimen and the chamber. The 

emissivity is then readily obtained from the Stefan-Boltzmann equation: 

1 4 4
1 1 2( )

Q

A T T






 (6)

 

Here, Q IV  is the power radiated from (and hence supplied to) the surface of a given 

test section on a sample strip, 1A  is the surface area of the test section of the sample strip, 

and 1T  and 2T  are the temperatures of the test section and of the vacuum chamber wall, 

respectively.  For a sample strip with a rectangular cross section, 1A  is simply given by:  

 1 2A L w t   (7) 

where L  is the length of the test section, and t and w are its thickness and width, 

respectively. 

An important assumption while using Eq. (6) is that the heat losses from the test 

section due to convection and conduction are negligible compared to the heat loss due to 

radiation.  As noted in ASTM C835-06, the effect of convective and conductive heat loss 

through the residual gas in the chamber can be reduced significantly by using a vacuum 

less than 10-4 mm Hg.  A vacuum of 10-6 to 10-7 mmHg was maintained during all of the 
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experiments.  As noted in ASTM C835-061, the conduction losses from the ends of the 

test section may generally be neglected if the test strip is long enough to develop a mostly 

linear temperature profile in the central region where the test section is chosen and the 

main loss will be conduction through the attached thermocouple wires.  As suggested in 

the standard, thermocouple wires less than 0.13 mm in diameter are acceptable because 

they will minimize these conduction losses.  In the current work, thermocouple wires of 

0.07 mm in diameter were used. 
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3 Literature Review 
 

 

 

3.1 Hastelloy X 
 

The proposed Very High Temperature Reactors (VHTRs) are expected to operate 

in the temperature range of 973 K to 1173 K.  Measurements of physical and chemical 

properties of structural materials that are suitable for this temperature range are a topic of 

much current research and development.  For VHTR systems, a material with high 

surface emissivity is important for decay heat removal; particularly under accident 

conditions in which there may be a loss of coolant flow.  Under an accident scenario, 

structural materials can be subjected to a variety of conditions that may change their 

surface characteristics and thereby their emissivities.  During VHTR operations, air 

ingress into the reactor is an important issue.  Oxygen in the air oxidizes structural 

materials under reactor operating conditions and changes the emissivities of the materials.  

Similarly, particulates inside the reactor vessel can be abrasive changing the surface 

roughness and, thus, the emissivities.  In VHTRs, one major issue under consideration is 

the generation of graphite dust.  Graphite dust particles will tend to coat VHTR structural 

materials altering their emissivities.   

A limited number of studies have reported the total hemispherical emissivity of 

Hastelloy X.  Wade2 measured both the total normal and hemispherical emissivity of 

Haynes X (which has a composition close to that of Hastelloy X) in 1959.  Wade also 
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measured data on an oxidized sample and reported emissivity in the range of 0.85 to 0.87 

in the temperature range of 588 K to 1366 K. 

Greene et al.3 observed that the emissivity of an oxidized Inconel-718 surface was 

higher than that of a non-oxidized surface.  Kunitomo4 noted that the total emissivity of 

Hastelloy X was in the range of 0.1 to 0.24 for the temperature range of 500 K to 1,500 

K.  The difference in the emissivity data between Wade2 and Kunitomo4 could be due to 

surface conditions and composition of the materials.  Except for these limited sources, 

little data exists in the literature on the different properties of Hastelloy X, including its 

emissivity, and the cited articles do not include emissivity measurements under varying 

conditions of surface coating and roughness over temperature ranges of interest to 

VHTRs.  General Atomics5 measured the total hemispherical emissivity of Hastelloy X 

cladding at surface temperatures from 944 K to 1200 K for both oxidized and un-oxidized 

samples.  The emissivities of the oxidized samples increased significantly compared to 

the un-oxidized samples in their study.  Given the limited data in the literature, additional 

new measurements of the various physical and chemical properties of Hastelloy and other 

VHTR materials along with their emissivities need to be carried out.  

 

3.2 Haynes 230  
 

Haynes 230 is considered to be a leading candidate heat exchanger material6. 

Radiative heat transfer plays a crucial role in designing the heat exchangers. Therefore, 

the emissivity of Haynes 230 under various surface conditions should be acceptably 

known. In VHTRs, surface effects include surface roughening (which may occur over the 

years due to regular operational wear and tear), surface oxidation (due to the presence of 
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oxygen in the helium coolant stream6), and coating of the surface by graphite dust. 

Higher emissivity has a positive impact on high temperature reactor operations, 

particularly for safety, since higher emissivity implies faster decay heat removal in post-

accident VHTR environments.   

Only a single study on measurements of the emissivity of Haynes 230 was found in 

the literature. Cockeram et al.7 measured the spectral emissivity (or rather the 

hemispherical spectral emissivity) of Haynes 230 at a single temperature (there is 

conflicting information in their report with respect to this temperature, it might have been 

the room temperature or  355 K in the wavelength range of 0.25 to 15 microns.  They 

further assumed that the spectral emissivity is not sensitive to temperature (however, it is 

actually a weak function of temperature8), and then obtained the total hemispherical 

emissivity  T from the following expression (See Howell et al9): 
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where, 

 ,T  is the spectral hemispherical emissivity of the material (Haynes 230 in the 

present case),  ,b T   is the spectral hemispherical emissivity of a black body, T is the 

temperature of the body,   is the Stefan-Boltzmann constant, and  is the wavelength of 

the radiation. 

Cockeram et al.7 reported a value of 0.23 at 1373.15 K for total hemispherical 

emissivity of uncoated Haynes 230, and a value 0.67 when the surface was annealed in a 
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dynamic vacuum (< 10-5 torr) at 1373.15 K for 500 hours, and 0.78-0.89 when the surface 

was coated with various ceramics.  The authors did not report the measured values of  

 ,T   and thus it is not possible for one to calculate values of  T  at other 

temperatures. 

We have measured the emissivity of Haynes 230 using a chamber that was 

constructed according to the ASTM C835-06 protocol1.  We considered several variables: 

as received sample, surface roughness, surface oxidation, and graphite coating and a 

range of temperatures. 

  

3.3 Alloy 617 

Nickel based Alloy 617 is considered a baseline candidate structural material for 

Gen IV systems.  According to Corwin10, various properties of Alloy 617 may be used to 

develop initial framework for various codes, criteria, design analysis, and assessment 

methods. New materials then may be compared against Alloy 617 before introducing 

other materials as they are identified. Alloy 617 can also provide the near-term tools 

needed by NGNP designers to develop conceptual and preliminary designs. Besides 

being a benchmarking material, Alloy 617 is a candidate material for intermediate heat 

exchangers (IHX), Printed Circuit Heat Exchangers (PCHE), and turbine inlet shrouds. In 

all these applications, the material will be exposed continuously to a temperature of about 

1273 K11. For benchmarking Alloy 617, its various physical, chemical, mechanical 

properties under normal conditions and radiation should be measured. In this work, we 

measured emissivity of Alloy 617 for various surface conditions. 
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A limited number of data on total hemispherical emissivity is available in the 

literature for Alloy 617.  Makino et al12 reported total emissivity of Alloy 617 in the 

temperature range of 500 to 1500 K based on their measurement and theoretical 

prediction. The emissivity changed from 0.15 at 500K to 0.22 at 1500K. Cunningham et 

al.13 determined total spectral emittance of oxidized Alloy 617. The emissivity was 

around 0.8 at 1260 K. They also compared total hemispherical emittance with total 

directional emittance of statically oxidized Alloy 617 and noted that the difference in 

values between the two measurements was negligible. 

In this work, the emissivity of Alloy 617 was measured under various surface 

conditions using a chamber that was constructed according to ASTM C835-06 protocol1. 

The emissivities were measured as a function of temperature, surface roughness, surface 

oxidation, and graphite coating. 
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4 EXPERIMENTAL METHOD 

 

4.1 Materials 

A square Hastelloy X sheet with dimensions 25.4 cm × 25.4 cm and 0.0254 cm 

thick, was cut into strips 25.4 cm long, 1.27 cm wide, and 0.0254 cm thick using a water 

jet.  The general composition of Hastelloy X and some properties relevant to this study 

are given in Table 1.  Sample strips of 304 stainless steel and of pure nickel with identical 

dimensions were also used. 

 

Table 1.  Nominal composition of Hastelloy X.a 

Composition: % 

Ni  47.00 
Co  1.50 
Cr 22.00 
Mo 9.00 
W  0.60 
Fe  18.50 
Si  1.00 
Mn  1.00 
C  0.10 
Al  0.50 
Ti  0.15 
Cu 0.50 
P  0.04 
 B 0.008 
S  0.03 

UNS Number: N06002 
Other Standards: AMS 5536, ASTM B572 
Density: 8.22 gm cm˗3 

aSource: http://www.espi-metals.com/tech/Alloy%20Composition%20Hastelloy%20X.pdf 
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A square Haynes 230 sheet with dimensions 25.4 cm × 25.4 cm and 0.0254 cm 

thick, was cut into strips 25.4 cm long, 1.27 cm wide, and 0.0254 cm thick using a water 

jet.  The general composition of Haynes and some properties relevant to this study are 

given in Table 2.  After spot welding of K-type thermocouple wires on one side of the 

strip, it was cleaned with acetone, rinsed with DI water, and finally air dried. Nitrile 

gloves were used during subsequent handling of the strip. 

 

Table 2. Elemental analysis and various physical properties of Haynes 230. 

Element Minimum, wt% Maximum, wt% 
Carbon 0.05 0.15 
Manganese 0.30 1.00 
Silicon 0.25 0.75 
Phosphorus -- 0.03 
Sulfur -- 0.015 
Chromium 20.00 24.00 
Cobalt -- 5.00 
Iron -- 3.00 
Aluminum 0.20 0.50 
Titanium -- 0.10 
Boron -- 0.015 
Copper -- 0.50 
Lanthanum 0.005 0.05 
Tungsten 13.00 15.00 
Molybdenum 1.00 3.00 
Nickel Balance (about 57 wt%) 
  
Other Properties (At room temperature) 

Density 8.97 g/cm3 
Thermal Conductivity 8.9 W/m-K  
Specific Heat 397 J/Kg-K 
Thermal Diffusivity 24.2 x 10-3 cm²/sec 

 

The general composition of Alloy 617 and some properties relevant to this study 

are given in Table 3. The surface conditions under which the emissivity data were 

obtained for Alloy 617 included as received strips from the supplier, sandblasted surface 
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with various grit sizes, oxidized surface for different time periods, and graphite coated 

strips. A new strip was used for each experimental run and the emissivity data for each of 

these strips were obtained over the temperature range from 607 K to 1,298 K. 

 

Table 3.  Composition of Alloy 617 

Element Weight % 

Al 1.02 
B 0.004 
C 0.080 
Co 12.70 
Cr 22.10 
Cu 0.02 
Fe 1.12 
Mn 0.04 
Mo 9.63 
Ni BAL (about 53) 
P 0.002 
S <0.002 
Si <0.1 
Ti 0.42 
 
Other Properties 
Melting 
Range 

1330-1395 °C 

Density 8.36 g/cm³ at room temperature 
Thermal 
Conductivity 

16.1 W/m-K at 200 °C 
26.4 W/m-K at 870 °C 

 

4.2 Sample Preparation   

 
Several steps are involved in the sample preparation. Generally, the materials 

arrive in the form of sheets or slabs with highly constrained machining specifications.  

The first step is usually cutting the strip to size (10” x 0.5” x 0.01”) using one of several 

processes (shearing, waterjet, or wire Electrical Discharge Machining (EDM)), depending 
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on material hardness.  If shearing is not possible, then the use of a waterjet is the 

preferred method for cutting thin sheets.  It is cheaper than wire EDM and produces 

excellent samples.  Unfortunately, the waterjet cannot be reliably used for slabs thicker 

than about ¼”, due to the fact that the water is sprayed in the shape of a cone (creating an 

unacceptable trapezoidal end-on shape to the sample).  In these cases, the wire EDM may 

be employed as it may handle slabs ½” in thickness or greater.  The wire EDM produces 

accurately cut samples, but was abandoned as the process itself results in heavy oxidation 

of the strip.  It was found that cutting thin sheets was preferable to cutting (1/2” thick) 

slabs, as it was difficult to achieve uniform thickness along the strip.  Also, strips cut 

from slabs would curl as internal stresses formed during the rolling process manifested 

themselves.  This was more an inconvenience as the samples were weighed during the 

tests. 

Next, the strip (including edges) is treated in one of several ways to obtain a 

desired surface roughness.  These include using sandpaper of various grades, 

sandblasting, or sputter-coating the material.  The surface roughness (Ra) value for each 

method is quantified using a Mitutoyo Surftest-402 profilometer/ellipsometer, AFM 

surface mapping technique, or Optical Profilometer. 

After this, thermocouples are welded onto the strip.  The wire types are welded 

alternately to match the outputs of an adjacent feedthrough.  The reason each pair is 

welded normal to the strip axis is that any voltage drop will not affect the thermocouple 

measurement.  The wire alignment can be checked by reversing the power supply polarity 

at each reading.  Theoretically any difference in reading would be due to the alignment.  
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Also, it should be noted that EDS (Energy Dispersive Spectroscopy) tests of the welds 

revealed no detectable oxidation. 

Once the thermocouples are attached, the strip is cleaned of fingerprints or other 

contamination using a bath of acetone followed by a rinse of deionized water.  After this 

step, the sample strip is placed into a bell jar and each thermocouple lead is attached to its 

corresponding feed-through mate. 

To obtain the necessary oxidation exposures, the strip is heated (generally at 

about 80 amps, which equates to about 1150 K, depending on material) for the desired 

amount of time in air.  The oxidation of the strip is confirmed by using EDS method. 

 

4.3 Experimental Apparatus 

A schematic diagram of the experimental set-up is shown in Figure 1.  The main 

components of the experimental set-up are a large stainless steel vacuum bell jar on a 

base well, a sample holder, two data acquisition units (temperature, voltage), a vacuum 

pumping station, pressure indicators, and a power supply.  The stainless steel bell jar with 

its base well (17) is 45.7 cm in diameter and 59.7 cm in length with a total internal 

surface area of about 11,850 cm2.  The surface area of the test section of the sample strip 

( 1 1.27L   cm, 1.27w   cm, 0.0254t   cm) was about 3.29 cm2.  Thus, the ratio of the 

area of the test sections on our specimen strips to the internal surface area of the bell jar 

was about 0.00278.  Further, the interior surface of the bell jar was coated with a black 

high vacuum paint to give it a relatively high emissivity >0.8.  Thus, the conditions 

recommended in the standard, ASTM C835-06, were met and particularly the condition 

that  
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A
 (9) 

which is required for the specific test method being used.  The base well (16) has eight 

feed-through ports and a port in the bottom center for connection of a turbo-molecular 

pump (12).  The bell jar also has viewports (not shown in Figure 1) for visual inspection 

of the sample strip (1) during experimental runs.  Prior to the experiments, the inside of 

the bell jar was cleaned thoroughly using soap-water and then with acetone.  After 

drying, the inside was painted with two coats of a black paint (Aremco HiE-Coat 840 M) 

having an 2 paint   specified to be from 0.9 to 0.95.  The bell jar is wrapped with a 

heating tape (not shown in Fig. 1) to help in degassing of the system prior to 

experimental runs.  The vacuum system consists of a mechanical pump (13) and a turbo-

molecular pump that, together, can readily attain and maintain a vacuum of 10-6 to 10-7 

mmHg.  The system pressure is measured during experiments using a cold cathode gauge 

(18). 

 During experiments, a sample strip of the material being studied is suspended at 

the center of the bell jar using a sample holder (3), which is made out of stainless steel so 

that it can be an electrical conductor and form part of the sample heating system.  The top 

end of the sample holder is fixed and is used as the mount for another solid stainless steel 

arm (2) that can be adjusted upward or downward to accommodate sample strips of 

various lengths.  The sample holder is connected to a vacuum electrical feed-through (6a) 

consisting of a copper rod 2.5 cm in diameter.  The holder for the other end of the sample 

strip is constructed in such a way that it can move freely downward to accommodate 

thermal expansion of the sample strip during heating.  To ensure that the sample strip 
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does not inadvertently flex during thermal expansion, a 0.5 gm dead weight (10) is 

suspended from the lower end.  Also, the lower end electrical connection was made using 

a flexible cable (11) which is attached to a second, identical electrical feed-through (6b).  

The sample strip is connected via the electrical feed-throughs to the power supply (14).  

A resistor (15) is connected as shown in Figure 1 for the measurement of current.  A 

voltmeter (not shown in Figure 1) is connected between the two electrical feedthroughs 

(6a and 6b) to measure the voltage drop across the entire sample strip. 

 

 



23 
 

 

Figure 1.  A schematic representation of the emissivity measurement set up.  1-Sample 
strip;  2-Adjustable top of the sample holder;  3-Fixed sample holder support;  4-
Thermocouple connector;  5-Type K thermocouple wire;  6a- and 6b-Electrical feed-
throughs;  7-Ceramic mounting post for thermocouple connectors;  8a- and 8b-Type K 
thermocouple feed throughs;  9-Base plate for the bell jar;  10-Dead weight to keep the 
test specimen from flexing at high temperature;  11-Flexible, low impedance electrical 
cable;  12-Turbo-molecular pump;  13-Mechanical roughing pump;  14-Power supply;  
15-Electrical resistor;  16-Bell jar base well with eight vacuum feed-throughs and turbo-
molecular pump connection;  17-Vacuum bell jar;  18-Pressure readout. 
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The temperatures along the sample strip are measured using K-type 

thermocouples (obtained from Omega Engineering, Inc., Model No. SP-CH-003, 0.07 

mm (0.003 inch) in diameter).  Thermocouple wires of diameter less than 0.13 mm are 

used to reduce the heat loss by conduction from the test section of the sample strip via the 

thermocouple wires.  Five thermocouples are typically spot-welded onto the sample strip 

12.7 mm (0.5 inch) apart as shown in Figure 2 although the use of additional 

thermocouples is certainly possible.   

 

Figure 2.    The test section (area) is indicated and the thermocouple leads used as voltage 
taps for the purpose of determining the heat flow generation in the test section are 
identified.  The thermocouple leads are labeled on the basis of composition with 
A=Alumel and C=Chromel. 
 

The gaps between the two welded spots forming each thermocouple are typically 

about 0.5 mm each.  The test section of the sample strip is chosen between two of the 

attached, centrally-located, thermocouples as indicated in Figure 2.  The individual 

thermocouple wires are connected to mounting strips (4) for specimen interchangeability 

and thence to K-type vacuum thermocouple feed-throughs (8a or 8b).  Leads from the 
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feed-through ports are connected to a data acquisition system (Measurement Computing, 

Model No USB-TC) for temperature measurement.  All the mounting strips (4) are 

connected to ceramic insulator posts (7) as shown Figure 2, which are screwed into a 

stainless steel base plate (9).  The complete system is capable of heating sample strips up 

to a temperature of 1573 K or more at a vacuum of 10-7 mmHg depending upon the 

material being studied. 

 

4.4 Experimental Procedure 

A micrometer is used to measure the dimensions (length, width, and thickness) of 

the test section on the sample strip.  From these measurements, the surface area of the test 

specimen is determined from Eq. (7).  All the dimensional measurements are made at 

room temperature in accordance with the standard.  More details of the test area and 

thermocouple taps are shown in Figure 3. 

 

 

Figure 3.  The detailed dimensions of the test section on the sample strip. 
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The thermocouples are calibrated using a Fluke thermocouple calibrator (Model, 

Fluke 714 TC Calibrator).  All of the thermocouples used were verified to measure 

temperature to within  0.5 K in the temperature range of 298-773 K and within  1.0 K 

in the temperature range of 773-1473 K.  The pressure gauge was factory calibrated and 

no attempt was made to calibrate it further. 

The voltage and current data collected during experiments are measured using a 

high precision voltmeter and a known resistor.  These measurements are then used to 

verify the voltage and current data obtained by the data acquisition system.  The data 

acquisition system has been verified to be accurate for both voltage and current to within 

 0.5% of the indicated values. 

After connecting a given test strip into the sample holder, the electrical leads are 

attached to the ends of the sample holder.  The pre-attached thermocouple wires on the 

sample strip are then connected to the appropriate mounting strips.  Once all of the 

electrical and measurement connections are complete, the bell jar is evacuated.  When the 

pressure reaches about 10-4 mmHg, heating of the outer surface of the bell jar is initiated 

to degas the system.  During preliminary test runs, it was noted that after attaining a 

pressure of 10-7 mmHg and after the test specimen reached about 973 K, the pressure 

started to rise.  This was because the increasing temperatures in the system facilitated 

degassing from the inner surface of the bell jar.  For this reason, active heating of the bell 

jar was subsequently used for degassing the system prior to each measurement.  During 

the degassing period, the system pressure will typically increase by a small amount after 

heating is initiated and then, after 2-3 hours, it will start to drop again.  When the system 

pressure again reaches the pressure it was at before degassing (about 10-6 mmHg), active 
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heating of the outer surface is stopped and the system is allowed to equilibrate.  A type K 

thermocouple attached to the inner surface of the bell jar provides a measurement of the 

black-body temperature of the bell jar.  When the system pressure and the inner surface 

temperature of the bell jar reach equilibrium, heating of the test specimen begins using 

the DC power supply.  The test strip is resistively heated until the desired test section 

temperature is attained.  The heat flow (power) and temperature of the test section are 

then allowed sufficient time to fully stabilize.  After steady-state conditions are attained 

as indicated by constant temperature, voltage, and current readings, all of these values are 

recorded.  The difference in the temperature between the two thermocouples defining the 

ends of the test section was always less than 5 K in all of the measurements.  Following 

this, the input voltage is increased to increase the temperature in the test area and the 

above procedure is repeated to obtain another set of data at the next temperature.  No 

active attempt to control the specific temperature in the test section via any kind of 

feedback is attempted. 
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5 RESULTS AND DISCUSSIONS 
 

 

 

5.1 Hastelloy X 

In order to verify the performance of the experimental system and the procedure 

to be used, emissivity data were first obtained for two materials for which previous 

results are available in the literature:  304 stainless steel and pure nickel (un-oxidized).  

The present results for these materials are compared with the previously available 

literature data in Figures 4 and 5.14-16 

The difference among the data sets for 304 stainless steel may be due to the extent 

of oxidation of the stainless steel during the various experiments and the manner in which 

data were collected.  The VTT Research Group14 obtained their data in air at atmospheric 

pressure.  Also, they noted that there could be up to  20% error in their data.  The 

oxidation of a sample generally increases its emissivity significantly and this is not often 

well characterized in the available literature.  This effect is further evident in the nickel 

data which is compared with some available literature data in Figure 515. The data 

demonstrated excellent reproducibility in the present system and also were in excellent 

agreement with the previous data available for nickel that was oxidized at 1,173 K for 5 

min.  The nickel strip used in the present study was analyzed after the experiment using 

the Energy Dispersive Spectroscopy (EDS) method to check if there was any oxidation of 

the strip. 
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Figure 4.  Total hemispherical emissivity data for 304 stainless steel (AISI 304) obtained 
in the present study (diamonds) compared with other data available in the literature. 
 

 

Figure 5.  A comparison of the emissivity data for oxidized nickel obtained during the 
present work (triangles and open circles) with other data available in the literature. 
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The EDS analysis showed a small amount of oxidation on the strip.  Although the 

experiment was started with an un-oxidized strip, it appears that during the experiment 

some oxidation managed to occur; probably due to oxygen out-gassing from the vacuum 

system that continued during the experiment.  The EDS data is shown in Figure 6.  No 

peak for oxygen was observed in the unused nickel strip and a small peak for oxygen was 

observed following measurement of emissivity.  

 

 

Figure 6.  Energy Dispersive Spectroscopy (EDS) data for pure un-oxidized nickel (top) 
and oxidized nickel (bottom) showing the presence of an oxygen peak. 
  

 

 The small peak suggests only a mild oxidation.  A similar degree of oxidation would be 

expected when Wong15 exposed their nickel strip to oxygen for 5 minutes at 1,173 K. 
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5.1.1 Emissivity of Hastelloy X 

Emissivity data for Hastelloy X were obtained in the present work under the 

following conditions: 

1) As received from the supplier after cleaning with a soap solution and acetone; 

2) After roughening with Grit Size 100 sand paper; 

3) After roughening with Grit Size 240 sand paper; 

4) After roughening with Grit Size 600 sand paper; 

5) After coating with a thin layer of graphite, and; 

6) After oxidizing in air. 

The emissivity data for each of these strips were obtained over the temperature range 

from 607 K to 1,298 K. 

Figure 7 shows the results for the „as-received‟ sample strip.  The emissivity 

increased by only a small amount, from 0.2 to 0.27, in the temperature range from 523 K 

to 1,298 K.  This suggests that Hastelloy X offers no significant advantage due to any 

fundamental radiative heat removal characteristic when it is used as a structural material 

at high temperature.  The emissivity data of Hastelloy X can be compared with that for 

304 stainless steel which has also been suggested as a potential structural material for 

VHTR systems.  As can be seen in Figure 8, there is no significant difference in the 

emissivity data between these two materials.  The emissivity values for Hastelloy X 

obtained in this study are compared with pre-existing literature data in Figure 9.  
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Figure 7.  Total emissivity data obtained in the present work for Hastelloy X in the 
temperature range from 473 K to 1298 K. 
 

 

Figure 8.  A comparison of the emissivities obtained in the current work for Hastelloy X 
(circles) and 304 stainless steel (squares). 
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Figure 9.  A comparison of emissivity data for un-oxidized Hastelloy X obtained in the 
current work (squares) with other data available in the literature. 
 

As can be seen from Figure 9, the current values are higher than those reported by 

Kunitomo,4 but are lower than the values reported by General Atomics.5  The emissivity 

data for Hastelloy X obtained by General Atomics did not show any trend as a function of 

temperature similar to that observed in both this work and that of Kunitomo.4  However, 

General Atomics reported an expected error of up to 10% in their data.  Also, the 

Hastelloy X used by them was intended for the cladding in a nuclear reactor and it is 

possible that the surface may have been treated differently compared to the current 

samples. 

There are several ways to increase radiation from a material.  One of them is to 

increase the surface roughness of the material.  The surface roughness of three strips of 

Hastelloy X was altered by hand sanding the test sections of these strips with various 
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grades of sandpaper.  Sandpapers with grit sizes of 100, 240, and 600 were used to 

change the surface roughness of the three strips.  SEM micrographs of these three strips 

are shown in Figure 10. 

 

 

 (a) (b) (c) 

Figure 10.  SEM micrographs of three samples of Hastelloy X with surfaces roughened 
by sandpapers having different grit sizes.  (a) Sandpaper grit size was 100;  (b) Sandpaper 
grit size was 240;  (c) Sandpaper grit size was 600. 
 

Although no significant differences can be observed in the SEM micrographs, a 

stylus profilometer was used to further determine the surface roughness.  A profilometer 

quantifies the roughness by providing values of aR  for samples.  aR  is the arithmetic 

average of the variation in height of the indentations over a single 2-dimensional profile 

(length and height) taken across the sample surface.  The manner in which the aR  value 

relates to surface roughness is shown graphically in Figure 11. 
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Figure 11.  The surface roughness as defined by the profile roughness parameter, aR , 
which is the arithmetic average of a 2-dimensional roughness profile obtained using a 
profilometer. 
 

The aR  values obtained for the test sections on the Hastelloy X sample strips 

corresponding to the use of 100, 240, and 600 grit sizes were found to be 1.12, 0.45, and 

0.25 microns, respectively.  The emissivities of these three test sections at various 

temperatures are compared with each other and with the emissivity of an original „as 

received‟ test section in Figure 12.  The increase in the surface area due to the indentation 

of the surface during roughening was approximately 0.3% and this small increase was not 

observed to significantly affect the measured values of the emissivity. 

 

Figure 12.  Hastelloy X emissivity data obtained during the current work for various 
surface roughnesses including „as-received‟ (circles), roughened with 100 grit (squares), 
roughened with 240 grit (diamonds), and roughened with 600 grit (triangles).   
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As expected, the strip that was roughened with sand paper of grit size 100 showed 

increased emissivity compared to the original strip and the other two roughened strips.  

The surface roughness increases the effective surface area of the strip.  Increases in the 

surface area were not taken into account when calculating the emissivities. 

An interesting result was observed when one Hastelloy X strip was coated with a 

thin layer of adhered graphite dust (< 20 micron in size).  The graphite coating was put on 

both sides of the sample strip using a Q-tip dipped in graphite powder.  It was spread 

lightly around on the surface and allowed to adhere with no special attempt made to 

facilitate its adhesion.  Excess graphite was removed by shaking.  It is assumed that the 

graphite dust generated in a VHTR can similarly deposit on the structural materials in the 

reactor.  No effort was made to mitigate the effects of resuspension of the graphite due to 

thermophoretic forces developing during heating of the sample strip in the experiment.  

In this sense the experiment was conservative since such forces in the experiment would 

reduce the amount of adhered graphite and, hence, would, presumably, reduce the 

measured emissivity.  In a VHTR scenario, the thermal gradient would likely be in the 

opposite direction (hot flow, cooler structure) to that in the experiment which would 

actually encourage increased deposition of graphite and hence an increase in emissivity.  

The thickness of the graphite layer was measured by taking a cross-sectional view of the 

strip with the SEM/EDS system.  A monolayer of graphite was observed with thickness 

of less than 20 micron.  It appears that graphite particles of less than 20 micron diameter 

were readily able to remain adhered to the strip.  As can be seen in Figure 13, there was a 

marked increase in emissivity observed over the entire temperature range as a result of 

the presence of the graphite.  The total hemispherical emissivity of graphite coated 
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Hastelloy X is compared with that of pure graphite17 in Fig. 13 which shows that the 

emissivity of pure graphite is even higher still than that of the graphite coated Hastelloy 

X, which is a reasonable result. 

 

 

Figure 13.  Data obtained during the current work showing the effect on the emissivity of 
Hastelloy X due to the presence of a thin layer of graphite powder being present.  „As 
received‟ Hastelloy X data (diamonds) is compared to graphite covered Hastelloy X data 
(squares) and pure graphite emissivity data obtained from the literature (circles). 
 

 

Several Hastelloy X strips were oxidized in air at 1153 K for 5, 10, and 15 min. 

Following oxidation, the strips were analyzed by EDS prior to measuring the emissivity.  

The oxygen peak increased significantly in all three oxidized strips compared to the un-

oxidized strip.  The EDS data presented in Table 4 suggest that most of the oxidation 

took place in less than 5 min.  The increase in the oxygen concentration on the strips 

oxidized for 10 and 15 min was not substantial.  It appears that an oxide layer formed on 
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the outer surfaces of the strips rather quickly and did not grow significantly thereafter.  

The morphology, physical, and chemical characteristics of the oxide layer did not appear 

to change after its initial formation either.  The emissivities of these oxidized strips at 

different temperatures are compared to the emissivity of the un-oxidized strip in Figure 

14.  

 

Table 4.  Oxygen concentration on Hastelloy X sample strips following oxidation in air 

as determined from the EDS data. 

Material Net Count Weight (%) Atom (%) 

Hastelloy X Un-oxidized  3,060 149  4.55 0.22 14.77 0.72 

 6,094 210  9.96 0.34 23.73 0.82 

Hastelloy X 

Oxidized for 5 min in air at 880 °C 

22,598 275 45.38 0.55 60.30 0.73 

29,486 244 62.95 0.52 76.28 0.63 

27,947 227 77.03 0.63 88.25 0.72 

Hastelloy X 

Oxidized for 10 min in air at 880 °C 

22,843 275 41.17 0.50 59.57 0.72 

31,346 241 68.33 0.53 83.05 0.64 

28,476 231 65.98 0.54 84.81 0.69 

Hastelloy X 

Oxidized for 15 min in air at 880 °C 

13,593 151 59.30 0.66 67.04 0.74 

14,981 155 68.90 0.71 82.86 0.86 

13,759 178 40.11 0.52 62.12 0.80 

Errors:  1 sigma 
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Figure 14.  Data obtained during the current work showing the effect on the emissivity of 
Hastelloy X due to the presence of oxidation.  Un-oxidized Hastelloy X data (circles) is 
compared to oxidized Hastelloy X data (squares, diamonds and triangles).  Oxidation 
appears to have occurred rapidly and there is little difference seen in the oxidized 
samples.  However, the increase in emissivity due to the oxidation is substantial when 
compared to the un-oxidized sample. 

 

 As expected, the emissivity of the oxidized samples is increased compared to the 

emissivity of the un-oxidized strip.  Also, there is no significant difference in the 

emissivity values among the three oxidized strips; which is consistent with the EDS 

measured oxidation levels of the strips where no substantial changes were observed in the 

surface characteristics due to prolong oxidation.  The study by General Atomics showed a 

similar behavior of the emissivity for oxidized Hastelloy X (see Figure 15) where they 

exposed one sample to 30 ppm of oxygen (the balance was helium) for 163 hours at 1172 

K and another sample to air for 64 hours at 1047 K-1116 K.   



40 
 

 

Figure 15.  A comparison of emissivity data obtained during the current work for 
oxidized Hastelloy X with other data available in the literature. 
 

Even after the latter exposure, the values of the emissivities of these two samples 

were not significantly different from each other and were quite close to the values found 

in the present study as well.  This all suggests that the characteristics of an outer oxide 

layer present on Hastelloy X do not change significantly following prolonged exposure to 

oxygen. 

 

5.2 Emissivity of Haynes 230 

Emissivity data for Haynes 230 were obtained under the following conditions: 

1) As received from the supplier after cleaning with acetone and water. 

2) After roughening with Grit Size 100, 240, and 600 sandpapers. 
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3) After oxidizing the sample strips in air for 5, 10, and 15 minutes. 

4) After coating with graphite to various thicknesses 

 

A new strip was used for each experimental run and the emissivity data for each of these 

strips were obtained over the temperature range from 607 K to 1,298 K. 

The total hemispherical emissivity of Haynes 230 as a function of temperature is 

shown in Figure 16. The total emissivity increased from 0.19 at 625 K to about 0.255 at 

1275 K. The total emissivity data obtained in this study appears to agree with the single 

data point reported by Cockeram et al.7 which was 0.23 at 1375 K.  

 

Figure 16. Emissivity of as received Haynes 230 as a function of temperature. 
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The emissivity increased by a small amount when the surface was roughened by 

scratching it with sandpaper of different grit sizes. The data is shown in Figure 17.  

0.1

0.15

0.2

0.25

0.3

0.35

0.4

600 700 800 900 1000 1100 1200 1300 1400

As received Haynes 230
Surface was sanded with 600 grit paper before measurement
Surface was sanded with 240 grit paper before measurement
Surface was sanded with 100 grit paper before measurement

Temperature (K)  

Figure 17. Effect of surface roughness on the emissivity of Haynes 230 

 

The increase in the emissivity may be attributed to the increase in the surface area 

of the sample. Given the uncertainties associated with the measurements of the area of 

the roughened surface, no attempt was made to correct the emissivity reported in Figure 

17 for this. Therefore, the emissivity reported in Figure 17 may be called an apparent 

emissivity. The values of Ra determined by a profilometer when the surface was 

scratched by three different sandpapers are given in Table 5.  (A profilometer quantifies 

the roughness by providing values of aR  for samples. aR  is the arithmetic average of the 
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variation in height of the indentations over a single 2-dimensional profile (length and 

height) taken across the sample surface).  

  

Table 5. Surface roughness data (Ra) after scratching the surface with various grit 

sandpapers. 

 Average Ra Ra (in Micrometer) 

Grit Micrometer #1 #2 #3 #4 #5 #6 #7 #8 

100 0.508 0.53 0.53 0.48 0.48     
240 0.1905 0.22 0.18 0.18 0.18     
600 0.1524 0.18 0.13 0.18 0.22 0.13 0.13 0.13 0.13 
 

As expected, the roughest (100 grit) sandpaper scratched the surface most and 

caused the highest increase in surface area. The 240 and 600 grit sandpapers were not 

expected to scratch the surface significantly; as a result, the increase in total emissivity 

was negligible. A similar observation was noted by Del campo et al.18 for Inconel 718, 

Rene 41, and Haynes 25. The average Ra values reported by Del campo et al. were in the 

range of 1.3 to 2.7 micrometers. Tanda and Misale19 reported a similar observation for 

aluminum and Inconel 718. 

The oxidized strips were produced by heating a new strip for each run in air at 

about 1163 K for 5, 10, or 15 minutes. Following oxidation, the emissivity was measured 

for each strip up to a temperature of about 1273 K.  The emissivity values are shown in 

Figure 18.  
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Temperature (K)  

Figure 18. Effect of oxidation time on the emissivity of Haynes 230. 

 

As expected, the emissivity increased as the oxidation time of the strip increased. 

This is due mainly to the increase of the thickness of the oxide layer as the oxidation time 

was increased. Greene et al.3 noted the same phenomenon, the increase in the emissivity 

with the increase of the oxidation time for Inconel 718 strips. The SEM and EDS 

analyses of these strips are shown in Figure 19.  
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(a) 

 

(b) 

 

 

(c) 

Figure 19. SEM/EDS analysis of Haynes 230 surface following oxidation in air for (a) 5 
minutes, (b) 10 minutes, (c) 15 minutes. 
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It may be noted that the oxygen concentration (as indicated by the number of 

counts) was minimal for the strip oxidized for 5 minutes, and the surface showed 

minimum damage as indicated by the SEM micrograph. Also, it appears that the 

oxidation was not uniform on the surface. The SEM micrographs for the strips when 

oxidized for 10 and 15 minutes showed several spots affected by oxidation. Further 

analysis of these spots by EDS showed the presence of carbon suggesting carburization 

on the surface. The emissivity increased rather slowly up to a temperature of 1073 K, 

after which it increased almost exponentially. It may be noted from Figure 18 that the 

emissivity of Haynes 230 that was oxidized for 15 minutes was almost two times that of 

an unoxidized, as received strip. This may have a positive impact during any accidental 

air ingress in a VHTR. It appears that Haynes 230 may have been oxidized rather quickly 

when exposed to air at high temperature, resulting in a rapid increase in emissivity and 

thereby causing rapid radiative heat loss (in an accident scenario, the removal of decay 

heat should be accomplished as quickly as possible). Haynes 230 contains about 57% 

nickel; therefore, the oxidized surface is expected to behave close to that of an oxidized 

nickel surface. A comparison of emissivity data between oxidized nickel surface15, 21  and 

oxidized Haynes 230 surface is given in Figure 20.   
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Figure 20. A comparison of emissivity data of oxidized Haynes 230 surface with that of a 
pure oxidized nickel sample. 
 
 

It may be noted that the emissivity of an oxidized nickel surface was close to that 

of oxidized Haynes 230, and it may be concluded that nickel plays a significant role in 

determining the surface characteristic of Haynes 230. 

As noted earlier, a significant increase in the emissivity was observed when 

Hastelloy X was coated with graphite. A similar phenomenon was observed when 

Haynes 230 was coated with graphite dust. Graphite particles of 20 micron diameter were 

smeared on the Haynes 230 surface using a Q-tip that was dipped in graphite dust. Three 

runs were conducted with three different thicknesses of graphite layer on Haynes 230 

strips.  The graphite coating thickness was increased for these strips by smearing more 

graphite on the surface using the Q-tip. The increase in the thickness was later confirmed 

by AFM analysis. Although the emissivity of graphite coated Haynes 230 increased with 

the increase of graphite thickness, it was still significantly lower than that of pure 
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graphite (See Figure 21). The emissivity of pure graphite reported by Neuer and Jarmo-

Weiland17 is also plotted in the same Figure 21. This suggests that there is an optimum 

graphite thickness that any substrate should have in order for the substrate to approach 

the emissivity of pure graphite.  

 

Figure 21. Effect of graphite coating on emissivity of Haynes 230 surface. 

 

AFM surface topologies of graphite coated Haynes 230 samples as received, after 

coating with graphite, and after the emissivity measurements are shown in Figures 22 

through 24.  
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Figure 22. Surface morphology as measured by AFM of as received Haynes 230 sample 

strip. 

 

Figure 23. Surface morphology as measured by AFM of graphite coated strip prior to 
measuring emissivity. 
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Figure 24. Surface morphology as measured by AFM of graphite coated strip after 
measuring emissivity up to a temperature of 1273 K. 
 

The surface was rather smooth for as received material (Figure 22). The presence 

of graphite particles and uniform coverage of the surface is rather evident in Figure 23. 

The surface morphology of the graphite coated strip changed significantly following 

heating to 1273 K. The surface appeared almost the same as that of the as received 

sample (See Figure 24). Following measurement of the emissivity, the SEM and EDS 

analysis were performed on the strips. The EDS data of the surface after coating with 

graphite is presented in Figure 25. The SEM micrograph (Figure 25a) showed the 

presence of graphite dust, but it was not distributed uniformly on the surface.  
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(a) 

 

 
(b) 

 
(c) 

Figure 25. SEM/EDS analysis of graphite coated Haynes 230 strip. 
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The EDS analysis was carried out at two representative spots. As shown in Figure 

25b, a large peak for carbon was observed on Spot 1. As mentioned above, a similar 

observation was noted from the AFM analysis. The difference between the before and 

after the emissivity measurement of the graphite coated surface was significant as 

revealed by AFM micrographs (Figures 23 and 24). The thickness of the graphite layer as 

determined from SEM analysis on Haynes 230 following exposure to around 1000oC was 

between 20 and 40 nm suggesting that the larger particles were removed from the Haynes 

230 surface during the heating process. AFM data (Figure 24) also showed a rather 

smooth surface. As indicated by the SEM micrograph in Figure 25a, the graphite coating 

on the strip was not uniform. The EDS analysis on the Spot 2 indicated the presence of 

graphite, but the carbon peak (or count) decreased significantly. The EDS analysis 

showed a different composition (See Figure 25c) but no oxygen. Therefore, the increase 

in the emissivity may be attributed to the graphite coating of the surface.  

In VHTRs, for both pebble bed and prismatic designs, graphite dust is expected to 

be present in the reactor vessel. Although the amount or concentration of the dust is 

expected to be much less in the prismatic design, it will still be carried away by the 

coolant gas and deposited on various structural materials. As shown in Figure 6, this will 

change the emissivity, and thereby the heat transfer characteristics of various components 

of the reactor, such as the heat exchanger. From a safety point of view, this can help to 

dissipate the decay heat quickly in the event of an accident or air ingress. 
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5.3 Emissivity of Alloy 617 

The total hemispherical emissivity of Alloy 617 as a function of temperature is 

shown in Figure 26. The total emissivity increased from about 0.2 at 600 K to about 0.35 

at 1275 K. The data obtained in this study were found to be higher than that reported by 

Makino et al.12 Although they did not provide detailed experimental conditions, it is 

possible that the surface characteristics of the two samples were different from each other 

resulting in different values of emissivity. As shown later in this work, surface conditions 

affect the emissivity significantly. 

 

 

               Figure 26.  Total Hemispherical Emissivity of Alloy 617 

 

The samples whose surfaces were roughened by sandblasting showed an increase 

in emissivity by a small amount compared to the as received sample. The surface was 
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roughened by three different grit sizes. The data is shown in Figure 27. The increase in 

the emissivity may be attributed to the increase in the surface area of the sample. A 

similar trend, the increase in emissivity with the increase of surface roughness, was 

observed by several researchers on other types of materials. A similar increase of 

emissivity for Hastelloy X was observed when sandpapers of different grit sizes were 

used to increase the surface roughness. Incoloy 718 surface modified by sandblasting also 

showed increase in the emissivity20. 

Given the uncertainties associated with the measurements of the area of the 

roughened surface, no attempt was made to correct the emissivity reported in Figure 27. 

Therefore, the emissivity reported in Figure 27 should be called an apparent emissivity. 

 

 

Figure 27. Effect of surface roughness on total hemispherical emissivity of Alloy 617. 
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The micrographs of the surface roughness measured using an optical profilometer 

are shown in Figure 28. The Ra values as determined from the optical profilometer 

measurements are given in Table 6.  (A profilometer quantifies the roughness by 

providing values of aR  for samples. aR  is the arithmetic average of the variation in height 

of the indentations over a single 2-dimensional profile (length and height) taken across 

the sample surface). 

 

Table 6.  Surface roughness (Ra) values of sandblasted Alloy 617, as measured with 

optical profilometer. 

Grit Size 

(smaller = courser) 

Ra (nm) 

Average Location 1 Location 2 Location 3 

60 2481.09 2502.05 2292.15 2649.06 
120 1959.21 1990.93 2037.48 1849.23 
220 1060.51 1072.87 1074.46 1034.21 
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60 grit 

Ra=2502.05 nm 

Rq=3192.35 nm 

Rt=40035.08 nm 

 

 

120 grit 

Ra=1990.93 nm 

Rq=2549.31 nm 

Rt=28610.08 nm 

 

220 grit 

Ra=1072.87 nm 

Rq=1458.14 nm 

Rt=23155.93 nm 

Figure 28. Optical profilometer images detailing surface roughness of Alloy 617.  
(Magnification=5.07, VSI Measurement Mode, 1.95 micron Sampling, 640x480 Array 
Size). 
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The results for the surface roughened samples were quite interesting.  All samples 

showed an increase in emissivity as compared to the as received samples.  Del Campo et 

al.18 observed a similar effect for Inconel 718 and René 41, which have Ni and Cr 

compositions similar to Alloy 617. The average Ra values for this study shown in Table 2 

were comparable to those found by del Campo et al.18 (1.6 microns for Inconel 718, and 

1.7 microns for René 41).  Tanda and Misale19 reported a similar observation for 

aluminum and Inconel 718.  While both the Ra and surface index (surface area divided by 

lateral area) values increased with the grit size as expected, the emissivity actually 

decreased with increasing roughness.  The change in the emissivity was attributed to 

surface irregularities. 

The oxidized strips were produced by resistively heating a new strip for each run 

in air at about 1153 K for 5, 10, or 15 minutes. Following oxidation, the emissivity was 

measured for each strip up to a temperature of about 1273 K.  The emissivity values are 

shown in Figure 29. As expected, the emissivity increased as the oxidation time of the 

strip increased. This is due mainly to the increase of the thickness of the oxide layer as 

the oxidation time was increased. Greene et al.20 noted the same phenomenon, the 

increase in the emissivity with the increase of the oxidation time for Inconel 718 strips. 
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Figure 29.   Effect of oxidation on total hemispherical emissivity of Alloy 617. 

 

The SEM and EDS analyses of these strips are shown in Figure 30. It may be 

noted that the oxygen concentration (as indicated by the number of counts) was minimal 

for the strip oxidized for 5 minutes, and the surface showed minimum damage as 

indicated by the SEM micrograph. Also, it appears that the oxidation was not uniform on 

the surface. The SEM micrographs for the strips when oxidized for 10 and 15 minutes 

showed several spots affected by oxidation. Further analysis of these spots by EDS 

showed the presence of carbon suggesting carburization on the surface. 
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  C-K  O-K Al-K  Cr-K Co-L  Ni-L Mo-L Pb-M 

Weight %    2.24    8.30    9.19   28.11    7.05   33.11   10.57    1.43 

(a) 

  

   C-K   O-K  Al-K  Ti-K  Cr-K  Fe-L  Co-L  Ni-L  Mo-L  Pb-M 

Weight %    0.87   16.27    7.85    0.77   31.97    0.00    5.84   28.82    6.23    1.38 

(b) 

  

   C-K   O-K  Al-K  Ca-K  Ti-K  Cr-K  Fe-L  Co-L  Ni-L  Mo-L 

Weight %    3.86   10.18   11.25    0.70    1.09   24.45    0.00    5.80   31.92   10.74 

(c)  
Figure 30. EDS analysis of Alloy 617 surface following oxidation (a) 5 min, (b) 10 min, 
(c) 15 min. 
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The emissivity increased rather slowly up to a temperature of about 1073 K, after 

which it increased rapidly. This behavior is similar to that found in our previous study of 

Haynes 230.  As seen from Figure 29, at high temperatures the emissivity of Alloy 617 

which was oxidized for 15 minutes was almost half again that of an unoxidized, as 

received strip.  It appears that Alloy 617 may have been oxidized rather quickly when 

exposed to air at high temperature, resulting in a rapid increase in emissivity and thereby 

causing rapid radiative heat loss.  These are favorable results that may have a positive 

impact during any accidental air ingress in a VHTR, since in an accident scenario the 

removal of decay heat should be accomplished as quickly as possible. In any case, for 

NGNP candidate alloys, the formation of a chromia layer (Cr2O3) is beneficial, as it 

serves to protect the metal from corrosive reactor gases. 

Alloy 617 contains about 53% nickel; therefore, the oxidized surface is expected 

to behave close to that of an oxidized nickel surface. The EDS analysis of the sample 

before and after the oxidation, shown in Figure 31, indicates that only a small amount of 

nickel on the surface was oxidized based on the oxygen count. The counts for Ni before 

and after oxidation remained almost the same. It may be concluded that nickel plays a 

significant role in determining the surface characteristic of Alloy 617.   

A comparison of emissivity data between as received and after covering the 

sample strip with graphite dust is given in Figure 32.  As expected, based on the similar 

study for Hastelloy X and Haynes 230, the emissivity of graphite dust covered surface 

increased significantly. 
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Figure 31. EDS analysis of Alloy 617 before and after oxidation. 

 

 

Figure 32.   Effect of graphite coating on total hemispherical emissivity of Alloy 617. 
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5.4 Error Estimation 

Potential sources of error in determinations of emissivity arise from the area of 

the test section and from the temperature and test section power input measurements.  

The error in the area of the test section has two sources:  i) physical measurement errors 

at room temperature, and; ii) thermal expansion of the test section during heating of the 

specimen.  The error in the temperature measurements is introduced mainly from the 

thermocouple readout and the inherent errors associated with a given type of 

thermocouple.  There are two major sources of errors in calculating the test section power 

input:  i) heat loss by conduction at the two ends of the test section, and; ii) heat loss by 

conduction through the attached thermocouple wires.  Given the response of the 

thermometry equipment and the observed temperature variations over the test sections 

due to conduction, temperature measurement plus conductive losses contribute an 

uncertainty to the measured emissivity of about ±4%.  Since the average thermal 

expansion coefficient of Hastelloy X in the temperature range from 299 K to 1259 K is 

16.6×10-6 K-1 and since the various micrometer dimensional measurements were certainly 

good to within about ±0.1%, the errors associated with thermal expansion and test section 

areal measurements can be assumed to be negligible compared those associated with the 

temperature measurements and conduction.  In fact, even the conduction based errors are 

probably insignificant compared to the thermometry errors alone since the observed 

variation in the average test section temperature was only about ±0.2% at the maximum 

test temperatures where the induced errors would be the greatest. 
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6 CONCLUSIONS 

 

 

 

 The experimental system constructed for measuring the emissivities of structural 

materials for VHTR applications was tested successfully and the literature data for Ni 

was reliably reproduced.  The emissivity of Hastelloy X was found to be higher than that 

of 304 stainless steel by a small amount.  An increase in the roughness of the Hastelloy X 

sample surfaces was observed to increase the emissivity by only a small amount.  A layer 

of graphite powder was shown to adhere quite well to Hastelloy X of its own accord and 

produced a marked increase in the total hemispherical emissivity of the Hastelloy X; a 

finding that has strong favorable safety implications in terms of decay heat removal in 

post-accident VHTR environments.  Initial oxidation of Hastelloy X surfaces was 

observed to notably increase the emissivity of the Hastelloy X but was not observed to 

progress significantly beyond the initial oxidation even with more prolonged exposure.  

Since there is likely to be initial surface oxidation of any Hastelloy X used in the 

construction of VHTRs, this represents an essentially neutral finding in terms of the 

safety implications in post-accident VHTR environments.   
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APPENDIX:  ERROR ANALYSIS 

 

 

Potential sources of error in determinations of emissivity arise from the area of 

the test section and from the temperature and test section power input measurements.  

The error in the area of the test section has two sources:  i) physical measurement errors 

at room temperature, and;  ii) thermal expansion of the test section during heating of the 

specimen.  The error in the temperature measurements is introduced mainly from the 

thermocouple readout and the inherent errors associated with a given type of 

thermocouple. 

There are two major sources of errors in calculating the test section power input:  

i) heat loss by conduction at the two ends of the test section, and; ii) heat loss by 

conduction through the attached thermocouple wires.  Given the response of the 

thermometry equipment and the observed temperature variations over the test sections 

due to conduction, temperature measurement plus conductive losses contribute an 

uncertainty to the measured emissivity of about ±4%.  Since the average thermal 

expansion coefficient of Hastelloy X (other materials are comparable) in the temperature 

range from 299 K to 1259 K is 16.6×10-6 K-1 and since the various micrometer 

dimensional measurements were certainly good to within about ±0.1%, the errors 

associated with thermal expansion and test section areal measurements can be assumed to 

be negligible compared those associated with the temperature measurements and 

conduction.  In fact, even the conduction based errors are probably insignificant 



68 
 

compared to the thermometry errors alone since the observed variation in the average test 

section temperature was only about ±0.2% at the maximum test temperatures where the 

induced errors would be the greatest. 

 

Propagation of Error Uncertainty in Measurement of Emissivity using 
ASTM C836-06 
 
Emissivity is given from Equation 1 as:  

 

 4 4
1 1 2

Q

A T T





  

 

where 85.67051(19) 10    (W m-2 K-4) is the Stefan-Boltzmann constant, Q  (W) is the 

heat flow rate generated in the test specimen, 1A  (m2) is the total surface area of the test 

specimen for which the heat generation is measured, and 1T  and 2T  (K) are the 

temperatures of the test specimen and bell jar, respectively. 

For electrical heating of a test section within a strip, the test section is the test 

specimen for which the heat flow rate is determined.  Thus: 

 
LQ V I  

where 
LV  (V) is the voltage drop across the test section and I  (A) is the current through 

the circuit.  For a strip, the surface area of the test section is then: 

  1 2A L w t   
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where L  is the length of the test section (m), w  is the width of the strip (m), and t  is the 

thickness of the strip (m) (the strip is assumed to be of uniform width and thickness along 

its entire length).  Substituting, one has that: 

 
  4 4

1 22
LV I

L w t T T





 
 

Since all of the measurements in this equation are essentially independent, the uncertainty 

in the emissivity can be expressed as: 
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Considering the derivatives, one easily has in the numerator that: 
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Similarly, one has in the denominator that: 
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For the bracketed quantities in the denominator, one has that: 
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Combining, one has that: 
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Now, consider the temperature of the test section, 1T .  If one has taken care to develop a 

reasonably flat temperature profile down the length of the specimen strip, then 1T  is 

essentially a linear average of the temperatures measured at each end of the test section.  

Let these be called 1aT  and 1bT .  Further, since the system involves a biasing voltage and 
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separate attachment points for the various thermocouple leads that can be slightly 

misaligned, it is possible that any given pair of leads may see a slightly different, 

position-dependent potential that will manifest itself in the apparent temperature that the 

thermocouple „sees.‟  If any such misalignment is small, then the temperatures, 1aT  and 

1bT , can be assumed to be linear averages of the apparent temperatures measured with the 

biasing of the system in both forward and reverse configurations.  Let these be called 

1aFT , 1aRT , 1bFT , and 1bRT .  Thus, the test segment temperature in the above equation is 

really: 

  1 1 1 1 1
1
4 aF aR bF bRT T T T T     

with an uncertainty of: 
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These uncertainties in temperature need not be the same.  In particular, the variations 

between forward and reverse biased temperatures may be significant and substantial for 

even a minor misalignment of the thermocouple leads and this may make the 

uncertainties notably different depending upon the error specifications of the temperature 

measurement system.  Fortunately, the voltage that develops in a thermocouple tends to 

be quite linear over substantial ranges in temperature and linear averages can be used 

with reasonable confidence in most cases such that the bulk of the uncertainty tends to lie 

in the readout electronics. 
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The Stefan-Boltzmann constant is given (7) as 85.67051(19) 10    (W m-2 K-4) with a 

relative uncertainty of 34  ppm.  This relative uncertainty is the equivalent of saying that: 

  
2

26 113.4 10 1.156 10
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NOMENCLATURE 

 

ASME – American Society of Mechanical Engineers 

ASTM – ASTM International (formerly American Society for Testing and Materials) 

AVR – Albeitsgemeinschaft Versuchsreaktor 

B&PV – Boiler and Pressure Vessel 

DoE – U.S. Department of Energy 

EDS – Energy Dispersive Spectroscopy 

GA – General Atomics 

GFR – Gas-Cooled Fast Reactor 

GT-MHR – Gas Turbine-Modular Helium Reactor 

GW(e) – Gigawatt Electric 

IAEA – International Atomic Energy Association 

LFR – Lead-Cooled Fast Reactor 

LWR – Light Water Reactor 

MSR – Molten Salt Reactor 

NGNP – Next Generation Nuclear Plant 

SCWR – Supercritical Water-Cooled Reactor 

SFR – Sodium-Cooled Fast Reactor 

THTR – Thorium Hochtemperatur Reaktor 

TRISO – Tristructural-Isotropic 

VHTR – Very High Temperature Reactor 
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