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Abstract

This work compared the 3D Random Pore Model (3D-RPM) with experimental and 

characterization data to systematically study the effect of nuclear graphite microstructure and air 

oxidation temperature. It is well known that oxidation-induced weight loss at elevated 

temperatures degrades graphite structure and properties; however, a fundamental understanding of 

the role of graphite microstructure is still unclear. In this work, three diverse grades of nuclear 

graphite—IG-110, NBG-18, and PCEA—were examined and tested at air oxidation temperatures 

of 600, 650, 700, and 750°C following ASTM D7542. The 3D-RPM reproduced the microstructure 

and temperature dependence of mass loss curves for these grades.  For the first time, measurements 

and modeling were combined to show how bulk density and the amount and spatial distribution of 

open and closed porosity affects oxidation.  IG-110 was less dense and had an open pore network 

that is finer and more uniformly spread, and showed fastest oxidation.  PCEA porosity was less 

uniform and showed less oxidation, while NBG-18 was more dense, had the least fine and uniform 

porosity, and showed the slowest oxidation. In general, oxidation proceeds faster if open porosity 

is more uniformly distributed and can incrementally access closed pore surface area with more 

ease. 
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Highlights:

 A 3D microstructural model reproduced the oxidation mass loss trends of three diverse 

grades at four different oxidation temperatures.

 In the microstructure, the amount of open and closed pores and their proximity to each 

other are important factors.

 The intrinsic reactivity of high-purity graphite is approximately independent of grade and 

follows expected temperature scaling for oxidation in air.

 Even in kinetic regime oxidation, there can be a density gradient in a sample due to the 

spatial distribution of porosity and sample size effects. 
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1. Introduction
Manufactured graphite materials have been critical to the advancement of energy generation and 

energy storage for over 100 years.  In particular, high-purity graphite has been used in nuclear 

energy because of its low neutron absorption and high scattering cross section [1, 2]. Various 

designs of gas-cooled reactors have employed graphite as a neutron moderator and reflector 

material, including the Magnox and Advanced Graphite Reactor designs in the United Kingdom 

and Generation IV high-temperature reactors in the United States and other countries [1–3]. 

Manufactured graphite is a composite, with filler, binder, and void (porosity) phases in the 

microstructure. The porosity is typically 15–25% of the volume, dependent on the raw materials 

and processing methods [1], which poses a unique challenge when used in design as an engineering 

material. Graphite exhibits quasi-brittle behavior, in that is has a relatively low strain to failure and 

exhibits variability in its strength but does have limited damage tolerance [4-6].  Given the 

variability in strength, stochastic methods, such as Weibull failure probability statistics, are 

recommended for assessing the integrity of nuclear graphite components [4–6]. 

Complicating matters is that, during reactor operation, graphite is exposed to neutron irradiation, 

which changes its properties [7]. In this respect, the porosity in graphite helps accommodate the 

irradiation-induced expansion of the graphite lattice. However, simultaneously to irradiation there 

is potential graphite degradation due to reactions with oxidizing gases that result in mass loss. 

Graphite, a form of carbon, reacts with gases, such as O2 and H2O, to form CO and CO2, and 

nuclear graphite components could be exposed to oxidizing gases in short or long duration time 

scales. Oxidizing gases could reach hot graphite components in the rare case of an ingress incident 

for hours or days, or trace amounts of oxidizing gases contained in inert coolant gases could flow 

over graphite surfaces for years [8–10]. 

Because graphite is porous, oxidation mass loss can occur at pore walls inside the material and at 

the external surface. Although the internal oxidation mass loss decreases apparent density, the 

main concern is the decrease in mechanical strength, decrease in elastic modulus, and increase in 

thermal conductivity that accompanies the increase in porosity [11, 12]. These effects, among 

others, must be considered in reactor design [5]. 



4

One challenge in predicting oxidation and its effects is the diversity of nuclear graphite grades that 

graphite manufacturers have developed. Since the beginning of the nuclear age in the 1940s, 

dozens of different grades have tested for nuclear reactors, with a select few reaching production 

status.  No two grades are exactly alike [13, 14].  Modern nuclear graphite grades are expected to 

meet purity and thermal expansion isotropy targets [15], but properties depend on the raw 

materials, particle sizes, forming methods, and other processing steps used. Within one grade, 

intra-billet variation and billet-to-billet variation must also be considered [16, 17]. There could 

also be changes over time to raw material supply. 

It is well known that oxidation behavior may be very different depending on the grade. Measured 

isothermal oxidation rates between different grades have been observed to vary by up to a factor 

of four when oxidized at 600°C [18–20]. The spread observed between grades might decrease with 

an increasing oxidation temperature [21]. Furthermore, within a grade, measured rates also show 

scatter from sample to sample [18–20].

Both microstructural and environmental factors make it challenging to predict graphite mass loss, 

specifically the decrease in density as a function of depth from the surface and its dependence on 

the graphite grade, dimensions, oxidation temperature, and type of oxidizing gas [22–24]. There 

are many published works on nuclear graphite oxidation, some of which have sought to address 

the effect of microstructure between different grades by using advanced techniques [18–36]. 

Recently, an increased understanding of the fundamentals of high-purity graphite oxidation 

emerged by using well-designed experiments and novel modeling and simulation approaches [18–

36]. However, important questions remain regarding the individual role and interaction of the 

microstructure, size, and oxidizing environment. The exact role of graphite microstructure is not 

sufficiently clear, and the current state-of-the-art cannot explain the differences observed in 

oxidation behavior between grades.  Also, no validated model is available to directly answer the 

question density decrease as a function of depth for a given graphite and oxidizing environment 

based on microstructural and environmental inputs.

This paper presents a systematic look at the microstructure and temperature dependence of graphite 

air oxidation in the kinetic regime based on the 3D Random Pore Model (3D-RPM) created by 

Paul et al. [34–36]. The 3D-RPM directly incorporates the effect of graphite microstructure on 

observed oxidation mass loss and makes testable predictions for the effect of sample size and 
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oxidation temperature. The 3D-RPM separates the effect of intrinsic reactivity, pore structure 

evolution, bulk density, and sample size and shows how these factors affect the overall observed 

mass loss [34–36]. Although previous work by the authors [34–36] compared the 3D-RPM with 

available published experimental data and found acceptable agreement for degree of overall mass 

loss, the model had not yet been tested against a well-controlled experimental matrix performed in 

one laboratory in which detailed information on each run were available and sample size was held 

constant.

In this paper, the background covers a summary of RPMs and the contributions made with the 3D-

RPM [34–36] over past models. Next, the graphite samples and ASTM D7542 [37] oxidation 

procedure are presented. Experimental data were collected for grades IG-110, PCEA, and NBG-

18 for air oxidation temperatures of 600, 650, 700, 750°C within the kinetic regime. By selecting 

these grades and temperatures, a wide range of observed oxidation rates were included in the study.  

Additionally, the methods used to obtain detailed 3D reconstructions of graphite pore structure by 

using X-ray computed tomography are described. Following, the results are presented, first with a 

direct comparison of 3D-RPM results to experimental data, and second with a close look at the 

pore structure differences between the graphite grades that lead to oxidation differences. The role 

of the open pore network in graphite is particularly scrutinized.  It is discussed and concluded that 

the combination of pore structure modeling and advanced characterization presented here has 

provided a further understanding of how pore structure differences between grades contribute 

strongly to their oxidation behavior. This is an important step in the ongoing work to construct a 

predictive understanding of graphite oxidation that is based on microstructure and not on 

descriptors such as grain size category or forming method. Ultimately, work is building towards 

the microstructure-property relationships needed to assist designers and operators in assessing the 

impact of oxidation on graphite integrity for larger scale components used in high-temperature 

nuclear reactor designs. Modeling tools will be helpful but may not replace monitoring and testing 

of graphite components in actively operating reactors. Oxidation, irradiation, and other graphite 

degradation mechanisms are important components of the USA Department of Energy’s Advanced 

Reactor Technologies R&D Program on Graphite that has been active since 2005 [3]. 
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2. Background

2.1. Random Pore Models
RPMs for heterogeneous gas-solid reactions in porous materials were developed in the 1980s based 

on the statistical principle of ‘extended volume’ that was previously applied to the study of phase 

transformations in materials science [38–47]. The significance was in making the connection 

between the measurable apparent reaction rate, the pore structure, and the constant intrinsic 

reaction rate occurring at the pore walls.  For systems in which there is a maximum observed in 

the apparent rate, it is because the rate is proportional to the growth and eventual coalescence of 

porosity (the apparent rate follows the trend of surface area). 

A commonly used analytical form of the RPM is written in terms of a single structure parameter 

that is convenient for fitting to experimental data [38, 43–45]. However, several assumptions 

behind this form of the RPM are not always clearly presented. Pores are assumed to be overlapping 

cylinders (i.e., pores grow radially with reaction). Therefore, this paper refers to RPMs based on 

cylindrical pores as 2D-RPMs. Additionally, all porosity is assumed to be open porosity in an 

infinite medium. That is, there are no initially closed pores, and no accommodation is made for 

sample size and shape. At a minimum, these are generally incorrect assumptions for graphite 

oxidation; however, the effect of these assumptions on the meaningfulness of 2D-RPMs has not 

been established. Although several 2D-RPM variations have been published [46–49], the 

convenience of the original analytical form has made it the one that has been applied to nuclear 

graphite oxidation. Unfortunately, the 2D-RPM has not been applied to graphite oxidation in a 

consistent way, leading to a wide range of reported structure parameters without an underlying 

connection to the graphite microstructure or oxidation test conditions [43–45] and thus preventing 

a clear microstructure-based understanding of graphite oxidation. 

2.2. 3D-Random Pore Model
Recently, the 3D-RPM [34–36] was developed as an alternative to 2D-RPMs and improve the 

ability to model nuclear graphite oxidation. In the 3D-RPM, porosity comprises randomly placed 

spheres, which form a network of pore clusters, as a simplified representation of the pore structure 

in graphite. The remainder of the structure is solid graphite. The spheres enlarge in three 

dimensions because of constant reactions at the sphere wall surface area. In support of spheres as 

an improvement over cylinders, Paul et al. [36] showed that pores in a small graphite sample grew 
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in 3D with oxidation and thus did not match the 2D growth assumed in 2D-RPMs. Furthermore, 

in the 3D-RPM there are initially closed pores in a sample that do not participate in a reaction until 

they are discovered by growing open pores and thus become connected to the external surface. 

Additionally, sample size is explicitly considered because oxidation starts at an external surface 

and moves inward. The 3D-RPM predicts the pore volume in the sample as a function of depth 

and the overall pore volume, which is converted to overall density and then mass. Oxidation is 

assumed to be in the kinetic regime, meaning that the oxidation rate is much slower than the 

gaseous diffusion rate of the oxidant and the product in the open pore structure. Gaseous diffusion 

itself is not directly modeled. Instead, all open pore wall surface area is assumed to be exposed to 

the same concentration of oxidant as the bulk gas and thus has the same intrinsic reactivity rate 

[34–36]. 

To illustrate the 3D-RPM, Figure 1 provides a longitudinal cross section of a cylindrical graphite 

sample with symmetry at the centerline, containing randomly placed spherical pores. Randomly 

placed spherical pores are not drawn to scale and are intentionally exaggerated in size for the sake 

of the illustration. During an oxidation test, the cylinder is exposed to flowing hot air, and the 

oxidant can access the internal open pore structure of the graphite from the radial external surface. 

Oxidation from the top and bottom of the cylinder is neglected. At t = 0, there are pores that are 

initially connected to the external surface (i.e., open pores) and pores that are not (i.e., closed 

pores). Oxidation reactions only occur inside the open pores at the pore walls. The open pore 

region initially extends a certain depth below the external surface (radius of 𝑟𝑜𝑝). However, as 

oxidation reactions remove carbon from the walls of open pores, they grow in size and connect to 

(i.e., discover) pores that were previously closed. The rate of discovery is assumed to occur at a 

constant rate inward. The discovered and newly open pores that are at some depth below the 

surface can now grow, and they grow at the same rate as original open pores. However, because it 

took time for discovered pores to open, their growth is not as large at a given time as pores closer 

to the external surface (see t = t1 and t = t2). Eventually, there are no closed pores [34–36]. As 

oxidation progresses over time, this leads to a density profile in the sample that is a function of 

microstructure and oxidation temperature. Because of the kinetic regime assumption, the overall 

reaction is not limited by gaseous diffusion, but by the growth rate of open pores and the pore 

discovery rate. 
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Figure 1. Cross section of a cylindrical graphite sample with symmetry at the centerline showing 

randomly placed spherical pores and different regions of porosity. Pore sizes are exaggerated 

for effect. Oxidation moves inward from the external surface from t = 0 [34–36]. 

Mathematically, the sample volume is divided into three regions that are treated independently, as 

shown in Figure 1. The concept of extended volume is used to account for the overlap between 

spheres that are randomly placed and grow isotropically. The complete 3D-RPM derivation was 

previously published in full [34–36]; the following is a summary of the equations and implications. 

The total pore volume fraction (𝑉𝑉) is divided into initially open pores (𝑉𝑜𝑝), discovered pores (

𝑉𝑑𝑖𝑠) at t > 0, and closed pores (𝑉𝑐𝑙), as defined by:

𝑉𝑉 = 𝑉𝑜𝑝 + 𝑉𝑑𝑖𝑠 + 𝑉𝑐𝑙

𝑉𝑇𝑜𝑡𝑎𝑙 (1)

where the total cylindrical volume (cylinder external radius R and height H) is: 

𝑉𝑇𝑜𝑡𝑎𝑙 = 𝜋𝑅2𝐻 (2)

The initially open pore region is defined between the cylinder radii of R and rop:

𝑉𝑜𝑝 = 1 ― 𝑒𝑥𝑝 ― 𝑉𝑒𝑥,𝑜
𝑉 (1 + 𝛼)3  𝜋𝐻(𝑅2 ― 𝑟𝑜𝑝2) (3)

whereas the discovered pore region is between cylinder radii of rop and rcl, which grows as:
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𝑉𝑑𝑖𝑠 = ∫𝑟𝑜𝑝

𝑟𝑐𝑙  1 ― 𝑒𝑥𝑝 ― 𝑉𝑒𝑥,𝑜
𝑉 [(1 + 𝛼) ― 𝛽(𝑟𝑜𝑝 ― 𝑟)]3  2𝜋𝐻𝑟𝑑𝑟 (4)

The initially closed pore region shrinks with time following the cylinder radius rcl as the 

aforementioned discovered pore region grows:

𝑉𝑐𝑙 = 1 ― 𝑒𝑥𝑝 ― 𝑉𝑒𝑥,𝑜
𝑉

3
 𝜋𝐻𝑟𝑐𝑙2 (5)

For model inputs, first the external cylindrical dimensions would be readily measurable. Second, 

the sample bulk density would also be readily measurable and used to determine the extended 

pore volume with the assumption that fully dense graphite is 2.26 g/cm3:

𝑉𝑒𝑥,𝑜
𝑉 = ― ln (𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

2.26 ) (6)

Third is the dimensionless oxidation time, 𝛼:

𝛼 =  
𝑘
𝑟𝑜

𝑡 (7)

in which 𝑘/𝑟𝑜 is the intrinsic reactivity rate (units: 1/s), where k is the reaction rate (units: m/s) 

and 𝑟𝑜is the pore sphere radius (units: m), and time 𝑡 is the real time since oxidation initiated 

(units: s).

Fourth is the pore discovery rate, 𝛽, in units of m2/m3:

𝛽 =
𝑘

𝑟𝑜𝐾 (8)

where K is the rate at which the discovered pore boundary moves radially inward (units: m/s) [34-

36]. Accordingly, cylinder radius rcl = rop - Kt.

The 3D-RPM is solved at each dimensionless time step (step size 0.025) using MATLAB. From 

Eq. (1), the overall sample bulk density can be calculated as a function of dimensionless time, and 

afterward, overall sample mass can be calculated by using the sample dimensions. To convert from 

dimensionless time to real time, dimensionless time is divided by the intrinsic reactivity via Eq. 

(7) for a given oxidation temperature. 

The main model factors are: original bulk density, sample radius and height, intrinsic reactivity, 

and pore discovery rate. To illustrate these effects, plots of mass fraction remaining vs. 

dimensionless time are shown in Figure 2, in which original bulk density, sample diameter, and 
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discovery rate are varied. In the top left plot, bulk density was varied from 1.6 to 1.9 g/cm3 and in 

the top right plot cylinder diameter was varied from 0.25 to 5 cm. In the bottom plot, pore discovery 

rate was varied from 5 to 1000 m2/m3. The effect of intrinsic reactivity itself is built in because 

plotting the factors against dimensionless time condenses all reactivity values onto one plot. 

Increasing the initial bulk density slows mass loss, as does increasing the cylindrical sample 

diameter or decreasing the pore discovery rate. 

Figure 2. Model factors in the 3D-RPM [34–36]. Plots of mass fraction remaining vs. 
dimensionless time illustrate the individual effects of bulk density in units of g/cm3 (top left), 

cylinder diameter in units of cm (top right), and pore discovery rate in units of m2/m3 (bottom).

2.3. Updated 3D-RPM Parameters
Previously published work compared the 3D-RPM to 30 air oxidation datasets that included seven 

different grades of nuclear graphite reported in the literature by different researchers [34–36]. The 

work included air oxidation temperatures from 450 to 750°C, covering essentially the entire range 

of temperatures that are practical for measuring air oxidation in the kinetic regime. Furthermore, 
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various sample sizes were included in the datasets. The deviation of weight loss values between 

the model and experimental data was generally within 5% [36].

Since the previous publications, the state of the model has improved by analyzing new data.  The 

most recent results show that the intrinsic reactivity for air oxidation for high-purity nuclear grades 

is approximated by Arrhenius behavior with an average activation energy of 191 kJ/mol. 

Independently, recent work [19] showed that 191 kJ/mol was the average activation energy of six 

different nuclear graphite grades and therefore is further experimentally justified. To be clear, pore 

size itself is not an independent input parameter in the model, as differences in pore size between 

grades are normalized in the input intrinsic reactivity.   Individual values of intrinsic reactivity 

extracted from 44 datasets are shown on a semi-log Arrhenius plot in Figure 3, as indicated by the 

fitted line. The underlying data are provided in the Supplemental Information Table A1. The fit is 

improved from previous work and covers the entire practical temperature range of kinetic regime 

oxidation, namely 450 to 750 °C. 

Figure 3. Semi-log Arrhenius plot of intrinsic reactivity, 
𝑘
𝑟𝑜

, for 44 datasets of high-purity 

nuclear graphite oxidized in air taken from published data and fit with the 3D-RPM. The best fit 

line and equation approximates the temperature dependence fit used for the 3D-RPM.

In addition to an improved fit for intrinsic reactivity, the understanding of pore discovery rate ratio 

has progressed. The units of 𝛽 are m2/m3 and represent the incremental surface area enlargement 

(normalized to unit bulk graphite volume) required for the open pore network to discover closed 



12

pores during oxidation.  Because there were no direct experimental measurements available, 𝛽 

values were set based on fitting to experimental data for mass loss for the graphite grades. The 

fitting for each dataset took into account the oxidation temperature, bulk density, and sample size 

[34-35]. Given the degree of scatter that is observed in oxidation testing, values of 𝛽 were fit as an 

upper and lower range, reflecting the heterogeneity in graphite structure and potential sample-to-

sample and positional variations. 

It has been found that there was a consistent difference in 𝛽 values between graphite grades, and 

grain size category appeared to be a large factor. Since then, model parameters published in [34] 

were critically reviewed and used to test the model against the experimental data recently published 

in [19]. As a result of comparing the model to the new data, 𝛽 ranges were slightly revised to 

ensure consistency. The current result is that 𝛽 has now been tested against 44 datasets covering 

seven different nuclear graphite grades and sample sizes spanning several orders of magnitude. 

This evaluation has confirmed a strong effect of grain size category but also revealed an interesting 

finding.  Specifically, as listed in Supplemental Information Table A1, ranges for finer grain grades 

IG-110, IG-430, and NBG-25 were on the lower end of 𝛽 and coarser grain grades NBG-17 and 

NBG-18 were on the higher end.  That is, finer grain grades trended around ranges of 300 to 600, 

while coarser grain grades trended around 1500 to 2200.  PCEA is a coarser grade similar to NBG-

18 but its 𝛽 ranges of 500 to 600 were closer to the finer grain grades, and this finding was further 

explored in the present study as to why this was the case.

3. Materials and Methods
3.1. Graphite Grades and Samples
In this work, oxidation testing was performed on three different grades of nuclear-grade graphite. 

The three grades were selected because they represent a wide range of different microstructures 

due to differences in grain sizes and forming methods. As shown in Table 1, the three grades were 

IG-110, NBG-18, and PCEA and were obtained directly from the manufacturer. IG-110 is an 

isostatically molded superfine grain grade. NBG-18 and PCEA are both medium grain grades, but 

they have different grain size distributions; also, NBG-18 was vibrationally molded, whereas 

PCEA was extruded. 

Table 1. Nuclear graphite grades studied in this work.
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Grade 
name Manufacturer Grain size and 

category
Forming 
method

Bulk density 
(g/cm3)

IG-110 Toyo Tanso Superfine grain, 
<40 µm

Isostatically 
molded 1.80 (n = 6)

NBG-18 SGL Carbon Medium grain, 
<1.6 mm

Vibrationally 
molded 1.86 (n = 6)

PCEA GrafTech (now Amsted 
Graphite Materials)

Medium grain, 
<0.8 mm Extruded 1.79 (n = 6)

Grade samples were machined to cylinders with a nominal diameter of 25.4 mm and height of 

25.4 mm. The bulk density listed in Table 1 for each grade is the average of the six machined 

cylindrical samples. 

Differences between the grades are very apparent visually. Figure 4 is a collection of optical 

micrographs taken with cross-polarized light on polished sections of IG-110, PCEA, and NBG-18. 

In IG-110, the pore structure comprises fine pores that are generally uniform in cross section and 

distributed evenly. In PCEA and NBG-18, the pore structure contains a broader distribution of 

cross sections that are distributed less evenly. 
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Figure 4. Optical micrographs of nuclear graphite with cross-polarized light. The dark areas 

are porosity. The top left is IG-110, the top right is PCEA, and the bottom is NBG-18. The scale 

bar is 200 µm.

3.2.  Graphite Oxidation Procedure
Samples from the three grades of nuclear-grade graphite were tested for oxidation at four oxidation 

temperatures following the guidelines in ASTM D7542 [37]. Specimen and test conditions are 

provided in the Supplemental Information. ASTM D7542 is designed to oxidize samples in the 

kinetic regime. In this case, the specimen size is cylindrical with a nominal diameter and height of 

25.4 mm. The specimen is suspended in a vertical tube furnace with a constant flow of inert gas 

while the furnace is heated to the test temperature. The gas is then switched to a constant flow of 

dry air at a rate of 10 L/m. The test measures the change in mass vs. the sample time due to 

isothermal oxidation until the mass loss reaches 15%. The standardized oxidation rate is the quasi-

linear portion of the mass loss curve between 5 and 10% mass loss (i.e., 90 and 95% relative mass). 



15

The method recommends testing a minimum of two samples at four different temperatures up to 

750°C to calculate kinetic parameters for a grade of graphite following an Arrhenius approach. 

The kinetic parameters of interest include the activation energy (Ea, kJ/mol) and the pre-

exponential factor.

3.3.  X-Ray Computed Tomography Procedure
X-ray computed tomography (XCT) is a nondestructive characterization technique that was used 

to study the porosity of the selected graphite grades. A Zeiss Xradia 620 Versa was used to scan 

the samples. The instrument was operated at an acceleration voltage of 60 kV, a power of 5 W, 

and a current of ~83 µA. The XCT scans were cropped, segmented, and analyzed with Avizo 

software package version 2020.3. The segmentation process started by cropping the datasets into 

smaller cube subsections that were 1,150 μm on each side. Following the cropping step, the XCT 

datasets were segmented with a global thresholding segmentation tool incorporated in Avizo. This 

step used the grayscale values of the scan to classify the graphite and porosity phases. Then, the 

initial segmentation was further improved by using the watershed algorithm included in Avizo. 

XCT segmented data were processed for three purposes: to estimate and illustrate the differences 

between open and closed porosity across the selected graphite grades, to create pore network 

models (PNMs) of the open porosity, and to mimic the uniform oxidation of graphite by using the 

gradual dilation of the open porosity. 

Open and Closed Porosity Analysis 

The segmented pore content was classified as either open or closed porosity. All the pores 

connected directly to the exterior were classified as open porosity, and the remainder of the pores 

were classified as closed porosity. Longitudinal profiles across the cubes were obtained to show 

the distribution of open and closed porosity as a function of distance. Depth profiles of porosity 

were used to illustrate the spatial distribution of open and closed porosity. 

Pore Network Models of Open Porosity

The open porosity labels of the selected grades were used to create their respective PNMs with the 

XPoreNetworkModeling Avizo extension. PNMs are representations of a pore network that use 

simplified geometries to depict the nodal pores as spheres and pore throats as cylinders. To 
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generate the PNMs, the open porosity label must be divided into smaller fractions so that these 

structures can be classified as either nodal or throat pores. The pores were fractioned by using two 

separation methods. The chamfer method was used for NBG-18 and PCEA, and the skeleton 

method was used for IG-110. Both separation methods apply a watershed-based algorithm to 

divide a label (porosity content). The chamfer method is “conservative” approach more suitable 

for objects or particles that tend to be round and not highly interconnected, therefore this approach 

was found to be more adequate for coarser grades such as NBG-18 and PCEA. In contrast the 

skeleton separation method is an “aggressive” approach to divide highly interconnected 3D objects 

formed by complex shapes such as the pore network contained in IG-110.

Open Porosity Dilation 

To mimic the effects of uniform oxidation, the open porosity label was dilated with the Avizo 

dilation module. Dilation operations are common morphological operations for image processing 

and image analysis. In this case Avizo’s dilation module provides multiple options to control the 

growth, shape, dimensions, and rules used for the generation of new voxels during each dilation 

step. For this research the ball dilation option was used to simulate a gradual isotropic growth of 

the pores by only growing 1 voxel at a time.  The dilation process was repeated five times to 

observe the gradual growth of open porosity in IG-110 and NBG-18 due to uniform oxidation and 

to show the rate at which close porosity becomes open porosity as a function of the dilation step.  
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4. Results

4.1. Modeling of Oxidation Data
Figure 5 shows individual plots of mass vs. time for the three grades of nuclear graphite for four 

different oxidation temperatures, resulting in 12 plots. Marker symbols are experimental data, and 

two sets of data are shown for each condition. Mass loss occurs smoothly and continuously from 

the original mass up to where the test stops at approximately 15% mass loss. Mass loss rate is 

highly dependent on oxidation temperature, as indicated by the different time scales. Oxidation 

could reach 15% in 30–100 h at 600°C or in 1–3 h at 750°C. Furthermore, there are large 

differences between the graphite grades. At 600°C, there is nearly a factor of 3 difference in 

oxidation rates between IG-110 and NBG-18. 
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Figure 5. Mass vs. time during isothermal oxidation for IG-110, PCEA, and NBG-18. Open 

marker symbols are experimental data. Red and blue lines are model results. Model results 

generally bound the experimental data or capture the trend. 

The solid lines in Figure 5 are the 3D-RPM results based on model parameters 𝑘/𝑟𝑜 and 𝛽 and the 

bulk density for each sample. The parameters used to generate the predictions are shown in Table 

2. The upper and lower intrinsic reactivity 𝑘/𝑟𝑜 parameters shown in the table are +/-15% from 

the baseline equation from Figure 3. The red solid lines are the lower intrinsic reactivity value 
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combined with the higher 𝛽 value, and the blue lines are the opposite combination. As previously 

discussed, intrinsic reactivity values were independent of grade and only a function of oxidation 

temperature. For the pore discovery rate ratio, 𝛽, there are systematic differences between the 

grades. 𝛽 values were 300–400 for IG-110, 500–600 for PCEA, and 1,800–2,100 for NBG-18. A 

smaller value of 𝛽 means that the pore discovery is occurring faster; therefore, IG-110 has the 

fastest pore discovery and NBG-18 has the slowest.

Table 2. Summary of parameters used in 3D-RPM to compare with experimental data. 

Grade name k/ro, 600°C (1/s) k/ro, 650°C (1/s) k/ro, 700°C (1/s) k/ro, 750°C (1/s) 𝜷 (m2/m3)

IG-110 0.020, 0.026 0.082, 0.111 0.296, 0.400 0.950, 1.250 300, 400

PCEA 0.020, 0.026 0.082, 0.111 0.296, 0.400 0.950, 1.250 500, 600

NBG-18 0.020, 0.026 0.082, 0.111 0.296, 0.400 0.950, 1.250 1,900, 2,200

As shown in Figure 5, the trends in experimental data for different graphite grades and oxidation 

temperatures are generally bounded by the model predictions. Scatter in oxidation testing among 

samples from the same grade is routinely observed, which is one reason why predictions are given 

as a range. Although the experimental data were collected up to 15% mass loss in most cases, the 

model results are shown at higher mass loss levels to show how the spread in the predicted range 

increases with time. 
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4.2. Pore Structure Characterization
3D reconstructions of PNMs from XCT for the three grades are shown in Figure 6 in which 

individual pores appear as their equivalent spherical diameter following the color code in the figure 

legend. Blue pores are finer while red pores are coarser. The network models highlight the 

differences in microstructure between the grades. For IG-110, the pore structure contains a highly 

connected network of fine pores and channels that are spread throughout the sample volume. For 

PCEA, the pore structure contains a larger size distribution with less uniform spread throughout 

the volume. For NBG-18, the pore size distribution is even larger and is less evenly spread in the 

volume than PCEA.

Figure 6. 3D PNMs from XCT for the three grades. Pores are shown as their equivalent 

spherical diameter following the color code shown in the legend. IG-110 has a highly 

connected network of fine pores, whereas PCEA and NBG-18 contain larger size 

distributions and less uniform connectivity. 

The reconstructed porosity was segmented into open and closed pores. Open pores are connected 

to the external surface and are accessible by surrounding gases. Closed pores do not have a 

pathway to the external surface. The percentage and surface area of open and closed pores in each 

sample calculated from the XCT scans is listed in Table 3. IG-110 has the most open porosity, 

followed by PCEA and then NBG-18. The opposite trend is seen for closed porosity.  IG-110 also 

has the highest open pore surface area, followed by PCEA and NBG-18, which follows the trend 

of open pore volume.
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Table 3. Open and closed pore volume percentages (relative to total sample volume) and pore 

surface area in graphite samples from XCT.

Grade name Open 
porosity (%)

Closed 
porosity (%)

Total 
porosity (%)

Open pore 
area (mm2)

Closed pore 
area (mm2)

Total pore 
area (mm2)

IG-110 15.1 2.1 17.3 634 123 757

NBG-18 7.2 5.1 12.3 45 186 231

PCEA 9.3 4.0 13.3 83 290 373

Taking the analysis one step further, the volume fraction of open and closed pores in a slice of 

material was computed by position from one side of the sample to the other. Results are shown in 

Figure 7 for the three samples. On the right, a single slice through each material is shown, where 

the solid graphite is in light gray, open pores in dark gray, and closed pores in black. On the left, 

the plots quantify the trends in porosity distribution. Very clearly, IG-110 contains a uniform 

spatial distribution of both open and closed pores in the volume. IG-110 also has the highest level 

of open pores. In contrast, the open pore structure of PCEA and NBG-18 is variable through the 

volume, dominated by large pore clusters. The closed porosity in PCEA and NBG-18 is more 

uniformly distributed than the open porosity. NBG-18 has more closed pores, but they are the least 

uniformly distributed, as evidenced by the greater curvature in the fraction by position. Closed 

pores in PCEA are more uniformly distributed than NBG-18, but not as much as IG-110.  The 

trends of open and closed pores observed in this analysis are highly distinct and to our knowledge 

not previously reported. 
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Figure 7. Open and closed pore volume fraction as a function of position in XCT scans. IG-110 

has uniformly distributed open and closed pores, whereas PCEA and NBG-18 are dominated by 

large pore clusters and have less uniform distributions in the volume. 
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To demonstrate the importance of the spatial distribution of open and closed pores for oxidation, 

an oxidation simulation was performed on the microstructure digitized by XCT. Oxidation of the 

open pores can be simulated with a 3D dilation of the voxel volume. In the simulation, open pores 

are successively dilated, which not only increased the volume of open pores incrementally but 

increased the volume of open pores through discovery and connection to closed pores. Results are 

shown in Figure 8 for IG-110 and NBG-18.  As shown in the bottom plot in Figure 8 of volume 

fraction vs. dilation step, the simulated oxidation of IG-110 causes a significantly faster decrease 

in closed pores and increase in open pores than NBG-18. The relatively uniform distribution of 

open and closed pores in IG-110 causes easier access to closed pores as open pores incrementally 

grow. For NBG-18, open pores are more concentrated than IG-110, and incremental oxidation 

does not lead to as rapid of increase in pore volume. The accompanying microstructure cross 

sections shown above the plot visually reinforce the differences between the oxidation behaviors 

of IG-110 and NBG-18.
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Figure 8. Simulated oxidation using 3D dilation of pore structure from XCT. The closed pores in 
IG-110 are converted to open pores at a much faster rate than NBG-18, and overall oxidation 

proceeds faster. 
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5. Discussion
This work compared the 3D-RPM with 24 sets of experimental data for three different nuclear 

graphite grades and four different air oxidation temperatures—all measured in one laboratory and 

with the sample size held constant. This work is significant because it brings together experimental 

data, 3D microstructural modeling, and 3D XCT characterization to put forth a mechanistic 

explanation for the differences in observed oxidation mass loss between grades. In contrast, 

previously there has not been consistency in how other RPMs have been applied to graphite 

oxidation, and this confusion has inhibited progress in modeling graphite oxidation.  The 3D-RPM 

can reproduce the trends in kinetic regime mass loss that depend on microstructure and air 

oxidation temperature. Importantly, for the first time, XCT measurements were presented on the 

spatial distribution of open and closed pores and this was shown to be important for oxidation. 

The 3D-RPM is a simplified mathematical representation of graphite microstructure and thermal 

oxidation. The pore structure of nuclear graphite is modeled as a random array of spherical pores, 

which create a network of open and closed pores of various cluster sizes throughout the volume. 

This simplification allows for solvable equations using the concept of extended volume, in the 

absence of a completely accurate mathematical description of graphite pores. While real pores in 

graphite are not perfectly spherical or clusters composed of spheres, the 3D-RPM is built on 3D 

growth of porosity, which is the correct growth order [36], while previous RPMs considered only 

2D growth.  For the 3D-RPM, porosity is located in the binder phase of graphite, as the binder 

phase oxidizes preferentially over the filler phase [22], at least through approximately 50% weight 

loss in the kinetic regime [26], which is the region of interest. Accordingly, ignoring oxidation of 

the larger filler particles is not considered to be a limitation for existing nuclear graphite grades 

where the focus is on weight loss up to approximately 30% [5]. Once oxidation begins, open pores 

enlarge. The rate at which pores enlarge is modeled as an intrinsic reactivity that is only 

temperature dependent for high-purity graphite oxidized in air. As open pores enlarge, they grow 

and connect to (i.e., discover) closed pores. The pore discovery rate of a graphite depends on the 

graphite’s initial microstructure.  Overall, oxidation mass loss occurs smoothly and continuously 

over time. Because oxidation moves inward from the external surface, oxidation is nonuniform 

throughout the depth, and the overall mass loss is sample size dependent. Gaseous diffusion is not 

directly modeled at this time because it is not considered the rate limiting step for kinetic regime 
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oxidation. However, future work could incorporate different oxidizing gases and diffusion-limited 

oxidation.

Traditionally, kinetic regime graphite oxidation (i.e., Regime I) holds that there is a constant 

concentration profile of oxidant—and, therefore, bulk density—inside a sample during oxidation 

because the oxidation reaction rate is much slower than the rate of gaseous diffusion inside the 

pore structure [24]. For the 3D-RPM, this view of the kinetic regime is amended so that the 

concentration profile is constant in the open pore structure, which continues to grow over the 

course of oxidation and connect to closed pores. Therefore, size effects and density gradients are 

compatible with kinetic regime graphite oxidation and will be influenced by the particular graphite 

microstructure. A sample that is oxidized in the kinetic regime could show a nonuniform bulk 

density profile.

Intrinsic Reactivity

In this work, the use of an intrinsic reactivity for air that is only temperature dependent for high-

purity graphite is judged to be reasonable. An intrinsic reactivity that does not change with the 

degree of oxidation assumes that it is proportional to the reacting surface area ratio. An intrinsic 

reactivity that does not depend on grade assumes that there are no systematic differences at the 

level of the graphite reacting surface (e.g., pore size differences are normalized and that there are 

no catalytical impurities or degree of graphitization differences that are known to affect the 

intrinsic rate [50]). At this time, it is unknown how much intrinsic reactivity could vary within a 

sample, within a grade, or from grade to grade. Several studies have not found a clear relationship 

between the degree of crystallinity as measured by bulk x-ray diffraction or Raman spectroscopy 

and the overall oxidation rate for nuclear grades [18, 20, 51]. 

Gallego et al. [52] used high-resolution nitrogen adsorption, and the data showed that the ratios of 

active surface area (ASA) to total surface area (TSA) for IG-110, PCEA, and NBG-18 were all 

within 15% of their average value. The ASA was taken as the TSA minus the Langmuir surface 

area [52]. This technique was extended to include measurements taken on air-oxidized samples of 

IG-110, and the results are shown in Table 4. TSA increases significantly with oxidation, as does 

ASA. The ratio of ASA to TSA is reasonably similar among conditions, although there is scatter 

that could be due to the inherent heterogeneity in graphite. These results support the concept that 



27

intrinsic reactivity is approximately similar for these nuclear grades and does not change with 

degree of oxidation. 

Table 4. High-resolution nitrogen adsorption measurements [52] of TSA and ASA on unoxidized 
and oxidized IG-110.

Sample description TSA (m2/g) ASA (m2/g) ASA/TSA

Unoxidized IG-110 1.18 0.95 0.81

Oxidized to 11.3% at 600°C 6.53 2.90 0.44

Oxidized to 17.8% at 600°C 11.43 7.01 0.61

Oxidized to 6.1% at 700°C 6.09 4.67 0.77

Oxidized to 23.8% at 700°C 7.62 4.53 0.59

Kane et al. [28] used an intrinsic reactivity rate with a shrinking platelet model to systematically 

study the oxidation of NBG-18 fine powder to eliminate pore effects and found that it was 

reasonably constant during most of the oxidation. In a later study, Kane et al. [26] found that the 

ratios of relative reactive surface area to relative TSA of IG-110 and NBG-18 were approximately 

constant from 10 to 55% oxidation. These independent studies also support the assumption of a 

constant intrinsic reactivity that is similar for high-purity graphite grades.

Pore Discovery Rate

The current work indicates that IG-110 oxidizes more quickly than NBG-18 or PCEA because its 

bulk density is lower and its pore network is initially more open; additionally, all pores are more 

uniformly distributed through the volume, bringing the open pores closer to the closed pores. As 

open pores enlarge, they easily connect to the nearby additional surface area of the closed pores. 

PCEA is coarser grained than IG-110 but is seen to have more uniformly distributed open and 

closed pores than NBG-18. In contrast, NBG-18 oxidizes more slowly because it is denser, its 

open pore network is more concentrated in fewer branches, and there are more closed pores that 

are less uniformly accessed. As open pores oxidize and grow in NBG-18, it takes longer for them 
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to connect to closed pores. Mathematically, in the 3D-RPM, the rates of pore discovery are smaller 

for IG-110 (𝛽 = 300–400 m2/m3) and larger for PCEA (𝛽 = 500–600 m2/m3) and NBG-18 (𝛽 = 

1,900–2,100 m2/m3). The units of 𝛽 (m2/m3) are a surface-to-volume ratio. The physical 

meaningfulness is that 𝛽 is the incremental amount of surface area (per sample volume) increase 

needed for open pores to discover and connect to closed pores during oxidation. IG-110 has a 

lower 𝛽 because its open and closed pores are closer in proximity. The less uniformly distributed 

open and closed pores in PCEA and NBG-18 correspond to higher values of 𝛽. The oxidation rates 

of the three grades ranked from fastest to slowest are: IG-110, PCEA, and NBG-18. On one hand 

this ranking order agrees with the overall open pore volume and surface area, but one must consider 

the spatial distribution of the pores which is why PCEA oxidizes more closely to IG-110 than 

NBG-18. This is the reason why PCEA, although a medium grain grade like NBG-18, shows 

oxidation much closer to IG-110. Therefore, one cannot rely on grain size category alone to rank 

oxidation behavior. While 𝛽 largely remains an empirical factor in the model, additional work is 

underway in the form of direct experimental measurements to firmly connect it to microstructure, 

by analyzing the incremental evolution of porosity during oxidation.

At least for IG-110, there is a point for comparison for 𝛽. Kim et al. [55] estimated that the initial 

reacting surface-to-volume ratio for IG-110 was 17,260 1/m based on the oxidation of 16 samples 

of different sizes and shapes. In this work, the 𝛽 value for IG-110 was 300–400 1/m, which is 

approximately 1–2% of the initial value from Kim et al. With these values, it is reasonable to 

assume that 𝛽 could represent the incremental amount of surface area per volume needed for open 

pores to connect to neighboring closed ones. 

The mathematical modeling of the 3D-RPM is supported by the XCT scans and simulated 

oxidation presented in this work. For comparison, in a thorough study, Kane et al. performed the 

simulated oxidation of open porosity by using the dilation of reconstructed porosity from high-

resolution XCT for IG-110, PCEA, and NBG-18 [26]. The work showed that NBG-18 had larger 

initial closed pore volume and that as oxidation progressed, the closed pores remained closed to 

higher levels of oxidation, unlike PCEA or IG-110. For IG-110, the closed pores opened at lower 

oxidation levels, which was more similar to PCEA. For IG-110 and PCEA, closed porosity 

decreased to 5% of the total porosity by about 10–15% simulated oxidation, whereas to reach the 

same level as much as 25–35% of simulated oxidation was required for NBG-18. The findings in 
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Kane et al. for IG-110, PCEA, and NBG-18 mirror the trends seen in this work for the same 

graphite grades, even though the tomography scans in Kane et al. included larger volumes of 

material and had more nuanced simulated oxidation parameters than this study. Importantly, the 

findings in Kane et al. independently quantitatively support the ranking of pore discovery rates 

reported in this study for the three grades and are consistent with the mechanics and parameters 

of0 the 3D-RPM.

Open and Closed Porosity

While XCT is capable of providing useful insights into graphite pore structure, one must respect 

limitations of equipment resolution and digitization. For comparison, mercury porosimetry and 

gas pycnometry are well-known methods for measuring pore volume in a sample, although each 

has its own strengths. Data was available for the three grades in this study, from a recent report 

published by several of the authors [53].  Mercury porosimetry results (cumulative pore volume 

as a function of pore entrance diameter) for IG-110, NBG-18, and PCEA are plotted in Figure 9 

[53].  The data shows that NBG-18 contained the relatively lowest overall open pore volume and 

contained open pores that span the entire measured range of entrance diameters. However, it did 

not contain as many large open pores as PCEA. The implication is that some of the large pores 

were closed in NBG-18 but are open in PCEA. The total open pore volume of PCEA is relatively 

larger, even though the size range was similar to NBG-18.  IG-110 had most of its open porosity 

in the 2–4 micron entrance diameter range with smaller pores as the remainder.  Furthermore, 

helium pycnometry results in the same report [53] support the ranking of open pore volume for the 

three grades.  This is an important confirmation, due to limitations of mercury porosimetry. What 

is meaningful for the present study is that the porosimetry and pycnometry results reinforce the 

general trends from XCT: IG-110 has the largest open pore volume, followed by PCEA and then 

NBG-18.  In addition to the trends, quantitatively the results show that PCEA has a large amount 

of open pore volume, nearly that of IG-110, with both having more than NBG-18. This is despite 

that PCEA is a medium grain grade like NBG-18. The larger amount of open pore volume 

contributes to the oxidation behavior of PCEA being closer to IG-110, reinforcing the importance 

of open porosity in the trends and mechanisms of oxidation behavior put forth in this work. 

As another confirmation, the trends seen in open pore surface area from XCT shown in Table 3 

are reinforced by those obtained using Kr adsorption previously published by the authors [18].  
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Therefore, independent testing positively supports that no systematic misinterpretation was made 

with the XCT results for the three graphite grades.  

Figure 9. Mercury porosimetry cumulative pore volume as a function of pore entrance diameter 
for the three graphite grades. Data from the authors’ recent report [53].

Future Directions

This study highlights the contributions of XCT to the study of graphite structure and properties, 

where its use is growing [54]. Although overall volumes and surface areas of open porosity are 

measurable via methods such as helium pycnometry, mercury porosimetry and gas adsorption, this 

study showed that the size, location, and distribution of open pores in graphite are as important as 

their overall amount to kinetic regime oxidation. Pore size and shape can be viewed on cross 

sections, but connectivity can only be examined in 3D, such as with XCT.  Because XCT is limited 

by resolution and cannot clearly identify pores below the resolution limit, future work should 

combine it more systematically with porosimetry and gas adsorption techniques for comparison 

and validation. The digital structure of graphite from XCT is also valuable for modeling and 

simulation. 

Although this work focused on predicting the overall mass loss versus time for different isothermal 

oxidation temperatures, the model is built on the concept that oxidation occurs nonuniformly 

through the sample depth, which leads to a density profile. Additional work is needed to study 
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density profiles and open and closed porosity as a function of sample size and oxidation conditions 

to compare with the model meaningfully and extend the usefulness. 

Finally, although predicting overall and local mass loss due to oxidation is important, the greatest 

need is to understand the effect on mechanical and thermal properties. Properties such as strength, 

modulus, thermal conductivity, and thermal expansion are used to compute the integrity of graphite 

components, and mechanical-thermal integrity could be reduced if oxidation occurs. Future work 

could extend the 3D-RPM to be used in combination with structure-property models. Both reactor 

designers and operators will need data on the structure-property relationships for oxidized graphite 

grades being considered for high-temperature gas cooled reactors. Research into oxidation and 

other degradation mechanisms for graphite are key parts of the USA Advanced Reactor 

Technologies R&D Program for Graphite funded by the Department of Energy to provide data to 

enable the realization of an operational reactor [3].

6. Conclusions
This work combined 3D microstructural modeling and 3D characterization to demonstrate the 

microstructural and kinetic basis for differences in observed oxidation mass loss for nuclear 

graphite. 3D-RPM, the microstructural model, reproduced the air oxidation mass loss trends of 

three diverse grades of high-purity nuclear graphite at four different oxidation temperatures in the 

kinetic regime. The studied grades and temperatures span a large range of oxidation rates all 

measured in one laboratory by using the same oxidation setup following ASTM D7542. The model 

was judged to perform well compared with the available experimental data up to approximately a 

15% mass loss based on parameters set by previous work. 

The intrinsic reactivity of high-purity graphite is approximately independent of grade and follows 

expected temperature scaling for oxidation in air. Currently, there is no clear evidence that intrinsic 

reactivity depends on the grade or degree of oxidation. However, grades that are less pure or less 

graphitized must be studied separately.

Microstructure contributes significantly to the oxidation mass loss of nuclear graphite on an overall 

level and a local level. Initial bulk density, sample size and shape, and open and closed porosity 

are important factors in the model in addition to the intrinsic reactivity. 
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In the microstructure, the amount of open and closed pores and the proximity of the pores to each 

other are major factors. IG-110 has a lower bulk density and higher levels of open pores, which 

are more evenly distributed around closed pores. This means that the additional surface area of 

closed pores is more easily accessed than PCEA or NBG-18 as oxidation proceeds. Results show 

that grain size category alone is not an adequate predictor of oxidation, as PCEA is a medium grain 

grade like NBG-18, buts its oxidation behavior is closer to IG-110, a superfine grade. 

Even in the kinetic regime, oxidation can lead to a density gradient in a sample. However, the true 

need is to connect density loss to mechanical and thermal properties for assessing the integrity of 

graphite components that are oxidized. The current modeling methodology can be extended to 

structure-property models. Future work should extend the model to include diffusion-limited 

oxidation and oxidizing gases other than air. 
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Supplemental Information 

Table A1. Table of updated 3D-RPM parameters and fits.

Grade 
name

Data 
reference

Oxid. temp. 
(°C) 𝒌/𝒓𝒐 (1/s)

Upper and 
lower β 
(m2/m3)

Bulk density
(g/cm3)

IG-110 [20] 600 0.02 300, 400 1.77
IG-110 [58] 650 0.1 300, 400 1.67
IG-110 [56] 520 0.002 300, 400 1.79
IG-110 [56] 600 0.015 300, 400 1.78
IG-110 [57] 600 0.02 300, 400 1.76
IG-110 [57] 600 0.02 300, 400 1.76
IG-110 [57] 600 0.02 300, 400 1.76
IG-110 [27] 600 0.03 300, 400 1.79
IG-110 [27] 650 0.1 300, 400 1.79
IG-110 [59] 750 0.7 300, 400 1.77
IG-430 [20] 600 0.02 600, 800 1.82
IG-430 [56] 520 0.0015 600, 800 1.82
IG-430 [56] 600 0.011 600, 800 1.82

NBG-18 [20] 600 0.03 1100, 1400 1.85
NBG-18 [59] 750 1 1900, 2200 1.85
NBG-17 [59] 750 1 1500, 1800 1.89
NBG-10 [31] 450 0.00009 25, 50 1.80
NBG-10 [31] 450 0.00009 25, 50 1.80
IG-110 [19] 645 0.099 300, 500 1.77
IG-110 [19] 745 0.9 300, 500 1.77

NBG-25 [19] 645 0.099 500, 600 1.81
NBG-25 [19] 745 0.9 500, 600 1.81
PCEA [19] 645 0.099 500, 600 1.79
PCEA [19] 745 0.9 500, 600 1.79

NBG-17 [19] 645 0.099 1500, 1800 1.79
NBG-17 [19] 745 0.9 1500, 1800 1.79
NBG-18 [19] 645 0.099 1900, 2200 1.85
NBG-18 [19] 745 0.9 1900, 2200 1.85
PCEA ORNL 600 0.03 500, 600 1.79
PCEA ORNL 600 0.03 500, 600 1.72
PCEA ORNL 650 0.12 500, 600 1.78
PCEA ORNL 700 0.4 500, 600 1.79
PCEA ORNL 700 0.4 500, 600 1.68
PCEA ORNL 750 1.20 500, 600 1.79

NBG-18 ORNL 600 0.025 1900, 2200 1.85
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Grade 
name

Data 
reference

Oxid. temp. 
(°C) 𝒌/𝒓𝒐 (1/s)

Upper and 
lower β 
(m2/m3)

Bulk density
(g/cm3)

NBG-18 ORNL 650 0.1 1900, 2200 1.85
NBG-18 ORNL 700 0.38 1900, 2200 1.85
NBG-18 ORNL 750 1.2 1900, 2200 1.85
NBG-18 ORNL 655 0.1 1900, 2200 1.84

Table A2. Table of specimens and test conditions for oxidation testing.

Grade 
name

Sample 
ID

Set temp 
(°C)

Meas. 
temp. 
(°C)

Diam. 
(mm)

Height 
(mm)

Mass 
(g)

Bulk density, 
(g/cm3)

IG-110 2-3 600 597 25.41 25.41 23.26 1.81
IG-110 1-3 650 642 25.39 25.40 23.18 1.80
IG-110 1-4 700 694 25.41 25.32 23.17 1.80
IG-110 2-1 750 753 25.39 25.36 22.96 1.79
IG-110 2-4 600 597 25.44 25.40 23.27 1.80
IG-110 2-5 650 643 25.44 25.39 23.21 1.80
IG-110 3-1 700 693 25.43 25.41 23.12 1.79
IG-110 3-2 750 750 25.41 25.41 23.30 1.81

NBG-18 102 600 595 24.75 24.65 22.93 1.93
NBG-18 101 650 642 25.12 25.02 22.90 1.85
NBG-18 103 700 698 25.01 24.98 22.62 1.84
NBG-18 105 750 752 25.10 24.96 23.00 1.86
NBG-18 106 600 594 25.05 24.95 22.40 1.82
NBG-18 107 650 643 25.10 25.01 22.84 1.85
NBG-18 108 700 698 25.08 25.11 22.93 1.85
NBG-18 109 750 753 25.12 25.04 23.09 1.86
PCEA 2-3 600 595 25.41 25.34 22.98 1.79
PCEA 2-1 650 647 25.41 25.67 22.91 1.76
PCEA 2-5 700 698 25.42 25.50 23.17 1.79
PCEA 2-7 750 752 25.40 25.42 23.04 1.79
PCEA 2-4 600 595 25.42 25.46 23.23 1.80
PCEA 2-2 650 647 25.42 25.51 23.02 1.78
PCEA 2-6 700 698 25.41 25.41 23.07 1.79
PCEA 2-8 750 752 25.41 25.52 23.15 1.79
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