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EXECUTIVE SUMMARY 
 
 

This report presents the results of kinetic measurements during accelerated oxidation tests of 
NBG-17 nuclear graphite by low concentrations of water vapor and hydrogen in ultra-high purity helium. 
The objective is to determine the parameters in the Langmuir-Hinshelwood (L-H) equation describing the 
oxidation kinetics of nuclear graphite in the helium coolant of high temperature gas-cooled reactors 
(HTGR). Although the helium coolant chemistry is strictly controlled during normal operating conditions, 
trace amounts of moisture (predictably < 0.2 ppm) cannot be avoided. Prolonged exposure of graphite 
components to water vapor at high temperature will cause very slow (chronic) oxidation over the lifetime 
of graphite components. This behavior must be understood and predicted for the design and safe 
operation of gas-cooled nuclear reactors. The results reported here show that, in general, oxidation by 
water of graphite NBG-17 obeys the L-H mechanism, previously documented for other graphite grades. 
However, the characteristic kinetic parameters that best describe oxidation rates measured for graphite 
NBG-17 are different from those reported previously for grades H-451 (General Atomics, 1978) and 
PCEA (ORNL, 2013). In some specific conditions, certain deviations from the generally accepted L-H 
model were observed for graphite NBG-17. This graphite is manufactured in Germany by SGL Carbon 
Group and is a possible candidate for the fuel elements and reflector blocks of HTGR. 
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 1. INTRODUCTION 
 
 

Nuclear grade graphite is the moderator and a major structural component of High Temperature 
Gas-Cooled Reactors (HTGR). Graphite is chemically stable at high temperatures in inert helium (He) 
and reducing environments, but it becomes gasified by oxidizing impurities (oxygen, carbon dioxide, 
water) that might be present in the HTGR helium coolant. Water is the main oxidizing impurity in He 
coolant, albeit in very low concentrations. The water partial pressure varies between different HTGR 
designs but is expected not to exceed 1−1.5 Pa at total helium pressures of 7−9 MPa [1,2,3,4,5,6].  The 
oxidation reaction of carbon by water produces carbon monoxide and hydrogen: 

 
C (s) + H2O (g) = CO (g) + H2 (g)        (1) 
 

This reaction is not energetically favorable at temperatures below ~ 700 oC but may play an important 
role in graphite gasification at higher temperatures, particularly at high water vapor pressures [7].   

Under normal operating conditions, oxidation is predictably very slow (chronic) and limited to 
the surface of graphite components. Predictions show that chronic degradation of graphite properties 
caused by oxidation by moisture in the coolant circuit will not significantly affect the integrity of graphite 
components during normal operating conditions. However, these predictions are based on accelerated 
oxidation measurements made on graphite grade H-451 in 1978 at General Atomics Company [8]. This 
grade of nuclear graphite is no longer available, and little is known about the oxidation properties of the 
new grades regarded as candidates for gas-cooled reactors in the United States.  

Recent results obtained at Oak Ridge National Laboratory (ORNL) showed that the 
microstructural characteristics of various graphite grades have significant effects on their chemical 
reactivity. This has been documented for oxidation by air in conditions that simulate the improbable event 
of an air-ingress accident [9]. Moreover, an accelerated kinetic study of oxidation by moisture of PCEA 
graphite produced in the U.S. by GrafTech International showed differences from the results known for 
the historic grade H-451 [10]. Although the general kinetic mechanism, known as the Langmuir-
Hinshelwood (L-H) mechanism [11,12,13,14], operates for both graphite types, the parameters describing 
the effects of temperature and gas composition on the reaction rates are different. Extrapolation of 
accelerated oxidation results to the normal operating conditions in HTGR indicates that PCEA graphite 
would oxidize slightly faster than H-451 graphite at low temperatures (750-800 oC) and slightly slower at 
higher temperatures (900−950 oC). Consequently, it can be predicted that at low temperatures, PCEA 
would develop a narrower oxidation layer on exposed surfaces than what was predicted for graphite H-
451. However, the same predictions show that the oxidation layer would penetrate deeper under the 
surface of PCEA graphite compared to graphite H-451 [15,16,17]. These crude predictions need further 
confirmation based on results of effective diffusivity measurements of water vapor from He. Recent 
experimental results on water vapor transport properties of two graphite grades, PCEA and NBG-17, were 
reported in a parallel study completed at ORNL [18].  

This report presents results of accelerated oxidation tests by water vapor of nuclear graphite grade 
NBG-17. Considered as a candidate for HTGR, this vibrationally molded graphite is manufactured by 
SGL Carbon (Germany/France). The fuel blocks in prismatic reactors have cooling channels separated by 
rather small graphite walls; therefore, the optimal graphite material should have small grain size. 
According to the manufacturer, the maximum grain size in graphite NBG-17 is 0.8 mm. This is similar to 
the maximum grain size of PCEA (0.8 mm), half the maximum grain size of NBG-18 (1.6 mm), and 
much larger than that of IG-110 (0.04 mm) [19, 20]. The average grain size reported for NBG-17 is 0.3 
mm [21]. According to mercury porosity measurements, the pore size distribution in NBG-17 is bimodal, 
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with the narrowest pores of about 0.01 µm and the largest size pores distributed between 5 and 30 µm. 
The cumulative pore volume is about 14 % of the graphite bulk volume [22]. This study followed the 
same method and experimental setup as previously used for accelerated oxidation studies of graphite 
PCEA [23]. The experiments were designed to be feasible in laboratory conditions while bearing 
relevance to normal operation of HTGR, and to provide high quality results with reasonable time and 
budget resources.  
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2. EXPERIMENTAL SETUP AND EQUIPMENT PERFORMANCE  

 

The experimental setup diagram is shown in Figure 1. The main components are the gas delivery 
system of the oxidant gas with controlled composition and flow rate, the thermogravimetric analyzer 
(TAG 16/18 from SETARAM, France), and the mass spectrometer (DSC 350 from Pfeiffer, USA). A 
detailed description of these components was provided in a previous report [23].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The ultra-high purity (UHP) helium used in this study (Air Liquide, USA) contains < 0.1 ppm 
water and <0.5 ppm oxygen, with balance He (>99.999 %), based on the analysis certificate provided by 
Air Liquide. Water vapor was introduced by bubbling a split He line through plasma-grade water (Fisher 
Scientific) maintained at constant (± 0.05 oC) temperature. The source of hydrogen added in some 
experiments was a certified H2/He mixture with 1 % by volume H2 (certified by Air Liquide, USA). The 
water content in the mixed gas obtained by mixing dry He, wet He, and H2/He lines was measured by a 
chilled mirror hygrometer (CR-4 from Buck Research Instruments, LLC, Boulder, CO) placed before the 

 
Fig.1: Schematic of experimental setup for oxidation experiments with low concentrations of water in high purity helium. 
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thermogravimetric analyzer. The flow rates in the three gas lines (dry He, moist He, and H2/He mixture) 
were regulated by mass flow controllers (Sierra Instruments) and monitored by a LabView application. 
The same application also collected hygrometer data (dew point temperature and internal pressure), 
barometric conditions in the lab (temperature, humidity, and atmospheric pressure) measured by a wall-
mounted instrument (Control Company, USA), and the temperature of the water bath (Fisher Scientific, 
USA) holding the He bubbler. When corrected for the barometric pressure in the lab, the freeze point and 
internal pressure data from the hygrometer allow for accurate calculation of the vapor pressure in the 
TAG oxidation chamber. The partial pressures of water and hydrogen in the reaction were varied by 
adjusting the water bath temperature and the flow rates on each gas line. 

The TAG 16/18 thermogravimetric analyzer is a very sensitive, highly stable microbalance 
instrument with symmetrical design. Two identical objects (the graphite sample and an inert quartz 
reference) are suspended by platinum rods and dangle freely into a pair of identical vertical furnace. 
Buoyancy effects which usually perturb gravimetric measurements at high temperature are much reduced 
in the symmetrical design. Data collection (sample temperature and weight) was performed by the 
CALISTO software supplied with the TAG (accuracy of ± 0.1 oC and ± 0.10 µg). 

The DCS 350 mass spectrometer was intermittently used for analysis of gas composition. 
Collection and analysis of mass spectra was done by the QUADERA software delivered with the 
equipment. Some technical issues with this equipment precluded its continuous use. However, when the 
mass spectrometer became available later in the experiments, it was used to confirm that other oxidizing 
impurities (O2, CO2) were absent from the reaction chamber of the thermoanalyzer.  

The steps taken for accurate calibration of all sensors of the oxidation equipment were detailed in 
a previous report [23]. Preliminary tests confirmed that the hygrometer responds correctly to flow rate 
changes of dry and moist He lines and changes of water bath temperature. The hygrometer’s operation is 
based on fundamental thermodynamic properties of water vapors. This instrument is intrinsically capable 
of long-term accurate and stable operation. The instrument’s performance was annually checked by the 
manufacturer against NIST-certified standards. The equations used for converting mirror’s temperature 
readings into water vapor pressure in the hygrometer chamber were as follows: 

PH2O = 6.1121 exp [(18.678 – TDP / 234.5) (TDP / (TDP + 257.14)]  for TDP > 0 oC  (2a)  

PH2O = 6.1115 exp [(23.036 – TDP / 333.7) (TDP / (TDP + 279.82)]  for TDP < 0 oC  (2b) 

where PH2O
 is water pressure in mbar and TDP is the dew point (or frost point) temperature in oC measured 

by the hygrometer. The actual water vapor pressure in the TAG oxidation chamber was calculated by 
correcting PH2O from Eq. (2b) by the Pbar/Phygr factor, where Pbar is the current barometric pressure in the 
lab and Phygr is the total pressure inside the hygrometer cell:  

𝑃𝐻2𝑂 (𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜) =  𝑃𝐻2𝑂
𝑃𝑏𝑏𝑏
𝑃ℎ𝑦𝑔𝑏

         (3) 

This result was cross-checked against mass balance calculations using actual flow rates for each 
gas line and calculated water vapor pressures at the temperature of the water bath. Although the 
agreement between water vapor pressure values based on hygrometer readings and calculated from flow 
rates and mass balance was good [23], the values calculated from Eqs. (2b) and (3) and direct hygrometer 
readings and were preferred because they were affected by lesser errors.   
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3. MATERIALS 
 
3.1  GRAPHITE SAMPLES 

 
A billet of NBG-17 graphite purchased for the NGNP program was cut according to the diagram 

in Figure 2 [24]. The billet retained for material characterization at ORNL was cut as shown in Figure 3 
[22]. The sub-section labeled Section-A was further used to machine specimen for oxidation by water.  

 
 

 
 

Figure 2: Cutting diagram of NBG-17 billet [24]. 
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Figure 3: Cutting diagram of the ORNL sub-section of NBG-17 billet [22]. 
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All NBG-17 specimens used in this study had identical shapes and dimensions: right cylinders, 20 
mm long × 4 mm diameter. They were cut from subsection A of the NBG-17 billet with two different 
orientations: against grain (AG) and with grain (WG). The specimen extraction plan is shown in Figure 4. 
All specimens were machined in dry conditions (no lubricants) and using only non-metal containing 
cutting tools.  

 
 

 
 

 
Figure 4: Specimen extraction scheme for NBG-17 oxidation by water.  

 
 
Graphite anisotropy is usually expressed as the ratio of coefficients of thermal expansion in the 

AG and WG direction [22]. Compared with the extruded PCEA graphite, the vibrationally-molded grade 
NBG-17 is more isotropic; therefore, the specimen orientation in the billet is not expected to cause 
significant property variations. This was confirmed by measurements of oxidation rates of AG and WG 
oriented specimens performed early in the research program. Data analysis did not show differences that 
could be confidently attributed to the anisotropy of structural properties. Based on that analysis, in later 
experiments the orientation (AW or WG) of specimens was disregarded. Specimens with both 
orientations were randomly used to obtain a non-biased snapshot of mean graphite properties.  
 
 

Ф 4 mm

L 20 mm

Ф 0.75 mm

Slabs 1 and 3

10 mm 10 mm

With grain orientation (WG)

Slabs 2 and 4

10 mm

10 mm

Against grain orientation (AG)

Rough face

88 mm

110 mm

125 mm

“NBG 17”

WG

WGAG
NBG-17 
sub-section A

Oxidation specimen
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3.2  GASES 
 

Ultra-high purity (UHP) helium was procured from Air Liquide in batches of 16 interconnected 
pressurized gas cylinders. Each batch was accompanied by lot analysis certifying that the gas corresponds 
to quality specifications:  

 
    Specification  Analysis (several batches) 

Major component:  Helium  99.9990%  99.9999% 
Impurities  Moisture   < 3ppm   0.2−0.3 ppm 

  Oxygen  < 2 ppm  0.8−1.7 ppm 
  Hydrocarbons <0.5 ppm  < 0.1 ppm 
 
 
Hydrogen was delivered from a compressed gas cylinder containing certified mixture of 1 % H2 

in UHP helium (Air Liquide). The certificate of accuracy accompanying the gas provides the following 
information: 

 
 
Component Requested   Certified   Blend tolerance  Certified  
___ name  concentration ______ concentration          (+/-)  accuracy__ 
 
Hydrogen 1 mole %  1.00 mole %         ±  0.0 %  ± 2.00 % 
Helium  balance   balance 
 

 
Water used for adding moisture to the helium line through the saturator bubbler was Plasma 

Grade Water (Fisher Scientific) with certified analysis of metal impurities (most ions < 0.1−1 ppt). 
For supplemental protection of gas line purity, moisture traps and oxygen traps were used on the 

dry He and H2 /He mixture lines. The oxygen traps (Oxy-purge N from Fisher Scientific) are rated to 
remove oxygen from inert gases down to the ppb level (or ~10-2

 Pa when delivered at atmospheric 
pressure). The moisture traps (Drierite, from Fisher Scientific) are rated for drying the air up to a frost 
point of −73 oC at a flow rate of 200 L/h. The corresponding water vapor pressure is 0.2 Pa. Our 
experiment used a lower flow rate (1.5 L/min or 90 L/h) so that the efficiency of the moisture trap was 
higher. On the other hand, the residual moisture in the UHP He, according to specifications and analysis 
results, is in the range of 0.02−0.03 Pa (when delivered at atmospheric pressure). This is much lower than 
the lowest end-of-scale sensitivity limit for the hygrometer, which cannot measure frost points below 
about −55 oC (corresponding to 2 Pa water partial pressure). It is reasonable to suspect that hygrometer 
readings were inaccurate at the lowest end scale (below about 5 Pa H2O) and the actual water pressures 
were lower.  
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4. PROCEDURE 
 

 
4.1  TEST CONDITIONS 
 

Graphite oxidation by water is extremely slow in normal operating conditions and the rates 
cannot be measured. The solution is to use accelerated oxidation tests so that the rates can be measured. 
Accelerated tests were designed to mimic as close as possible the normal operating conditions. The 
variables were as follow: 

• Temperature range:    800 to 1100 oC 
• Water pressure:     3 to 1000 Pa 
• Hydrogen pressure:    0 to 40 Pa 
• Total flow rate     1.5 L/min 
• Linear flow velocity    8 cm/s 
• In-situ outgassing temperature before tests 1200 oC 
• Duration of in-situ outgassing before tests 1−2 h 

 
 
4.2  PREPARATION OF SPECIMENS BEFORE TESTS 
 

Before tests, each graphite specimen was cleaned for 10 minutes by sonication in acetone and 
dried in air at 110 oC. Cleaned specimens were handled only with cotton gloves or plastic tweezers.  

Physical measurements (weight and dimensions) were taken on each cleaned specimen just before 
the tests, according to ASTM C559-90 [25]. All physical measurement data are provided in Annex 1. 

 
 
4.3  OXIDATION TEST PROCEDURE 
 

After physical measurements were taken, the specimens were attached with platinum wires to the 
sample arm of the microgravimetric balance in the TAG and were centered in the furnace. A similar 
volume quartz reference sample was attached to the reference arm of the TAG, and the furnace was raised 
to its working position. 

The initial weight of each specimen was entered in the test information file and served as the 
reference weight for weight loss calculations. 

The procedure used for most tests consisted of the following steps: 
1. Turn on and start simultaneously the LabView software for gas flow control and water bath 

temperature, the pre-programmed procedure for thermogravimetric analysis (CALISTO) and 
(in some cases) the mass spectrometer procedure (QUADERA). 

2. Flow 1.5 L/min dry UHP He for 20 min at room temperature. 
3. Ramp temperature at 10 oC/min to 1200 oC.  
4. Outgas the specimen at 1200 oC for 1 or 2 h while flowing 1.5 L/min dry UHP He.  
5. Lower temperature at 10 oC/min to the first test temperature while flowing 1.5 L/min dry 

UHP He. 
6. Introduce water (or water and hydrogen mixture) in the UHP He stream at total flow rate of 

1.5 L/min and adjust composition to the target partial pressures of H2O and H2. 
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7. Execute the preselected  time- temperature- gas composition program consisting of dwelling 
segments (2-6 hours) at constant conditions  (T, PH2O, and PH2) separated by transitory 
conditions (temperature ramps at 10 oC/min or variations of PH2O and PH2) while maintaining 
a  total flow rate of 1.5 L/min He with added H2O (and H2 in some experiments). 

8. Lower the temperature (25 oC/min) to 25 oC after last segment while flowing 1.5 L/min gas 
with the last composition. 

9. Continue flowing 1.5 L/min gas with previous composition for another 10 min and end the 
test. 

The total duration of most tests was approximately 24 h. Other tests were purposely designed to 
measure the effect of gas composition at constant temperature. These tests were longer (up to 120 h). The 
gas composition was varied by remote computer control of dry He, moist He, and the H2/He mixture.  

Some tests at low temperature and low water vapor pressure were affected by the inadvertent 
oxidation of suspension rods made from a Ni-Cr alloy. This alloy is sensitive to surface oxidation when 
exposed to water vapor at 800-900 oC. Oxidation caused a weight increase (not decrease, as expected for 
graphite gasification), which resulted in “negative” rate values. These parasitic effects were particularly 
significant in conditions in which the oxidation rates were slow (low temperatures, low water vapor 
pressures). Oxidized rods were recognized by the discoloration that replaced the metallic shine on their 
surfaces. The problem was corrected by replacing the Ni-Cr rods with platinum rods.  

After recalibration of the mass spectrometer and replacement of the ion source, several tests were 
performed in carefully controlled conditions with mass spectrometric analysis of the gas composition. The 
purpose of these tests was to obtain accurate measurements of very slow oxidation rates. The purity of the 
gas was controlled by evacuating the whole system, followed by controlled helium introduction, with 
simultaneous monitoring of gas composition. This procedure led to very clean gas streams, free of 
residual oxygen and nitrogen, and very low amounts of moisture. Several measurements of slow 
oxidation rates performed in these conditions proved that the weight increases previously observed were 
an experimental error. Consequently, all data showing “negative oxidation rates” were discarded before 
the final analysis of results. 

 
 
4.4  SPECIMEN CHARACTERIZATION AND DATA SAVING AFTER TESTS 
 

Each oxidized specimen was collected after tests and physical measurements were repeated. All 
results are presented in Annex 1. Oxidized specimens were labeled and stored in plastic bags. 

The following data were saved after each test: 
• LabView data in text format. Data contain time, flow rates of MF1, MF2, and MF3, dew point 

and internal pressure from hygrometer, water bath temperature, and ambient conditions in the lab 
(temperature, humidity, and barometric pressure).  

• TAG data processed by CALISTO software. Analysis comprised calculation of weight losses 
during each segment at constant temperature from the TG curve, calculation of instantaneous 
weight loss changes from the DTG curve, and graphic representation of data. All data were saved 
both in graphic and Excel format. See Annex 2 for all oxidation rate data.   

• QUADERA data from mass spectrometer. These data were saved (when available) in graphic and 
ASCII format. 

• Excel data files with operator’s notes during tests and screen prints of LabView application at the 
end of experiments, showing plots of hygrometer readings and various flow controller data 
collected in real time. 
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4.5  DATA REDUCTION  
 

Instantaneous values of water vapor pressure inside the oxidation furnace were calculated using 
Eqs. (2b) and (3). The average values calculated for each segment of constant conditions were then 
correlated with the corresponding average oxidation rates. For each segment, the oxidation rates were 
calculated as ∆w/ ∆t, where ∆w is the weight variation and ∆t is the corresponding duration of each 
constant conditions segment on TG curves. The absolute weights corresponding to each segment were 
calculated from the initial specimen weight, the weight loss during high temperature outgassing, and the 
weight variations in previous segments. Figure 5 shows an example of processed data in a run at constant 
water vapor pressure and variable temperature. Figure 6 shows an example of a run at constant 
temperature and variable water vapor pressure and hydrogen pressure. 
 

 
Figure 5: Example of processed TG data recorded in a 24 hour long run where water pressure was kept constant  
(30 Pa) and the temperature was increased from 800 to 1100 oC (red = temperature; green = TG; purple = DTG). 
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Figure 6: Example of processed TG data recorded in a 72 hour long run where temperature was kept constant  
(850 oC) and water vapor pressure and hydrogen pressure were varied (red = temperature; green = TG; purple = 
DTG). 
 

Based on prior experience [23], no attempts were made to correct the variation of oxidation rates 
caused by graphite “burn-off”.(*) In the model proposed by Su and Perlmutter [26], the increase of 
oxidation rates with time (or burn-off) is attributed to development of new porosity during extensive 
oxidation, which is modeled by introducing a graphite-specific structural parameter. While this correction 
is significant at high oxidation levels in air [27,28] it is not expected to be important in the present 
experiments where the oxidation level was always < 2 %. Prior attempts [10,23] to determine the 
structural factor for graphite PCEA showed that the empirically found factors that would flatten the 
weight change profiles were not constant. Rather that introducing another empirical variable, which 
would randomly affect the oxidation rates, it was decided not to use the burn-off correction for low levels 
of oxidative weight loss. 

                                                 
(*) The expression “burn-off” is used here to keep consistent with the cited publication by Su and Perlmutter. In 
reality, it is a scientifically demonstrated fact that graphite does not burn. 
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5.  DATA ANALYSIS 
 
 

5.1.  LANGMUIR-HINSHELWOOD KINETIC MODEL 
 

The gasification reaction between carbon (graphite) and water becomes thermodynamically 
possible at temperatures above ~ 700 oC: 

 
C(s) + H2O(g) = CO(g) + H2(g)        (4) 
 

It has been documented for a long time [11,12,13,14] that graphite oxidation by water follows a 
complicated mechanism, known as the Langmuir-Hinshelwood (L-H) mechanism, described by the 
following reaction rate expression:  
 

𝑅𝑅𝑅𝑅 = 𝑘1𝑃𝐻2𝑂
1+𝑘2(𝑃𝐻2)𝑛+𝑘3𝑃𝐻2𝑂

 ,       (5) 

 
where rate constants ki obey an Arrhenius type temperature dependence with two parameters, the pre-
exponential (or frequency) factor Ai and the activation energy Ei: 
 

𝑘𝑜 = 𝐴𝑜𝑅
−𝐸𝑖
𝑅𝑅  ,         (6) 

 
where R is the universal gas constant and T is the absolute temperature. 

The mechanism of elementary reaction steps for gasification by water is still debated. In the 
scheme proposed by Gatsby [11,12], the surface sites on graphite are blocked by molecularly adsorbed 
hydrogen (H2); in this case the exponent from Eq. (5) should have the value n = 1. This mechanism was 
accepted by Burnette et al. at General Atomic Company, who provided numerical values of all kinetic 
constants in Eqs. (5) and (6) for oxidation of graphite H-451 by moisture [8]. However, more recent 
arguments [29] supported by modeling of carbon-hydrogen surface interactions [30,31] suggest a 
mechanism whereby the blocking of surface sites is caused by atomic H, not molecular H2. This leads to n 
= 0.5 in Eq. (5). Previous analysis of accelerated oxidation tests by moisture of PCEA graphite used n = 
0.5 [10,23]. The same assumption is used in the present analysis.  

In summary, the goal of this study is determination of the six numerical parameters A1 and Ei (i = 
1, 2, 3) in the explicit rate equation obtained by combining eqs. (5) and (6):  

 

𝑅𝑅𝑅𝑅 =
𝐴1exp �−𝐸1𝑅𝑅�𝑃𝐻2𝑂

1+𝐴2 exp�−
𝐸2
𝑅𝑅�(𝑃𝐻2)0.5+𝐴3exp �−𝐸3𝑅𝑅�𝑃𝐻2𝑂

     (7) 

 
 

Knowledge of these six parameters will allow predictions of local oxidation rates of NBG-17 graphite at 
any given temperature, water vapor partial pressure, and hydrogen partial pressure. A similar modeling 
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task was accomplished by Richards [32] using the parameters for graphite H-451 from the General 
Atomics study cited earlier [8]. 

Finding the numerical values for the L-H parameters in Eq. (7) is complicated by several factors: 
(i) the equation is highly nonlinear in pressure; (ii) it has triple exponential dependence of oxidation rates 
by the reciprocal of absolute temperature; and (iii) its parameters are highly correlated through the 
Arrhenius relationship, Eq. (6), that links preexponential terms Ai with activation energies Ei. Moreover, 
the significance of rate constants ki in gas-solid reactions is difficult to ascertain in the absence of a 
detailed mechanism in the chain of elementary step reactions that compose the overall gasification 
reaction. The pathway of the oxidation reaction may change with the change in external conditions, 
because the weight of various elementary reaction steps may be affected by temperature or gas 
composition. Unlike in the formal kinetics of gas-phase reactions, the presence of porosity, which 
introduces transport factors in the kinetic equation, complicates the problem even more. For that reason, 
all Ai and Ei found by fitting should be regarded as apparent (or mechanism-conditioned) parameters. It is 
not uncommon for apparent rate constants to have unusual variations. There are examples in the literature 
on graphite oxidation that show negative values for some apparent activation energies [12], which is quite 
unusual in the formal chemical kinetics. Such results were also found in the previous study on PCEA 
oxidation [10,23] and in the current study as well.   
 
 
5.2  DETERMNATION OF KINETIC PARAMETERS  
 

Table A-1 (in the Annex) lists physical properties of 49 NBG-17 specimens analyzed over 52 
runs. A total of 302 experimental observations were initially considered. Of these, 33 observations were 
rejected. Of them, 18 observations returned negative oxidation rates at 800 and 850 oC (as explained 
earlier) and 15 measurements were clearly in error compared with the rest of the data.  These observations 
were identified as extreme outliers, based on an empirical response surface model. The rest of the 269 
valid observations (89 % of the total experimental data) were retained for further analysis. Table A-2 (in 
the Annex) lists the parameters of all observations (valid and rejected).   

Data analysis and statistical treatment using the maximum likelihood estimate (MLE) approach 
was performed by Professor Robert Mee at the University of Tennessee, Knoxville, TN. When applied to 
a set of data in combination with a statistical model assumed for a particular situation, MLE provides 
standard errors for the estimates and correlations between the estimates. That is, given data from many 
runs at different conditions, the MLE approach is to simultaneously estimate the parameters that best 
represent the data. This is essential for understanding the uncertainty in the parameter estimates.  

After the data were validated as explained, the SAS Institute procedure NLMIXED was used to 
fit the six parameters of the L-H model. The rate equation, Eq. (7), was rewritten in logarithmic form as 
follows:  

 
ln(𝑅𝑅𝑅𝑅) = ln (𝑃𝐻2𝑂) + 𝑅1 + 𝑏1

𝑇
− ln �1 + 𝑃𝐻2𝑂 exp �𝑅3 + 𝑏3

𝑇
�� + 𝜀 + 𝛿     (8) 

 
where ai = ln Ai and bi = Ei/R. Taking ln(Rate) as the response variable, it was assumed that there were 
two additive sources of random errors, normally distributed: ε is the error associated with each individual 
measurement (n = 269) and δ is the error associated with each separate run (m = 52). The variability 
represented by δ accounts for any material heterogeneity, since a fresh graphite specimen was used in 
each run (with the exception only of specimen 49 which was used on days 49−52).  

A nonlinear mixed model represented by Eq. (8) was assumed. The SAS procedure PROC 
NLMIXED maximizes an approximation in the likelihood function for the six L-H parameters and the 
two variance components. PROC MLMIXED also furnishes an approximate 95 % confidence interval for 
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each parameter, assuming that the model is correct. The model can also furnish confidence intervals for 
the average ln(Rate) for samples of this graphite at any given combination of experimental inputs.  

Table A3 (in Annex) shows the fitted parameters provided by SAS along with the standard errors 
and 95 % confidence intervals. These results were obtained by employing all 269 valid observations over 
the full range of temperatures investigated (800−1100 oC). The confidence intervals for the 
preexponential factors Ai were calculated by taking the exponential of the endpoints of the corresponding 
confidence intervals for ai = ln(Ai); this explains why the ML estimate for each Ai is not in the middle of 
the corresponding confidence interval. The standard errors associated with the activation energies E2 and 
E3 are respectively 20 % and 26 % of the estimated values. However, the error affecting the activation 
energy E1 is twice as large (47 %).  

The estimates of corresponding parameters of the L-H model are reported in Table 1. Figures 7 
and 8 compare measured oxidation rates with predicted rates using these estimates. The two figures detail 
the effect of temperature and water vapor pressure on the oxidation rates. Figure 7 shows measured data 
and predicted trends for oxidation caused by water vapor alone (no hydrogen). Data in this figure show a 
very small temperature effect on oxidation rates at low water vapor pressures. Indeed, the isothermal plots 
of predicted rates are well separated at high PH2O and congregate closely toward low PH2O.  This is the 
consequence of the low value of activation energy E1 = 61.5 kJ/mol found for graphite NBG-17.(†) In 
contrast, Fig. 8 shows that adding 26 Pa of hydrogen to the oxidation gas causes strong inhibition of 
oxidation rates. The rates predicted in the presence of H2 show almost parallel trends and spread over 
several orders of magnitude. Particularly, when PH2 ≥ PH2O, the inhibition by hydrogen causes a hundred 
times drop in oxidation rates (compare rates at 3 Pa H2O in the presence of 26 Pa H2 in Fig. 8 and without 
H2 in Fig. 7). 

 
 
 

Table 1 . L-H fitted parameters using all valid 286 observations 
 

 

A1 = 3.85 × 10-6  Pa-1 s-1   E1 =     61.5 kJ/mol 

A2 = 4.00 × 10-8  Pa-0.5  
 

E2 = − 186.7 kJ/mol 

A3 = 5.79 × 10-7  Pa-1  
 

E3 = − 122.9 kJ/mol 
n = 0.5 

 
 

                                                 
(†) The activation energy E1 reported for the first L-H rate constant k1 is higher for H-451 (274 kJ/mol) and PCEA 
(208 kJ/mol) graphite grades [8,23]. 
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Figure 7: Oxidation rates predicted with parameters in Table 1 versus observed rates at PH2=0. 

 

 
Figure 8: Oxidation rates predicted with parameters in Table 1 versus observed rates at PH2=26 Pa. 
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Figure 9 shows a direct comparison between all valid rate measurements and the corresponding 
rates predicted using parameters from Table 1. The double logarithmic scale was selected to compensate 
for the large variation (three orders of magnitude) of all data. If predicted rates were identical to the 
observed values, the plot would be a straight line with the unity slope, the residual sum of squares would 
be zero, and the correlation coefficient would be one. In fact, a linear fit with slope 1 applied to all 269 
valid data points in Fig. 9 indicates a reasonable correlation between predicted and measured rates 
(adjusted R2 = 0.899; residual sum of squares = 12.6). However, a second degree polynomial gives a 
better fit (adjusted R2 = 0.911; residual sum of squares = 11.0). In fact, the lack of fit of rates higher than 
10-7 s-1 is easily detected.  

Although the parameters in Table 1 appear to provide a reasonable fitting of experimental data 
over the range of temperatures and pressures investigated, Figs. 7 and 8 show also some evidence of lack 
of fit. For example, data at 1000 and 1100 oC and PH2O > 50 Pa are clearly underestimated by the fit based 
on all 269 valid rate measurements. One concludes that the L-H model with the best fit parameters from 
Table 1 underestimates fast oxidation rates. 

 In an attempt to refine the model, the rate data were split in two groups: low temperature data 
(191 observables between 800 and 950 oC) and high temperature data (166 observables between 900 and 
1100 oC). The groups were fitted separately, but the statistical parameters (reported in Table A3) did not 
improve the fit sufficiently to justify using two separate models. Moreover, fitting the L-H model for the 
low temperature group produced negative values of all three activation energies, which is inconsistent 
with physical models. 

 

 
Figure 9: Comparison between oxidation rates predicted with parameters in Table 1 and actual measured rates. The rates 
observed with and without H2 in the oxidation gas are marked by differently colored symbols. 
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6. DISCUSSION OF RESULTS 
 

 
 
Fitting the L-H model and finding the kinetic parameters in Eq. (7) is known to pose theoretical 

difficulties because of the multiple nonlinear form of the equation and the strong correlation between 
parameters. Ideally, obtaining data over a broad interval of PH2O, PH2, and T may improve the accuracy of 
results. However, this is not possible from the experimental point of view. The temperature range is 
limited at both ends. Below 700 oC oxidation of graphite by water is not thermodynamically possible; 
even at 800 oC the rates are too slow for accurate determination. On the other hand, the rates are very fast 
at 1100 oC, and oxidation reactions may become perturbed by slow diffusion of the oxidant. The useful 
range for measurements is between 800-850 and 1100 oC .   

Despite these difficulties, oxidation rate measurements of two grades of nuclear graphite, PCEA 
[10,23] and NBG-17 (this work), were shown to obey the L-H model within some reasonable limits. As in 
the previous work with PCEA graphite, not all oxidation rate data measured for graphite NBG-17 were 
validated for final analysis of results. Less than 10 % of data identified as extreme outliers had to be 
rejected for the reasons stated in section 5.   

With that correction, the oxidation rate values predicted by the L-H model were reasonably well 
correlated with the experimental measurements, as shown in Fig. 9. The quality of fit for NBG-17 
graphite in this work is comparable to that reported previously [10] for PCEA graphite (adjusted 
correlation coefficients R2 is 0.9067 for 190 data points with PCEA and 0.8993 for 269 data points with 
NBG-17; Pearson’s r parameter is 0.95797 for PCEA and 0.95111 for NBG-17).  

 
Table 2:  Summary of L-H parameters for three nuclear graphites 

              

 
A1 E1 A2 E2 A3 E3 

  Pa-1 s-1 kJ/mol Pa-0.5 kJ/mol Pa-1 kJ/mol 
NBG-17 graphite (this work)      
 

3.85 × 10-6 61.5 4.00 × 10-8 −186.6 5.79 × 10-7 −122.8 
95% confidence 
intervals 
[lower; upper] 

[2.6×10-6; 
5.7×10-5] 

[32.4; 
90.6] 

[1.1×10-9 ; 
1.5×106] 

[−149.2; 
−224.0] 

[2.7×10-8 ; 
1.2×10-5] 

[−90.8; 
−155.0] 

 
PCEA graphite [10] 

     

 0.69 200.9 8.1 × 1010 310.6 4.6 × 10-4 -36.6 

95% confidence 
intervals 
[lower; upper] [0.06; 8.34] 

[175; 
227] [9.1×10-14 ; 7.1×1034] [−321; 942] 

[9.8×10-6 ; 
2.1×10-2] 

[−76; 
3.3] 

H-451 graphite [8]      
0-300 Pa H2O 2000 274 1100  74.6 200 95.8 
300-3500 Pa H2O 0.11 195 7.9 × 10-8 119.7 1.3 × 10-9 131.4 
0-3500 Pa H2O 900 274 1.1 × 102 74.66 30 95.85 
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Table 2 compares the L-H parameters for slow oxidation by water of three graphite grades for 
which detailed kinetic analysis is now available: H-451 [8], PCEA [10] and NBG-17 (this work). The 
parameters differ considerably between graphite grades. This finding does not come as a surprise: it is 
known that fitting of a complicated nonlinear equation such as the L-H model may produce multiple sets 
of local optimal parameters, depending on the initial “guess” introduced in the fitting algorithm. The 
problem is further complicated by the inherent experimental errors and the likely inhomogeneity of the 
material [33]. In addition, the use of linearization methods with non-linear models may provide point 
estimates of parameters, but their exact value remains uncertain because of the assumption that the model 
is linear in the neighborhood of these point estimates. This is certainly the case with the results reported 
for graphite H-451, where the L-H parameters were obtained by a successive linearization algorithm. In 
this method, the errors from successive linearization steps compound with one another and result in 
greater uncertainty of the parameters found. Analysis of PCEA and NBG-17 oxidation data was carried 
out using the more powerful MLE approach. In this statistical method, all parameters are fitted 
simultaneously on a large set of experimental observations, and the final selection is based on the 
maximum likelihood with the observables. Inherent to this approach is the assumption that the original 
model, as expressed by Eq. (7), is valid over the whole range of pressures and temperatures. The stability 
of the model is based, in turn, on the tacit assumption that each individual elementary reaction step of the 
overall complex kinetic mechanism does not change with pressure and temperature. This is difficult to 
justify, especially for gas-solid reactions that might be affected by significant diffusion perturbations as 
the external conditions vary. Nonetheless, the fact that a multitude of experimental oxidation rate data, 
spanning three orders of magnitude, can be reasonably reproduced by the L-H model with a set of six 
parameters justifies, in general, the applicability of this model for graphite oxidation by water. This is the 
best that can be done at this time. In the near future, when more information becomes available for 
graphite grades with significant differences in microstructure, a fresh look at the limits of the L-H model 
will be worthwhile. A more flexible approach, although pragmatic and perhaps remote from the 
assumptions of the L-H model, might allow more accurate prediction of long term graphite oxidation 
behavior. 
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7. CONCLUSION AND FUTURE WORK 

 
 

This kinetic study of oxidation by water of nuclear graphite NBG-17 follows a similar study 
completed in 2013 on graphite PCEA [10,23]. Both graphite grades are possible candidates for 
manufacturing of components in HTGR systems. A third study of oxidation kinetics by water of graphite 
IG-110 is now in progress. The purpose of these studies is to obtain material-specific information needed 
to develop predictive models for evaluation of the extremely slow, but continuous structural damage that 
will occur in normal operating conditions when graphite components are exposed to very low 
concentrations of water in the helium coolant. A similar study was performed in 1978 by Velasquez, 
Hightower, and Burnette for General Atomic Company on the American graphite H-451 [8]. Based on the 
results for graphite H-451, Richards [32] calculated the density profile under the surface of water-
oxidized graphite after prolonged exposure to moisture. He concluded that oxidation of graphite H-451 
will be limited to 1−2 mm under the surface of components, provided the water concentration is kept 
below 0.1 ppm. The model predictions compared favorably with measurements on water-oxidized 
graphite 2020 (a different grade from H-451) oxidized at 1000 oC in 55 bar of He with 9090 ppm H2O and 
455 ppm H2 [32]. The conclusion that graphite oxidation will not affect the reactor integrity during long 
time HTGR operation was based on this comparison. However, graphite H-451 (used in the Fort St. Vrain 
reactor) is no longer available. New experimental reactors built in China (HTR-10) and Japan (HTTR) use 
graphite IG-110. Because no specific information on chronic oxidation by water of this graphite is 
available, it was assumed that all nuclear graphite grades will reproduce the kinetic behavior of grade H-
451 [27,34,35]. Given the known effects of microstructure on the oxidation behavior of various graphite 
grades [9], the assumption that oxidation rate parameters of graphite grade H-451 can be safely 
transferred to other graphite grades is questionable. 

Investigation of long term oxidation resistance in conditions relevant for normal operation of 
nuclear reactors is a requirement for qualification of new grades of nuclear graphite for the Advanced 
Reactor Technology program in the United States. The results obtained with graphites NBG-17 and 
PCEA show that the L-H model for graphite oxidation by moisture is valid within some reasonable limits. 
Both graphite grades show deviations from the model at extreme conditions. On the one hand, observed 
oxidation rates were slower than predicted at low temperatures, low water vapor pressure, and in the 
presence of hydrogen. On the other hand, they were faster than predicted by the model at high 
temperatures and high water vapor pressures. Moreover, results for the two graphite grades suggest 
strongly that the microstructures of particular graphite grades have a strong influence on the kinetic 
behavior during oxidation by traces of water. This observation corroborates the recent result showing the 
effect of microstructure on the diffusivity and permeability of graphite for water vapor and helium [18].  

This project must continue with examination of the combined effects of kinetic and transport 
(diffusion) characteristics of graphite grades on oxidant penetration profiles in the subsurface of graphite 
components. The analysis will use the parameters of the L-H model determined for PCEA and NBG-17 
graphites and the water effective diffusivity measurements for the same grades [18]. The expected result 
is to predict the density profiles of the oxidation layer produced by reactions with water at several 
temperatures. The predictions will then be compared with the measured oxidation profiles in known 
experimental conditions. Oxidation profile data for graphite PCEA measured by optical microscopy (at 
ORNL) and X-ray tomography (at Idaho National Laboratory) are already available A similar set of 
measurements should be performed on NBG-17 specimens oxidized by moisture.    
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Table A-1: Physical properties of NBG-17 specimens before and after oxidation 



   ORNL/TM-2015/142 
 

28 
 

 

 

 

 



   ORNL/TM-2015/142 
 

29 
 

Table A-2: Experimental oxidation rates and corresponding conditions 
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N1 = unstable weight readings; N2 = apparent “zero” rate; N3 = experimental errors; N4 = apparent “negative” rate; N5 = uncommon trend; N6 = unsteady state 
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Table A-3:  Fitted parameter estimates and standard errors provided by SAS 
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