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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 5+ H0 g =CO (g + Hzg) (1)

This reaction is not energetically favorable at temperatures below ~ 700 °C 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 °C) and slightly slower at
higher temperatures (900-950 °C). 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 1G-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 um and the largest size pores distributed between 5 and 30 um.
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].

Conditions:
Temperature: 880 | 925 o (ectmabed) p——
P g = 50 . 300 Pa (500__ 3000 pprry)
Pz = 10 _ SOPs (100 . 500 pperey]
Tokal fow rabe 1.5+ 21 jmin (balance He)

WG | MS

Fig.1: Schematic of experimental setup for oxidation experiments with low concentrations of water in high purity helium.

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 °C) temperature. The source of hydrogen added in some
experiments was a certified H,/He mixture with 1 % by volume H, (certified by Air Liquide, USA). The
water content in the mixed gas obtained by mixing dry He, wet He, and H,/He lines was measured by a
chilled mirror hygrometer (CR-4 from Buck Research Instruments, LLC, Boulder, CO) placed before the
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thermogravimetric analyzer. The flow rates in the three gas lines (dry He, moist He, and H,/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 °C and + 0.10 pg).

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 (O,, CO,) 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:

Phoo=6.1121 exp [(18.678 — Tpp / 234.5) (Tpp / (Tpp + 257.14)] for Topp>0°C (22)
Ph2o=6.1115 exp [(23.036 — Tpp / 333.7) (Tpp / (Tpp + 279.82)] for Tpp<0°C (2b)

where Py0 is water pressure in mbar and Tpp is the dew point (or frost point) temperature in °C measured
by the hygrometer. The actual water vapor pressure in the TAG oxidation chamber was calculated by
correcting Puoo from Eq. (2b) by the Pyar/Prygr factor, where Py is the current barometric pressure in the
lab and Py is the total pressure inside the hygrometer cell:

Ppar

@)

Puzo (oxidation) = Pyz0 P
hygr

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 Eqgs. (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.
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Figure 2: Cutting diagram of NBG-17 billet [24].
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All NBG-17 specimens used in this study had identical shapes and dimensions: right cylinders, 20
mm long x 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.

With grain orientation (WG)

Slabs 1 and 3

AG WG \ 10 mm 10 mm
NBG-17 | A

sub-sectionA WG Against grain orientation (AG)

d 4 mm 10 mm

® 0.75 mm Slabs 2 and 4

10 mm

Oxidation specimen O O O

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

Component Requested Certified Blend tolerance Certified
____hame 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 H, /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 ~107 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 °C 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 °C (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 H,0) 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:

e Temperature range: 800 to 1100 °C
e Water pressure: 3 to 1000 Pa

e Hydrogen pressure: 0to 40 Pa

e Total flow rate 1.5 L/min

e Linear flow velocity 8 cm/s

¢ In-situ outgassing temperature before tests 1200 °C

o Duration of in-situ outgassing before tests 1-2h

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 °C. 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 °C/min to 1200 °C.

4. Outgas the specimen at 1200 °C for 1 or 2 h while flowing 1.5 L/min dry UHP He.

5. Lower temperature at 10 °C/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 H,O and H,.
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7. Execute the preselected time- temperature- gas composition program consisting of dwelling
segments (2-6 hours) at constant conditions (T, Py, and Py,) separated by transitory
conditions (temperature ramps at 10 °C/min or variations of Py,0 and Py,) while maintaining
a total flow rate of 1.5 L/min He with added H,O (and H, in some experiments).

8. Lower the temperature (25 °C/min) to 25 °C 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 H,/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 °C. 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:

o 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).

o 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.

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

o 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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45 DATA REDUCTION

Instantaneous values of water vapor pressure inside the oxidation furnace were calculated using
Egs. (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 Aw/ At, where Aw is the weight variation and At 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.
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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 °C (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 °C) 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 °C:

Ce + HO) = CO) + Hy) (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:

k4P
Rate = L 20 , (5)
1+k;(Pa2)"+k3PH20

where rate constants k; obey an Arrhenius type temperature dependence with two parameters, the pre-
exponential (or frequency) factor A; and the activation energy E;:

Ej

k; = A;e Rt , (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 (H.); 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 Egs. (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 H,. 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 A; and E; (i =
1, 2, 3) in the explicit rate equation obtained by combining egs. (5) and (6):

A19Xp(—%)PH20

1+A; eXp(—%)(PHZ)O'S‘l'As eXP(—%)PHZO

Rate = )

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 A; with activation energies E;. Moreover,
the significance of rate constants k; 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 A; and E; 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 °C (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:

In(Rate) = In(Pyz0) + a; + % —1In [1 + Py €Xp (a3 + %)] +e+6 (8)

where a; = In A;and b; = Ei/R. Taking In(Rate) as the response variable, it was assumed that there were
two additive sources of random errors, normally distributed: ¢ is the error associated with each individual
measurement (n = 269) and & is the error associated with each separate run (m = 52). The variability
represented by ¢ 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 In(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 °C). The confidence intervals for the
preexponential factors A; were calculated by taking the exponential of the endpoints of the corresponding
confidence intervals for a; = In(A)); this explains why the ML estimate for each A; is not in the middle of
the corresponding confidence interval. The standard errors associated with the activation energies E, and
E; are respectively 20 % and 26 % of the estimated values. However, the error affecting the activation
energy E; 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 Py,0 and congregate closely toward low Py,o.  This is the
consequence of the low value of activation energy E; = 61.5 kd/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 H, show almost parallel trends and spread over
several orders of magnitude. Particularly, when Py, > Py, the inhibition by hydrogen causes a hundred
times drop in oxidation rates (compare rates at 3 Pa H,O in the presence of 26 Pa H, in Fig. 8 and without
H, in Fig. 7).

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

A;=3.85x10° Pats? E,= 61.5kJ/mol

A, =4.00 x 10® Pa®® E, = — 186.7 kd/mol

A;=5.79 x 107 Pa™ E; = — 122.9 kd/mol
n=05

+) The activation energy E; reported for the first L-H rate constant k; is higher for H-451 (274 kJ/mol) and PCEA
(208 kJ/mol) graphite grades [8,23].
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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 R? = 0.899; residual sum of squares = 12.6). However, a second degree polynomial gives a
better fit (adjusted R? = 0.911; residual sum of squares = 11.0). In fact, the lack of fit of rates higher than
107s 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 °C and P,o > 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 °C) and high temperature data (166 observables between 900 and
1100 °C). 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.

1E-5 3 Equation y=a+b* .
J weight No Weighting 800 = 1 100 C
1 Residual sum 12.60611
| of Squares
Pearson's r 0.95111 /
1E-6  Adj. R-Square 0.89931
3 Value Standard Error
4 Intercept -0.00416 0.01317
4 800-1100 C [ ]
—_— Slope 1 --
‘n
~  1E-7 5
0 ]
(O]
-—
©
—
e
O 1E-8-
0 3
S ]
(O]
o ® 800-1100 C (no H2)
E-9 @® 800-1100 C (26 Pa H2)
1E- E Linear Fit
] = 05% Confidence Band
—95% Prediction Band
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Figure 9: Comparison between oxidation rates predicted with parameters in Table 1 and actual measured rates. The rates
observed with and without H, 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 Py,0, 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 °C oxidation of graphite by water is not thermodynamically possible;
even at 800 °C the rates are too slow for accurate determination. On the other hand, the rates are very fast
at 1100 °C, and oxidation reactions may become perturbed by slow diffusion of the oxidant. The useful
range for measurements is between 800-850 and 1100 °C .

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 R? 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

A E, A, E, A, Es
Pals? kJ/mol Pa®® kJ/mol Pa* kJ/mol

NBG-17 graphite (this work)

3.85x 10 61.5 4.00 x 10°® -186.6 5.79 x 107 -122.8
95% confidence 6 0 8
intervals [2.6x10°; [32.4; [1.1x10°; [-149.2; [2.7x10%; [-90.8;
[lower; upper] 5.7x107 90.6] 1.5x10°] —224.0] 1.2x107] —155.0]
PCEA graphite [10]

0.69 200.9 8.1 x 10" 310.6 46x10" -36.6

95% confidence %
intervals [175; [9.8x10°; [-76:
[lower; upper] [0.06; 8.34] 2271 [9.1x10™;7.1x10%] [-321;942] 2.1x10% 3.3]
H-451 graphite [8]
0-300 Pa H,0 2000 274 1100 74.6 200 95.8
300-3500 Pa H,0 0.11 195 7.9x10° 119.7 1.3x10° 131.4
0-3500 Pa H,0 900 274 1.1 x 10° 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 °C in 55 bar of He with 9090 ppm H,O and
455 ppm H, [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 1G-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 ldaho 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

Before test Test Conditions After test
Test Dats Rejectea Day Weight Aversgel AwversgeD Densty FH,0 PH; Weight Average L Average D Density  Notes

Number Tests Number  TestDate Specmen ID mg mm nm glem3 Pa Pa mg mm mm ;lcm’
i-86 1 12/16/2013 WG1-3 48492 20.00 399 1839 100 0 439.77 20.00 399 1240
7-13 2 12/17/2013 WGi-6 472.14 20.03 4.01 1871 30 0 458.67 20.04 401 1.833
14-18 3 12/18/2013 WGi-7 432.7 1588 358 1831 30 0 445 56 19.88 398 1821
19-24 4 1/2/2014 wG1i-8 436.33 20.03 388 1832 130 0 430.72 20.03 EX 1814
23-30 3 1/8/2014 WG1-9 4e3.62 20.01 359 1.866 300 ] 436.15 2001 3ss 12831
31-3% 6 1/7/2014 WGL1-10 487.68 19.9% 358 1869 13 0 453.63 1995 399 1882
37-42 7 1/8/2014 WGe1-11 46333 20.03 358 1887 30 0 453.04 2003 38 1838
42-48 43 -] 1/9/2014 Wa1-12 484.33 20.08 358 1.880 i3 0 452.40 2004 3598 1.833
45-34 ] 1/13/2014 WGE1-13 46568 1558 4.00 1.889 30 0 456.11 1997 400 1839
33-60 10 1/14/2014 WG1-14 472.23 20.04 401 1882 130 0 465.88 20.04 401 1842
61-66 11 1/13/2014 WS1-13 483.1 2008 399 1836 300 o 436.80 2004 3iss 1833
&7-72 12 1/16/2014 WG1-16 46336 15.9% 401 1882 100 0 483.56 1998 4.00 1836 Ni
73-78 13 1/21/2014 AG3-1 43368 20.00 399 1.733 30 0 43280 2001 3s8 1.748
79-84 14 1/n2/2014 AG3-2 462.63 20.08 4.00 1839 30 0 439 .87 2006 3188 1841
83-90 13 1/23/2014 AG3-3 48383 20.09 389 1831 13 0 45423 20.08 X 1834
§1-56 18 1/24/2014 AG34 47047 20.02 400 1869 100 o 485.35 20.02 400 1832
57 -102 17 1/27/2014 AG3-3 43415 20.04 35% 1812 300 0 44258 20.00 398 1.777
103 - 108 18 1/28/2014 AG3-6 48452 20.08 4.00 1844 130 o 438.63 2006 e 1830
109-114 15 2/3/2014 AG3-7 48432 20.08 389 1833 300 ] 43s.02 20.08 3ss 1823
113-120 20 2/6/2018 AG3-E 483.04 1591 358 1872 130 0 436.35 1993 is7 1847
121-126 21 2/10/2014 AG3S 43372 15.%0 358 1840 13 0 432.73 1991 397 1836
127-132 22 2/11/2014 AG3-10 48338 1857 388 1889 30 o 480.81 1987 3se 1.833
133-138 i3 27142014 AG3-11 4ass.43 20.02 359 1836 30 0 450.31 2003 398 1847
139-143 24 2/13/20148 AG3-12 43797 20.00 359 1836 100 0 432.35 20.00 3ss 1822
145-130 23 2/16/2014 AG3-13 44263 2003 400 1.73%6 o o 44112 2003 401 1.748
131-136 26 2/17/2014 AG3-14 46333 20.03 400 1848 -] 0 45220 20.03 39 1848
164 - 188 163 28 3/3/2014 AG3-13 483.73 20.08 3159 1846 13 30 482.79 2008 199 1842 N2
172-17a 165,170,171 29 3/6/2014 AG3-16 47165 19.95 402 1856 30 30 470.47 19596 402 1239 N2
176 - 180 173 30 3/7/2014 AG3-17 457.3 1593 359 1871 30 30 453.71 1993 i9s 1.870 N2
n'a n's 3/10/2014 AG3-18 48433 19.99 399 1.860 100 30 463.45 nfa n's n'a N3
182- 186 181 31 3/14/2014 AG3-19 4€0.88 19.97 358 1845 100 30 437.828 1993 3935 1837 N2
189-192 187, 188 32 3/28/2014 AG3-20 43338 20.09 358 1814 130 30 4435 41 2005 3ss 1797 N2
na n/a 3/27/2014 AG3-21 467.18 15.9% 4.02 1842 300 30 437.34 1995 402 1.808
n's nfs 3/31/2014 AG3-22 435.15 1583 358 1846 13 0 43205 19.83 3es 1242 N1
193-198 193, 154 33 4/1/2018 WG1-17 463.16 19.%8 4.00 1882 100 30 458 68 1999 400 1830
201 - 204 198, 200 34 4/2/2014 WGE1-18 468.16 20.01 359 1888 30 30 482.33 2001 398 1247

203, 206, 207,

208,210 208 33 4/3/2018 WG1-19 46423 20.08 358 1836 30 30 482.70 20.04 3iss 1832 N2

2/
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Before test Test Conditions After test
Tt Dints Rejected Dy Weight  Average | Average D Density F H30 P Hy Weight  Awverage L Averaze O Density Notes
Wumbsr Tests Wumber  TestDate Specmen ID mE mm nm glem3 Fa Pa mE mm mm 5,"cm:'
13- 216 1L Fiz 3E a4 fama WiE1-20 4553 20.03 3.58 1.853 130 3 450.74 20.04 3 2B 1.848
2A7-222 F3 L 37 472014 WiEl-21 4e5.16 20.03 3.59 1.851 300 30 433 15 20.04 358 1.838
2r3-2I7 I3 124 3 4/8 2014 WEl-22 437.31 15.20 3.59 1.E24 13 3 43571 1584 355 1.223 HLi
IZE-233 L 4/a/2014 WiEl-23 470.38 20.01 4.00 1E71 3 100 453,74 2002 401 1.253 H3
233-139 135 4l Bf30/2014 Wisl-24 4e3.25 20.07 3.59 1.833 300 0 4iz.02 2007 398 1.774
240 - 244 143, 126 a1 2014 Wisl-23 4e3.38 20.0% 3.58 1.558 1000 0 430.7L 20.04 396 174z Hi
732014 WiGl-26 4e2.54 20.00 4.00 1.858 T 0 457.53 1295 4.00 1.851 H4
247 -231 41 7irafama Wisl-27 4e7.87 20.0z 3.59 1.853 100 E ) 453,72 20,04 355 1.851 HE
232 -1233 43 Bl4fma Wizl-2B 4e8.22 20.01 31.59 1253 100 Al 42277 2002 398 1.254 HE
236 - 263 44 B/E8f2014 Wizl-23 45041 20.03 3.58 1.258 100-200 vary 42l 2l 20.04 325 1.233
254 - 372 43 Bi12f2ma WiEl-20 4e5.83 2002 4.00 1.239 2030 vary 453,27 2003 358 1.850
i72- 282 73, 374, 276 a8 B/1%5 2014 WiEl-31 470.23 19.99 4.01 1.858 vary 23 453 38 1995 401 1.851
223 -18B6 a7 B/ S 2ma Wizl-32 435.5 20.02 4.00 1.21E 13 2 43534 20.03 4.00 1.216
257 - 150 48 5/3 2014 WiE1-33 4392 20.05 3.58 1.837 I 2E 453.13 20.03 3 2B 1.851
291 - 154 a% 12/30/2014 WE1-34-1 4553 20.m 3.59 1.859 I 0 n/s nis nis nifa H3
251 -156 L[] 112019 WiEi1-34-2 nfa ri'm 1] n'a 19 0 nis n'= n's n'a H3
257-300 31 L5/2013  WE1-34-3 n'a n'a nfa n'a 3 0 nia n'a n'a nfa
301 - 304 31 472018 WEil-344 n'a ' n's n'a 3 0 e 20.02 4.00 1.230

Hotes: Hi Poor cantrol om P,
N2 Errors im slow coddaiton rates
M3 Helium flow stopped during test
N4 HYErometer msturction
M3 Flucbustions in kelium fow
[Tk Mo H,0, 100 Fa H, in He

ME Hyon ot off ak B30 oC
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Table A-2: Experimental oxidation rates and corresponding conditions
Test Data N:;;u Test Date Water Pressure H2 Temperature Weight Time in the Test m::t::n Burn off % Sample Preparaton w:@n I.m.s on
Number Specimen D ta actual target  actual  before after before after before after duration __temperature - Notes

Pa Pa Pa °c oC mg mg hr he s’ % % h c mg

1 1 12/16/2013  WGL-5 100 100 0 800 B0O 465.07  465.04 4.60 7.36 5.84E-09 003 0.03 1 1200 0.18
2 1 12/16/2013 WG1-5 100 101 0 B850 E50 4654.99 464.91 7.70 10.46 1.71E-08 -0.01 0.00 1 1200 0.18
3 1 12/16/2013 WG1-5 100 101 0 900 900 4654.84 464.72 1091 1356 2.73E-08 0.02 0.04 1 1200 0.18
4 1 12/16/2013 WG1-5 100 101 0 950 950 464.66 464.41 13.78 1655 5.42€-08 0.06 0.11 1 1200 0.18
5 1 12/16/2013 WG1-5 100 101 0 1000 1000 46430  463.68 1694 19.68 1356-07 013 0.27 1 1200 0.18
6 1 12/16/2013 WG1-5 100 100 0 1100 1100 463.29 460.17 20.12 22.86 6.81E-07 0.35 102 1 1200 0.18
7 2 12/17/2013 WG1-6 50 50 o BOO BOO 47118 47114 421 7.34 7.53E-09 0.17 0.18 1 1200 0.15
8 2 12/17/2013 WG1-6 50 51 o B50 B50 47107 471.02 7.81 10.46 1.27E-08 0.1% 0.21 1 1200 0.15
9 2 12/17/2013 WG1-6 50 50 o S00 900 470.96 470.85 1082 1351 2.46E-08 0.22 0.24 1 1200 0.15
10 2 12/17/2013 WG1-6 50 51 o 950 950 470.74 47057 1350 1657 371E-08 0.27 030 1 1200 0.15
1 2 12/17/2013 WG1-6 50 51 0 1000 1000 470.46 470.05 17.02 19.68 9.21E-08 0.32 0.41 1 1200 0.15
12 2 12/17/2013 WG1-6 50 51 o 1100 1100 469.75 467.8B6 20.15 22.86 4.11E-07 0.47 0.B7 1 1200 0.15
13 3 12/18/2013 WG1-7 30 30 o BOO B0O 45165 45163 452 6.61 6.1BE-09 0.20 0.20 2 1200 0.15
14 3 12/18/2013 WG1-7 30 30 o B50 B50 45154 45147 7.89 10.43 1L77E-08 022 0.24 2 1200 0.15
15 3 12/18/2013 WG1-7 30 30 0 200 900 451.40 45131 10394 1348 2.30e-08 0.25 0.27 2 1200 0.15
16 3 12/18/2013 WG1-7 30 30 0 950 950 451.24 451.08 1395 1657 31.69E-08 0.29 0.32 2 1200 0.15
17 3 12/18/2013 WG1-7 30 30 0 1000 1000 450.99 450.67 17.02 19.70 7.33E-08 034 0.42 2 1200 0.15
18 3 12/18/2013 WG1-7 30 30 0 1100 1100 450.48 44525 20.04 22.66 2.90E-07 0.46 0.73 2 1200 0.15
19 4 1/2/2014 WG1-8 150 152 0 B0O B0O 455.29 455.26 4.85 7.39 7.45E-09 023 0.23 2 1200 0.2
20 4 1/2/2014 WG1-8 150 153 0 850 850 455.21 455.15 7.84 1038 1.44c-08 0.25 0.26 2 1200 0.22
21 4 1/2/2014 WG1-8 150 153 0 900 S00 455.08 454.97 10.85 1351 2.59E-08 0.27 0.30 2 1200 0.22
2 4 12/2014 WG1-8 150 152 0 950 950 454.90 454.67 1393 16.57 5.25E-08 031 0.36 2 1200 0.22
3 4 12/2014 WG1-8 150 151 0 1000 1000 454.57 453.93 1694 19.73 1.40E-07 0.39 0.53 2 1200 0.22
24 4 1/2/2014 WG1-8 150 150 ] 1100 1100 453.47 44573 20.18 2294 8.30E-07 0.63 145 2 1200 0.22
ri] 5 1/6/2014 WG1-9 300 303 o BOO B0O 464.463 464.427 4.46 7.24 7.74E-09 021 o.n 2 1200 022
26 5 1/6/2014 WG1-9 300 302 o B50 B50 464.367 454 31 7.80 1038 132E-08 0.24 025 2 1200 0.22
27 5 1/6/2014 WG1-9 300 304 o 900 900 464.248 464125 10.80 13.47 2.76E-08 0.26 029 2 1200 0.22
28 5 1/6/2014 WG1-9 300 307 o 950 950 464045 463729 1369 16.64 6.41E-08 0.30 0.37 2 1200 0.22
9 5 1/6/2014 WG1-9 300 309 o 1000 1000 463582 462677 17.03 19.70 2.03E-07 0.40 0.60 2 1200 0.22
30 5 1/6/2014 WG1-9 300 314 0 1100 1100 462.139 455456 20.09 2292 1.42E-06 0.71 215 2 1200 0.22
31 13 47/2014 WG1-10 15 15 o BOO B0 466.664 4B66.62E8 471 7.28 B34E-09 0.18 0.19 2 1200 0.16
32 13 y7/2014 WG1-10 15 15 o B50 B50 466.571 466.5 7.81 10.41 1.63E-08 0.20 0.2 2 1200 0.16
EE] 13 y7/2014 WG1-10 15 15 o 900 900 456.44  4B66.34E 1085 1351 2.06E-08 023 0.25 2 1200 0.16
34 6 y7/2014 WG1-10 15 15 o 950 950 466.279 466.141 1395 16,63 3.07e-08 0.27 0.29 2 1200 0.16
s 6 17/2014 WG1-10 15 15 0 1000 1000 456.07 465.81 1691 19.70 5.55E-08 0.31 037 2 1200 0.16
36 6 1/7/2014 WG1-10 15 15 0 1100 1100 465.629 464813 20.07 22.86 1.74c-07 0.40 0.58 2 1200 0.16
37 7 1/8/2014 WG1-11 30 30 0 B0O B00 464.557 464518 463 745 8.27E-09 0.18 0.19 2 1200 0.14
38 7 1/8/2014 WG1-11 30 30 0 B850 E50 464.465 464398 7.73 10.49 1.45E-08 0.20 0.21 2 1200 0.14
39 7 1/a/2014 WG1-11 30 32 0 900 900 464.339 464.234 10.80 1364 2.21E-08 023 0.25 2 1200 0.14
a0 7 1/8/2014 WG1-11 30 32 i} e50 950 464.176 464.012 1381 16.66 3.44E-08 0.26 0.30 2 1200 0.14
41 7 1/8/2014 WG1-11 30 32 o 1000 1000 463939 4631613 1688 1973 6.85E-08 031 038 2 1200 0.14
a2 7 1/8/2014 WG1-11 30 32 o 1100 1100 463,406 462082 2007 2291 2.79E-07 0.43 o7 2 1200 0.14
ad a8 1/9/2014 WG1-12 15 15 o B50 B50 463.261 463.181 7.87 10.46 1.85E-08 0.20 0.2 2 1200 0.14
45 a8 1/9/2014 WG1-12 15 15 o 900 900 463.123 463021 10.77 13.62 2.15E-08 023 0.26 2 1200 0.14
a6 8 1/9/2014 WG1-12 15 15 i} 950 950 462956 462812 1350 16.52 3.30e-08 027 030 2 1200 0.14
a7 8 1/9/2014 WG1-12 15 15 0 1000 1000 462.727 462.455 1694 19.70 5.92E-08 0.32 0.38 2 1200 0.14
a3 8 1/9/2014 WG1-12 15 16 o 1100 1100 462.185 461.413 2034 22.89 1.82E-07 0.84 0.80 2 1200 0.14
49 9 1/13/2014 WG1-13 50 49 o BOO B0O 468.56 468515 454 7.47 9.10E-09 0.20 0.21 2 1200 0.16
50 9 1/13/2014 WG1-13 50 43 0 B50 B850 468461 468393 7.67 10.46 1.45E-08 0.22 0.24 2 1200 0.16
51 9 1/13/2014 WG1-13 50 45 0 900 900 468334 488224 10.74 1356 231E-08 0.25 0.28 2 1200 0.16
52 9 1/13/2014 WG1-13 50 43 0 950 950 46B.158 467956 1331 16.66 421E-08 0.29 0.33 2 1200 0.16
53 9 1/13/2014 WG1-13 50 49 0 1000 1000 467881 467458 16.86 19.76 8.66E-08 0.3s 0.44 2 1200 0.16
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Day Water Pressure H2 Ternperature Weight Time in the Test Omidation Burn off % Sample Preparaton Wesight Loss on

TestOota \, h,  TeStDate Pressure Rate Outgasi
Number Specimen D ta actual target  actual  before after before after before after duration __temperature - Notes

Pa Pa Pa ¢ oC mg me hr hi 5 % % + c mg
54 9 1/13/2014 WGL-13 50 49 o 1100 1100 467.205 465372 20.09 22.89 3.89E-07 0.49 0.88 2 1200 0.16
55 10 1/14/2014 WGL-14 150 149 o BOO B0O 471241 47121 482 7.39 TI11E-09 0.18 0.1% 2 1200 0.15
56 10 1/14/2014 WGL-14 150 150 o BS0 EB50 471156 471062 7.67 10.43 2.01E-08 0.20 0.22 2 1200 0.15
57 10 1/14/2014 WGL-14 150 152 0 200 200 470999 470.B45 10.74 13.56 322E-08 023 0.26 2 1200 0.15
58 10 1/14/2014 WGL-14 150 155 o 950 950 470.771 470485 1384 16.60 6.11E-08 0.28 0.34 2 1200 0.15
59 10 1/14/2014 WGL-14 150 158 o 1000 1000 470.358 469.646 1699 19.73 1.53E-07 037 0.52 2 1200 0.15
60 10 1/14/2014 WG1-14 150 160 o 1100 1100 469.237 465.093 20.09 22.86 8.86E-07 0.60 148 2 1200 0.15
61 11 1/15/2014 WGL-15 300 304 o 800 B0O 464.077 464.053 4.36 7.28 492E-09 019 0.19 2 1200 015
62 1 1/15/2014 WG1-15 300 306 o BS0 B50 463.994 463914 7.7 10.45 1.77e-08 0.21 0.22 2 1200 0.15
63 1 1/15/2014 WG1-15 300 306 0 900 900 463.B46 4B63.726 1089 13.51 2.74E-08 0.24 0.26 2 1200 0.15
o4 11 1/15/2014 WG1-15 300 310 o 950 950 463.648 463337 1384 16.60 6.75C-08 0.28 0.35 2 1200 0.15
65 1 1/15/2014 WG1-15 300 316 0 1000 1000 463.207 462319 16.96 19.77 190E-07 0.37 0.57 2 1200 0.15
66 1 1/15/2014 WGL-15 300 327 0 1100 1100 461.341 456.033 2037 22.88 1.27E-06 0.78 192 2 1200 0.15
67 1 1/16/2014 WGL-16 100 101 o BOO B0O 468502 468471 4.60 7.34 6.71E-09 0.19 0.20 2 1200 0.16
68 1n 1/16/2014 WGL-16 100 101 o B50 E50 468417 4BB 344 7.61 10.49 1.50E-08 0.21 0.22 2 1200 0.16
12 1/16/2014 WGL-16 100 61 o 900 900 468.286 468.177 10.74 13.56 2.29E-08 0.24 0.26 2 1200 0.16
12 1/16/2014 WG1-16 100 60 o 950 468.109 467901 1381 16.63 438c-08 0.28 0.32 2 1200 0.16
71 12 1/16/2014 WG1-16 100 60 1] 1000 1000 467 B25 467375 1686 19.73 931E-08 0.34 0.43 2 1200 0.16
2 12 1/16/2014 WGL-16 100 60 o 1100 1100 457.09 465.026 2012 29 4.40E-07 0.4% 0s3 2 1200 0.16
73 1 212014 AG3-1 50 51 o BOO B0O 437532 437501 482 7.39 7.66E-09 0.22 023 2 1200 0.19
74 13 1212014 AG3-1 50 51 o 850 B50 437.447 437384 7.73 10.52 1.43E-08 024 0.25 2 1200 0.19
rH] 3 1212014 AG3-1 50 51 0 900 900 437327 437226 10.77 13.56 2.30€-08 027 029 2 1200 0.19
76 13 1/21/2014 AG3-1 50 51 o 950 950 437.166 436.967 13.76 16.63 4.41E-08 030 0.35 2 1200 0.19
” 13 1/21/2014 AG3-1 50 51 o 1000 1000 436877 436.445 16.94 19.70 9.95E-08 037 047 2 1200 0.19
78 13 ynjomas AG3-1 50 50 o 1100 1100 436.103 434047 20.21 2291 4 85E-07 0.54 101 2 1200 0.19
7 14 12272018 AG3-2 30 i1 o BOO B0O 461685 461.629 4.79 7.47 1.26E-08 0.18 0.19 2 1200 0.13
80 14 2272014 AG3-2 30 a2 o B50 B50 461.578 461513 7.70 10.52 1.39€-08 0.20 0.22 2 1200 0.13
81 14 /204 AG3-2 30 a2 o 900 900 461.436 461355 10.80 13.56 1L.77t-08 0.23 0.25 2 1200 0.13
a2 14 $prlrliit AG3-2 30 ED o 950 950 461.296 461.113 13.76 16.69 3.76E-08 0.26 0.30 2 1200 0.13
a3 14 1/22/2014 AG3-2 30 iz o 1000 1000 461038 460649 16.91 19.76 8.22E-08 0.32 0.40 2 1200 0.13
B4 14 12272014 AG3-2 30 32 0 1100 1100 460.432 458989 20.07 2291 3.07E-07 0.45 0.76 2 1200 0.13
85 15 12372014 AG3-3 15 16 0 B00 B0O 464874 4p4.831 461 7.34 9.41E-09 0.18 0.19 2 1200 0.13
26 15 /2372014 AG3I-3 15 16 I] 850 BS0 464.774 464714 7.711 10.56 1.26E-08 0.20 0.21 2 1200 0.13
a7 15 1/23/2014 AG3I-3 15 16 I] 900 900 464.659 464573 10.77 13.59 1.82E-08 0.22 0.24 2 1200 0.13
88 15 /2372014 AG3-3 15 16 o 950 850 464511 464381 13.86 16.68 2.76E-08 0.26 0.28 2 1200 0.13
89 15 /2372014 AG3-3 15 16 o 1000 1000 464311 464.053 16.91 19.70 553E-08 0.30 0.35 2 1200 0.13
%0 15 1232014 AG3-3 15 16 o 1100 1100 463.865 463312 20.10 22.16 1.61E-07 039 051 2 1200 013
91 16 1/24/2014 AG3-4 100 102 o 800 B00 469.193  469.17 549 739 717E-09 0.18 0.19 2 1200 0.12
%2 16 1/24/2014 AG3-4 100 102 o 850 B50 469.117 465.058 7.76 10.52 1.27E-08 020 0.21 2 1200 0.12
9a 16 1/24/2014 AG3-4 100 102 o 200 900 468934 4GB B33 10.91 1356 2 ASE-08 023 0.25 2 1200 0.12
54 16 1/24/2014 AG3-4 100 102 o 950 850 468E12 46BS577 13.87 16.69 4.34E-08 0.26 031 2 1200 0.12
95 16 1/24/2014 AG3-4 100 102 o 1000 1000 468489 467919 16.91 19.76 1.19E-07 033 0.45 2 1200 0.12
9% 16 1/24/2014 AG3-4 100 101 o 1100 1100 467.573 464765 20.12 22.89 6.02E-07 053 112 2 1200 0.12
97 17 1/27/2014 AG3-5 300 299 o 800 B00 45306  453.005 4.77 738 1.29-08 020 022 2 1200 0.20
%8 17 1/27/2014 AG3-5 300 302 o 850 B50 452941 452858 7.86 10.44 197e-08 023 0.25 2 1200 0.20
39 17 1/27/2014 AG3-5 300 303 i} 200 900 452797 452651 10.74 1355 3.19€-08 0.26 023 2 1200 0.20
100 17 1/27/2014 AG3-5 300 306 o 950 850 452579 452211 13.80 16.67 7 BTE-08 0.31 0.3s 2 1200 0.20
101 17 1/27/2014 AG3-5 300 308 0 1000 1000 452083 450983 16.94 19.78 2 38E-07 0.42 0.66 2 1200 0.20
102 17 1/27/2014 AG3I-5 300 310 o 1100 1100 450.657 442.425 19.98 22.86 1.76E-06 073 255 2 1200 0.20
103 18 1/28/2014 AGI-6 150 150 o B00 B0O 463.513 463.468 4.63 739 9.77C-09 0.1% 0.20 2 1200 0.15
104 18 1/28/2014 AG3-6 150 150 o B50 B50 463416 463.346 761 10.46 1ATE-08 0.21 0.22 2 1200 0.15
105 18 1/28/2014 AG3-6 150 151 o 900 900 463.289 463.175 10.74 1351 247E-08 0.23 0.26 2 1200 015
106 18 1/28/2014 AG3-6 150 151 o 950 950 463.107 462.841 13.78 16.66 5.54E-08 027 033 2 1200 015
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Day Water Pressure H2 Temperature Weight Timeinthe Test  Oxidation Burn off % Sample Preparaton Weight Loss on
TestData (. o~ TestDate o Rate e
Number Specimen|D  target  actual target  actual  before  after  before after before  after  duration temperature R

Pa Pa Pa c o mg mg hr hr st % % v c mg

W07 18 1/28/2014 AG3-6 150 151 0 1000 1000 462763 462042 1633 19.81  145(-07 0.35 0.50 2 1200 0.15
108 18 1/28/2014 AG3-6 150 151 0 1100 1100 461647 457.782 2012 2291 834007 0.59 142 2 1200 0.15
109 19 2/5/2014 AG3-7 300 305 0 800 800 46367 463621 433 734 9.35€-09 0.20 021 2 1200 0.16
10 19 2/5/2014 AG3-7 300 306 0 850 850 463565 463484 767 10.43  176E-08 0.22 024 2 1200 0.16
m 19 2/5/2014 AG3-7 300 306 0 900 200 46342 463286  10.81 1358  2.94E-08 0.25 028 2 1200 0.16
12 19 2/5/2014 AG3-7 300 306 0 950 950 463206 462891  13.87 1663  6.84E-08 0.30 036 2 1200 0.16
13 19 2/5/2014 AG3-7 300 305 0 1000 1000  462.783 461878  16.90 1979 18807 0.39 0.58 2 1200 0.16
114 19 2/5/2014 AG3-7 300 307 0 1100 1100 461696 455617  19.93 277 129606 0.62 193 2 1200 0.16
15 20 2/6/2014 AG3-8 150 150 (] 80O 800 461912 461838 488 734 1.81€-08 0.20 022 2 1200 0.20
116 20 2/6/2014 AG3-8 150 152 0 850 850 461778 461666  7.70 1046  2.44C-08 0.23 025 2 1200 0.20
17 20 2/6/2014 AG3-8 150 151 0 900 900 461601 461432 1077 1356  3.65(-08 0.27 030 2 1200 0.20
18 20 2/6/2014 AG3-8 150 152 0 950 950 461353 46104 1387 1660  6.906-08 0.32 039 2 1200 0.20
19 0 2/6/2014 AG3-8 150 151 0 1000 1000  460.937 460182 1688 1968 162607 0.41 057 2 1200 0.20
120 20 2/6/2014 AG3-8 150 152 0 1100 1100  459.642 455378  20.18 2291 9.44E-07 0.69 161 2 1200 0.20
21 2/10/2014 AG3-9 15 15 0 800 800 460261 460211 535 7.34 1.526-08 0.25 0.26 2 1200 0.32
12 2 2/10/2014 AG3-9 15 15 0 BS0 850  460.149 460.049  7.70 1052 214608 0.27 029 2 1200 0.32
123 2 2/10/2014 AG3-9 15 15 0 200 900  459.986 459846  10.80 1353 3.106-08 0.31 034 2 1200 0.32
124 2 2/10/2014 AG3-9 15 15 0 950 950  459.777 459533 1378 1674  4.98C-08 0.35 0.40 2 1200 0.32
125 n 2/10/2014 AG3-9 15 15 0 1000 1000 459462 459.092  16.97 19.73  810€-08 0.42 050 2 1200 0.32
126 2 2/10/2014 AG3-9 15 15 0 1100 1100  45B882 457906  20.09 2289 211607 0.55 076 2 1200 0.32
127 n 2/11/2014  AG3-10 30 D 0 800 800 462401 462351 452 731 1.086-08 0.18 0.19 2 1200 0.14
1282 2 2/11/2014  AG3-10 30 D 0 850 850  462.288 462.166  7.76 1049  2.69E-08 0.20 023 2 1200 0.14
129 2 2/11/2018  AG3-10 30 kD 0 900 900 462106 461963  10.77 1356  3.08E-08 0.24 027 2 1200 0.14
BET I 2/11/2018  AG3-10 30 S 0 950 950 461896 461687  13.81 1669  4.36E-08 0.29 033 2 1200 0.14
11 2 2/11/2014  AG3-10 30 a1 0 1000 1000 461613 461259 1638 19.76  7.40€-08 0.35 042 2 1200 0.14
12 2/11/2014  AG3-10 30 S 0 1100 1100  461.047 459807  20.09 2294 262607 0.47 074 2 1200 0.14
133 23 2/14/2014  AG3-11 50 51 0 800 800  463.228 463159 477 742 1.56€-08 0.22 023 2 1200 0.20
134 23 2/14/2014  AG3-11 50 51 0 850 850  463.099 463003  7.76 1041 21708 0.24 0.26 2 1200 0.20
135 23 2/14/2014  AG3-11 50 51 0 900 900 462932 4623 10.88 1351  3.01E-08 0.28 031 2 1200 0.20
13 23 2/14/2014  AG3-11 s0 50 0 950 950 462723 462472 13.34 1660  5.46(-08 0.33 038 2 1200 0.20
137 23 2/14/2014  AG3-11 s0 a8 0 1000 1000 462379 461866  16.38 1968 110607 0.40 0.51 2 1200 0.20
138 2 2/14/2014  AG3-11 s0 50 0 1100 1100 461565 459353  20.09 2291 472607 0.57 105 2 1200 0.20
139 24 2/15/2014  AG3-12 100 105 0 80O 800  456.892 456821 424 7.39 137608 0.19 021 2 1200 0.20
140 24 2/15/2014  AG3-12 100 102 0 B850 850  456.767 456665  7.64 10.49  2.18£-08 0.22 024 2 1200 0.20
141 24 2/15/2018  AG3-12 100 102 0 500 900 456603 456445  10.74 1362 334608 0.26 029 2 1200 0.20
142 24 2/15/2014  AG3-12 100 102 0 950 950  456.373 456093  13.84 1669  5.98£-08 031 037 2 1200 0.20
143 24 2/15/2014  AG3-12 100 102 0 1000 1000  455.999 455387 1691 1968 135607 0.39 052 2 1200 0.20
M8 2 2/15/2014  AG3-12 100 101 0 1100 1100 45491 451662 2021 2294 726607 0.63 134 2 1200 0.20
145 25 2/16/2014 AG3-13 3 3 0 800 800 441532 441472 404 739 1.13E-08 0.22 0.23 2 1200 0.15
146 25 2/16/2014  AG3-13 3 3 0 B850 850 441414 441273 761 10.49  3.08£-08 0.25 028 2 1200 0.15
147 25 2/16/2014  AG3-13 3 3 0 900 900 441207 44106 1074 1356  3.28E-08 0.29 033 2 1200 0.15
148 25 2/16/2014  AG3-13 3 3 0 950 950 440988 440848 1387 1663  3206-08 0.34 037 2 1200 0.15
149 25 2/16/2014  AG3-13 3 3 0 1000 1000 440774 4406 16.94 1976 389608 0.39 043 2 1200 0.15
150 25 2/16/2014  AG3-13 3 3 0 1100 1100  440.452 440148  20.07 2294  6.686-08 0.46 053 2 1200 0.15
151 26 2/17/2014  AG3-14 3 3 0 80O 800 45454 4864468  4.07 7.36 1.31€-08 0.18 0.20 2 1200 0.15
152 2% 2/17/2014  AG3-14 3 3 0 BS0 850  464.406 464291  7.70 1052  2.44£-08 0.21 0.24 2 1200 0.15
153 2% 2/17/2014  AG3-14 3 3 0 900 900 45424 464006  10.71 1364  294(-08 0.25 028 2 1200 0.15
154 26 2/17/2014  AG3-14 3 3 0 950 950  464.033 463873 1381 1657  3.47E-08 0.29 032 2 1200 0.15
155 26 2/17/2014  AG3-14 3 3 0 1000 1000  463.795 463636 1691 1965  3.48£-08 0.34 038 2 1200 0.15
156 26 2/17/2014  AG3-14 3 3 0 1100 1100 463477 463178 2007 2289  6.3SE-08 0.41 047 2 1200 0.15
157 27 3/31/2014  AG3-22 15 24 0 800 800 454981 454911 468 742 1.56E-08 0.22 023 2 1200 0.21
158 27 3/31/2014  AG3-22 1s 23 0 850 850 45485 454772 773 1049 173608 0.25 027 2 1200 0.21
159 27 3/31/2014  AG3-22 1s 22 0 900 900 454707 454595  10.88 1362  2.50E-08 0.28 0.30 2 1200 0.21
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160 p2J 3/31/2014 AG3-22 15 21 0 950 950 454524 45433 13.87 16.63 4.30E-08 032 0.36 2 1200 0.21
161 27 3/31/2014 AG3-22 15 22 0 1000 1000 454.249 453891 16.88 19.76 7.60E-08 0.38 0.46 2 1200 0.21
162 7 3/31/2014 AG3-22 15 8 0 1100 1100 453658 453.042 20.12 29 1.35E-07 051 0.64 2 1200 o
164 28 3/5/2014 AG3-15 30 15 26 850 B50 462.701 462.703 7.78 10.43 -4.53E-10 0.19 0.19 2 1200 0.16
165 28 3/5/2014 AG3-15 30 15 26 900 900 462.652 462639 10.85 13.56 2.88E-09 0.20 0.20 2 1200 0.16
166 28 3/5/2014 AG3-15 30 15 26 950 850 462584 462555 13.87 16.60 6.38E-09 0.21 0.22 2 1200 0.16
167 28 3/5/2014 AG3-15 30 15 26 1000 1000 462.494 462419 1697 19.68 1.66E-08 023 0.25 2 1200 0.16
168 28 3/5/2014 AG3-15 30 15 26 1100 1100 462.271  461.95 2012 2283 7.12E-08 0.28 0.35 2 1200 0.16
172 29 3/6/2014 AG3-16 30 23 26 950 950 470.614 470576 1398 16.63 B8.46E-09 0.20 0.21 2 1200 0.12
173 29 3/6/2014 AG3-16 30 29 26 1000 1000 47051  470.406 16.99 19.76 2.22E-08 0.22 0.25 2 1200 0.12
174 b 3/6/2014 AG3-16 30 23 26 1100 1100 470.222 469564 2007 2294 135E-07 0.29 0.42 2 1200 0.12
176 30 3/7/2014 AG3-17 50 52 26 850 B850 466.444 46643 7.70 10.55 1.256-09 0.19 0.19 2 1200 0.15
177 30 3/72014 AG3-17 50 51 26 900 200 466.385 466.35 10.77 1351 7.61E-09 0.21 o021 2 1200 0.15
i78 30 3/7/2014 AG3-17 50 51 26 950 950 466.29 466215 13.84 16.69 1.57E-08 023 0.24 2 1200 0.15
im 30 3/7/2014 AG3-17 50 51 26 1000 1000 466.148 465958 16.91 19.76 3.97e-08 0.26 0.30 2 1200 0.15
180 30 3/7/2014 AG3-17 50 51 26 1100 1100 465.767 464757 20.09 22.84 2.19E-07 0.34 055 2 1200 0.15
182 31 3/14/2014 AG3-19 100 100 26 B850 EB50 459.711 458703 7.87 1052 1 82E-09 021 o 2 1200 0.22
183 31 3/14/2014 AG3-19 100 100 26 200 200 459.652 459639 10.77 13.51 2.87E-09 0.22 0.22 2 1200 0.22
184 31 3/14/2014 AG3-19 100 o« 26 950 o50 459575 455478 1395 16.66 2.16E-08 0.24 0.26 2 1200 0.22
185 3 3/14/2014 AG3-19 100 o] 2% 1000 1000 450.401 459086 1694 19.73 6.83E-08 027 0.34 2 1200 0.22
186 31 3/14/2014 AG3-19 100 98 26 1100 1100 45E.7BE 458109 20.18 21.24 3.88E-07 0.41 05s 2 1200 0.22
189 32 3/25/2014 AG3-20 150 152 26 200 200 452222 452195 10.74 1351 5.99E-09 0.25 0.26 2 1200 0.22
130 12 3/25/2014 AG3-20 150 151 26 950 os50 452.137 451999 13.78 16.69 2.91E-08 0.27 0.30 2 1200 0.22
191 32 3/25/2014 AG3-20 150 151 26 1000 1000 451926 451.421 16.86 19.79 1.06E-07 0.32 0.43 2 1200 0.22
192 2 3/25/2014 AG3-20 150 151 26 1100 1100 451.018 447.52 20.15 23.00 7.56E-07 0.52 1.29 2 1200 0.22
195 13 4/1/2014 WG1-17 100 103 26 900 900 466.935 466924 10.80 13.58 2.35E-09 0.22 0.22 2 1200 017
196 11 4/1/2014 WG1-17 100 102 26 950 950 466.865 466.77 1378 16.63 198E-08 023 0.25 2 1200 017
197 13 4/1/2014 WG1-17 100 103 26 1000 1000 466.697 466318 1688 19.73 7.92€-08 027 0.35 2 1200 0.17
198 i3 4/1/2014 WG1-17 100 103 26 1100 1100 466.064 463773 20.07 22.97 4.71E-07 0.41 0.90 2 1200 0.17
201 k2 4/2/2014 WG1-18 50 51 26 900 900 463.309 463301 1071 1359 167E-09 0.22 0.22 2 1200 0.18
202 k=) 4/2/2014 WG1-18 50 52 26 950 950 463.244 463.173 1384 16.69 1.49E-08 023 0.25 2 1200 0.18
203 34 4/2/2014 WG1-18 50 52 26 1000 1000 463.103 462838 1691 19.79 5.52E-08 0.27 032 2 1200 0.18
204 M 4/2/2014 WGI1-18 50 52 26 1100 1100 462635 4611385 2007 2291 2.64E-07 0.37 064 2 1200 0.18
208 is 4/3/2014 WG1-19 30 0 26 950 e50 463009 4629659 1382 16.64 B.51E-09 023 024 2 1200 017
210 35 4/3/2014 WG1-19 30 30 26 1100 1100 462525 461.739 20.10 22.89 1.69E-07 033 0.50 2 1200 017
213 36 4/4/2014 WG1-20 150 150 26 900 900 464.163 464.149 10.85 13.56 3.09€-09 021 0.21 2 1200 015
214 36 4/4/2014 WG1-20 150 150 26 950 950 464.086 463955 13.87 16.63 2.84E-08 023 0.26 2 1200 0.15
215 36 a/4/2014 WG1-20 150 150 26 1000 1000 463 E75 463425 1688 1959 9.54E-08 027 037 2 1200 015
216 36 4a/4f2014 WG1-20 150 149 26 1100 1100 4628 459953 2037 2284 6.65E-07 0.50 112 2 1200 015
217 7 4/7/2014 WG1-21 300 303 26 800 BOO 464971 464961 513 7.39 2.64E-09 0.21 0.2 2 1200 0.19
218 7 4/7/2014 WG1-21 300 304 26 850 B850 464906 464893 7.67 10.43 2.81E-09 023 0.23 2 1200 0.19
220 7 4/7/2014 WG1-21 300 289 26 950 950 464.763 464589 1384 16.72 3.61E-08 0.26 0.30 2 1200 013
m 7 4/7/2014 WG1-21 300 284 26 1000 1000 464.502 463907 1691 19.73 1.26E-07 032 0.44 2 1200 0.19
22 7 a47/2014 WG1-21 300 309 26 1100 1100 463309 458402 2023 2294 1.09E-06 0.57 162 2 1200 019
225 is 4/8/2014 WG1-22 15 8 26 950 °50 456.228 456.222 13.87 16.60 1.34E-09 0.24 0.24 2 1200 0.17
26 38 4/8/2014 WG1-22 15 8 2% 1000 1000 456.161 456086 1697 19.81 1.61E-08 0.26 027 2 1200 017
27 38 4/8/2014 WG1-22 15 8 25 1100 1100 455.946 455677 2007 22.89 5.81E-08 0.30 0.36 2 1200 0.17
234 40 6/30/2014 WG1-24 500 475 0 850 850 4631.864 463718 3.99 6.77 3.14E-08 0.25 0.28 2 1200 0.25
235 40 6/30/2014  WG1-24 500 614 0 900 200 463645 463403  7.07 9.90 5.126-08 0.30 0.35 2 1200 025
236 40 6/30/2014 WG1-24 500 520 ] 950 950 463316 462816 10.12 1293 1.07E-07 037 0.48 2 1200 0.25
237 40 6/30/2014 WG1-24 500 520 0 1000 1000 462.648 461.181 1325 16.01 3.19€-07 051 0.83 2 1200 0.25
238 40 6/30/2014 WG1-24 500 519 0 1050 1050 460878 456.168 16.27 1911 1.00E-06 0.89 191 2 1200 0.25
240 41 7/1/2014 WG1-25 1000 988 0 850 B50 464.032 463951 4.46 631 2.62E-08 025 0.27 2 1200 0.18
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241 a1 7/1/2014 WG1-25 1000 712 [] 900 900 464.156  463.85 7.58 10.39 4.39E-08 0.22 0.27 2 1200 0.18
242 41 7/1/2014 WG1-25 1000 738 L] 950 950 461683 463353 1144 13.43 9.93E-08 033 0.40 2 1200 0.18
243 a1 7/1/2014 WG1-25 1000 981 0 1000 1000  463.183 461502 1376 16.41 3.80E-07 0.43 0.79 2 1200 0.18
244 a1 7/1/2014 WG1-25 1000 944 [] 1050 1050  460.798 454859  16.99 19.61 1.37E-06 0.95 p 7] 2 1200 0.18
247 2 7/30/2014  WG1-27 100 95 [] 8BS0 B50 866431 466355  4.17 8.00 1.18E-08 025 020 1 1200 0.26
248 a2 7/30/2014  WG1-27 100 o8 26 850 B850 4653 465263  10.39 20.73 2.14E-09 0.49 0.50 1 1200 0.26
249 a2 7/30/2014  WG1-27 100 9 2 850 B50 865253 465137 2164 26.02 1 S8E-08 0.50 056 1 1200 0.26
250 a2 7/30/2014  WG1-27 100 9 25 850 B50 465093 465.033 2892 37.39 4.23E-09 054 055 1 1200 0.26
251 a2 7/30/2014  WG1-27 100 93 L] 850 B50 465014 464769 3864 43.00 1 56E-08 056 0.61 1 1200 0.26
52 a3 B/6/2014 WG1-28 100 100 [] B50 B50 46483 464582 n 10.97 191E-08 0.26 031 2 1200 0.17
253 43 B/6/2014 WG1-28 100 100 25 850 B50 464511 464.435 1235 2141 5.02E-09 033 035 2 1200 0.17
254 43 B/6/2014 WG1-28 100 100 0 850 B850 464428 464312 2188 25.35 2.00E-08 035 0.37 2 1200 0.17
255 43 B/6/2014 WG1-28 100 ] 26 850 B850 4643 464229 2578 3322 5.71E-09 037 039 2 1200 047
256 a4 8/8/2014 WG1-29 100 102 [] 850 850 466.76  466.582 3.26 10.19 1.53E-08 0.22 026 1 1200 0.07
257 a4 8/8/2014 WG1-29 100 102 13 850 BS0 466.544 466454 1207 2256 5.11E-09 027 029 1 1200 0.07
58 a4 B/8/2014 WG1-29 100 102 5 BS0 B50 466.448 466414 2484 28.09 4.89E-09 0.29 0.30 1 1200 0.07
259 a4 B/8/2014 WG1-29 100 102 a2 850 B50 866.407 466368 2893 35.49 3.54E-09 0.30 031 1 1200 0.07
260 44 B8/8/2014 WG1-29 100 102 [] B50 B50 466.351 466078  36.90 46.27 1.74E-08 031 0.37 1 1200 0.07
261 44 B/8/2014 WG1-29 200 215 [] 850 B850 466.024 465787 47.49 55.17 1.84E-08 038 0.43 1 1200 0.07
262 44 B/8/2014 WG1-29 200 213 a4 850 B50 865753 465682 5695 68.10 3.80E-09 0.44 045 1 1200 0.07
263 a4 8/8/2014 WG1-29 200 212 21 850 BS0 465661 46559 7072 78.78 5.25E-09 0.46 0.47 1 1200 0.07
264 a5 8/12/2014  WG1-30 100 k3 L] BSO BS0 465485 465392 315 7.24 1 35E-08 0.26 028 1 1200 0.144
265 as 8/12/2014  WG1-30 100 i 13 850 850 465377 465368 870 11.20 2.15E-09 0.28 0.28 1 1200 0.144
266 as 8/12/2014  WG1-30 100 k31 25 850 850 465365 465339 1174 20.03 1.87E-09 0.28 0.29 1 1200 0.144
267 a5 8/12/2014  WG1-30 100 3 39 B50 B50 465338 465326 2052 24.36 187E-09 0.29 0.29 1 1200 0.144
268 a5 8/12/2014  WG1-30 100 31 [] 850 B50 465305 465.22 26.12 28.80 1.89E-08 0.30 031 1 1200 0.144
269 as 8/12/2014  WG1-30 100 52 L] BS0 B50 465202 465118 2936 3191 197E-08 0.32 0.34 1 1200 0.144
270 as 8/12/2014  WG1-30 100 52 39 850 850 465.105 465.094 3301 35.56 2.58E-09 034 0.34 1 1200 0.144
m as 8/12/2014  WG1-30 100 52 25 850 B850 46509 465036 36542 4513 3.70E-09 0.34 035 1 1200 0.144
m as 8/12/2014  WG1-30 100 52 13 850 B50 465.027 464985  46.60 51.04 5.65E-09 0.36 0.36 1 1200 0.144
275 46 8/15/2014  WG1-31 15 14 25 850 850 469.05 469042 1239 1833 7.98E-10 023 0.24 1 1200 0.097
77 46 8/15/2014  WG1-31 50 52 25 850 B50 469.037 469019 2248 27.74 2.03E-09 0.24 0.24 1 1200 0.097
278 a6 8/15/2014  WG1-31 100 105 26 850 B50 469.01 468938 2350 35.88 5.78E-09 0.24 0.26 1 1200 0.097
279 a6 8/15/2014  WG1-31 30 30 25 850 850 468937 468911 3689 46.14 167E-09 0.26 0.26 1 1200 0.087
280 a6 8/15/2014  WG1-31 150 150 28 B50 B850 46EB81 468786 4699 51.82 117E-08 0.27 0.29 1 1200 0.097
281 a6 8/15/2014  WG1-31 150 154 28 850 B50 46E.786 468.703 5182 58.44 7.43E-09 0.29 031 1 1200 0.097
282 a6 8/15/2014  WG1-31 3 5 5 850 B50 86E.721 468.706  59.62 70.73 8.00E-10 0.30 031 1 1200 0.097
283 47 8/25/2014  WG1-32 15 15 %6 800 BOO 455577 455560  5.83 14.08 5.91E-10 0.26 0.26 2 1200 0.15
284 47 8/25/2014  WG1-32 15 15 %6 850 B50 455496 455472 1489 2411 1.50E-09 027 028 2 1200 0.15
285 a7 8/25/2014  WG1-32 15 15 26 900 800 455393 455365 2513 34.36 1 85E-09 0.30 0.30 2 1200 015
286 a7 8/25/2014  WG1-32 15 15 26 950 950 455285 455207 3499 44.46 5.036-09 0.32 0.34 2 1200 0.15
287 a8 9/3/2014 WG1-33 30 0 25 80O B0O 46261 46259 6.36 14.26 1 44E-09 0.239 0243 2 1200 0.207
288 a8 9/3/2014 WG1-33 30 30 25 850 850 462.53  462.49 15.17 2417 2.74E-09 0.256 0265 2 1200 0.207
289 48 9/3/2014 WG1-33 30 30 5 900 900 462.42 46235 25.08 3445 4.36E-09 0.279 0294 2 1200 0.207
290 48 9/3/2014 WG1-33 30 30 5 950 950 462.28  462.10 35.04 4459 1.16E-08 0.309 0349 2 1200 0.207
291 a9 12/30/2014  WG1-34 30 30 [] 80O BOO 46207 468247 1034 1533 6.30E-09 0.020 o.01 1 1200 0.063
292 a9 12/30/2014  WG1-34 30 30 [] BS0 B50 46E235 468143 1582 2531 9.81E-09 0.014 0.03 1 1200 0.063
293 a9 12/30/2014  WG1-34 30 0 L] 900 900 468226 468067  26.13 35.55 1.47E6-08 0.016 0.05 1 1200 0.063
294 a9 12/30/2014  WG1-34 30 30 [] 950 950 86225 467903 3588 45.69 2.40E-08 0.016 0.08 1 1200 0.063
295 50 1/1/2015 WG1-34 12 12 0 850 B50 46B.307 468226  9.69 14.45 9.22E-09 0.00 0.02 1 1200 0.06
296 50 1/1/2015 WG1-34 12 12 [] 900 900 468233 468191 1478 1951 137E-08 0.01 0.02 1 1200 0.06
297 51 1/5/2015 WG1-34 3 3 [] 800 B0O 468273 468253 442 9.45 5.54E-09 0.01 0.02 1 1200 0.092
51 1/5/2015 WG1-34 3 3 [] 850 B50 468237 46B.22 981 14.48 1.02E-08 0.01 0.02 1 1200 0.082
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299 S1 1/5/2015 WG1-34 3 3 0 900 900 468233 468197  14.81 1963 127608 0.01 0.02 1 1200 0.092
300 51 1/s/2015 WG1-34 3 3 0 950 950 468220 468181 19.93 2460 151608 0.01 0.02 1 1200 0.002
01 52 1/7/2016 WG1-34 3 3 0 800 800 468686 468276 5.3 9.94 1.09E-09 0.01 0.02 1 1200 0.081
02 52 1/7/2016 WG1-34 3 3 0 850 850 468239 468228  10.25 1495  9.09E-09 0.01 0.02 1 1200 0.081
303 52 1/7/2016 WG1-34 3 3 0 200 200 468234 463188  15.25 2005 1.39E-08 0.01 0.02 1 1200 0.081
304 52 1/7/2016 WG1-34 3 3 0 950 950 468229 468165 2032 2518 165008 0.01 0.02 1 1200 0.081
REJECTED DATA

239 42 6/30/2014  WG1-24 500 530 0 1100 1100 455242 4414 19.41 2227 295006 211 5.08 2 1200 0.25 N1
245 41 7/1/2014 WG1-25 1000 702 0 1100 1100 453542 442934 1995 2174  3.63C-06 251 473 2 1200 0.18 N1
246 a1 7/1/2014 WG1-25 1000 1447 ] 1100 1100 442934 430093 2174 2284 732606 479 755 2 1200 0.18 N1
163 28 3/s/2014 AG3-15 30 15 26 800 800 462.756 462756  4.82 736 0.00E+00 0.18 0.18 2 1200 0.16 N2
169 bi:] 3/6/2014 AG3-16 30 10 26 800 800 470.752 4707459 468 7.34 6.65E-10 0.17 017 2 1200 0.12 N3
170 » 3/6/2014 AG3-16 30 15 25 850 850 470696 4707 7.73 1041  -BEI1E-10 0.18 0.18 2 1200 012 K4
175 30 3/7/2014 AG3-17 50 52 26 800 500 466475 466.491  4.60 736 -3.45E-09 0.19 0.18 2 1200 015 N4
188 2 3/25/2014 AG3-20 150 151 26 850 850 452259 452272 767 1043  -289E09 0.24 024 2 1200 022 N4
193 13 4/1/2014 WG1-17 100 102 26 800 800 467.009 466.98 5.13 739 7.63E-09 0.20 021 2 1200 0.17 N5
194 13 4/1/2014 WG1-17 100 101 25 850 850 466.953 466985 7.70 1046  -6.90£-09 0.22 021 2 1200 017 Ka
199 X 4/2/2014 WG1-18 50 51 26 800 800 463.408 463.386 551 7.42 6.90E-09 0.20 0.20 2 1200 0.18 NS
200 u 4/2/2014 WG1-18 50 51 26 850 850 46334 463361  7.70 1055  -4.42E-09 021 021 2 1200 018 K4
205 5 4/3/2014 WG1-19 30 30 2% 800 800 463.123 463123 553 738 0.00E+00 0.20 0.20 2 1200 017 N2
206 s 4/3/2014 WG1-19 30 10 26 850 850 463.075 463114 7868 1047  -839E-09 0.21 020 2 1200 017 K4
207 5 4/3/2014 WG1-19 30 0 26 900 900 463.063 463066  10.75 1355  -6.43[-10 0.21 0.21 2 1200 017 N4
209 s 4/3/2014 WG1-19 30 30 26 1000 1000 465219 46271 1695 1980  5.26E-07 025 0.29 2 1200 0.17 K3
m 16 4/4/2014 WG1-20 150 152 26 800 800 464249 45424 488 739 2.15E-09 0.19 0.19 2 1200 0.15 N3
212 6 4/4/2014 WG1-20 150 150 2% 850 850 464.191 464215  7.81 1049  -5.36C-09 0.21 0.20 2 1200 015 Ka
b} 8 4/8/2014 WG1-22 15 2 26 850 850 456.287 456317  7.67 1043  -6.62E-09 0.23 0.22 2 1200 017 N4
224 38 4/8/2014 WG1-22 15 8 2% 900 900 456.266 456283  10.74 1359  -1630-09 0.23 0.23 2 1200 017 N4
229 19 4/9/2014 WG1-23 30 4 6 850 850 469.615 469638  7.69 1045  -4.93E-09 0.11 0.10 2 1200 026 N4
230 9 4/9/2014 WG1-23 30 4 ES 900 900 469.638 469655  10.79 1346 -1.77E09 0.10 0.10 2 1200 026 N
231 9 4/9/2014 WG1-23 30 4 96 950 950 469.634  469.655 13.39 16.62 -4.556-09 0.10 0.10 2 1200 026 N4
m 46 8/15/2014  WG1-31 3 4 85 850 850 469.07 469062 349 9.17 521E-10 0.23 023 1 1200 0.097 N3
274 4% 8/15/2014  WG1-31 3 4 85 850 850 469.062 469064  9.17 1104  -6.33E-10 0.23 023 1 1200 0.097 Na
187 2 3/25/2014 AG3-20 150 152 26 800 800 452311 45231 5.38 7.39 3.06E-10 0.23 0.23 2 1200 0.22 N3
219 7 4/7/2014 WG1-21 300 296 26 900 900 46484 464828 1074 1356  2.54E-09 0.24 025 2 1200 0.19 N1
276 1% 8/15/2014  WG1-31 15 8 25 850 850 469.042 469041 1833 21.72 1.75E-10 0.24 0.24 1 1200 0.097 K3
m bi] 3/6/2014 AG3-16 30 29 26 200 200 470.671 47067  12.67 1350  6.41E-10 019 0.19 2 1200 0.12 NE
28 9 4/9/2014 WG1-23 30 4 96 800 800 469.592 469613 456 7.26 -4.60E-09 0.11 011 2 1200 026 N3
232 19 4/9/2014 WG1-23 30 4 96 1000 1000 46965 463601 1695 1963 1.09€-08 0.10 011 2 1200 0.26 N3
2313 9 4/9/2014 WG1-23 30 4 E 1100 1100  469.581 469517 2015 2285  140E-08 0.12 0.13 2 1200 0.26 N3
181 3 3/14/2014 AG3-19 100 101 26 800 800 459.769 459772 530 725 -9.29E-10 0.19 0.19 2 1200 022 N4

a3 8 1/9/2014 WG1-12 15 15 ] 800 800 463377 463249 413 6.72 2.96E-08 0.18 021 2 1200 0.14 N5

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
SAS ) Standard Confidence intervals s L-H Confidence intervals
Parameters ESims Error Lower Upper Graint Parameters Estimate Lower Upper
All Temperatures (800 - 1100 °C)

al -12.468 13374 -15.1542 -9.7819 3.45E-06 Al 3.85E-06 2 62E-07 5.65E-05
bl -7.3564 1.7409 -10.8932 -3.8996 4. 76E-06 A2 4.00E-08 1.06E-09 151E-06
a2 -17.0341 1.8085 -20.6667 -13.4016 -5.90E-06 A3 5.79€-07 2. 74E-08 1.22E-05
b2 22.4502 2.2377 17.9558 26.5447 -5.1BE-06 El 61,494 50,566 32,421
a3 -14.3624 1.5182 -17.4118 -11313  -3.62E-06 E2 -186,651  -145,285  -224,018
b3 14.7806 1.9233 10.9175 186436 -4.77E-06 E3 -122 886 -90,768 -155,003
s2u 0.1952 0.04352 0.1078 0.2826 0.00001

s2 0.4514 0.02187 0.4074 0.4953 -0.00004

Low Temperatures (800 - 950 “C)

al -25.6475 9.2171 -44.1605 -7.1345 8.66E-06 Al 7.27E-12 6.63E-20 7.97E-04
bl 8.9619 11.2904 -13.7156 316354  7.76E-06 A2 1.08E-10 7.11E-19 1.64E-02
a2 -22.9484 9.3758 -41.7883 -4.1085 -0.00002 A3 4.73E-10 3.65E-18 6.13E-02
b2 30.5303 113679 7.4563 535643  -0.00002 E1l -74,509 114031 -263,050
a3 -21.4714 9.2997 -40.1505 -2.7923 4 70E-06 E2 -253,829 -62,324 -445 334
b3 243938 11.3943 1.5065 47.281  491E-06 E3 -202,810 -12,525 -393,094
s2u 0.2623 0.04052 0.1809 03437 0.000027

s2 0.3265 0.01981 0.2867 0.3663 0.00022

High Temperatures (300 - 1100 °C)

al -12.6576 1.3106 -15.2972 -10.018 -0.00003 Al 3.18E-06 2.27e-07 4 45E-05
bl -7.445 1766 -11.0015 -3.8882 -0.00006 A2 8.95E-13 6.24E-15 1.28E-10
a2 -27.7424 2.4654 -32.7079 -22.7768 -0.0002 A3 3.99€-10 155E-11 1.03E-08
b2 356533 3.055 29.5002 418064 -0.00016 El 61,898 91,470 32,326
a3 -21.6432 1.6127 -24.8913 -18.3951 0.000223 E2 -296,422 -245,265 -347,578
b3 236152 2.1001 19.3854 27.845 0.000167 E3 -196,337 -161,170 -231,503
s2u 0.2305 0.03632 0.1574 0.3037 0.000439

s2 0.2874 0.01868 0.2458 0.325 -0.00137

Units: A, (Pa’s"); A, (Pa™*); A, (Pa’); E,, E,, E; (J/mol)
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