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CONVERSION D'HYDROGÈNE TRITIÉ EN EAU TRITIÉE

SUR DES SURFACES MÉTALLIQUES CHAUFFÉES

par

R.S. Dickson

RÉSUMÉ

La conversion de tritium en eau tritiée sur des surfaces métalliques a été
étudiée dans des conditions correspondant à des rejets dans une salle de
réacteur de fusion (températures du métal entre 473 K et 623 K, en atmo-
sphère d'air ou de gaz inerte). La constante de vitesse d'oxydation par
étendue de la surface géométrique unitaire s'est avérée supérieure par un
facteur dix à la constante de vitesse par étendue de surface d'adsorption
de gaz unitaire pour la conversion de H2 en H20 sur des oxydes métalliques
en excédent d'oxygène, probablement à cause de la rugosité des surfaces
métalliques sur une échelle d'adsorption de gaz. La rugosité de la surface
et les oxydes se sont révélés avoir une incidence importante sur la vitesse
de réaction.

La réaction a démontré une dépendance de premier ordre sur la concentration
de Q2. Le fait de faire passer le point de rosée de l'atmosphère d'environ
+10°C à environ -60°C n'a pas beaucoup modifié la vitesse, et la constante
de vitesse de la plupart des métaux n'était pas touchée par le fait que
l'atmosphère soit constituée d'air ou d'argon. Des revêtements de plas-
tique hydrocarboné ou de plastique silicone n'ont pas grandement modifié la
vitesse de réaction sur l'acier au carbone ou l'acier inoxydable 304. Les
métaux ferreux et le laiton ont tous la même constante de vitesse approxi-
mative de conversion (environ 3 x 10"7 Q20/(Q2/m

3)-m2-s ± le facteur
multiplicateur de 3 à 573 K), alors que l'alliage d'aluminium (UNS 95052)
donne une valeur environ trois fois inférieure, et le cuivre dans l'argon
donne des constantes de vitesse de conversion dix fois supérieures.

En fonction de ces données, un simple scénario d'accident comprenant
l'exposition de 1 000 m2 d'acier inoxydable (la surface métallique inté-
rieure du tore du réacteur expérimental thermonucléaire international
(ITER)) à 573 K dans une salle de 104 m3 causerait une conversion d'environ
0,1% du Q2 présent en "^0 en 24 heures, alors qu'une entrée d'air dans le
tore sans fuite de tr:'.ium dans la salle causerait une conversion de 1,2 Z
en 24 heures. Les chiffres de vitesse ne sont précis qu'à un facteur de
trois près; il faut donc les utiliser avec prudence dans les calculs de
modèles.
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Abstract

The conversion of tritium to tritiated water on metal surfaces was studied under conditions
relevant to releases into a fusion reactor hall (metal temperatures between 473 K and 623 K, air or
inert gas atmospheres). The rate constant of oxidation per unit geometric surface area was found
to be about a factor of ten higher than the rate constant per unit gas adsorption surface araa for H2 to
H2O conversion on metal oxides in excess oxygen, probably because of the roughness of the metal
surfaces on a gas adsorption scale. Surface roughness and oxides were found to have a major
influence on the reaction rate.

The reaction exhibited a first-order dependence on Q2 concentration. Changing the dew point of
the atmosphere from ca. +10°C to ca. -60°C did not affect the rate significantly, and rate constants
for most metals were independent of whether the atmosphere was argon or air. Coatings of
hydrocarbon and silicone polymers did not significantly affect the reaction rate on carbon steel
and SS-304. The ferrous metals and brass all had about the same conversion rate constant (ca.
3 x 10"7 Q2O/(Q2/m3)-m2-s ± multiplicative factor of 3 at 573 K), while aluminum alloy (UNS
95052) gave about three times lower and copper in Ar gave ten times higher conversion rate
constants.

Based on these data, a simple accident scenario involving exposure of 1000 m^ of stainless steel
(the metal area of the torus interior of the International Thermonuclear Experimental Reactor
(ITER)) at 573 Kto a 104 m3 room would cause conversion of ca. 0.1% of the Q2 present to QgO in
24 hours, while air ingress to the torus without leakage of the tritium into the room would cause
1.2% conversion in that time. The rate values are only accurate within a multiplicative factor of
three, so they should be applied cautiously in model calculations.
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1. INTRODUCTION

In scenarios involving the release of tritium gas d'2) or tritiated hydrogen gas (HT) into an
enclosure in a tritium facility, it will be valuable to know the rate of conversion to tritiated water
(HTO). This will impinge on the immediate absorption of tritium by any workers in the area,1

the safety analysis for a released plume,2 and the cleanup time for the release.3 This last effect
arises because ca. 1000 times more Q2O (Q = H, D or T) than Q2 sorbs on many material surfaces
during short exposures to concentrations typical of releases.3' 4

The formation of HTO could occur by either or both of two separate routes: oxidation of T2 to HTO,
or isotopic exchange of H2O with T2 to give HTO. The oxidation of T2 and HT to HTO in air and
oxygen at ambient temperature has been studied rather extensively;5'11 isotopic exchange between
Q2 and Q2O molecules does not seem to figure prominently at room temperature and low tritium
concentrations. The oxidation seems to be first order in T2 at low concentrations, with a change to
second order above ca. 10 Ci*/m3 and a return to first order above ca. 104 Ci/m3. The low-
concentration reaction rate, which will be applicable to most of the concentrations involved in a
release, implies a conversion of about 0.02% per day. In accident situations, large areas of metals
might be exposed to a tritium-containing room atmosphere. Recent studies have indicated that the
effect of stainless steel and copper on the reaction rate in 0.2-0.3 Ci/m3 T2 is not very great at room
temperature6, though carbon steel, brass and aluminum showed room-temperature catalysis in
20 Ci/m3 T2.12 The conversion rate might be more dramatically increased in the presence of the
large areas of high-temperature metals that will be present in a fusion reactor hall.

The room-facing surfaces of metals in a tritium facility will mostly be structural and equipment
surfaces, and will have a wide range of metal oxide thickness. The metals in the interior of a
fusion reactor torus will almost certainly be in a reduced state, due to bombardment with plasma
hydrogen atoms and ions. However, the torus interior will be oxidized quite rapidly in situations
involving atmosphere ingress, because of the high metal temperature and the presence of O2 in the
atmosphere surrounding the torus (either N2 containing between 1% and 0.1% O2 or air). Thus,
there will be a considerable excess of O2 over Q2 in the atmosphere above the metal surfaces.

Thermodynamic and kinetic parameters for hydrogen oxidation have been determined on metal
and metal oxide surfaces,13 but at higher H2 and O2 concentrations than the range relevant to
tritium releases (a few ppm to sub-ppm levels of T2 and either ca. 20% or a few ppm of O2). Also, the
effective surface roughness (the effective oxide surface area for this reaction per unit area as
measured on a macroscopic scale) has not been determined for metal surfaces, as they would be
found in an industrial context. However, many features of the higher-concentration studies are
likely to be relevant. Generally, the reactions on metal oxide surfaces are between half order and
first order in H2 (most are first order) and zero order in O2 at 26% O2 and 1% H2. The rate-
determining step seems to involve the breaking of the bond to a surface oxygen, as the activation
energy of hydrogen oxidation (ranging from 50 kJ/mol for CO3O4 through 71 kJ/mol for Fe2O3 to
92 kJ/mol for TiO2) correlates strongly with the binding energy of oxygen in the surface.
Hydrogen-deuterium isotope effects range from 1.2 to 1.7 for many metal oxides, indicating that
T2 would be oxidized 1.5 to 2.1 times more slowly than H2. The oxidation of tritiated hydrogen gas
has also been studied on catalytically active metals.6' 12> 14- 1 5 The reaction was found to be first-
order in Q2 for platinum and palladium metal catalysts at room temperature.

* 1 Ci = 37 GBq
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Studies have been done on conversion of permeating T2 and HT to HTO at 623 K to 823 K on
oxidized stainless-steel type 316 (abbreviated to SS-316 hereafter) in atmospheres composed largely
of helium.16 These conditions are relevant to the tritium breeding blanket in fusion reactors. The
extent of conversion apparently decreases with decreasing tritium surface concentration.
However, more than 50% of the tritium was converted to HTO on permeation in atmospheres
containing as little as 1 ppm of O2, and the conversion was usually more than 90% complete above
100 ppm O2 content.

The present studies were carried out to determine parameters relevant to the rates of conversion of
T2 or DT to HTO to be expected inside tritium facilities during tritium releases. The metals used
are common structural alloys and other materials that might be found in containments. The
temperatures used in the present study ranged from 373 K to 623 K. The concentrations studied are
approximately those expected in a major tritium release from a fusion reactor. In addition, most
of this work was done on as-received, machined or sanded metal surfaces, as metals inside a
reactor containment will most likely be found in these forms. One sample of specially-treated
SS-304 was studied for comparison as representative of the behavior of carefully polished surfaces.

2. EXPERIMENTAL PROCEDURE

2.1 High Temperature

To determine the conversion of T2 to HTO at temperatures of 523 K to 623 K, air or inert gas of
known humidity was mixed with a small amount of T2 in inert gas, and flowed past a length of
6.3 mm diameter Tound bar of the target material in a fused silica reaction tube, and directly into
a bubbler/oxidation bed apparatus for HT and HTO analysis. Temperatures of 473 K and below
did not give high enough conversion rates to be determined using this apparatus. A schematic
diagram of this apparatus is shown in Figure 1. To avoid temperature fluctuations associated with
mechanical relays, a temperature controller with a solid-state relay regulated the voltage input to
a heating tape wrapped around the reaction tube. A Type K thermocouple was placed between the
reaction tube and the heating tape. For Al and SS-316, 6.3 mm Tound bar stock could not be
obtained, therefore 12.7 mm round bar stock was used in a ca. 15 mm inside diameter Pyrex
apparatus. A few centimetres of heated tube before the metal sample heated the gas to near the
sample temperature before contacting it. Calibration runs using non-tritiated gases and with a
thermocouple in place of a metal rod were used to determine the difference between the sample
temperature and the temperature at the control thermocouple. Fused silica tubing had been found to
be effectively inert17 at temperatures up to 823 K, and blank runs (using no metal sample)
indicated that conversion in this apparatus was negligible at temperatures below 623 K. The small
amount of conversion observed at 623 K may have been occurring on metal parts of the apparatus
upstream of the reaction tube. An earlier version of the apparatus that used some steel components
immediately downstream of the heated zone showed some T2-HTO conversion in blank runs at
573 K, so the apparatus was modified to have only glass and plastic components downstream of the
heated zone. A three-way valve was used to direct the flow to either of two HT/HTO analysis
systems.

The atmospheres were made up by mixing three flows: gas humidified by passage through a water
bubbler, gas dried by passage through a molecular sieve bed, and T2 or HT in inert gas with most
of the HTO impurity extracted by passage through a small molecular sieve bed. This last bed was
changed after each run, to prevent contamination of the standard with HTO formed on the
molecular sieve pellets.18 Blank runs showed that less than 0.05% (usually less than 0.02%) of the
tritium present in the standards after the molecular sieve bed was in the form of HTO. Each flow
was controlled by a needle valve. The rate of each flow was determined using a bubble flow meter;
total gas flow rate was checked at each temperature after the bubblers. At the beginning or end of
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Figure 1 - Experimental apparatus for HT-HTO conversion at high temperatures.
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several runs, the dew point of the non-tritiated component of the atmosphere was checked by
passing it through a hygrometer; the dew point determined by this method agreed to within 1°C of
that determined by calculation, assuming that the wet gas stream was saturated with water at room
temperature. Dew points of the dried gas stream were lower than the -50°C limit of the hygrometer.
Since the tritiated standard in argon was only ca. 5% of the total flow and its dew point was quite
low (probably less than -50°C as well), its characteristics should not have affected the dew point or
chemical reactivity of the gas stream to any great extent.

The space times (time to pass one reaction zone volume of atmosphere out of the apparatus)
employed were in the range 2-25 seconds. Q2 activities in the range 0.03-1 Ci/m3 (1-30 GBq-m"3)
were investigated, to determine whether there is an effect of activity near the concentrations
expected for large tritium releases in fusion-reactor accident scenarios. To test the dependence of
conversion on Q2 concentration, two tritium gas standards were used: one had 1% H2 isotopic
carrier added, while the main standard used had no isotopic carrier added.

Good contact between the test sample and the test atmosphere was ensured by leaving a small gap
between the metal rod and the walls of the apparatus. Two inward supporting dents were made in
the quartz tube, to support the sample near the center of the tube. The volume of the region near the
sample was determined by successively filling the reaction tube to appropriate levels with distilled
water and weighing. The primary apparatus used had a gas volume of 7.7 mL in the region of the
400 mm sample rod, giving an average gap between the rod and the wall of 0.85 mm. At a flow rate
of 30 mL/min, the flow speed (1,6 m/min) is of the same order as the value of 3.05 m/min used in
various scenarios for determining the rate of evaporation of tritiated water in enclosures.19 This
is representative of air-circulation flow speeds encountered under laboratory and some tritium
facility conditions. To test whether sample chamber geometry affected the nominal rate constant
determined by this method, a chamber of the same gas volume was constructed to accommodate a
50 mm rod with an average gap of 4.5 mm.

After establishing the flow of the non-tritiated components of the atmosphere and purging the
apparatus, the temperature was stepped to the first test temperature, with a 20-minute hold time
before starting tritium flow, to allow the sample temperature to stabilize. The tritiated standard
flow was then turned on for 10 minutes and the flow rate was measured. Following this, the
tritiated standard flow was turned off, and the non-tritiated components of the atmosphere were
passed through the apparatus for at least another 20 minutes to elute the HT and HTO through the
system. The temperature was then raised to the next test temperature and the flow was switched to a
new set of bubblers. The test temperatures used were generally 50 K apart.

Dry-atmosphere runs exhibited retention of up to 20% of the HTO generated on the walls of the
reaction zone and the sample, if the above procedure was used. Proper elution of HTO in dry
atmospheres was ensured by purging the T2 or HT through the reaction tube for 20 minutes using
the non-tritiated component of the atmosphere, then cooling the sample to below 373 K, adding a
humidified component to the eluting stream for 10 minutes, purging with the dry non-tritiated
atmosphere components for a further 20 minutes, then raising the temperature to the next test
temperature. The cooling step was added to avoid possible changes in the surface of the sample
subjecting it to a humidified atmosphere at elevated temperatures.

Most samples were used with their surfaces as-received, machined or cleaned by sanding with
600 grit silicon carbide paper, to determine the effect of changing surface condition on the
conversion rate. A carbon steel sample was cleaned before one experimental run using laboratory
detergent, water and acetone. Surface coatings of Neovac SY hydrocarbon diffusion pump oil on
carbon steel and Dow Corning high-vacuum silicone grease on SS-304 and copper were also
studied, to see whether they would inhibit conversion.
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A Rodenstock infrared laser profilometer was used to obtain an estimate of the surface roughness
of several samples after heating in the apparatus. The profile of the surface was measured at an
interval of 2.5 (am along a 5 mm line on the sample, using a laser with a spot size of about 1 (am.

2.2 Intermediate Temperature

Temperatures of 473 K and below did not give high enough conversion rates to be determined using
the flow-through apparatus. Consequently, rates of conversion of T2 and HT to HTO in the range
373 K to 473 K with residence times of a few days were determined in a static chamber apparatus,
rather than a flow-through apparatus, A preliminary test to establish the expected low conversion
rate in a stainless-steel container was performed in a 0.11 L stainless-steel exposure chamber
used in previous tritium sorption studies,4 after acid pickling and leaching in water to
decontaminate it. The chamber was filled with an atmosphere consisting of
0.05 Ci/m3 HT / 0.3% H2 / 30% He / balance air with ca. -6°C dew point, which was periodically
analyzed by withdrawing a 1.8 mL sample. The large proportion of He in this atmosphere came
from the tritiated standard used to make up the atmosphere. The effect of this extra inert gas on the
conversion Tate was expected to be negligible.6 Initially, about 0.2% of the tritium found in the
chamber atmosphere was in the form of HTO. At the end of one month, approximately 0.5% of the
tritium was in the form of HTO, in approximate agreement with the rate determined for this
conversion in previous studies.6 Thus, stainless-steel chambers could be used to test HTO
conversion near room temperature.

A diagram of the main apparatus used is shown in Figure 2. The 7.1 L exposure chamber used
previously for tritium sorption studies4 was modified to accommodate a thermocouple and a four-
pin electrical feedthrough. The sample was suspended away from the walls of the vessel by
hanging it from supports on the lid of the container using 1/16" (1.6 mm) diameter SS-309 welding
rod. A fan inside the chamber was used to promote atmosphere circulation and help prevent local
hot spots on the stainless-steel chamber walls, which could themselves catalyze the reaction.

The samples used were blocks of metal 63 mm long; the SS-304 and SS-316 samples were of
nominal 2" (51 mm) round bar stock, the carbon steel sample was of nominal 2.25" (57 mm) round
bar stock, the aluminum sample was of nominal 2.5" (64 mm) round bar stock and the copper
sample was of nominal 2" (51 mm) square bar stock. All samples were either turned on a lathe,
milled or sanded, to remove loose surface oxide, and degreased in acetone before use. Their
surface areas were calculated from dimensions measured after machining. The samples were
heated by a 150 W cartridge heater (Watlow G1A38, 9.5 mm diameter x 25 mm long) controlled by a
solid-state relay temperature controller, using a 1.6 mm Type K thermocouple (SS-304 sheath) in a
well ca. 6 mm deep, ca. 6 mm from the edge of the sample. The heater was mounted centrally in
the sample, in a well that was backfilled with Dow Corning 732 multi-purpose silicone rubber
sealant. This coating of sealant was necessary to prevent conversion of HT to HTO on the heater,
and limited the usable sample temperature to ca. 473 K. Two high-temperature cements tested
could not be used; a run on a 1.47 g (after drying at 573 K) sample of Zircar ZC-94 zirconia cement
"cured" at 353 K for 71 hours exhibited 100 times faster conversion per unit macroscopic surface
area than SS-304 at 573 K. A similar sample of furnace cement of unspecified composition gave a
conversion rate five times faster than that of SS-304 at 573 K.

The chamber was evacuated and checked for leaks, then filled with ca. 19 kPa of 5.2 Ci/m3 T2 in
Ar (no isotopic carrier), followed by air to bring the chamber atmosphere up to ambient pressure.
The metal sample was then heated to the test temperature and atmosphere samples were
periodically withdrawn using an evacuated 24.5 mL volume to determine the HT and HTO
content. The samples were not vented to atmospheric pressure, because the HT and HTO
concentrations at the chamber pressure were the desired data. The atmosphere samples were



- 6 -

to vacuum
pump

thermocouple
(to temperature controller)

test sample"

•sampling volume

heater (to temperature controller)

to 110 VAC

exposure chamber

fan

Figure 2 - Experimental apparatus for HT-HTO conversion at intermediate temperatures.

eluted into a bubblers/CuO bed analysis system using slightly humidified gas (either Ar or air).

When atmosphere samples were eluted with non-humidified gas, up to 75% of the HTO was found
to remain in the sampling volume. The total exposure time for each sample ranged from 50 hours
to 77 hours. A blank run using 1 Ci/m3 T2 in room air was done to check that the fan itself did not
catalyze the reaction; over 72 hours, the percentage of tritium present as HTO in the chamber
atmosphere did not change to any noticeable extent (<0.05%). The air temperature inside with the
fan operating was about 3 K higher than the external temperature. Another blank run simulated
the wall heating that would occur during an experiment by heating the lower half of the chamber
walls in a hot-water bath to 321 K (inside air temperature 314 K) for 50 hours; a conversion rate
roughly consistent with the non-catalyzed conversion rate in air (measured rate ca. 4 x 10"7 %/s;
literature conversion rate for this concentration range:6 1.8(±0.5) x 10"7 %/s) was found.

To decrease the wall temperature, the chamber was half-immersed in water, which remained at a
temperature below 313 K (for runs at 473 K); the bath temperature was roughly equal to the wall
temperature. To check that the atmosphere temperature had not risen too high, the average gas
temperature was calculated for a few runs from the fill temperature and pressure, a measured
pressure and a factor compensating for the number of samples taken before this pressure
measurement (a 30 niL sample volume and a 7.0 L chamber gas volume were assumed). For a run
on SS-316 at 473 K, the initial pressure was 101.2 kPa and the pressure after taking four samples
was 106.7kPa; the chamber air temperature was therefore found to be 318 K.
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3. CALCULATIONS

In the high-temperature runs, the percentage of tritium present as HTO (w) before passing the
atmosphere through the chamber (WJ) was considered to be the smallest w determined for any
temperature of the run. The percentage conversion rate r was calculated for each test temperature
of a run as follows:

w - Wj

where ts is the space time (average time required for the gas to pass the metal sample). The space
time was calculated as follows:

where Vg is the gas volume in the sample region, J is the volumetric flow rate at room temperature,
T r is the room temperature and Ts is the sample temperature. The space time decreases with
increasing temperature, due to expansion of the gas in the heated zone. The values of the
conversion rate constant k were calculated as follows:

rVg w - wj
k = 100A = ÏÔ0ATr

JTS

where A is the area of the metal rod assuming that the rod is smooth. Thus, the value of k is
actually independent of Vg . The rate constant k has the units Q2O/(Q2/m3)-s-m2, or m/s if the gas
volume and surface area are taken as commensurable quantities. Any atom-based units (e.g.,
atoms, moles, Ci) for Q2O and Q2 may be used, provided the same units are used to measure both
compounds.

The above expression for r does not correct for the amount of Q2 consumed before reaching the end
of the reaction tube. The calculation error induced by this expression is 0.5% at 1% conversion.
This is negligible by comparison with other experimental errors (see below). To compensate for
the above error, r was calculated in the following fashion for cases where w was above 1%:

-100.
r = —:—

Since the tritiated standards usually contained about 0.02% HTO even after passage through a
short molecular sieve bed, r values of less than 0.02%/ts (about 0.004 %/s for most runs; k values
less than about 5 x 10'8 m/s) were not reliably detectable. Higher-than-expected r values were
observed at low temperatures in some runs; they probably arise from HTO initially present in the
valve used for dispensing tritiated standard, which decreases on passing more tritiated standard
through the system.

Similar methods were used to calculate r and k for intermediate temperature runs, using the
sample area from measuring the sample overall dimensions and the gas volume of the exposure
vessel (7.1 L less the sample volume, which was ca. 100 mL for all samples). The initial w used
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was the value after heating the sample to the appropriate temperature, and the time t was the time
since taking the sample to determine WJ . Thus, for these runs,

(w-wj)Vg
: lOOAt •

The 4 x 10'7 %/s uncatalyzed conversion rate obtained in the exposure chamber implies that rates
less than 10"6 %/s (k - 5 x 10"9 m/s) could not readily be detected. For runs on SS-304, Cu and Al,
the rates of conversion obtained at 373 K and 423 K in this apparatus weTe not significantly
different from each other, and were fairly near the uncatalyzed rate of conversion in air.
Therefore, the 473 K rates are the only intermediate-temperature rates included in the results
below.

4. RESULTS

Because the values of k under apparently identical conditions seemed to follow a log-normal
distribution (see Figure 3), arithmetic means of ln(k) (geometric means of k) were used to find
central values for k. If arithmetic means of k had been used, the small number of high results
could have overwhelmed the effect of several determinations, giving much lower rates. Geometric
means of rate constants k and mean activation energies for the various metals are presented in
Table 1, together with the number of results used to derive these parameters. The multiplicative
factor quoted is exp(s(ln k)) for most cases, where s symbolizes the sample standard deviation; for
cases where only two results were used to determine a number, the multiplicative factor given is
the larger result divided by the smaller result. The k values for SS-304 at 573 K show an average
value of 2.6 x 10'7 m/s, with a variation of a multiplicative factor of 2.5. Carbon steel, SS-304, SS-
316 and brass seem to convert T2 to HTO at much the same rate (within a factor of three);
aluminum alloy (UNS 95052) exhibits a rate constant about three times lower. Copper exhibits a
rate constant about ten times higher than SS-304 when in argon and 1000 times higher when in air.
An Arrhenius plot of some of the results is given in Figure 4. All rates and rate constants
determined in the temperature range 523 K to 623 K for high-temperature runs and at 473 K for
intermediate-temperature runs are given in Table A.I in the Appendix, together with sample area
and reaction tube volume data.

Apparatus geometry does not seem to affect the k values determined by these methods. A run on a
6.3 mm diameter x 50 mm long SS-304 sample in a different geometry of chamber gave a k value
at 573 K of 4.5 x 10'7 m/s, which is in reasonable agreement with the average k value determined
on 6.3 mm diameter x 400 mm long samples. Also, except for the 473 K AI rate constant, the rate
constants determined in the intermediate-temperature apparatus seem to be in reasonable
agreement with extrapolations from the values determined using the flow apparatus. The value of
k on SS-304, brass or copper in air did not depend significantly on whether the atmosphere
contained 0.3% H2 or no added H2; the reaction rate was therefore considered not to depend on H2
content if excess O2 was present.

Most samples were used with their surfaces machined or cleaned by sanding, but some samples
were left as-received, to determine the effect of different surface conditions on the conversion rate.
A carbon steel sample cleaned using laboratory detergent, water and acetone showed some small
dark brown spots in surface pits, which were removed on sanding the sample for another run. The
sample gave a conversion rate about six times lower when sanded. An untreated SS-304 sample
provided by Quantum Mechanics (SS-304/Q in Table 1) showed about eight times higher
conversion rates than generally observed for the other samples, while a sample treated using the
Quantum Passivation technique (electropolishing and heat treatment; SS-304/QP in Table 1)
showed rates about a factor of three lower than the usual rates.
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Table 1 - Geometric means of rate constants k derived for oxidation of T2 on metals at various
temperatures, variation in k, number of results used to derive k for each temperature and
Arrhenius activation energies. The multiplicative factor quoted is usually exp(s(ln k)), where s
symbolizes the sample standard deviation; for cases where only two results were used to determine
a number, the multiplicative factor given is the larger result divided by the smaller result.
Standard deviations s of Ea are given in parentheses after the E a values. The rates labelled
SS-304/Q are for a sample of untreated SS-304, and those labelled SS-304/QP are for a sample of
Quantum Passivated SS-304, both obtained from Quantum Mechanics Corp.

Metal

carbon steel

SS-304

SS-304/Q

SS-304/QP

SS-316

Al

brass

Temperature
(K)

473
523
573
623

473
523
573
623

523
573
623

523
573
623

473
523
573
623

473
523
573
623
673

523
573
623

k
(Q20/(Q2/m3).m2-s

or m/s)

4.2 x 10-9
3.1 x lO-8

1.2 x 10-7
4.2 x 10-7

1.8 x 10-8
3.8 x 10-8
2.6 x 10-7
4.9 x 10-7

6.5 x 10-7
1.5 x 10-6
6.1 x lO-6

3.0 x 10-8
1.0 x 10-7
2.3 x lO-7

9.1x10-9
4.5 x 10-8
3.3 x 10-7
1.1 x 10-6

2.7 x 10-8
4.6 x lO-9

6.3 xlO-8

2.3 x 10-7
6.0 x lu"7

2.0 x 10-8
7.5 x 10-8
2.6 x 10-7

variation 111 k
(± mult, factor)

1.11
3.2
2.5
2.2

1.02
2.3
2.5

4.5
3.2
2.5'

2.8
1.9
1.6

1.13
1.3
1.6
1.5

1.09
7.1
4.0
2.5
1.7

2.5
1.8
1.7

number of
results

4
4
4
3

3
12
14
1

2
3
3

4
4
4

3
2
2
2

2
2
4
4
2

3
3
3

Ea(s)
(kJ/mol)

69 (21)

70 (17)

54 (21)

79 (20)

90(14)

69 (12)
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Table 1 - (concluded)

Metal Temperature

Cu in air

Cu in Ar

Cu coated with
silicone grease

(K)

473
523
573
623

523
573
623

523
573
623

k
(Q2O/(Q2/m3).m2.s

or m/s)

1.7 x 10-8

2.8 x 10-5

1.1 x 10-4
4.2 x 10-4

2.9 x 10-7
9.7 x 10-7

2.5 x 10-6

4.3 x 10-7

1.8 x 10-6
8.5 x 10-6

variation in k
(± mult, factor)

1.04
1.3
1.10
1.2

1.17
1.4
1.3

number of
results

2
2
2
2

2
2
2

1
1
1

Ea(s)
(kJ/mol)

66 (12)
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In k (k in m/s)

Figure 3(a) - Number of ln(k) results in a window vs. window limits for ks73 K on SS-304 ,

k (xlO-7 m/s)

Figure 3(b) - Number of k results in a window vs. window limits for 11573 K on SS-304.
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0.0014 0.0015 0.0016 0.0017 0.0018 0.0019 0.002 0.0021 0.0022

Figure 4 - Plot of natural logarithm of k versus the reciprocal of temperature, together with lines
fitted to the data given. The highest and lowest data points on each line are not experimental data,
but labels.
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On removal from the apparatus, the surfaces of SS-304, SS-316 and carbon steel samples were
brownish in color, with darker surfaces usually corresponding to higher temperatures. This
surface layer could be removed by sanding the samples. After runs done in air atmosphere at high
temperature, copper samples showed thick, flaky layers of reddish brown material (probably
copper oxide). The intermediate-temperature sample also darkened and roughened during the
run, though it did not produce a flaky layer. The Quantum Passivated sample of SS-304 showed a
slight darkening. The aluminum samples were unchanged in appearance.

Some surface coatings were used on a few samples, to see whether they would inhibit conversion.
A carbon steel sample was coated with a visible layer of Varian Neovac SY hydrocarbon diffusion
pump fluid. At the end of the run, the oil could be seen condensed at the end of the high-temperature
section of the apparatus, and the rod showed darkening and slight carbon deposits. This run
showed no significant change in conversion rate. A SS-304 sample was coated with Dow Corning
high-vacuum silicone grease after sanding, and showed no significant change in conversion
rate. A copper sample was also sanded and coated with the silicone grease used above, and showed
significantly slower tritiated water production in air than uncoated samples. On removal from
the apparatus after the air run, some surface oxidation of the coated copper sample was observed,
though the surface was considerably lighter in color than from similar uncoated runs, and the
oxide coating was more tightly bound to the surface.

Copper was the only material to show a significant difference in rate on changing atmospheric
composition. The sample was cleaned by sanding, then run successively in dry argon, argon at
13°C dew point, dry air and air at 13°C dew point. The humidity changes did not significantly
affect the rate, but the rate was about two orders of magnitude higher in both air runs than in the
argon runs. The sample was again cleaned by sanding, coated with Dow Corning high-vacuum
silicone grease and run in 13°C dew point air. This gave rates less than three times higher than
for the argon runs.

5. DISCUSSION

The 2.6 x 10'7 m/s rate constant (Table 1) observed at 573 K for SS-304 (for which the most data were
taken) is somewhat lower than the value of 2.2 x 10'6 m/s that may be calculated from the data of
Tanaka and co-workers3 on 563 K stainless steel; Tanaka and co-workers used a rate law with an
indirect second-order dependence on HT concentration, so their-rate constant is not directly
comparable. A sample of untreated SS-304 obtained from Quantum Mechanics Corp. consistently
exhibited a conversion rate constant higher than those of the other SS-304 samples (1.5 x 10"6 m/s),
closer to the rate determined by Tanaka and co-workers.

Table 2 gives a listing of rate constants calculated from standard catalytic activities and
activation energies for hydrogen oxidation on metal oxides in excess oxygen.13 The composition
of the oxides on the metal surfaces was not studied, so it is not certain what oxide should be used for
rate comparisons on SS-304 and SS-316. Fe2O3 is the most likely oxide, based on the color of the
samples after removal from the apparatus and electron spectroscopic observations by other
workers on SS-304,20' 2 1 SS-31616 and other chromium steels.22 In any case, the specific catalytic
activities of most ferrite and chromite spinels are within a factor of three of that of Fe2O3 ,1 3

The SS-304 rate constant is consistent with the 6.8 x 10'8 m/s rate constant calculated13 for Fe2O3 at
573 K in air containing ca. 1% H2. Assuming that the previously-determined kinetic parameter is
correct, an "effective surface roughness parameter" may be calculated by dividing the observed
rate by the rate for the appropriate metal oxide. Assuming no kinetic isotope effect, the effective
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Table 2 - Selected values of k at 573 K (calculated from standard catalytic activities13) and
activation energies13 for hydrogen oxidation on metal oxides in excess oxygen.

ZnO

Fe2O3

Cr2O3

NiO

MnO2

CuO

k573K
(xn/s)

2.6 x 10-9

4.9 x 10-8

2.3 x 10"7

4.5 x 10'7

9.3 x 10"7

5.Q x 10-6

Ea
(kJ/mol)

96±4

71±8

77±6

61±2

56±2

59±4

surface roughness of SS-304 is 5. At the maximum estimated HT isotope effect of 2.1, the effective
surface roughness would be 11. The effective surface roughness for the high-temperature copper
sample in Ar was 0.16, indicating incomplete coverage of the surface with oxide. In air, the
effective roughness was 19, slightly higher than the roughness on SS-304. These roughness values
are of the same approximate order as the ratio of tritium sorbed on as-received SS-304 to tritium
sorbed on mechanically polished SS-304 in some previous sorption studies.4

The lowering of the rate constant for the Quantum Passivated SS-304 sample is in line with the
lower surface area expected for this sample, but the surface treatment does not seem to have
decreased the rate of conversion by as much as would be expected. This is not too surprising,
because the surface of Quantum Passivated samples are enriched in 0 ^ 0 3 relative to the usual

and spinel-containing surface on stainless steels subjected to high temperatures.20"24

exhibited five times higher specific catalytic activity than Fe2Û3 at 573 K in higher-
hydrogen tests in air, and higher specific catalytic activity than most ferrite and chromite
spinels.13 The observation in a previous'study that less D2O is formed when D2 is in contact with a
Cr-rich surface than when in contact with a Fe-rich surface20 may be due to effective removal of
oxygen by the high-vacuum system used and a consequent shift to excess-hydrogen kinetics, or by
changes in surface roughness on heating to form the Cr-rich surface.

As mentioned in the Experimental Procedure section, infrared laser profilometry was used to
obtain an estimate of the surface roughness on several samples. On a sample cleaned using
silicon carbide paper, the average absolute value of the slope of the line between successive points
was 0.254, implying a surface roughness of 1.14. The average slope on the Quantum Passivated
sample was 0.076, while an untreated SS-304 sample from the same source had an average slope of
0.462. Thus, the macroscopic roughness of the samples decreased in the order:
as-received>sanded>Quantum Passivated. Since gas adsorption occurs over a much smaller
scale than the profile measurement (nm rather than |am), the surface has a considerably higher
surface area than indicated by this measurement technique. However, the surface areas
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measured by this technique varied in the same order as the conversion rates, indicating that
techniques that decrease the macroscopic roughness may decrease the effective surface area of the
sample.

The higher rate observed for cleaned carbon steel relative to sanded carbon steel might be
explained by the presence of some particles of oxide that were not removed by washing with
laboratory detergent, but which were removed by sanding. The brown specks remaining on the
sample after cleaning are consistent with this hypothesis. Coating the sample with a hydrocarbon
oil did not seem to affect the rate of conversion, indicating that making the surface slightly more
hydrophobic does not measurably affect the conversion.

Pure aluminum and magnesium oxides are said to be almost inert in hydrogen oxidation.13

However, the aluminum alloy used in these experiments showed conversion at rates comparable to
the other alloys. The conversion is probably due to surface oxides of the Cr, Mn and Cu alloying
ingredients in the aluminum; Table 3 lists the composition of the alloys used in these
experiments.

The conversion on most metals was independent of atmospheric composition. This was probably
due to the presence of an excess of oxygen in most of the runs; the argon purity specification was for
a maximum of 7 ppm of O2, while 0.1 ppm of oxygen would be sufficient for complete reaction in
most runs. In excess oxygen at 1% H2 , the reaction rate on oxides is determined by the rate of
reaction of hydrogen with the surface of the oxide, and the order of the reaction in oxygen is zero.13

Also, the activity did not seem to affect the rate systematically in the tritium concentration range
0.03 - 1.0 Ci/m3. The humidity did not affect the conversion rate under our conditions. The low
mobility of HTO under low-humidity conditions (dew points less than -40°C, probably near -60°C)
gave difficulties in determining HTO production rates until procedures utilizing a humidified
gas purge were employed.

The one exception to this atmosphere independence was copper, which exhibited a rate 100 times
higher in air than in argon. The copper sample underwent considerable oxidation in air runs
above 473 K, giving a flaky, powdery oxide coating, which probably had a high surface area and
allowed easy gas transport. The oxide coating on the intermediate-temperature copper sample was
much thinner and not flaky, so the rate in air at 473 K does not match the higher rates for the high-
temperature sample in air. By the same token, coating the copper with silicone high-vacuum
grease seemed to restrict the oxidation of the surface, and decreased the conversion rate in air to
nearly as low as that in argon. The rate constants on Cu in Ar and on silicone-coated Cu in air
were the only ones to fall below the rate constants for the surface covered with the appropriate oxide.

There was quite a large variation in experimental rate constants for any given metal for different
runs at the same conditions. There are several possible sources of such non-reproducibility, such
as changes in sample placement, control thermocouple placement, surface preparation and
sample surface changes during heating. The sample of untreated SS-304 obtained from Quantum
Mechanics consistently exhibited conversion rates higher than the other SS-304 samples, showing
the importance of sample differences. The anomalously high result for Al at 473 K may be due to
some type of contamination of the intermediate-temperature sample. Two previous studies done
on hydrogen oxidation rates in excess oxygen on metal oxide powders under slightly different
conditions (100 kPa of O225versus 27 kPa of O226) had an average difference in rate constant at
573 K of a multiplicative factor of 2.75, even though these studies had the advantage of measuring
the gas adsorption surface areas on the samples used. Thus, oxidation rate measurements on
surfaces are not readily repeatable. The activation energies for the various materials could not be
determined accurately in the present study, but they are in approximate agreement with those
determined for some representative oxides (Table 2).
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Table 3 - Composition of alloys studied (in weight %, from ref. 27)

Ferrous metals

Cr Ni C Si Mn Mo Fe

carbon steel 0.2-0.3 0.3-1 98-99
(ASTM A108)

SS-304 18-20 8-10.5 008 1.0 2.0 69
(UNS S30400)

SS-316 16-18 10-14 008 1.0 2.0 2.0-3.0 64

(UNS S31600)

Non-ferrous metals

Cr Mn Cu Mg Al Zn Pb

Al 0.15-0.35 0.1 0.1 2.2-2.8 96
(UNSA95052)

Cu 99.9
(ASTM B187H)

Brass 60-63 • 33-37 2.5-3.7
(ASTM B16-1/2H)

The high-temperature cements tested showed considerably higher conversion rates per unit
macroscopic surface area than most metals. This was probably due to the porous nature of these
cements; a better comparison might be made by using gas adsorption to measure the surface areas
of the metals and the cements. The high rates of conversion are in line with the rates observed for
Li2ZrO3, another ceramic material.17 From an engineering viewpoint, metals are probably better
choices than porous ceramic materials, to avoid conversion at high temperatures.

The conversion of 0.1%-l% of the HT in a release to HTO could cause significantly increased
retention of tritium on containment walls. An accident scenario assuming loss of torus integrity
in ITER with no detritiation systems operating for 24 hours gives an easily-computed solution. An
area of 1000 m 2 of hot stainless-steel structural material associated with the first wall and divertor
would be exposed to a room with a volume of about 104 m3. Exposure of blanket materials will not
be accounted for here. The further assumption is made that the reaction rate is the limiting step,
rather than mass transfer. This assumption may not be valid, because the armor tiles covering
large percentages of the first wall and divertor areas, or vapor-deposited coatings such as the boron
and beryllium used in TFTR and JET, may block gas access to the metal surface. To give 0.1%
conversion in 24 hours, rate constants above 1.2 x 10~7 m/s are required. Thus, for temperatures
below 573 K, most of the metals here would not give sufficient conversion to be of concern in this
scenario. An unprotected copper surface of about 1 m2 at 573 K could give 0.1% conversion in
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24 hours. Copper surfaces in the reactor hall should therefore be protected if there is any likelihood
of exposure to tritium in air at high temperatures. Also, if conversion inside the torus is
considered (loss of vacuum without releasing the tritium into a room environment), 0.1%
conversion would occur in the 1800 m3 volume at a reaction rate of 2.1 x 10"8 m/s, which is reached
at about 493 Kfor most structural materials. If the wall temperature were 573 K, 1.2% conversion
would occur in 24 hours. Torus cleanup systems intended for use in air ingress situations should
be designed with this conversion in mind.

These results may also prove to be significant for other equipment containing heated metal
surfaces. If an inert atmosphere contains one ppm of oxygen, sufficient oxygen is present to
oxidize 5 Ci/m3 of T2 to T2O; thus, excess-oxygen kinetics will also govern tritiated water
production in most glove box environments. Also, surface/volume ratios may prove to be as high
in these relatively small enclosures as in a fusion reactor hall. A heated surface of only 0.25 m2

would give the same surface/volume ratio in the CRL Tritium Laboratory 2.5 m3 main tritium-
handling glove box as in the room-release scenario above. Other secondary containments for
equipment also have relatively high sui face/volume ratios, and may allow fairly high rates of T2
conversion to HTO.

Conversion of T2 to HTO on other surfaces may be considered in light of the catalytic activities of
their common compounds. Galvanized surfaces might exhibit lower activity than unprotected
carbon steel; galvanized steel will probably have less loose iron oxide, and zinc oxide has a low
catalytic activity in hydrogen oxidation.13 Loose metal oxides may have surface areas13 on the
order of square metres per gram, so even small quantities of iron oxide exposed to tritiated
atmospheres at high temperatures may cause significant amounts of conversion. Since the
present experiments show conversion on aluminum alloy, this hypothesis concerning galvanized
steel must be taken with a certain amount of caution. However, this may be a reason to consider
galvanized steel for some surfaces, despite its higher sorption capacity4 for HT and HTO. Tin-
plated steel, on the other hand, may exhibit higher conversion rate constants than carbon steel,
because tin oxide has a higher specific catalytic activity than iron oxide.13 Several transition
metal carbides (notably WC and CT7C3) exhibit fairly high catalytic activity in hydrogen
oxidation;13 oxidation may therefore occur on some of the advanced materials being considered
for low-activation structures. With respect to beryllium coatings inside fusion reactors, it is
encouraging that BeO exhibits extremely low activity in oxygen isotopic exchange;13 this implies
that its activity in HT-HTO conversion will also be low.

6. CONCLUSIONS

The conversion of tritium to tritiated water on metal surfaces was studied under conditions
relevant to releases into a fusion reactor hall (metal temperatures between 473 K and 623 K
(200-350°C), air or inert gas atmospheres). The rate constant of oxidation was found to be about a
factor of ten higher than that for H2 to H2O conversion per unit surface area on metal oxides in
excess oxygen, probably because of the roughness of the metal surfaces on a gas adsorption scale.
Careful removal of loose surface oxides from metals was required, to minimize conversion. A
highly-polished stainless-steel surface gave a lower reaction rate than machined stainless steel,
probably because of its lower surface roughness.

The reaction exhibited a first-order dependence on Q2 concentration. Changing the dew point of
the atmosphere from ca. +10°C to ca. -60°C did not affect the rate significantly, and rate constants
for most metals were independent of whether the atmosphere was argon or air. On copper,
considerable surface oxidation occurred in air runs, giving a rate about 100 times faster than in
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argon. Coatings of hydrocarbon and silicone polymers did not significantly affect the reaction
rate on carbon steel and SS-304; on copper, a coating of a dimethylsilicone polymer helped prevent
oxidation of the surface in air and lowered the reaction rate. The ferrous metals and brass all had
about the same conversion rate constant (.ca. 3 x 10"7 Q2O/(Q2/m3)-m2-s), while aluminum alloy
(UNS 95052) gave about three times lower and copper in Ar gave ten times higher conversion tate
constants. The rate constants under apparently identical conditions varied by about a
multiplicative factor of three.

Rates of conversion of tritiated hydrogen gas to tritiated water on heated metal surfaces should be
taken into account in materials choices and design of fusion-related systems. The interior of the
reactor torus, and possibly other high-temperature surfaces, may exhibit sufficiently high
conversion rates to affect significantly the amount of HTO present in the atmosphere surrounding
them. The results of the present study show that the conversion rate on many metal surfaces can be
estimated to a multiplicative factor of three using the reaction rates for H2 to H2O conversion on
appropriate metal oxides and multiplying by a surface roughness factor. The data on reaction rate
constants in both the literature and the present study do not permit closer estimation than within a
factor of three, and surface roughness and oxide coverage may vary from sample to sample;
conversion rates should be employed with these limitations in mind.
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Table A.1 - Rates r and rate constants k derived for oxidation of T2 on metals at various
temperatures, and Arrhenius activation energies. The rates labelled SS-304/Q are for a sample of
untreated SS-304, and those labelled SS-304/QP are for a sample of Quantum Passivated SS-304,
both obtained from Quantum Mechanics Corp. Cleanings were done with laboratory detergent,
acetone and water, and sandings were done with 600 grit silicon carbide paper. The two tritiated
standards used had either no isotopic carrier or 1% H2.

Temperature r k E a

(K) (%/s) (Q2O/(Q2/m3).m2.s (kJ.mol)
or m/s)

carbon steel

Run #255, machined sample, -13°C dew point air, no carrier standard, heated block apparatus
473 1.2 x 10"6 4.9 x 10"9

473 9.9 x lO"7 4.0 x 10 ' 9

473 l.o xlO"6 4 . 2 x l0 - 9

473 9.5 x lO"7 3.9 x 10 -9

Run #207, sanded sample, dry Ar, no carrier standard, long #1 apparatus
523 0.018 I.7 x lO-7

573 0.044 4.2 x 10"7 45

Run #208, sample from #207, 14°C dew point air, no carrier standard, long #1 apparatus
523 0.002 2.2 x 10'8

573 0.012 1.2 xlO"7 83 .
623 0.105 l.o xlO"6 128

Run #234, cleaned sample, dry Ar, no carrier standard, long #2 apparatus
523 0.023 2.1 x IO-7

573 0.110 9.7 xlO-7 77
623 0.183 1.6 xlO"6 30 -

Run #235, sample from #234, 10.4°C dew point Ar, no-carrier standard, long #2 apparatus
523 0.073 6.5x lO-7

573 0.092 8.1 xlO-7 11
623 0.105 9.4 xlO"7 8

Run #237, sanded sample, 13.7°C dew point Ar, no-carrier standard, long #2 apparatus
523 0.002 1.6 xlO"8

573 0.008 7.0 xlO"8 73
623 0.040 3.5 xlO-7 96

Run #238, oiled sample from #237, 11.7°C dew point Ar, no-carrier standard, long #2 apparatus
523 0.002 I.4 x 10"8

573 0.006 5.6 xlO"8 69
623 0.024 2.2 xlO-7 79
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Table A-l - (continued)

Temperature r k Ea

(K) (%/s) (m/s) (kJ/mol)

SS-304

Run #244, sanded sample, -10°C dew point air, no-carrier standard, heated block apparatus
473 3.6 x 10-6 1.8 x 10"8

473 3.7 xlO"6 1.8X10"8

473 3.8 x 10-6 1.8 x 10 "8

473 7.7 x 10"7 3.7 x 10 "9 no wet purge

Run #184, cleaned sample, 1O°C dew point air, 1% H2 standard, medium apparatus
523 0.009 7.1 x 10"8

573 0.020 1.7 xlO"7 43

Run #185, sample from #184, 10°C dew point air, 1% H2 standard, medium apparatus
573 0.087 7.2 x 10"7

Run #191, cleaned sample, 10°C dew point air, 1% H2 standard, long #1 apparatus
523 0.005 4.7 x 10-8

573 0.050 4.8 xlO"7 115

Run #193, sample from #191, 10°C dew point air, no-carrier standard, long #1 apparatus
523 0.002 1.6 x 10"8

573 0.006 5.6 xlO"8 62 "

Run #196, cleaned sample, 10°C dew point air, no-carrier standard, long #1 apparatus
523 0.010 9.2 x 10-8

573 0.086 8.2 xlO-7 109

Run #197, sample from #196, 10°C dew point air, no-carrier standard, long #1 apparatus
523 0.001 1.4 x 10-8

573 0.032 3.1 xlO"7 156

Run #200, sample from #196 &197, dry air, no-carrier standard, long #1 apparatus
573 0.116 Li x 10"6

Run #203, cleaned sample, dry Ar, no-carrier standard, long #1 apparatus
523 0.003 2.8 x 10"8

573 0.041 3.9 xlO'7 132

Run #205, sample from #204, 14°C dew point Ar, no-carrier standard, long #1 apparatus
523 0.012 1.2 x 10"7

573 0.013 I.3 xlO-7 3
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Table A.1 - (continued)

Temperature r k Ea

(K) (%/s) (m/s) (kJ/mol)

SS-304

Run #206, cleaned sample, 10°C dew point air, no-carrier standard, short apparatus
523 0.001 l.i x 10-7

573 0.006 4.5 xlO-7 72

Run #220, sanded sample, dry air, no-carrier standard, long #2 apparatus
523 0.008 6.7 x 10'8

573 0.026 2.3XIO-7 61

Run #245, uncleaned sample, 13°C dew point Ar, no-carrier standard, long #2 apparatus
523 0.002 1.3 xlO"8

573 0.022 2.o xlO"7 136
623 0.056 4.9XIO-7 53

Run #246, sample partly coated with Na2SiO3, 13°C dew point Ar, no-carrier standard, long #2
apparatus

523 0.003 2.6 x 10"8

573 0.010 8.9xl0"7 61
623 0.032 2.8x10-7 68

Run #248, sample coated with silicone grease, 13°C dew point-Ar, no-carrier standard, long #2
apparatus

523 0.002 I.7 x 10'8

573 0.010 9.1X10-8 83
623 0.030 2.7x10-7 63

SS-316

Run #247, machined sample, 0°C dew point air, no-carrier standard, heated block apparatus
473 2.i x 10-6 1.0* 10"8

473 1.8 xlO'6 8.9xl0-9
473 1.7X10-6 8.1X10-9

Run #257, sanded 13 mm diameter sample, dry air, no-carrier standard, large apparatus
523 0.003 3.9 xlO-8 60
573 0.034 4.2x10-7 118
623 0.114 1.4 xlO-6 72

Run #257A, sanded 13 mm diameter sample, 12°C dew point air, no-carrier standard, large
apparatus

523 0.004 5.3 xlO"8 73
573 0.022 2.6xl0-7 80
623 0.075 9.2x10-7 74
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Table A-l - (continued)

Temperature r k Ea

(K) (%/s) (m/s) (kJ/mol)

SS-304/Q

Run #222, 6.6°C dew point Ar, no-carrier standard, long #2 apparatus
573 0.063 5.6 x 10"7

623 0.352 3-ixlO'6 102

Run #223, dry Ar, no-carrier standard, long #2 apparatus
523 0.154 1.4 x 10'6

573 0.604 5.4 xlO-6 68
623 1.985 1.8X10-5 71

Run #224, 10.9°C dew point air, no-carrier standard, long #2 apparatus
523 0.034 3.i x 10'7

573 0.118 l.o xlO"6 61
623 0.470 4.2 xlO"6 82

SS-304/QP

Run #228, dry air, no-carrier standard, long #2 apparatus
523 0.002 1.3 x 10"8

573 0.010 9.3 xlO"8 97
623 0.021 1.9xlO-7 42 •

Run #229, dry Ar, no-carrier standard, long #2 apparatus
523 0.014 1.3 x 10-7

573 0.031 2.7 xlO-7 38
623 0.050 4.4 xlO"7 29

Run #230, 13°C dew point Ar, no-carrier standard, long #2 apparatus
523 0.004 3.3 x 10'8

573 0.009 8.2xl0-8 45
623 0.024 2.i xlO-7 56

Run #231, 13°C dew point air, no-carrier standard, long #2 apparatus
523 0.002 1.5 xlO"8

573 0.007 6.3 xlO-8 70
623 0.018 1.6 xlO'7 56
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Table A.1 - (continued)

Temperature r k Ea

(K) (%/s) (m/s) (kJ/mol)

Al

Run #232, machined sample, -14°C dew point air, no-carrier standard, heated block apparatus
473 7.2 xlO"6 2.6 xlO' 8

473 7.8 xlO-6 2.9 x 10-8

Run #251, sanded 13 mm diameter sample, dry Ar, no-carrier standard, large apparatus
573 0.003 3.g x 10'8

623 0.013 1.6 xlO'7 84
673 0.038 4.6 xlO"7 73

Run #251A, sanded 13 mm diameter sample, 16°C dew point Ar, no-carrier standard, large
apparatus

573 0.035 4.2 x 10"7

623 0.056 6.8 xlO"7 29
673 0.065 7.9 xlO-7 10

Run #252, sanded 13 mm diameter sample, dry air, no-carrier standard, large apparatus
523 0.001 I.3 x 10-8

573 0.005 6.i xlO"7 75
623 0.028 3.5 xlO"6 103

Run #252A, sanded 13 mm diameter sample, 14°C dew point air, no-carrier standard, large
apparatus

523 0.0002 1.9 x 10"9

573 0.001 1.6 xlO"8 107
623 O.007 8.o xlO"8 95
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Table A.1 - (continued)

Temperature r k Ea

(K) (%/s) (m/s) (kJ/mol)

brass

Run #190, cleaned sample, 20°C dew point air, 1% H2 standard, medium apparatus
523 0.043 3.5 x lO-7

573 0.095 7.9 xlO"7 40

Run #195, cleaned sample, 10°C dew point air, no-carrier standard, long #1 apparatus
523 0.051 4.9 x lO-7

573 0.295 2.8 xlO"6 87

Run #253, sanded sample, 14°C dew point Ar, no-carrier standard, long #2 apparatus
523 0.002 1.7 x 10-8

573 0.009 7.2 xlO"8 72
623 0.027 2.4 xlO"7 71

Run #254, sample from #253, 12°C dew point Ar, no-carrier standard, hng #2 apparatus
523 0.001 9.0 x 10-9

573 0.005 4.3 xlO-8 77
623 0.018 1.6 xlO"7 79

Run #256, sample from #253 & 254, 13°C dew point Ar, no-carrier standard, long #2 apparatus
523 0.006 5.3 xlO-8

573 0.017 1.4 xlO"7 47
623 0.050 4.4 xlO"7 70
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Table A.1 - (continued)

Temperature r k Ea

(K) (%/s) (m/s) (kJ/mol)

Cu in air

Run #232, machined sample, -14°C dew point air, no-carrier standard, heated block apparatus
473 4.5 xlO'6 1.7 xlO'8

473 4.7 x 10"G 1.8 x 10-8

Run #188, cleaned sample, 20°C dew point air, 1% H2 standard, medium apparatus
523 0.272 2.3 xlO"6 1%
573 2.506 2.1 xlO-5 111

Run #242, sample from #239 & 241, dry air, no-carrier standard, long #2 apparatus
523 3.639 3.2 x 10"5

573 13.513 1.2 xlO-4 65
623 53.308 4.7xl0"4 81

Run #243, sample from #239 & 241 & 242, 12°C dew point air, no-carrier standard, long #2
apparatus

523 2.937 2.4xl0-5

573 13.109 Li xlO"4 47
623 42.856 3.8xl0-4 70

Cu inAr

Run #239, sanded sample, dry Ar, no-carrier standard, long #2 apparatus
523 0.030 2.7 xlO-7

573 0.130 I.2 xlO-6 72
623 0.321 2.9 xlO"6 54

Run #241, sample from #239, 11°C dew point Ar, no-carrier standard, long #2 apparatus
523 0.038 3.2 xlO-7

573 0.099 8.2 xlO"7 47
623 0.248 2.2 xlO"6 70

Cu coated with silicone grease in air

Run #249, 13°C dew point air, no-carrier standard, long #2 apparatus
523 0.052 4.3 x lO-7

573 0.213 1.8 xlO"6 70
623 0.957 8.5 xlO"6 93
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