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ABSTRACT

This report presents oxidation rates derived from posttest evaluations of a tungsten
alloy initially tested at the INEL in air and steam between 600°C and 1200°C to obtain
volatilization measurements which have been previously reported 1'2. Oxidation behavior
of pure tungsten in air and environments containing water vapor is initially reviewed.
The oxidation rates which we have found for the alloy in air and steam, expressed as
recession rates (mm/s), are then compared with rates reported in the literature for pure
tungsten. We have also used weight changes and mass balances involved in the oxidation
and volatilization processes to predict oxidation reactions and estimate remnant oxide
products and quantities of hydrogen formed.

Relationships for the oxidation of the tungsten alloy in air and steam, and also,
" hydrogen generation in steam are given based upon data extracted both from our tests

and from the literature. These are the relationships recommended for fusion safety
. analyses based upon the current available information. Finally, a comparison of hydrogen

production rates show that the three primary plasma-facing component (PFC) materials
ranked in increasing order are graphite, tungsten and beryllium. Each of these materials,
however, have other safety or performance features which impact PFC selection.
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SUMMARY

This report gives reaction rates for a tungsten alloy in air and steam. Tungsten is
a leading candidate for use in ITER PFCs (plasma facing components). These equations
are important in safety analyses because they define the quantity of material which ,
oxidizes and can potentially volatilize thus causing a distribution of activated products.
They also define the amount of hydrogen produced which could be available to form
explosive mixtures. The oxidation rates also provide some insight into tile extent of
machine damage which may occur by an air or steam intrusion.

We made posttest examinations of specimens we had originally used to obtain
volatilization measurements. These examinations involved weight change and recession
rate measurements. We compared the results of these examinations with information
from the literature, and compiled a set of reaction rate equations that represent our
knowledge to date. The oxidation rate of the tungsten alloy in air for temperatures
between 700°C and 1300°C, and oxygen partial pressures from 0.0013 atm to 20.8 atm
is

1

dx/dt (mm/s) = 0.847 e -z2'lT°/rP 2
02

where temperature (T) is in degrees Kelvin and oxygen pressure (Pcb) is expressed in
atmospheres,

u

The recession rate equation for the tungsten alloy in steam is based on a 50%
steam, 50% argon mixture, i.e., a steam pressure of 0.42 atm, and is valid for
temperatures from 6000C to I200°C:

dxldt (mm/s) = 7.0 e -zS'c'°°tr

Hydrogen production in steam is represented by:

Hydrogen Generation Rate (liters Hzlcrn2-s) = 4.9 e -15'6°_r

We compared the hydrogen generation rate of the tungsten alloy with that of two
other candidate PFC materials which we have tested at the INEL, beryllium and graphite.
In order of increasing hydrogen generation rates per unit area, they are graphite,
tungsten, and then beryllium. The total quantity of hydrogen produced during an
accident involving PFCs depends on the specific design and operating parameters, lt
must be kept in mind however, that there are other safety or performance features such
as activation product volatilization that impact PFC material selection.
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Tungsten Alloy Oxidation Behavior in Air and Steam

. 1. INTRODUCTION

Safety hazards for a fusion machine such as the International Thermonuclear
- Experimental Reactor (ITER) are dominated by plasma-facing components (PFCs). The

materials used for these components, of which beryllium, graphite and tungsten are the
primary candidates, influence performance and safety in several ways. These materials
can influence several factors including disruption tolerances, disruption severity, tritium
inventory and permeation, accidental energy release, and radioactivity and toxin releases.
Failure sequences can lead to intrusions of steam or air which can react with the PFCs.
These oxidation reactions are of interest to fusion safety from two aspects. They define
the quantity of material which oxidizes and can potentially volatilize thus causing a
distribution of activated products. They also define the amount of hydrogen produced
which could be available to form explosive mixtures. The oxidation rates also provide
some insight into the extent of machine damage which may occur by an air or steam
intrusion. These concerns are the reasons for developing the relationships for tungsten
oxidation rates and hydrogen generation rates presented in this report.

2. RECOMMENDATIONS

Rates for the oxidation of the tungsten alloy in air can be represented by a
. relationship developed by Ong and Fassell 3'_1'12.This relationship valid for temperatures

from 700°C to 1300°C and oxygen partial pressures from 0.0013 atm to 20.,8 atm is

represented below. Temperature (T) is in degrees Kelvin and oxygen pressure (Pcb) is

expressed as atmospheres.

1

dx/dt (ram/s)= 0.847e-12'17°/rP 2

Recession rates for the tungsten alloy in steam can be represented by the equation
shown below which was derived from our test data. This relationship is based upon a
50% steam:50% argon mixture, i.e., a steam pressure of 0.42 atmosphere, and for
temperatures from 600°C to 1200°C. Temperature is in degrees Kelvin.

lp



 lat (mm/s) = 7.0e- S, r

Hydrogen production in steam can be estimated from the above equation as
follows:

Hydrogen Generation Rate (liters H_lcm2-s) = 4.9 e "15,_°/r

3. REVIEW OF OXIDATION PROCESSES

Tungsten exposed in high temperature air, or an oxygen-containing environment,
exhibits behavior which changes from parabolic at temperatures below 700°C to para-
linear above 700 ° C. Para-linear behavior is when oxygen uptake is initially parabolic but
later becomes linear. A compact scale which restricts oxygen ion diffusion initially forms
at low temperatures. Some 4'5 propose that this scale is composed of suboxides such as
WO2, W18049, WO3, or a sequence of these forms. Others 6 believe that the scale could
be composed of WO 3 but is protective due to structural perfection or orientation. Still
others 4 propose that the oxidation kinetics in the low temperature regions could be
controlled by equilibria involving the physical adsorption, chemical adsorption and
incorporation of oxygen. Although the mechanism controlling oxidation in the low
temperature region, is not confirmed, it is generally agreed that extended exposure above
approximately 700°C causes a porous outer scale to develop. The large volume
expansion of approximately 3.25 times, which accompanies the formation of tungsten
oxide, causes the scale to crack 5. The scale then becomes nonprotective and linear
oxidation kinetics follow. The transition from parabolic to linear behavior depends upon
temperature, time, and oxygen partial pressure. In addition, tungsten loss can occur due
to volatility. The work of Schissel and Trulson 7 illustrated in Figure 1 shows evaporated
species measured during tungsten exposures at various temperatures and in 2x104 torr
of oxygen. Volatility of WO 3, or its polymers, is reported s to become noticeable at
850°C. Significant loss occurs at temperatures above 1000°C. Changes in sample weight
therefore become complexly dependent upon temperature, oxygen pressure and flow
conditions. For example, samples are shown in Figure 2 to lose weight at 1050°C in
oxygen at less than 0.0066 atm., but to gain weight at this same temperature with 0.0066
to 0.1 atm oxygen 9. At temperatures of greater than 1200° C the rate of WO 3 evaporation
becomes equal to the rate of its formation in air 4'x°and can prevent the accumulation of
oxidation products.

Ong and Fassell 3 have presented a rather extensive review of investigations into the
behavior and oxidation rates of tungsten in oxygen environments. These authors have
also developed Eq. 1 which represents experimental rates within a factor of two for
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temperatures ranging from 700°C to 1300°C and oxygen pressures ranging from 0.0013
atm to 20,8 atm 11,12.

1

• dxldt(mmls) = 0.847 e -12,17o/rp _ (1)
02

The conditions encompassed in this study appear to be the ones most likely experienced
in accident scenarios for fusion reactors.

Kofstad 4 also reported on work performed on the oxidation behavior of tungsten
at temperatures ranging from 600°C to 850°C and oxygen pressures from 0.1 to 30
atmospheres (see Figure 3). Linear rates were observed after initial parabolic behavior.
The linear rate constants were dependent upon oxygen pressure for temperatures greater
than 700°C and at oxygen pressures below one atmosphere. The rate constants were
proportional to the square root of the oxygen pressure. The linear rate constants were
not dependent upon pressure at lower temperatures. This insensitivity to pressure also
existed at higher temperatures when pressures were greater than one to five atmospheres.
The relationship (Eq. 2) that the author has reported for the linear rate constant, r_n in
terms of mg/cm2-min, could be applicable for the lowest temperature, ambient pressure
conditions in a fusion reactor accident. R is 1.98 cal/mole-K.

" _:_ (rag/cruZ-rain) = 1.05x 10-11 e -47"_°/Rr (2)

It is well recognized that tungsten exposed to environments containing water vapor
" will form complex compounds which will enhance volatilization 10,13-17. Evaporation of

the tungsten species is thus dependent upon the availability of water molecules. Hastie's
review of prior work 13 by Glemser and Wendlandt 14 shows linear relations between
apparent WO 3 and water vapor pressure in Figure 4. This temperature range, 900°C to
1100°C, and pressures of 0 to 600 torr represent areas of interest for fusion safety
evaluations. The linear plots along with the detection of some WOe(OH)z, which
decomposes at lower temperatures, indicate that the vaporization process proceeds by
Eq. 3.

wO3(s) , H20 = wo2(on)2(g) (3)

The reaction of tungsten in water vapor as studied by Battles
et al. 16 covered temperatures from 1050°C to 1275°C. Their investigation included
influences of H20 and H 2. Volatilization increased with higher HeO to H2 pressure.

• ratios. The volatilization rates they reported, based upon weight change measurements,
were 10xl0 "3mg/cme-s (5.1x10 "7mm/s) at 1200°C and 4x10"3mg/cme-s (2.1x10 6 mm/s)
at 1125 ° C. They also reported a two-fold increase in volatilization at 1125°C as the flow

" rate was increased from 0.6 to 3.0 liters/minute. The preceding data were taken at 1.3
liters/minute. Assumptions by Battles, et ai. a_'e that the volatilized species is an

I
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oxide-water complex having the stoichiometric formula WO3*H20 and that oxide
products do not accumulate on the specimen. The following reactions present several
possible paths for the formation of sach a species and for hydrogen generation. These
authors believe that the formation of the WO3*H20 complex is the rate controlling

" mechanism and its release as a vapor phase is rapid.

w + 3 H20 = wo3(s) + 3H2(g) (4a)
wo3(s) + = wo3,,H20(g)

W <. 4 tI:O = WO,_,lt20(g ) + 3 Hz(g) (4bi

. W + 2 H20 = WO2(s) * 2 H2(g) (5a)

wo_(s) + 2 t120 = WO._..H,20¢,,#,)* H2(,g) (5b)
l

II

W . 1120 = WO(s) • Hs(g) (6al

' WO(s) + 3HzO = WO3*H, Ofg) * 2H2(g) (6b)

i

The formation of residua} WO 3 and other suboxides and their influence upon weight
change, however, had not been considered, Hydrogen generation shown by Equations
4(al and 4(bl indicate that three motar volumes of hydrogen is generated for each mole

_, , of WO 3 or WOs*H20 fm_ed, Each mole of WO or WOz will form one or two molar
vobames of hydrogen, respectively. The fraction of these suboxides which transforms into
WO3*HzO will result irl.the generation of three molar volume of hydrogen. The quantity

. of hydrogen generated will therefore vary. between the factor of one to three depending
upon ho_' mu,ch of any given su.tx_xide forms and remain_i, on the sample.
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Volatilization losses have also been reported x7for tungsten at temperatures above
2000°C and at vapor pressures below 10-4 atm. These are conditions relevant for
incandescent lamp filaments. Rates reported for these conditions represented losses of
around lxlO "s g/cre: s, or 5.7_10 "6mm/s.

4, EXPERIMENTAL RESULTS (AIR AND STEAM TESTS)

4.1 Air Tests

Tungsten alloy samples were prepared at the INEL and tested in the VAPOR
(Volatilization of Activation Product Oxides Behavior) system as previously described _'''_.
The composition of the alloy was as follows:

'Fable 1. Tungsten alloy composition, wt. %

W Re Ta Ni Fe Co Os Cu Mn

: 95 1.1 0.I5 2,3 1.0 0.55 0.06 0.05 0.05

The tests environments, either air at 2 liters per minute or a 50% steam:50% argon
. mixture at 4 liters per minute, were flowed upward past inductively heated specimens.

Specimens were expo._,ed between 600°C to 1200°C for times varying between 15 minutes
and 20 hours. Posttest evaluations included chemical analyses for volatilized constituents.
These results have been reported elsewhere L2. We have determined recession rates from
initial sample measurements and nonreacted sample cores revealed by metallographic

sections of tested specimens. Weight changes have also been obtained. We then
calculated amounts of tungsten reacted from mass balances using weight change and

"7, volatilized rtmgsten measurements. The mass balances were based upon the t'ollowing
| derivations:
=

d

fl _Ms =' AMS° - Z_Mvw, (7)
na

J

where ,6.Ms is the measured sample weight change, _Ms ° is the amount of ox3,gen pickup
J on the sample due to oxide formation, and d,Mv w is the measured quantity of tungsten
t volatilized. The total anaount of tungsten reacted is represented by:

.s = + , or (8)
, aM?" + ls4:4S(M,%

s

¢,

"- where &MTw represents the total tungstep reacted and Z_Msw is the reacted tungsten
_- whic_ remains on the specimen° Combining Eq. 7 and Eq. 8 provides:g

I
Jt

t
i

| 8

i
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AM r = AM_ + 184/48(AM s + AM_). (9)

The fraction in the last term of Eq. 9 can also be selected to consider WO or WO:.
Comparison between results from these mass balances and measured recession rates can
then provide some insight into the oxide form which remains on the specimen, and also,

. the quantity of hydrogen generated.

The test conditions and measured recession rates for samples tested at the INEL
are listed in Table 2. Predictions by Ong and Fassell tmz, Eq.1, and Kofstad 4, Eq. 2, for
the recession of tungsten in air are includ"_, along with some calculations of the amount
of material reacted from weight change and volatilization measurements. The uncertainty
of our recession measurements is likely about -4-0.02 mm. The measurement at 600°C
is therefore probably not significant. The prediction by Eq. 1 is about ten times higher
than the one by Eq. 2 at 600°C but agrees well with our weight loss ralculation. Our
experimental measurements are higher than Eq. 1 or Eq. 2 predictions at 800°C and for
the 1-hour test at 1000°C. However, at ali other high temperature conditions there
seems to be a fairly good correlation between our data and Eq.1. The trends in our
experimentally measured material loses are shown on a log-log plot with respect to time
in Figure 5. Our tests performed at 800°C and 1000°C have a slope of approximately
one-third as shown by the line included on the plot. 'We reported _ similar trends for
weight gain, g/cm z. The predictions from Eq. 1 show a slope of uriity tor linear oxidation

' rates. The measured recession rates for tungsten in air from Table 2 are also plotted on
an Arrhenius plot in Figure 6. Our data has been exponentially fit to two cases. One
case includes mostly short-term data, i.e., 1-hour tests shown by the open circles. The
other fit includes all data points. There is no significant difference between the fit for
the two data sets. A plot for Eq. 1 is also included. Although the 800°C data show
marked deviations from all exponential fits, Eq. 1 shows a good match with the data at
higher and lower temperatures.

Sections of the oxides which formed on the tungsten alloy in air at 600, 800, and
10O0°C are shown in Figure 7. Ali of the scales contain a fair amount of porosity and
cracks which extend perpendicularly through 'the scale. Much of the porosity is chevron
shaped, probably due to the deformation needed to accommodate the volumetric
expansion of the oxide. These thick scales are not representative of a protective type of
oxide which produces continually decreasing oxidation rates. They are typical of scales
having linear growth rate behavior, The lower time dependence shown by the cubic
relationship is therefore caused by something other than a dense impervious oxide. An
abundance of voids or porosity acting as barriers can sometimes hamper the inward

. diffusion of oxidant species through an oxide scale. We also do not have thermal
equilibrium conditions across the oxide scale. Internally the samples are hot but the gas
flowing past the outer oxide surfaces is much cooler'. Temperature measurements of the

" outer oxide surface with infrared pyrometry decrease with time as the scale grows in
thickness. The driving force for oxygen diffusion into the scale is likely not only

_ 9
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Figure 7. Sections of oxide scales formed on tungsen alloy exposed in air"
(a) 600°C for 20 hours, (b) 800°C for 1 hour, (c) 1000°C for 1 hour,
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dependent upon differences in chemical activity but also influenced by the temperature
gradient. Adsorption and incorporation of oxygen at the outer locations may also be
influenced by temperature.

o

Nonequilibrium conditions are likely responsible for the lower time dependence,
i.e., the slope of one-third, shown in Figure 5 compared to linear behavior generally

, reported for tungsten oxidation in air. However, our oxidation rates are initially much
higher than predicted values at 800°C and 1000°C. A better supply of oxygen due to the
flow conditions in our tests compared to other investigations could cause higher initial
reaction rates. This effect would then b,.; decreased and offset as the oxide scale grows,
the outer surface temperature decreases, and oxygen supply becomes more limited as
discussed above.

The 800°C data looks suspiciously close to the 1000°C data. We used only infrared
pyrometry for temperature measurement. This may be a reason to question temperature
control, however, systematic increases in rhenium releases with time and temperature 1
provide support to our temperature measurements. We actually have insufficient data
to establish oxidation relationships (see Figure 6). Additional data may show that there
are two linear regions on the Arrhenius plot similar to the behavior which we have
reported for beryllium _8. Additional air tests using thermocouples would confirm
temperature control and check for the possibility of two distinct regions, i.e, exponential
relationships, on the Arrhenius plot. Equation 1 predictions, on the other hand, merge

° with our data at longer times at 800 °C. Convergence within a factor of two occurs after
20 hours. I recommend using Eq. 1 to represent reaction rates at the current tirne.

. Future tests which confirm higher short-term rates near 800 °C, however, would support
an influence of flowing environments. Such tests may also provide us with a better idea
of what is needed to adequately characterize short-term oxidation rates under
nonequilibrium conditions associated with different flow rate conditions.

Another item of interest from the oxide sections, Figure 7., is the regular advancing
interface at the oxide-to-alloy interface. There is no interparticle penetration. The alloy
in Figure 8 shows a spherical phase at higher magnification which is basically 95%
tungsten with less than 5% iron and nickel. The interparticle phase is typically composed
of 50% nickel, 20% iron, 22% tungsten, 5% copper, 2% cobalt, and 1% manganese. The
regular attack at the interface shows that the oxidation process is not affected by
compositional and structural differences. This indicates that we should be able to make
comparisons with previous investigations on the oxidation behavior of pure tungsten.
Constituents spiked into the alloy should also be incorporated into the oxide scale as
predicted by oxidation rates, unless preferential diffusion of a particular element within

• the alloy has occurred. An interesting exercise might be to perform bulk chemical
analyses of oxide scale. Mass balances could then be performed for the various eleme,lts
as another check for our volatility measurements.
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Figure 8. Microstructure of tungsten alloy showing spherical
predominantly tungsten phase and interparticle phase, 40OX.
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Figure 9. Log-log plot showing the extent of attack into the
tungsten alloy in steam at various temperatures.
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Calculations of the amount of tungsten reacted from weight change and
volatilization measurement assuming residual WO3, WO2, or WO are listed in Table 3.
There is generally good agreement between values calculated assuming WO 3 formation
and measured recession rates. The exceptions are for samples which have undergone theo

most extensive oxidation. For these cases, better agreement tends toward the calculations
assuming residual WOz. This suggests that for thick oxide scales oxygen deficiency at

. inner locations may be causing WO 2 formation.

4.2 Steam Tests

The recession rates for tungsten tests in steam are plotted on a log-log plot with
time in Figure 9. We again observe rates at 800°C and 1000°C which are approximated
by a slope of one-third. The recession rates reported by Batt;c:'_, et al. t_'for 1200°C and
1125°C were 5.1x10 "6mm/s and 2.1x10 "6mm/s, respectively. These rates are about two
orders of magnitude lower than the ones we show for comparable temperatures in Table
2. These differences could be due to the higher flow rate for our experiments, i.e.,
4 liters/minute compared to 1.3 liters/minutes, or due to a higher water vapor to
hydrogen ratio. The ratio of these two gases would be greater than 400 in our
experiments compa:ed to 3 in the experiments by Battles, et al.

17 "
The rates reported by Harvey for tungsten at higher temperatures, but lower water
vapor pressures, i.e., 5.2x10 6 mm/s are comparable to the rates we obtained near 800°C
and 1000° C.

Since the literature provides such little basis for oxidation rates in steam, I have
plotted the recession rates from our short-term (1-hour) tests, plus the rate for the 20-
hour 600°C test, with respect to reciprocal temperature in Figure 10. These data were
fit to Eq, 10 with a coefficient of determination rz of 0.939. I recommend this
relationship for representing oxidation rates in steam between 600°C and 1200°C.
Certainly, future efforts are needed to refine the influences of flow rates and water vapor
pressures.

dx/dt(mmls)= 7.0e"Is,6°°/r "(I0)

Comparison between our steam and air tests indicate that oxidation rates in steam
are at least less than one-half those in air below 1000°C. Above this temperature the
rate of attack in steam becomes significantly higher than in air. The occurrence of vapor
phase transport, as evident by dendritic or acicular shaped crystals which formed on a
thin oxide layer, became apparent for samples exposed at 800°C. The extent of such
crystal growth increased with time at 1000°C and provided extensive coverage at 1200 °C.

• The accumulation of this product, rather than complete removal as referenced in the
literature, could again be due to our cooler gas stream. Cooler locations on the crystal
formations would provide sites for the recondensation of volatilized products. The

- chemical analyses of the solutions prepared from the VAPOR apparatus confirmed that
significant amounts of tungsten compounds had volatilized at the higher temperatures.
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Calculations of reacted tungsten based upon weight change and volatility losses (see
Table 3) suggest that remnant oxides could consist of WO and WO 2. The formation of
WO seems favored at or below 800°C and aiso for shorter term tests at higher
temperatures. However, for tests which have undergone more extensive oxidation due
to higher temperatures, or longer times, the existence of WO v or a mixture of WO and
WO_ seems to provide the best agreement. The formation of these oxides of lower
oxidation states in steam compared to WO 3 in air agrees with the fact that the steam
environments have lower oxygen activities. A conservatively high estimate of hydrogen
production would be to assume that three molar volumes of hydrogen are produced for

every mole of tungsten reacted. Equation 10 can then be multiplied by 0.70 to express

liters of H2/cm2-s.

-

5. COMPARISON OF HYDROGEN GENERATION RATES

The relative rates for hydrogen generation by the three candidate materials;
beryllium, graphite and tungsten exposed in steam are shown for temperatures ranging
from 600°C to 1700°C in Figure 11. 'This information, including that for beryllium and
graphite _s'xg'2°has been normalized to show the rate of hydrogen generated per unit area,
liters/m2-s. Steam input and surface velocities were different for the tests on these
materials. Graphite was tested with the highest steam input of 0.42 liters/s which
provided a velocity of 6.6 m/s at the surface. Steam input and surface velocity were 0.21 |

liters/s and 0.26 m/s, respectively, for beryllium. Tungsten tests had the lowest input of
0.04 liters/s and the lowest surface velocities of 0.1 m/s. We observed z° a linear scaling
of the reaction rate of graphite with steam pressure above 1300°C. The upper portion
of the graphite curve in Figure 11 would therefore be lowered about one order of
magnitude for a steam input comparable to that used for tungsten. This would decrease
hydrogen generation rates to less than those shown for tungsten. I would also expect the
hydrogen generation rate of tungsten to increase relative to that of beryllium, but remain
less, at comparable steam supplies. In summary, the rates for hydrogen generation at a
particular temperature increase in the order of graphite, tungsten, and then beryllium.
Unfortunately, each of these materials also has detrimental attributes. Graphite develops
high tritium inventories and has high erosion rates. Tungsten has the potential for high

__ activation products releases due to the high volatility of oxide-hydroxide species.
Beryllium reacts rapidly in steam and produces toxic Bed particulate.

i! The total quantity of hydrogen produced during an accident involving PFCs based
upon graphite, tungsten, or beryllium technology depends upon the specific design and
operating parameters. For example, graphite tiles are expected to be operated at

temr_eratures of 1000°C to 1800°C. We have calculated _9'2°the quantities of hydrogen "

produced from such tiles during short-term (---5 minute) transients due to in-vessel loss
of coolant accidents (LOCAs). This helped establish the fraction of tiles which could be
operated at particular temperatures to remain below a 10 kg limit for hydrogen
generation. Tungsten or beryllium coated tiles would be conductively cooled and

18
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Figure 11. Rates of hydrogen production by the reactions of
graphite, beryllium and tungsten with steam. Obtained from the
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operated between 600°C to 800"C. The concern for these materials from a LOCA is
the reaction with steam and resultant hydrogen production during the 3 to 4 week long
temperature excursion due to decay heating following a LOCA. The utility of the
information shown in Figure 11 is that it is currently the best, although not complete,
representation for the reaction of these materials in steam. They are the reaction rates
I would recommend for use in safety analyses for different fusion reactor designs and
accident scenarios as they are required. In particular, these rates will be used in the
development of a PFC safety assessment tool. This tool, which is under development at
the INEL, will give hydrogen production, chemical energy released, and activation
product dose (including beryllium toxicity) as a function of several PFC materials, and
whether the accident involves air or steam for various heat sink and heat transport
assumptions.
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