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SOLUBILITIES AND DIFFUSIVITIES OF HYDROGEN ISOTOPES
IN NIOBIUM, NIOBIUM-ZIRCONIUM ALLOYS, AND VANADIUM
AT HIGH TEMPERATURES |

L. A. Charlot, A. B.‘Johnson, Jr., R. E. Westerman

ABSTRACT !

Alloying elements having potentially strong interactions with hydrogen
isotopes may be present in CTR first wall matefia]s, either due to intentional
alloying or because df neutron-induced transmutation. The effect of zirconium
(up to 20 wt percent) on the solubility and diffusivity of hydrogen and deute-
rium in niobium alloys has Reen investigated at 900°C. Zirconium édditions to
20 percent have little effect on hydrogen isotope diffusivity. Hydrogen solu-
bility data is presented for vanadium and niobium-1 zirconium alloy at temper-
atures of 800, 900, and 1000°C and pressures between 0.05 and 100 Torr.
Zirconium addition of one percent has negligible effect on gas solubility. A
zirconium addition of.10 percent significantly increases gas solubility.

-Deuterium exhibits a lower solubility than hydrogen at equal pressures and

temperatures for the alloys studied.
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INTRODUCTION

Fusion reactor technology is aimed toward first-generation p]anﬁs

fueled by deuterium and tritium, due principally to the relatively low
D-T ignition temperature. The Tack of natural sources of tritium dictates
that tritium breeding will be required to sustain the tritium fuel supply.
In present concepts, tritium breeding will occur in large reservoirs of
lTithium metal or lithium salt. A major challenge in the D-T fusion reactor
concept will be to contain the radioactive tritium while at the same time
maintaining an extractable tritium concentration iﬁ the Tithium or Tithium
salt blanket. The seemingly delicate balance between tritium containment
and extraction requires that the diffusivities and solubilities of tritium |

in CTR structural materials be well defined over the 1ife of the reactor.

Thé candidate materials for the first wall and blanket include niobium,
vanadium, molybdenum and stainless steel. The first two materials have
relatively high hydrogeh'isotope solubilities, while the latter two have
relatively Tow solubilities. Certain proposed alloy additions can also
1nteract‘strong1y with hydrogen, e.g., zirconium in the case of niobium-
zirconium alloys and titanium and zirconium in the case of TZM (Mo-0.5 wt'%'

Ti-0.1 wt % r).



Over the 1ife of the reactor, changes in alloy composition by trans-
mutations are expected to occur, predominantﬁy from interactions with the
high-energy neutrons. Estimates for neutronica]]y-genefated species'and
their concentrations were reported by Martin! for niobium and by Wiffen?
~for niobium and vanadium. Martiﬁ predicts substantial ingrowth of Zr and
Y in niobium, amounting to 0.6 and 10 atomic percent, respectively, after'
20 years, based on a flux of 14.1 MeV neutrons of 3.7 x 10" n/cmz-sec.
Both Zr and Y have the potential to interact strongly with hydrogen
%sotopes. Wiffen presents transmutation rates of niobium'(due to Steiner)
of 1.4 percent/year Zr + Mo + Y. The transmutation product is estimated -
to be 95 percent Zr, initially; at the end of 20 years, it is estimated to
be 66 peréent Zr, 33 percent Mo. These figures are predicted on a flux of
3:7 x 10%° n/cm2 sec. For vanadium, the transmutation rate under the same
.‘flux conditions is estimated to result in 0.7 percent/year Cr + Ti, with

the product consisting of approximately 90 percent chromium.

Because of large unéertainties in CTR f]uxeé and component 1lifetimes,
it is not clear what the actual values for neutvronic impurities will be.
However, the consequences of deliberate alloy additions which interact
strong]y with hydrogen isétopes has génerated some concern.> To place the
consequences of deliberate or neutronic alloy additions to niobium into
better perspective, hydrogen solubility and diffusivity measurements were
undertaken on alloy compositiqns containing the strong hydride-formers
“zirconium and yttrium. Hydrogen and deuterium solubilities in vanadium
also were studied to extend the data available in the literature to lower

pressures in the temperature range of 800 to 1000°C.



EXPERIMENTAL
In the case of equilibrium pressure-temperature-composition (P—T-C)

tests, the amount of gas absorbed by the sample at a given gaseous over-

pressure was determined by pressure decrease in a standard volume. Suf-

~'ficient time was allowed for the sample to reach a state of equilibrium.

The kinetics of absorption of H, or D, gas was determined by monitoring a-

pressure decay in theAstandard volume system; a pressure buildup was

monitored -in the case-of -determining desorption kinetics. In ‘this latter

case, a mercury diffusion pump extracted the gas from the sample and held
it in a standard volume for measurement. Steady-state'permeation rates
of hydrogen isotopes through a metal thimble were determined by measuring
the pressure bQi]dup in a standard volume, where the gas is held for

measurement. Fiqgures 1 and 2 show the major features of the -experimental

‘apparatus.

2.1 Materials

Two groups of metal alloys were obtained for the hydrogen isotope

studies. The four experimental niobium alloys prepared for the 900°C

absorption-desorption tests and the commercial alloys obtained for the

equilibrium solubility and the steady-state permeation tests are described

" in Table 1.

Yttrium was included in one of the melts because it is an expected
niobium transmutation product; zirconium can also result from transmutation,
or it~may be intentionally added as an alloying element. The specié] melts
were made up as buttons by standard melting procedure. Cylinders 0.64 cm
diameter by 3.18 cm long were machined from the buttons. The samples were
vapor blasted to minimize the possibility of a slow surface reaction and

degreased prior to testing.
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Table 1

ALLOYS USED IN STUDY

SPECIAL "MELTS - EXPERIMENTAL BUTTONS

A. Niobium
~ B. Niobium - 10 wt percent Zirconium

C. Niobium - 10 wt percent Zirconium -
0.1 wt percent Yttrium

D. Niobium - 20 wt percent Zirconium

COMMERCIAL ALLOYS

A. Niobium
B. Niobium - 1 wt percent Zirconium

C. Vanadium



TheAcommercia1 alloys were obtained in the form of 1.25 cm diameter.
" rod, 75 percent reduced from as-cast condition by hot extrusion. For the
equilibrium P-T-C study, right cy]inders 0.76 cm diametef by 1.91 cm 10n§ ’
were used. For the permeation study, thimbles were machined from the rod
stock having cylindrical "window" areas of 9.11 cm? aﬁd wall thicknesses

of 0.20 cm.
2.2 Equilibrium P-T-C and Absorption Studies

P-T-C data were obtained by admitting a measured amount of hydrogen
(or deuterium) to the reaction tube containing an outgassed sample of the
alloy. The sample weighed approximately 6 grams. At the test temperature,
the system Was.a11owed to come to a constant pressure. The equilibrium
composition was calculated from the equifibrium pressure, sample weight,
volume of gas addition and the volume of the reaction system. In the case
of fhe equilibrium studies conducted on the commercial purity al]oys, the

same sample was used at each test temperature.

A11 of the absorption rate studies were éonductéd at 900°C. In
this case, a known quantity of H, or D, was admitted to the reaction tube,
containing a cylindrical sample of the_experimenta] alloy. The rate of
absorption was determined by monitoring the pressure decay on an 01l

manometer.

| Albrecht et al.' developed an analytical expression relating
fractional uptake of gas to a function (their equation is given on Figure 1)
of diffusivity D, time t, and cylinder radius a; they found that a plot of
C/Cq vs (Dt|a2)1/2 was linear up to about 40. percent-saturation (the approx-
imation to linearity is fairly good even to 70 percent). Such a plot then

lleads to an easy determination of diffusivity. Albrecht et al. used an



expression specifically developed for a fin%te specimen having a length/
radius (1/a) ratio of 5; Cranksﬂpresents.a plot of the same re]ationshfp
for a cylindrical sample having an 1/a ratio of infinity; the two plots
are 1ndist1hguishab1e in the region of interest indicating the applica-
bility of the overall approach to the présent study where the sample 1/a
ratio is 10. It is important to note, however, that the diffusivities
obtained by this method in the present study must be considered approxi-
mate values only, as the analysis discussed in the foregoing is not
strictly applicable when a steady diminution in the surface concentration
(Co by definition is also the final sample concentration) takes place
during the absorption reaction. This consideration is not important in
the case of niobium or 1fght1y alloyed niobium, as the initial and final
gas press@res, hence initial and final surface solute concentrations, are
quite close. In the‘caserf a Nb-20 wt percent Zr alloy, however, the
inifia] and final pressures are markedly different, so that the surface
solute concentration can vary substantially during the experiment. This
will lead to an artiffcia]ly high apparent-diffusivity.for the Nb-20 wt
percent Zr alloy, estimated to be of the order of a factor of two in the
present study. It was feTt that this fnherent error was acceptable with-
in the modest scope of the present effdrt. Also, the pressure decay
method is especially well suited to the study of rapid absorption rates,
such as those encountered in the present study, where the reaction was

commonly 40 percent complete within 30 sec.
2.3 Desorption Studies at 900°C

After a given absorption study had been completed, the sample was
quickly withdrawn from the reaction chamber and allowed to cool. During

cooling more gas was absorbed;‘this was measured and "added" to the
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sample's inventory for the desorption study; The sample was then dropped
hack into the furnace tube held at 900 T 5 °C and a mercury diffusion
pump was used to transfer the gas from the sample into a standard volume
for measurement. Outgassing and gas collection began before the sample
reached 900°C. The outgassjng was generally continued until more than

99 percent of the gas inventoried in the sample was recovered.
2.4 Permeation Studies

The perméation sample consists of a metal thimble brazed to a
molybdenum 5uppoft.tube. This assembly is placed in a quartz reaction
tube and outgassed. A hydrogen, deuterium or tritium pressure is then
imposed on one side of the thimble while the other side is maintained under
high vacuum by a mercury diffusion pump e%hausting to a standard volume.
.The rate of gas permeation through the thimble is determined by collecting
and measuring the gas passing hrough tﬁe thimble in a calibrated volume

over a definite time period. '

At a constant temperature, the flux or permeation of gas per unit

thimble area is related to the pressure by-
DSE;UE:‘ 1
T W

where ¢ = flux, D = diffusivity, S = so]qbi]ity, Po = pressure on one side

¢ = -

of the thimble, P. = pressure of the other side of the thimble, and ax =

;
thimble thickness. The flux or permeabi11ty.is therefore related to both
solubility and diffusivity. - |
RESULTS -

3.1 P-T-C Data.

. The concentration of hydrogen and deuterium in the experimental

alloys in equilibridm with the final pressures of H, or D, at 900"t 5 °C



_ is shown in Table 2. Note that concentrations are given in both weight

units and in terms of atomic ratios.

As expected, solubilities of deuterium are slightly less than
hydrogen on dan atomic basis. The strong affinity of zirconium for

hydrogen and deuterium relative to niobium is evident.

Equilibrium data was obtained on each of the three.commercial"
alloys within the range 800 to 1000°C, 0.03 to 80 mm of Hg pressure (Torr)
and about 1 to greafer than 100 ppm by weight hydrogen. Figures 3,”4,
and 5 are logarithmic plots of equilibrium pressure against composition
for the commerbia] alloys at three test temperatures. . Figure 3, the pTot
for niobium, shows the hydrogen solubility in weight units; the hydrogen
and deuterium solubilities are also both shown as atomic ratios. The
figure also shows the 800 and 900°C niobium-hydrogen data of Albrecht et al.
and two sets of calculated P-C data (at 10 and 100 ppm) obtained from the

semiempirical equation of Edwards and Veleckis:®

1/2 " ’ 1 . |
np ' =10.212 +0.98 n (ggh—) * T 2)

(-4244.7 - 4000.4r + 8872.7%? - 19,338.0r3 + 16,230.3 r%)

where r is the hydrogen to metal atomic ratio, p is the pressure of hydrogen
gas in‘mm Hg, and T 1is the absolute témperature. The résu]ts obtained by
means of this expression are in good agreement with the experimental data.

A similar plot, shown in Figure 4, for hydrogen and deuterium solubility in
a Nb-]ir alloy presents data that can essentially be superimposed on Figure
3.» At the temperatﬁres and préséures considered in this study, the one
percent ‘addition of zirconium to niobium does not significantly affect the
hydrogen (or deuterium) so]ubi]ity.' Figure 5 shows solubility data for

vanadium. A comparison of the calculated solubility to experimental



Table 2

Pressure-Composition Equilibria at 900°C

For the Experimental Alloys

P P Conc., ppm Atom Ratio
Alloy "y D, by Wt. H(D)/Nb
Nb 67.36 , 73 0.0068
64.02 123 0.0057
63.83 123 0.0057
Nb-10 Zr 5.58 54 . 0.0050
5.55 102 0.0047
5.56 100 0.0046
Nb-10 Zr - 0.1 Y 1.25 24 ' 0.0022
1.30 . 45 ©0.002]
1.48 43 0.0020
Nb-20 Zr 2.15 | 111 . 0.0103

2.28 200 0.0093
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solubility is made using the equation suggested by Edwards and Keveckis

for the vanadium-hydrogen system:

1/,
np = 10.283 + 1.0598 Tn (5——8-‘91——;)+ 1 (-3089.2 - 3269.0r

+ 2563.0r2 - 762.39r3 + 4818.3r%) _ (3)
As can be seen in Figure 5, good agreement is evident at 100 ppm concen-
tration; but at 10 ppm concentration the experimental data indicate Tower

solubility than predicted.

3.2 Absorption Kinetics at 900°C

The gas absorption kinetics are shown graphically in Figure 6.
A1l absorption curves fit within the boundaries shown. Duplicate trials
on a given specimen showed good reproducibility. The diffusivity values
calculated for hydrbgen fall within the boundaries D = 1.6 x 10™cm?/sec
and D = 2.7 x 107" cm?/sec; the values for deuterium fall within the
boundaries D = 1.1 x 10-”}cm2/sec and D = 2.6 x 107" cm?/sec. An
extrapolation to 900°C of the data of Albrecht et al." for hydrogen

diffusion in niobium yields a value D = 3.9 x 107" cmz/sec.'

3.3 Desorptioﬁ Kinetics at 900°C

Desorption kinetics as determined in the present study are not
readily amenable to mathematical analysis, because the tests are non-
isothermal and because the solute gradient in the sample is not well
defined prior to gas extraction. However, inter-sample comparisons may
be expected to yield data on the relative case of recovery of gas from
the indivfdya1 alloys. The boundaries shown in Figure 7 contained all
of the data obtained for desorption of deuterium and hydrogen from all

of the alloys. The curves were normalized such that t = 0 corresponds

PR §
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: with'the first appearance of outgassing, Which genefa]]y began within two
minutes of the sample introduction into thé'furnace tube.

- The data band of Figure 7 indicates that the outgassing kinetics
of all systems studied follow the same general pattern, with no unusual

gas retention exhibited by any given alloy.



CONCLUSIONS

On the basis of the absorption studies reportéd in the present work,
we may conclude that no unusual high temperature absorption or desorption
kinetics of hydrogen or deuterium by niobium alloys are caused by the
presence of zirconium. It is felt that the experimental techniques

employed in the present study based on absorption kinetics were not able

to discriminate between individual alloys, or, for that matter, between |
hydrogen or deuterium, hence the exclusive use of data boundaries instead
of data points. It is certain that differences in reaction kinetics will
be caused by the preseﬁce of alloy elements such as zirconium and yttrium;
however, it remains for a more detailed, extensive study to identify and
quantify these differences. |

Deuterium showé a lower solubility than hydrogen in theia110ys studied
under the same pressure-temperature conditions. - The presence of 1 peréent
zirconium in niobium does. not significantly alter the pure niobium P-T-C

curves.
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